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Abstract 

Uric acid is a danger signal released from cells during cell death, or due to injury. 

Uric acid crystals are able to invoke strong inflammatory responses via activation of 

neutrophils to produce proinflammatory cytokines and chemokines. For these 

pathological events to occur, uric acid must crystallize. In this report, we verified that 

serum from MSU crystal immunized animals is able to precipitate MSU crystals in a 

supersaturated solution and that this activity is mediated by MSU specific IgM 

antibodies. These purified antibodies mediated the uric acid adjuvant effect in B cell 

deficient mice and general inflammatory responses to MSU crystals. 
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CHAPTER 1: LITERATURE REVIEW
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1.1 Uric acid, a danger signal released from dying cells. 

Cellular death has been described under many names and has been divided into 

different processes (1). During apoptosis, the cell undergoes rounding-up, loss of cellular 

volume, chromatin condensation and nuclear fragmentation; with some of these processes 

regulated by proenzymes called caspases. During autophagic cell death, there is a 

massive vacuolization of the cytoplasm. Necrosis is divided into two categories: necrosis 

and secondary necrosis. During necrosis, the cell gains cellular volume, followed by the 

rupture of the plasma membrane and the loss of intracellular contents. Usually necrosis is 

seen in pathological situations in vivo. Secondary necrosis is the process which follows 

apoptosis, and it has the same defining characteristics as necrosis. Pyroptosis is another 

form of cell death, which involves caspases, specifically caspase-1 and its activating 

complexes called inflammasomes, and is seen in pathological situations, involving 

intracellular bacteria. Whether it be apoptosis, autophagy, necrosis or pyroptosis, the cell 

ceases to perform its everyday functions, and cell death occurs. Still, the end result of cell 

death is not always the same. Besides the different processes which occur within the cell 

during cell death, the outcome upon the immune system can be defined as immunogenic, 

tolerogenic or silent. 

While immunogenic or tolerogenic cell death must occur within the presence of a 

pathogen, non-immunogenic or silent cell death occurs within its absence. However, 

there are instances when an immunogenic cell death is more welcome, especially when 

an immune response to a tumour is desired. In other situations to reduce the possibility of 

autoimmunity, a silent cell death would be more appropriate. To know which factors of 

cellular death are involved in activating the immune system would increase our 
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understanding in the design of vaccines, treatment of chronic conditions and tumours. 

Green et al describe the complexity of determination of the immunogenicity of cellular 

death when they say that the nature of the immune response depends on several factors: 

which type of cell dies, how it dies, where it dies, whether any recognized antigens are 

associated with the cell and what type of cell cleans up the remains.(1) Still, they do 

acknowledge that the signals from dying cells may play a role on dendritic cells and the 

immune system, affecting the nature of the response. 

Rock and Kono have further narrowed this topic to explain how cell death may 

initiate an immunogenic or inflammatory response (2).  In their review, they explain the 

difference between necrosis and apoptosis and their potential for inciting an 

inflammatory response. Necrosis usually occurs in response to trauma, toxins, and is 

usually a result of a pathological process(2). While undergoing necrosis, a cell will lose 

its membrane integrity and will leak its intracellular components into the periphery, 

which may serve as danger signals to the immune system. These molecules are also 

referred to as damage-associated molecular patterns (DAMPs) (1). Apoptotic cells 

initially maintain their plasma membrane, which prevents release of intracellular 

components. Once these cells are phagocytosed by macrophages, the inflammatory 

response may be modulated by macrophages via the production of interleukin-10 (IL-10) 

and transforming growth factor-β (TGF-β) (3, 4).  However, if the apoptotic cells are not 

cleared quickly, they may begin secondary necrosis and thereby initiating the necrotic 

inflammatory response. 

During an infection, the presence of pathogen can elicit pathogen associated 

molecular patterns (PAMPs), such as bacterial cell wall components (peptidoglycan) or 
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viral ribonucleic acid (RNA) (1, 2). PAMPs can stimulate the immune system. This is the 

basis of Janeway’s infectious-nonself model (5), a modification of Burnet’s self-nonself 

model (6). The idea behind the self-nonself model is that lymphocytes on their surface 

contain many copies of a single receptor, specific for a single foreign antigen, which 

when activated through antigen-receptor binding will initiate an immune response. This 

model also suggests that self-reactive lymphocytes would be removed from the repertoire 

early in life of an organism. However, this model underwent many changes in order to 

explain the B cell development and hypermutation, T helper cells (7) and co-stimulation 

with antigen presenting cells (APCs) (8). The major change in the self-nonself model 

came with Janeway’s suggestion of the existence of pattern recognition receptors (PRRs) 

on APCs, which are specific for conserved PAMPs (9). When bound these receptors 

would activate the APC, be it a dendritic cell or macrophage. These cells can then 

upregulate co-stimulatory molecules and travel to nearby lymph nodes to present the 

captured antigens to local cluster of differentiation 4 (CD4) + T cells. 

However, more recently, another model has emerged called the danger 

hypothesis. Matzinger described this hypothesis as a paradigm shift in the field of 

immunology. Specifically, the focus changes from APCs directing the immune response 

through co-stimulation, to the tissues themselves responding to the pathogen and 

activating the APCs through danger signals (5, 10, 11). This model predicts the existence 

of molecules, which are released during injury, disease, toxin presence or mechanical 

damage, that are capable of stimulating APCs, and therefore initiating the immune 

response. Normal, healthy cells do not release these signals. This model also states that 

cells undergoing normal physiological death, as seen in apoptosis, would not release the 
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danger signals since they would be efficiently scavenged or phagocytosed, before 

undergoing secondary necrosis. In a study done by Gallucci et al, stressed cells that were 

virally infected or killed necrotically release endogenous signals that activated dendritic 

cells, as measured by the expression of several maturation markers (B7.1, B7.2, Major 

Histocompatability Complex (MHC) Class II and CD 40) (12). Cells undergoing 

apoptosis did not stimulate dendritic cells to the same degree as necrotic cells. When 

APCs cultured with apoptotic cells were used to stimulate a CD4+ T cell clone, the T 

cells did not achieve the same proliferation stage as those treated with APCs co-cultured 

with necrotic cells. This study confirmed the existence of endogenous adjuvants released 

during abnormal cell death. The same endogenous adjuvants may also play a role in the 

induction of an immune response in transplant rejection, spontaneous tumour rejection 

and even autoimmunity. 

Over the past decade, other reports have emerged in support of the danger 

hypothesis. Shi et al (13) found that injection of cells with the particulate antigen 

provided a strong adjuvant effect on cytotoxic T cell (CTL) response to the antigen.  The 

adjuvant activity was investigated and seen with different cell types, mouse strains and 

antigens. They were able to show that when the cells were treated with an irreversible 

protein inhibitor, emetine, the adjuvant effect on the CTLs was not decreased, meaning 

that the adjuvant activity in this situation is not mediated by a secreted protein factor. 

Still, they did suggest that the adjuvant activity is constitutively present within the 

cytoplasm of cells. When they tested the cytoplasm of apoptotic cells, it had the highest 

adjuvant activity on cytotoxic T cell response to ovalbumin (OVA) as compared to 

normal, tumour, or necrotic cells. They also showed that the adjuvant effect of apoptotic 
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cells injected  with a particulate antigen (OVA or HIV gp120 conjugated beads) is 

systemic as well as local. This in vivo study provides a strong platform for the existence 

of danger signals released upon cell death. 

A further examination of this phenomenon was done by Shi and Rock in 2002 

(14). They tested the adjuvant activity of UV-treated cells by co-injecting them with  HIV 

gp120-bound latex beads. CD4+ T cell responses were assessed by the measurement of 

their production of interleukin-2 (IL-2) using CTLL cells. The results showed that CD4+ 

T cell response is enhanced using UV-treated cytoplasm as adjuvant, with a particulate or 

cell-associated antigen. If particulate antigen is used, then this indicates that the adjuvant 

may act on APCs, instead of directly on T cells or other steps involved in the generation 

of an immune response to soluble antigens. After testing this hypothesis, they discovered 

that injections of fluorescent beads with cytoplasm from injured cells into the hind flanks 

of the mice, induced a migration of large CD11c+ and CD11c- cells containing 

fluorescent beads into the draining lymph nodes. These cells also had higher levels of 

B7.1 and B7.2 maturation markers as compared to other cells lacking fluorescent 

particles. This study indicates that APCs are affected by local adjuvant activity, which 

with phagocytosis of an antigen can cause them to mature and migrate to the lymph node, 

where they come in contact with T cells and B cells, to initiate the adaptive immune 

response. This data provides evidence for the Danger Model (10). 

Still there are several conflicts between studies done by Gallucci and Shi, that 

should be considered (12-15).  Firstly, even though the adjuvant activity in the studies 

was conferred by killed or injured syngeneic cells, the type of antigen used to stimulate 

the immune response was different. Specifically, soluble antigen was used in the study by 
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Gallucci et al while Shi et al used antigen conjugated to latex beads. The use of soluble 

antigen raises a question regarding the source of antigen - whether the cells admixed with 

the antigen injections were a source of antigen, due to possible adsorption of antigen on 

their cell surface or if they were the source of the adjuvant. Secondly, the Danger model 

predicts that only necrotic cells would release the danger signals because necrosis is 

usually seen in pathological situations, and the cell membrane during necrosis is ruptured 

releasing cell contents with possible adjuvant activities. During apoptosis, cell membrane 

integrity is maintained and the apoptotic bodies are cleared rapidly by phagocytosis. 

These predictions are maintained by the Gallucci study, where cells undergoing necrosis 

were found to have the highest adjuvant activity (12). However, they are incongruent 

with the results found by Shi, where apoptotic cells had a higher adjuvant effect on CTL 

responses in vivo than necrotic cells (12, 14).  

Rock et al described several other studies that support either the use of necrotic 

cells or apoptotic cells as adjuvants to stimulate the immune response (15).  Specifically, 

there were several studies showing that apoptotic cells did not stimulate dendritic cells to 

mature in vitro (12, 16-18), did not cause the production of anti-inflammatory cytokines 

(19-21) and did not induce tolerance to injected antigen admixed with the apoptotic cells 

(22, 23). These studies suggested that apoptotic cells did not contain endogenous 

adjuvant activity. On the other side, there are several studies which found that apoptotic 

cells can stimulate dendritic cell maturation in vitro (24-30). They were also able to 

stimulate T cell responses in vitro (31-35) when dendritic cells were pulsed with 

apoptotic cells prior to experiments and in vivo when apoptotic cells were injected by 

themselves (36-41). Other studies showed that apoptotic cells may be even more 
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immunogenic than those undergoing necrosis (23, 33, 35, 40).  Due to the contrast 

between these findings, Rock et al suggested that in those studies where no 

immunogenicity was seen with apoptotic cells, they have not released their danger signals 

or intracellular components; they did not undergo secondary necrosis, preventing immune 

system stimulation (15). Overall, this issue has not been completely discerned, due to 

differences in model systems and experimental conditions among many of the studies. 

Several substances found in the cytoplasm of cells have been identified as danger 

signals or DAMPs. They can activate neutrophils, dendritic cells and monocytes, the 

primary cellular level of the innate and adaptive immune responses, to produce 

proinflammatory cytokines and co-stimulatory molecules. High mobility group box 1 

(HMGB1) protein is normally found in the nucleus, bound to chromatin. This protein can 

regulate gene transcription (42). In 2002, Scaffidi et al found that when HMGB1 is 

released from necrotic cells it can trigger the production of tumour necrosis factor - α 

(TNF-α) (a proinflammatory cytokine) in monocytes in vitro (43). This same protein was 

found to be able to cause dendritic cell maturation and activation, acting as an 

endogenous adjuvant (44, 45). Another type of DAMP was identified as heat shock 

proteins (HSPs). In 1991, Srivastava et al were trying to identify tumour-released 

antigens, and instead found HSPs, which were capable of inducing tumour-specific 

immunity if injected into the mice with murine sarcoma (46, 47).  The specific HSPs 

identified from these two studies were HSP70, gp96 and HSP90. They were found to 

activate the nuclear factor-κB (NF-κB), a transcription factor with a large role in the 

regulation of the immune response to inflammatory stimuli, in dendritic cells (48). Wallin 
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et al later showed that these particular molecules also have the ability to cause activation 

and maturation of dendritic cells and macrophages (49). 

In 2003, Shi et al identified a molecule from the lower molecular fraction of 

cytosol from ultraviolet(UV)-treated BALB/c 3T3 cells, purified using High Performance 

Liquid Chromatography (HPLC). This molecule conferred adjuvant activity on CTL 

responses in vivo and stimulated bone marrow derived dendritic cells (BMDC) to rapidly 

upregulate their expression of CD86 (B7.2) and CD80 (B7.1) maturation markers (50). 

After analyzing the fraction using mass spectrometry-gas chromatography (MS-GC) and 

electrospray ionization mass spectrometry (ESI-MS), the molecule isolated from dying 

cells was identified as uric acid. To further confirm the identity of this molecule, uricase, 

an enzyme which specifically breaks down uric acid to allantoin, was added to the 

fraction eliminating the adjuvant effect on CTLs (50). 

Uric acid is a normal product of purine cellular catabolism, it comes mainly from 

digested RNA and deoxyribonucleic acid (DNA). It is a highly ubiquitous molecule and 

is found in the cell cytoplasm (15). It would be considered almost counterintuitive for a 

molecule that would be released constantly from dying cells to have strong 

proinflammatory properties. Shi et al also revealed that the concentrations of uric acid 

used to stimulate higher expression of CD86 on dendritic cells matched those at which 

uric acid could crystallize into monosodium urate (MSU) crystals (50). When the MSU 

crystals were mixed with BMDC cultures, the cell surface expression of CD80 and CD86 

was higher than that seen for uric acid. Shi et al then suggested that the crystals were the 

more biologically active form of uric acid in vitro. The same effect maybe be seen in vivo 

as well, considering that a 4 mg/mL uric acid solution when injected would produce a 
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highly supersaturated situation at the injection site (50). To test their prediction, they used 

pre-formed MSU crystals as an adjuvant with gp120 conjugated latex beads in the CTL 

assay, and the results showed that MSU crystals also had adjuvant activity in vivo. This 

activity was specific to crystalline MSU, since other crystals of allopurinol, alum and 

basic calcium phosphate (BCP) did not increase the expression of CD86 marker and did 

not have adjuvant effect on the CTL response when used with injections of gp-120 

conjugated latex beads(50). This particular study built a bridge between cellular death 

and inflammation by linking the release of uric acid, a danger signal, during cellular 

death to the subsequent activation of antigen presenting cells. 
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1.2 Monosodium urate crystals and their effect on the innate immune system. 

