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Gout has been classified as an autoinflammatory disease because of its self-remitting course

and the involvement of the innate immune system and IL-1β in its pathogenesis. During the

last years, the evidence of NLRP3 inflammasome activation by monosodium urate (MSU)

crystals and the beneficial effect of IL-1 blockade for the treatment of patients with gout, have

reaffirmed the concept of gout as an autoinflammatory disease. However, some questions

regarding its pathogenesis remain still unanswered. The presence of MSU crystals in

asymptomatic joints or why not all individuals with hyperuricemia develop clinical gout, are

some examples. In this thesis we centred our attention in the mononuclear phagocyte system

with the hypothesis that the state of activation or maturation of monocytes and macrophages

modulates the inflammatory response to MSU crystals.

Regarding macrophages, our hypothesis is that resident macrophages, after contact with MSU

crystals, acquire an inflammatory phenotype, being able to produce inflammatory cytokines in

the presence of a second signal or trigger. Therefore, to test it, we used an in vitro model of

human monocyte-derived macrophages polarized towards M1 or M2 phenotypes in the

presence of GM-CSF and M-CSF respectively, considering M2 macrophages a model of

resident synovial macrophages. M1 and M2 macrophages failed to produce IL-1β after

stimulation with MSU crystals or LPS. However, in the presence of MSU, M2 macrophages

produced IL-1β and decreased IL-10 secretion when LPS was added. Surprisingly, soluble uric

acid had a suppressive effect for expression of both cytokines. The production of IL-1β was

explained because MSU crystals increased the presence of active caspase-1, reflecting

inflammasome activation, whereas LPS induced pro-IL-1 and inactive caspase-1 production.

Analysis of inflammasome activation in M1 and M2 macrophages revealed differences in

inflammasome proteins, that could account for their different IL-1β production.

To investigate if the capacity of monocytes to react to MSU crystals could explain why some

individuals develop gout, we compared the inflammasome activation induced by MSU crystals

in PBMCs from gouty patients with healthy controls. PBMCs of patients with gout exhibited

enhanced inflammasome activation after culture with MSU. Therefore, our results suggest that

patients with gout have an increased reactivity to MSU crystals. To provide further insight, we

genotyped exon 3 of NLRP3 gene in gout patients, without finding any association of gout with

polymorphisms in this gene. Finally, we analyzed the distribution of different monocyte

phenotypes or blood subpopulations in patients with gout. We observed an expansion of the

intermediate subpopulation (CD14++CD16+) during gout flares, but no differences were

observed in any of the subpopulations between asymptomatic patients and healthy controls.
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1.1. An overview of gout

Gout is a disease caused by the deposition of monosodium urate (MSU) crystals in tissues such

as cartilage, synovial membranes, bone and skin[1]. In the musculoskeletal system gout affects

both articular and extra-articular structures, resulting in arthritis, tendinitis and bursitis. This

deposition occurs when serum uric acid levels exceed the saturation point for MSU crystal

formation, a condition referred as hyperuricemia[2,3].

1.1.1. Gout is an ancient disease

A good proof of that is that bone erosions suggestive of gout have been found in phalanges

from Tyrannosaurus rex specimens[4]. First descriptions of gout come from Hippocrates in the

fifth century BC, who referred to it as 'the un-walkable disease' and linked gout to lifestyle. In

the ancient Greek medicine, gout received the name of podagra from the words pous meaning

food and agra a seizure[5]. It was also the Greek physician Galen who described for the first time

the macroscopic deposits of MSU crystals, or tophi, and who recognized an hereditary trait in

gout. The term gout, from the Latin word gutta, was first used by the dominican monk

Randolphus of Bocking from the medieval belief that when one of the four humours was in

excess, it could flow into a joint like a drop, causing inflammation[6]. Antoni van Leeuwenhoek,

considered the father of microbiology, described the appearance of MSU crystals in a tophus[7].

These crystals were identified as urate by Wollaston in a tophus from his own ear in 1797[8]. Sir

Alfred Garrod linked the condition of hyperuricemia with gout, developing a semi-quantitative

method for the measure of uric acid in serum and urine, considered the first clinical chemical

tester ever undertaken[6,9]. MSU crystals in synovial fluid of patients were identified by McCarty

and Hollander using the polarized light microscope[10]. Moreover, they confirmed the role of

MSU crystals in gout by injecting them in their own joints[11].

1.1.2. Uric acid and hyperuricemia

Uric acid is the final product of the metabolic breakdown of purines. It is a weak acid with an

acidic dissociation constant (pka) of 5.5, meaning that at the physiological pH 7.4, uric acid

predominantly acquires the urate-ionised form. As sodium is the most abundant extracellular

ion, most of this urate is found as monosodium urate. Two-thirds of the uric acid produced

daily is eliminated through the kidneys, whereas other routes such as saliva, gastric juice,

pancreatic secretions and bowel account for the other third. Impaired renal excretion of uric

acid is the main cause of hyperuricemia. When urate concentrations exceed its solubility limit

(380 µmol/l or 6.8 mg/dL at 37ºC), urate precipitates and forms crystals in tissues[3,12].
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Primates, birds, some reptiles and most insects lack the enzyme uricase that in other species is

responsible of the breakdown of uric acid into the soluble compound allantoin[13,14]. This fact

explains that other mammals exhibit uric acid levels below 2 mg/dL and do not suffer gout. The

loss of the uricase gene occurred during the Miocene epoch, approximately 15-20 million of

years ago, a period of progressive cooling that affected the diet of our ancestors, that was

mainly vegetarian and low in sodium[15]. Repeated mutations in promoter and sequencing

regions resulted in the loss of activity[16]. It has been proposed that the raise in uric acid levels

could have had an evolutionary advantage, maintaining blood pressure and protecting from

dehydration, stimulating hypertriglyceridemia, fatty acid liver and weight gain to re-establish

fat stores, inducing insulin resistance that could have preserve glucose for utilization by the

brain and preventing oxidative brain damage[17,18]. Nowadays, this advantage seems to have

disappeared, as in western countries the intake of fructose and purine-rich foods has increased

uric acid levels to the point that are harmful and associated with morbidity and an increased

mortality.

Hyperuricemia is defined in a physiochemical sense, when serum urate concentration exceeds

the solubility limit of MSU, which is 6.8 mg/dL at 37 C. In a relative sense hyperuricemia is

considered when this concentration exceeds the upper limit of the normal range, defined as the

mean serum urate value plus two standard deviation in sex and age-matched healthy

population. In this case, the upper limit is different in men (7 mg/dL) and in women (6

mg/dL)[3]. The risk of gouty arthritis increases with uric acid concentrations: yearly incidence

of gout is 0.1% with uric acid levels below 7 mg/dL, 0.5% between 7 and 8.9 mg/dL and 4.9%

when higher than 9 mg/dL[19]. With urate levels of 9 mg/dL the cumulative incidence of gout

arthritis is 22% after five years, suggesting that for unknown reasons not all patients with

hyperuricemia will develop symptoms of gout.

1.1.3. Epidemiology of gout

Gout is a frequent condition, being the first cause of arthritis in men in the Western

countries[20]. Its prevalence has experienced an increase over the last decades due to factors

such as ageing of the population, changes in lifestyle, increased prevalence of advanced chronic

kidney disease and use of drugs associated with gout.[21] In United States prevalence of gout

doubled from 1969 to 1985, experiencing a slower increase thereafter[22,23]. According to the

latest National Health and Nutrition Examination Survey (NHANES) study, self-reported

lifetime prevalence of gout in 2007-2008 was 3.9%, which corresponded to 8.3 million of adults

with gout[24]. This prevalence was higher in men than in women (5.9% versus 2%) and

increased with age, with a peak of 12.6% above 80 years old. When comparing with the first

NHANES study from 1988 to 1994, gout increased 1.2% and hyperuricemia 3.2%. This trend



51. Introduction

was observed in United Kingdom (UK) too, where prevalence increased from 2.6/1000 in 1987

to 9.5/1000 in 1993.[25–27]. More recent epidemiological studies have estimated a lifetime

prevalence of 1.4% in UK and Germany during the years 2000-2004[28]. In Italy prevalence

increased from 6.7/1000 in 2005 to 9.1/1000 in 2009[29], as well as in China, where prevalence

was 3.6/1000 and 5.3/1000 in 2002 and 2004 respectively[30,31]. In New Zealand estimated

prevalence during the years 1998-2009 was 2.69%, increasing with age and affecting 25% of

Māori men older than 65 years old[32].

Regarding the incidence of gout, in the Rochester Epidemiology Project, age and sex-adjusted

annual incidence rates of gout increased from 45/100.000 during the years 1977-1978 to

62.3/100.000 during the years 1995-1996. While the incidence of secondary gout did not

change over time, the incidence of primary gout doubled. In this study, the fact that more cases

of atypical gout were diagnosed during the last period prompted the authors to suggest that the

ascertain of atypical cases and the use of arthrocentesis could contribute to this increase in gout

incidence[33]. In Italy, an incidence around 0.9/1000 person per year remained stable from 2005

to 2009[29].

1.1.4. Risk factors for the development of gout

1.1.4.1. Gender and age

Uric acid levels in children are low, around 3-4 mg/dL, because of their high renal uric acid

clearance. At puberty, concentrations increase 1-2 mg/dL in males, whereas females exhibit

little change due to the uricosuric effect of sex hormones. This fact explains that gout is more

frequent in men and increases in women after menopause[3]. Gout prevalence increases with

age secondary to a decrease in renal function that results in higher uric acid levels, the use of

diuretics and other drugs associated with hyperuricemia and changes in connective tissues

,such as the higher prevalence of osteoarthritis, that can facilitate MSU crystal deposition.

1.1.4.2. Ethnicity

As previously described, prevalence of gout varies between countries and ethnicities, being

infrequent in African countries whereas a higher prevalence is observed in aboriginal

populations of Asia and Australasia[20]. In New Zealand prevalence ranges from 3.24% in

European ancestry population to 7.63% in pacific islands population. Moreover, in Māoris

gout has a stronger familiar association, an early onset and it is more severe, with higher

frequencies of tophi and polyarticular disease[34].



6 Gout as an Autoinflammatory Disease: From Cellular to Genetic Mechanisms

1.1.4.3. Diet

Since antiquity, gouty arthritis has been linked to a lifestyle characterized by a high-fat diet and

alcohol consumption. But it not has been until recently that epidemiological studies have

provided evidence on dietary risk factors. Purine rich foods, especially meat and to a lesser

extend seafood, have been associated with a higher risk of gout and with the precipitation of

gout flares[35,36]. Fructose and sugar-sweetened soft drinks, but not diet drinks, increase the risk

of gout as fructose induces uric acid production by increasing ATP (adenosine triphosphate)

degradation and increases insulin levels and resistance[37,38]. Contrary to popular belief, this

association has not been found with purine-rich vegetables, and current guidelines encourage

the consumption of vegetables as part of a healthy diet[35,39]. Low-fat dairy products and coffee,

but not tea, have a protective role in the incidence of gout and this effect is moderate with

decaffeinated coffee[35,40–42]. Two fractions of skim milk, glycomacropeptide (GMP) and G600

milk fat extract, have been associated with clinical improvement and a decrease in the

frequency of gout flares, probably through an anti-inflammatory effect[43]. Consumption of

cherries has a beneficial anti-inflammatory and urate-lowering effect, decreasing the

recurrence of flares[44,45]. Vitamin C has an uricosuric effect that decreases uric acid levels,

exerting a protective effect on gout[46,47].

1.1.4.4. Alcohol consumption

Alcohol intake has been associated with gout and this effect increases with the ingested amount

and depends on the type of alcoholic beverage. Relative risk (RR) and 95% confidence interval

(CI) for beer, spirits and wine 2.51 (CI 1.77-3.55), 1.60 (CI 1.19-2.16) and 1.05 (CI 0.64-1.72)

respectively. Higher effects of beer consumption can be explained by its content in the purine

guanosine[48]. However, it seems that moderate wine drinking is not associated with gout.

Alcohol increases uric acid production by increasing ATP degradation to ADP (adenosine

diphosphate) and because its conversion to acid lactic inhibits uric acid secretion by the renal

proximal tubule[49–51].

1.1.4.5. Drugs

Drugs that induce hyperuricemia by a renal mechanism, and are therefore associated with gout

include: loop and thyazide diuretics, aspirin, pyrazinamide, nicotinic acid, ethambutol,

ethanol, levodopa, cyclosporine, tacrolimus, ribavirin and interferon, teriparatide and

cytotoxic chemotherapy[3,12,21]. Aspirin has a bimodal effect, at high doses (>3 g per day) is

uricosuric, whereas at low doses (<1 g per day) causes uric acid retention. On the other hand,

losartan and fenofibrate lower serum urate concentrations and thus, should be considered for

the treatment of hypertension and hyperlipidaemia in patients with gout[52].
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1.1.4.6. Hypertension and chronic kidney disease

Hyperuricemia has been associated with high blood pressure in several epidemiological

studies. In NHANES 2007-2008 prevalence of hypertension was 74% in patients with gout,

47% in hyperuricemic individuals, 24% in normouricemic, increasing with uric acid levels and

reaching a prevalence of 83.8% with uric acid levels above 10 mg/dL[53]. In animal models, uric

acid induces afferent arteriolopathy in the kidney through proliferation of vascular smooth

muscle cells, inflammation, suppression of nitric oxide (NO) and activation of the renin-

angiotensin system, leading to ischemia in postglomerular circulation[12,54,55]. A two-stage

model has been suggested to explain the development of hypertension in the setting of high

uric acid levels. In the first stage hypertension is uric acid dependent, as uric acid raises blood

pressure through an increase of renal renin activity and a decrease of circulating plasma

nitrates. The second stage is characterized by anatomic changes induced by uric acid, such as

wall thickening and smooth muscle proliferation, resulting in high blood pressure that is urate-

independent but sodium dependent[56]. This theory could explain that the reduction in uric

acid levels is more efficient in adolescents with essential hyperuricemia than in adults with

established hyperuricemia[57]. A decrease in blood pressure has been observed after treatment

with allopurinol and probenecid, suggesting that the positive effect or urate-lowering therapy is

independent of the inhibition of xantine oxidase activity[58]. However, even these results,

nowadays there is no indication of urate-lowering therapy in patients with hypertension[59].

Gout has been associated with urolithiasis, and the most important risk factor for uric acid

stones in urine pH, as acidic urine favours the precipitation of urate[21]. Hyperuricemia has

been associated with chronic kidney disease (CKD) but the role of uric acid is not easy to

establish as uric acid has a renal excretion and so, is difficult to ascertain if high uric acid levels

are cause or effect of decreased renal clearance[56].

1.1.4.7. Other uric acid comorbidities

Metabolic syndrome represents a cluster of physiological and anthropometric abnormalities

that are regarded as risk factors for the development of diabetes and cardiovascular diseases. It

comprises insulin resistance, high blood pressure and dyslipoproteinemia, the later

characterized by high plasma triglycerides and low high-density lipoprotein cholesterol[3].

Hyperuricemia has been associated with insulin resistance and cardiovascular disease, and thus

it has been included as part of metabolic syndrome. Data from 2 generations of the

Framingham Heart Study provide evidence that individuals with higher serum uric acid exhibit

high risk of future type 2 diabetes independent of other risk factors[60] .
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The effect of uric acid in vascular smooth muscle cells secondary to reduced NO production

and its effect on blood hypertension may explain the link between uric acid concentrations and

cardiovascular diseases[61]. Uric acid levels have been associated with an increased carotid

intima-media thickness measured by ultrasonography, a surrogate marker of atherosclerosis

that is associated with cardiovascular disease risk[62,63]. However, conflicting results exist about

its association with coronary artery disease[64,65]. NHANES 2007-2008 study reported an age

and sex-adjusted odds ratio (OR) for myocardial infarction of 2.37 and 1.45 in patients with

gout and hyperuricemic individuals respectively and higher risk of heart failure with an OR of

2.68 in gout and 2.52 in hyperuricemic individuals. Prevalence of myocardial infarction and

heart failure increased with serum uric acid levels[53]. One meta-analysis of 26 studies reported

an increased cardiovascular mortality related to uric acid in the group of women[66]. In the

same line, a recent meta-analysis has showed that high uric acid levels increase the risk of all-

cause mortality in men and the risk of cardiovascular mortality in women[67].

1.1.4.8. Genetic factors

Rare familiar forms of gout and hyperuricemia are associated with monogenic inborn errors of

purine metabolism, such as hypoxanthine-guanine phosphoribosyl transferase (HGPRT)

deficiency, also known as Lesh-Nyhan syndrome, and 5-phosphoribosyl-1-pyrophosphate

synthetase (PRPS1) superactivity. Both are X-linked diseases characterized by hyperuricemia

with hyperuricosuria and a spectrum of possible neurological manifestations[12]. Hereditary

renal disorders, such as autosomal dominant familial juvenile hyperuricemic nephropathy or

medullary cystic kidney disease type 1 and 2, predispose to hyperuricemia and gout[68].

Twin studies have demonstrated that the risk of gout is determined by the environment and

genetic factors are not important contributors. On the other hand, 60% of phenotypic variance

in hyperuricemia has been attributable to hereditable factors[69].

Genome-wide association studies (GWAS) have identified genes associated with uric acid

levels and the development of gout. GWAS meta-analyses have reported associations of serum

urate and gout with the following genes: SLC2A9, ABCG2, SLC17A1, SLC22A11, SLC22A12,

SLC16A9, GCKR, LRRC16A, PDZK1, R3HDM2-INHBC region, RREB1, PDZK1, SGK1-

SLC2A12 region and MAF. For some additional comments about these genes see next

paragraphs[70–73]. A recent GWAS meta-analysis performed by Köttgen et al. in 2013 confirmed

the association of 10 previously described loci and identified 18 new loci, some of them

associated with inhibins-activins growth factor system and glycolysis pathways[74]. An Icelandic

GWAS found association of ALDH16A1, encoding aldehyde dehydrogenase 16 family member

A1, with uric acid levels[75].
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Most of these genes are involved in renal urate transport, as more than 90% of patients with

gout have reduced renal urate clearance leading to hyperuricemia[76]. Genetic variants in

SLC2A9 gene are associated with lower uric acid levels and lower risk of gout, especially among

women. SLC2A9 encodes the urate transporter GLUT-9 that is involved in reabsorption of

filtered urate by proximal tubules and seems to be a fructose-urate exchanger. It is partially

inhibited by probenecid, benzbromarone and losartan. Another urate transporter involved in

urate absorption in proximal tubule is URAT-1, which is encoded by SLC22A12 and is also a

target of uricosuric agents. Mutations in this gene have been associated with a reduction of

urate absorption and decreased uric acid levels. Human ATP- binding cassette, subfamily G 2

(ABCG2), encoded by the ABCG2 gene, is an urate efflux transporter that has a role in the

apical secretion of urate. Variations in this gene have been associated with high uric acid levels.

1.1.5. Clinical manifestations

Although gout is characterized by acute and recurrent inflammatory episodes, signs of

persistent inflammation such as tophi, limitation, joint swelling and deformity can be present

from the beginning of the disease, even before the first flare of arthritis. Therefore, Pérez-Ruiz

et al. propose that, instead of dividing clinical manifestations of gout into stages, gout should

be considered a chronic disease from the beginning as acute and persistent manifestations can

coexist[1].

1.1.5.1. Acute clinical manifestations

The hallmark of gout is the self-limiting episodes of inflammation. MSU crystals can deposit

anywhere in the musculoskeletal system and inflammation can manifest in form of arthritis,

tendinitis and bursitis. First attack usually occurs in middle-aged men, around 40-60 years, and

in women after menopause, when they have lost the uricosuric effect of estrogens[77,78]. An

onset before the age of 25 should raise the possibility on an enzymatic disorder[3].

Factors that modify uric acid levels or the deposition of MSU crystals, such as the initiation of

urate-lowering therapy, drugs like diuretics or cyclosporine, purine or alcohol intake, fasting,

surgery and local trauma may trigger the onset of an episode of arthritis.

Flares are monoarticular in more than 90%[79] and affect peripherally located joints, with

predilection of the lower limbs, although centrally located joints and axial skeleton can also be

involved[80]. Gout has predilection for previously damaged joints, such as hands of women with

osteoarthritis and Heberden nodules[81,82]. Arthritis of the first metatarsophalangeal joint, also

termed podagra (Figure 1.1), is the first presentation of gout in the 50% of cases, occurring

during the course of the disease in more 80% of untreated patients. Is followed in frequency by
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tarsus, ankle, knee and olecranon bursa inflammation. No differences exists in the distribution

of arthritis between men and women[1].

Although episodes of arthritis typically have an abrupt onset, sometimes there is an "aura" of

discomfort that precedes the onset of arthritis and that allows to start treatment early[1], with a

"pill-in-the-pocket" approach similar that the one used to treat episodes of angina. Frequently

flares start at night, probably because lower temperatures and dehydration state can favour

precipitation of uric acid[12]. Affected structures become warm, swollen, tender and red,

resembling septic arthritis[83]. Moreover, systemic symptoms like malaise or low-grade fever

can occur. The episode resolves within a few days, even without treatment. Sometimes the skin

over joints peels. Other acute manifestations include Baker cyst rupture, joint blockade caused

by intra-articular tophi or rupture of intradermal tophi[1].

If left untreated, attacks become more frequent, have a less abrupt onset affecting more joints,

spread to upper limb, last longer with a slower healing, and persistent clinical manifestations

appear[3].

1.1.5.2. Persistent clinical manifestations

Tophi are macroscopic deposits of MSU crystals that can occur in virtually every place in the

body, but especially in cartilage, synovial membranes, tendons and soft tissues, with a

predilection for friction areas (Figure 1.2). Tophi are painless, but can ulcerate and extrude a

white chalky material. They usually appear after long-standing and untreated gout, as the

degree and duration of hyperuricemia are determinant for tophi formation. However, tophi

may be the first clinical manifestation and occasionally appear in asymptomatic joints[84]. Other

factors that seem to influence tophi formation are the severity of renal disease and the use of

diuretics, being especially present in patients with severe renal disease, after allograft

transplantation in patients treated with cyclosporine in gout secondary to myeloproliferative

diseases, glycogen storage disease and Lesh-Nyhan syndrome[3]. The importance of the

assessment of tophi in the follow-up of patients with gout is that palpable tophi correlate with

tophi in bone and joints and consequently with higher radiographic scores and poorer

function.

The presence of joint limitation in the absence of swelling or deformity, termed as gout

arthropathy, can be related to MSU deposition in joint structures. These crystals induce a

granulomatous inflammation of synovial membrane and persistent swelling of the joint that

can be assessed in asymptomatic joints with doppler ultrasonography (US) or gadolinium

magnetic resonance imaging (MRI). Finally, MSU deposits are associated with joint and bone

damage, leading to deformity and loss of function[1]
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1.1.6. Diagnostic elements and factors to heed

The definitive diagnosis of gout is established after joint aspiration and identification of MSU

crystals through microscopic examination. Routine search for MSU crystals is recommended

in all synovial fluid samples obtained from undiagnosed patients[85]. Joint aspiration of

asymptomatic joints yields to the diagnosis especially in the absence of hypouricemic

treatment[86]. Synovial fluid samples should be examined as soon as possible at room

temperature. Observed under the microscope, MSU crystals are thin needle-shaped structure

with pointed ends[12]. In the compensated polarizing microscope are negatively birefringent, as

shown in Figure 1.3, being yellow when long crystal axis is aligned parallel to the compensator

axis, and blue when aligned perpendicular[87].

Figure 1.3. MSU crystals on polarized microscope. © Fondo de Imagen de la Sociedad Española de Reumatología.

Author: Clara Méndez Perles.

However, in certain circumstances, when joint aspiration or microscopic examination are not

available, clinical diagnosis can be considered as accurate, although not definitive, in the

presence of typical presentations such as podagra[88]. This clinical diagnosis can be made based

on clinical history, risk factors, examination, laboratory tests and imaging techniques. Several

classification criteria have been designed for gout (Figure 1.4). However, their use should be

restrained to research studies.
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Rome 1963 1. Serum UA >7 mg/dL in men and >6 mg/dL in women

2. Presence of tophi

3. MSU crystals in SF or tissue

4. History of attacks of painful joint swelling with abrupt onset and resolution within 2

weeks

Case definition: two or more criteria

New York 1966 1. At least two attacks of painful joint swelling with complete resolution with 2 weeks

2. History or observation of podagra

3. Presence of tophi

4. Rapid response to colchicine treatment, defined as a major reduction in the objective

signs of inflammation within 48 hours

Case definition: ≥2 criteria or the presence of MSU crystals in SF or on deposition

ACR 1977 1. More than one attack of acute arthritis

2. Maximum inflammation developed within 1 day

3. Oligoarthritis attack

4. Redness observed over joints

5. First MTP joint painful or swollen

6. Unilateral first MTP joint attack

7. Unilateral tarsal joint attack

8. Tophus (suspected or proven)

9. Hyperuricemia (more than 2 S.D. greater than the normal population average)

10. Asymmetric swelling within a joint on X-ray

11. Subcortical cysts without erosions on X-ray

12. Complete termination of an attack

Case definition: 6 of 12 clinical criteria or MSU identification in SF or tophus

Mexico 2010 1. Current or past history of more than one attack of arthritis

2. Rapid onset of pain and swelling (less than 24 hours)

3. Mono and/or oligoarticular attacks

4. Podagra

5. Joint erythema

6. Unilateral tarsal joint attack

7. Tophus (suspected or proven)

8. Hyperuricemia (more than 2 S.D. greater than the normal population average)

Case definition: 4 of 8 criteria or MSU crystal identification

Netherlands 2010 2 Male sex

2         Previous patient-reported arthritis attack

0.5      Onset within 1 day

1         Joint redness

2.5      MTP1 involvement

1.5      Hypertension or more than one cardiovascular disease

3.5      Serum UA > 5.8 mg/dL

13       Presence of a tophus

Case definition: A summed score of 4 or less excludes gout, 8 or more suggests gout,

between 4 and 8 suggests the need for SF analysis

Figure 1.4. Classification criteria for gout. (Adapted from Dalbeth et al., 2013)[89]. SF: synovial fluid, MTP:

metatarsophalangeal, UA: uric acid, SD: standard deviation, ACR: American College of Rheumatology.
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1.1.7. Treatment

Two different settings have to been considered when treating gout. The first is the treatment of

acute flares, which is mainly symptomatic and anti-inflammatory. But as gout is caused by the

deposition of MSU crystals, the ultimate goal is to remove these deposits in order to avoid joint

destruction and recurrence of gout flares. For this purpose, urate-lowering therapy (ULT) is

recommended to finally cure gout.

1.1.7.1. Treatment of acute arthritis gout

Although gout flares usually are self-limited, it can take more than one week until their

resolution[93], and thus attacks should be treated with pharmacologic therapy[94]. Therefore, the

aim of treatment is to rapidly relief pain and disability caused by the inflammation[95]. It is

important to initiate it as soon as possible, ideally within the first 24 hours, as it has been

associated with better outcomes[94].

I- Non-pharmacological treatment that helps to ameliorate inflammatory signs and must be

taken into account are joint rest and application of local cold[96,97]. If the patient is on ULT, this

treatment should be continued without interruption[94].

II- Pharmacological treatment includes non-steroidal anti-inflammatory drugs (NSAIDs),

colchicine and systemic or intra-articular corticosteroids (CS). The election of the treatment

should be done depending on patient comorbidities, previous response to treatments and

patient preferences. The American College of Rheumatology (ACR) Task Force Panels (TFP)

has not ranked one therapeutic class over another, recommending to start with monotherapy

in mild to moderate flares. In severe flares (defined as polyarticular flares, involvement of 1 or

2 large joints or severe pain, defined as intensity >6 in a visual analogue scale), combination

therapy with colchicine and NSAIDs, colchicine and corticoids or intra-articular corticoids

with any other treatment should be considered.

