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ABSTRACT OF THE THESIS 
 
 
 

Casting NETs provides bait for autoantibody-mediated arthritis 
 
 
 

by 
 
 
 

Brian Raymond Lew 
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University of California, San Diego, 2011 
 
 

Professor Mary P. Corr, Chair 
Professor Stephen M. Hedrick, Co-Chair 

 
 
 Rheumatoid arthritis (RA) is a chronic autoimmune disorder of the 

joints.  In K/BxN arthritis, disease is mediated by autoantibodies directed 

towards glucose 6-phosphate isomerase (G6PI).  It is currently believed that 

G6PI is deposited on the joint cartilage where it facilitates autoantibody-

mediated attack.  Here, we show that intracellular G6PI is expunged by 

neutrophils undergoing ‘ETosis’ in an area encompassed by DNA-based 

extracellular traps (ETs).  K/BxN arthritic synovial tissue staining revealed the 

presence of ETs.  We investigated the capacity of K/BxN serum to stimulate 



  ix

the release of ETs by neutrophils (NETs) and observed the formation of NETs.  

Co-staining for G6PI showed that the autoantigen is externalized during NET 

release and that it is colocalized in NETs.  We also found a novel role for 

cathelin-related antimicrobial peptides (CRAMP) in the pathogenesis of K/BxN 

arthritis, as cathelicidin-deficient (Cnlp-/-) mice have an attenuated course of 

K/BxN arthritis.  Two key mediators of K/BxN arthritis are mast cells and 

neutrophils, both of which are capable of releasing ETs.  Mast cells from  

Cnlp-/- mice are capable of releasing extracellular traps (MCETs), and 

reconstitution of mast-cell deficient (Pretty2) mice with Cnlp-/- mast cells 

recapitulates arthritis.  Furthermore, reconstitution of Cnlp-/- mice with wild-

type neutrophils recapitulated arthritis to levels comparable to that of a wild-

type arthritic mouse.  We hypothesize that activated mast cells release 

MCETs, externalizing G6PI in the process.  This is further exacerbated by the 

recruitment of neutrophils and their subsequent production of NETs.  This 

causes more release of cognate antigen into the joint, perpetuating 

inflammation.
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1. INTRODUCTION 

 

1.1. Rheumatoid Arthritis 

Rheumatoid arthritis (RA) is a severely debilitating, chronic autoimmune 

disorder of unknown etiology.  It is characterized by inflammation of the 

synovium with subsequent bone and cartilage destruction.  Elevated levels of 

proinflammatory cytokines, such as interleukin (IL)-1 and tumor necrosis factor 

(TNF)-α, and autoantibodies towards citrullinated peptides, such as 

rheumatoid factor (RF) and anti-cyclic citrullinated protein (CCP), are 

hallmarks of disease.  Neutrophils and mast contribute to disease progression.  

Those afflicted with RA suffer from severe joint stiffness and pain leading to 

decreased motility and overall quality of life.  Presently, there is no cure for 

disease.  Treatment is aimed at reducing inflammation to relieve pain and 

stiffness.  Approximately 0.5% to 1.0% of people in developed countries have 

RA, with 5 to 50 per 100,000 new occurrences per year (Symmons et al., 

2002).   

 

1.2. The K/BxN Mouse Model of RA 

To study rheumatoid arthritis, we use the K/BxN mouse model of RA.  

Like human RA, neutrophils and mast cells are key mediators of inflammation 

in this model.  K/BxN arthritis is also an antibody-mediated disease.  K/BxN 
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mice are a cross between the KRN T-cell receptor transgenic mice on the 

C57Bl/6 background (K/B) and NOD/Lt (N) mice (Kouskoff et al., 1996).  

K/BxN mice spontaneously develop RA-like disease.  They display 

autoreactivity towards the glycolytic enzyme glucose 6-phosphate isomerase 

(G6PI).  Upon antigen recognition, T-cells proliferate and activate B-cells to 

develop autoantibodies towards self-G6PI.  These autoantibodies form 

immune complexes which mediates RA-like disease.  Sera harvested from 

arthritic K/BxN mice contains antibodies that can be transferred to recipient 

mice to induce arthritis.  Although there is a limited amount of circulating G6PI, 

this ubiquitous intracellular glycolytic enzyme becomes concentrated in the 

articular environment for autoantibody recognition.  The current proposed 

mechanism for the localization of G6PI in the joint described in the literature 

suggests that G6PI forms deposits on the cartilage surface of joints 

(Matsumoto et al., 2002).  My thesis project aims to show that G6PI is 

externalized by a different novel mechanism called extracellular trap (ET) 

release, which is described in detail later. 

 

1.3. Toll-like receptors 

Toll-like receptors (TLR) are transmembrane proteins that recognize 

pattern-associated molecular patterns (PAMPs) that are foreign to the host, 

such as bacterial peptidoglycan or viral DNA.  They belong to a family of 

receptors called the pattern recognition receptors (PRRs).  Upon recognition of 
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their respective PAMPs, a variety of different inflammatory cytokines (e.g. type 

I interferon (IFN), interleukin (IL)-1, IL-6, or IFN-γ) are produced as the innate 

immune response is mounted.  The TLRs have been implicated in the 

pathogenesis of a number of autoimmune disorders including systemic lupus 

erythamatosus (SLE) (Boule et al., 2004) and RA (Corr, 2005). 