Monosodium urate (MSU) crystals were detected in the synovial fluid of those 

suffering with gout by Anton van Leeuwenhoek in the 17th century. In the 18th century, 

Scheele and Wollaston identified uric acid as one of the components of gout associated 

stones. However, it was Garrod in the 19th century, who drew an association between 

hyperuricaemia and gout (51). Even though gout’s clinical manifestations have been 

described by both ancient Egyptians and Hippocrates, only in the past few decades have 

the cellular mechanisms behind this disease been deciphered (52). Currently, this disease 

is coming back into the spotlight due to increased incidence of gout in the older 

population (53). Gout is an autoinflammatory disorder, which is characterized by the 

deposition of MSU crystals within the joints and periarticular tissues (54). This condition 

is very painful, due to both the physical presence of MSU crystals and the following 

inflammation. After the initial acute attack, which is considered self-limiting, gout may 

become chronic. It could also develop as a complication for medical conditions such as 

diabetes, renal disorders, hypertension or truncal obesity. Dalbeth and Haskard described 

the acute attack of gout as an example of the acute inflammatory response (55). Several 

events, such as trauma, surgery, excess alcohol intake or drugs that alter the serum urate 

levels, have been identified as triggers for the acute gout attacks. 

In many cases, although not in all, hyperuricaemia is observed prior to the attack 

(56). To increase uric acid in the serum, cell death could occur on a larger scale, as it 

happens during trauma, surgery or recurrent illness, releasing uric acid into the 

extracellular space, to allow interaction with sodium (Na) ions to create monosodium 

urate. These events would aid in the formation of supersaturated solution conditions 
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required for crystallization of monosodium urate and initiating the inflammatory response 

to the crystals. Still, there is evidence of other factors besides the concentration of uric 

acid, that can contribute to uric acid crystallization. Besides providing the uric acid as the 

starting material for the MSU crystals, cells associated with the innate immunity, have 

also been implicated in both the induction and the resolution of gout (51).   

During the induction of an acute gout attack, there is histological evidence 

showing infiltration of the synovial membrane by neutrophils, macrophages and 

lymphocytes (57).  However, these cells must extravasate from the circulation, to appear 

in the tissues. Extravasation is a process of movement of circulating innate immune cells 

such as neutrophils and monocytes into the tissues. The steps include: the tethering and 

adhesion of the circulating cell to the vascular endothelial cells, activation of the tethered 

cell via chemoattractant stimulus, and the migration of the cell through the vascular 

endothelium and the vascular basement membrane into the tissues (58). The vascular 

endothelial cells play a large role in the processes of adhesion and tethering, through the 

expression of adhesion molecules such as cell adhesion molecules (CAMs), selectins, and 

integrins. These molecules are responsible for binding their respective partners on the 

circulating cell surface, allowing the cell to slow down in the blood vessel and tether to 

the endothelium. For the expression of these molecules to be upregulated, the endothelial 

cells must be activated, which can occur in several stages (51). First, the endothelial cells 

can be stimulated with agonists, such as histamine, thrombin, and complement 

component C5a, to move the Weibel-Palade bodies (organelles found in endothelial cells, 

containing pre-formed P-selectin, interleukin-8 (IL-8), and von Willebrand factor) to the 

luminal surface, and release their components (59-61). This event results in the 
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incorporation of P-selectin into the plasma membrane and the release of IL-8 (a 

chemoattractant), allowing for the initial binding and rolling of the leukocyte to occur. 

The second stage of activation is the de novo production of additional adhesion molecules 

such as E-selectin, and vascular cell adhesion molecule-1 (vCAM-1) along with 

chemokines, IL-8 and monocyte chemotactic protein-1 (MCP-1). Interleukin-1α/β (IL-

1α/β) and tumour necrosis factor-α (TNF-α) were previously found to activate the 

endothelial cells at this stage (62). 

The quick release of the Weibel-Palade bodies to the surface on the cells in the 

first stage of endothelial cell activation is similar to the degranulation of mast cells upon 

stimulation. Getting et al pointed out that if endogenous mast cells were removed from a 

model of MSU crystal-induced peritonitis, the neutrophil influx was significantly 

inhibited, indicating a role for the crystal induced degranulation of mast cells in MSU 

crystal mediated inflammation (63). Mast cell degranulation can occur via allergen cross-

linkage of immunoglobulin E (IgE) bound by FcεRI, or anaphylotoxins such as C3a, C5a, 

and other mast cell receptors (58). The mast cells granule contents include: histamine, 

TNF-α, and enzymes such as tryptase, mast cell chymase and serine esterase (important 

inflammatory components). These molecules once released can act on the endothelial 

cells and neutrophils, playing a role in the downstream cascades in the inflammatory 

response (64). There is a notion of a positive feedback loop of inflammation involving 

the MSU crystals, their stimulation of mast cells to degranulate, the mast cell-produced 

histamine and IL-8 stimulation of the endothelial cells and the subsequent stimulation of 

neutrophils to extravasate into the tissues. Once near the MSU crystals neutrophils can 

produce pro-inflammatory mediators to induce more cellular infiltration. 
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IL-1β is involved in the activation of endothelial cells and was found to be a 

product of MSU crystal activated neutrophils (65, 66).  The proinflammatory effects of 

IL-1β include stimulating the production of prostoglandin E-2 (PGE-2), interleukins-6, -

8, (IL-6, IL-8), tumour growth factor β (TGF β) and TNF α (67-69). Other cell types 

activated by MSU crystals, such as synoviocytes, macrophages, monocytes, and platelets, 

were found to produce TNF-α, IL-6 and IL-8, promoting the acute inflammation during 

gouty arthritis (70, 71). PGE-2, specifically, was produced in both the rat air pouch model 

and in MSU stimulated human neutrophils, but its proinflammatory role was not 

investigated (72, 73). Normally, prostaglandins are involved in induction of neutrophil 

chemotaxis, increased vascular permeability, and increased vascular dilation - hallmarks 

of inflammation (58). Leukotriene (LT) B4, also produced by neutrophils in response to 

MSU crystals, has been defined as a neutrophil chemotaxis agent (74).  Besides 

prostaglandins and leukotrienes and other arachidonic acid derivatives, MSU crystal 

activated neutrophils can produce oxygen free radicals to amplify the inflammatory 

response (75, 76).  

In depth investigation of cytokine serum levels in gout patients revealed increases 

in plasma interleukin-18 (IL-18), which stimulates the production of interferon-γ (IFN-γ), 

a cytokine that can attract and activate macrophages during the acute inflammatory 

response, leading to chronic inflammation (58, 77). IL-18 was also found to have a role in 

induction of interleukin-4,-5,-10 and -13 (IL-4, IL-5, IL-10, and IL-13) from T cells and 

natural killer (NK) cells (78, 79). IL-18 seems to be involved not just in the development 

and continuation of the acute inflammatory response but also in the compensatory anti-

inflammatory response (80).  The other cytokines whose levels were found to be 
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increased in the serum of gout patients were IL-6 and IL-8. These results are indicative of 

a local inflammatory response. The repeated mentions of IL-1β, TNF-α and IL-6 are not 

surprising because these cytokines have many redundant functions such as fever 

induction, synthesis of acute phase proteins by the liver, increased vascular permeability 

as well as T and B cell activation (58). The same cells are being continually stimulated by 

each other via inflammatory cytokines and the MSU crystals; these feedback mechanisms 

add up to the painful inflammatory response seen in gout. 

Other mediators of MSU crystal induced inflammation include macrophage 

produced chemokines and reactive oxygen species (ROS). In one particular study, B10R 

murine macrophages were stimulated with MSU crystals. The messenger ribonucleic acid 

(mRNA) expression of chemokines macrophage inflammatory protein -1β, - 1α, -2 (MIP-

1β, MIP-1α, MIP-2) and MCP-1, was measured afterwards using RNase protection 

assays (RPAs). Their results showed that the levels of MIP-1α, MIP-1β and MCP-1 in 

the macrophages were increased even after two hours of incubation with the MSU 

crystals (81). This evidence shows that MSU stimulated macrophages are a source of 

chemoattractants and act to increase the amount of cell infiltrate in the affected tissues. 

Another study by Chen et al, showed that a murine monocyte/macrophage RAW 264.7 

cell line responded by upregulating it’s expression of the inducible nitric oxide synthase 

(iNOS) within the first hour of MSU crystal stimulation (82).  The results clearly 

indicated the increase of expression, but did not delve into the significance of this finding 

in MSU crystal induced inflammation. There was mention that nitric oxide (NO) 

produced by the iNOS is an important mediator of inflammation with functions in 

vasodilation, neurotransmission, tissue homeostasis, wound repair and cytotoxicity (83, 
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84). The literature shows that NO can have either pro-inflammatory and anti-

inflammatory properties, depending on the experimental conditions. 

Other studies found that the differentiation of monocyte to macrophage would 

have an effect on the type of cytokines produced. Landis et al, found that even though 

undifferentiated peripheral blood monocytes produce proinflammatory cytokines (TNF-

α, IL-1β and IL-6), differentiated macrophages lost the ability to produce these cytokines 

(85).  Murakami et al used a system of retrovirally transfected macrophages, which 

overexpressed IL-10 (an anti-inflammatory cytokine) to show that IL-10 produced by 

macrophages could inhibit the production of proinflammatory molecules (TNF-α, MIP-

1α, and MIP-1β) (86). But another study led by Yagnik showed that in vitro 

differentiated human macrophages did not produce a significant amount of IL-10 upon 

stimulation with MSU crystals (87). Even though MSU crystals can induce the initial 

production of proinflammatory cytokines from both neutrophils and monocytes/ 

macrophages, it is still uncertain whether differentiated macrophages could control the 

ensuing response with anti-inflammatory molecules. 

Besides neutrophils, mast cells, and monocytes, the innate immune system 

consists of an interconnecting collection of acute phase proteins (APPs) and complement. 

These proteins circulate in the serum as zymogens (inactive enzymes) until proteolytic 

cleavage exposes their active site (58). The complement system has several basic 

functions including bacterial lysis, opsonization of particulate antigens, clearance of 

immune complexes, binding to complement receptors on various cells to induce 

inflammation, secretion of immunoregulatory molecules. There are several ways to 

activate the complement system: the classical pathway (C1 complement component binds 
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to an antigen antibody complex), the alternative pathway (C3 complement component is 

cleaved via an antibody independent step and the complement component C3b binds to a 

foreign cell surface constituent) and the lectin pathway (mannose binding lectin (MBL) 

binds to an antigen). All three of these pathways use the C3 and C5 convertases, which 

are important checkpoints of the complement cascade. In the synovial fluid from patients 

with acute gout symptoms, the activity of the complement system is greatly increased as 

compared to the uninflamed synovial fluid (88). Other studies found that MSU crystals 

are able to activate the classical and the alternative pathways in vitro, leading to the 

generation of complement components C3a and C5a, known chemoattractants for 

macrophages and neutrophils (55, 89, 90). 

Due to the ability of the complement system to be recruited to immune complexed 

antigens, there was a study to address whether the classical complement pathway was 

involved with binding to an immunoglobulin (Ig) or to the crystals themselves to become 

activated. Giclas et al observed that the classical pathway complement components C1, 

C3 and C4 were depleted in the normal human serum. They also showed that C1 was 

activated without the presence of IgG (91). These findings supported earlier discoveries 

made by Byers and Naff (92, 93). One of the functions of the complement system is the 

formation of the membrane attack complex (MAC) on the surface of microbes to form 

pores in the membrane and thereby killing the pathogen. Tarmontini et al studied the 

effect of the C6 deficiency in the rabbit model of crystal induced arthritis and showed 

diminished swelling, lower numbers of neutrophils, and a decrease in the intraarticular 

IL-8 in C6 deficient rabbits (94). This study identifies a role for the MAC complex in the 

induction of inflammation during an acute gout attack while supporting previous reports, 
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which showed that the MAC can trigger the activation of endothelial cells and the 

expression of IL-8, MCP-1 and  platelet activation factor (PAF) (95, 96). The recruitment 

of the complement system adds to the arsenal of the MSU crystal induced inflammation 

to aggravate the synovial joint tissues. 
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1.3 Cellular signalling pathways activated by MSU crystals. 

In an acute gout attack, many inflammatory signals are produced in the forms of 

cytokines, chemokines, and complement proteins, that can activate neutrophils, 

monocytes and macrophages. Within these cells, there are intricate signalling pathways, 

leading to the transcription and translation of more pro-inflammatory proteins, which are 

then secreted outside the cell. Over the years, the body of research on the intracellular 

signals and molecules activated by the MSU crystals has grown, but no single signalling 

pathway has emerged dominant over the rest. In 1990, Bomalaski et al showed that MSU 

crystal interaction with peripheral blood monocytes stimulates the cytosolic 

phospholipase A2 (cPLA2) activity (97). Phospholipases are normally involved in the 

cleavage of membrane phospholipids into fatty acid derivatives, which are further 

modified by either cyclooxygenases (COX-1, COX-2) or lipooxygenases into the lipid 

mediators of inflammation, eicosanoids. PLA2 activity is specific for hydrolysing the sn-

2 position of membrane glycerophospholipids, freeing arachidonic acid to be further 

processed into prostaglandins (PGs) and leukotrienes (LTs) (98). In gout, the increased 

production of PGE-2 and LT B4 by neutrophils is a direct consequence of the action of 

increased expression and production of PLA2. To continue the theme of phospholipase 

involvement in the MSU crystal interaction with neutrophils, Naccache et al tested 

whether MSU crystals could stimulate the activation of phospholipase D (PLD). By 

looking at this pathway, they tested if hydrolysis of phosphatidylcholine and the 

generation of the secondary messenger phosphatidic acid would lead to the generation of 

diacylglycerol (DG), an activator of protein kinase C (PKC) (99). After using three 

different measures to test the enzyme’s activity, they concluded that PLD was activated 
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by MSU crystals; however, this signalling pathway was not the main pathway responsible 

for the functional consequences of the MSU crystal neutrophil interaction (100). 

Another study by the same group focused on the tyrosine phosphorylation 

patterns, which occur during the co-incubation of MSU crystals with human peripheral 

blood neutrophils (101).  The results revealed a distinct pattern of tyrosine 

phosphorylation, specific to MSU crystals, different from that of calcium pyrophosphate 

dihydrate (CPPD) crystals or other particulate and soluble antigens. One protein 

substrate, identified as pp70, showed most phosphorylation when MSU crystals were 

used. When colchicine, a toxic natural product, that binds to tubulin proteins and can 

prevent the formation of microtubules and cytoskeleton, was used, the phosphorylation 

pattern was inhibited. Uric acid was shown to be an ineffective stimulator of tyrosine 

phosphorylation (101). The results of this study suggested that another biochemical 

pathway was involved in the MSU crystal neutrophil interactions. 