II.a) NSAIDs have an anti-inflammatory action by inhibiting cyclooxygenase (COX), an

enzyme that is responsible for prostaglandins, prostacyclin and thromboxane production[96].

Although the only NSAIDs approved by the Food and Drug Administration (FDA) for the

treatment of acute gout are indomethacin, naproxen and sulindac, there is no consensus to

recommend one specific NSAID. It is important to initiate treatment at full doses and maintain

it until the acute gouty attack has resolved[94].

II.b) Colchicine is an alkaloid derived from extracts of meadow saffron (Crocus autoimmale),

that acts through inhibition of microtubule formation and suppresses MSU crystal-induced

NLRP3 inflammasome activation[96,98]. It was approved by the FDA for treatment of gout in
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2009. ACR guidelines recommends its use when the onset of the attack is no greater than 36

hours[94]. The low-dose regimen (loading dose of 1.2 mg followed by 0.6 mg 1 hour later, 1.8

mg total) is preferred to the high-dose regimen (4.8 mg total), as is equally effective and

associated with fewer adverse effects[99]. Colchicine has hepatic metabolism and urinary

excretion and thus, especial caution is required in patients with renal or hepatic impairment.

The same applies with patients treated with drugs that are substrates for cytochrome P450 3A4

(CYP3A4) or P-glycoprotein transporters, such as cyclosporine, erythromicine, calcium-

channel antagonists ketoconazole, itraconazole and human immunodeficiency virus protease

inhibitors, as they can enhance colchicine levels, increasing the risk of toxicity[96].

II.c) Corticosteroids (CS). Intra-articular CS are an option to consider when 1 or 2 accessible

joints are affected, and in severe flares they can be followed by an oral anti-inflammatory

regimen. Systemic CS, 0.5 mg/kg/day for 5 to 10 days or 2 to 5 days followed by a taper[94], are

recommended for severe oligoarticular or polyarticular attacks, when injection is not possible

or when NSAIDs and colchicine are contraindicated[52]. And alternative regimen of

intramuscular single-dose triamcinolone acetonide (60 mg) followed by oral prednisone or

prednisolone has been suggested by the ACR-TFP. When oral administration is not possible,

patients can be treated with intravenous (IV) or intramuscular (IM) methylprednisolone, 0.5 to

2 mg/kg, repeated as needed, or subcutaneous adrenocorticotropic hormone or ACTH (25-40

UI and repeated as necessary)[94]. The later could be an alternative in patients with

contraindication to colchicine and NSAIDS and comorbidities like diabetes that limit the use of

CS[100–103].

III.d) IL-1 blocking agents. As the inflammatory cytokine interleukin-1β (IL-1β) has a central

role in the initiation of gout flares, novel therapies targeting IL-1β blockade have been

developed, as shown in Figure 1.6. Rilonacept and canakinumab have been approved for

treatment of CAPS (cryopyrin associated periodic syndromes). In gout, these treatments are

reserved for patients with contraindications or who are resistant to traditional treatments.

Rilonacept is a soluble receptor-Fc (Fragment Crystallizable region) fusion protein that inhibits

both interleukin-1α (IL-1α) and IL-1β and is administered at doses of 160 mg weekly, with a

loading dose of 320 mg. One placebo-controlled pilot study analyzed the effect of rilonacept in

treatment of patients with active gout who were contraindicated or refractory to other

treatments. Although injection site reaction was the most frequent adverse event, patients

treated with rilonacept reported an improvement in pain and severity of joint symptoms and

experienced a decrease in C-reactive protein (CRP) levels[104]. Canakinumab is a human

monoclonal anti-IL-1β antibody with a long half-life that has been approved in Europe for the

treatment of patients with acute gout who have contraindications or are refractory to

colchicine, NSAIDs and corticosteroids[105] and has showed superiority compared with
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The recommended goal is to achieve serum urate levels < 6 mg/dL, and in patients with tophi

levels < 5 mg/dL should be desirable, as the lower the serum urate levels achieved, the faster the

reduction of tophaceous deposits[39,118].

1.7.2.1.1. Education and lifestyle modifications

All patients should receive information about the disease and its treatment, especially its

objectives and adverse events. Patient education increases adherence to treatment and

encourages lifestyle modifications, not only to improve gout outcomes, but to increase quality

of life[119]. The aim of lifestyle modifications is to reduce the impact of risk factors in the

expression and severity of gout. Suggested measures are: maintain a body mass index (BMI) in

the normal range, quit smoking, practice exercise, stay well-hydrated and to follow a healthy

diet.

Regarding diet, ACR-TSF recommends avoidance of organ meats with high purine content,

high fructose corn syrup-sweetened beverages or foods, alcohol overuse and any alcohol use

during periods of frequent gout attacks or in gout under poor control. Patients with gout

should limit beef, lamb, pork, seafood with high purine content, naturally sweet fruit juices,

table sugar and sweetened beverages and desserts, table salt, and alcohol. On the other hand,

ACR guidelines encourage consumption of low-fat or non-fat dairy products as well as

vegetables[39].

Comorbidities associated with hyperuricemia and gout, such as hypertension or dyslipemia,

should be assessed and correctly managed in an attempt to an holistic care. When possible,

drugs associated with an increase of uric acid levels should be substituted by other treatments.

Accordingly, losartan and fenofibrate, because of their uricosuric effects, should be considered

in the treatment of hypertension and hypertriglyceridemia respectively. Unlike the effect of low

doses of aspirin on uric acid, discontinuation of low-dose acetylsalicylic acid when prescribed

for cardiovascular disease prophylaxis is not recommended[39].

1.7.2.1.2. Urate-lowering therapy (ULT)

Although non-pharmacological approach is recommended to improve quality of life and

optimal management of comorbidities, it is usually not enough for reaching the goal serum

urate levels[39]. According to ACR guidelines, ULT should be indicated in any patient with

established diagnosis of gouty arthritis and tophi, 2 or more attacks per year, chronic kidney

disease (CKD) stage 2 or worse or in patients with urolithiasis. Although it has been often

recommended that ULT should be started once the flare has resolved, there is no

contraindication, and current guidelines state that it can be started during an acute flare.
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However, sometimes is easier to wait until resolution and then discuss with the patient the

modality and goals of treatment[39,120]. Slow reduction of urate levels is recommended to avoid

gout flares.

Three different strategies are available as ULT: to reduce of uric acid production with the

xantine oxidase inhibitors (XOI) allopurinol or febuxostat, to increase uric acid renal excretion

with uricosuric agents such as probenecid, benzbromarone and sulfinpyrazone and finally to

convert uric acid to allantoin with pegloticase, a recombinant uricase. Allopurinol and

febuxostat are recommended as first-line therapies and uricosurics should be considered in the

setting of contraindication or intolerance of at least 1 XOI agent, especially in patients with low

uric acid excretion. During treatment, uric acid levels should be monitored 2 to 5 weeks after

each dose adjustment and twice a year once the goal target is achieved[39].

- Allopurinol, and its active metabolite oxypurinol, are purine analogues of xanthine and

hypoxanthine that competitively inhibit the enzyme xanthine oxidase. It has to be initiated at

low doses (100 mg daily if normal renal function) with a slow titration of 100 mg every 2-4

weeks until reaching the minimum dose necessary to maintain goal uric acid levels, up to the

maximum approved dose in Europe (900 mg). In patients with renal impairment, allopurinol

should be initiated at lower doses (1.5 mg per mL/min estimated glomerular filtration rate or

eGFR), increasing 50 mg every 4 weeks. The purpose of this slow titration and adjustment

based in renal function is to avoid hypersensitivity reactions, such as Stevens-Johnson

syndrome (SJS) and Toxic Epidermal Necrolysis (TEN), which although not common, are

associated with an increased mortality. This reactions occur during the first few months of

treatment initiation, being associated factors female gender, age, CKD, diuretic therapy and

HLA-B*5801 haplotype, which is common in Han Chinese, Korean and Thai populations, in

whom screening is recommended[39].

- Febuxostat is a thiazolecarboxylic acid derivative that selectively inhibits oxidized and

reduced forms of xantine oxidoreductase, being more selective than allopurinol[117]. It was

approved by the European Medicines Agency or EMA in 2008 at 80 mg or 120 mg daily[121]

after two randomized trials[122,123]. As its metabolism is mainly hepatic, is preferred in the

setting of mild or moderate renal impairment, as there is no need of dose adjustment[124], and in

patients with antecedent of allopurinol hypersensitivity reaction[117].

- Uricosuric drugs prevent uptake of uric acid at the proximal renal tubule, increasing its renal

excretion and thus, they can predispose to uric acid stone formation. That is why patients

should be well hydrated and urine alkalinisation (pH>6) should be considered[120]. According

to ACR guidelines, uricosuric treatment is recommended as an alternative first-line therapy in
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the setting of contraindication or intolerance to at least 1 XOI agent, being contraindicated in

patients with urolithiasis. Probenecid is the only uricosuric drug available in United States but

is ineffective in patients with renal impairment. Benzbromarone is a powerful uricosuric drug,

especially in patients with decreased urinary uric acid excretion, and may be used in patients

with mild-to-moderate renal insufficiency, but monitoring hepatic function[95,125].

- The recombinant uricase pegloticase is recommended only in cases of severe gout and

refractoriness or intolerance of other ULT treatments. It is intravenously administered, at

doses of 8 mg biweekly, with no maximum duration of treatment yet defined. The formation of

antibodies against this drug is associated with infusion reactions and loss of urate-lowering

responsiveness[126]. Thus, discontinuation of pegloticase is recommended if pre-infusion urate

levels exceed 6 mg/dl on two successive occasions[117].

Duration of ULT treatment depends on achievement of target serum uric acid levels and tophi

dissolution, and should be continued for the greater of: 6 months of duration or 3 months after

achieving the target serum uric acid in patients without tophi or 6 months after achieving the

target serum uric acid levels when tophi have already dissolved[94].

1.7.2.1.3. Prophylaxis of attacks of acute gout during ULT therapy

Anti-inflammatory prophylaxis should be started with ULT, as the decrease of uric acid levels

caused by this treatment has been associated with a higher risk of gout attacks. First-line

therapy agents are colchicine (0.5 or 0.6 mg orally once or twice a day with dose adjustment if

renal impairment), or low-dose NSAIDs (such as 250 mg Naproxen orally twice a day). In

patients intolerant or contraindicated to previous treatments, low doses of prednisone or

prednisolone (<10 mg/day) can be considered. Blocking IL-1β with rilonacept and

canakinumab has demonstrated its effectiveness in the prophylaxis of gout flares associated

with ULT[127–130].

1.2. Gout as an autoinflammatory disease

1.2.1. Autoinflammatory diseases

The concept of autoinflammatory diseases appeared in 1999(126) to include those entities that

are characterized by recurrent episodes of unexplained inflammation in which, unlike

autoimmune diseases, there is no association with autoantibodies, antigen-specific T cells or

Major Histocompatibility Complex (MHC) class II haplotypes[132]. A common feature of

autoimmune and autoinflammatory diseases is self-directed inflammation, but its origin

differs. In autoimmune diseases the adaptive immune system has a central role, with aberrant
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Monogenic autoinflammatory diseases or hereditary periodic fever syndromes, as their name

suggests, are hereditary and have a known genetic basis. These comprise CAPS or cryopyrin-

associated periodic syndromes (including familial cold autoinflammatory syndrome or FCAS,

Muckle-Wells syndrome or MW and neonatal-onset multisystem inflammatory disease or

NOMID, also known as chronic infantile neurologic, cutaneous, articular syndrome or

CINCA), familial Mediterranean fever (FMF), hyperimmunoglogulin-D with periodic fever

syndrome (HIDS), TNF receptor-associated periodic syndrome (TRAPS), pyogenic arthritis

with pyoderma gangrenosum and acne syndrome (PAPA) and paediatric granulomatous

arthritis that includes Blau syndrome and early onset sarcoidosis[135]. Nevertheless,

autoinflammation is involved in a wide spectrum of complex genetic diseases such as Crohn's

disease, psoriasis, hereditary angioedema, Still's disease or in storage diseases (such as

Gaucher's disease)[134].

Gout was considered from the beginning a possible autoinflammatory disease[132] because its

recurrent nature, self-limiting course, involvement of innate immune cells, such as monocytes,

macrophages and neutrophils, and the presence of IL-1β during inflammatory episodes[136].

1.2.2. The innate immune system

The innate immune system is our first line of defence against pathogens and other foreign

molecules[137]. Contrary to the adaptive immune system, in which lymphocytes express specific

receptors generated by a unique genomic recombination in each lymphocyte, cells of the innate

immune system recognise a wide range of pathogens through a limited number of germline-

encoded receptors. These are termed pattern-recognition receptors (PRR), and are mainly

expressed in macrophages, DCs, neutrophils and epithelial cells[138]. PRRs recognise structures

shared by many pathogens that are necessary for their viability and less prone to modifications,

known as pathogen-associated molecular patterns (PAMPs). Examples of PAMPS are the cell

wall components peptidoglycan (PGN) and lipopolysaccharide (LPS). Additionally, innate

immune system can be activated by endogenous danger-associated molecular patterns

(DAMPs) such as double-stranded ribonucleic acid (dsRNA) or ATP. All these danger signals

are recognised by PRRs located in the cytoplasm, cell membrane or secreted. Based on their

structure and location, 3 major groups of PRRs can be distinguish: Toll-like receptors (TLRs)

in cell surface and vesicles, and NOD-like receptors (NLRs) and RIG-like receptors (RLRs)

surveying the cytoplasm[139].

- TLRs are type I transmembrane receptors characterized by an extracellular leucine-rich

repeat (LRR) domain and an intracellular Toll/IL-1 receptor (TIR) domain. This TIR domain is

also present in the cytoplasmic portions of the members of IL-1R family IL-1R or IL-18R. As
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membrane proteins, TLRs survey extracellular fluids and endosomal compartments and their

stimulation activates signalling cascades such as NF-κβ (nuclear factor kappa-light-chain-

enhancer of activated B cells) or type I interferon synthesis[140,141].

- RIG-1 (Retinoic acid-Inducible gene 1) and MDA5 (Melanoma Differentiation-associated

protein 5) belong to the RLRs (or RLHs from RIG-like helicases) family and are viral sensors

that upon stimulation by dsRNA, activate NF-κβ and IRF3/7 (Interferon Regulatory Factors 3

and 7) pathways, resulting in type I interferon transcription[139]. Considered by some authors as

a third member of these RLR family, RIG-I-like receptor 3 (RLR-3 also known as LGP2 from

Laboratory of Genetics and Physiology 2) contains a RNA binding domain but lacks the CARD

domain and thus acts as a negative feedback regulator of RIG-I and MDA-5.

- NLR, which have high structural and functional homology to resistance genes (R-genes) in

plants, are characterized by three structural domains: a C-terminal region with series of LRRs,

a central nucleotide domain NACHT and an N-terminal effector domain. The LRR domain has

been implicated in sensing, probably because of the homology with TLR receptors. The

NACHT domain [NAIP (neuronal apoptosis inhibitory protein), CIITA (MHC class II

transcription activator), HET-E (incompatibility locus protein from Podospora anserina) and

TP1 (telomerase-associated protein)] is essential for oligomerization and activation, forming

high molecular weight complexes. Finally, the effector domain can be a pyrin domain (PYD), a

caspase recruitment domain (CARD) or a baculovirus inhibitor repeat (BIR) domain, which

interacts with accessory proteins. NLRs are divided into subfamilies based in their molecular

structure (Figure 1.8). NALPs (NACHT Leucine rich repeats and Pyrin domains-containing

proteins) are the largest subfamily with 14 genes identified in humans. All but NALP1 have a

N-terminal PYD domain. The IPAF and NAIP groups contain a N-terminal CARD and BIR

respectively, and are involved in the formation of inflammasomes. The third class includes the

remaining CARD-containing NLRs such as NODs (nucleotide-binding oligomerization

domain): NOD1, NOD2, NOD3, NOD4, NOD5/NLRX1 and CIITA (class II MHC

transactivator)[139].
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Several danger signals are responsible of NLRP3 inflammasome activation (Figure 1.9): ATP,

RNA or dsDNA, particles such as silica, asbestos and alum and pore-forming toxins such as

nigericin[147–153]. Mechanisms involved in inflammasome activation are not fully understood

but it is possible that several activators share the same pathways and that, for one single

activator, several pathways could converge to inflammasome activation. The first mechanism

described was K+ efflux[154], as spontaneous assembly and activation of the inflammasome

occurs at K+ concentrations below 90 mM and its activation is prevented with higher

concentrations. Physiological intracellular concentrations of K+ inhibit the inflammasome

assembly and the efflux of K+ to the extracellular compartment triggers its activation[155].

Nigericin, maiototoxin and ATP, the later though its P2X7 receptor, share this mechanism and

the requirement of pannexin-1, that seems to be involved in membrane permeabilization[156]. A

second theory proposed for particulate molecules suggests that the process of phagocytosis or

frustrated phagocytosis could activate the inflammasome by non-well known mechanisms,

being supported by the fact that inhibition of cytoskeletal filament generation with

cytochalasin D or colchicine inhibits IL-1β activation[98,149]. A third mechanism involves

phagosomal destabilization by these particles and the release of cathepsin proteases to the

cytosol[149]. Reactive Oxygen Species (ROS) production is shared by many inflammasome

activators such as ATP, nigericine, silica or asbestos, but contradictory results exist about its

role in inflammasome activation. Although in the absence of ROS production caspase-1

activation is impaired, patients with chronic granulomatous disease and impaired ROS

production show normal NLRP3 activation[157]. Other redox-related factors involved in

inflammasome activation are the thioredoxin-interactin protein (TXNIP) and oxidised

mitochondrial DNA. Antioxidants have also been proposed as inflammasome activators, and

these contradictory results could be explained by the balance between oxidants and

antioxidants, as a oxidative insult is followed by a rapid antioxidant response[158]. How

inflammasome sense all these signals remains unknown, but it has been suggested that, as the

TLRs, the LRR domain of NLRs could be involved[159].

Various proteins interfere with inflammasome assembly and activation, acting like

inflammasome regulators. PYD-containing regulators are believed to interfere with the

interaction between NLRPs and ASC and include pyrin, POP1, POP2 and viral PYDs.

Mutations in the pyrin protein are associated with the hereditary autoinflammatory syndrome

familial Mediterranean fever[160]. It is suggested that wild-type pyrin blocks ASC and mutations

result in a lack of its suppressive effect. CARD-containing regulators presumably interfere the

activation of the caspase-1 by the adaptor protein ASC, and include iceberg, INCA, COP and

caspase-12[139].
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1.2.4. Interleukin-1β

The Interleukin-1 family comprises 11 members that probably arose from the duplication of a

common ancestral gene: IL-1α, IL-1β, IL-1 receptor antagonist (IL-1Ra), IL-18, IL-33 and IL-

1F (from F5 to F10). All genes encoding IL-1 family members, except IL-18 and IL-33, are

located in chromosome 2[133].

IL-1α and IL-1β exert their activities binding to the same IL-1 receptor type I (IL-1RI),

expressed at the surface of a wide variety of cell types. IL-1RI contains three extracellular

immunoglobulin-like (Ig-like) domains and an intracellular Toll-like/IL-1R (TIR) domain,

that is also present in the structure of TLRs. Binding of this cytokines to their receptor induces

the recruitment of IL-1R accessory protein (IL-1RAcP) and this complex recruits the

intracellular adaptors myeloid differentiation factor 88 (MyD88), IL-1R-associated kinases

(IRAK) and TNF receptor-associated factor 6 (TRAF6) to activate the NF-κβ, p38,

extracellular signal-regulated kinases (ERKs), c-Jun N-terminal kinases (JNKs) and mitogen-

activated protein kinases (MAPKs) pathways[162].

Both cytokines are synthesized as 31 KDa precursor peptides (pro-IL-1α and pro-IL-1β) that

can be cleaved to generate a 17 KDa mature form. Calpain, a calcium-activated cystein protease

associated with the plasma membrane, cleaves the IL-1αprecursor into a mature molecule, but

this process scarcely occurs as is not required for its biological activity. Conversely, IL-1β needs

to be cleaved by caspase-1 to exert its activity, a process that involves the assembly and

activation of the inflammasome. Generation of active IL-1β is tightly regulated, being

necessary two signals. The first one is generated by activation of TLR or IL-1R by their ligands,

and is responsible of the transcription and translation of the inactive protein. The second signal

activates the inflammasome, which in turn, activates caspase-1 to cleave pro-IL-1β to mature

IL-1β. Pro-IL-1β can also be cleaved in the extracellular media by different proteases, such as

the neutrophil proteases proteinase 3 or elastase, in a caspase-1 independent process[163].

However, synthesis and release of IL-1β depends on the type of cell and the in vitro stimulation

protocol used: monocytes have constitutively activated caspase-1 and thus they can secrete IL-

1β by only the first signal (through TLR receptors in response to LPS). On the other hand,

THP-1 cells and macrophages need the two stimuli for IL-1β release. According to Netea et al.,

this could be explained as monocytes circulate in the blood, that is a pathogen-free

environment, and must respond promptly to any danger signal, whereas resident macrophages

are more exposed to microbial signals and the requirement of two signals could prevent for

excessive activation[164].
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Secretion of IL-1α and IL-1β is independent of the endoplasmic reticulum and Golgi

apparatus, as both lack signal peptides. Mechanisms proposed for their secretion are exocytosis

of secretory lysosomes, shedding of plasma membrane microvesicles and direct release via

transporters or multivesicular bodies containing exosomes, and it seems to be activated after an

intracellular increase of calcium[133].

As IL-1α and IL-1β share the same receptor they have identical biological activities. In some of

these actions IL-1 cytokines have a direct effect, whereas in others they act in an indirect

manner through the induction of downstream cytokines and other mediators, such as

prostaglandin E2 and NO. Both cytokines induce the expression of adhesion molecules on

endothelial cells and the release of chemokines, promoting the recruitment of inflammatory

cells at the site of inflammation. Acting on bone marrow stem cells, they promote

differentiation of myeloid series of progenitor cells. They also induce hypotension, fever,

neutrophilia, thrombocytosis and the production of acute-phase proteins. In the

musculoskeletal system, IL-1α and IL-1β stimulate the production of metalloproteinases,

inhibit proteoglycans and type II collagen synthesis and stimulate the maturation of

osteoclasts, resulting in a negative effect on articular cartilage and bone. Both have co-

stimulatory T cell functions, contributing to Th2 polarization, and an important role in Th17

responses[133,165].

However, these cytokines differ in some aspects. Interleukin-1α is produced by diverse types of

cells that contain constitutive levels, acting locally as an autocrine growth factor. It is rarely

found in the circulation or in body fluids, except when is released from dying cells. The

precursor of IL-1α plays a role in inflammation and can be found in the membrane of

monocytes and B-lymphocytes. The pro-domain of this cytokine has a nuclear localization

sequence that can influence gene expression and cell survival. On the other hand, IL-1β is

produced mainly by macrophages and monocytes, but not in the steady state, and once

secreted circulates systemically. Another differential fact is that their genes are differentially

regulated along development and in response to the environment, giving to each cytokine a

different contribution[133,162,165].

IL-1 Receptor antagonist (IL-1Ra) is a natural competitive inhibitor for the binding of IL-1 to

IL-1RI. The importance of this molecule in controlling IL-1β effects is provided by the

observation of the effects of its depletion. Knockout mice lacking IL-1Ra exhibit excessive

inflammatory responses and develop chronic inflammatory polyarthropathy resembling

rheumatoid arthritis[166]. DIRA (Deficiency of Interleukin-1 Receptor Antagonist) syndrome,

caused by autosomal recessive loss of function mutations in IL1RN gene which encodes IL-

1Ra, is characterized by early-onset pustular dermatitis and multifocal osteomyelitis and
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periostitis, with marked elevations of acute phase reactants and responds to the administration

of the recombinant IL-1Ra anakinra[167].

Other regulators of Il-1β activity are IL-1RII, SIGGIR, sIL-1RAcP and IL-1RAcPb. IL-1RII is a

decoy IL-1R that lack TIR domain. SIGIRR (Single Ig IL-1-related receptor) has a TIR domain

that inhibits the activation of downstream pathways such as NF-κβ. The soluble protein sIL-

1RAcP is a splice variant of IL-1RAcP that inactivates the complex IL-1-IL-1RI and enhances

the binding affinity of IL-1α and IL-1β to the decoy receptor IL-1RII. IL-1RAcPb is expressed

in the central nervous system and forms a complex with IL-1RI but does not lead to the

recruitment of MyD88 and IRAKs[165].

1.2.5. Uric acid as a danger signal

Historically, it has been considered that the immune system is responsible to differentiate

between self and nonself, generating an immune response in the latter case[168]. This theory of

self-nonself has been questioned because does not explain some situations such as tolerance to

the fetus during pregnancy or the failure to reject tumours containing cells with mutations that

should be considered as foreign. The danger theory proposed by Dr. Polly Matzinger, tried to

give explanation to these situations, suggesting that the immune system is activated in the

presence of danger signals rather than foreignness[169]. Damaged cells contain in their

cytoplasm signals that activate Antigen Presenting Cells (APCs). This activation, together with

processing and presentation of the antigen, allows APCs to activate in turn lymphocytes and

initiate an adaptive immune response. This theory explains the role of adjuvants, like alum,

that are necessary for immunization to an antigen.

In 2003, Shy et al. identified uric acid as the component responsible for the adjuvant effect of

necrotic cells, inducing activation of DCs and priming of CD8+ T-cell responses when co-

injected with an antigen. Once injured, cells degrade their RNA and DNA and purines are

converted to uric acid that finally crystallizes into MSU crystals, its biological active form,

acting like an endogenous danger signal[170].

1.2.6. MSU crystals activate the NLRP3 inflammasome

Once MSU crystals were considered DAMPs, and as inflammasomes are activated by these

signals, Martinon et al. had the hypothesis that these crystals could activate the inflammasome.

In 2006, they demonstrated that MSU crystals activate the NLRP3 inflammasome, resulting in

IL-1β production[98]. In their mice peritoneal model, the inflammasome was necessary for the

induction of an inflammatory response. Their results confirmed the participation of the innate

immune system and the central role of the inflammatory cytokine IL-1β in gout, linking the
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role of uric acid as a danger signal with the concept of gout as an autoinflammatory disease.

Subsequently, the effectiveness of IL-1β blocking treatments in patients with gouty arthritis has

reaffirmed the consideration of gout as autoinflammatory disease[171].

How MSU crystals activate the inflammasome is not fully understood. The presence of the

membrane protein CD14 seems to be required[172], suggesting that MSU crystals could bind this

receptor, whereas the role of associated TLRs, namely TLR2 and TLR4, is controversial. What

it seems clear is that IL-1R and MyD88, possibly as an adaptor of IL-1R, in non-hematopoietic

cells are necessary for the amplification of the IL-1β response and the inflammatory reaction in

vivo[173–175]. Apart from CD14 and TLR recognition, frustrated phagocytosis, disruption of

lysosomes[149], ATP[176] and ROS production have been proposed as mechanisms by which

MSU crystals could activate the NLRP3 inflammasome. One interesting model was proposed

by Schorn et al. in 2011 that links K+ efflux with crystal phagocytosis: in this model, monocytes

phagocyte MSU crystals in endocytic vesicles that then fuse with acidic lysosomes, leading to a

drop in the pH. The acidic conditions convert MSU crystals in uric acid crystals, with the

release of sodium into the cytoplasm. This sodium overload causes hyperosmolarity of the

cytoplasm and is followed by the water influx through aquaporines, resulting in cell swelling

and a drop in K+ intracellular levels that activates NLRP3 inflammasome[177].