 Toll-like receptors contain extracellular leucine-rich repeats that 

mediate the recognition of each PAMP by its respective TLR, a 

transmembrane domain that determines its cellular localization, and an 

intracellular Toll/IL-1 receptor (TIR) domain that is responsible for triggering 

downstream signaling upon PAMP and TLR engagement.  TLR1, TLR2, TLR4, 

TLR5, and TLR6 are localized on the cell surface, whereas TLR3, TLR7, 

TLR8, and TLR9 are localized in the endosome.  The focus of my thesis is on 

the endosomal TLRs, which sense nucleic acid motifs.  The endosomal TLRs 

have developed in response to various bacterial and viral pathogens.  During 

the effector phase of innate immunity, pathogens become engulfed by 

phagocytic cells (e.g. macrophages and dendritic cells), which are shuttled into 

endosomal compartments to be destroyed (Ahmad-Nejad et al., 2002).  Here, 

nucleic acid components of the phagocytosed pathogens activate the 

endosomal TLRs to mount an anti-viral response by inducing the production of 

type I IFN.  TLR3 senses double-stranded RNA (dsRNA), TLR7 senses single-

stranded RNA (ssRNA), and TLR9 senses double-stranded DNA (dsDNA).  

Upon PAMP recognition, the TLRs recruit an adaptor protein to their TIR 



 

 

4

domains to initiate a cascade of protein phosphorylations and the translocation 

of transcription factors into the nucleus to induce the production of 

inflammatory cytokines.  TLR3 uses the TIR-domain-containing adapter-

inducing interferon-β (TRIF) adaptor protein (Hoebe et al., 2003), while all the 

other TLRs use the myeloid differentiation primary response gene 88 (MyD88) 

adaptor protein (Medzhitov et al., 1998). TRIF-mediated pathways (i.e. TLR3- 

and TLR4-mediated) lead to the activation of transcription factors interferon 

regulatory factor (IRF)-3 and nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-ĸB) and their subsequent induction of type I IFN and 

inflammatory cytokines (Kawai et al., 2001), respectively.  MyD88-mediated 

pathways lead to the activation of IRF7 and NF-ĸB (Kawai et al., 2004).   

 

1.4. Cathelicidins 

Cathelicidins are antimicrobial peptides that exert their activity by 

mediating membrane disruption to facilitate bacterial clearance (Gallo et al., 

1997).  Mice and humans express only one isoform of cathelicidins, namely, 

cathelin-related antimicrobial peptide (CRAMP) and LL-37, respectively.  In 

mice, CRAMP is encoded by the Cnlp gene.  It is expressed by neutrophils 

and mast cells in a propeptide form and stored in their secretory granules.  

Upon degranulation by these activated granulocytes, the CRAMP propeptide 

is proteolytically cleaved into its active form by elastase (Gallo et al., 1997). 
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CRAMP also functions as a chemoattractant for neutrophils (Tjabringa et al., 

2006). 

CRAMP has been shown to bind extracellular self-RNA (Ganguly et al., 

2009) and DNA (Lande et al., 2007) to induce TLR 7/8- and TLR9-induced 

type I interferon production in plasmacytoid dendritic cells (pDC).  The 

association of CRAMP with DNA and RNA prevents their degradation by 

DNases, and facilitates their entry into the endosome.  It is often found 

interspersed in DNA-based extracellular traps (ETs) and antibodies towards 

CRAMP have been used to visualize ETs.  The release of ETs has been 

described in neutrophils (Brinkmann et al., 2004) and mast cells (von Kockritz-

Blickwede et al., 2008), two key mediators of RA onset.   

 

1.5. Extracellular Traps & RA 

During the joint inflammatory process, the complement arm of the 

innate immune response is also activated.  Of note, complement (e.g. C5a) 

has been shown to stimulate the release of self-DNA by neutrophils via a 

novel phenomenon called extracellular trap (ET) release (Yousefi et al., 2009).  

Extracellular traps are composed of nuclear or mitochondrial self-DNA, and 

are interspersed with a plethora of cytoplasmic (e.g. α-enolase, catalase, 

actin), granular (e.g. myeloperoxidase and antimicrobial peptides, such as 

cathelicidins), and nuclear proteins (e.g. histones) (Urban et al., 2009).  ET 

release has been described in a variety of innate immune cells including 
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neutrophils (Brinkmann et al., 2004), eosinophils (Yousefi et al., 2008), 

macrophages (Chow et al., 2010), and mast cells (von Kockritz-Blickwede et 

al., 2008).  This novel phenomenon has been shown to be an important part of 

the innate immune response.  Upon stimulation, these cells release their DNA 

into the extracellular environment to entangle bacteria, preventing further 

spread of the pathogens and facilitating bacterial clearance (Brinkmann et al., 

2004).  Antimicrobial activity is exerted on the entangled pathogens by the 

interspersed antimicrobial peptides, such as CRAMP/LL-37. 

The process of extruding self-DNA into the extracellular environment by 

neutrophils is complicated and not yet fully understood.  It is well established 

that this phenomenon is dependent on the generation of reactive oxygen 

species (ROS) by NADPH oxidase (Fuchs et al., 2007).  The decondensation 

of chromatin is initiated following PAD4-mediated citrullination of histones 

(Wang et al., 2009).  ROS triggers neutrophil elastase (NE) escape from 

granules where it then translocates into the nucleus and cleaves histone to 

facilitate chromatin decondensation (Papayannopoulos et al., 2010).  

Pharmacologically inhibiting the generation of ROS using diphenylene 

iodonium (DPI) prevents ET formation, and murine PAD4-/- neutrophils fail to 

produce neutrophil extracellular traps (NETs).  NET formation is also blocked 

by inhibiting NE (Papayannopoulos et al., 2010). 
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2. METHODS 

 

2.1. Reagents 

 All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless 

otherwise stated. 

 

2.2. Mice 

 KRN T cell receptor (TCR) transgenic mice were a kind gift from Drs. D. 