While looking for possible MSU crystal receptors on the surface of neutrophils, 

Barabe et al, suggested the investigation of a protein named spleen tyrosine kinase (Syk). 

Syk has been identified in the activation of phagocytes when their Fcγ receptors were 

engaged, would the same protein be involved upon the binding of FcγRIIIB (CD16) 

during stimulation by MSU crystals (102, 103)? They showed that upon stimulation, Syk 

phosphorylation increased significantly, but was inhibited in cells pre-incubated with 

antibodies against CD16, prior to MSU crystal stimulation (104). Upon further 

investigation of the Syk involvement in MSU crystal neutrophil interactions, Desaulniers 

et al showed that with the use of a Syk specific inhibitor (piceatannol), the 

phosphorylation pattern seen before, was inhibited in a concentration dependent manner 
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(101, 105).  They were also able to decrease the downstream events of MSU crystal 

neutrophil interactions, such as intracellular calcium mobilization, the activation of PLD, 

and production of superoxides (100, 106, 107). The main idea derived from this study, is 

the Syk tyrosine kinase plays a central role in MSU crystals induced activation of 

neutrophils, and the described downstream events, including the activation of 

phosphotidylinositol tyrosine kinase, (PI3K) (108, 109). Earlier, PI3K was found to be 

activated upon MSU crystal stimulation, but now it is apparent that Syk can be found a 

step above PI3K in the signal transduction pathway (105, 110). 

Besides the involvement of Syk tyrosine kinase in many of the downstream 

signalling pathways involved in the MSU crystal induced inflammation, other kinases 

were investigated as well. Popa-Nita et al found that PKC, a serine/ threeonine kinase, 

that was attributed with the initiation or regulation of many neutrophil responses, was 

activated by MSU crystals (111). Previously, the activation of PKC was implicated in the 

following neutrophil responses: degranulation, activation of the oxidative burst, 

activation of PLD, and PLA, redistribution of actin and the downregulation of L-selectin 

upon chemoattractant stimulation (112-116). This study found that MSU crystals 

activated PKC in a colchicine-sensitive manner, that PKC modulated the tyrosine 

phosphorylation through regulation of Syk, and that the phosphorylation of PI3K subunit 

p85 was also achieved through Syk. Specifically, PKC had translocated to the plasma 

membrane during neutrophil stimulation with MSU crystals, indicating its activation. 

When a PKC inhibitor was used in conjunction with MSU crystals, the degranulation and 

lysozyme release seen in the MSU control was diminished significantly. Additionally, the 

PKC inhibitor prevented the production of an unidentified chemotactic factor secreted by 
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neutrophils upon MSU crystal stimulation. But the most important finding of this paper 

was the hierarchy in signalling events, which occur during interactions of neutrophils 

with MSU crystals (111). Specifically, PKC gains the central role of regulation of MSU 

crystal associated neutrophil responses, since it can phosphorylate Syk, which in turn 

phosphorylates PI3K, producing secondary messengers (phosphotidylinositol 

triphosphate) PIP3 and phospholipase C γ (PLCγ) responsible for generating inositol 

triphosphate (IP3) and DG that are required for intracellular calcium mobilization. 

Other avenues of intracellular signal transduction and activation were also 

explored in regards to MSU crystal induced inflammatory responses. In 2005, Liu-Bryan 

et al  showed that MSU crystals could illicit NO generation in chondryocytes using Toll-

like receptor-2 (TLR-2) (117). They also revealed that in bone marrow derived 

macrophages (BMDMs) deficiency in TLR2 and myeloid differentiation factor 88 

(MyD88) resulted in lowered production of IL-1β, TNF-α, keratinocyte chemoattractant 

(KC) and TGFβ1. They also saw a decrease in the uptake of 14Carbon-labelled MSU 

crystals in the TLR2, TLR4 and MyD88 deficient cells. They concluded that these 

molecules are required for the transduction of MSU crystal-induced inflammation(118). 

However, the data showed that the production of cytokines and the phagocytosis function 

of the cells was only partially diminished, implying that there may be other signalling 

pathways involved in the generation of the responses to MSU crystals. This is an 

interesting finding because TLRs are normally associated with binding to PAMPs, such 

as peptidoglycan, flagellin and double stranded RNA, and their ability to bind other 

substances was largely unexplored. TLRs are cell surface receptors, which contain three 

separate domains: the leucine-rich repeats (LRR) domain, required for the binding and 
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recognition of PAMPs, the transmembrane domain, and the cytoplasmic Toll/ IL-1 

receptor (TIR) domain, required for the downstream signalling, that eventually activates 

the NF-κB pathway and proinflammatory molecule expression (119). The canonical 

pathway of signalling involves MyD88, IL-1 receptor activated kinases (IRAKs), and 

TNF receptor-associated factor 6 (TRAF6). This pathway leads to the activation of IκB 

kinase complex (IKKs) which upon phosphorylation releases NF-κB. NF-κB translocates 

into the nucleus and acts as a transcriptional activator for proinflammatory genes (58). 

The possible overlap seen with MSU crystal induced inflammation, a danger 

signal, and TLR signalling, a PAMP associated receptor, warranted further investigation. 

A study by Scott et al hypothesized that if TLR2 and TLR4 were involved in the MSU 

crystal signalling, an adaptor molecule for these two TLRs could act as a binding agent 

for the crystals (120, 121). They investigated CD14, a pattern recognition receptor, that is 

able to bind peptidoglycan and LPS and to efficiently present it to the TLR2 and TLR4, 

respectively (122, 123). It appears in two forms, either soluble or membrane bound (124). 

Their results from cultures with BMDMs show that even though soluble CD14 could 

bind to the preformed MSU crystals, CD14 deficiency did not affect the phagocytosis of 

the crystals. However, the ability of CD14-/- BMDMs to produce proinflammatory 

molecules such as IL-1β, or KC was significantly diminished. This ability was restored if 

the MSU crystals were coated with sCD14 prior to the exposure to macrophages (120). 

They also used the murine subcutaneous air pouch model to show that CD14 deficiency 

decreased the numbers of leukocyte and neutrophil infiltration in the exudates. IL-1β and 

KC concentrations were also diminished in the CD14-/- deficient mice. Their main result 
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showed that CD14 may be required for the propagation of the MSU crystal signal within 

the cell and for the production of proinflammatory cytokines. 

However, another study challenged these results by doing a thorough examination 

of the response of all TLR, MyD88, TRAF, and TRAM deficient mice to the injection of 

MSU crystals in the peritoneal cavity (125). The results were surprising because they 

showed that MSU crystal induced neutrophil infiltration of the peritoneal cavity was the 

same in TLR1, 2, 3, 4, 5, 6, 7, 9, and 11 deficient mice as it was in the similarly treated 

C57BL/6 mice. Another negative result was that in transfected HEK cells TLR2, 3, 4, 7, 

8, 9, 10 and 11 did not respond to MSU crystal stimulation when the downstream NF-κB 

activation was measured. One of the adapter molecules in the signal transduction 

pathway from the TLRs was required for the MSU crystal induced inflammation: 

MyD88. MyD88 was also found to transduce signals downstream of the IL-1R, indicating 

that IL-1 is one of the major proinflammatory cytokines acting on neutrophils in an acute 

gout response in vivo. However, IL-1R is not used to bind to the crystal and signal to 

MyD88 directly. IL-1β was found to be produced in response to MSU crystals, but now it 

may also play the key role in the inflammation caused by the crystals. The cells upon 

which the IL-1β acts on are non bone marrow derived cells, including the vascular 

endothelium. In this case, the IL-1R and MyD88 mechanism would activate the cells to 

express the tethering mechanisms for circulating leukocytes, including vCAMs, selectins 

and integrins. This study summarized their findings in a figure, where uric acid interacts 

with the Na ions in the periphery to form MSU crystals. In the next step, the MSU 

crystals would then activate the tissue resident cells to produce proinflammatory 

cytokines, including TNF-α, IL-1β, IL-6, KC, MIP-2 and others. IL-1 specifically would 
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act on non-bone marrow derived cells (vascular endothelium) to signal through the IL-

1R-MyD88 pathway, to activate the cells and increase the neutrophil infiltration form the 

circulation. The neutrophils once activated by the MSU crystals, would produce a new 

wave of pro-inflammatory cytokines. Thus, the feedback loop of MSU crystal induced 

inflammation would propagate itself in the acute attack. 

With IL-1 and IL-1R being identified as major regulators and mediators of the 

inflammatory response in gouty arthritis, many turned to the production and expression 

of IL-1β in the cell to understand the underlying signalling events. According to Burns et 

al, the production of IL-1β involves three steps. Firstly, pro-IL-1β protein is produced. 

Secondly the proIL-1β is cleaved into the active form IL-1β. Lastly IL-1β must be 

secreted into the extracellular environment (126). The processing of the pro-IL-1β is 

performed by caspase-1, which must be activated in multiprotein caspase-1 activating 

complex, such as an inflammasome (127, 128). Proteins of the Nod-like receptor family 

(NLRPs), and the apoptosis-associated speck-like protein (ASC), are usually found 

within the inflammasome (129, 130). Most NLRPs consist of three domains: the N 

terminal region, which contains a protein interaction and binding domain such as caspase 

recruitment domain (CARD), pyrin domain (PYD) or baculovirus inhibitor of apoptosis 

protein repeat (BIR) domain, a nucleotide-binding oligomerization (NOD) domain in the 

center, and the C terminal usually houses a leucine-rich repeat (LRR) domain (131). The 

NLRPs and TLR share the LRR domain in their structure, uniting them as pattern 

recognition receptors (PRRs), that can bind and recognize DAMPs and PAMPs. The 

difference between them is the location of the proteins: the NLRPs are intracellular while 

the TLRs are associated with a membrane (129). In order for the caspase-1 to become 
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activated, the inflammasome must be assembled via interaction of the CARD and PYD of 

the NLRP and ASC proteins, which form a scaffold where the pro-caspase-1 can bind 

(127). 

Various signals such as bacterial cell wall component muramyl dipeptide, 

extracellular adenosine triphosphate (ATP), and hypotonic stress were identified as 

culprits of inflammasome activation (128, 132, 133). Most recently, Martinon et al 

published a report showing evidence that the NLRP3 (NALP3) and ASC protein 

deficiency lowered the production of IL-1β in the human acute monocytic leukemia cell 

line (THP-1) cells, mouse macrophages, human monocytes during stimulation with MSU 

and CPPD crystals as compared to the controls. Also, their findings showed a reduction 

in neutrophil infiltration in the murine model of crystal-induced peritonitis (134). Even 

though the Western blots look accurate and convincing, the enzyme-linked 

immunosorbent assay (ELISA) data shows that some IL-1β was secreted even with a 

caspase-1 inhibitor z-YVAD-fmk. This occurrence could probably be attributed to the 

incomplete inhibitor action. This study was thorough in their use of different cell lines to 

show the effects of MSU crystal in culture and in vivo, Their findings show that the 

inflammasome has a clear role to play in the production of the IL-1β proinflammatory 

cytokine during the MSU crystal induced inflammatory response. The debate regarding 

the signal transduction mechanisms in neutrophils, macrophages, synoviocytes, and 

endothelial cells when they come in contact with MSU crystals continues. It may be that 

all of the aforementioned signalling molecules (PLA2, PLD, Syk, PKC, TLRs, MyD88, 

NLRP3 inflammasome) are involved in the initiation of the inflammatory state in the 

organism due to the presence of the MSU crystals. However, what has not been discussed 
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yet is how does the ubiquitous molecule uric acid crystallize into the highly inflammatory 

monosodium urate crystal. 
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CHAPTER 2: INTRODUCTION
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2.1 Uric acid crystallization reaction. 

Monosodium urate (MSU) crystals have been identified as the causative agent of 

gout for many years. They are highly inflammatory, evidenced by the proinflammatory 

substances secreted by neutrophils, monocytes, macrophages, synoviocytes and vascular 

endothelium when they come in contact with the MSU crystals. IL-1β has been identified 

as the main mediator of the inflammatory response in gout, but IL-6, IL-8, IL-18, TNF-α, 

and MIP-1 also have an additive effect. However, for the initiation of inflammation, the 

crystals must first precipitate in the synovial fluid. For this condition to occur, the serum 

uric acid concentration must be higher as seen in many gout patients who have 

hyperuricaemia (56). If uric acid is released during cell death, due to an injury, surgery or 

chronic illness and is allowed to reach its maximal solubility at 70 µg/mL, it could be at 

the risk of crystallization (135, 136). However, hyperuricaemia is only 36 % associated 

with the incidence of gout in patients. The most likely explanation for this weak 

association is that these individuals have differences in the ability to nucleate and grow 

the MSU crystals within the joints (51).  Another line of evidence shows that the rate of 

precipitation of uric acid solution from a neutral buffer is very slow (more than 14 days) 

even from supersaturated starting solutions (135, 137).  Thus, it was determined that 

other factors, besides the concentration of uric acid may be at play in the precipitation of 

MSU crystals (138). 

Seegmiller and Howell suggested that pH may have a role in the precipitation 

reaction and Roberts described the potential of the sodium ion concentration to affect the 

precipitation rate (139, 140). Loeb described the effect of local temperature of the 

synovial fluid in the joint on the development of the reaction (138). As the temperature of 
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the solution decreased from 37°C, the solubility of urate ion decreased, increasing the 

propensity for uric acid to precipitate. Depending on the local temperature, there are 

places in the body where the plasma can become oversaturated even at normal uric acid 

plasma concentrations (30-60 µg/mL) (139). Kippen et al confirmed the influence of 

temperature on urate solubility, but their results showed that the sodium ion 

concentrations within the physiological range would not affect the uric acid solubility. 

They also found that physiological pH does not have an effect on the precipitation of uric 

acid (141). This study was one of the first to suggest that if MSU crystals are not present  

in the solution, then a stable supersaturated solution can be formed as uric acid does not 

precipitate. Until some mechanism causes the nucleation of the first crystals, the solution 

will remain supersaturated (141).  

Tak et al revealed that synovial fluids from gout patients increased the nucleation 

of MSU crystals from supersaturated solutions (137). They concluded that a synovial 

fluid component, which is not uric acid and is not dialyzable, is responsible for the 

nucleation of uric acid from solution. Fiddis et al also discussed the various aspects of 

MSU crystals formation including supersaturation of the solution, nucleation, which 

sometimes may require small foreign particles and crystal growth rate, that is dependent 

on uric acid concentration (136). They confirmed that the presence of nucleating agents 

in the synovial fluid is possible; however, nucleation in hyperuricaemic synovial fluids 

has not been observed (136). Many of these studies show that the initial concentration as 

well as other conditions are important in the nucleation of the MSU crystal. Still, the 

possibility of nucleating agents acting to induce crystal formation was a new trail to 
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discover. If these nucleating agents could be found, could the crystal precipitation and the 

ensuing inflammatory response and disease, be prevented?  