1.3. Role of the mononuclear phagocyte system in gout

1.3.1. The mononuclear phagocyte system

The mononuclear phagocyte system represents a population of bone marrow-derived myeloid

cells that are distributed via the blood stream as monocytes to all tissues. Once there,

monocytes undergo maturation and adapt to the local environment, giving rise to various cell

types such as macrophages, myeloid-derived DCs and osteoclasts[178,179].

With a half life of 1-2 days, monocytes circulate in the bloodstream, bone marrow and spleen

and then migrate into tissues[180]. They are effector cells that uptake cells and toxic molecules,

produce inflammatory cytokines and express chemokine and adhesion receptors that mediate

migration from blood to tissue during an infectious or inflammatory process[178].

Macrophages are resident phagocytic cells in lymphoid and non-lymphoid tissues. Although in

the initial definition of the mononuclear phagocyte system van Furth et al. stated that

macrophages originate from blood monocytes[181,182], actual evidence suggests that some

populations such as Langerhans cells, microglia, splenic red pulp, alveolar and peritoneal

macrophages have a prenatal origin and do not depend on monocytes for they renewal in
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steady-state conditions. Moreover, some tissue resident populations can proliferate and

contribute to their self-renewal[183,184]. Macrophage phenotype is modulated by the tissue

environment, giving rise to different populations of resident macrophages in the steady state

such as Kupffer cells in the liver, lung alveolar macrophages, microglia, skin Langerhans cells

and osteoclasts. The great plasticity of macrophages is confirmed by the variety of functions

performed, such as maintenance of tissue homeostasis with removal of aged blood cells,

necrotic tissues and toxic molecules, wound healing and angiogenesis, metabolic functions

regulating adipocyte function, insulin-sensitivity and glucose tolerance, initiation of innate

immune responses and activation of adaptive immune system[185].

1.3.2. The concept of macrophage polarization

Macrophages are characterized by their plasticity as the environment modulates their

phenotype exerting inflammatory or anti- inflammatory functions depending on their

activation or polarization state. These polarization states differ in receptor expression,

chemokine production and effector functions (Figure 1.10).

Early studies on macrophage function showed that these cells can be activated to increase their

antimicrobial activity[186]. When exposed to microbial products and IFN-�produced by Th1

lymphocytes and NK cells, macrophages increase their ability to kill intracellular pathogens, as

a result of what is known "classical activation"[187–189]. On the other hand, in 1982 Gordon et al.

observed that IL-4 produced by Th2 cells had the opposite effect on macrophages, an

"alternative activation"[190]. Mirroring Th1/Th2 nomenclature, classical and alternatively

activated macrophages are commonly termed M1 and M2 macrophages respectively, as they

represent extremes of a spectrum of possible forms of polarization.

Recent complex transcriptomic analysis has revealed that the distinction of only two subtypes

of polarized macrophages is probably too simplistic and it is better to consider the concept of

an spectrum of polarization states, with the typical IFN-�and IL-4 exposed macrophages as

opposite ends, but with intermediate phenotypes that result from different stimulations [191].

1.3.2.1. M1 macrophages

Classical activation requires two signals: (1) IFN-�, which primes macrophages for activation

and (2) exogenous TNF-αor an inducer of TNF-α, such as LPS, that through activation of TLR

induces endogenous production of TNF[192]. M1 macrophages develop 3 main functions:

specialization in killing intracellular pathogens, induction of type I immune responses and

development and expansion of Th17 cells[193–195]. They produce inflammatory cytokines such as

IL-1β, IL-6, TNF-α, IL-12 and IL-23, up-regulating CD86, IL-1RI, IL-1RAcP, HLA-II, and
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increasing their antigen presenting functions and opsonic receptors such as CD16. Their

arginine metabolism is characterized by high levels of Nitric Oxide Synthase (iNOS) that

produces NO from arginine[192,193,196]. Chemokines produced by M1 macrophages are related to

IFN-�and Th1 responses, such as interferon gamma-induced protein 10 (IP-10 or CXCL10) or

monokine induced by�interferon (MIG or CXCL9)[196].

1.3.2.2. M2 macrophages

These cells have anti-inflammatory or suppressive functions, scavenge debris and promote

angiogenesis, tissue remodelling and wound healing. Unlike M1, M2 macrophages up-regulate

non-opsonic receptors, such as CD163 and the mannose receptor (MR), increasing their

endocytic capacity. They express the decoy receptor IL-1RII and IL-1Ra and secrete the

chemokines CXCR1, CXCR2, CCL17, CCL18, CCL22, and CCL24 that attract Th2 and

regulatory cells. Regarding arginine metabolism, in M2 macrophages arginase is induced,

which metabolizes arginine to urea and ornithine, a precursor of polyamines and proline.

Polyamines are involved in growth and cell division whereas proline is a key component of

collagen. Additionally, M2 macrophages have compromised the ability to kill intracellular

microbes, as they fail to produce NO[192,193,196,197].

Although alternative activation was originally described after culture with IL-4, other stimuli

such as the presence of IL-13, IL-10, TGF-β, IgG-IC (immune-complexes), vitamin D3, M-CSF

and the uptake of apoptotic cells lead to activation of macrophages with similar phenotypes.

They have in common the production of the anti-inflammatory cytokine IL-10 but not IL-12

and the involvement in type II responses, immune regulation and tissue remodelling.

Therefore, these different conditions have been put together under the concept M2 or

alternatively activated macrophages, as opposite to classical activation. However, macrophages

polarized with these different stimuli differ in their patterns of gene expression, showing

specialized functions[189,193,196]. Activation with IL-4 or IL-13, that share a common receptor

chain and have similar effects on macrophages, results in M2a macrophages specialized in Th2

responses, type II inflammation, allergy and killing and encapsulation of parasites. Type II

activated or M2b macrophages are the result of the combined exposure to IgG-IC and TLR or

IL-1R ligands and they need two signals for their activation: one is the ligation to Fc�Rs and the

second involves TLR, CD40 or CD44[192]. These macrophages generate great amounts of IL-10

although they produce also the inflammatory cytokines TNF-α, IL-1β and IL-6. Globally, M2b

induce Th2 activation, showing anti-inflammatory functions and preventing acute pathologies

such as LPS endotoxemia by avoiding the induction of arginase. In the presence of IL-10, M2c

macrophages exhibit a deactivated phenotype characterized by the production of IL-10 and

TGF-β and they are involved in immune regulation, matrix deposition and tissue remodelling.
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macrophages express higher levels of CD11b. The scavenger receptor CD163 is only present in

M-CSF macrophages and helps to differentiate both subtypes. The surface antigen repertoire of

macrophages polarized with M-CSF mimic the phenotype of IL-10 M2 macrophages[202].

Accordingly with their inflammatory and anti-inflammatory functions, GM-CSF macrophages

are characterized by production of inflammatory cytokines and up-regulation of inflammatory

genes such as TNF-α, whereas M-CSF macrophages up-regulate the expression of the anti-

inflammatory cytokine IL-10[203]. As M-CSF is an homeostatic growth factor circulating in

normal blood, some authors consider that macrophages polarized with M-CSF, instead of

being activated, could represent the steady state resident macrophages in tissues[197,199,204].

1.3.3.1. M-CSF biology and functions

M-CSF, also known as colony stimulating factor-1 (CSF-1), regulates the survival, proliferation

and differentiation of monocyte lineage cells like tissue macrophages, DCs, osteoclasts and

microglia[205]. It is found in the circulation at detectable levels in the steady state, being

constitutively produced in vitro by several cell types such as fibroblasts, endothelial cells,

stromal cells, macrophages, smooth muscle cells and osteoblasts[199]. This protein is a disulfide-

linked dimer, with each monomer consisting of 4 alpha-helical bundles and 1 anti-parallel

beta-sheet. Full length human M-CSF protein has 522 amino acids (aa), and of them, the 150

N-terminal aa represent the minimal sequence required for full in vitro biological activity,

whereas the remaining 372 aa determine how this biologically active region is expressed in

cells. Three major M-CSF isoforms (a secreted glycoprotein, a cell-surface protein and a

proteoglycan)[199] result from alternative splicing in exon 6 and alternative usages of the 3'-

untranslated regions of exons 9 and 10. The mRNA containing the full length of exon 6

encodes a protein initially glycosylated in the endoplasmic reticulum and afterwards, in the

Golgi, N-glycosil units and O-linked sugars (like condroitin sulphate) are added. These

glycosylated precursors are then incorporated in secretory vesicles where, depending on

whether the peptide chain is cleaved N-terminally or C-terminally, the glycoprotein or the

proteoglycan forms will be released respectively. The condroitin sulphate chains favour the

location of the protein in extracellular matrices. On the other hand, the shorter precursor, that

lack the proteolytic cleavage sites in exon 6, is not cleaved in the secretory vesicle and is

expressed as a membrane-spanning glycoprotein, having a local action in cell-cell

interactions[205].

M-CSF receptor (CSF1R), encoded by the FMS proto-oncogen[206], is an homodimeric type III

receptor tyrosine kinase with 5 extracellular Ig-like domains, a transmembrane domain and an

intracellular interrupted Src-related tyrosine kinase domain that possesses intrinsic tyrosine

kinase activity being able to initiate several signalling cascades once activated. It is expressed in
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mononuclear phagocytes and cells of the female reproductive tract[205]. Once activated by M-

CSF, the complex is internalized and degraded in lysosomes to prevent ongoing signalling[205].

Of note, IL-34 is also a ligand for the M-CSF receptor and explains the more severe phenotype

of the M-CSF receptor knockout mice compared to the M-CSF deficient mice. Thus, IL-34

have to be taken into account when analyzing the effects of M-CSF blockade[204].

In vitro, M-CSF acts on cells of macrophage lineage, increasing their survival and proliferation.

M-CSF is required in vivo for the maintenance of tissue macrophage populations in the steady

state and could play a role in tissue homeostasis following injury or inflammatory damage, e.g.

with the clearance of injured tissue by phagocytosis. Moreover, M-CSF may promote resistance

to inflammatory signals in resident macrophages[204]. Acting at later stages of macrophage

development, M-CSF regulates macrophage numbers in the steady state and during

inflammation, probably through an effect in more mature peripheral monocytes, decreasing

their migration to tissues, more than an effect on bone-marrow cells[207]. The importance of M-

CSF in vivo for the maintenance of tissue macrophage populations has been demonstrated by

the phenotype of the osteopetrotic Csf1op/Csf1op mutant mice, that lacks M-CSF due to an

inactivating mutation. This mice exhibit a severe deficiency in mononuclear phagocytes,

skeletal abnormalities characterized by osteopetrosis (due to the absence of osteoclasts),

absence of teeth, decreased sensory processing, low body weight, defects in male and female

fertility and short life span[208]. Partial restoration of macrophage population after systemic

administration of recombinant human M-CSF (rhM-CSF), compared with the complete

restoration with the transgenic expression of the full-length CSF-1 gene demonstrate that local

M-CSF is required to restore tissue macrophages in muscle, tendon, periosteum, synovial

membrane, adrenals, digestive tract, dermis, bladder, bone-marrow and salivary glands[209,210].

However, some tissue macrophages may develop independently of M-CSF and are present in

the osteopetrotic mice, such as macrophages from lymphoid tissues and Langerhans cells of the

skin, and this could explain that these mice are not immunologically compromised[205].

M-CSF has been associated with deleterious effects in arthritis, nephritis, lung fibrosis,

atherosclerosis, obesity, cutaneous lupus erythematosus (CLE), inflammatory bowel disease

and cancer metastasis and consequently, clinical trials targeting M-CSF in rheumatoid

arthritis, cancer and CLE are ongoing[204]. M-CSF is produced constitutively by synovial

fibroblasts from rheumatoid arthritis and osteoarthritis patients and, in collaboration with

RANK-L (receptor activator of nuclear factor kappa B ligand), contributes to the

differentiation of synovial macrophages into osteoclasts, which are involved in bone

destruction in rheumatoid arthritis[211]. In the model of collagen-induced arthritis,

osteopetrotic mice are protected from the development of arthritis and M-CSF blockade

decreases its incidence and disease severity whereas administration of M-CSF exacerbates
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disease[212–214]. In the model of arthritis induced by methylated bovine serum albumin (mBSA),

osteopetrotic mice did not developed arthritis but M-CSF blockade was not effective in normal

mice[215]. In cancer, M-CSF has a dual role, as membrane-spanning M-CSF elicits anti-tumoral

activity on macrophages in gliobastoma, glioma, hepatocellular carcinoma and breast cancer,

whereas the secreted form promotes cell growth and tumour invasion. Similarly, anti-

atherogenic effects of M-CSF are mediated by its circulating isoform and pro-atherogenic

effects by local cell-surface protein[211]. M-CSF has a deleterious effect in lung fibrosis and lupus

nephritis, as deficient mice have reduced renal injury after ureter obstruction or in mice model

of lupus nephritis[216–218]. On the other hand, this growth factor has a therapeutic benefit in

models of Alzheimer's disease, kidney repair, chronic graft-versus-host disease and gastric

ulcer healing[204].

1.3.3.2. GM-CSF biology and functions

GM-CSF is a glycosylated secreted protein that consists of a single polypeptide secreted chain.

Its receptor (CSF2R) is a heterodimer composed of a ligand-binding subunit (CSF2Rα) and a

signal-transduction subunit (CSF2Rβ) that is common with the receptor for IL-3 and IL-5.

Mice with inactivated β-subunit exhibit the similar phenotype than the GM-CSF-/- mouse,

whereas the specificity of functionality depends on different α-chains. Unlike what happens

with M-CSF, no circulating levels of GM-CSF are detected in the blood stream in the absence

of inflammation. Besides its role in generating colonies of granulocytes and macrophages in

vitro, GM-CSF is involved in emergency haematopoiesis in response to infection and in

maintenance, survival and activation of granulocytes and macrophages at sites of injury or

insult. GM-CSF acts on monocytes, macrophages, neutrophils, eosinophils and basophils. In

vitro, it is involved in survival, proliferation and activation of macrophages and granulocytes

and it is used for the generation of monocyte-derived DCs. Macrophages activated with GM-

CSF produce IL-23, IL-1 and IL-6 that drive differentiation of Th17 and Th1 cells, that in turn

produce GM-CSF[199,204,219]. Data from GM-CSF deficient mice have showed that in vivo this

growth factor is required for the maturation of alveolar macrophages and invariant NK-T cells.

Deficient mice exhibit pulmonary defects that resemble the human disorder alveolar

proteinosis[220]. Its systemic administration mobilizes myeloid cells from bone-marrow to blood

and primes monocytes for a increased response in vitro to LPS[199].

Its blockade has benefits in arthritis[215,221,222], encephalitis[223], Alzheimer's disease[224],

myocardial infarction[225] and peripheral insulin resistance[226]. In the lung, ameliorates asthma,

chronic obstructive pulmonary disease and lung inflammation[227,228]. Conflicting results have

been reported in atherosclerosis, as administration of GM-CSF exacerbates disease and

inversely its deficiency aggravates disease progression[229,230]. In cancer its administration has a
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beneficial role, and it is clinically used to increase neutrophil numbers after chemotherapy and

in mobilization of myeloid stem cells in transplantation. However, endogenous GM-CSF has

been linked to the presence of myeloid suppressor cells that promote tumour growth[231,232].

On the other hand, GM-CSF administration has benefits in myasthenia gravis[233], wound

healing[234], brain injury, with a neuroprotective role restoring cerebral blood supply[235], and

vascular injury by promoting mobilization of endothelial cells and neovascularisation[236]. GM-

CSF seems to have a protective role in intestinal immune responses and it has adjuvant

properties[204].

1.3.4. Monocyte subpopulations

Monocytes, in addition to being the origin of tissue macrophages, have multiple functions in

the organism such as the defence from pathogenic microorganisms, anti-tumoral effects and

participate in tissue homeostasis and repair. In accordance with these multiple functions,

different monocyte subpopulations have been described according to their activity and the

expression of cell surface antigens CD14 (LPS co-receptor) and CD16 (FcgRIIIa) (Figure 1.11):

classical monocytes CD14++CD16-, intermediate CD14++CD16+ and non-classical

CD14+CD16++. They represent the 85%, 5% and 7% from total blood monocytes

respectively[237,238]. Classical and intermediate monocytes are the human homologs of

"inflammatory" Ly-6Chigh/Gr1+ monocytes, whereas non-classical human monocytes resemble

Ly-6Clow/Gr1- murine monocytes[239].

Both classical and intermediate monocytes exhibit an enhanced capacity for phagocytosis and

inflammation, produce moderate amounts of the anti-inflammatory cytokine IL-10, but they

differ in the repertoire of other secreted cytokines. Classical monocytes produce high levels of

ROS, mRNA for myeoloperoxidase and lysozyme and, in the presence of the TLR4 agonist

LPS, produce IL-6, IL-8, CCL2 and CCL3. Intermediate monocytes do not produce ROS,

express low levels of myeloperoxidase and lysozyme and secrete IL-1β, IL-1α and TNF-α after

TLR2 and TLR4 stimulation. The intermediate population exhibits higher presenting activity

and higher pro-angiogenic capacity. Non-classical or CD14+CD16++ monocytes patrol the

endothelium looking for danger signals and have anti-inflammatory and repair functions. They

are less phagocytic, do not produce ROS, express little mRNA for myeoloperoxidase and

lysozyme, CCR1, CCR2, CCR5, IL-17RA, apolipoprotein B48 and CD36, but high amounts of

IL-10 receptor and IL-1Ra. In response to viruses, that bind TLR7 and TLR8 receptors,

produce high amounts of the inflammatory cytokines IL-1β, TNF-αand CCL3[239,240].

In addition to CD14 and CD16, Shantsila et al. used the expression of CCR2 to discriminate

between CD16+ monocytes, and proposed the existence of three populations: CD14+CD16-
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disease has led to hypothesise that this subset could be involve in the greater cardiovascular

risk of these patients [254].

1.3.5. Role of monocytes and macrophages in the initiation of gouty arthritis

flares

The mononuclear phagocyte system in synovial tissue is represented by type A synoviocytes

and macrophages in subintima and synovial fluid. The normal synovium comprises a

continuum layer of cells, or intima, and the underlying tissue, or subintima. The intimal layer

is one to two cell thick and is composed by type A (macrophage like cells) and type B

synoviocytes (fibroblasts like cells)[255]. Staining of mice synovial membrane with the

macrophage marker F4/80 shows that 40-50% of synovial lining cells correspond to

macrophages[256]. On the other hand, subintima layer is relatively acellular and contains blood

vessels, fat cells, fibroblasts, lymphocytes and macrophages. Synovial macrophages express

nonspecific esterase activity, CD163 and CD68 and, to a lesser extent, CD14. Intimal

macrophages also express the immunoglobulin receptor Fc�RIIIa, while subintimal

macrophages usually express low levels[257]. Synovial macrophages derive from blood

monocytes that migrate to the synovium through subintimal venules[258].

Joint resident macrophages are in direct contact with MSU intraarticular deposits and have

been involved in the initiation of the inflammatory response to MSU crystals; time course

studies from Harper's group in the mice peritonitis model provide evidence of that concept[259].

They observed that, whereas infiltration of the peritoneal cavity with monocytes and

neutrophils started after 4 hours of MSU injection, peaking at 16 hours, inflammatory

cytokines (IL6, IL-1 and TNF- ) were detectable in the peritoneal lavage in the first 2 hours

and peaked at 4 hours. Moreover, monocytes and neutrophils isolated at 4 hour time point

failed to produce IL-6 in response to MSU. All these facts suggested that these infiltrating cells

could not be the origin of the inflammatory response and that resident macrophages could be

the source of these cytokines. When analyzing this cell population, they observed the

disappearance of the population of resident macrophages after MSU injection secondary to

adhesion to the peritoneal membrane and depletion of macrophages by clodronate liposomes

resulted in a decrease in inflammatory cytokines and neutrophil infiltration. Ex vivo these cells

produced inflammatory cytokines in response to MSU crystals. Together, these findings

demonstrate the role of resident macrophages in the initiation of the inflammatory response to

MSU crystals.

Once activated by MSU, macrophages produce inflammatory cytokines and chemokines that

induce activation of endothelial cells and recruitment of monocytes and neutrophils toward the
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inflammatory site to further amplificate the inflammatory response. Inflammatory cytokines

produced by monocytes and macrophages in response to MSU and that have been founded in

synovial tissues or synovial fluids of patients with gout are: IL-1 [136,260,261], IL-6[262], TNF- [263].

Moreover, inflammatory cytokines, such as IL-1 and TNF- activate vascular endothelial cell

expression of E-selectin and intercellular adhesion molecule 1 (ICAM-1), promoting

chemotaxis of leukocytes. Macrophages produce the chemokines IL-8 [264], the CXC

chemokines CXCL1, CXCL2 that share the common receptor CXCR2[265], CCL3, CCL4,

CXCL2 and CCL2[266]. CCL2 or monocyte chemotactic protein 1 (MCP1), as its name suggests,

is involved in monocyte chemotaxis: this chemokine is produced by synovial fibroblasts that

contain vesicles with this chemokine, releasing its content after MSU stimulation[267–269]. Other

secreted proteins are matrix metallopeptidases, such as MMP-9 and MMP-2. MSU induce also

iNOS and NO production. . All these molecules are key elements of the inflammatory process

in which the gout is developed.

However, clinical evidence suggests that the contact between macrophages and MSU crystals is

not enough to initiate an inflammatory reaction, as MSU deposits can be detected in

individuals with asymptomatic hyperuricemia[19] and in asymptomatic gouty patients. One

example of that is the work of Pascual et al. analyzing synovial fluid samples from

asymptomatic joints of gouty patients. Surprisingly, they found intracellular MSU crystals in 19

of 20 SF examined and 0.5% were inside neutrophils and the rest in mononuclear cells[270].

Evidence of this non-inflammatory phagocytosis of MSU crystals by macrophages has been

also provided by Yagnik et al. After a series of experiments, they proposed that the state of

maturation of monocytes/macrophages influences the response to MSU crystals. Using mice

macrophage cell lines, they observed that cells with more mature phenotype, although being

more phagocytic, failed to produce inflammatory cytokines and to induce ICAM in endothelial

cells in response to MSU crystals. Conversely, less mature macrophages were able to induce E-

selectin expression and to produce inflammatory cytokines[271]. These results were confirmed

in human cells, in which fresh monocytes produced inflammatory cytokines whereas

monocyte-derived macrophages produced the anti-inflammatory cytokine TGF- [272,273]. For

further confirmation, they analyzed the production of cytokines in response to MSU crystals in

cells from cantharidin-induced skin blisters, an in vivo model of acute and resolving

inflammation[274]. Leukocytes from 16-hour blisters secreted TNF- , but not TGF- , whereas

leukocytes from 40-hour blisters secreted TGF- but not TNF- . CD14+ cells in the later time

point were predominantly CD163 positive, that could suggest an M2 or non-inflammatory

macrophage phenotype, whereas at 16 hours these cells represented <5%. As a conclusion,

their results showed that the transition of monocyte/macrophages towards different activation

states modulates the inflammatory response to MSU.
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Apart from the effect of the state of macrophage differentiation in the initiation of gout flares,

other studies have suggested the necessity of a second signal to trigger an inflammatory

reaction to MSU crystals. These facts are in agreement with the episodic nature of gouty

arthritis and with the identification of triggers such as traumatisms, alcohol consumption or

infection, which are followed by gouty arthritis flares. In this line, work from Netea et al.

showed that intra-articular injection of MSU crystal in mice was not followed by the detection

of inflammatory cytokines, joint swelling or histologic changes[275]. The addition of fatty acids,

linked to alcohol consumption and great meals, resulted in IL-1 and KC production and

cellular infiltration. As previously exposed in section 2.6, the same group had previously

reported that macrophages need two signals for IL-1 production: one through TLR receptors

for pro-IL-1 production, and the second signal would activate the inflammasome and in turn

caspase-1 to cleave pro-IL-1 into its mature form IL-1 [164]. Free fatty acids could represent

the first signal through TLR2 receptor. Similarly, serum amyloid A protein (SAA), in the

presence of MSU crystals, triggers an inflammatory reaction[276].

Bloodstream monocytes are recruited into the synovial tissue in response to chemokines and

endothelial cell adhesion and there they differentiate towards macrophages. The inflammatory

environment modulates the phenotype of these macrophages, turning them more

inflammatory or anti-inflammatory depending on the stage of the inflammatory process.

Harper’s group demonstrated in the animal model of peritonitis, that monocytes recruited

after MSU challenging are polarized towards an inflammatory or M1-like macrophage

phenotype[277]. Mononuclear cells isolated 72 hours after intraperitoneal injection of MSU

crystals were characterized by the expression of macrophage markers, the increased

phagocytosis activity, production of inflammatory cytokines and up-regulation of proteins

involved in inflammasome assembly. The production of GM-CSF by synovial cells, probably

fibroblasts, seems to be the responsible for the acquisition of this inflammatory phenotype. In

the same mice peritonitis model, GM-CSF blockade reduced L-1 , CXCL-1 and infiltrating

neutrophils. Monocyte infiltration was unaffected, but these monocytes exhibited decrease

expression of macrophage surface markers, M-CSF receptor and CD14, suggesting that GM-

CSF is required for their maturation. Moreover, their inflammatory phenotype was impaired

too, as they produced less IL-1 and had lower levels of pro/active IL-1 and pro/active

caspase-1.

In conclusion, inflammation mediated by monocytes and macrophages is a key process in the

pathogenesis of gout. A better understanding of this involvement remains still very relevant as

the mechanisms of gout initiation are largely unknown. As previously mentioned, the

phenotype of macrophages seems to affect the inflammatory response to MSU crystals,
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however, data is lacking about the effect of these crystals on M1 and M2 macrophages.

Moreover, the distribution of monocyte subpopulations in gout or the state of activation of

monocytes in gouty patients have not yet been assessed. This thesis tries to expand the

knowledge of the role of monocytes and macrophages in gout together with an insight into the

autoinflammatory mechanisms involved in MSU inflammation.



"The scientist is not a person who gives the right answers,
he's one who asks the right questions".

Claude Lévi-Strauss

2.
Hypothesis





452. Hypothesis

Although gout is an ancient disease, important basic mechanisms remain still unclear. The

involvement of macrophages and monocytes is evident, but data about how this role is

produced and how inflammatory mechanisms are coordinated are incomplete by now.

The main hypothesis of this thesis is that modulation of monocyte and macrophages'

phenotype by the environment and the extent of their inflammatory reaction to MSU crystals

are involved in the initiation of gout flares.

As secondary and more specific hypothesis:

(a) M2 macrophages would phagocyte MSU crystals without initiating an inflammatory

response, in accordance with the presence of MSU crystals in asymptomatic joints. However,

once phagocytosed, MSU crystals would induce changes in macrophage phenotype, turning

them inflammatory. The incidence of a trigger, such as alcohol consumption or a copious meal,

would result in activation of TLR receptors. These "M1-like" macrophages would then produce

inflammatory cytokines such as IL-1 , initiating an inflammatory response.

(b) Blood monocytes could be influenced by factors released from inflamed joints during a

gout flare. Such factors could expand the subpopulation of intermediate monocytes

(CD14++CD16+), which exhibit an enhanced expression of chemokine receptors and produce

inflammatory cytokines. These monocytes would migrate preferentially towards affected

joints, amplifying the inflammatory response. Differences in the reactivity of monocytes to

MSU crystals could explain why not all individuals with hyperuricemia develop clinical gout.