Mathis and C. Benoist (Harvard Medical School, Boston, MA) and Institut de 

Génétique et de Biologie Moléculaire et Cellulaire (Strasbourg, France), and 

were maintained on a C57Bl/6 background (K/B).  Arthritic mice were obtained 

by crossing K/B mice with NOD/Lt (N) mice, producing K/BxN mice.  Progeny 

bearing the V6 transgenic TCR were identified by cytofluorometry of 

peripheral blood lymphocytes using anti-CD4 PE (Caltag, Burlingame, CA) 

and anti-V6 FITC (BD-PharMingen, San Diego, CA) labeled antibodies.  Tlr3-

/-, Tlr7-/-, and Tlr9-/- mice were a kind gift from Dr. S. Akira (Osaka University, 

Japan). Cnlp-/- mice were a kind gift from Dr. R. Gallo (UCSD, La Jolla, CA).  

Pretty2 and Unc93b13d mice were a kind gift from Dr. B. Beutler (The Scripps 

Research Institute, La Jolla, CA).  These were tenth generation backcrossed 

onto C57Bl/6.  C57Bl/6 and NOD/Lt mice were purchased from The Jackson 

Laboratories (Bar Harbor, ME).  Mice were bred and maintained under 
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standard conditions in the University of California, San Diego Animal Facility 

that is accredited by the American Association for Accreditation of Laboratory 

Animal Care.  All animal procedures were approved by the UCSD Institutional 

Animal Care and Use Committee (IACUC). 

 

2.3. Serum transfer and arthritis scoring 

 Adult arthritic K/BxN mice were bled and the sera were pooled.  

Recipient mice were injected with 150 l intraperitoneally (i.p.) on day 0.  

Ankle thickness was measured with a QUICK mini caliper (Mitutoyo, 

Kawasaki, Japan) in mm.  Clinical arthritis scores were evaluated using a 

scale from 0 to 4 for each paw (0, normal; 1, minimal erythema and mild 

swelling; 2, moderate erythema and mild swelling; 3, marked erythema and 

severe swelling, digits not yet involved; 4, maximal erythema and swelling, 

digits involved). 

 

2.4. RNA isolation and quantitative real-time PCR 

 Mice were sacrificed on day 4 and ankles and wrists were harvested.  

Harvested tissues were flash frozen in liquid nitrogen and pulverized as a pool.  

RNA was subsequently isolated using a PerfectPure RNA Fibrous Tissue Kit 

(5PRIME, Gaithersburg, MD) following the manufacturer’s instructions.  

Synthesis of cDNA from 250 ng RNA was performed using qScript cDNA 

Supermix (Quanta Biosciences, Gaithersburg, MD).  Quantitative real-time 
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PCR was performed with a BioRad iCycler (BioRad, Hercules, CA) using 

TaqMan Gene Expression Assays (Applied Biosystems, Carlsbad, CA).  

Fold induction was expressed by the 2-∆∆Ct method normalized to β-actin 

expression. 

 

2.5. Isolation of Neutrophils 

 Donor mice were injected i.p. with 1 mL of 3% thioglycolate (Difco, 

Franklin Lakes, NJ).  After 4 hours, the mice were sacrificed and cells were 

harvested by peritoneal lavage using 10 mL of PBS.  Red blood cells were 

removed by hypotonic lysis using 5 mL of ACK buffer (0.15 M NH4Cl, 10 μM 

KHCO3, 0.1 mM Na2EDTA, pH 7.2-7.4).  Neutrophils were recovered at a 

purity of 90-95% as determined by Wright-Giemsa staining.  Immediately after 

harvest, neutrophils were stained for NET release. 

 

2.6. Bone Marrow-Derived Mast Cells (BMMC) 

Bone marrow cells were harvested from donor tibias and femurs and 

cultured in RPMI 1640 (Irvine Scientific, Santa Ana, CA) supplemented with 

10% fetal calf serum (GIBCO® by Invitrogen, Carlsbad, CA), 1% 

penicillin/streptomycin, 1% L-glutamine, 1% sodium pyruvate, 2.5% 4-(2-

hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), MEM non-essential 

amino acids (Sigma-Aldrich, St. Louis, MO), 50 μM 2-mercaptoethanol, and 3 

ng/μl recombinant murine IL-3 (BD Pharmingen, San Diego, CA) for 4 weeks 
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at 37°C in a humidified atmosphere in the presence of 5% CO2.  Mast cell 

purity (>95%) was determined by toluidine blue staining. 

 

2.7. Visualization of Neutrophil Extracellular Traps (NETs) 

 12-mm glass coverslips were treated in 24-well plates with poly-L-lysine 

for 30 minutes at 25C.  Excess poly-L-lysine was aspirated and the cells were 

washed twice with PBS.  Cells were quantified and seeded at 5105 cells/well 

with RPMI 1640 (Irvine Scientific, Santa Ana, CA) supplemented with 2% fetal 

calf serum (heat inactivated for 30 minutes at 70C) and 100 mU/mL glucose 

oxidase (Sigma-Aldrich, St. Louis, MO) or 100 nM of phorbol 12-myristate 13-

acetate (PMA).  Media without glucose oxidase or PMA was used as a 

negative control.  The plate was centrifuged at 800 rpm and 25C for 5 

minutes and subsequently incubated at 37C in a humidified atmosphere in 

the presence of 5% CO2 for 2-3 hours.  Cells were fixed by adding 16% 

paraformaldehyde (PFA; Electron Microscopy Sciences, Hatfield, PA) to a total 

of 4% PFA and incubated at room temperature for 15 minutes.  For antibody 

staining, the coverslips were then blocked with 2% BSA in PBS+2% goat 

serum+0.2% Triton X-100 for 45 minutes.  Excess blocking solution was 

aspirated and the cells were washed 3 times with PBS.  Coverslips were then 

incubated with rabbit anti-G6PI antibody (1:160 in 2% BSA in PBS; Abcam, 

San Francisco, CA) overnight at 4C.  Rabbit pre-immune was used as an 

isotype control (1:160).  Excess primary antibody was aspirated and the cells 
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were washed 3 times with PBS.  Coverslips were subsequently incubated with 