The identification of possible nucleating agents started with the study of proteins 

associated with MSU crystals in the synovial joint fluid. Terkeltaub et al used a 2-

dimensional O’Farrell gel electrophoresis to map out proteins from plasma which bind to 

the MSU crystals (142). They found over 30 anionic and cationic polypeptides which 

were crystal bound. Since the charges of the polypeptides were different, this 

characteristic of the polypeptide is not the sole determinant for crystal binding. Albumin, 

transferrin and IgG were also found to bind the crystal but not as strongly as fibronectin, 

fibrinogen, and C1q, C1r and C1s. The results revealed that if MSU crystals could bind to 

C1, the initiator of the classical complement cascade without binding to IgG on the 

crystal, then the complement cascade could be activated in the absence of antibody (142). 

Another report from Terkeltaub et al found that apolipoproteins A-1, B and E were bound 

to the MSU crystals (143). Specifically, they also described an inhibitory effect on 

neutrophil activation of the MSU crystal bound by apolipoprotein (Apo) B. 

The idea of crystal-bound proteins modulating the immune response to MSU 

crystals was investigated when the changes in protein coating of MSU crystals were 

measured during periods of active and resolving inflammation in the joints of gout 

patients and the subcutaneous rat air pouch model (144). During the inflammatory stage 

of joint-inflammation, the MSU crystals were coated mostly with IgG, but during the 

noninflammatory stage, Apo B and albumin were the main coating components of the 

MSU crystals. Other studies also described the binding of immunoglobulins (Igs) to MSU 

crystals, which could regulate the crystal and cell interactions as well as the 
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pathophysiology of the acute inflammatory response (145-147). Bardin et al were able to 

demonstrate using immunoelectron microscopy that IgA, IgM and IgG were found in the 

coating of the synthetic MSU crystals (148). The IgG molecule was bound to the crystals 

in an antigen-antibody (immune complex) formation, with its Fc fragments functionally 

available, confirming the results of another study by Kozin and McCarty (149). This 

finding may predict a functional role for the IgG coating in MSU crystal induced 

inflammation. Immunoglobulin structures were also found to bind MSU crystals by 

Gordon et al and Hashimoto et al discerned the amino acid sequence of the α, γ, and µ 

immunoglobulin heavy chains and κ light chain on MSU crystals and defined them as 

major co-precipitating matrix proteins (150, 151). 

With antibodies binding to the crystal surfaces and potentially acting as 

modulators of the inflammatory response, the questions of antibody specificity to the 

crystals and their function arose. These questions led to an investigation by Kam et al. 

They hypothesized that certain antibody populations are amplified due to exposure to 

MSU crystals (152). The idea behind their experiments was that the presence of 

macromolecular molds specific for MSU crystals, would stabilize the initial crystal 

nuclei, lower the activating energy required for crystal formation, and catalyze further 

crystallization of the MSU. This same idea has been demonstrated before with other 

pathological crystallizations (153, 154). The results demonstrated that IgG samples 

isolated from synovial fluid of gout patients were able to increase the formation of MSU 

crystals from a supersaturated solution of monosodium urate. Also, after immunizing 

rabbits with MSU crystals, they developed specific IgG antibodies, that could catalyze 

crystal nucleation in vitro to a much larger extent than their pre-immune IgGs. This study 
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revealed that since urate is a small molecule, when bound by an antibody, it would not be 

available for the formation of sodium urate, preventing crystal lattice formation. 

However, in a supersaturated solution, the monosodium urate molecules can form an 

aggregate, resembling the mature crystal. If this aggregate is bound by the specific 

antibody, the antibody may act as a nucleating factor for the crystal (152). They 

concluded that MSU crystals can trigger the development of MSU crystal specific 

catalytic antibodies, capable of stabilizing MSU crystal nuclei. In a subsequent report, 

Kam et al were able to collect serum from rabbits injected with MSU, magnesium urate 

(MgU), or allopurinol crystals. The serum collected from rabbits injected with MSU 

crystals, when added to a supersaturated solution of uric acid, showed a higher 

precipitation rate of MSU crystals from solution. However, it did not have the same effect 

on the supersaturated MgU or allopurinol solutions. All of the serum collected had a 

higher precipitation rate in the solution of the immunizing crystal (155). These results 

indicate the presence of very specific antibodies, capable of binding to a crystal lattice 

and act as nucleating agents in a supersaturated solution. 
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2.2 The role of antibodies in the inflammatory reaction to MSU crystals. 

Due to the presence of MSU crystal specific antibodies in the serum of the rabbits 

immunized with the MSU crystals, there is a possibility of formation of crystal antibody 

complexes, which would resemble antigen antibody complexes, also known as immune 

complexes (IC) (155).  Previous research had shown that serum IgG could bind synthetic 

MSU crystals and had its Fc fragments available for further binding (148, 149).  If 

immune complexes do form, they may trigger phagocytosis of the IC, the release of 

lysosomal enzymes, and the production of oxygen reactive compounds (156). They are 

deemed inflammatory and may be involved in causing tissue injury as seen in immune 

complex diseases: glomerulonephritis, arteritis, rheumatoid arthritis and others. Immune 

complexes can bind to the macrophages and polymorphonuclear (PMN) leukocytes via 

Fc receptors or through complement interaction with the immune complex and 

complement receptors on the cell. However, only the interaction through the Fc receptor 

can begin the endocytosis of the immune complex, seen with IgG immune complexes 

(157, 158). Furriel et al specifically showed that both IC with the IgM type and IgG type 

antibody were able to bind to rabbit neutrophils, but only ICs with IgG type antibody 

were phagocytosed (156).  In gout, the immune complexes could form in the synovial 

fluid. The immune complex formation in the perivascular space could increase vascular 

permeability, cause the influx of PMN leukocytes, and tissue necrosis (159). Once PMN 

leukocytes are activated by the ICs, they would begin to release proinflammatory 

cytokines and arachidonic acid derivatives (prostaglandins, leukotrienes), aggravating the 

inflammatory response by activating the endothelium. But ICs could also cross-link Fc 

receptors on macrophages and mast cells, causing phagocytosis and the release of mast 
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cell granules containing histamine (160, 161). The possible existence of ICs in the joints 

could potentially increase the inflammatory potential of MSU crystals. 

The ability of antibodies to act as nucleating agents for inflammatory MSU 

crystals is interesting, since it would seem that anyone who had MSU crystals in their 

joints would then develop MSU specific antibodies, in turn amplifying the inflammatory 

response of the immune system. However, clinical studies show that not every patient 

with hyperuricaemia develops gout and MSU crystals can be found in asymptomatic 

joints (56). The difference between patients who have gout and those who do not may be 

the ability to generate the specific nucleating antibodies. Crystals are not the common 

type of B cell activating antigens. Normally, antigens bound by B cells can be divided 

into thymus dependent (TD) antigens, and thymus independent (TI) antigens depending 

on whether the B cell can become activated with or without CD4+ T helper cells 

respectively (58). TD antigens are soluble proteins, able to induce isotype switching, 

affinity maturation and immunological memory, but they are very specific. TI antigens 

are further divided into two types. Type 1 TI antigens are polyclonal B cell activators or 

mitogens, such as bacterial cell wall components (lipopolysaccharide, LPS); they can 

activate B cells without B cell antigen specificity. They do not induce isotype switching, 

affinity maturation or immunological memory. Type 2 TI antigens can be polymeric 

proteins, or capsular polysaccharides, with highly repetitious components, which can be 

recognized by B cells with specific antigenicity. They do not cause affinity maturation or 

immunological memory. Still, type 2 TI antigens may induce limited isotype switching 

from initial IgM configuration to other antibody isotype (58). MSU crystals would belong 

to the TI type antigens, but more research would be needed to determine whether they 
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can act as mitogens and activate many B cells, regardless of their antigen specificity or 

cell maturity, or if they are more specific to particular B cells. However, it would take 

some time for lymphocytes to connect with the crystals and become activated, but the 

crystals have to precipitate using the antibody before they can be used as antigen. Does 

this incongruence predict the presence of antibodies in the serum prior to B cell 

activation, which can be used as precipitating matrices by the MSU crystals? 

Both mice and humans contain ‘natural’ antibodies in their serum (162). These 

antibodies, mostly of the IgM isotype, are polyreactive with a variety of self and foreign 

antigens, but they compensate for their low affinity by the pentameric structure of the 

IgM antibody which increases their binding avidity (163). IgM is also a complement 

activator: a single molecule of IgM can bind to C1q and activate complement while 1000 

molecules of IgG are needed to do the same (164). These natural antibodies are secreted 

without any antigenic stimulation, by long-lived, self-renewing B1 cells (165). B1 cells 

differentiate during fetal and neonatal development and localize in the pleural and 

peritoneal cavities, which is different from the conventional B2 cells (166, 167). Another 

difference is B1 cells have a restricted repertoire of antigens, which include 

phylogenetically conserved structures like nucleic acids, heat shock proteins, 

carbohydrates and phospholipids (162, 166, 167). Natural antibodies have several roles in 

the immune system (163). These roles include confinement of a bacterial or viral 

infection locally, directing the immune complexes to the secondary lymphoid tissues, and 

enhancement of the humoral, antibody response through binding to the follicular 

dendritic cells (FDCs) using complement receptors CD21/CD35, and complement 

activation (168-175). Even though a high proportion of natural IgM antibodies are self-



37 

reactive and may have a role in antigen binding and immune complex formation with 

complement activation to stimulate a further autoantibody response, the exact role of the 

autoreactive IgM in the subsequent antibody response has not been investigated (162, 

166, 167, 176). 

The presence of these natural IgM antibodies, with low antigenic specificity and 

affinity but high avidity, could potentially have a role in the precipitation of MSU 

crystals from the supersaturated solution. The immune complexes also have some 

overlapping inflammatory functions with the MSU crystals, such as activation of the 

endothelial cells to produce adhesion molecules, recruitment of neutrophils in the tissues 

where they are deposited, activation of neutrophils to secrete proinflammatory cytokines 

and lipid derived mediators and activation of the complement cascade. It could be 

possible that these antibodies not only act as precipitating agents for the MSU crystals but 

also have a larger role in mediating the inflammatory responses to the crystals in an acute 

gout attack. The following ideas should be investigated to explain specific questions: 

1.	 Do antibodies regulate the adjuvanticity of uric acid or MSU crystals in 

vivo? 

2.	 If antibodies to MSU crystals can be created and act as precipitating 

agents in a uric acid supersaturated solution, what isotype are these 

antibodies? 

3.	 What is the mechanism of antibody associated MSU crystal formation? 

4.	 Do antibodies play a role in the inflammatory responses to MSU crystals? 
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The main hypothesis for this project is that if antibodies generated against MSU 

crystals, can bind and precipitate MSU crystals, the formation of the immune complexes 

would stabilize the crystal structure, activate the innate immune system and modulate the 

inflammatory response to the MSU crystals. By understanding the mechanisms of 

inflammation due to MSU crystals and the role of antibodies in these conditions, quick 

diagnostic tests, preventative measures and more effective and less toxic treatments can 

be devised (53, 177). 
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CHAPTER 3: RESULTS
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3.1 Materials and Methods (reproduced with minor changes from the Journal of 

Immunology manuscript) 

3.1.1 Mice, cells and reagents 

All mouse strains were housed at the University of Calgary Animal 

Resource Centre under protocols approved by the University of Calgary Animal Research 

Review Committee. MuMT male and female mice were purchased from Jackson 

laboratories. Both male and female mice were used in the experiments when available. 

Control IgM antibodies were either purchased from Sigma or produced from similar 

MSU negative staining mAb hybridomas. CD62L (PE) and CD11b (FITC) antibodies 

were from Ebioscience. Secondary goat anti mouse IgG + IgM (H+L, 115-095-068), IgM 

(mu chain, 115-095-020), and F(ab')2 (115-096-146) antibodies were purchased from 

Jackson ImmunoResearch. IgM fragmentation kit was from Pierce. Secondary antibody 

for tissue section staining was from Vector Labs. SIINFEKL peptide was a gift from Dr. 

Kenneth Rock of University of Massachusetts Medical School. 51Cr label was freshly 

ordered for each experiment from MP Biomedical. C3 complete ELISA kit was 

purchased from Kamiya Biomedica. All myeloperoxidase (MPO) measurement reagents 

were made in our laboratory from chemicals (all from Sigma).  Dendritic cell cultures, 

cell lines, all other cytokine kits, antibodies, and reagents used in this work have been 

described previously (178). MSU crystals were produced as previously described (50). 

Briefly, 4 mg/ml uric acid (Sigma) was dissolved in 0.1 M borate buffer by continuously 

adjusting the pH to 8.0. The solution was filtered, the crystals precipitated after 7 days 

were washed twice with absolute alcohol, once with acetone, and air dried in a tissue 

culture hood prior to use. The fine structure of these crystals was depicted with electron 
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microscope in a separate report (179).  Their immune activation effects in various cell 

types were not affected in TLR4 or other TLR deficient mice (50, 125, 179).   

3.1.2 Immunization, monoclonal antibody production and HPLC immunoglobulin 

purification 

C57BL/6 (B6) and Balb/c mice were immunized with 1 mg of suspended MSU 

crystals in PBS without any adjuvant, and were boosted with the same dose biweekly for 

2 months. Anti-sera were collected at this time point for the FACS analysis.  Tail blood 

(>100 ul) was mixed with 1 ul heparin and spun in a micro centrifuge to remove blood 

cells. Splenocytes were then harvested and fused with A3A tumour cells using a standard 

hybridoma protocol (180), with 107 tumour partners fused with 4 x 107 splenocytes. 

Between weeks 2 and 4, 25 ul of cell supernatants from growing hybridomas were used 

to stain 500 ug of MSU crystals to determine the binding. All clones with moderate to 

high binding were kept, along with several negative binding IgM controls. 

(These experiments were performed by Dr. Yan Shi, Karen Dresser and Shelly Galusha) 

3.1.3 Cytotoxic T cell lysis assay 

C57BL/6 or muMT mice were s.c. immunized with 5 ug of OVA coated 

1-um diameter latex beads in 100 ul PBS as previously described (50).  For those that 

received the antibody infusion, 500 ug purified antibodies were injected twice via tail 

vein on the same day prior to the immunization. The immunized mice were rested for 7 

days and were then sacrificed, and 5 x 107 splenocytes were stimulated in 10 ml of 

culture media in the presence of 10-7 M of SIINFEKL peptide. 5 days later, 5000 51Cr 

labelled EL4 cells pulsed with 10-6 M of SIINFEKL were used as target at the effector : 
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target (E:T) ratios indicated.  Unpulsed EL4 cells were used as a background control, 


which produced negligible reading.