As intermediate monocytes have been involved in atherosclerosis, this monocyte subset could

represent a link between gout and the increase in cardiovascular risk observed in gouty

patients.





"I keep six honest serving-men,
They taught me all I knew;
Their names are What and Why and When
And How and Where and Who".

Rudyard Kipling

3.
Objectives
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To evaluate the previous hypothesis, I propose the following objectives for this study:

1.  To define how changes in polarization state of resident macrophages could be involved in

initiation of gout flares

2.  To disclose how differences in inflammasome activation of M1 and M2 macrophages at

steady state explain their specific behaviours regarding IL-1β production

3.  To prove differences of inflammasome activation in response to MSU crystals between

gouty patients and healthy controls

4.  To determine the distribution of monocyte subpopulations in asymptomatic gout and

during an acute flare of arthritis





"I have had my results for a long time:
but I do not yet know how I am to arrive at them".

Karl Friedrich Gauss

4.
Materials and Methods
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increase of uric acid concentrations, M1 and M2 macrophages cultured without uric acid for 6

days were exposed to the same concentrations of uric acid for 24 hours prior to stimulation.

4.1.1.5. Stimulation with MSU crystals and LPS

On day 6, after washing each well twice with HBSS (Gibco) or PBS at 37oC, media was replaced

by new cRPMI or Macrophage Medium without FBS (Gibco) depending on the experiment. As

it has been reported that it is possible to find MSU crystals in asymptomatic joints of patients

with gout and that a second signal through TLR receptors would be the trigger of a gout attack,

in our experiments in vitro macrophages were stimulated first with MSU crystals (200 µg/mL,

Invivogen) for 1 hour to allow phagocytosis of crystals, and then TLR4 agonist LPS (100

ng/mL, Invivogen) was added. After 18 hours, plates were centrifuged (1500 rpm, 5 minutes)

and supernatants collected and stored at -20°C for further analysis. In some experiments

calcium pyrophosphate (CPP) crystals (200 µg/mL) were used instead of MSU.

4.1.1.6. Detachment of macrophages

Accutase™ (Millipore) is a solution of proteolytic and collagenolytic enzymes used for the

detachment of adherent cells that changes minimally cell-surfaces, obtaining a suspension of

cells that can be then analyzed by techniques such as flow cytometry. For macrophage

detachment, an Accutase™ aliquot was thawed at room temperature. Cells were rinsed once

with PBS and Accutase™ was added to each well at 10 mL per 75 cm2 surface area. Plates were

incubated at 37oC until detachment of cells (30-45 minutes in the case of macrophages). Cells

were collected in a new tube through consecutive washes with PBS at 4oC to ensure complete

recovery.

4.1.2. THP-1 cells

THP-1 is a human monocytic cell line derived from an acute monocytic leukemia patient.

These cells provide continuous grown (average doubling time 35-50 hours) in suspension cell

culture, and can be differentiated into macrophage-like cells using PMA (Phorbol 12-myristate

13-acetate) and thus, have been widely used to study the regulation and function of

macrophages.

In our assays, THP-1 cells were adjusted to 2x105 cells/mL in cRPMI, plated in 12 well culture

plates (400,000 cells per well) and then stimulated with 200 nM PMA (Sigma-Aldrich). Cells

were incubated at 37oC, 5% CO2 for 3 days, observing an increase in their size and adhesion to

the surface of the plate, acquiring a macrophage appearance. On day 3, media was removed

and, after washing with HBSS, 2 mL of new cRPMI media were added. Growth factors GM-

CSF (1000 I.U./mL) and M-CSF (20 ng/mL) were added on days 3, 5 and 8. On day 9, cells
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were detached with Accutase™, adjusted to 0.5x106 cells/mL and placed in a 96 well culture

plate (100,000 cells per well). After resting 24 hours at 37oC, 5% CO2, cells were stimulated with

MSU and LPS as previously described for macrophages.

4.2. MSU preparation

Some of the experiments were performed using commercial MSU crystals (Invivogen). But for

the experiments performed in Harper’s group in New Zealand, crystals were prepared in the

laboratory. Briefly, 250 mg uric acid and 300 µl of NaOH 5M were diluted in 45 mL of double

distilled water. Mixture was boiled until complete dissolution of uric acid and filtered through

a 0.2 µM filter. Then 1 mL NaCl 5M was added and the solution stored at 26oC for 7 days. The

resulting crystals were washed with ethanol and acetone. Absence of endotoxin (<0.01 EU/10

mg) was confirmed with LAL (Limulus amebocyte) assay. On polarized light microscope, MSU

crystals were needle-shaped, with a crystal length of 5-20 µM and showed optical birefringence.

4.3. Phagocytosis assays

4.3.1. Phagocytosis of fluorescent beads

Phagocytic activity of macrophages was assessed using fluorescent beads (FluoSpheres®

fluorescent microspheres, Invitrogen). Once inside the cell, these particles send out a

fluorescent signal than can be detected by the flow cytometer in the FL-1 channel.

M1 and M2 macrophages were cultured as previously described for 7 days in 96 well culture

plates. Fluorescent beads were diluted (2 μl beads in 4 mL cRPMI medium) and 50 µl of

medium in each well were replaced by 50 µl of diluted beads. Plates were incubated at 37˚C, 5%

CO2 for one hour and then washed with HBSS to remove unphagocytosed beads. Macrophages

were detached with Accutase™. After two washes with PBS, cells were resuspended in 5 mL

polystyrene tubes with FACS Buffer (0.1% BSA, 0.01% sodium azide in PBS) and run in a

FACSCan flow cytometer (BD Biosciences). Propidium Iodide (PI) was used to exclude dead

cells. Macrophages were analyzed by gating by Forward Scatter(FSC)/Side Scatter (SSC)

(Figure 4.5). The percentage of FL-1 positive cells, indicating cells that had phagocytosed

fluorescent beads, and mean intensity of FL-1 fluorescence, suggesting the capability of

phagocytosis of each cell, were analyzed.
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Figure 4.5. Gating strategy for the study of macrophage phagocytosis with flow cytometry. Macrophages were

gated on FSC/SSC plot (A), and death cells were excluded with PI staining (B). Live cells were displayed in an

histogram (C) based on the intensity of fluorescence on FL-1 channel. Cells that had phagocytosed beads

exhibited a fluorescent signal, proportional to the number of intracellular beads.

4.3.2. Phagocytosis of MSU crystals

Flow cytometers use the light scatter produced when one cell deflects the incident laser to

determine its size and complexity, being the Side-Scattered Light (SSC) proportional to cell

granularity or internal complexity. When macrophages phagocytose MSU crystals, SSC signal

increases and these cells can be identified by flow cytometry (Figure 4.6).

M1 and M2 macrophages were cultured as previously described in 96 well culture plates. On

day 7, after 18 hour incubation with MSU crystals (200 μg/mL), media was removed. Cells

were washed, detached with Accutase™ and resuspended in FACS buffer. SSC was assessed

using a FACScan flow cytometer.

C

BA
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Figure 4.6. Assessment of MSU crystal phagocytosis by flow cytometry. First, total macrophages were gated on

FSC/SSC plots (A). Samples of unstimulated macrophages were used to set the gates of macrophages with or

without crystals (B). When MSU crystals were added (C), phagocytosed increased the SSC signal.

CB

A
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4.4. Cytokine analyses

4.4.1. Enzyme-linked immunosorbent assay (ELISA)

4.4.1.1. ELISA IL-1β

The inflammatory cytokine IL-1β was quantified in supernatants by ELISA (Mabtech),

according to manufacturer's protocol. Briefly, 96 well high protein binding plates were coated

with 100 µl/well of capture antibody (mAb IL1β-1 diluted to 2 µg/mL in PBS) and incubated

overnight at 4oC. Plates were then washed with 200 µl of Elisa Wash Buffer (0.05% PBS/Tween

20) and blocked with 200 µl/well of incubation buffer (PBS with 0.05% Tween20 and 0.1%

BSA) for 1 hour at RT. Eight point standard curve was prepared with the top standard of 300

pg/mL and serial dilutions 1:1. Samples were diluted 1:1 in incubation buffer. After washing

each plate with Elisa Wash Buffer, 100 µl/well of samples and standards were pipetted, as well

as 100 µl of incubation buffer as blank. Plates were covered and incubated at RT for 2 hours.

After washing with Elisa Wash Buffer, 100 µl/well of detection antibody (mAb IL1β-II-biotin

diluted at 1 µg/mL in incubation buffer) were added, and plates were incubated 1 hour at RT.

Plates were washed and 100 µl/well of Streptavidin-HRP diluted 1:1000 in incubation buffer

were added, incubating 1 hour at RT. After washing, 100 µl/well of TMB substrate solution (BD

Bioscience) were added and plates were left 20-30 minutes at RT in the dark. 50 µl of H2SO4

1M were added to stop the reaction and plates were read at 450 nm in an spectophotometer

(Epoch Microplate Spectophotometer, Biotek). Readings at 540 nm were subtracted from the

readings at 450 nm to correct optical imperfections in the plate. By using the optical density

(OD) of pre-quantified standards, the concentration of each sample was determined by using a

point-by-point calculation software.

4.4.1.2. ELISA IL-10

Interleukin-10 was quantified using an ELISA kit (R&D Systems) , following the next protocol

supplied by the manufacturer. 96 well high protein binding plates were coated with 100 µl/well

of capture antibody (diluted to 2 µg/mL in PBS) and incubated overnight at 4oC. Plates were

then washed with Elisa Wash Buffer (200 µl/well) and blocked with 200 µl/well of reagent

diluent (1% BSA in PBS). Plates were incubated for 1 hour at RT. Eight point standard curve

was prepared with the top standard of 2000 pg/mL and serial dilutions 1:1 in reagent diluent.

Samples were diluted 1:2 in reagent diluent. After washing each plate, 100 µl/well of samples

and standards were pipetted, as well as 100 µl of reagent diluent as blank. Plates were covered

and incubated at RT for 2 hours. After two washes with Elisa Wash Buffer, 100 µl/well of

detection antibody diluted at 150 ng/mL in reagent diluent were added, and plates were

incubated 2 hours at RT. Plates were washed with Elisa Wash Buffer and 100 µl/well of
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Streptavidin-HRP diluted 1:200 in reagent diluent were added, incubating 1 hour at RT. After

washing each plate, 100 µl/well of TMB substrate solution were added and plates were left 20-

30 minutes at RT in the dark. The reaction was stopped with 50 µl of H2SO4 1M and plates

were read as exposed for IL-1βElisa.

4.4.1.3. Luminex® assays

Luminex® is, like ELISA, a technique that quantifies the concentration of an analyte (usually an

antibody or an antigen) in a sample using a standard curve prepared with serial dilutions of

one known concentration of the antigen. But, whereas with ELISA only one analyte can be

detected in each plate, with Luminex® technology multiplex assays can be performed,

measuring multiple analytes per well. Luminex® is based on polystyrene microspheres which

are internally dyed with a unique combination of red and infrared dyes. Beads have in their

surface antibodies to capture a specific analyte. Once analytes are bound to the bead, a

fluorescent detection antibody binds to the complex. Samples are analyzed in an instrument

similar to a flow cytometer, with a fluidics system that creates a line of beads that pass through

the detection chamber and can be analyzed one by one. Then, beads are illuminated by two

lasers, one to detect the type of bead, and the other to detect the amount of analyte bound to

each bead.

To quantify the concentrations of TNF-α, IL-6, IL-8, IL-10, IL-12p40, IL-RA and GM-CSF,

Luminex® Assays (Invitrogen) were used. Briefly, standards were reconstituted and serial

dilutions were prepared (1:2). After mixing well with 30 seconds of vortex and 30 seconds of

sonication, beads were diluted in Luminex Buffer (0.625 µl each cytokine beads per well and 50

µl buffer per well). The plate was pre-wet with 200 µl of buffer and then dried by vacuum. After

mixing well again with a vortex mixer and a sonicator, 50 µl of beads were added to each well.

Plate was washed twice with 200 µl of buffer, applying the vacuum after each wash. In sample

wells, 50 µl of buffer were added to dilute the samples (1:1) and then 50 µl of samples and 100

µl of standards were pipetted. Plate was incubated 2 hours at RT in a shaker at 500 rpm. After

washing the plate twice, the Biotinylated Detector Antibody was added to each well (2.5 µl of

each antibody per well and 50 µl buffer/well) and incubated for 1 hour at RT in a shaker. Then,

the plate was washed twice and Streptavidin-PE was added (50 µl/well), incubating the plate for

30 minutes at RT in a shaker. Finally the plate was washed three times and 100 µl/well of buffer

were pipetted, leaving the plate in the shaker for 2-3 minutes. Then the plate was ready to be

run in a Bio-Plex® 200 plate reader (Bio-Rad).
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4.5. Flow cytometry

4.5.1. Cell surface antigens

To confirm macrophage polarization, the expression of surface markers associated with M1

(CD11b) and M2 (CD14 and CD163) was determined by flow cytometry. Macrophages were

cultured as previously described with GM-CSF or M-CSF to obtain M1 or M2 macrophages

respectively. On day 7, culture plates were centrifuged at 1500 rpm for 2 minutes and media

was removed, washing each well once with PBS at 37oC and adding Accutase™ to detach

macrophages. Cells were then harvested with PBS at 4oC and put in a 5 mL polystyrene tube.

After one wash at 1500 rpm for 5 minutes with PBS, Fc receptors were blocked by adding 10 µl

of heat-inactivated mouse serum (Sigma-Aldrich) for 15 minutes at 4oC. Then, cells were

stained with the monoclonal antibodies anti-CD11b PE-Cy7 (eBioscience), anti-CD14 APC

(eBioscience ) and anti-CD163 PE (eBioscience), incubating tubes at 4oC for 30 minutes in the

dark. Finally, after washing the tubes with 2 mL of PBS at 4oC, cells were resuspended in 400 µl

of Isotone® (Beckman Coulter) and analyzed in a FACSCanto flow cytometer (BD Biosciences).

Results were analyzed with the software FlowJo (TreeStar Inc).

4.5.2. Caspase-1 activity in macrophages

The intracellular levels of active caspase-1 (p20) were assessed with the Caspase-1 FLICA™

Detection Kit (Immunochemistry) that contains the reagent FAM-YVAD-FMK, a

Fluorocrome Inhibitor of Caspases (FLICA) that is fluorescent, cell permeable and non-toxic.

Once inside the cell, binds covalently to a reactive cysteine residue that resides on the large

subunit of the caspase heterodimer, thereby inhibiting further activity. The fluorescent signal

emitted can be analyzed by flow cytometry to assess the number of active enzyme present in

the cell.

M1 and M2 macrophages were cultured in 96 well cell culture plates at an initial concentration

of 0.5x106 monocytes/mL. On day 7, plates were centrifuged at 1500 rpm 2 minutes and media

was replaced by 100 µl of new cRPMI media. Some macrophages remained unstimulated and

the rest were stimulated with four different agents: 200 µg/mL MSU for 1 hour, 100 ng/mL LPS

for 1 hour, 5 mM ATP (Invivogen) for 15 minutes or 20 µg/mL nigericin (Invivogen) for 15

minutes. Cultured plates remained at 37oC, 5% CO2 during incubation times. Once stimulated,

3.3 µl of FLICA 30X were added to each well, except unstained samples, and plates were

incubated at 37oC, 5% CO2 in the dark for one hour, gently shaking the plates every 15 minutes.

After washing the plates with 200 µl of Wash Buffer FLICA at 1500 rpm 2 minutes,

macrophages were detached as previously described using Accutase™. Cells were harvested and
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put in 5 mL polystyrene tubes. Once washed with 1 mL of Wash Buffer FLICA at 1500 rpm 5

minutes, cells were resuspended in 300 µl Isotone® and analyzed in a FACSCanto flow

cytometer. Macrophages were gated on SSC/FSC plot and cells with MSU crystals were gated

based on their increase on the SSC scale, as previously described. Mean fluorescent intensity

values (MFI) in FITC channel, that corresponds to active caspase-1, were obtained from each

sample using FACSDiva Software (BD Biosciences). Baseline levels of active caspase-1 were

calculated in M1 and M2 macrophages using this formula:

MFI non stimulated - MFI unstained

MFI unstained

Changes in caspase-1 activation after challenging with MSU, ATP and nigericine were

normalized to non stimulated samples after subtracting the background:

MFI stimulated - MFI unstained

MFI non stimulated - MFI unstained

4.6. Western Blot

4.6.1. Sample preparation

Peripheral blood mononuclear cells from healthy volunteers were separated with the density

gradient Polymorphprep™ (Medica Pacifica Ltd). Easysep™ Human Monocyte Enrichment kit

was then used to isolate CD14+ monocytes. Cells were cultured in 12 well culture plates (1x106

cells/well) at a concentration of 0.5x106 cells/mL in cRPMI at 37oC, 5% CO2. Monocytes were

polarized to M1 or M2 macrophages by adding GM-CSF (1000 I.U./mL) or M-CSF (20 ng/mL)

on days 0, 2 and 5. On day 6, media was removed and replaced by 1 mL of Macrophage Culture

Medium without FBS after washing each well with HBSS. Macrophages were then stimulated

first with MSU (200 µg/mL) and after one hour LPS (100 ng/mL) was added. Culture plates

remained in the incubator at 37oC, 5% CO2. On day 7, after 18 hours of stimulation, plates were

centrifuged at 1500 rpm 2 minutes, and supernatants removed and stored at -20oC. Cells were

washed once with HBSS (1500 rpm, 5 minutes), adding 500 µl of Accutase™ to detach them

from the plate as previously described. Macrophages were harvested and put in a new tube,

washing each well with HBSS at 4oC to ensure complete recovery of the cells. Tubes were

centrifuged at 1500 rpm 5 minutes, supernatants were removed and tubes were washed again

with 2 mL of HBSS.
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4.6.1.1. Isolation of cytoplasmic protein

To prepare 500 µl of Lysis Buffer, 455 µl of Reactive A and 40 µl of Reactive B were mixed and

before use 5 µl of 1 mM PMSF (phenylmethylsulfonyl fluoride) diluted in ethanol were added.

Reactive A (4oC) 10 mM HEPES pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 10 mM NaMoO4

Reactive B (-20oC)
proteinase inhibitor cocktail 1X, 20 mM β-glycerophosphate, 2 mM

Na3VO4

Table 4.1. Reactives used for preparation of lysis buffer

After washing the tubes with HBSS, supernatants were aspirated carefully and 40-60 µl of lysis

buffer added, depending on pellet’s size. Tubes were incubated on ice for 20 minutes, tapping

them intermittently to mix. After a quick spin, 2.5 µl of 10% Igepal CA-630 were added. Cells

were mixed with vortex. After a quick spin, tubes were placed on ice for 2 minutes and after

that, centrifuged at 13000 rpm for 30 seconds at 4oC. Lysates were transferred to 1.5 mL

Eppendorf® tubes and stored at -80oC.

4.6.1.2. Protein quantification with Bio-Rad DC™ Protein Assay

The kit is based on the Bradford method, measuring protein by determining the staining of the

solution by an acidic dye. Triplicates of samples and duplicates of standards were performed.

Bovine serum albumin (BSA) was used as a standard in serial dilutions from 1.6 µg/µl to 0.2

µg/µl.

The amount of working reagent A needed to perform the assay was calculated as:

[(number of samples x 3) + (number of standards x 2) + 2] x 25 µL

To make up working reagent A’, 20 µl of reagent S were added to each millilitre of reagent A.

In a 96 well plate with round bottom, 5 µl of standards and 5 µl of samples, previously diluted

in double distilled water 1:1, were aliquoted. In each well, 25 µl of reactive A’ and 200 µl of

reactive B were added, mixing well. Plate was incubated at RT for 15 minutes. Absorbances

were read in a microplate reader set at 750 nm. Total protein values were calculated using the

standard curve. The linear range of the assay for BSA is 1.2 to 10.0 µg/mL.
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4.6.2. SDS-PAGE

In 1.5 mL Eppendorf® tubes, 20 µg of protein from each sample were incubated with 4.6 µl of

4X protein loading buffer and 1.8 µl of 10X reducing buffer at 95oC for 6 minutes using the dry

heat block with 300 rpm shaking. After a quick spin, tubes were put on ice and were ready for

loading. A gel was prepared in an electrophoresis thank with standard MES buffer in the outer

chamber and MES buffer with antioxidant in the inner chamber. Samples and ladder were

loaded and run at 150 V for 1 hour.

4.6.3. Transferring to PVDF membrane

Transfer buffer (TB) was made on the day with 10X TG stock (3% Tris, 14.4% Glycine),

methanol and 10% SDS. Paper filters and PVDF membrane were cut according to the size of

the gel. Filters and nylon pads were soaked in TB. Membrane was activated in methanol for 1

minute and soaked in TB. Gels were carefully removed from the tanks and the glass plates. A

sandwich was constructed in transfer cassette, keeping everything moist and removing all air

bubbles by rolling a pipette over each layer. Gel was placed close to the negative electrode, and

the membrane close to the positive electrode. Cassette was inserted into transfer tank and run

at 300 mA for 2 hours.

4.6.4. Western Blotting

Membranes were washed twice with TPBS (PBS 1X + 0.1% Tween 20) and blocked with

Blocking Buffer (50 mL TPBS + 2.5 g milk powder) for 30 minutes at RT on shaker.

Membranes were incubated with primary antibody diluted in blocking buffer overnight at 4oC

or for 2 hours at RT. After three washes with TPBS, membranes were incubated with secondary

antibody gout anti-rabbit or gout anti-mouse (diluted 1:5000 in blocking buffer) for 1 hour at

RT on shaker. Membrane was washed three times with TPBS and two more times with PBS.

Finally the membrane was placed in a glass and Pierce ECL Western Blotting substrate was

added. After 5 minutes membranes were visualized in a reader and blots were analyzed with

the software Photoshop. Membranes were stripped with 10 mL of glycine and 10 mL of Tween

20 at 70oC for 30 minutes and stored at 4oC in PBS and 1% Sodium Azide.
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4.7. Expression of genes involved in inflammation

4.7.1. Preparation of samples

M1 and M2 macrophages were cultured in 12 or 24 well culture plates at an initial

concentration of 0.5x106 cells/mL. On day 6, plates were centrifuged at 1500 rpm for 2 minutes

and media was replaced by new cRPMI media. Macrophages were then stimulated with MSU

(200 µg/mL), LPS (100 ng/mL) or both. Based on time course experiments performed

previously, the stimulation time of 4 hours was chosen as the best to see expression of our

mRNAs of interest. After 4 hours of incubation, plates were centrifuged again at 1500 rpm for 2

minutes and supernatants were harvested and stored at -20oC. Cells were washed once with

PBS at 37oC, detached with Accutase™ and put into new tubes. After wash each tube with PBS

at 4oC (1500 rpm 5 minutes), cells were transferred into new 1.5 mL RNAse-free microtubes

and washed twice with cold PBS at 300 g for 10 minutes. Pellets were then ready for RNA

extraction.

4.7.2. RNA extraction

NucleoSpin® RNA XS kit (Macherey-Nagel), a commercial column-based system specially

designed for total RNA isolation from small samples, was used according to the protocol

supplied by the manufacturer (Figure 4.7). Briefly, to lyse and homogenize cells, sample pellets

were mixed vigorously by vortex with 100 µl Buffer RA1 and 2 µl TCEP. Then 5 µl of Carrier

RNA working solution were added, mixing again by vortex. After a quick spin, 100 µl of

ethanol 70% were added to each sample pipetting up and down. The mixture was loaded to a

NucleoSpin® RNA XS column and centrifuged at 11,000 g for 30 seconds. Columns were

placed in a new collection tube and 100 µl of MDB (Membrane Desalting Buffer) were added.

Columns were centrifuged again at 11,000 g for 30 seconds. The rDNase Reaction Mixture was

prepared by adding 3µl reconstituted rDNase to 27 µl Reaction Buffer for rDNase, and 25 µl of

the mixture were added to each column. After an incubation of 15 minutes at RT, columns

were incubated for 2 minutes with 100 µl of Buffer RA2 and centrifuged at 11,000 g for 30

seconds. Then, were put in a new collection tubes and washed with 400 µl of RA3 at 11,000 g

for 30 seconds. After changing the collection tube, columns were washed again with 200 µl of

Buffer RA3 at 11,000 g for 2 minutes and were placed into nuclease-free 1.5 mL collection

tubes. Samples were eluted in RNase-free water, 30 µl for M1 and 16 µl for M2, centrifuged at

11,000 g for 30 seconds and put immediately on ice.
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Figure 4.7. Protocol for RNA extraction using the NucleoSpin® RNA XS kit
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4.7.3. Quantification of RNA

Extracted RNA was quantified with the NanoVue Plus spectrophotometer (GE Healthcare Life

Sciences) at 260 nm with a path length of 0.5 mm, and after that, samples were stored at -80°C.

Table 3.2 shows RNA concentration of each sample.

4.7.4. Assessment of RNA quality

RNA quality was determined by analysis of the A260/A280 and A260/230 ratios obtained with

the NanoVue Plus spectrophotometer. The first ratio informs about protein contamination

and should be between 1.8 and 2.2, the lower the ratio, the more contaminated the sample is.

The second decreases when the sample contains other contaminants such as phenolate ions,

thiocyanates and other organic compounds that absorb at 230 nm, being the desirable value

2.0-2.2. As showed in Table 4.2, samples with MSU had higher absorbances at 260 nm with low

purity ratios, probably due to the presence of this salt. As concentration of RNA could be

overestimated, in these samples the maximum amount of RNA (12 µl) during reverse

transcriptase reaction was employed.

4.7.5. First strand cDNA synthesis

The reactions of reverse transcriptase and the real time PCR were performed "uncoupled", that

means, using two different tubes. First, the reverse transcriptase synthesized cDNA in a first

tube, under optimal conditions using oligo-dT primers. Then, an aliquot of the RT reaction

was transferred to a 96 well plate containing the thermostable DNA polymerase, DNA

polymerase buffer and PCR primers, being the conditions of the reaction optimal for the DNA

polymerase. This two enzyme protocol has an increase flexibility, because the optimal

conditions of both reactions can be settled independently.

The protocol used for the reverse transcription is the following: RNA samples and reagents of

the Transcriptor Reverse Transcriptase kit (Roche) were thawed and put on ice. Reactions were

prepared in a laminar flow hood to avoid DNA contamination. The following components

were pipetted into a thin-walled RNase and DNase-free reaction tube: molecular biology water

up to 13 µl of total reaction, 1 µl of Oligo (dT) primer 100 µM and 1 µg RNA sample (12 µl in

samples with low concentrations or samples with MSU). Tubes were incubated at 65oC for 10

minutes and then placed immediately on ice. Reverse transcriptase mix was prepared with the

following reagents per sample: 4 µl Transcriptor RT Reaction Buffer, 0.5 µl Protector RNase

inhibitor (40 U/µl), 2.5 µl dNTP-mix 10 mM and 0.5 µl Transcriptor Reverse Transcriptase. 7

µl of the mix were pipetted into each tube and after mixing well by vortex and a quick spin,

tubes were incubated for 30 minutes at 55oC and the reaction was stopped at 85oC for 5
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minutes. Tubes were put on ice. Samples were diluted 1:2 with molecular biology water,

aliquoted (7.5 µl/tube) into PCR tubes and stored at -20oC.