Alexa Fluor 488 F(ab’)2 fragments of goat anti-rabbit IgG (H+L) (1:500 in 2% 

BSA in PBS+0.2% Triton X-100; Invitrogen, Carlsbad, CA) for 45 minutes in 

the dark.  Excess secondary antibody was aspirated and the cells were 

washed 3 times with PBS.  Coverslips were then mounted onto glass slides 

using ProLong Gold antifade reagent with 4',6-diamidino-2-phenylindole 

(DAPI; Invitrogen, Carlsbad, CA) and allowed to dry overnight.  Samples were 

visualized with an Axiovert 40 CFL fluorescent microscope (Carl Zeiss 

MicroImaging, Thornwood, NY) and images were captured using QCapture 

software (QImaging, Surrey, BC, Canada).  Overlays were made using ImageJ 

software. 

 

2.8. Visualization of Mast Cell Extracellular Traps (MCETs) 

 MCETs were visualized using the same protocol as used to visualize 

NETs.  However, 3105 mast cells were seeded per well in IL-3-rich media.  

For antibody staining, the coverslips were then blocked with 2% BSA in 

PBS+2% goat serum+0.2% Triton X-100 for 45 minutes.  Excess blocking 

solution was aspirated and the cells were washed 3 times with PBS.  

Coverslips were then incubated with rabbit anti-CRAMP antibody (1:2740 in 

2% BSA in PBS+0.2% Triton X-100; a kind gift from Dr. R. Gallo) overnight at 

4C.  Rabbit pre-immune serum was used as an isotype control (1:300).  

Excess primary antibody was aspirated and the cells were washed 3 times 
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with PBS.  Coverslips were subsequently incubated with Alexa Fluor 488 

F(ab’)2 fragments of goat anti-rabbit IgG (H+L) (1:500 in 2% BSA in 

PBS+0.2% Triton X-100; Invitrogen, Carlsbad, CA) for 45 minutes in the dark.  

Excess secondary antibody was aspirated and the cells were washed 3 times 

with PBS.  Coverslips were then mounted as before. 

 

2.9. Quantification of Extracellular Traps (ETs) 

 The number of cells releasing ETs was quantified as a percentage of 

the total number of cells counted.  Data are reported as means ± SEM of at 

least two independent experiments.  

  

2.10. Histology 

Whole knee joints and hind paws were fixed in 10% formalin, 

decalcified, trimmed and embedded.  Sections were prepared from the tissue 

blocks and stained with hematoxylin and eosin (H&E), Toluidine blue, and 

Safranin O (HistoTox, Boulder, Colorado, USA).  Histopathological scoring 

was performed as previously described on a scale of 0–4 for inflammation, 

bone erosion and cartilage damage. 

 

2.11. Neutrophil reconstitution 

 Bone marrow cells were flushed out from donor tibias and femurs with 

RPMI 1640 and pooled.  Mice were injected i.p. with 150 μL K/BxN serum on 
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day 0. Mice were concurrently injected intravenously (i.v.) with bone marrow 

cells in RPMI 1640, in an amount equivalent to that obtained from the femurs 

and tibias of one donor mouse, or normal saline from day 0 to day 3.  Arthritis 

was measured and scored daily until the end of the experiment.  

 

2.12. Mast cell reconstitution 

Mast cells were cultured for 4 weeks from CD45.1+ congenic mice and 

then injected i.v. into CD45.2+ mast cell-deficient Pretty2 mice with 106 Cnlp-/- 

BMMC or wild-type BMMC in RPMI 1640.  Recipient mice were tested for 

reconstitution four weeks after injection by fluorescence-activated cell sorting 

(FACS). 

 

2.13. Statistics 

Data are expressed as means ± SEM.  Significance was assessed by 

analysis of variance (ANOVA) for arthritis studies.  Bonferroni post hoc tests 

were used for multiple pairwise comparisons.  For single comparisons, 

Student’s t-tests were performed at 95% confidence.  All statistical analyses 

were performed using Prism software version 5.0b (GraphPad Software, La 

Jolla, CA).
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3. RESULTS 
 

3.1. Extracellular traps are present in arthritic tissue 

Synovium was harvested at the peak of disease from joints of arthritic 

mice.  Synovial sections were subsequently stained with propidium iodide (PI), 

a non-permeant DNA-intercalating dye.  ETs were observed in WT (Fig. 1A) 

and transgenic K/BxN synovial tissue (Fig. 1C).  Surprisingly, ETs were also 

observed in synovial tissue of mice deficient in cathelicidin production (Cnlp-/-) 

(Fig. 1B).
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A B
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Figure 1. Extracellular traps (ETs) are present in synovial tissue.  

Synovium was harvested from wild-type and Cnlp-/- mice that received K/BxN sera at the peak 
of disease on day 5.  Synovial tissue was fixed in formalin, and sections were subsequently 
stained with propidium iodide (PI) to visualize ETs.  Extracellular traps (white arrows) were 
detected in (A) wild-type and (B) Cnlp-/- synovial tissue.  (C) In addition, synovial sections from 
K/BxN mice also contained ETs.