(These experiments were mostly performed by Dr. Yan Shi with antibody injections done 


by Uliana Kanevets)


3.1.4 Hybridoma culture, typing, fragmentation and purification 

B cell hybridomas were cultured in RPMI with 10% FBS plus 1 mM of 

HEPES, 25 µM of 2 mercaptoethanol, penicillin/streptomycin antibiotics and HAT 

(hypoxanthine/ aminopterin/ thymidine) media. As a standard operation, the monoclonal 

antibody from the supernatant was isolated from 800 ml of the supernatants collected. An 

equal volume of the supersaturated solution of ammonium sulphate was slowly added to 

the supernatant to precipitate the antibody. The mixture was centrifuged and only the 

precipitate was collected and dissolved using 30-50 ml of PBS. This solution was then 

dialyzed 3 times against PBS overnight. The solution was then analyzed using HPLC. 

The HPLC analysis was performed with a Shimadzu Prominence system with a CBM-20-

A controller, a LC-20AB fluid pump and an SPD-M20A diode array. 500 µL of the 

antibody solution was injected and analyzed on an Alltech Macrosphere GPC 300A 7u 

column (Alltech 88181) with an isocratic buffer containing 10 mM phosphate and 120 

mM NaCl at pH 7.2. The samples were run at a rate of 1 ml/min over 40 min. The 

fractions collected were tested for the ability to bind MSU crystals and then the active 

fractions were collected. This mixture was then further subjected to concentration via 

centrifugation with a Macrosep 300 K filter (Pall Filtron). The leftover fraction was 

tested for protein concentration using the BCA protein assay kit (Pierce) and then 

reconstituted to the final concentration of 2 mg/ml. In some assays, the antibodies were 
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further purified with an UNO 12 column (BioRad) with a BioRad FPLC, with pH 9.6 10 

mM ethanolamine as Buffer A and Buffer A plus 1.5 M NaCl as Buffer B, resolved at a 

rate of 1 ml/min in 25 minutes from 0% Buffer B to 80% Buffer B. IgM fragmentation 

and the associated analysis were performed with a kit and instructions from Pierce 

(ImmunoPure IgM Fragmentation Kit) 

(Hybridoma cultures, HPLC analysis and antibody isolation were performed by Uliana 

Kanevets. Dr. Yan Shi performed the antibody fragmentation experiment) 

3.1.5 Flow cytometric analysis of MSU crystals 

The flow analysis for MSU crystals was developed in our laboratory by 

modifying standard cell-based FACS analysis. In the MSU crystal binding FACS assay, 

100 ul of 1 mg/ml MSU crystal suspension was mixed with 100 ul monoclonal antibody 

(mAb) supernatant or 1 ug of purified mAb (or as indicated otherwise) and incubated at 

room temperature for 20 min. The crystals were then washed twice with PBS and 

incubated with 0.5 ul of 1 mg/ml 2nd antibody (FITC) in 100 ul for 10 min.  The crystals 

were then washed again before FACS analysis.  On a BD FACScan (BD Biosciences), 

MSU crystals showed a smaller size (about 5 - 10 % on a linear scale) on the forward 

scatter, and higher granularity (one to several folds higher on a linear scale) on the side 

scatter. Typically, 40,000 to 50,000 total events were collected with Cell Quest, and data 

were analyzed with Flowjo (Tree Star). Xanthine crystals were produced by first 

incrementally adding 1 N NaOH into 5 mg/ml xanthine suspension to dissolve the 

powder at high pH. Once completely dissolved, 1 N HCl was added to bring pH back to 

7.0. The crystals thus precipitated were washed in 95% ethanol twice, and once in 

acetone. The crystals were dried prior to use. 



 

44 

(Initial experiments with MSU crystal binding were performed by Dr. Yan Shi and Karan 

Sharma, the latter experiments of testing hybridoma culture HPLC fragments for MSU 

binding were done by Uliana Kanevets. MSU and xanthine crystals were precipitated by 

Dr. Yan Shi) 

3.1.6 Uric acid precipitation assay 

A supersaturated uric acid solution (1 mg/ml) was incubated with various 

concentrations of a control protein (ovalbumin) and a purified (both by sizing and anion 

exchange column, about 99% pure by HPLC analysis) antibody, either UBA 11, UBA 

E6, UBA fragment or a control in 1 ml at the indicated concentrations for 6 hours. The 

supernatants were removed and wells flushed. 1 ml of 0.01 N NaOH solution was added 

to the wells, and 20 ul of the solution was added to 1 ml of water and read at 292 nm with 

a spectrophotometer. The conversion to the quantity of uric acid was achieved using a 

standard curve for UV absorbance from a set of uric acid solutions with known 

concentrations:

 Y (uric acid in ug) = 0.0766 X (UV 292 absorption) + 0.0298; R2 for the curve is 

0.9937. 

(These experiments were performed by Dr. Yan Shi) 

3.1.7 Serum uric acid measurement 

C57BL/6 (B6) and muMT mice were injected i.v. with 500 ug of indicated 

antibodies or PBS for 3 days, with or without the co-injection of 1 mg of soluble uric acid 

each day. 24 hours after the last injection, blood from mice was collected into vials with 

1 ul of heparin and serum was isolated via centrifugation. 2 µL of serum was mixed with 

198 µL of Buffer A which contained 10 mM Ethanolamine and 120 mM NaCl adjusted to 
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pH 9.6. This mixture was passed though a nanosep 30 K filter (Pall Filtron), which 

would allow the uric acid in the sample to pass through but would prevent possible 

protein contaminants from the sample. 100 µL of the sample was then injected into the 

HPLC. Uric acid was resolved on a PolyWAX LP column (The Nest Group) by a 

gradient of 0- 60% B (10 mM Ethanolamine and 1.12 M NaCl adjusted to pH 9.6) at 0.5 

mL/min over 15 min. The HPLC analyses with EZ-start software were done at UV 292 

nm. Peak area at 292 nm as a percentage of total area of the sample was used for the 

calculation of uric acid levels in the serum to minimize run to run or injection volume 

variability as reported previously (178). 

(The i.v. injections, blood collection, HPLC sample preparation and analysis were 

performed by Uliana Kanevets) 

3.1.8 Myeloperoxidase measurement 

Myeloperoxidase measurements were performed by a method adapted from 

Bradley et al. on lung tissue isolated on day 4 from mice injected with antibody and uric 

acid solution (181). The tissue was homogenized with a 50mM potassium phosphate 

buffer, which contained 0.5 % hexadecytrimethyl ammonium bromide (HTAB; pH 6.0). 

The samples were then vortexed and the supernatant was centrifuged for 4 minutes at 

5000 rpm. 7 µL supernatant samples were placed in a 96 well plate and 200 µL of 0.167 

mg/ml o-dianisidine hydrochloride solution containing 0.0005 % (w/v) of hydrogen 

peroxide was added and the changes in absorbance at 450 nm were measured using a 

microplate reader. The absorbance measurements were then converted to MPO units. The 

myeloperoxidase values were generated by multiplying the UV reading by a factor of 
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0.2528 per a standard protocol. One MPO unit of activity is defined as amount of 

myeloperoxidase required to degrade 1 micromole of peroxide per minute at 25 °C. 

(The MPO measurements were performed by Uliana Kanevets) 

3.1.9 Complement C3 reading 

The blood from mice intravenously injected with antibody and uric acid 

was isolated using the cardiac puncture technique, heparinised and spun down for 10 

minutes at 13,000 rpm to collect serum. The serum samples were then prepared according 

to the manufacturer’s protocol (Mouse Complement C3 ELISA kit, Kamiya Biomedical). 

The absorbance at 450 nm was measured using a microplate reader. The absorbance was 

then converted to C3 concentration in mg/ml using a standard curve fitting. 

(The C3 measurement procedures were performed by Uliana Kanevets) 

3.1.10 Neutrophil activation 

Blood samples were collected from mice injected with UBA E6 or control 

antibody as in the serum uric acid reading, and were subjected to hemolysis treatment and 

then stained with CD11b (FITC) and CD62L (PE) antibodies. The samples were then 

analyzed with flow cytometry. 

(Blood sample collection and FACS analysis were performed by Uliana Kanevets) 

3.1.11 Statistical analysis 

All results were reproduced in at least three independent assays. All error 

bars are one standard deviation of the test sample groups. Student T test (2 tail) was used 

to produce the p values shown in the graphs. 

(The statistical analyses were performed by Dr. Yan Shi and Uliana Kanevets) 
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3.2 Results 

3.2.1 The effect of B cell absence on uric acid adjuvant effect. 

With previous research suggesting that serum from animals immunized with MSU 

crystals was able to precipitate a supersaturated uric acid solution specifically, the 

conjecture that antibodies could be involved in the binding of monosodium urate crystals 

seemed plausible (152, 155). To test the above-mentioned hypothesis, B cell deficient 

mice were used (182). These mice lack a protein domain in the Ig µ chain; therefore, they 

do not produce functional antibody. They are also impaired in the development of B cells, 

but are responsive to antigen challenge aimed at innate immunity and T cells. Using these 

mice, we tested whether B cells and antibodies were important in the effect of uric acid 

adjuvanticity. B cell deficient (muMT/ IgH) and wildtype (C57Bl6) mice were compared 

in cytolytic T cell activity after injection of antigen mixed with a specific adjuvant-like 

solution. The CTL assay procedure has been previously published (13, 50). The mice 

were immunized subcutaneously with OVA coated latex beads, which were mixed with 

three adjuvants: phosphate buffer solution (PBS), a supersaturated uric acid solution or 

MSU crystal solution. After 7 days, the splenocytes from the immunized mice were 

harvested and stimulated with the peptide epitope SIINFEKL (a CD8 T cell OVA 

epitope). Five days later, these same cells were used to target epitope pulsed, Cr-51 

containing EL4 cells. Figure 3.1 shows that cytotoxic T cells from wildtype mice or 

antibody producing mice elicited an immune response to the target cells when uric acid or 

MSU crystals were used as adjuvants. B cell deficient mice, whose serum lacks antibody, 

failed to respond in a similar manner. When uric acid solution was used as adjuvant there 

was no response from the muMT CTLs. One possible reason for the absence of the 
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adjuvant effect may be that the uric acid is not recognized by the immune system. MSU 

crystals, when used as adjuvant, were able to elicit a slightly higher response than when 

uric acid solution was used in immunization. However, when compared to the response 

of wildtype CTLs, the muMT CTL response was significantly lower. 

The following experiment was able to test the MSU crystal binding ability of 

serum from wildtype and muMT mice. Figure 3.2 shows that the serum from immunized 

muMT mice could not bind to MSU crystals in the MSU crystal binding FACS assay. 

This assay involves the use of MSU crystals as targets to which the serum or purified 

hybridoma antibodies are added. After a 20-minute period of binding, the secondary 

fluorescently tagged antibody is added, cross-recognizing the heavy chain of the IgG and 

IgM molecules. This antibody allows us to measure the binding between the serum and 

the crystals. The serum from MSU crystal immunized wildtype mice, containing 

antibodies, could bind to the crystals. Serum isolated from MSU crystal immunized B 

cell deficient mice showed no positive binding to the MSU crystals. This data indicates 

that antibodies can be produced by the immune system which can bind MSU crystals in 

the body. 
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Figure 3.1. The muMT or B cell deficient mice do not sense the adjuvant effect of 
uric acid or MSU crystals. 

This Cr51 cytotoxicity assay contains splenocytes isolated from wildtype and 

muMT (B cell deficient) mice, which were immunized subcutaneously with 5 µg of OVA 

coated latex beads. 100 µL PBS, 100 µg MSU crystals or uric acid solution were used as 

adjuvants. The immunized mice were sacrificed 7 days later and their spleens were 

collected. 50 million splenocytes were cultured and stimulated with the 10-10 M 

SIINFEKL peptide for 5 days. The remaining live cells were counted and mixed with the 

Cr-51 labelled, target EL-4 (H-2B) cells pulsed with SIINFEKL peptide, at the 

appropriate effector: target (E:T) ratio. The CTL assay was performed for 5 hours. The 
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two lines in the panels are the mean results ± SD of individual mice. The data are 

representative of three independent experiments. 
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Figure 3.2. Serum from immunized C57Bl6 mice binds to MSU crystals, while 
serum from immunized muMT mice does not. 

This is a representative FACS plot of the MSU crystal binding FACS 

assay. 100 µL of serum from an immunized C57Bl6 and muMT(B cell deficient) mice, 

was used to stain 100 µL of 1 mg/ mL solution of MSU crystals during a 20 minute 

incubation period at room temperature. After 2 washing steps, 0.5 µL of 1 mg/mL 

secondary FITC conjugated antibody was added for 10 minutes. The secondary antibody 

can cross-react with both heavy chain of the IgG antibody and the heavy chain of the IgM 

antibody. The crystals are labelled as events, but are found on a smaller scale than cells 

and at higher granularity. Approximately 25 000- 50 000 events were collected using the 

BD FACS Scan Cell Quest program. The data was then analyzed using the FlowJo 
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software (Tree Star). The serum from the immunized C57Bl6 mouse had positive binding 

for MSU crystals and the serum from the immunized muMT mouse did not show positive 

binding to the MSU crystals. The secondary antibody control is the lightly shaded area. 

The data shown are representative of ten independent experiments. This MSU crystal 

binding FACS assay was also performed at least twenty times as a quality control 

experiment for MSU binding antibodies used in the latter experiments. The antibodies 

were: E6C7 (positive for MSU crystal binding, IgM antibody) and cAB (negative for 

MSU crystal binding, IgM antibody). 
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3.2.2 MSU crystal binding antibodies in serum. 

Using the MSU crystal binding FACS assay, we determined the nature of the antibodies 

in the serum of the immunized animals. In Figure 3.3 A, serum from individual C57Bl6 

and Balb/c mice, immunized bi-weekly for 2 months with 1 mg of MSU crystals, was 

able to stain the MSU crystals; serum from unimmunized C57Bl6 mouse was also seen to 

bind to the crystals. This particular observation may indicate that there are natural 

antibodies present in the serum of the mice that have the ability to bind to the MSU 

crystals, although they may be present at a lower titre than in the immunized animals. 

Figure 3.3 B shows that the serum from the immunized animals is specific for MSU 

crystals. Xanthine crystals were used as a control for comparison with MSU crystals and 

did not show any antibody binding. These results reveal that the serum produced by the 

immunized animals is specific for the immunizing substance, which further supports the 

hypothesis that antibodies are involved in the binding of MSU crystals. 