Sample name Macrophage

subset

Stimulation RNA (µg/mL) A260/A280 A260/A230

S-40 M1 medium 71 NA NA

S-40 M1 LPS 88 NA NA

S-40 M1 MSU 66 NA NA

S-40 M1 MSU+LPS 50 NA NA

S-40 M2 medium 27.4 NA NA

S-40 M2 LPS 43.8 NA NA

S-40 M2 MSU 23.9 NA NA

S-40 M2 MSU+LPS 14.1 NA NA

S-41 M1 medium 122.1 1.779 2.096

S-41 M1 LPS 96.4 1.785 1.975

S-41 M1 MSU 151.2 0.737 0.629

S-41 M1 MSU+LPS 128.4 0.875 0.819

S-41 M2 medium 91.6 1.832 1.422

S-41 M2 LPS 127.2 1.817 1.767

S-41 M2 MSU 124.8 0.485 0.369

S-41 M2 MSU+LPS 112.8 0.558 0.493

S-42 M1 medium 51.6 1.792 0.908

S-42 M1 LPS 77.2 1.787 1.771

S-42 M1 MSU 66 0.829 0.317

S-42 M1 MSU+LPS 80.8 0.745 0.608

S-42 M2 medium 104 1.769 1.757

S-42 M2 LPS 97.6 1.768 1.968

S-42 M2 MSU 113.6 0.529 0.457

S-42 M2 MSU+LPS 32.4 0.368 0.303

S-43 M1 medium 174.4 1.832 2.106

S-43 M2 medium 81.2 1.829 2.115

S-44 M1 medium 99.6 1.818 1.649

S-43 M2 medium 74 1.832 1.341

Table 4.2. Quantification and purity of RNA assessed by spectrophotometry. (NA) not available
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4.7.6. Real Time PCR

The effect of MSU on macrophage expression of genes IL-10, IL-1β, casp-1 and NLRP3 was

assessed by qRT-PCR (quantitative real time polymerase chain reaction), taking as a reference

gene GAPD. Reactions were prepared in a laminar flow hood in 96 well plates, with a total

volume per reaction of 10 µl, and run in a LightCycler®480 (Roche). Triplicates of each

condition as well as a no template control and a mixture sample (calibrator) were run in each

plate.

4.7.6.1. Taqman probes for IL-1β and caspase-1 RT-PCR

RealTime ready assays (Roche) were used for IL-1β (ID 100950) and caspase-1 (ID 100201)

quantification. These assays contain primers and hydrolysis probes, labelled at the 5’-end with

fluorescein (FAM) and at the 3’-end with a dark quencher dye. When the probe is intact, the

quencher is close enough to the dye to suppress its fluorescence. During the PCR the probe

binds to the target sequence and the 5'nuclease activity of the polimerase cleaves the hydrolisis

probe. Then the reporter dye is no longer inhibited by the quencher and its fluorescence can be

detected.

PCR reactions with the following reagents per reaction: 2 µl of cDNA, 0.5 µl of the solution

primers+probes, 5µl of master mix (Roche) and 2.5 µl of RNAse-free distilled water per

reaction. The programs and cycle conditions set for the reaction in the LightCycler®480 are

listed on Table 4.3.

Program name Cycles Analysis mode Target

(°C)

Adquisition

mode

Hold

(hh:mm:ss)

Ramp Rate

(°C/s)

Pre incubation 1 none 95 none 00:10:00 4.40

Amplification 50 quantification

95 none 00:00:10 4.40

60 none 00:00:30 2.20

72 single 00:00:01 4.40

Cooling 1 none 40 none 00:01:01 2.20

Table 4.3. Cycle conditions of RT-PCR for IL-1β and caspase-1 using Taqman® probes

4.7.6.2. RT-PCR with SYBR Green for IL-10 and NLRP3 expression

SYBR Green, a dye that binds to all double-stranded DNA molecules, together with specific

primers (Table 4.4), where used for IL-10 and NLRP3 gene expression. Primers were gently

provided by Dr. Rosa Faner.
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Sequence

(5'->3')

Length Tm GC%

IL-10 forward primer GTGATGCCCCAAGCTGAGA 19 53.87 57.89%

IL-10 reverse primer CACGGCCTTGCTCTTGTTTT 20 53.87 50.00%

NLRP3 forward primer GCGATCAACAGGAGAGACCTTTA 23 54.23 47.83%

NLRP3 reverse primer GCTGTCTTCCTGGCATATCACA 22 54.52 50.00

Table 4.4. Primers for IL-10 and NLRP3 gene expression. Primers were used with SYBR Green fluorescent dye

For each RT-PCR reaction the following components were added: 2µl cDNA, 0.5 µl of each

primer (forward and reverse), 5 µl master mix SYBR Green (Roche) and 2 µl RNA-free distilled

water. The programs used in the LightCycler®480 and cycle conditions are listed in Table 4.5.

Table 4.5. Cycle conditions of RT-PCR for IL10 and NLRP3 expression with SYBR Green

4.7.6.3. Universal Probe Library for GAPD expression

For relative quantification, the GAPD gene was used as a reference gene. Its expression was

measured with the Universal ProbeLibrary Human GAPD Gene kit (Roche). This assay is

based in an hydrolisis probe too, but this time the 5'-end is labelled with LightCycler® Yellow

555 that can be detected with longer-wavelength emission filter (usually 560 nm or 568 nm).

For each reaction, the following reagents were added: 2 µl DNA, 0.2 µl primers, 0.2 µl probe, 5

µl master mix (Roche), 2.6 µl RNA-free distilled water, up to a total volume of 10 µl. Programs

and cycle conditions of the LightCycler®480 are listed on Table 4.6.

Program name Cycles Analysis

mode

Target

(°C)

Acquisition

mode

Hold

(hh:mm:ss)

Ramp

Rate

(°C/s)

Acquisitions

(per °C)

Pre incubation 1 none 95 none 00:10:00 4.40

Amplification 50 quantification

95 none 00:00:05 4.40

62 none 00:00:05 2.20

72 single 00:00:15 4.40

Melting curve 1 melting curve

95 none 00:00:05 4.40

65 none 00:00:15 2.20

95 continuous 0.11 5

Cooling 1 none 40 none 00:01:01 2.20
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Program name Cycles Analysis mode Target (°C) Acquisition mode Hold

(hh:mm:ss)

Ramp Rate

(°C/s)

Pre incubation 1 none 95 none 00:07:00 4.80

Amplification 45 quantification

95 none 00:00:10 4.80

60 none 00:00:30 2.50

72 single 00:00:01 4.80

Cooling 1 none 40 none 00:00:10 2

Table 4.6. Cycle conditions of RT-PCR for GAPD using the UPL kit

4.7.6.4. Analysis of results

Cp values were obtained from each sample. Quantification relative to the housekeeping gene

GAPD was calculated using the formula:

2 -(Cp target gene - Cp reference gene)

Being the Cp values inversely proportional to the initial amount of cDNA, that means that the

lower de Cp value is, the higher the initial concentration of cDNA molecules.

4.7.6.5. Agarose gel electrophoresis

To confirm specificity of the amplification, RT-PCR products were run in an agarose gel

(Figure 4.8). Briefly, a 2% agarose gel was prepared with 100 mL Tris-borate-EDTA (TBE)

buffer, 2gr of agarose and 5 µl SYBR® Safe (Life Technologies). 3 µl of each sample with1 µl of

Gel Loading Solution type I (Sigma-Aldrich) were loaded, as well as a molecular-weight size

marker (Invitrogen). Samples were then run at 200 V. Visualization of cDNA fragments after

electrophoresis was performed under ultraviolet light in a BioDoc-it® Imaging System (UVP).

Figure 4.8. Gel electrophoresis of the amplification

product of the GAPD gene after real time PCR.
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4.8. Patients and controls

Patients with gout were recruited from the Emergency Department of Hospital Clínic

Barcelona and the Rheumatology Department of Hospital Sant Pau in Barcelona, Spain.

Patients were diagnosed by a clinical rheumatologist, according to the criteria set by the

American Rheumatism Association[278]. A control group of healthy donors was recruited

among workers of Hospital Clínic Barcelona. The study protocol was approved by the ethics

committee of both hospitals and informed consent was obtained from each participant.

Patients were classified into two groups: asymptomatic gout, with no clinical evidence of

arthritis in the moment of the interview, and patients with an acute flare of arthritis. Patients

and controls were interviewed with a protocol of questions regarding demographic data and, in

the case of gout patients, with questions about articular disease, such as age of diagnosis of gout

and treatment. After physical examination, number of tender and swollen joints were recorded.

Seventeen patients with gout entered the study, 4 of them during an acute flare of gout. Table

3.7 shows demographic characteristics of these three groups.

4.8.1. Determination of uric acid, creatinine and CRP in sera

Analysis of sera from patients and controls was performed in the Biomedical Diagnosis Center

(CORE laboratory) in the Hospital Clinic Barcelona. Method of quantification as well as

normal ranges are listed in Table 4.8.

Method Units Normal range

Creatinine molecular absorption spectrometry mg/dL 1.9-7.4

Uric acid molecular absorption spectrometry mg/dL 0.3-1.3

CRP immunoturbidimetry mg/dL < 0.5 mg/dL

Table 4.8. Methods of quantification and normal ranges of uric acid, creatinine and CRP in sera
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4.9. Inflammasome activity in monocytes of patients with gout

The purpose of these experiments was to compare the reactivity of the inflammasome to MSU

crystals and other inflammasome activators between patients with gout and healthy controls.

As the final product of inflammasome activation is cleavage and activation of caspase-1,

intracellular levels of active caspase-1 were quantified as an approximation of inflammasome

activity.

4.9.1. Selection of samples

To minimize the effect that an ongoing inflammation or the use of anti-inflammatory drugs

could exert over the results, we selected asymptomatic patients with gout and patients with any

painful or swollen joint on examination or those treated with non-steroidal anti-inflammatory

analgesics (NSAIDS), aspirin or colchicine were excluded. For comparison purposes, we

selected as controls healthy men over 40 years old, free of inflammatory diseases and without

any anti-inflammatory treatment. Seven volunteers were recruited in each group.

4.9.2. Quantification of active caspase-1 in monocytes

The same reagent used to assess the activity of caspase-1 in macrophages (Caspase-1 FLICA

Detection Kit) was employed, but this time to study peripheral blood monocytes, as these cells

have been involved in gout pathogenesis and can be easily isolated from peripheral blood.

Twenty millilitres of blood into heparinised tubes were obtained by vein puncture.

Mononuclear peripheral cells were isolated by a density gradient with Ficoll-Paque PLUS as

previously described, adjusted to 1x106 cells/mL in cRPMI and placed in 5 mL polystyrene

tubes (100,000 cells/tube). Duplicates of each condition, as well as non-stained and non-

stimulated controls, were performed. Cells were stimulated with MSU (200 µg/mL for 1 hour),

ATP (5 nM for 15 minutes) or nigericin (20 µg/mL for 15 minutes) at 37oC, 5% CO2, following

intracellular staining with 3.3 µl of FLICA 30X for 1 hour at 37oC, 5% CO2 in the dark. After

two washes with Wash Buffer FLICA (1500 rpm, 5 minutes), cells were resuspended in 300 µl

of Wash Buffer FLICA and analyzed in a FACSCanto flow cytometer. The population of

monocytes was gated in the FSC/SSC dot plot. Voltage of the 488 mm laser was adjusted with

the unstained sample to obtain a mean intensity of FITC signal of 102. Mean value of FITC

signal, indicative of intracellular activated caspase-1, was obtained from each sample using the

software FACSDiva. Baseline levels of active caspase-1 as well as the effect of stimulation on

caspase-1 activation were analyzed as exposed previously for macrophages in section 5.2.
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4.10. Monocyte subpopulations in patients with gout

Monocytes in peripheral blood were analyzed by flow cytometry according to their expression

of CD14 and CD16, identifiyng three different subpopulations: classical (CD4++ CD16-),

intermediate (CD14++ CD16+) and non-classical (CD14+ CD16++). We used the protocol

proposed by Heimbeck et al. for whole blood staining, as the avoidance of density-gradient

isolation minimizes variability. Percentages of each subpopulation were compared between

asymptomatic patients, patients during an acute flare of arthritis and healthy controls.

4.10.1.Selection of samples

Patients with gout were classified into 2 groups: asymptomatic patients (n= 13) or patients

with an acute flare (n=4). As controls, we selected men or women of any age, free of

inflammatory diseases and anti-inflammatory treatment (n=19).

4.10.2.Assessment of monocyte subpopulations in peripheral blood

Ten millilitres of venous blood were obtained in tubes with EDTA by venipuncture. Blood was

aliquoted in 5 mL polystyrene tubes, 50µl/tube. Cells were stained with anti-CD45 PE-Cy7

(Beckman Coulter), anti-HLA DR FITC (Becton Dickinson), anti-CD16 AlexaFluor®647 (BD

Pharmigen) and anti-CD14 PE (Miltenyi Biotec) for 15 minutes at RT in the dark. One tube

remained unstained as a control and another was stained with all the antibodies except anti-

CD16. Lysis of erythrocytes was performed adding 2 mL of lysing solution (BD Biosciences)

for 15 minutes at RT. Tubes were centrifuged at 1500 rpm 5 minutes and then washed with 2

mL of PBS at 4oC (1500 rpm 5 minutes). Cells were analyzed in a FACSCanto flow cytometer

and the software FACSDiva.

To analyze the subsets of monocytes, the gating protocol of Heimbeck et al. was used (Figure

4.9) because this approximation minimizes contamination of granulocytes and NK cells as it is

performed with hole blood, avoiding alteration of the results from manipulation. First,

monocytes were gated from hematopoietic cells were gated based on their CD45 positivity and

SSC values and then monocytes were gated as HLA-DR+ cells. One fluorescent minus one

(FMO) control tube, stained with all the antibodies except anti-CD16, was used to establish the

borderline between CD16+ and CD16- monocytes. Percentages from total monocytes of the

three subpopulations (CD14++CD16-, CD14++CD16+ and CD14+CD16++) were then obtained

from each participant and compared between groups.
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Figure 4.9. Analysis of monocyte subpopulations by flow cytometry. Peripheral blood was stained with

monoclonal antibodies against CD45, HLA-DR, CD14 and CD16 and samples were analyzed in a flow cytometer.

First, population of monocytes was identified based on their expression of CD45 and SSC values (A). Some

lymphocytes were gated too, as intermediate monocytes are small and tend to localize in the lymphocyte area.

Then, HLA-DR-positive cells were gated (B) in order to avoid contamination with NK cells, that are also CD16+.

These monocytes were displayed based on their expression of CD16 and CD14 (C). Double negative cells were

excluded and the remaining cells were considered total monocytes. An FMO control without CD16 staining was

used to set CD16 positivity, as showed in (D). Finally, monocytes were classified according CD14 and CD16

positivity (E).

C

D

E

A B
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4.11. Analisis of NLRP3 gene in patients with gout

4.11.1.Sample preparation

Venous blood was obtained in EDTA tubes by venipuncture from all patients with gout

(n=17). Genomic DNA was extracted using the Roche MagNAPure Compact (Roche

Diagnostics, Indianapolis, IN) and adjusted to a final concentration of 50 ng/mL.

4.11.2.Genomic DNA amplification

To avoid DNA contamination PCR reactions were prepared in a laminar flow hood. As most of

gain-of-function mutations associated with autoinflammatory diseases in NLRP3 are located in

exon 3, this fragment was amplified using the primers listed in Table 4.9 and the Expand High

Fidelily PCR System kit (Roche). Briefly, each reaction contained the following reagents:

primers (1µM), dNTPs (200 µM), Taq polymerase (1 U.I.) and PCR Buffer (1X) with MCl2.

PCR conditions were as follows: initial denaturation at 95 °C for 5 minutes followed by 10

cycles of 95°C for 30 seconds, touchdown annealing (1°C decrease per cycle) between 65 °C

and 55 °C for 30 seconds and extension at 72 °C for 1 minute. For the remaining 25 cycles, we

used an annealing temperature of 55 °C and finished with a final extension cycle at 72 °C for 7

min. The specificity of the reaction was then assessed by electrophoresis of the PCR product in

an agarose gel.

Primer Sequence

Exon 3 forward 5'-GTTACCACTCGCTTCCGATG-3'

Exon 3 reverse 5'-GCTGTGGCAACAGTATTTGG-3'

Table 4.9. Primers for exon 3 amplification

4.11.3.PCR sequencing reaction

The product of amplification was purified with ExoSAP-IT for PCR Product Cleanup

(Affymetrix), according to manufacturer. Briefly, 2.5 µl of amplification were pipetted into a

PCR tube together with 1 µl ExoSAP reagent. Samples were then incubated at 37ºC for 15

minutes, followed by a 15 minute incubation period at 80ºC to inactivate the enzymes.

Bidirectional fluorescence sequencing was performed using BigDye Terminator version 3.1

Cycle Sequencing kit (Applied Biosystems). For each sample amplification, four different

sequencing reactions were performed to reach all exon 3 (Table 4.10). One batch of the master

mix with 0.5 µl BigDye Terminator, 0.75 µl Sequencing Buffer, 4.25 µl of water per sample was

prepared and 5.5 µl were added to each tube containing 3.5 µl of amplification product
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previously purified. Finally, 1 µl of primer was pipetted, reaching a final volume of 10 µl per

reaction. Conditions of the PCR were: initial denaturation at 95 °C for one minute followed by

30 cycles of 96°C for 10 seconds, 50 °C for 5 seconds and extension at 60 °C for 4 minutes.

Sequencing was performed on a 3730XL DNA Analyzer (Applied Biosystems).

Primer Sequence

CIAS 3-A-3' 5'-CCATCCACAAGATCGTGAGA-3'

CIAS 3-B-5' 5'-GTCGGGGACACTCTACCAAG-3'

CIAS 3-NGB-F 5'-CATGTGGAGATCCTGGGTTT-3'

CIAS 3-S2 5'-GGGTATTTGATTTTTGTTGT-3'

Table 4.10. Primers for exon 3 sequencing

4.11.4.Analysis of results

Gene sequences obtained with the software Chromas Lite 2.1.1 (Technelysium Pty Ltd) were

first read manually and compared to NLRP3 wild type sequence (GeneBank AY051114). Then,

were analyzed with the sequence alignment program ClustalW2. As control population, the

Iberian samples from 1,000 Genome Project (n=14) were used. Frequencies of each

polymorphism were compared between gout patients and controls using Fisher’s exact test

with the software GraphPad Prism®.

4.12. Statistical analysis

Statistical analysis was performed with Prism 5 (GraphPad Software). Variables are described

through this thesis as mean +/- standard error or the mean (SEM). Normality of variables was

assessed by Shapiro-Wilk or Kolmogorov-Smirnov tests. For comparison between two groups,

two-tailed Student t-test or Mann-Whitney test were applied depending on normality of the

distribution of the variables. For paired observations, we used paired t-test or the non-

parametric Willcoxon matched pairs test. We compared three or more groups with one-way

analysis of variance (ANOVA). The post Hoc tests Dunnett's T3 test or Bonferroni's test were

chosen depending on homogeneity of variances. Correlation analysis was performed with

Spearman or Pearson's tests. Minor allele frequencies of NLRP3 polymorphism were compared

with Fisher's test.
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Macrophages are cells of the mononuclear phagocyte system that reside in every tissue of the

body and, together with its phagocytic function, can also have both inflammatory and anti-

inflammatory functions depending on the environment and the stimuli they receive. Because

of this dual role, these cells have been involved in both initiation and resolution of gout flares.

Resident macrophages in the peritonitis mice model initiate the inflammatory response to

MSU crystals and their depletion abolishes the production of inflammatory cytokines and

neutrophil infiltration[259]. Regarding gout resolution, Landis et al. demonstrated that

maturation of monocytes to macrophages switches their response to MSU crystals towards an

anti-inflammatory function that could dampen the inflammatory process and explain the self-

remitting course of gout[279].

Different macrophage phenotypes or polarization states can be can be obtained in vitro

depending on the environment were cells undergo maturation. In the presence of IFN-γ, TNF-

α or GM-CSF, macrophages acquire an inflammatory phenotype and are referred as M1

macrophages. By contrast, M2 macrophages, polarized with IL -4, IL -10 or M-CSF exhibit

anti-inflammatory functions [196].

Our hypothesis is that changes in polarization state of macrophages are involved in initiation

of gout flares. The presence and concentration of cytokines in synovial fluid, that changes

through the course of the arthritis flare[280], could modulate macrophage phenotype towards

inflammatory or anti-inflammatory roles. In this chapter, we focused our attention in the

initiation of gout flares taking as starting point M2 macrophages polarized with M-CSF, which

are considered by some authors to represent the population of tissue resident macrophages in

the steady state[199]. The first part of this chapter describes the experiments performed to

characterize M1 and M2 macrophages, ensuring the proper polarization of macrophages. In

the second part we investigated the effect of MSU crystals on M2 macrophages and how

hyperuricemia may affect this response. Finally, as MSU crystals induce IL-1β production

through NLRP3 inflammasome activation[98], in the last section we analyzed in more detail

inflammasome activation in M1 and M2 macrophages and the effect of MSU crystals on the

inflammasome of M2 macrophages.
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5.1. Characterization of M1 and M2 macrophages

Although one could roughly differentiate between M1 and M2 macrophages by optical

microscope, it seemed conceivable to spend time and efforts making sure that macrophages

were properly polarized, as these cells are the cornerstone of the experiments in this chapter.

Thus, different laboratory techniques such as flow cytometry, ELISA, Luminex® and real time

PCR (RT-PCR) were performed to confirm the state of macrophage polarization. This section

describes the results obtained, providing at the same time an overview of the main differences

between M1 and M2 phenotypes.

As described previously in methods section, macrophages were derived from peripheral blood

monocytes of healthy donors. Briefly, peripheral blood mononuclear cells were separated from

whole blood by centrifugation with a density gradient. Monocytes were then isolated by

negative selection with magnetic beads and cultured with GM-CSF (1000 I.U./mL) or M-CSF

(20 ng/mL) to obtain M1 or M2 macrophages respectively. After one week of incubation at

37oC and 5% CO2, cell morphology, surface antigens, phagocytic activity, response to LPS and

IL-10 gene expression were assessed to confirm polarization towards M1 and M2 phenotypes.

5.1.1. Differences in macrophage morphology

After 6 days of incubation, cell cultures were examined in an inverted optical microscope

(Figure 5.1 A and B) and, as expected, M1 and M2 macrophages differed in their morphology.

Whereas M1 macrophages were rounded and bigger than the M2, with the typical “fried egg”

morphology described by other authors [201,203], M2 macrophages had a spindle-like shape.

Size and internal complexity were then assessed by flow cytometry, as laser light scattering

depends on physical properties of the cell, namely its size and internal complexity. Forward-

scattered light (FSC), detected just off the axis of the incident laser beam, is proportional to

cell-surface area or size. Side-scattered light (SSC) is collected at 90 degrees to the laser beam,

being proportional to cell granularity or internal complexity. Figure 5.1 C-D shows results

obtained from 5 independent experiments. Higher values of FSC were observed in M1

macrophages (mean +/- SEM: M1 271.4 +/- 5.57, M2 228 +/- 10.17, p=0.0087), confirming our

previous observations with the microscope. On the other hand, M1 macrophages exhibited

higher SCC values, although these differences were not statistically significant (M1 39.16 +/-

1.44, M2 34.26 +/- 2.56, p=0.1377).
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5.1.2. Expression of cell surface antigens in polarized macrophages

Cell surface antigens are molecules within plasma membrane that, as cell markers, help identify

and classify cells due to the fact that, for one type of cell, a unique combination of this antigens

is present in its surface. To differentiate between both macrophage subtypes, fluorescent

antibodies against antigens associated with M1 (CD11b) and M2 phenotypes (CD14 and

CD163) were used[203]. Fluorescent signal was detected by flow cytometry and mean fluorescent

intensity (MFI) values of each antigen were analyzed and compared, as shown in Figure 5.2 .

Our results were consistent with previous literature: CD11b expression was higher in M1

macrophages and CD14 in M2, whereas the antigen CD163 was only expressed in M2

macrophages.

Figure 5.2. Differential expression of cell surface

antigens depending on macrophage polarization.

Overlay histograms of CD11b, CD14 and CD163

expression in M1 (brown line) and M2 macrophages

(blue line) obtained by flow cytometry from one

representative experiment out of three. Intensity of

fluorescence of each antibody is represented

logarithmically on X-axis. Y-axis displays normalized

number of cells as the number of cells in each bin

divided by the number of cells in the bin that contains

the largest number of cells, in order to normalize both

samples.
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5.1.3. Phagocytic capacity of M1 and M2 macrophages

Macrophages are phagocytic cells that engulf and digest cellular debris and pathogens,

maintaining tissue homeostasis. As M1 and M2 macrophages have different functions, they

also differ in their phagocytic capacity[203].

In our experiments, phagocytic activity of cultured macrophages was quantified using two

different approaches, both involving flow cytometry. In the first one, phagocytosis was

analyzed using fluorescent polystyrene beads (FluoSpheres® fluorescent microspheres) that can

be detected by flow cytometry. We next assessed MSU crystal phagocytosis as cells that

phagocyte crystals increase their SSC signal[271], as previously described in methods chapter .

5.1.3.1. Phagocytosis of fluorescent beads

Macrophages were cultured for 1 hour with fluorescent beads. After washing several times to

avoid binding of beads to cell surface, samples were analyzed in a FACSCalibur flow cytometer.

Percentage of fluorescent cells and MFI values from beads were obtained for each sample.

Figure 5.3 presents the results from 2 independent experiments from different macrophage

cultures.

M2 macrophages not only demonstrated a higher phagocytic capacity in terms of higher

percentage of cells showing fluorescence (mean +/- SEM: M1 58.25 +/- 1.25, M2 96.4 +/- 0.60,

p=0.0013), but also higher MFI values (M1 768 +/- 62, M2 2239 +/- 747, p=0.1887), suggesting

that M2 macrophages can uptake more beads per cell.
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Figure 5.6. Quantification of MSU crystal phagocytosis in macrophages. (A) Percentage of cells that uptake MSU

crystals after 2 or 18 hours of incubation with MSU (200 µg/mL) analyzed by flow cytometry. (B) Cell viability

after 18 hours of incubation with MSU, assessed by PI staining by flow cytometry. * p=0.01-0.05, ** p=0.001-

0.01, *** p<0.001 by Mann Whitney for comparison of 2 hours experiments and Student's t-test for cell viability

analysis.

Mean (%) SD CI

Monocytes 2 hours 62.44 13.48 49.97-74.90

M1 macrophages 2 hours 14.80 5.30 8.22-21.38

M2 macrophages 2 hours 27.44 6.94 18.82-36.06

M1 macrophages 18 hours 16.45 4.88 -27.39-60.29

M2 macrophages 18 hours 62.20 18.24 -101.7-226.1

Table 5.1. Statistics of MSU phagocytosis. M1 and M2 macrophages were incubated with MSU crystals (200

µg/mL) for 2 or 18 hours. Table shows mean, standard deviation (SD) and 95% confidence interval (CI) of the

percentage of cells with MSU crystals, analyzed by flow cytometry.

A B
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5.1.4. Cytokine profile in response to LPS

M1 macrophages are characterized by the production of inflammatory cytokines such as IL-1β,

IL-6 or TNF-α, whereas M2 macrophages are considered anti-inflammatory because of the

secretion of IL-10 in response to LPS[200,203]. To analyze the cytokine profile of our M1 and M2

differentiated macrophages, cells were stimulated with LPS (100 ng/mL) for 18 hours and

production of IL-1β, IL-10, IL-12 p40, IL-8 and GM-CSF were quantified by ELISA and

Luminex® in culture supernatants.