 

3.2. K/BxN serum-induced NET release correlates with severity of disease 

DNA has been shown to complex with cathelicidins (e.g. cathelin-

related antimicrobial peptide, CRAMP) to stimulate TLR9-induced type I 

interferon production (Lande et al., 2007).  This may play a significant role in a 

number of autoimmune disorders including systemic lupus erythamtosus 

(SLE) or RA.  To further assess the role of ETs, CRAMP, and TLR signaling in 

K/BxN arthritis, C57Bl/6, Tlr3-/-, Tlr7-/-, Tlr9-/-, Unc93b13d, and Cnlp-/- 

neutrophils were stimulated with K/BxN serum and stained for NET release.  



 

 

16
 

We found that K/BxN serum stimulates the release of NETs (Fig. 2C) 

significantly more than normal serum, and at levels comparable to that of 

phorbol 12-myristate 13-acetate (PMA), a potent activator of PKC, or H2O2-

producing glucose oxidase, known NET inducers (Fig. 3). 

 

 

Figure 2. Neutrophils release their DNA upon K/BxN serum stimulation. 

5x105 neutrophils from C57Bl/6 mice were plated on polylysine-treated coverslips as before 
and stimulated with (B) 100 mU/mL glucose oxidase (positive control), (C) 2% K/BxN serum, 
or (D) 2% heat-inactivated K/BxN serum.  (A) A subset of cells was left unstimulated as a 
negative control.  (B, C, D) Glucose oxidase, K/BxN serum, and heat-inactivated K/BxN serum 
all induced NET release. 
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Figure 3. K/BxN serum stimulates a significant release of NETs. 

5x105 neutrophils from C57Bl/6 mice were plated on polylysine-treated coverslips as before 
and stimulated with 100 nM PMA (positive control), 2% B6 serum, 2% heat-inactivated B6 
serum, 2% K/BxN serum, or 2% heat-inactivated K/BxN serum.  A subset of cells was left 
unstimulated as a negative control.  The amount of NETs released was quantified as a 
percentage of the total cells counted.  PMA, K/BxN serum, and heat-inactivated K/BxN serum 
all induced a significant amount of NET release.  K/BxN serum induces NET release 
substantially more than under normal conditions.  *, P < 0.05, **, P < 0.01, ***, P < 0.001 by 2-
way ANOVA with Bonferroni correction. 

 
 

   ***

* * 

  ** 

     ***

  ***
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We also noted that NET release varied from strain to strain upon K/BxN 

stimulation.  NET release was attenuated in Tlr3-/-, Unc93b13d, and Cnlp-/- 

neutrophils, while it was exacerbated in Tlr9-/- neutrophils (Fig. 4B).  372% of 

wild-type C57Bl/6, 343% of Tlr3-/-, 424% of Tlr7-/-, 565% of Tlr9-/-, 294% of 

Unc93b13d, and 291% of Cnlp-/- neutrophils released NETs when stimulated 

with K/BxN serum.  Interestingly, the amount of NETs released by the different 

strains upon PMA stimulation did not change, suggesting that K/BxN serum 

induces NET release by a different mechanism than that by PMA (Fig. 4A, B). 
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Figure 4. K/BxN serum-induced NET release correlates with clinical disease. 

5x105 neutrophils from donor mice were stimulated with (A) PMA or (B) 2% K/BxN serum for 3 
hours at 37C at 5% CO2.  The cells were subsequently fixed with 4% paraformaldehyde and 
mounted on ProLong Gold with DAPI for the visualization of NETs.  NETting cells were 
quantified as a percentage of total NETting wild-type neutrophils and normalized to the 
amount of NETs released by C57Bl/6 neutrophils (37±2%).  *, P < 0.05; **, P < 0.01; ***, P < 
0.001 by 2-way ANOVA with Bonferroni correction.  (C) Donor mice were injected with 150 l 
of K/BxN serum i.p.  Joint swelling was measured and disease was scored over the course of 
10 days.  Disease severity was normalized to that of wild-type mice by examining their 
respective AUCs.  The number of NETting cells correlates with that strain’s respective disease 
severity.  *, P < 0.05; **, P < 0.01; ***, P < 0.001 by Student’s t-test. 
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Figure 5. Nucleic acid-sensing TLR signaling affects the course of K/BxN arthritis. 

Recipient mice were injected with 150 l of K/BxN sera i.p. on day 0.  Ankle thickness was 
measured daily.  (A) Tlr3-/- and (B) Tlr7-/- mice have an attenuated course of disease, while (C) 
Tlr9-/- mice have an exacerbated course of disease.  (D) Interestingly, mice deficient in all 3 of 
the endosomal nucleic acid-sensing TLRs (Unc93b13d mice) display an attenuated course of 
disease. 
 

 

To assess the relevance of the ability of these neutrophils to release 

NETs upon K/BxN sera stimulation, we compared NET release to clinical 

severity of disease.  Mice of the same genotypes were previously injected with 
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150 l of K/BxN sera and the amount of joint swelling was measured (Fig. 4C, 

Fig. 5).  Interestingly, the amount of NET release by K/BxN sera stimulation 

correlated with the clinical severity of K/BxN arthritis.  Tlr3-/- (Fig. 5A), Tlr7-/- 

(Fig. 5B), and Unc93b13d mice (Fig. 5D) all displayed an attenuated course of 

disease, whereas Tlr9-/- mice (Fig. 5C) had an exacerbated course of disease. 