The next step was to generate hybridomas that could produce MSU crystal 

specific antibodies. Hybridomas were generated using an established protocol (180) with 

A3A cells used as fusion partners for the splenocytes from immunized animals.  The 

hybridoma-generated antibodies were collected and tested for their ability to bind MSU 

crystals using the MSU crystal binding FACS assay. As Figure 3.4 A shows, the 

hybridoma antibodies or uric acid binding antibodies (UBAs) can bind to MSU crystals, 

and their binding ability to the crystals is similar to that of immunized serum from Balb/c 

and C57BL6 mice.  In another comparison with muMT mice (Figure 3.4 B), the UBAs 

showed a greater binding ability for MSU crystals while the sera from B cell deficient 
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mice had a very low binding ability. Since the staining ability is above that of the 

secondary antibody alone control, it would indicate that other components of serum may 

also bind to MSU crystals. This data reaffirms the staining seen in Figure 3.2. Figure 3.4 

C shows other antibodies such as W6/32 (anti human MHC Class II) and Y3 (anti-mouse 

MHC Class I) used to test the specificity of the immunized serum antibodies. The control 

antibodies did not stain the MSU crystals; therefore specificity is required for the 

antibodies to bind to MSU crystals, reiterating that antibodies can bind to crystals in a 

specific manner. 
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FITC 

Figure 3.3. Serum from MSU crystal immunized C57Bl6 and Balb/c mice had a 
positive binding ability for MSU crystals (A) but not for xanthine crystals (B). 

The MSU crystal binding FACS assay here, used 25 µl of serum from 

MSU crystal immunized individual mice (B6, Balb/c) to stain 500 µg MSU crystals (A) 

and 500 µg of xanthine crystals (B). Serum from the non-immunized mouse (Cont) can 

also bind MSU crystals. This observation could indicate the presence of natural MSU 

binding antibodies in the serum. The assay in Figure 3.3 B is using xanthine crystals in 

place of MSU crystals, but the serum is the same as in the previous figure. The lightly 

shaded area in this and following assays is 2nd antibody only control. The data are 

representative of two independent experiments. 
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Figure 3.4. B cell hybridoma produced antibodies can bind MSU crystals with the 
same intensity as immunized serum. 

The MSU crystal binding FACS assay was used to test the MSU crystal 

binding ability of B cell hybridoma supernatant. C57Bl6 mice were immunized 

intraperitoneal with 1 mg of suspended MSU crystals without any adjuvant. The same 

mice were boosted with the same dose bi-weekly for 2 months. Serum from the 

immunized mice was collected at the 2 month time point and tested for the ability to bind 

MSU crystals. Splenocytes were also harvested to be used in a standard hybridoma assay 

with A3A tumour cells, where 10 000 000 tumour cells were fused with 40 000 000 

splenocytes. (A) The supernatant from a hybridoma culture (UBA) was tested along with 

the immunized serum (Imm) and cell culture media (RPMI) using the MSU crystal 

binding FACS assay. The hybridoma supernatant and the immunized serum showed a 

similar ability to bind MSU crystals. (B) Serum from MSU crystal immunized muMT 

mice was also compared with the hybridoma supernatant (UBA) and a 20 fold dilution of 

the supernatant (UBA/D). The hybridoma supernatant showed a higher MSU crystal 



57 

binding ability than the immunized muMT mice serum. (C) Human (W6/32) or mouse 

(Y3) MHC class I specific control antibodies do not stain MSU crystals to the same 

extent as the serum from immunized C57Bl6 mouse. These antibodies were considered to 

have a very low binding ability to MSU crystals when compared to the positive C57Bl6 

serum. The data shown are representative of two independent experiments. 
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3.2.3 Hybridoma generated MSU binding antibodies (UBAs) can also cause the 

precipitation of uric acid from a uric acid solution. 

The antibodies generated from B cell hybridomas have the ability to bind to MSU 

crystals in vitro. However could these same antibodies act to precipitate uric acid from a 

solution? An important feature of crystal induced arthropathies is the presence of crystals, 

which elicit an inflammatory response. How do the crystals precipitate and could their 

formation be aided by crystal specific antibodies? To answer these questions, we 

incubated a 1 mg/mL solution of uric acid in PBS (pH 8.0) with increasing concentrations 

of control ovalbumin protein and an uric acid binding antibody (UBA 11).  Any formed 

crystals in the plates after 6 hours were washed with PBS and re-suspended with 0.01 N 

NaOH. The amount of precipitated uric acid was measured and quantified using control 

solutions of uric acid at UV absorbance at 292 nm. As seen in Figure 3.5, the uric acid 

solution had precipitated with increasing concentrations of the UBA and not the control 

protein (OVA). This experiment showed that antibody specific for MSU crystals can 

precipitate uric acid from solution. The data gives evidence that antibodies play a larger 

role in the inflammatory response to uric acid by aiding in the precipitation of the MSU 

crystals. 



59 

Figure 3.5. UBAs can precipitate soluble uric acid from solution. 
The amount of precipitated uric acid from a uric acid solution (1 mg/mL, 

pH 8.0 in PBS, in 24-well tissue culture plates) was measured in the presence of ranging 

concentrations (0- 100 µg/ mL) of uric acid binding antibody (UBA 11) and control 

protein (ovalbumin). After 6 hours of incubation, the precipitated uric acid crystals were 

washed with PBS and resuspended in 0.01 N NaOH, and the UV absorption value at 292 

nm of the solution was measured by a spectrophotometer to determine the uric acid 

concentration. The amount of crystal deposition in micrograms was converted from a 

standard UV absorption curve with known uric acid quantities. The data shown are 

representative of two independent experiments. 
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3.2.4 Characterization of the UBAs. 

The antibodies produced by the hybridomas bind to MSU crystals. The next step 

was to discover the type of antibodies produced, how they bind to the MSU crystals and 

how they cause the precipitation of uric acid from solution. The antibodies that showed 

the highest ability to bind MSU crystals, as measured by the MSU crystal binding FACS 

assay, were subtyped using an antibody subtyping kit. According to Figure 3.6, the most 

common heavy chain and light chain combination seen in the antibodies specific for 

MSU crystals was the µ heavy chain and κ light chain. Approximately 85% of the 

antibodies were identified to have this particular IgM subtype. The other 15% were 

identified to be IgG type antibodies. The IgM antibodies are known to be pentameric, and 

this structure may help bring molecules of monosodium urate together to crystallize. The 

structure of the antibody may allow for the initial crystal lattice formation. The µ heavy 

chain is considered to be more efficient at starting complement reactions (164). The 

predominance of the mu subtype can also indicate the presence of a T cell independent 

antigen. Normally, B cells express the mu heavy chain; however, when they are 

stimulated via CD4 T cells to react to an antigen, the antibodies undergo a class switch 

from the mu heavy chain to another type. If the CD4 T cell interaction is not provided, 

the antibodies are produced with the mu heavy chain. 

To discover how the MSU crystal specific antibody bind to the crystals, one of the 

hybridoma produced antibodies with a greater ability to bind MSU crystals, and of the 

IgM isotype, was digested using the Pierce ImmunoPure IgM Fragmentation Kit. The 

fragments were separated according to the provided protocol and used in the MSU crystal 
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binding FACS assay. From the assay in Figure 3.7, the variable regions of the antibody, 

labelled F(ab)2, had a greater ability for binding to MSU crystals, similar to the whole 

UBA IgM molecule. The data showed that the antibody can bind to the MSU crystals 

with its variable regions; this is reminiscent of the binding seen between an antibody and 

antigen in the immune complex. These results are congruent with previous research with 

IgG molecules (148, 149). However, when the same fragments were tested in the uric 

acid precipitation assay in Figure 3.8, only the whole IgM molecule (UBA) was able to 

precipitate uric acid from the solution. Neither the variable regions F(ab)2 nor the 

constant regions Fc5 of the fragmented UBA IgM could precipitate uric acid from 

solution. The findings indicate that the whole IgM molecule, is required for the 

precipitation of the uric acid from solution. 
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Figure 3.6. Distribution of classes of antibody produced by B cell hybridomas with a 
positive binding ability for MSU crystals. 

Approximately 300 B cell hybridoma produced monoclonal antibodies 

were tested using the MSU crystal binding FACS assay. Approximately 30 % of these 

had a similar binding ability to the MSU crystals as compared to the positive C57Bl6 

MSU crystal immunized serum. This subset of antibodies was subtyped using an 

antibody heavy/ light chain subtyping kit and 85 % of the subset were revealed to have a 

µ heavy chain and a κ light chain. The other 15 % had a γ heavy chain or a µ heavy chain 

with a λ light chain. 
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FITC 

Figure 3.7. Fractions of UBA E6 IgM binding to MSU crystals. 
The MSU crystal binding FACS assay was performed using fragments of 

the B cell hybridoma produced UBA E6. This antibody had previously shown a higher 

binding ability to MSU crystals as compared to the controls. An IgM fragmentation kit 

was used to generate the fragments (Pierce ImmunoPure IgM Fragmentation Kit). The 

starting IgM antibody was at a concentration of 1 mg/mL. Fc5u is the constant portion of 

the antibody. F(ab)2 is the portion containing the variable regions. IgM is the whole 

antibody molecule. It is evident that the variable regions of the antibody are responsible 

for binding of the antibody to the MSU crystals. This is the same configuration as of 

antibody and antigen immune complex. The data shown are representative of two 

independent experiments. 
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Figure 3.8. Uric acid precipitation data using the UBA IgM and its fragments. 
The figure is showing results from a precipitation assay where fragments 

of the UBA E6 (generated for the previous figure) were tested for their ability to 

precipitate uric acid from solution (as in Figure 3.5). Other conditions include: untreated 

solution (UT), ovalbumin (OVA), a non specific protein, a control IgM (Con IgM 

(MOPC)), the constant portion of the antibody (Fc5) and the variable regions of the 

antibody (F(ab)2). The uric acid precipitation was measured via absorbance value at 292 

nm after the precipitated crystals were solubilized using 0.01 N NaOH. The data shown is 

a composite of two independent experiments. 
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3.2.5 MSU crystals, UBAs and their interactions with the innate immune system’s 

dendritic cells. 

So far, the data showed that uric acid can be precipitated from solution by the 

MSU crystal specific antibodies. The antibody can bind to the MSU crystals with its 

variable F(ab)2 regions, similar to the configuration seen in immune complexes. 

However, the whole IgM molecule is required for the uric acid to crystallize from the 

solution. Crystals can bind to antibodies as seen by the analysis of the MSU crystals from 

serum solutions (142, 144, 148, 151). Other properties have been attributed to the MSU 

crystals including complement activation (91, 94), and bone marrow dendritic cell 

(BMDCs) stimulation (50), seen in the first panel of Figure 3.9. The MSU crystals 

stimulated the DCs to produce higher levels of CD86, a maturation marker. The cells in 

this assay would be prepared for antigen presentation to T cells due to the expression of 

this co-stimulatory molecule on their surface. Without MSU crystals, the DCs did not 

show the same elevation in surface CD86, as measured by the elevation of fluorescence 

by FACS. 

In the second panel of Figure 3.9, the MSU crystals were treated with the B cell 

hybridoma antibodies specific for MSU crystals while incubated with bone marrow 

derived GM-CSF/ IL-4 treated dendritic cells. This experiment was done to test whether 

antibody binding to crystals would prevent MSU crystal activation of dendritic cells. The 

cells still showed the same level of CD86 expression as did the stimulated cells in the 

first window. The conclusion was that the antibodies’ presence in these cultures did not 

prevent the recognition of the MSU crystals and the stimulation of dendritic cells. The 
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antibodies do not present a physical obstacle to the binding of MSU crystals to antigen 

presenting cells and the subsequent APC activation. 

The next panel in the figure shows that antibodies lacking specificity to MSU 

crystals (Y3 and W6/32) did not prevent the stimulation of dendritic cells and the 

expression of the CD86 surface maturation marker.  These experiments reveal that there 

may be another mechanism involved in MSU crystal recognition by dendritic cells 

specifically, besides recognition via bound antibody. The IgM antibodies specific for 

MSU crystals, generated in these experiments, may be necessary for the precipitation of 

uric acid into MSU crystals and the initiation of the innate immune response. However, 

they may not be required for the activation of dendritic cells, which are potent initiators 

of the adaptive immune response. 
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Figure 3.9. Dendritic cells (DCs), UBAs and MSU crystal interactions. 
This FACS assay measured the intensity of the CD86 marker on cultured 

bone marrow GMCSF/IL-4 DCs that were stimulated with MSU crystals alone and with 

the addition of indicated UBA mAb supernatants for 6 hours. CD11c positive cells 

identified as dendritic cells were analyzed for their CD86 expression. The cells showed a 

higher expression of CD86 maturation marker when they were incubated with MSU 

crystals, and the expression was not altered by co-incubation of the cells with MSU 

crystal binding antibodies (UBA11, UBAG6, UBAE6, UBAA8) (second panel), or with 

antibodies which do not bind MSU crystals (Y3, W6/32) (third panel). The data shown 

are representative of two independent experiments. 
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3.2.6 The injection of the purified MSU crystals binding antibodies in vivo and the 

subsequent restoration of the uric acid adjuvant effect in muMT mice. 

If the MSU crystal binding antibodies do not prevent the recognition of the MSU 

crystals and the activation of dendritic cells, then what is the possible connection between 

the lost uric acid adjuvant effect in B cell deficient mice and the inflammatory 

mechanism of the MSU crystals in vivo. To investigate this question, purified MSU 

crystal binding antibodies were injected into wildtype (C57Bl6) and B cell deficient 

(muMT) mice with 1 mg of uric acid in solution. The purpose of the injections was to 

increase the possibility of antibody mediated uric acid precipitation in vivo. The 

difficulty with using mice for these experiments is that mice produce an enzyme called 

uricase, which degrades uric acid into 5-hydroxyisourate and hydrogen peroxide (120). 

This enzyme prevents the accumulation and crystallization of uric acid in vivo. To 

circumvent this enzyme’s action, a uric acid solution was injected into the mice with the 

MSU crystal binding antibodies. 

If the antibodies form immune complexes with uric acid, then the serum uric acid 

levels would drop in the mice that were injected with antibody specific for MSU crystals. 

In Figure 3.10, the serum uric acid levels of C57Bl6 mice were measured using the 

HPLC. The serum was collected from tail blood after three days of injections of uric acid 

and antibodies. The serum was diluted and centrifuged through a 30K filter, preventing 

any protein particulates from contaminating the samples. The samples were then 

manually injected onto a weak anion exchange column. The uric acid peak at 292 nm was 

divided and recorded as a percentage of the total UV absorption of the specific run. This 
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figure shows that uric acid in the serum decreases slightly when E6C7, an MSU crystal 

binding antibody, is injected into the mice along with the uric acid solution. A control 

antibody, which poorly binds to MSU crystals did not show the same decrease of uric 

acid. On the contrary, the uric acid levels were higher in these mice. The data indicate 

that the uric acid was potentially sequestered from the serum, decreasing the serum uric 

acid levels, when purified UBA was injected with uric acid solution. The sequestration or 

possible precipitation of the uric acid would be observed as was seen in the in vitro 

experiments (Figure 3.5). 