M1 macrophages were the main producers of the inflammatory cytokines IL-1β, IL12 p40 and

the growth factor GM-CSF, that was produced even in non-stimulated macrophages (Figure

5.7). On the other hand, supernatants of M2 macrophages had higher concentrations of the

anti-inflammatory cytokine IL-10. The chemokine IL-8 was equally produced after stimulation

by M1 and M2 macrophages, although significant higher levels were found in unstimulated M1

cultures. Results obtained are consistent with previous literature and confirm the proper

polarization of macrophages.

Figure 5.7. Cytokines in response to LPS in M1 and M2

macrophages. On day 6, M1 macrophages (brown bars)

and M2 (blue bars) were stimulated with 100 ng/mL of

LPS for 18 hours and cytokine production was analyzed by

ELISA for  IL-1β and  IL-10 or Luminex for  IL-12 p40, IL-

6, TNF-α, GM-CSF and IL-18. Statistical analysis by

unpaired Student's t-test.
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As M2 macrophages produce of IL-10 but not IL-1β after LPS challenging, levels of both

cytokines were quantified during differentiation of monocytes through M2 macrophages (days

0, 3, and 6). Figure 5.8 presents the evolution of these cytokines over time, showing that as

monocytes differentiate IL-1β production decrease and IL-10 increase.

Figure 5.8. Cytokine production in response to LPS through M2 polarization. Peripheral blood monocytes

cultured with M-CSF for M2 macrophage polarization were stimulated with LPS (100 ng/mL) for 18 hours on

days 0, 3 and 6. Graphs shows IL-1β and IL-10 production on supernatants, quantified by ELISA. Results from

one experiment.

5.1.5. Differential IL-10 gene expression

M1 and M2 macrophages can be differentiated by their gene expression profiles. One of the

most differentially expressed genes is IL-10[281], thus its mRNA was analyzed by RT-PCR, as

described in methods section. Briefly, RNA isolation was performed with a column system, and

the resulting RNA was used as a template for the synthesis of cDNA for the RT-PCR. Relative

quantification was calculated using the Ct method, with GAPD as a reference gene. As seen in

Figure 5.9, M2 macrophages exhibited higher IL-10 gene expression at baseline, compared with

M1 macrophages.

Figure 5.9. Basal IL-10 RNA expression in M2

macrophages. Graph represents relative gene IL-10

expression in unstimulated M1 and M2 macrophages

calculated as 2-∆∆CT with GAPD as reference gene.

Results from 2 independent experiments. *** p=0.0002

by Student's t-test.
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5.2. Role of M2 macrophages in gout initiation

Having verified that our macrophages were correctly polarized, we investigated the role of M2

macrophages in the initiation of the inflammatory response to MSU crystals. M2 macrophages,

considered by some authors as resident macrophages in tissues, could uptake MSU crystals

without IL-1β production. This fact could explain the presence of MSU crystals or MSU

deposits in asymptomatic joints[270,282,283]. But MSU phagocytosis could turn them more “M1-

like”, being able to produce IL-1βwhen stimulated again with a TLR agonist.

This section tries to confirm this hypothesis. In the first part, M2 macrophages were challenged

with LPS, MSU or both together to study the effect of MSU phagocytosis on macrophage

function, specifically on IL-1β and IL-10 production, and on cell surface antigens. These results

were confirmed with a macrophage-like cell line (THP-1 cells). In the second part, the same

experiments were performed using calcium pyrophosphate (CPP) crystals, which are also a

well known cause of crystal-induced arthritis. Finally, M2 macrophages were cultured with

soluble uric acid to investigate the effect of hyperuricemia in the response of M2 macrophages

to MSU crystals.

5.2.1. Effect of MSU crystals on cytokine production

5.2.1.1. Macrophages and MSU

Our previous results showed that M2 macrophage response to LPS is characterized by

production of IL-10 but not IL-1β. As macrophages have been involved in the initiation of the

inflammatory response in gout arthritis, we wondered if M2 macrophages could produce the

inflammatory cytokine IL-1β after MSU phagocytosis. Thus, M2 macrophages were challenged

on day 6 with LPS (100 ng/mL), MSU (200 µg/mL) or both for 18 hours, and the production of

IL-1β and IL-10 was analyzed on cell culture supernatants by ELISA. Results from 9

independent experiments are summarized in Figure 5.10.

As expected, M2 macrophages did not produce IL-1βwhen LPS was added, neither with MSU

alone. This fact agrees with published observations that MSU crystals can be found in

asymptomatic joints[270]. However, MSU and LPS together induced IL-1β secretion (p=

0.0078). The opposite effect was observed on IL-10, as incubation of macrophage cultures with

MSU and LPS decreased production of this anti-inflammatory cytokine (p=0.0039).

To exclude the possibility that the decline in IL-10 production could be secondary to cell death

after MSU phagocytosis, cell viability was analyzed together with changes in this cytokine. Five

independent experiments were performed and each sample was analyzed by flow cytometry
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using PI staining. As seen in graph 5.10 C, the drop in IL-10 was more pronounced than the

decrease in the number of live cells (mean +/- SEM: percentage of decrease in live cells 30.18

+/- 3.22, decrease in IL-10 64.45 +/- 7.820, p=0.030), suggesting than other factors rather than

cell death are involved in the down regulation of IL-10.

Mean (pg/mL) SD CI

Medium 0.3193 0.90 -0.4357-1.074

LPS 2.587 3.88 -0.6581-5.832

MSU 2.003 3.50 -0.9270-4.933

MSU+LPS 111.4 86.10 39.39-183.4

Mean (pg/mL) SD CI

Medium 10.70 15.25 -1.019-22.42

LPS 3738 692.1 3206-4270

MSU 12.80 21.57 -3.784-29.38

MSU+LPS 1587 1159 696.4-2478

Figure 5.10. Effect of MSU on IL-1β and IL-10

production in M2 macrophages. Macrophages were

stimulated with LPS (100 ng/mL), MSU (200

µg/mL) or both for 18 hours and cytokines were

quantified in cell culture supernatants by ELISA.

Graph (A) shows production of IL-1β in 8

independent experiments. (B) Results of IL-10 levels

in 9 independent experiments. (C) Shows the

relation between cell death and the decrease in IL-10

production. Cell viability was analyzed by flow

cytometry with PI and IL-10 was quantified by

ELISA. SD: standard deviation, CI: 95% confidence

interval. Statistic analysis by Willcoxon's test.
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The effect of MSU crystals on M1 macrophages was also analyzed with the same stimulation

protocol previously used for M2 macrophages. M1 macrophages fail to produce cytokines

when challenged with MSU (Figure 5.11). When stimulated with MSU and LPS, whereas there

was a homogeneity in the results in M2 macrophages with a clear trend towards an increase in

IL-1β and a decrease in IL-10 in all of the experiments performed, it was not the case with M1

macrophages. Four different experiments were performed, and the poor agreement between

experiments did not allow us to draw a conclusion about the effect of MSU on response to LPS.

Mean (pg/mL) SD CI

Medium 0 0 0

LPS 284.4 401.3 -354.1-922.9

MSU 15.54 22.60 -20.42-51.50

MSU+LPS 220.5 197.5 -93.85-534.8

Mean (pg/mL) SD CI

Medium 0 0 0

LPS 652.3 455.3 -478.8-1783

MSU 0.77 1.34 -2.55-4.1

MSU+LPS 861.6 1125 -1932-3655

Figure 5.11. Effect of MSU on IL-1β and IL-10 production in M1 macrophages. Macrophages were stimulated

with LPS (100 ng/mL), MSU (200 µg/mL) or both for 18 hours and cytokines were quantified in cell culture

supernatants by ELISA. Graphs show production of IL-1β (A) and IL-10 (B) in 4 independent experiments. SD:

standard deviation. CI: 95% confidence interval.

B
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Production of other cytokines after MSU and LPS stimulation was then analyzed in

supernatants of stimulated macrophages by Bioplex (Figure 5.12). M2 macrophages did not

secrete IL-12 p40 even in the presence of MSU and LPS together. The chemokine IL-8 was

detected in stimulated macrophages but not in unstimulated M2. IL-1Ra was produced in

unstimulated M1 macrophages and after LPS challenging in both macrophage subtypes,

whereas the addition of MSU resulted in a decreased levels. Interestingly, although M1

macrophages were the main producers of GM-CSF, it could be induced in M2 macrophages by

the presence of LPS and MSU.

Figure 5.12. Effect of MSU on production of IL-12p40, IL-8, IL-1Ra and GM-CSF in M1 and M2 macrophages.

Macrophages were stimulated with LPS (100 ng/mL), MSU (200 µg/mL) or both for 18 hours and cytokines were

quantified in cell culture supernatants by Bioplex.



96 Gout as an Autoinflammatory 

5.2.1.2. THP-1 cells and MS

Experiments performed with

were first differentiated to m

towards an M2 phenotype w

(Figure 5.13) were stimulate

(200 µg/mL) or both for 18

supernatants by ELISA.

THP-1 cells activated with 

producing IL-1β only when 

30.91 +/- 4.416 ng/mL, MSU

The same pattern was observ

540.5 +/- 18.21 ng/mL, with 

macrophages, THP-1 cells ac

in the presence of M-CSF.

Figure 5.13. Activation of THP-1 

PMA these cells become activated 

stimulation, (C) after 24 hours and

Inverted Fluorescent Microscope IX

A

C

Disease: From Cellular to Genetic Mechanisms

SU

h M2 macrophages were replicated with the cell 

macrophages with PMA and some of them we

with M-CSF for one week. The resulting “macro

ed as previously described with LPS (100 ng/m

8 hours and IL-1β and IL-10 production was

PMA exhibited the same behaviour than M

challenging with LPS and MSU together (mea

U+LPS 540.5 +/- 18.21 ng/mL, p= 0.0013), as see

ved when cells were cultured with M-CSF (with

M-CSF 462.1 +/- 27.58 ng/mL, p= 0.1412). Ho

ctivated with PMA did not produce any IL-10, ev

cells with PMA. (A) Suspension of THP-1 cells at baselin

and differentiate into macrophage-like cells: (B) THP-1 a

d (D) on day 10 after polarization with M-CSF. Pictures tak

X51.

D

B

line THP-1. Cells

re then polarized

ophage-like” cells

mL), MSU crystals

s assessed in cell

M2 macrophages,

an +/- SEM: LPS

en in Figure 5.14.

out growth factor

owever, unlike M2

ven when cultured

ne. When exposed to

after 5 hours of PMA

ken with an Olympus



975. Role of M2 macrophages in early stages of gout flares

medium LPS MSU MSU+LPS
0

200

400

600

800 M-CSF

no GF ** p=0.0038

** p=0.0013

IL
-1

b 
(p

g/
m

L
)

Figure 5.14. Effect of MSU on IL-1β production in THP-1 cells. Graph compares IL-1β production in THP-1

cells activated with PMA cultured without growth factors (grey bars) or with M-CSF (white bars) after stimulation

with LPS (100 ng/mL), MSU (200 µg/mL) or both for 18 hours. Table shows mean, standard deviation (SD) and

95% confidence interval (CI) of IL-1β levels, quantified by ELISA. ** by unpaired Student's t-test. Results from

one experiment.

5.2.2. Effect of MSU crystals in cell surface markers

As M2 macrophages acquire the capacity to produce IL-1β after MSU phagocytosis, we

investigated if MSU could modify the expression of cell surface antigens towards an M1

phenotype described as higher CD11b, lower CD14 and no expression of CD163.

On day 6, we stimulated M2 macrophages with LPS (100 ng/mL) and MSU (200 µg/mL) for 18

hour and expression of CD11b, CD14 and CD163 was analyzed by flow cytometry. Our results

showed that MSU crystals decreased both CD11b and CD14 expression and slightly CD163

(Figure 5.15 A). However, no statistically significant differences were founded when analyzed

the effect of stimulation in each cell surface antigen (CD11b p=0.5647, CD14 p=0.1801, CD163

p=0.5647).

To investigate the paracrine effects of soluble factors produced by M2 macrophages after

stimulation, we cultured M2 macrophages for 24 hours in conditioned media from M2

macrophages previously stimulated with LPS and MSU (Figure 5.15 B). Interestingly,

conditioned media of unstimulated M2 macrophages or macrophages with MSU up-regulated

M2 markers and decreased CD11b. The presence of LPS resulted in a decreased of CD163 and

CD11b. CD14 increased specially in conditioned media from macrophages with both LPS and

MSU. Again, these differences were not statistically significant (CD11b p=0.4463, CD14

p=0.7274, CD163 p=0.4462)

THP-1 cells THP-1 cells with M-CSF

mean SD CI mean SD CI

LPS 30.91 6.245 -25.20-87.2 12.53 4.070 -24.04-49.10

MSU 21.68 3.673 -11.32-54.68 17.42 0.6562 11.52-23.32

MSU+LPS 540.5 25.76 309-771.9 462.1 39.00 111.7-812.5
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Figure 5.15. Effect of MSU in cell surface antigens. (A) M2 macrophages on day 7 were challenged with LPS,

MSU or both (n=2) or (B) were cultured for 24 hours in conditioned media from M2 macrophages stimulated

with LPS or MSU (n=3) and expression of CD11b, CD14 and CD163 was analyzed by flow cytometry. SN:

supernatant.

5.2.3. Effect of CPP crystals on M2 macrophages

Calcium pyrophosphate (CPP) crystals are, as MSU crystals, associated with rheumatic

diseases. The deposition of these crystals in connective tissues is known as chondrocalcinosis,

pseudogout or pyrophosphate arthropathy, and symptoms range from an asymptomatic

deposition of crystals, to acute arthritis or destructive arthropathy. On polarized light

microscopy these crystals usually have a rhomboid shape and are only weakly birefringent. The

activation of NLRP3 inflammasome has also been involved in the pathogenesis of CPP related

arthropathies.

In order to see if results obtained with MSU crystals were specific for this crystal, the same

experiments were performed using CPP crystals. As presented in Figure 5.16, M2 macrophages

produced the inflammatory cytokine IL-1β only in the presence of both CPP and LPS (p=

0.0016), whereas a less pronounced decrease of IL-10 production was observed (p= 0.1396).

B

A
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Mean (pg/mL) SD CI

Medium 0 0 0

LPS 14.78 1.978 12.32-17.23

MSU 0 0 0

MSU+LPS 193.00 85.48 86.88-299.1

Mean (pg/mL) SD CI

Medium 23.62 8.920 12.54-34.69

LPS 5450.0 844.6 4401-6498

MSU 51.23 9.679 39.21-63.25

MSU+LPS 4507.0 968.5 3304-5710

Figure 5.16. Production of IL-1β and IL-10 in M2 macrophages after stimulation with CCP crystals.

Phagocytosis of CPP crystals (A), that are visualized as small granules by optic inverted microscopy (20X

objective). Macrophages were challenged with CCP (200 µg/mL), LPS (100 ng/mL) or both for 18 hours and

production of IL-1β (B) and IL-10 (C) was quantified in supernatants by ELISA. Results from one representative

experiment out of 5. SD: standard deviation, CI: 95% confidence interval. ** unpaired Student's t-test.
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Then, we analyzed cell viability after MSU or CPP incubation in order to investigate if the

lower effect in IL-10 down-regulation observed with CPP crystals could be secondary to lower

cell death. No differences between MSU and CPP where observed when macrophages where

cultured with these crystals for 18 hours, as shown in Figure 5.17.

Figure 5.17. Effect of MSU and CPP crystals on cell viability. M2 macrophages were cultured with MSU (200

µg/mdL), CPP (200 µg/mL) and LPS (100 ng/mL) for 18 hours, and cell viability was quantified by flow cytometry

with PI.

5.2.4. Effect of soluble uric acid on M2 macrophage function

Whereas an extensive literature has been published about the interaction of MSU crystals with

immune cells, less information exists about the impact of soluble uric acid (SUA)over these

cells. Uric acid has been associated with deleterious effects like arterial hypertension, ischemic

cardiomiopathy and obesity, but it seems to have a protector role in some pathologies,

especially on brain damage in the settings of multiple sclerosis, Parkinson and ischemic stroke.

In patients with gout, both an increase and a decrease in uric acid levels can initiate an arthritis

flare. To explore if SUA could have any effect on the response of M2 macrophages to MSU

crystals, two sets of in vitro experiments were designed. First we investigated the role of uric

acid on macrophage polarization. Monocytes were polarized towards M2 macrophages in the

presence of uric acid and, after 7 days of culture, cells were stimulated with MSU and LPS and

production of IL-1β and IL-10 was quantified as in previous experiments. Additionally, we

studied the effect of an acute increase of uric acid levels in M2 macrophages, adding different

concentrations of SUA to already polarized macrophages 24 hours before stimulation with

MSU and LPS. As 0.3 mM is the physiological concentration of uric acid in human blood, we

would refer to this condition as normouricemia, whereas concentrations of 0.6 mM would be

considered hyperuricemia. Results of these experiments are detailed in the next paragraphs.
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5.2.4.1. Effect of chronic exposure to SUA on macrophage polarization

Monocytes were polarized towards M2 macrophages in the presence of two different

concentrations of SUA (0.3 and 0.6 mM). On day 6, LPS (100 ng/mL) and MSU (200 µg/mL)

were added as previously described. After 18 hours supernatants were harvested and levels of

IL-1β and IL-10 were analyzed by ELISA.

As showed in Figure 5.18, M2 macrophages polarized in the presence of SUA produced less IL-

1β upon challenging with MSU and LPS, especially in conditions of hyperuricemia. A modest

effect was observed in IL-10 production, with macrophages exposed to high uric acid

concentrations tending to produce less IL-10 after LPS or MSU and LPS stimulation. A slightly

increase after incubation with MSU and LPS was observed in conditions of normouricemia

compared with hyperuricemia.

Figure 5.18. Effect of chronic exposure to soluble uric acid on cytokine production in M2 macrophages.

Peripheral blood monocytes were polarized to M2 macrophages in the presence of different concentrations of

soluble uric acid (0.3 mM or 0.6 mM). On day 6, M2 macrophages were challenged MSU (200 µg/mL), LPS (100

ng/mL) or both for 18 hours and production of IL-1β (A) and IL-10 (B) was quantified in supernatants by ELISA.

Results from one representative experiment out of 3. *** p<0.001 by one-way ANOVA and Bonferroni's post-

test.
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5.2.4.2. Effect of acute exposure to SUA

As an acute increase in uric acid levels can trigger gout flares, we analyzed the effect of

culturing M2 macrophages in the presence of soluble uric acid for 24 hours. The presence of

SUA had a suppressive effect on both IL-1β and IL-10 production. No differences were

observed between uric acid concentrations regarding IL-1β suppression, while culture with

high concentrations or uric acid had the highest effect in IL-10 down regulation (Figure 5.19).

Figure 5.19. Effect of acute exposure to SUA on cytokine production in M2 macrophages. Peripheral blood

monocytes were polarized to M2 macrophages with M-CSF. On day 6, macrophages were incubated with different

concentrations of SUA (0.3 mM or 0.6 mM) for 24 hours. Then were challenged with LPS (100 ng/mL) or MSU

(200 µg/mL) for 18 hours and production of IL-1β (A) and IL-10 (B) was assessed in supernatants by ELISA. ***

p<0.001 by one-way ANOVA and Bonferroni's or T3 Dunnett's post-test.

A

B
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5.2.4.3. Effect of SUA on cell viability and phagocytic capacity of M2 macrophages

As the effect of MSU crystals largely depends on their phagocytosis, the phagocytic capacity of

M2 macrophages cultured with uric acid was assessed by flow cytometry using fluorescent

beads. No differences in phagocytosis were observed with any of the concentrations of SUA in

both chronic and acute exposure to soluble uric acid, as shown in Figure 5.20 A.

Cell death could be another confounding factor that could decrease the production of

cytokines. Using the viability PI staining (Figure 5.20 B), cell viability was analyzed by flow

cytometry, and no differences were founded between different uric acid concentrations.

Figure 5.20. Phagocytic capacity and cell viability of M2 macrophages cultured with soluble uric acid.

Phagocytosis was analyzed by flow cytometry using fluorescent beads. Graph (A) shows percentage of cells that

uptake beads. On figure (B) percentage of live cells assessed by flow cytometry with the viability PI staining is

represented. Results from 4 independent experiments. 1w: one week, 1d: one day.

B

A
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5.3. The inflammasome in the inflammatory response of M2

macrophages

The purpose of this section is to clarify why M2 macrophages acquire an "M1-like"

inflammatory phenotype and produce IL-1β after MSU phagocytosis. IL-1β is a pro-

inflammatory cytokine tightly regulated, being necessary the presence of two signals for its

production. One signal, through TLR receptors and transcription factor Nf-κβ, is responsible

for transcription and translation of pro-IL-1β, the inactive form of the protein. A second signal

activates the inflammasome, a protein complex that cleaves the inactive form of the enzyme

caspase-1. Its active form, an heterodimer formed by two larger subunits (p20) and two smaller

subunits (p10), cleaves and activates pro-IL-1β. In a considerable number of publications

stimulation of monocytes with a TLR agonist such as LPS results in IL-1β secretion but

macrophages fail to produce this cytokine. According to Netea et al., differences observed in

IL-1β production between monocytes and monocyte-derived macrophages can be explained

because monocytes constitutively express active caspase-1 and they only need one signal to

secrete this cytokine, whereas in macrophages the inflammasome needs to be activated[284]. Our

hypothesis to explain that M2 macrophages produce IL-1β only after LPS and MSU

stimulation, is that M1 and M2 macrophages differ in the state of inflammasome activation

and MSU crystals could be necessary in M2 macrophages to activate the inflammasome. Once

caspase-1 has been activated, the stimulation with LPS could lead to IL-1β production.

Conversely, M1 macrophages could have, like monocytes, pre-activated caspase-1, being able

to produce IL-1β when challenged with LPS alone. To test this hypothesis, the state of

inflammasome activation was analyzed in M1 and M2 macrophages, comparing baseline levels

of both active and inactive forms of caspase-1 and its gene expression. Moreover, in order to

understand the capacity of M2 macrophages to produce IL-1β after MSU phagocytosis and

LPS challenging we investigated the effect of MSU crystals in inflammasome activation of this

macrophage subset.

5.3.1. Analysis of intracellular active caspase-1

Intracellular levels of active caspase-1 were assessed in M1 and M2 monocyte-derived

macrophages from healthy donors by flow cytometry with a fluorescent antibody (FAM-

FLICA caspase-1 assay). The interest of using flow cytometry is that macrophages that engulf

MSU crystals can be identified, as they increase their SSC values, and be separately analyzed.

Once gated, MFI values of the fluorescent antibody, representative of the levels of active

caspase-1, were analyzed. Baseline levels of active caspase-1, as well as the degree of

inflammasome activation after MSU challenging, reflected by an increase in active caspase-1,
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were compared between M1 and M2 macrophages. Results of five different macrophage

cultures are summarized in next paragraphs.

When comparing constitutively levels of active caspase-1, M1 macrophages exhibited higher

levels than M2 as seen in Figures 5.21 A and 5.22 A, although these differences were not

statistically significant (mean +/- SEM: M1 3.25 +/- 1.03, M2 2.13 +/- 0.144, p= 0.3573 by

Student's t-test). Macrophages were then challenged with MSU (200 µg/mL for 1 hour), LPS

(100 ng/mL for 1 hour) or both. As positive controls of NLRP3 inflammasome activation

macrophages were stimulated with ATP (5 mM 15 minutes) or nigericin (20 µg/mL 15

minutes). In both M1 and M2 macrophages, MSU increased the levels of active caspase-1 in

cells with crystals (Figures 5.21 C, 5.22 C and 5.23) whereas cells that had not phagocytosed

crystals exhibited the same inflammasome activation than unstimulated macrophages.

Figure 5.21. Baseline state of caspase-1 activation in M1 and M2 macrophages and effect of MSU crystals on

caspase-1 activation. The presence of intracellular active caspase-1 was assessed by flow cytometry using a

fluorescent antibody against this enzyme. Graph (A) compares levels of active caspase-1 in M1 and M2

macrophages from 5 different healthy donors, with MFI values normalized to unstained samples. Macrophages

were then incubated with MSU crystals (200 µg//mL) for 1 hour and samples were analyzed by flow cytometry,

gating macrophages with crystals as they increase their SSC signal (B). Histogram (C) shows on X-axis the

fluorescent signal of the antibody against active caspase-1 and on Y-axis the % of cells normalized for the

maximum bin. Macrophages with crystals (green dotted line) exhibited higher levels of active caspase-1 compared

with macrophages without crystals (black dashed line) and unstimulated macrophages (grey line).
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Caspase-1 activation was then visualized in an immunofluorescent microscope (Figure 4.22).

Unstimulated macrophages showed and enhanced stained for caspase-1 compared with M2, in

which active casapase-1 was concentrated in one or two cytoplasmatic locations. In M2

macrophages, after phagocytosis of MSU crystals, intracellular staining of active caspase-1

increased.

Figure 5.22. Active caspase-1 in M1 and M2 macrophages. FAM-FLICA caspase-1 assay was used for the staining

of active caspase-1 whereas nuclei were stained with Hoechst provided in the same assay. Cells were concentrated

on a glass slide using the cytospin technique. Samples of unstimulated M1 (B), unstimulated M2 (B) and MSU

cultured with MSU crystals (C) (200 µg/mL for 1 hour) were then analyzed in an immunofluorescence

microscope. Fluorescent images from caspase-1 (green), Hoechst (blue) and images of MSU crystals obtained

without fluorescent filters were overlaid using the software ImageJ.

BA

C
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The increase in caspase-1 after MSU challenging was independent on the presence of LPS,

which did not have any additive effect in caspase-1 activation. No differences were observed

between caspase-1 activation with MSU and other activators the inflammasome such as

nigericin or ATP (Figure 5.23 and Table 5.2). When comparing between M1 and M2

macrophages, the same degree of activation after stimulation with MSU crystals, nigericine and

ATP was observed, with no significant differences.