 

3.3. Glucose 6-phosphate isomerase (G6PI) is externalized during NET 

release 

To test our hypothesis that extracellular traps mediate K/BxN arthritis by 

releasing glucose 6-phosphate isomerase (G6PI), the antigenic target of 

K/BxN autoantibodies, we activated neutrophils to release NETs and stained 

for G6PI.  Neutrophils were stimulated with PMA.  NETs were stained with 

DAPI (blue) and counterstained with an antibody towards G6PI (green).  

Interestingly, G6PI is externalized during NET release (Fig. 6B) and is co-

localized in NETs (Fig. 6C). 
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Figure 6. G6PI is externalized during NET release and co-localizes in NETs. 

5x105 neutrophils from C57Bl/6 mice were plated on polylysine-treated coverslips and 
stimulated with 100 nM PMA for 3 hours at 37°C with 5% CO2.  Cells were then fixed in 4% 
paraformaldehyde for 15 minutes at room temperature.  After several washes, the cells were 
stained with anti-G6PI antibodies, followed by Alexa 488-conjugated goat anti-rabbit 
antibodies (green).  To stain for ET DNA, coverslips were mounted on ProLong Gold with 
DAPI (blue).  (A) DNA and (B) G6PI staining for NETs shows that G6PI is externalized during 
NET release.  (C) G6PI is also co-localized in NETs during its externalization.  Images were 
overlaid using ImageJ software. 
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3.4. Cathelicidin-deficient (Cnlp-/-) mice have diminished arthritis 

We next investigated the role of cathelin-related antimicrobial peptide 

(CRAMP) in the pathogenesis of K/BxN arthritis.  CRAMP-deficient (Cnlp-/-) 

mice were injected with K/BxN serum and were analyzed for arthritis severity 

compared to WT mice over the course of ten days (Fig. 7A, B).  Cnlp-/- mice 

displayed an attenuated course of disease, showing marked decrease in joint 

swelling (Fig. 7A) and diminished inflammation and erythema (Fig. 7B).  

Histological analysis of ankle joints confirmed our clinical observations, as 

Cnlp-/- mice displayed diminished inflammation (Fig. 8A, B), cartilage 

degradation (Fig. 8A, B), and bone erosion (Fig. 8C, D).  We then analyzed 

the amount of proinflammatory cytokines present in arthritic joints of mice at 

the peak of disease.  Articular interleukin (IL)-6 production by Cnlp-/- mice was 

reduced by approximately 25-fold, as observed by quantitative real-time 

polymerase chain reaction (qPCR) (Fig. 7C).  Our data suggests that CRAMP 

plays a pathogenic role in the development of RA. 
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Figure 7. Cnlp-/- mice have diminished arthritis. 

C57Bl/6 (black) and Cnlp-/- (brown) mice were injected with 150 l of K/BxN serum 
intraperitoneally (i.p.).  (a) Arthritic joints were measured daily for 10 days for swelling and (b) 
clinically scored on a 0-4 scale per paw.  (C) C57Bl/6 and Cnlp-/- mice were sacrificed at the 
peak of K/BxN arthritis on day 4.  Total RNA was harvested from ankle joints and IL-6 
transcript was measured by quantitative PCR (qPCR).  Cnlp-/- mice produce significantly less 
IL-6 at the peak of disease.  **, P < 0.01; ***, P < 0.001 by 2-way ANOVA with Bonferroni 
post-hoc test. 
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Figure 8. Cnlp-/- mice have minimal erosive disease. 

Histological analysis was performed on legs from C57Bl/6 and Cnlp-/- mice sacrificed 10 days 
after K/BxN serum injection.  Sections were stained with (i) H&E, (ii) Toluidine blue, and (iii) 
Safranin O.  Cnlp-/- mice (B, left panel) have minimal  cell infiltration and bone erosion 
compared to C57Bl/6 mice (A, left panel).  Cartilage damage was also ablated in Cnlp-/- mouse 
joints (D, middle and right panels) compared to C57Bl/6 mice (C, middle and right panels).  (E) 
Quantification of histological inflammation, bone erosion, and cartilage damage.   
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3.5. Cnlp-/- mast cells can release mast cell ETs (MCETs) 

Two major cell lineages involved in the development of K/BxN serum 

transfer arthritis include the mast cell and the neutrophil.  We next analyzed 

whether or not Cnlp-/- bone marrow-derived mast cells (BMMCs) were capable 

of producing mast cell ETs (MCETs).  BMMCs were stimulated with glucose 

oxidase for 3 hours.  ETs were visualized by DAPI staining (blue).  

Surprisingly, MCETs were observed from Cnlp-/- BMMCs (Fig. 9B, left panel).  

CRAMP (red) was found to be colocalized in WT MCETs (Fig. 9A), but not in 

Cnlp-/- MCETs (Fig. 9B). 

 To further assess the capacity of these MCETs to mediate disease, 

mast cell-deficient (Pretty2) mice were reconstituted with congenic CD45.1+ 

WT or Cnlp-/- BMMCs.  After four weeks, K/BxN serum was administered and 

the clinical course of disease was assessed (Fig. 9C).  Pretty2 mice normally 

display an attenuated course of K/BxN arthritis (blue).  Reconstituting Pretty2 

mice with WT BMMC recapitulated arthritis (purple). Moreover, reconstitution 

with Cnlp-/- BMMCs was sufficient to recapitulate a normal course of disease 

(green).  This shows an essential role for mast cells in mediating the onset of 

disease and suggests that the diminished arthritis seen in Cnlp-/- mice is mast 

cell independent. 
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Figure 9. Cnlp-/- BMMCs produce MCETs and are sufficient to recapitulate arthritis in mast 
cell-deficient mice. 