With the possibility of MSU crystal formation in vivo, other effects of the 

crystal’s presence were assessed such as the activation of the complement system. 

Besides the MSU crystals’ ability to activate the complement system (91, 94), the 

injected UBA antibodies when bound to their antigen, should be able to activate 

complement. The UBA used for the injections is an IgM molecule and its pentameric 

structure allows for several constant regions to be in close proximity with one another, 

which is required for complement activation. After three days of injections of uric acid 

solution and the purified hybridoma antibodies, the blood was collected using cardiac 

puncture and serum was isolated. The samples were then treated according to the protocol 

for Mouse complement C3 ELISA kit. This procedure allows for the measurement of 

serum complement component C3, one of the major proteins involved in the complement 

system (58, 183). The assay, however, does not measure the breakdown products of the 

C3 protein. After three days of injections with antibody and uric acid solution, 

complement activation was indirectly measured by quantifying the concentration of C3 

complement component. 
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Figure 3.11 shows the results of the complement measurement assay. The levels 

of C3 in mice injected with uric acid solution and E6C7 (UBA) were higher than the 

serum C3 concentrations of the mice injected with PBS, uric acid solution (UA), control 

antibody (cAB) and uric acid solution in combination with control antibody (UA cAB). 

The complement C3 levels were variable when the IgM E6C7 alone was injected into the 

muMT mice. There is a statistically significant difference in the levels of C3 complement 

component between mice injected with the uric acid solution and the E6C7 UBA and the 

mice injected with the control antibody and the uric acid solution. 

These results are counterintuitive in the sense that if complement is being 

activated, then there should be more breakdown of C3 complement component. Using 

this assay, only the whole C3 molecule was measured, thus decreases in the conditions, 

which induce the highest level of inflammation are expected. However, Manthei et al 

have found that C3 plasma concentrations may increase during an inflammatory reaction. 

Their reasoning was that C3 is one of the acute phase proteins, a group of plasma proteins 

whose concentrations can change in an acute inflammatory situation (184). Also, 

previous research showed that during an acute inflammatory reaction such as a 

Schistosoma mansoni infection in mice and an intramuscular injection of turpentine into 

mice, two fold increases in serum C3 concentrations were observed (184). In their acute 

inflammation experiments, Manthei et al observed an alteration in C3 distribution, and a 

five fold increase in C3 synthesis. However, they only skimmed the surface of the 

regulation of C3 synthesis, by stating that following the induction of local inflammation, 

a locally produced signal must reach the site of C3 production to induce the systemic 

acute phase response of increased synthesis of C3. 
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If micro MSU crystals have formed due to the presence of UBAs in vivo, these 

ensuing immune complexes may activate the complement system. Also if micro MSU 

crystals are inducing a local inflammatory reaction, another signal may reach the site of 

C3 production and induce an increase in C3 synthesis. Thus a local inflammatory 

response can then become a systemic acute phase response due to increases in C3 

synthesis. In one of the conditions when E6C7 (UBA) was injected alone there was a 

variability in the results of C3 concentrations. This incidence could be due to the 

presence of endogenous uric acid in vivo, which potentially could form MSU 

microcrystals with the UBAs. However, when the control IgM antibody alone was 

injected, the levels of C3 were similar to the PBS control, indicating that antibody alone 

is not activating the complement system. The antibodies must have bound to their target, 

the uric acid lattice structure, for the MSU crystals to form. Both the crystals and the 

immune complexes may cause a local inflammatory response and complement activation 

thus causing another signal to induce increases in C3 synthesis. Still, all of these changes 

signify an inflammatory response occurring in vivo after injection of the UBA and uric 

acid solution. 

Previous research, using BMDCs, showed that MSU crystals do interact with DCs 

and can stimulate them to express higher levels of their maturation marker CD86 (50). 

However, the presence of the antibodies did not affect the stimulation of the DCs, 

indicating a different pathway of activation for dendritic cells. The next step was to 

investigate whether the presence of the UBAs in vivo would affect other cell types 

involved in the inflammatory response. Past research suggests that neutrophils are 

involved in the induction of the inflammation in gout and could potentially be affected 
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by the presence of micro MSU crystals in vivo (65, 66, 72, 100, 101, 104, 105, 111, 185-

188). After three days of injections of uric acid and UBA solutions, blood from the 

injected mice was isolated, hemolysed and fluorescently labelled with CD11b and 

CD62L antibodies. The CD11b positive cells were selected and analysed for their CD62L 

surface expression using FACS. CD62L is L-selectin molecule that tethers neutrophils on 

activated endothelial cells of the venule blood vessels. Figure 3.12 shows that CD11b 

positive cells, identified as neutrophils and isolated from blood of the mouse injected 

with uric acid and UBA solutions, had a decreased expression of CD62L. This data 

indicates that these cells were activated and have already started to lose the L-selectin 

molecule as compared to the control PBS injected mouse (111, 116). The mouse injected 

with the control antibody showed a slight decrease in the CD62L expression on the 

neutrophils. This occurrence could be a response to the presence of an antibody in the B 

cell deficient mice. The figure included serum from three mice, and was repeated in 

quadruplicate. The data shown is representative of those repeats. 

Another marker of neutrophil activation was measured to verify the FACS data. 

The level of the myeloperoxidase enzyme, which converts peroxide to hypochlorite in 

reactive oxygen species production, is indicative of tissue inflammation (181, 189). 

Figure 3.13 shows the results of the myeloperoxidase assay done on the lung tissue of 

C57Bl6 mice injected with uric acid and antibody solutions for three days. The results 

demonstrate that the lung myeloperoxidase content increased significantly as compared to 

the other conditions when E6C7 MSU crystal specific antibody was injected alone or 

with the uric acid solution. In the case of the UBA injected with the uric acid solution, 

microscopic MSU crystals could have formed, activated the neutrophils, which 
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upregulated myeloperoxidase enzyme production. However, when the MSU crystal 

specific antibody was injected on its own, it may have caused the precipitation of the 

endogenous uric acid.  The antibody injections also could have caused stress to the 

recipient increasing the output of uric acid in the animals. These two figures emphasize 

that the neutrophils become activated and increase the production of the myeloperoxidase 

enzyme. This data indicates that the mice, which received the uric acid and UBA solution 

injections, had undergone an increase in their general inflammatory state. 

The injections of UBAs with the uric acid solutions were able to increase the 

general inflammatory state of the animals. The decrease of uric acid in the serum 

indicated a sequestration of the uric acid from the serum and the possibility of 

crystallization of the uric acid into MSU crystals. If the crystals were formed, they could 

also propagate an inflammatory response, which was indirectly evidenced by the increase 

in the C3 complement component and neutrophil activation. The main question then 

becomes whether the uric acid adjuvant effect can be restored in B cell deficient mice if 

MSU crystal specific antibodies were injected into the mice?  The main hypothesis was 

tested by repeating the cytotoxic T cell assay, seen in Figure 3.1, with B cell deficient 

mice (muMT) being injected with OVA labelled latex beads mixed with the MSU crystal 

solution and the UBA E6C7 or control antibody. As seen in Figure 3.14, the MSU crystal 

specific antibody (E6) injected mice had an elevated cytotoxic T cell response to the Cr-

51-containing SIINFEKL pulsed EL4 cells. This response was comparative to that seen 

in wildtype mice in Figure 3.1. The control antibody or PBS injections did not have the 

same effect in the B cell deficient mice. The CTL response in these conditions was 

minimal, which is similar to the response seen in muMT mice when uric acid solution or 
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MSU crystal solution were used as adjuvants in Figure 3.1. The addition of antibodies, 

that can bind to MSU crystals along with MSU crystal solution as adjuvant in B cell 

deficient mice, had complemented the CTL response to the level of wildtype mice which 

were injected with uric acid or MSU crystal solution as adjuvants. The MSU crystal 

specific antibodies’ presence was able to replicate the uric acid adjuvant effect seen in 

wildtype mice, in B cell deficient mice. 
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Figure 3.10. Serum uric acid measurement in C57Bl6 mice injected with uric acid 
solution and purified B cell hybridoma produced antibodies. 

Serum uric acid measurements were performed on serum samples using 

the HPLC method. Two C57Bl6 mice were i.v. injected with 0.500 mL of 2.0 mg/mL 

uric acid solution and 0.5 mg of UBA (E6C7) or control antibody once per day for three 

days (6 mice used in an experiment, 2 per condition). UA: uric acid; E6C7: UBA; cAB: 

control IgM. The serum was collected from the tail vein, diluted, and centrifuged through 

a 30K filter to prevent protein contaminants. The samples were then injected onto a weak 

anion exchange column and the uric acid peak at 292 nm was compared with the total UV 

absorption of the run. The data shown are representative of two triplicate experiments and 

presented as a mean value ± SD. The P value between the UA E6C7 and UA cAB 

conditions is 0.008. This pair of conditions showed a significant difference according to 

the statistical calculations. 
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Figure 3.11. Serum complement C3 component concentration in muMT mice 
injected with uric acid solution and B cell hybridoma produced antibodies. 

Two muMT mice were i.v. injected with 0.500 mL of 2.0 mg/mL uric acid 

solution and 0.5 mg of UBA (E6C7) or control antibody once per day for three days (12 

mice used in an experiment, 2 per condition). The serum was collected as described in 

Materials and Methods. The complement measurement was done using the 

manufacturer’s protocol (Mouse complement C3 ELISA kit, Kamiya Biomedical). The 

absorbance at 450 nm was measured using a microplate reader. The absorbance was then 

converted to the C3 concentration in mg/ml using a standard curve fitting procedure. The 

data shown are representative of two triplicate experiments and presented as a mean 

value ± SD. The P value between the UA E6C7 and UA cAB conditions is 9.9*10-6. This 

pair of conditions showed a significant difference according to the statistical calculations. 



77 

Figure 3.12. CD62 L expression on blood CD11b positive cells of muMT mice 
injected with uric acid and B cell hybridoma produced antibodies. 

Two muMT mice were i.v. injected with 0.500 mL of 2.0 mg/mL uric acid 

solution and 0.5 mg of UBA (E6C7) or control antibody once per day for three days (6 

mice were used in an experiment, 2 per condition). On day 4, the blood was collected, 

and hemolysed to remove blood cells. CD11b (FITC) and CD62L (PE) antibodies were 

used to stain activated neutrophils from the blood (eBioscience). Blood CD11b+ cells 

(neutrophils) were gated and analyzed for their CD62L expression. The data are from 

three individual mice but are representative of two duplicate experiments. 
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Figure 3.13. Myeloperoxidase measurements from the lung tissues of C57Bl6 mice 
injected with uric acid and UBA solutions. 

Myeloperoxidase (MPO) measurement in the lung tissue of C57Bl6 mice 

i.v. injected with 0.500 mL of 2.0 mg/mL uric acid solution and 0.5 mg of UBA (E6C7) 

or control antibody once per day for three days (12 mice were used in an experiment, 2 

per condition). On Day 4, lung tissue was collected and frozen to be used in the 

myeloperoxidase procedure as described in the Materials and Methods. The 

myeloperoxidase values were generated by multiplying the UV reading by a factor of 

0.2528 per a standard protocol. The data shown are representative of two triplicate 

experiments. The P value between the E6C7 and cAB conditions is 3.0*10-11. The P 

value between E6C7 UA and cAB UA is 0.0043. These pairs of conditions showed a 

significant difference according to the statistical calculations. 
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Figure 3.14. The cytotoxic T cell response of muMT mice after injections of UBA 
antibody were made prior to injections of OVA coated latex beads (antigen) mixed 
with MSU crystals (adjuvant) in suspension.  

This Cr51 cytotoxicity assay contains splenocytes isolated from muMT (B 

cell deficient) mice, which were immunized subcutaneously with 5 µg of OVA coated 

latex beads. 100 µg MSU crystals was used as an adjuvant. Prior to immunization, these 

mice received 2 injections of 500 ug purified UBA E6C7 (E6), a control IgM (cAb) or 

PBS. The immunized mice were sacrificed 7 days later and their spleens were collected. 

50 million splenocytes were cultured and stimulated with the 10-10 SIINFEKL peptide for 

5 days. The remaining live cells were counted and mixed with the Cr-51 labelled, target 

EL-4 (H-2B) cells pulsed with SIINFEKL peptide, at the appropriate effector: target 

(E:T) ratio. The CTL assay was performed for 5 hours. The two lines in the panels are the 

mean results of individual mice. The data shown is a representative of three duplicate 

experiments and presented as a mean value ± SD. 
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CHAPTER 4: DISCUSSION
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During the investigation of uric acid’s adjuvanticity, several observations 

regarding the uric acid precipitation and the inflammatory response stimulated by the 

formed crystals were noted. B cell deficient (muMT/IgH) mice did not experience the 

uric acid adjuvant effect as the wildtype (C57BL6) mice. When uric acid or MSU crystals 

were used as adjuvants for the OVA coated latex beads (a particulate antigen), only the 

wildtype mice were able to respond to the antigen in a CTL assay. This lack of response 

could be attributed to the lack of antibodies in the serum. Specifically, the immunized 

muMT mice’s serum did not have the same binding ability to MSU crystals as the serum 

from immunized C57BL6 mice. The serum from immunized mice was deemed specific 

for the MSU crystals because of lack of binding to the control xanthine crystals. The 

positive binding ability of serum for MSU crystals indicated that antibodies could be 

involved in mediating the binding to MSU crystals. Since antibody presence should be 

the only factor different between the two types of mice, then the antibodies may also 

mediate the uric acid adjuvant effect seen in wildtype mice. 

Antibodies isolated from immunized animals have previously been shown to bind 

the immunizing crystals, furthering the idea that crystal binding antibodies could be 

generated in vivo (152, 155, 190). Another important observation was that serum from 

nonimmunized C57BL6 mice could also bind to the MSU crystals. The binding ability of 

serum in this situation must be mediated by antibodies present in the animal prior to the 

immunization with MSU crystals. These antibodies, defined as natural antibodies, are 

usually of the IgM isotype and do not have a high affinity, even though they strongly 

bind to their antigens due to their pentameric structure (162). These antibodies are 
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normally produced by the B1 B cell subset. Thus, crystal binding antibodies could be 

generated in immunized animals and can be found in non immunized animals. 

The MSU crystal binding ability of the immunized serum was replicated in some 

B cell hybridoma generated antibodies. The uric acid binding antibodies (UBAs) from 

hybridomas were specific for MSU crystals and most importantly, demonstrated the 

ability to precipitate uric acid from solution. Almost 85 % of the UBAs that could bind 

MSU crystals were identified as IgM isotype. These results are consistent with the 

possibility that natural IgM antibodies are acting as nucleating agents for MSU crystals. 