M1 macrophages M2 macrophages

Mean SD CI Mean SD CI P

LPS 1.11 0.28 0.76-1.46 1.22 0.33 0.81-1.64 0.4421

MSU phagocytosis 2.70 0.92 1.55-3.85 2.37 0.64 1.58-3.16 0.3802

MSU+LPS phagocytosis 3.04 1.4 1.29-4.78 2.46 0.56 1.76-3.62 0.2978

Nigericin 1.91 0.69 1.06-2.77 2.23 0.78 1.26-3.20 0.5673

ATP 2.98 1.65 0.93-5.03 2.24 0.83 1.21-3.27 0.4193

5.23. Comparison of caspase-1 activation between M1 and M2 macrophages after stimulation with MSU,

nigericin and ATP. M1 and M2 macrophages were challenged with MSU (200 µg/mL 1 hour), LPS (100 ng/mL 1

hour), ATP (5 mM 15 minutes) or nigericin (20 µg/mL 15 minutes) and, after incubation with a fluorescent

antibody against active caspase-1, the presence of this active enzyme was quantified by flow cytometry. Graph

presents MFI values obtained after subtracting the unstained sample were normalized to unstimulated cells. Table

displays main statistics in both populations such as mean, standard deviation (SD) and 95% confidence interval

(CI), as well as p values obtained after comparing M1 and M2 subgroups with paired t-test.
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M1 M2

Repeated mesures ANOVA p<0.0001 p=0.0003

Tukey's Multiple comparison test Significant?

p<0.05

Significant?

p<0.05

medium vs LPS No No

medium vs MSU no phagocytosis No No

medium vs MSU phagocytosis Yes * Yes *

medium vs MSU+LPS no phagocytosis No No

medium vs MSU+LPS phagocytosis Yes ** Yes **

medium vs nigericin No Yes *

medium vs ATP Yes ** Yes *

LPS vs MSU no phagocytosis No No

LPS vs MSU phagocytosis No No

LPS vs MSU+LPS no phagocytosis No No

LPS vs MSU+LPS phagocytosis Yes * Yes *

LPS vs nigericin No No

LPS vs ATP Yes * No

MSU no phagocytosis vs MSU phagocytosis Yes * Yes *

MSU no phagocytosis vs MSU+LPS no phagocytosis No No

MSU no phagocytosis vs MSU+LPS phagocytosis Yes ** Yes *

MSU no phagocytosis vs nigericin No No

MSU no phagocytosis vs ATP Yes ** No

MSU phagocytosis vs MSU+LPS no phagocytosis No No

MSU phagocytosis vs MSU+LPS phagocytosis No No

MSU phagocytosis vs nigericin No No

MSU phagocytosis vs ATP No No

MSU+LPS no phagocytosis vs MSU+LPS phagocytosis Yes * No

MSU+LPS no phagocytosis vs nigericin No No

MSU+LPS no phagocytosis vs ATP Yes * No

MSU+LPS phagocytosis vs nigericin No No

MSU+LPS phagocytosis vs ATP No No

nigericin vs ATP No No

Table 5.2. Statistical analysis of inflammasome activation in M1 and M2 macrophages. Intracellular active

caspase-1 levels were analyzed by flow cytometry after staining with a fluorescent antibody against caspase-1

(FAM-FLICA caspase-1 assay). MFI values obtained after subtracting the unstained sample were normalized to

unstimulated cells. (***)p<0.001, (**) p=0.001-0.01, (*) p=0.01-0.05, not significant if p>0.05.
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5.3.2. Inactive forms of caspase-1 and IL-1β

Once known that M1 macrophages exhibit higher levels of active caspase-1, levels of the

inactive protein pro-caspase-1 were quantified in M1 and M2 macrophages. For this purpose,

cytoplasm protein was extracted from macrophage cultures and the presence of caspase-1 and

other inflammasome related proteins such as ASC and pro-ILβwere detected by western blot.

As shown in Figure 5.24, M1 macrophages exhibited higher levels of pro-caspase 1 (p45) when

compared with M2 macrophages. Stimulation of the later with LPS increased the expression of

this inactive enzyme. Apoptosis-associated speck-like protein containing a caspase recruitment

domain (ASC), is a reversible adaptor molecule that connects nucleotide-binding

oligomerization-domain proteins (NODs), such as NLRP3 with pro-caspase-1. ASC was

undetectable in unstimulated M2 macrophages and was induced after LPS and to a lesser

extend MSU stimulation (Figure 5.25). When analyzing the presence of IL-1β, its inactive form

(pro-IL-1β), showed the same pattern than ASC, increasing after LPS stimulation (Figure

5.25). But interestingly, a synergistic effect was observed in the presence of MSU and LPS. This

result agrees with the higher levels of IL-1β observed our previous experiments when M2

macrophages were challenged with LPS and MSU together. This inactive cytokine was

undetectable when macrophages were stimulated with MSU, explaining the lack of IL-1β

production even these crystals can activate the inflammasome and increase the levels of active

caspase-1, as previously showed by flow cytometry. Levels of the active form of IL-1β showed

small differences between groups, probably because once activated, nearly all the cytokine is

excreted to the extracellular media, and it is better to determine it in the supernatant.

Figure 5.24. Quantification of intracellular levels of inactive capsase-1 (p45) in M1 and M2 macrophages.

Presence of pro-caspase-1 in M1 and M2 analyzed by western blot. Cells were stimulated with MSU (200 µg/mL),

LPS (100 ng/mL) for 18 hours. Intensity of each band was quantified with Photoshop software and values

normalized to β-actin are represented in graph.
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Figure 5.25. Quantification of intracellular levels of ASC and pro-IL-1β in M2 macrophages. Expression of ASC,

pro-IL-1 and active IL-1 in cytoplasm of M2 macrophages was detected by western blot. Cells were stimulated

with MSU (200 µg/mL), LPS (100 ng/mL) for 18 hours. Intensity of each band was quantified with Photoshop

software and values normalized to β-actin are represented in graph.

5.3.3. Expression of inflammasome related genes

As results obtained in previous experiments show that M1 macrophages exhibit higher levels of

both the precursor and active caspase-1 compared with M2 macrophages, we wondered about

the state of transcription of genes involved in the inflammasome in different polarization

states. Thus, mRNA levels of caspase-1, IL-1β and NLRP3 were assessed by Real-Time PCR.

Briefly, M1 and M2 macrophage cultures were challenged on day 6 with MSU (200 µg/mL),

LPS (100 ng/mL) or both for 4 hours. RNA was isolated with NucleoSpin® RNA XS kit and after

inverse transcriptase reaction cDNA was obtained. Selected sequences were amplified with

primers designed for caspase-1, IL-1β and NLRP3 genes and the amplification process was

monitored in a LightCycler 480 using fluorescent probes or SYBRGreen. Next paragraphs

expose the results from 5 independent experiments.
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5.3.3.1. Caspase-1 gene expression

First, assessment of baseline expression of caspase-1 was performed comparing samples of

non-stimulated macrophages (Figure 5.26). Our results showed that M1 macrophages had at

baseline less expression of caspase-1 than M2 (mean +/- SEM: M1 0.85 +/- 0.17, M2 1.44 +/-

0.11, p= 0.0216). Both macrophage subtypes doubled mRNA expression when stimulated with

LPS, whereas MSU did not have any effect, even decreased mRNA expression in M2

macrophages. M1 and M2 macrophages had the same behaviour after stimulation, with no

statistically significant differences (p= 0.7 for LPS, p=0.1 for MSU and p=1 for MSU and LPS)

M1 macrophages M2 macrophages

Mean SD CI Mean SD CI

LPS 2.04 0.56 0.65-3.43 2.343 0.30 1.60-3.08

MSU 0.96 0.28 0.27-1.66 0.69 0.05 0.57-0.82

MSU+LPS 2.027 0.72 0.24-3.81 2.72 1.66 -1.41-6.85

Figure 5.26. Caspase-1 gene expression in M1 and M2 macrophages. Macrophage cultures were stimulated with

LPS (100 ng/mL), MSU (200 µg/mL) or both for 4 hours. After RNA extraction and reverse transcriptase reaction,

amplification was performed in a LightCycler 480 using a specific fluorescent probe. Quantification of RNA was

normalized to GADP gene expression. Graph (A represents caspase-1 expression in non-stimulated macrophages.

Graph (B) represents the effect of LPS and MSU stimulation, relative to baseline levels. Table shows statistics from

graph (B) in order to compare between M1 and M2 macrophages. * p= 0.0216.

A B
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5.3.3.2. IL-1β gene expression

As shown in Figure 5.27, M1 and M2 macrophages exhibited similar levels of IL-1β mRNA

(mean +/- SEM: M1 0.29 +/- 0.14, M2 0.37 +/- 0.19, p= 0.6250). Once stimulated with LPS,

expression of this gene increased, although differences between different experimental

conditions did not reach significance (M1 p= 0.0665, M2 p= 0.1579) probably due to the

variability of the samples, that showed more deviation than previous experiments with caspase-

1. This fact could also explain that the differences observed in LPS response between M1 and

M2 macrophages were not statistically significant (p= 0.4 for LPS, p=0.7 for MSU and p= 1 for

MSU+LPS). Of note, in M2 macrophages, although MSU crystals alone had a slightly effect of

IL-1β expression, in combination with LPS increased mRNA values eight times.

M1 macrophages M2 macrophages

Mean SD CI Mean SD CI

LPS 31.80 24.17 -28.25-91.85 7.27 6.98 -10.07-24.61

MSU 1.45 0.19 0.97-1.94 3.37 3.54 -5.44-12.18

MSU+LPS 39.30 36.17 -50.54-129.2 24.70 29.56 -45.73-101.1

Figure 5.27. IL-1β gene expression in M1 and M2 macrophages. Macrophage cultures were stimulated with LPS

(100 ng/mL), MSU (200 µg/mL) or both for 4 hours. qRT-PCR was performed in a LightCycler 480 using an

specific fluorescent probe and quantification of RNA was normalized to GADP gene expression. Graph (A)

represents IL-1β expression in non-stimulated macrophages. Graph (B) represents the effect of LPS and MSU

stimulation, relative to baseline levels. Table shows statistics from graph (B) in order to compare between M1 and

M2 macrophages.

A B



1135. Role of M2 macrophages in early stages of gout flares

LPS MSU MSU+LPS
0

1

2

3

4
M1
M2

re
la

ti
ve

 g
en

e 
ex

pr
es

si
on

M1 M2
0.0

0.2

0.4

0.6

0.8

1.0

re
la

ti
ve

 g
en

e 
ex

pr
es

si
on

5.3.3.3. NLRP3 relative gene expression

Although M2 macrophages had higher levels at the baseline (Figure 5.28), these differences

were not statistically significant (mean+/- SEM: M1 0.35 +/- 0.05, M2 0.65 +/- 0.12, p=

0.1474). Again, as with IL-1β expression, although LPS stimulation increased NLRP3 gene

expression, this differences were not statistically significant compared with MSU and MSU

with LPS (M1 p=0.107, M2= 0.3679) and no differences were observed between M1 and M2

responses.

M1 macrophages M2 macrophages

Mean SD CI Mean SD CI

LPS 2.17 0.75 -4.56-8.9 1.47 0.16 0.01-2.936

MSU 1.23 0.12 0.15-2.31 1.6 0.42 -2.21-5.41

MSU+LPS 2.81 0.08 2.05-3.57 2.33 0.71 -4.08-8.752

Figure 5.28. NLRP3 gene expression in M1 and M2 macrophages. Macrophage cultures were stimulated with LPS

(100 ng/mL), MSU (200 µg/mL) or both for 4 hours. qRT-PCR was performed in a LightCycler 480 using an

specific the fluorescent dye SYBR Green. Gene expression relative to the housekeeping gene GAPD was then

calculated. Graph (A) represents NLRP3 expression in non-stimulated macrophages. Graph (B) represents the

effect of LPS and MSU stimulation, relative to baseline levels. Table shows statistics from graph (B) in order to

compare between M1 and M2 macrophages.
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The central role of the mononuclear phagocyte system in gout has been highlighted during the

last years. Macrophages initiate the inflammatory response MSU crystals and produce

inflammatory cytokines and chemokines that induce migration of blood monocytes to further

amplify the inflammatory response. One of the questions that remain unanswered in gout is

why some individuals with hyperuricemia, and even with MSU deposits, remain

asymptomatic. In the first part of this chapter we investigated the possibility that it could be

due to a greater reactivity of blood monocytes to MSU crystals in patients who develop gout.

With this aim, we compared inflammasome activation in monocytes from patients with gout

and healthy donors. Additionally, the possibility of polymorphisms in NLRP3 gene, that could

modify inflammasome activation, was explored by genotyping this gene in patients with gout.

Different monocyte subpopulations in peripheral blood with differential functions have been

described based on CD14 and CD16 expression. Of them, intermediate monocytes

(CD14++CD16+) are expanded in inflammatory diseases such as rheumatoid arthritis,

sarcoidosis, sepsis and seem to be involved in atherosclerosis but no studies have analyzed

monocyte subpopulations in gout. In the last part of this chapter we analyzed the distribution

of monocyte subpopulations in gout in asymptomatic patients or during an acute flare and its

relation with uric acid levels and inflammation.
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6.1. Demographic data

We recruited 19 healthy controls and 17 patients with gout, of them 13 patients were

asymptomatic and in 4 patients samples were obtained during a gout flare. Demographic

characteristics of subjects are summarized in Table 6.1.

All patients with gout were males, whereas women represented 42% of the control group.

Patients with asymptomatic group were older (p= 0.0006) and had higher uric acid (p=0.033)

and creatinine levels (p=0.015) when compared with the control group. Of note, CRP levels

were higher in patients, whether or not they had an acute flare (asymptomatic p= 0.0099, acute

gout p=0.0072), although mean levels in asymptomatic patients were below the normal range

of CRP, considered 0.5 mg/mL.

Most patients with asymptomatic gout were on ULT therapy, mainly with allopurinol (600

mg/daily in one patient, 300 mg/daily in two, 200 mg/daily in one and 100 mg/daily in five

patients). Other reported treatments were febuxostat in two patients and benzbromarone in

one. On the other hand, in the group with an acute flare only half of them were on

hypouricemic treatment. Gout flare was monoarticular in three patients and three joints were

affected in one. Mean duration of gout was longer in the asymptomatic group (p= 0.4662). Of

note, none of the patients recruited had tophi on physical examination.

Asymptomatic gout Acute gout Controls

n 13 4 19

Male sex, n (%) 13 (100) 4 (100) 11 (57,9)

Age, mean years 64,9 *** 56,5 40,7

Uric acid , mean mg/dL 6,39 * 6,93 4,97

Creatinine, mean mg/dL 1,06 ** 0,90 0,75

CRP, mean mg/dL 0,32 * 4,94 ** 0,06

Hypouricemic treatment,

n (%)

12 (92.3)

Allopurinol              9

Febuxostat               2

Benzbromarone      1

2 (50)

Allopurinol      2

Duration of gout, mean years 23,6 15,3

Table 6.1. Demographic data of gout patients and controls. Statistical analysis between groups was performed

using Kruskal-Wallis test with Dunn's test to compare pairs of columns. Pairs with statistical differences were then

compared with Mann-Whitney test, adjusting p values with the Bonferroni's correction to counteract the problem

of multiple comparisons. CPR: C-reactive protein. . (***)p<0.001, (**) p=0.001-0.01, (*) p=0.01-0.05.
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6.2. Caspase-1 activity in patients with gout

Hyperuricemia is the main risk factor of gout, increasing the possibility of arthritis with uric

acid levels. Nevertheless, not all patients with high uric acid will develop clinical gout. Non-

invasive imaging techniques such as ultrasonography have demonstrated that some patients,

even in the presence of MSU deposits, remain asymptomatic. The reason of this phenomenon

is still unknown. Our hypothesis is that patients with clinical gout could exhibit a higher

inflammatory response to MSU crystals than asymptomatic individuals. As IL-1β has been

considered the main inflammatory cytokine in gout and MSU crystals activate NLRP3

inflammasome, we explored the possibility that differences in inflammasome functionality

could play a role. We compared inflammasome activation and IL-1β production between a

cohort of patients with gout and a group of healthy controls. Moreover, to investigate the

possibility that polymorphisms in NLRP3 gene could be involved in the response to MSU

crystals, we analyzed this gene in the group of patients with gout.

6.2.1. Demographic data

For these experiments, we selected 7 patients with gout, without arthritis in the moment of the

interview and without any anti-inflammatory treatment such as NSAIDs, colchicine or aspirin.

On the other hand, the control group included 7 healthy males, over 40 years old, without any

anti-inflammatory treatment. Demographic data of these patients are summarized in Table 6.2.

All subjects were men and the mean age in gout group was higher. Uric acid, creatinine and

CRP levels were higher in the group of patients, but these differences did not reach statistical

significance. All patients except one were treated with ULT therapy, mainly allopurinol, three

of them with 100 mg daily and the other two required higher doses of 300 mg daily.

Table 6.2. Demographic characteristics of gout patients and controls. (**) p=0.0044 by Student's t-test.

Gout Controls

Male sex (n) 7 7

Mean age, mean years 66.5 ** 52.7

Uric acid , mean mg/dL 6.69 5.75

Creatinine, mean mg/dL 0.94 0.81

CRP, mean mg/dL 0.32 0.08

Time evolution gout, mean years 22.01

Uric acid lowering therapy (n)

Febuxostat

Allopurinol

6

1

5
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6.2.2. Assessment of inflammasome activity

Cleavage and activation of caspase-1 depends upon inflammasome assembly and consequently,

the increase of active caspase-1 levels after stimulation can reflect the degree of inflammasome

activation. Therefore, to compare inflammasome functionality between patients with gout and

healthy donors, we quantified caspase-1 levels by flow cytometry. Analysis was performed in

peripheral blood monocytes because these cells migrate into the joint to take part in the

inflammatory response to MSU crystals and they can also differentiate towards macrophages.

PBMCs were stimulated with MSU (200 µg/mL for 1 hour) and LPS (100 ng/mL for 1 hour)

and as positive controls we used nigericin (20 µg/mL for 15 minutes) and ATP (5 mM for 15

minutes). After stimulation, active caspase-1 was labelled with the Caspase-1 FLICA™

Detection Kit (Immunochemistry Technologies) and mean fluorescence intensity (MFI) of

each sample was analyzed by flow cytometry, gating the population of blood monocytes as

shown in Figure 6.1 A.

6.2.2.1. Baseline levels of active caspase-1

First, we compared the presence of active caspase-1 in unstimulated monocytes. As showed in

graph 6.1 B, no differences were founded between patients with gout and healthy controls

(mean +/- SEM: controls 22.01 +/- 0.81, gout 22.34 +/- 1.72, p=0.8650).

Figure 6.1. Caspase-1 levels in monocytes at steady state. Intracellular active caspase-1 was assessed in PBMCs by

flow cytometry using the fluorescent antibody FAM-FLICA. (A) Monocytes were gated based on their SSC and

FSC values. Graph (B) presents mean fluorescent intensity values of active caspase-1 from each sample

normalized to unstained sample. Statistical analysis was performed with unpaired t test.

A B
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6.2.2.2. Caspase-1 activation in stimulated monocytes

Then, we compared inflammasome activation in both groups, analyzing the increase of active

caspase-1 after stimulation with MSU crystals (200 µg/mL) for 1 hour. As expected, MSU

crystals increased active caspase-1 in both patients and controls (Figure 6.2). However, patients

with gout exhibited higher levels of active caspase-1 after stimulation (p= 0.0419), suggesting

higher inflammasome activity (Figure 6.3). No differences were observed in caspase-1

activation when monocytes were challenged with other inflammasome activators such as ATP

(p=0.7730) or nigericine (p=0.0842).

Figure 6.2. Analysis of inflammasome activation in monocytes after MSU phagocytosis. PBMCs were stimulated

with MSU crystals (200 µg/mL) for one hour and then stained with a fluorescent antibody that binds to active

caspase-1. Samples were analyzed by flow cytometry, gating the monocyte population on FSC/SSC plot (A).

Taking as a reference the monocytes in unstimulated sample (B), monocytes that phagocyte crystals were gated as

they increase their SSC signal (C). Histogram (D) shows fluorescent signal of active caspase-1 on X-axis and the

number of cells as the percentage of maximum bin on the Y-axis. Monocytes with MSU crystals (red dotted line)

increased their active caspase-1 levels comparing with monocytes without crystals (black dashed line) and

unstained sample (grey line).

A B

C D
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When comparing the effect of the different stimulations in each group, in patients with gout

response to MSU crystals was higher than stimulation with nigericin (p=0.0313) but no

differences were observed comparing MSU and ATP (p=0.4375) or nigericin with ATP (p=

0.4775). On the other hand, in the group of healthy donors, no differences were observed

between the three activators of the inflammasome (p= 0.9537). Table 6.3 summarises the

results obtained from our stimulation experiments.

Stimulation Group Mean SD CI p value

MSU Healthy 1.66 0.40 1.15-2.16 0.0419 (†)

Gout 2.20 0.36 1.82-2.58

Nigericin Healthy 1.50 0.48 1.06-1.94 0.0842 (‡)

Gout 1.81 0.47 1.38-2.24

ATP Healthy 1.77 0.63 1.19-2.35 0.7730 (†)

Gout 1.62 1.16 0.55-2.70

Figure 6.3. Inflammasome activation in monocytes. PBMCs from gout patients and healthy controls were

stimulated with MSU (200 µg/mL for 1 hour), nigericin (20 µg/mL for 15minutes) or ATP (5 mM for 15 minutes)

and activation of inflammasome was analyzed by flow cytometry by quantification active caspase-1 in monocyte

population. Graph shows the increase of active caspase-1 relative to baseline levels. Table shows the results from

comparison between gouty patients and healthy controls. Statistical analysis was performed by unpaired t-test (†)

or Mann Whitney test (‡). SD: standard deviation, CI: 95% confidence interval.



1236. The mononuclear phagocyte system in patients with gout

CONTROLS GOUT
0

20

40

60

80

p=0.4745

%
 p

h
ag

oc
yt

os
is

Phagocytic capacity of monocytes could influence the effect of these crystals, therefore we

compared the percentage of phagocytosis in monocytes from patients and healthy controls. We

observed no differences regarding MSU phagocytosis (Figure 6.4), so we could conclude that

MSU crystals have a higher effect on caspase-1 activation in monocytes from patients with gout

and that this effect is independent of their phagocytic activity.

We next correlated activation of caspase-1 after MSU challenging with uric acid levels,

creatinine and CRP. A positive relation was observed with uric acid levels (r=0.27, p=0.449),

creatinine (r=0.12, p=0.7589), and especially with CRP (r=0.45, p=0.1912), although none of

them reach statically significance, probably due to the sample size, and we could not

demonstrate correlation.

Figure 6.4. MSU phagocytosis in monocytes from patients with gout and healthy donors. Phagocytosis of MSU

was quantified by flow cytometry as cells with crystals increase their SSC values. SD: standard deviation, CI: 95%

confidence interval.

6.2.3. IL-1β production after MSU stimulation

Peripheral blood mononuclear cells were cultured on 96 well plates and stimulated with MSU

(200 µg/mL), LPS (100 ng/mL) or both together for 24 hours. Levels of IL-1β in supernatants

were compared between patients with gout (n=6) and healthy donors (n=6). Unexpectedly,

patients with gout exhibited a higher production of IL-1 when exposed to MSU or LPS,

although these differences were not statistically significant (Figure 6.5). As samples from

patients with gout had higher number of monocytes (mean+/-SEM controls 87.50+/-7.55, gout

111+/-10.32 cells/mm3, p=0.093), IL-1 production was normalized to monocytes/mm3,

making these differences even more pronounced. However, the synergism between MSU and

LPS was more important in gouty patients although differences did not reach significance

(mean+/-SEM, controls 2.47+/-1.07, gout 4.19+/-1.74, p=0.1255).

As our experiments with soluble uric acid and M2 macrophages had showed that uric acid has

a suppressive effect on IL-1 production, we correlated our results with serum uric acid levels.

Mean SD CI

CONTROLS 62.39 13.52 49.89-74.89
GOUT 58.00 8.07 50.54-65.46
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We a negative relation between IL-1 production after stimulation with MSU and LPS and uric

acid but correlation was not statistically significant (r= -0.233 and p= 0.5170).

Figure 6.5. IL-1β production in patients with gout. PBMCs were challenged with LPS (100 ng/mL), MSU (200

µg/mL) or both for 24 hours, and IL-1β was quantified in supernatants by ELISA (A). In graph (B) IL-1

production was normalized to monocytes/mm3 and results from statistical analysis are depicted in the table.

Graph (C) represents the fold change in IL-1 production with MSU and LPS compared with LPS alone. Results

from 6 patients with gout and 6 healthy donors. Comparison between gouty patients and healthy controls was

performed by unpaired t-

p= 0.0473.

Stimulation Group Mean SD CI p

medium Healthy 6.55 6.98 -0.77 - 13.88 0.1404 (†)

Gout 1.32 1.83 -0.96 - 3.60

LPS Healthy 27.03 18.09 8.04 - 46.02 0.0714 (†)

Gout 9.28 7.34 0.17 - 18.39

MSU Healthy 18.15 17.97 -0.71 - 37.01 0.3109 (‡)

Gout 4.76 9.88 -7.51 - 17.02

MSU+LPS Healthy 37.74 11.81 25.35 - 50.14 0.0473 (†)

Gout 22.45 9.89 10.17 - 34.73

A

B C
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6.2.4. Polymorphisms of NLRP3 gene in gout patients

In order to understand why PBMCs from patients with gout exhibit a higher inflammasome

activity after MSU stimulation, we investigated the possibility that NLRP3 polymorphisms

could influence the response to MSU crystals. Cryopyrin-associated periodic fever syndromes

(CAPS) are inherited autoinflammatory diseases caused by heterozygous gain-of-function

mutations in NLRP3 gene that lead to a higher response of the inflammasome after stimulation.

As most of mutations in CAPS syndromes are located in exon 3, which encodes de NACHT

domain of NLRP3, we analyzed this segment in the group of patients with gout (n=16). For

each polymorphism, frequencies of the minor allele (MAF) were compared with the control

population of Iberian ancestry from the 1,000 Genome Project.

As shown in Figure 6.7, The majority of polymorphisms founded in our patients consisted in

nucleotide changes that did not translated in amino acid changes. One variation that results in

an amino acid change was observed in two patients. This variant, the Q703K, has been

associated with spondyloarthritis. When comparing with the control population (n=14), no

differences were observed.

c.6
57 C

>T

c.7
26 G

>A

c.7
80 G

>A

c.1
231 C

>T

c.1
302 C

>T

c. 
2107 C

>A

0.0

0.2

0.4

0.6

GOUT

CONTROLS

m
in

or
 a

le
ll

e 
fr

eq
u

en
ci

es

Figure 6.7. Analysis of NLRP3 gene in gout. Exon 3 of NLRP3 was sequenced in a group of patients with gout

(n=16). The Iberian population of Spain from 1000 Genome Project was taken as a reference. Statistical analysis

was performed with Fisher exact test. MAF: minor allele frequency.

Sequence change Protein name rs number MAF GOUT MAF controls p Odds ratio (95%CI)

c.657 C>T p.Thr219Thr rs7525979 0.03 0.03 1 0.82 (0.05-13.71)

c.726 G>A p.Ala242Ala rs3806268 0.53 0.43 0.46 1.5 (0.55-4.11)

c.780 G>A p.Arg260Arg rs4925543 0.03 0.03 1 0.82 (0.05-13.71)

c.1231 C>T p.Leu411Leu rs148478875 0.03 0.0059 1 2.55 (0.1-65.18)

c.1302 C>T p.Ser434Ser rs34298354 0.09 0.07 1 1.26 (0.19-8.11)

c.2107 C>A p.Gln703Lys rs35829419 0.027 0.041 1 0.81 (0.11-6.17)
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6.3. Monocyte subpopulations in gout

Blood monocytes have a variety of functions such as tissue repair and defence against

infections or neoplastic cells. This heterogeneity is explained by the existence monocyte subsets

with phenotypic and functional differences. Scientific community has recognized three

different monocyte subsets based on the expression of the cell surface antigens CD14 and

CD16: classical (CD4++ CD16-), intermediate (CD14++ CD16+) and non-classical (CD14+

CD16++) monocytes. Of them, intermediate and non-classical monocytes are expanded in

inflammatory diseases such as rheumatoid arthritis, sepsis, HIV infection and atherosclerosis.

In the case of rheumatoid arthritis, the expansion of the CD16+ population correlates with

disease activity and decreases after treatment. It is unknown, however if these "inflammatory"

monocytes are the cause of the burden or if they expand in response to the inflammatory

milieu. Our hypothesis is that CD16+ monocytes could be expanded during gout flares and

these monocytes could migrate into the joint to participate in the inflammatory response to

MSU crystals. With this aim we analyzed monocyte subpopulations in 4 gouty patients during

an acute flare.

As gout has been associated with an increase in cardiovascular risk, our hypothesis is that the

expansion of the intermediate phenotype, even in the absence of arthritis, could reflect

subclinical inflammation and play a role in the development of atherosclerosis. Therefore, we

analyzed monocyte subpopulations in a group of group of asymptomatic patients compared

with healthy donors.