Bone marrow-derived mast cells (BMMCs) were purified from C57Bl/6 and Cnlp-/- mice.  
Briefly, bone marrow cells were flushed from donor tibias and femurs and grown in IL-3-rich 
media for 4 weeks at 37°C in a humidified atmosphere in the presence of 5% CO2.  Mast cell 
purity (>95%) was determined by Toluidine blue staining.  3x105 mast cells were stimulated 
with 100 mU/mL glucose oxidase for 3 hours.  Slides were mounted on ProLong Gold+DAPI 
to visualize MCETs (blue), and counterstained with a rabbit anti-CRAMP antibody (red).  
Overlay images were made using ImageJ software.  (A) C57Bl/6 and (B) Cnlp-/- BMMCs 
release MCETs.  CRAMP can be seen in C57Bl/6, but not Cnlp-/- MCETs (right panel).  (C) 
Pretty2 mice were reconstituted with congenic CD45.1+ WT or Cnlp-/- BMMCs for 4 weeks.  
The reconstituted mice were then administered 150 l of K/BxN serum i.p. and arthritis was 
measured.  Pretty2 mice develop an attenuated course of disease (blue).  However, Cnlp-/- 
BMMCs are sufficient to recapitulate K/BxN arthritis in Pretty2 mice (green). 

A 

B 

DAPI  CRAMP Overlay 

C 

* *
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3.6. Diminished recruitment of Cnlp-/- neutrophils 

Neutrophils (polymorphonuclear cells, PMNs) have also been shown to 

release their DNA to produce neutrophil extracellular traps (NETs) (Brinkmann 

et al., 2004).  Since there was no defect in the production of extracellular traps 

by mast cells and because mast cell reconstitution was sufficient to 

recapitulate disease in Pretty2 mice, we next looked into the role of neutrophils 

in mediating K/BxN arthritis.  Mice were injected with thioglycollate.  Four 

hours after injection, peritoneal lavage was performed to harvest PMNs.  

Neutrophils were recovered at a purity of 90-95%, as assessed by Wright-

Giemsa staining.  Neutrophils from C57Bl/6, Tlr3-/-, Tlr7-/-, Tlr9-/-, and 

Unc93b13d mice were recruited at comparable levels (Fig. 10A-E).  As 

expected, Cnlp-/- neutrophil recruitment was diminished by about half (568% 

recruitment) (Fig. 10F).   
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Figure 10. Diminished recruitment of neutrophils in Cnlp-/- mice. 

Donor mice were injected i.p. with 1 mL of thioglycolate.  After 4 hours, the mice were 
sacrificed and cells were harvested by peritoneal lavage using 10 mL of PBS.  Red blood cells 
were removed by hypotonic lysis using 5 mL of ACK buffer.  Neutrophil recruitment was 
determined by Wright-Giemsa staining.  Wright-Giemsa stains of (A) C57Bl/6, (B) Tlr3-/-, (C) 
Tlr7-/-, (D) Tlr9-/-, (E) Unc93b13d, and (F) Cnlp-/- neutrophils are shown.  (G) Quantification of 
neutrophil recruitment as a percentage of total cells counted. 
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3.7. Reconstitution of Cnlp-/- mice with WT PMN recapitulates K/BxN arthritis 

Since Cnlp-/- mast cells were sufficient to recapitulate arthritis in Pretty2 

mice, we hypothesized that NETs, and not MCETs, are responsible for the 

differences seen between wild-type and Cnlp-/- arthritic mice.  To test this, we 

reconstituted Cnlp-/- mice with WT PMNs daily for the first four days of K/BxN 

arthritis and measured their joint swelling.  As expected, Cnlp-/- mice 

developed less severe arthritis than wild-type mice (Fig. 11).  Interestingly, the 

reconstituted Cnlp-/- mice developed arthritis similar to that of the wild-type 

mice on the days they were given PMNs.  This suggests that mast cells 

mediate a basal amount of disease that is further propogated by activated 

neutrophils, and that the varying degrees of clinical arthritis depends on the 

recruitment of neutrophils to the joint (Fig. 12). 
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Figure 11. Reconstitution of Cnlp-/- mice with WT PMNs recapitulates arthritis. 

Cnlp-/- mice were injected with 150 l of K/BxN serum i.p. on day 0 and simultaneously given 
bone marrow cells from wild-type mice or normal saline from day 0 to day 3 (red arrows).  
Joint swelling was measured and disease was scored daily.  Cnlp-/- mice injected with normal 
saline had an attenuated course of disease compared to wild-type mice, as shown previously.  
Interestingly, neutrophil reconstitution of Cnlp-/- mice with wild-type bone marrow cells 
recapitulated K/BxN arthritis on the days they were injected.
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Figure 12. Proposed mechanism for the pathogenesis of rheumatoid arthritis. 

Mast cells become activated to release G6PI in their MCETs.  These trap the autoantigen in 
the ETs to facilitate immune complex formation, which establishes a basal level of 
inflammation.  As mast cells are activated, they degranulate, releasing neutrophil chemotactic 
agents such as CRAMP and IL-1.  The recruitment of neutrophils and their subsequent 
release of NETs then mediates the severity of disease.
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4. DISCUSSION 

In the K/BxN mouse model of arthritis, autoantibodies directed towards 

G6PI direct the generation of a RA-like disease.  Upon binding of the anti-

G6PI autoantibodies to joint-localized G6PI and subsequent immune complex 

formation, mast cells become activated through the engagement of their Fc-

gamma receptors (FcR).  The activated mast cells will then degranulate and 

release IL-1, a potent proinflammatory cytokine and chemoattractant for 

neutrophils (Nigrovic et al., 2007), and various other proinflammatory 

cytokines and chemokines.  The release of IL-1 by mast cells is absolutely 

necessary for the initiation of K/BxN arthritis, as IL-1R-deficient mice do not 

develop disease (Choe et al., 2003).  The presence of neutrophils in this 

mouse model of RA is also necessary, as joint inflammation could be ablated 

by administration of neutrophil-depleting antibodies (Wipke and Allen, 2001).  