Prior research has evidence that IgM is attracted to sites of injury and is a potent mediator 

of tissue damage (193, 194). At these sites the IgM molecule can interact with uric acid 

released from cells upon cell death. Uric acid precipitation may occur and inflammatory 

MSU crystals may form with the aid of natural IgM antibodies. 

The UBAs generated by the B cell hybridomas were able to bind to the MSU 

crystals via their variable regions. These same regions are used to bind antigens during a 

conventional humoral immune response. These results were consistent with prior reports 

indicating that crystal bound IgG molecules used their variable regions to bind to the 

crystals, exposing the constant regions (148, 149). The configuration of the bound 

antibody was reminiscent of the antigen antibody immune complexes. However, for the 

crystals to begin precipitating from solution, the whole antibody molecule was required. 

Neither the variable regions or the constant regions or the non specific antibody were 

enough to precipitate uric acid from the solution. These results are important in 

highlighting the role of the antibody structure for the successful precipitation of MSU 

crystals. 
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Besides being able to activate neutrophils, endothelial cells and macrophages to 

produce proinflammatory cytokines, chemokines and lipid derived inflammatory 

mediators; MSU crystals incubated with dendritic cells were able to stimulate them to 

increase the surface expression of the maturation markers CD80 and CD86 (50).  MSU 

crystal binding antibodies, when co-incubated with the crystals and DCs, did not prevent 

the activation of dendritic cells and the expression of the CD86 maturation marker on the 

cell surface. These observations are important because uric acid is normally found within 

the cytosol of cells and is released upon tissue cell death as a danger signal (DAMP) (50). 

Upon the interaction of a local supersaturated solution and a natural IgM antibody with 

the ability to bind to the uric acid lattice in solution, the MSU crystals can be formed. The 

antibodies bound to the crystal or the MSU immune complex, ensures the stability of the 

activating crystal. These crystals can act as endogenous adjuvants on DCs and other 

phagocytes, inducing an immune response during sterile or pathogenic cell death. 

If the UBAs bound to MSU crystals do not act to increase the activation of 

dendritic cells, then how can they impact the CTL response of B cell deficient mice in 

vivo as shown in Figure 3.14? Immune complexes, composed of antigen, natural 

antibodies and complement have been found to activate a CD11b+ CD11clo , clodronate-

sensitive phagocytes, to secrete IL-4 (191). These cells are regarded as pre-dendritic and 

may act to initiate the immune response (192). MSU crystals and the subsequent immune 

complexes formed due to UBAs may have a role in starting the immune response 

especially when injury, surgery or massive cell death release uric acid into the 

extracellular environment. The MSU crystals or the crystal-containing immune 

complexes would interact with immune cells including pre-dendritic, dendritic cells, 
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neutrophils and macrophages, causing the subsequent activation of these cells, thus 

propagating the immune response. 

The mice injected with UBAs and a uric acid solution showed a decrease in the 

serum uric acid content as compared to those mice injected with uric acid solution alone. 

The sequestration or the possible precipitation of uric acid from the serum, and the 

ensuing inflammatory responses to the MSU crystals were expected. The presence of 

UBA E6C7 and uric acid in vivo caused the increase in C3 complement component, 

indicative of the increased generation of complement components and a general 

inflammatory state of the animal (184). UBA E6C7 alone also generated an increase in 

the C3 complement component, but the precipitation of the endogenous uric acid without 

the additional uric acid injection may have contributed (135). Due to this observation, the 

ANOVA statistical analysis showed that there was no statistically significant difference 

between the groups, however it is clear that the condition when both uric acid and E6C7 

(UBA) are injected into the mice, the values for serum C3 complement concentration are 

higher than those seen in mice injected with PBS, uric acid solution alone (UA), control 

antibody alone (cAB), or uric acid and control antibody together (UA cAB). 

Neutrophil activation was measured using the expression of CD62L on the cell 

surface and the myeloperoxidase content of tissue. The expression of CD62L on blood 

CD11b+ cells was decreased when the UBA was injected into the mice. The shedding of 

CD62L or L-selectin occurs due to activation of the neutrophils via the PKC intracellular 

signalling pathway, which can be activated in neutrophils by MSU crystal interactions 

(111, 116).  Additionally, the myeloperoxidase (MPO) content of the lung tissue of the 

mice injected with the UBA E6C7 and uric acid was higher than in mice injected with 
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control antibody or uric acid solution alone. The same pattern was seen again with the 

MPO measurement as with the C3 complement component assay: the injection of E6C7 

(UBA) alone showed a higher measurement of MPO in the lung as compared to the PBS, 

uric acid solution (UA), control antibody (cAB) and control antibody and uric acid 

solution (UA cAB). Endogenous uric acid may be present in the mice, which could be 

precipitated when a UBA is injected into the mouse, thus forming an inflammatory 

signal, the MSU crystal. Myeloperoxidase is an enzyme associated with neutrophil 

function and the release of ROS; thus, an increase of its content in tissue indicates the 

increase of neutrophil numbers in the tissue as well as a general inflammatory state of the 

organism (181, 189). The diminished uric acid content in UBA E6C7 and uric acid 

injected mice, increases in C3 complement component, shedding of the CD62L from 

CD11b+ blood cells, and increases in myeloperoxidase content, indirectly indicate the 

possible precipitation and formation of the MSU crystals in vivo, and induction of 

systemic inflammatory responses. 

An important observation of an antibody requirement for MSU crystal recognition 

was made when B cell deficient mice were injected with a MSU crystal binding UBA and 

immunized with OVA coated latex beads mixed with an MSU crystal solution. The uric 

acid adjuvant effect seen in wildtype mice had then appeared in B cell deficient mice, 

where it had not been observed before. The presence of the UBA must have aided the 

recognition of the inflammatory MSU crystal signal by subsets of cells, including 

endothelial cells, neutrophils, monocytes and macrophages, via the binding of the MSU 

crystals. These cells would then be activated to secrete proinflammatory molecules 

(cytokines, chemokines, lipid mediators) that would act to activate T cells and increase 
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the cytotoxic T cells response after the MSU crystals were recognized. A general increase 

in the inflammatory state of the mice was observed after injection of the uric acid 

solution and UBA. Thus the formation of the MSU crystal immune complex in vivo may 

be a required signal for certain immune cells to begin secretion of proinflammatory 

molecules. 

The results observed from this line of experiments were congruent with the 

hypothesis that MSU crystal binding antibodies have a role in uric acid precipitation, uric 

acid mediated adjuvant effect and the MSU crystal induced inflammatory responses. We 

were able to answer the questions posed in the introductory chapter by experimental 

observations: 

1.	 Antibodies to MSU crystals can mediate the adjuvant effect of uric acid in vivo as 

seen in B cell deficient mice 

2.	 The antibodies that could act as nucleating agents for MSU crystals were of the 

IgM isotype. They could bind to the crystals via their variable regions, leaving the 

constant regions functionally accessible 

3.	 The antibodies and MSU crystals could potentially form immune complexes 

4.	 An increase in the general inflammatory state of the animal was noted when the 

UBAs were injected along with uric acid solution, implying the formation of 

MSU crystals. The crystal formation may have subsequently caused the increase 

in inflammatory responses via the activation of complement and neutrophils 

However, the results obtained cannot be viewed without some caution. Mice 

produce uricase, which degrades uric acid in their tissues. Therefore mice could not have 
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conditions associated with gout including hyperuricaemia, that may potentially result in 

MSU microcrystal formation. A uricase-knockout mice would be most useful in the 

model of MSU crystal induced inflammation; however, these mice are not viable due to 

acute renal failure (195). Thus, uric acid solution was injected to increase the uric acid 

serum content. Almost 15 % of the B cell hybridoma produced antibodies with a positive 

MSU crystal binding ability were IgG class. However, IgG antibodies were not used in 

any of the experiments due to a short in vitro half life. E6C7 (UBA) alone was able to 

induce an increase in the complement and myeloperoxidase measurements, rivalling that 

seen with the UBA E6C7 and uric acid injections. One possible explanation for this 

observation is that the injection of the antibody may have caused stress, increasing the 

endogenous serum uric acid content. The increases in the endogenous uric acid would act 

like an additional infusion of uric acid in the other animals; possible precipitation of uric 

acid could occur, resulting in the same inflammatory responses seen. 

In addition, the control antibody could mediate the shedding of the CD62L from 

CD11b+ cells in vivo. The response was not as dramatic as that seen with the UBA 

E6C7, but this result could indicate that the presence of an antibody in B cell deficient 

(muMT) mice could regulate immune system activation. Also, many of the results 

obtained in vivo indirectly indicated MSU crystal formation. The most direct approach to 

verify our hypothesis would be to visualize the microscopic crystal deposition in the 

tissues. Histology could prove to be useful; however, preparations such as Gomori’s 

methenamine-silver method are incompatible with the microcrystals due to dissolution or 

dismounting of the crystals during the preparatory steps (148). At this time, we do not 

possess the imaging technologies that are useful in detecting the presence of MSU 
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microcrystal deposits within tissue, but we remain hopeful that the formation of MSU 

crystals in vivo could be observed in the future.  

Produced due to MSU crystal immunizations, IgM antibodies that are capable of 

precipitating supersaturated uric acid solution indicate the presence of a new class of 

antibodies that can act as nucleating agents and stabilize the crystal lattice formation. 

These antibodies were observed not only with MSU crystals but also with crystals of 

magnesium urate and allopurinol (155). The observed specificity shows that crystal 

binding serum proteins may be involved in crystal binding, precipitation and crystal 

associated pathology. This is especially important in humans and primates who have lost 

their ability to degrade uric acid (196, 197). 85 % of the monoclonal antibodies with a 

positive binding ability to MSU crystals, produced by the B cell hybridomas, were 

identified as IgM. Prior observations made with human MSU crystals showed that IgG 

was the most abundant immunoglobulin protein bound to the crystals (142, 144, 198). In 

humans, the class switch from IgM to IgG would be propagated by the natural IgM and 

by the proinflammatory cytokines produced (173, 174, 199). Mice do not normally see 

the local supersaturated solutions of uric acid, thereby producing no MSU crystals, which 

prevents the propagation of the antibody class switch. However, they still produce natural 

antibodies which could bind to the MSU crystals. Other groups observed that T15-IgM, a 

natural antibody that binds to apoptotic cells, would enhance dendritic cell phagocytosis 

of apoptotic cells, suppress TLR responses and inhibit inflammatory arthritis (200, 201). 

These results partially conflict with the main hypothesis that natural antibodies could be 

used as nucleating agents and inflammatory mediators to MSU crystals; however their 

natural antibody was specific for phosphorylcholine determinants and not for crystal 
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lattices (202). This does not affect our hypothesis since this information is indicative of 

different functions of the natural antibodies, that depend on their antigen specificity.

 MSU crystals are the pathological agent identified in gout. Many studies have 

been devoted to deciphering the intracellular activation pathways and possible receptors 

for MSU crystal induced inflammation. Most recently, the NLRP3 inflammasome, a 

multi-protein complex capable of activating caspase-1, was found to be involved in 

producing IL-1β in response to MSU crystal stimulation (134). PLA2, PLD, PKC, Syk 

and PI3K have also been implicated in signal transduction when neutrophils interact with 

MSU crystals (100, 101, 105, 111, 185, 187). Ng et al  had obtained similar results using 

dendritic cells where Syk dependent activation signals were measured during DC MSU 

crystal activation (179). Their results, however, contradicted the existence of a protein 

cell surface receptor for the MSU crystals. Using atomic force microscopy, they were 

able to show that MSU crystals could aggregate cholesterol components of the plasma 

membrane on individual dendritic cells and that Syk was involved in mediating the cell, 

MSU crystal interactions. The implication of this study is that MSU crystals can 

propagate a non-specific activation signal to the dendritic cells through surface contact on 

the plasma membrane and the sorting of lipid domains. The lipid domains, or rafts, 

contain receptors with immunoreceptor tyrosine based activation motifs (ITAMs) used 

for further signal transduction. However, they found no specific receptors on dendritic 

cells responsible for binding to the MSU crystals (179). These experiments would have to 

be repeated with macrophages and neutrophils to ascertain the non-specific cellular 

activation using the plasma membrane. 
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Other avenues of inflammatory cellular activation, such as through immune 

complexes and complement activation, have not been ruled out from causing the MSU 

crystal induced inflammatory responses. There have been investigations into the 

existence of a mu heavy chain Fc receptor on murine cells, which could allow the IgM 

immune complex to act the same as in other defined FcR-mediated inflammatory 

responses (203-206). Additionally, complement components C3a and C5a released 

during complement activation, possibly occurring during the formation of IgM immune 

complexes, are anaphylotoxins that trigger degranulation of mast cells (207).  

Uric acid, a ubiquitous molecule in the cytosol, is released from cells undergoing 

cellular death as a danger signal; it is also a component of the inflammatory MSU 

crystals found in gout (50). The data implies the presence of antibodies with crystal 

nucleating capabilities would increase MSU crystal formation in the body. These findings 

are significant to the study of diagnosis of gout in clinical settings. If a patient has MSU 

crystal nucleating agents in their serum, as well as hyperuricaemia they should be 

considered in a higher risk category or those who can potentially develop gout. Besides 

diagnosis, these findings may allow for other treatment options to be developed against 

the MSU crystal nucleating antibodies. By preventing the accumulation of MSU crystal 

nucleating antibodies, the formation of MSU crystals can be prevented. Thus the 

subsequent inflammation caused due to MSU crystal presence in the body may also be 

prevented. Besides gout, uric acid has been found to promote tumour immune rejection, 

play a role in cytotoxic T cell activation in transplantation and autoimmune diabetes and 

act in the proliferation of carbon-tetrachloride (CCl4) induced liver fibrosis (208-210). 

This new line of investigation may enhance understanding about other crystal-induced 
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arthropathies and uric acid related pathological conditions besides addressing the 

question of how endogenous MSU crystals are formed. 

The current findings showed that uric acid must be in a local supersaturated 

solution and in the presence of MSU crystal specific IgM antibody to precipitate. The 

antibodies generated can bind to the MSU crystals in an immune complex formation and 

mediate systemic inflammatory responses in vivo, as seen by elevations in C3 

complement component synthesis and neutrophil activation. In B cell deficient mice, 

antibodies were required for the uric acid/MSU crystal adjuvant effect to occur. Overall, 

this work implies that IgM antibodies can act as potential nucleating agents for the MSU 

crystals. This is a novel role for antibodies as their main activities have been described as 

opsonization, complement activation and antibody dependent cell-mediated cytotoxicity 

(58). Besides acting as nucleating agents, the antibodies may also stabilize the crystal and 

may have a role in mediating the subsequent adjuvanticity and inflammatory responses in 

vivo. 
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