In addition, neutrophil chemokines (e.g. KC/CXCL1) are upregulated in K/BxN 

arthritis and the deletion of the neutrophil chemokine receptor (CXCR2) 

attenuated the course of K/BxN arthritis (Jacobs et al., 2010).  Here we 

characterize mice deficient in cathelicidin production with K/BxN arthritis.  

Cnlp-/- mice have a severely diminished course of disease, suggesting a 

pathologic role for CRAMP in K/BxN arthritis.  In addition to its chemotactic 

activities, CRAMP has also been shown to complex with self-DNA to induce 

potent type I interferon responses (Lande et al., 2007), and is present in 

neutrophil extracellular traps (NETs). 
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Neutrophil extracellular traps are composed of extracellular fibers of 

DNA, interspersed with a variety of intracellular proteins, including histones, 

antimicrobial peptides, glycolytic enzymes, and other cytoplasmic proteins.  

Upon activation, neutrophils are reprogrammed for prolonged life to extend 

their antimicrobial activities.  As a final defensive act, the neutrophils undergo 

‘NETosis’ to entangle the surrounding bacteria in their extracellularized DNA 

and facilitate their destruction.  This novel phenomenon has largely beneficial 

effects towards bacterial clearance.  However, a variety of different disorders 

have been described whereby NETs are detrimental to the host.  NETs have 

been implicated in a variety of disorders, including appendicitis (Brinkmann et 

al., 2004), pneumonia (Beiter et al., 2006), systemic lupus erythamatosus 

(SLE) (Hakkim et al., 2010), cystic fibrosis (Marcos et al., 2010), and small 

vessel vasculitis (SVV) (Kessenbrock et al., 2009).  Of interest, a subset of 

SLE patients had impaired NET degradation that allowed for anti-nuclear 

antibodies (ANA) to form immune complexes on NET structures (Hakkim et 

al., 2010).  In addition, treatment of arthritic mice with inhibitors of neutrophil 

elastase, whose activity is necessary for the release of NETs, attenuated the 

course of K/BxN arthritis by up to 83% (Guma et al., 2009). 

In 2002, Matsumoto et al. proposed that G6PI is deposited on the 

surfaces of cartilage, bound to proteoglycans that allow for the formation of 

joint-specific immune complexes (Matsumoto et al., 2002).  Here, we propose 

that ETs are the responsible agents for the joint-specific localization of 
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extracellular G6PI.  We detected the presence of ETs in synovial tissue.  Upon 

inspection of major cell players involved in the pathogenesis of K/BxN arthritis, 

we found that G6PI was externalilzed during ET release, and that G6PI was 

co-localized in ETs.  Notably, stimulation of neutrophils with K/BxN serum 

induced NET release.  We observed that Cnlp-/- mast cells were capable of 

producing MCETs, and that reconstitution of mast cell-deficient mice with  

Cnlp-/- mast cells recapitulated K/BxN arthritis to levels comparable to that of a 

wild-type mouse.  This suggests that MCETs are not responsible for the 

diminished course of disease observed in Cnlp-/- mice.  However, as we 

looked into the role of neutrophils, we observed decreased neutrophil 

recruitment  by Cnlp-/- mice which, in conjunction with their decreased ability to 

produce NETs upon K/BxN serum stimulation, correlated to their disease 

phenotype.  This pattern was also observed in a variety of other mouse 

strains, where NET release upon K/BxN stimulation correlated with the 

severity of disease.  Lastly, reconstitution of Cnlp-/- mice with wild-type 

neutrophils recapitulated disease to levels comparable to that of wild-type 

mice. 

It has been reported that patients with RA produce high amounts of 

TNF-α, which has been shown to increase ROS levels in RA patients by 

inhibiting their breakdown by superoxide dismutases (SOD) (Stralin and 

Marklund, 2000).  This may contribute to the release of NETs to perpetuate 

disease severity.  In addition, a large number of sera samples from RA 
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patients contained high levels of autoantibodies directed towards a citrullinated 

α-enolase peptide (Lundberg et al., 2008), which would be able to bind α-

enolase, a protein localized in NETs (Urban et al., 2009).  Other factors known 

to be necessary for ET production include nitric oxide (NO) (Patel et al., 2010) 

and CRAMP (unpublished).  CRAMP can also activate ROS production via 

NADPH oxidase (Zheng et al., 2007), which may contribute to the release of 

ETs.  There are also increased levels of endogenous NO synthesis in RA 

patients (Farrell et al., 1992), which may contribute to ET formation. 

In conclusion, our studies suggest a novel role for neutrophil 

extracellular traps in the pathogenesis of RA.  Cnlp-/- mast cells were capable 

of releasing ETs and are sufficient to recapitulate disease in a mast cell-

deficient strain of mice, which may explain the diminished, yet not fully 

abolished disease phenotype of Cnlp-/- mice.  However, the diminished 

capacity of Cnlp-/- neutrophils to release ETs upon stimulation with K/BxN 

serum correlated with their attenuated course of disease.  We propose that  

activated mast cells degranulate to release neutrophil chemoattractants (i.e. 

CRAMP/KC/IL-1) and undergo ETosis.  Neutrophils are recruited to the joint 

by varying degrees as secondary responders, whereby their activation induces 

NETosis and the propagation of K/BxN arthritis.
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