6.3.1. Analysis of monocyte subpopulations

Peripheral blood monocyte subpopulations were assessed in 19 healthy controls, 13 patients

diagnosed of gout but asymptomatic and 4 patients with gout during an acute flare. Samples of

peripheral blood were collected in EDTA tubes by venipuncture, and staining with monoclonal

antibodies against CD45, HLA-DR, CD14 and CD16 was performed as explained in methods

section. Samples were analyzed by flow cytometry using the gate strategy proposed by Ziegler-

Heitbrock et al. [249]. Uric acid, creatinine and PCR were quantified in serum. Tables 6.3, 6.4

and 6.4 show the results from participants in each group.
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code sex age Classical

CD14++CD16-

Intermediate

CD14++CD16+

Non-classical

CD14+CD16++

Cr UA CPR

G-6 W 61 94.8 1.7 3.4 0.72 3.9 0.03

G-9 M 63 89.9 3.9 5.1 1.01 6.5 0.02

G-10 W 23 86.1 4.7 9.2 0.49 5.5 0.03

G-11 W 24 86.4 3.2 10.4 0.57 3.4 0.01

G-12 W 30 88.2 4.3 7.3 0.65 4 0.06

G-13 W 47 82.4 6.9 10.7 0.6 2.8 0.01

G-14 W 42 85.9 4 9.7 0.8 6.1 0.12

G-17 M 29 90.1 5.6 4.2 0.96 5.4 0.06

G-18 M 51 88.3 2.3 9.2 0.81 5.8 0.04

G-22 M 52 72.7 8.7 18.5 0.59 4.3 0.26

G-25 M 48 85.7 5 9.3 0.74 5.5 0.05

G-30 M 28 89.7 3.1 7 0.93 6.1 0.01

G-31 M 46 75 7 17.9 0.94 5.8 0.03

G-32 M 55 85.4 3.4 11.2 0.75 6.6 0.09

G-34 M 32 87.7 7.5 4.8 0.69 5.9 0.12

G-35 M 54 72.9 9.5 17.6 NA NA NA

G-36 M 30 90 3.9 6 0.9 5.3 0.02

G-37 W 31 90.5 4.2 5.6 0.66 2.9 0.03

G-38 W 28 86.1 4.1 9.7 0.61 3.7 0.02

Mean 40.7 85.67 4.89 9.31 0.74 4.97 0.056

SEM 3.01 1.38 0.49 1.04 0.04 0.29 0.01

Table 6.3. Monocyte subpopulations in healthy donors. Results are expressed as percentage from total

monocytes. W: women, M: men, SEM: standard error, Cr: creatinine (mg/dL), UA: uric acid (mg/dL), CRP: C-

reactive protein (mg/dL), NA: non-available.
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code sex age Classical

CD14++CD16-

Intermediate

CD14++CD16+

Non-classical

CD14+CD16++

Cr UA CPR

G-7 M 57 88.8 3.7 7.1 1.04 4.4 0.88

G-16 M 67 86.3 5.7 8 1.03 4.8 0.11

G-19 M 66 86.7 4.6 8.6 1.19 6.7 0.81

G-20 M 50 83.2 5 11.7 0.98 7.1 0.03

G-24 M 68 81.2 6.7 12.1 0.8 7.1 0.24

G-26 M 41 88.2 4.2 7.6 1.02 4 0.42

G-29 M 85 90.6 3.4 5.9 0.97 5.9 0.12

G-33 M 54 83.7 4.3 12 0.83 6.5 0.06

G-39 M NA 88.2 3.4 8.4 0.74 9.3 0.82

G-40 M 69 82.1 3.5 14.3 0.95 7.6 0.08

G-41 M 75 90.7 2.6 6.6 1.36 8.6 0.06

G-43 M 75 88.7 3 12 0.82 6.5 0.57

G-44 M 72 93.1 4.6 2.3 2.06 4.5 0.02

Mean 64.9 87.04 4.21 8.97 1.061 6.38 0.32

SEM 3.55 1.00 0.32 0.91 0.095 0.45 0.09

Table 6.4. Monocyte subpopulations in asymptomatic gouty patients. Results are expressed as percentage from

total monocytes. W: women, M: men, SEM: standard error, Cr: creatinine (mg/dL), UA: uric acid (mg/dL), CRP:

C-reactive protein (mg/dL), NA: non-available.

code sex age Classical

CD14++CD16-

Intermediate

CD14++CD16+

Non-classical

CD14+CD16++

Cr UA PCR

G-21 M 69 77.4 9.6 13 1.22 5.1 7.21

G-23 M 46 77 11.3 11.7 0.73 8.8 5.04

G-27 M 51 88.3 7.1 4.6 0.7 6.9 5.66

G-28 M 60 85.7 6.4 7.9 0.95 6.9 1.83

Mean 56.5 82.1 8.6 9.3 0.9 6.9 4.9

SEM 5.07 2.88 1.13 1.90 0.12 0.75 1.13

Table 6.5. Monocyte subpopulations during acute gout. Results are expressed as percentage from total

monocytes. W: women, M: men, SEM: standard error, Cr: creatinine (mg/dL), UA: uric acid (mg/dL), CRP: C-

reactive protein (mg/dL).
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Percentages of classical and non-classical monocytes did not significantly differed between

groups but, as expected, the intermediate subset was expanded in patients with an acute flare of

gout (Figure 6.8), with a trend towards a decrease of classical monocytes in these patients.

Statistical analysis showed differences in numbers of intermediate monocytes between patients

with acute gout and both healthy donors and asymptomatic patients (p= 0.0501 and p= 0.0165

respectively). Figure 6.9 presents results from one healthy donor and one patient with arthritis

and illustrates the increment of the intermediate phenotype. Of note, no differences were

observed in the percentage of intermediate monocytes between asymptomatic patients and

healthy controls.

Figure 6.8. Monocyte subpopulations in gout patients.

Peripheral blood samples from asymptomatic patients,

patients with an acute flare and healthy controls were

analyzed by flow cytometry, gating the three monocyte

subpopulations based in their expression of CD14 and

CD16. Graphs show the percentage from total

monocytes. The non-parametric test Kruskal-Wallis

was used to compare monocyte percentages between

patients and controls and Dunn's test to compare

between pairs. When detected significant differences,

pairs were compared using the non-parametric test

Mann-Whitney, applying the Bonferroni's correction to

minimize type I error. Box: 25–75 percentile range,

whiskers: 10–90 percentile range, outliers are plotted as

black circles and medians are the black lines in the

boxes.
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Figure 6.9. Flow cytometry analysis of blood monocyte subsets. Results of monocyte subpopulations in one

healthy donor (A) and in one patient with an acute flare of gout (B), showing that the population of CD14++CD16+

monocytes is expanded in patients with active arthritis.

6.3.1.1. Relation of monocytes with uric acid, creatinine and CRP

To investigate a possible relation between monocyte subpopulations and age, uric acid,

creatinine and CRP, correlation between percentage of monocytes and these variables was

evaluated using the Spearman coefficient rank (rs). Only a weak positive relation was observed

between intermediate monocytes and CRP levels, but results were not significant and therefore

no correlation could be demonstrated (Figure 6.10). This result is consistent with our previous

observation about the expansion of intermediate population in patients with arthritis and

suggests that, in the context of inflammation, this subpopulation tends to rise.

Classical Intermediate Non-classical

Age rs= -0.01036

p= 0.9536

rs= -0.1101

p= 0.5353

rs= 0.08349

p= 0.6388

Creatinine rs= 0.2349

p= 0.1744

rs= -0.1075

p= 0.5388

rs= -0.1626

p= 0.3506

Uric acid rs= -0.1890

p= 0.2770

rs= -0.0074

p= 0.9662

rs= -0.1957

p= 0.2598

CRP rs= -0.2434

p= 0.1588

rs= 0.3135

p= 0.0667

rs= 0.1735

p= 0.3190

Figure 6.10 Correlation analysis of monocyte subpopulations, age and biochemical parameters in sera.

Monocyte subpopulations from peripheral venous blood were assessed by flow cytometry, and results were

correlated with age and levels of creatinine, uric acid and CPR. Only a weak positive relation was found between

CPR and intermediate monocytes. rs: Spearman coefficient rank. Statistical analysis by Spearman's correlation.

A B
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6.3.1.2. Influence of gender on monocytes

To exclude the influence of gender in our results, data were analyzed in men and woment

separately. Although Ziegler-Heitbrock et al. founded lower CD14+CD16++ monoyctes in

females [249], in our analysis no differences were observed between men and women (Figure

6.11).

Classical

CD14++CD16-

Intermediate

CD14++CD16+

Non-classical

CD14+CD16++

Men              mean

SEM

85.29

1.03

5.338

0.428

9.403

0.775

Women        mean

SEM

87.55

1.31

4.138

0.514

8.250

0.918

p values 0.5925‡ 0.2928‡ 0.4649†

Table 6.11. Distribution of monocyte subpopulations in men and women. Percentage of each population was

obtained by flow cytometry according to CD14 and CD16 expression. Results from men and women were

compared with t-student (†) or Mann-Whitney (‡) tests depending on normality of the variables.
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6.3.1.3. Monocyte subpopulations in synovial fluid

In one patient with and acute flare of arthritis we had the opportunity to analyze the

distribution of monocyte subpopulations in a sample of synovial fluid obtained after joint

aspiration. Surprisingly, the population of non-classical monocytes was inexistent, whereas one

third of the monocytes had an intermediate phenotype.

Figure 6.12. Monocyte subpopulations in synovial fluid from a gout patient. Analysis by flow cytometry, plots

show monocyte subpopulations according to CD14 and CD16 expression in blood and synovial fluid of one

patient with an acute flare of gout.



"The important thing in science is
not so much to obtain new facts
as to discover new ways of thinking about them."

William Lawrence Bragg

7.
Discussion
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7.1. Role of M2 macrophages in gout initiation

The role of monocytes and macrophages in the pathogenesis of gout has been known for

decades. However, the exact contribution of each one in the initiation of gout flares has not

been analyzed until the last 10 years. Based in the observation that MSU crystals can be found

in asymptomatic joints[270,285], Yagnik et al. demonstrated that the maturation state of

monocytes and macrophages determines their response to MSU crystals[271,279,286]. They

proposed that, whereas blood monocytes would initiate the inflammatory response to MSU

crystals, macrophages would contribute to its resolution. But during the last years the role of

macrophages as the initiators of MSU-induced inflammation has been highlighted[259]. In an

attempt to try to explain these contradictory facts, and as the interaction of MSU crystals and

macrophages with different polarization states has not yet been assessed, we decided to

investigate the effect of these crystals on M1 and M2 macrophages. We hypothesised that

changes in polarization states of macrophages could be involved in the initiation and

resolution of this inflammatory process. Focusing in the initiation, MSU crystals could modify

macrophages' phenotype, turning them more "M1-like" and increasing their inflammatory

functions. A second signal could then lead to production of inflammatory cytokines and the

initiation of an inflammatory response. To explore this idea, we studied the effect of MSU

crystals in a population of cells resembling resident macrophages in synovial structures in

vitro.

M2 macrophages as a model of tissue resident macrophages

Because it is difficult to obtain and culture significant numbers of human macrophages, we

performed our experiments with in vitro monocyte-derived macrophages as, in vivo, blood

monocytes give rise to tissue resident macrophages.

This factor has to be considered when interpreting our results, as in vitro experiments do not

always translate to in vivo reality. Conditions of monocyte differentiation, such as the specific

employed growth factor, affect the phenotype of the resulting macrophages, and consequently,

the protocol applied for in vitro macrophage cultures has to be taken into account when results

are analyzed and compared.

We considered different maturation protocols and we chose the one that we considered more

"physiological". The reasons that justify the election of M2 macrophages polarized with M-CSF

are discussed in the next paragraph.
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In vitro, monocytes differentiate into macrophage-like cells during a process that lasts from 5

to 10 days and requires the presence of growth factors such as M-CSF, GM-CSF or IL-3. Other

cytokines such as G-CSF, IL-1, IL-2, IL-4, IL-6, IFN-β, TNF-α and bacterial LPS have proved

to be ineffective in promoting monocyte survival and differentiation, and in the absence of

growth factors, monocytes do not survive more that 3-5 days[201]. However, some groups do not

use any growth factor to culture monocyte-derived macrophages[272]. In our hands, culture

monocytes in the presence of autologous serum without growth factors resulted in high

mortality and lack of differentiation. This prompted us to consider the idea to add growth

factors to our cultures, in order to obtain fully differentiated macrophages as similar as possible

to resting synovial macrophages. With this aim, we decided to follow the concept of

macrophage polarization towards M1 and M2 phenotypes[195]. In the presence of microbial

products and IFN-�, macrophages acquire an inflammatory phenotype characterized by an

increased ability to kill intracellular pathogens and produce inflammatory cytokines. These

macrophages are termed "classical activated" or "M1" macrophages. On the other hand,

macrophages cultured with IL-4, IL-13, IL-10, TGF-β, IgG immunocomplexes or vitamin D3

receive the name of "alternatively activated" or "M2" macrophages. These macrophages are

anti-inflammatory and immune regulatory, playing a role in tissue repair and angiogenesis.

Similarly, culture of macrophages with GM-CSF or M-CSF results in cells with inflammatory

M1 or anti-inflammatory M2 phenotypes respectively[200,203]. M-CSF is a growth factor present

at detectable levels in blood stream at steady state[199] and it has a main role in the maintenance

of macrophage populations, as has been highlighted by the effects of its absence in M-CSF-

deficient osteopetrotic mice (Csf1op/Csf1op) that exhibit a severe deficiency in macrophages[208].

These facts, together with the anti-inflammatory functions of macrophages cultured with M-

CSF, have led to postulate that these macrophages resemble the population of resident

macrophages in tissues at steady state[199]. Moreover, macrophages cultured with M-CSF and

synovial macrophages share the expression of CD163[257]. For all these reasons, we chose a

culture protocol of monocyte-derived M2 macrophages in the presence of M-CSF in order to

obtain macrophages that could represent the resident population in the joint that is exposed to

MSU crystals in vivo. Additionally, for comparison purposes, we cultured M1 macrophages

polarized by GM-CSF.

M1 and M2 macrophages can be differentiated by their morphology, cell surface

antigens, phagocytic capacity, cytokine profile and gene expression

Phenotype of our M1 and M2 macrophages was consistent with previous reports from other

groups regarding cell morphology, surface antigens, phagocytic capacity, cytokine profile and

gene expression, confirming the proper polarization of our macrophages[200,201,203,287].
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M1 macrophages in our cultures were bigger and rounded, with the typical "fried egg"

morphology. They expressed higher levels of CD11b, the α-subunit that together with the β

subunit CD18 forms the heterodimeric integrin αMβ2 molecule[288]. On the other hand, M2

macrophages were smaller and stretched and expressed higher levels of CD14, that acts as a co-

receptor in the response to bacterial LPS[172]. The scavenger receptor CD163 was only present

in M2 macrophages. It is involved in the clearance of hemoglobin-haptoglobin complexes,

preventing the oxidative stress caused by heme compound[289]. CD163 is up-regulated by M-

CSF, IL-10, IL-6 and glucocorticoids and down-regulated by GM-CSF, IL-4, LPS, IFN-�and

TNF-α[290] and has been considered a marker of alternative macrophage activation[291].

M2 macrophages presented higher phagocytic capacity of polystyrene beads compared with

M1 macrophages. This results agree with Verrek et al.: they demonstrated that M2

macrophages uptake more mycobacteria and support their outgrowth when compared with

M1[200]. Subsequently, M2 macrophages have been involved in chronic mycobacterial infection.

Regarding cytokine production by our M1 macrophages after LPS challenging, they produced

inflammatory cytokines such as IL-1β and the p40 subunit of IL-12 and IL-23, as has

previously been reported[200]. Interleukin-12 is a heterodimer of p40 and p35 chains, whereas

IL-23 is a cytokine composed by the common p40 next to the specific p19 chain. Verreck et al.

showed that M1 macrophages secrete IL-23 but not IL-12, as they can produce p40 and p19

chains but not p35, requiring the presence of IFN-�to induce IL12 p35 gene transcription.

On the other hand, no detectable levels of inflammatory cytokines, such as IL-1β or IL-12,

were found in our M2 cultures, and instead, they were the main producers of IL-10. This

cytokine is secreted by almost all leukocytes, but especially by monocytes and macrophages

after stimulation with danger signals or after clearance of apoptotic cells. It acts on monocytes

and macrophages inhibiting LPS- and IFN-�-induced secretion of pro-inflammatory cytokines

such as IL-1β, TNF-α, IL-6, IL-8, G-CSF and GM-CSF. IL-10 also induces the release of anti-

inflammatory mediators such as IL-1Ra, increases the phagocytic capacity of macrophages and

down regulates major histocompatibility complex class II (MHCII) and adhesion molecules on

cell surface, decreasing the chemotaxis of monocytes. On neutrophils, IL-10 inhibits the

production of inflammatory cytokines and decreases their chemotaxis by downregulating the

production of chemokines responsible of their migration[292].

In our cultures, both M1 and M2 macrophages produced IL-8, and in the case of M1

macrophages, even in non-stimulated cultures, accordingly with previous reports[203]. IL-8 is

one of the main chemokines responsible for the recruitment of neutrophils. The production of
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IL-8 in M2 macrophages has been explained as it could play a role in the homeostatic functions

of M2 macrophages, facilitating their interaction with neutrophils[203].

To analyze the production of IL-1β and IL-10 through polarization of peripheral blood

monocytes towards a M2 phenotype, we quantified these cytokines after LPS stimulation on

days 0, 3 and 6 of differentiation. As expected, maturation of monocytes resulted in a decrease

of IL-1β, but an increase in IL-10 secretion through time. Similar results have been reported by

Yagnik et al., with a significant reduction of IL-1β on day 3 and complete inhibition on day 5

in monocyte-derived macrophages in the absence of growth factors[279,286].

M1 and M2 macrophages exhibit different transcriptional profiles, according to their different

functions. It has been previously reported that macrophages polarized with M-CSF show

minor differences when compared with IL-4 macrophages, as they both lead to the acquisition

of an M2 phenotype [197]. Hamilton et al. compared basal cytokine gene expression in GM-CSF

macrophages and M-CSF macrophages[281]. In accordance with their findings, higher levels of

IL-10 mRNA were obtained from our M2 macrophages when compared with M1.

However, our results of MSU phagocytosis and GM-CSF production provide new data about

the phenotypic differences between M1 and M2 macrophages. In our experiments, M2

macrophages showed an increased capacity for MSU phagocytosis. This fact was linked to a

higher mortality. Viability of osteoblasts after MSU stimulation has been analyzed by Dalbeth

et al. and mechanisms involved in cell death of osteoblasts seem to be independent of

phagocytosis [293].

Interestingly, M1 macrophages in our cell cultures were the main producers of GM-CSF,

detectable in supernatants of unstimulated cells. It seems reasonable that M1 macrophages,

once activated in the setting of an inflammatory process, could secrete more GM-CSF to

polarize infiltrating monocytes to M1 macrophages. This communication between

macrophages and neighbouring cells in the site of inflammation through growth factors and

cytokines has received the name of "CSF network"[199,294]. Macrophages activated by danger

signals and products from T lymphocytes produce inflammatory cytokines such as IL-1β and

TNF-α that activate non-hematopoietic cells like fibroblasts or endothelial cells to produce

inflammatory cytokines, GM-CSF, G-CSF and M-CSF. These growth factors can act

systemically or locally on granulocyte and macrophage precursors, promoting their

proliferation, differentiation and activation. In turn, macrophages produce GM-CSF and M-

CSF that act in an autocrine manner. The final result is a positive feedback loop that could

explain the chronic characteristics of the inflammatory process.



1397. Discussion

Culture of macrophages with MSU crystals does not result in IL-1 production

Once properly polarized, macrophages were exposed to MSU crystals but in our experiments

neither M1 nor M2 macrophages produced the inflammatory cytokine IL-1β. Our results are

consistent with the presence of phagocytosed MSU crystals inside mononuclear cells in

asymptomatic joints of patients with gout[270]. Moreover, they agree with previous work from

Yagnik et al. reporting that monocyte-derived macrophages, contrarily to fresh monocytes, fail

to produce inflammatory cytokines in response to MSU[279,286].

Conflicting data about the effect of MSU crystals on IL-1β production in monocytes and

macrophages have been published. Some groups have reported that human PBMCs produce

IL-1β after MSU challenging[136,279,295], whereas work from Netea's group has demonstrated the

requirement of another signal besides MSU stimulation[275,296]. On the other hand, THP-1 cells

require activation with PMA[295]. Mice peritoneal macrophages collected after lavage with LPS

do not need any priming [175,297], whereas macrophages obtained 3 days after intraperitoneal

injection of thioglycolate do not exhibit enough levels of pro-IL-1β and require priming with

LPS to produce IL-1β after MSU stimulation [295]. The concentration of MSU crystals could be a

confounding factor too, as intra-articular injection of 600 µg/mL MSU crystals fails to induce

inflammation according to Netea's work [275], whereas in other groups injection of 1 or 3 mg in

the peritoneal and air pouch mice models leads to an inflammatory reaction [173,175,259,295]. Taken

together, these data suggest that, when analyzing the results of these studies, one should

consider factors such as the specific subtype of cell, the methods used for harvesting these cells,

MSU concentrations, the site of injection (air-pouch, peritoneal, intraarticular) and mainly if

these experiments are performed with mouse or human samples. Differences between mouse

and human cells are a major controversial aspect for the immunology of XXI-century, and

differences in inflammation and inflammatory mechanisms between these models should be

also taken into account when concepts derived from articles are used to understand

pathogenesis of diseases[298].

But even using similar protocols, contradictory results have been reported. Amaral et al.

showed that intra-articular injection of 100 µg/mL of MSU crystals in C57BL/6 mice is

followed by neutrophil infiltration and IL-1 detection at 3 hours[299]. On the contrary, using

the same mouse strain, Netea's group did not found IL-1 production or signs of inflammation

in histological examination 4 hours after intra-articular injection of 300 µg/mL[275].
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M2 macrophages after MSU stimulation acquire and M1-like phenotype,

producing IL-1 and decreasing IL-10 secretion after LPS challenging

When we challenged M2 macrophages with LPS, as expected, we did not detect IL-1β

production. However, the combination of MSU and LPS led to IL-1β secretion and the same

pattern was observed with CPP crystals. As previously reported by Martinon et al., THP-1 cells

required the presence of MSU and LPS for IL-1 production [295].

The requirement of two signals for IL-1β production has been already described. One signal

induces pro-IL-1 production and the second signal is responsible of inflammasome activation

and IL-1 secretion[164]. Netea et al. demonstrated that monocytes constitutively express

enough levels of active caspase-1 and therefore they only need one signal through TLR

receptors (LPS or Pam3Cys) to produce IL-1β. On the other hand, macrophages exhibit low

levels of active caspase-1 and therefore they need one signal for pro-IL-1β induction and a

second signal for inflammasome activation, pro- IL-1β cleavage and IL-1β secretion. This

second signal is provided by ATP or MSU crystals. In their experiments, MSU and the free

fatty acid (FFA) C18:0 were necessary for IL-1β production in vitro in human PBMCs and

mice macrophages and for induction of gouty arthritis in vivo when injecting MSU crystals

into mice joints[275]. The relation of FFA and activation via TIR, especially with TLR2 and 4, is

well documented in type 2 diabetes[300]. As ingestion of an abundant meal, alcohol

consumption and fasting are associated with an increase in FFA concentration; Netea's results

explain the role of these situations as triggers of gout flares.

Harper et al.[297] suggests that one of the reasons of the lack of response to MSU could be that

cell lines or monocyte-derived macrophages differentiated in vitro in sterile media, in the

absence of TLR ligands, would lack pro-IL-1β. One of the limitations of our study is that

macrophages have been derived in vitro and we cannot rule out the possibility that this could

have affected experimentally pro-IL-1β levels. However, based on Netea's results, in which two

signals were required for MSU induction of inflammation in vivo, and in the clinical finding of

MSU crystals in asymptomatic joints, we suggest that, due to the lack of pro-IL-1β or other

regulatory mechanisms, in vivo resident macrophages in the steady state could exhibit the same

behaviour. However, research with human synovial macrophages is needed to confirm this

hypothesis.

In our experiments macrophages produced lower levels of IL-1β (100 pg/mL) than monocytes,

and the relevance of this fact could be questionable. However, Scanu et al. analyzed the

presence of inflammatory and anti-inflammatory cytokines in synovial fluid of patients with
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gout flares and found similar levels of IL-1β at early stages[280]. Thus we can conclude that the

low IL-1β production by M2 macrophages could be biologically relevant in the setting of gout

flares.

On the other hand, stimulation of M2 macrophages with MSU and LPS led to a decrease in IL-

10 production. To rule out the effect of cell mortality on IL-10, we compared cell viability with

IL-10 production, and as IL-10 reduction was much more higher than cell mortality, we

suggest that other factors than just a decrease in cell viability are involved in down regulation

of IL-10. One of this regulators of M2 phenotype could be the presence of NF- p50, that has

been involved the development of LPS tolerance and is necessary for the expression of M2

related genes[301]. NF-κβ induces transcription of inflammatory cytokines and comprises five

members: NF-kB1 (p105), NF-kB2 (p100), RelA, RelB, c-Rel. NF-kB1 and NF-kB2 are post-

transcriptionally processed to the subunits p50 and p52 respectively. In the canonical pathway,

inflammatory cytokines and PAMPS activate the IKK complex, resulting in the nuclear

translocation of p50/p65 heterodimers that activate transcription of genes involved in

inflammation. However, p50 homodimers act like negative regulators, as they carry a nuclear

localization sequence but lack a transcription activation domain[302]. Accordingly with this

suppressive function, p50 has been involved in the induction of tolerance, that is associated

with and M2 phenotype, inducing the transcription of M2 associated genes and repressing M1

genes. On the other hand, p50-/- mice fail to develop tolerance, and exhibit a restoration of M1

mediators and inhibition of M2 cytokines and chemokines due to the increase of IFN-�[301]. We

suggest that changes in p50 could be one of the possible mechanisms participating in the M1-

skewing of the inflammatory response in M2 macrophages after MSU phagocytosis.

Unfortunately, when we analyzed the effect of MSU crystals on LPS-induced IL-1β production

by M1 macrophages, it was impossible to reach any conclusion due to the heterogeneity of the

results. In some experiments MSU and LPS decreased IL-1β compared with production with

LPS alone, whereas in others their combination resulted in an increased IL-1β secretion.

Changes in cytokine production are not associated with the acquisition of M1-

associated cell surface markers

As macrophages stimulated with MSU seemed to acquire an "M1-like" cytokine phenotype in

terms of cytokine production, we analyzed the expression of cell surface markers associated

with M1 macrophages.

M2 macrophages cultured with MSU for 18 hours down-regulated CD11b and CD14 and to a

lesser extend CD163. The engulfment of the membrane after MSU phagocytosis could explain
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that the surface expression of these antigens decreased. As both markers, CD11b and CD14,

have been involved in phagocytosis, another possible explanation could be the internalization

of these receptors after binding with MSU crystals[303]. Interaction of MSU and Mac-1 integrin

(CD11b)[304] or CD14[172] have described, and down-regulation of these surface molecules after

ligand-binding has been extensively documented, even in situations where simultaneous

binding occurs[305].

To study the paracrine effect of soluble factors released by M2 macrophages after stimulation,

we cultured unstimulated M2 macrophages with conditioned media from M2 macrophages

exposed to MSU or LPS. This conditioned media was previously centrifuged to remove MSU

and, as expected, no crystals could be observed in the microscope. However, the possibility of

small crystals cannot be excluded. Conditioned media of unstimulated M2 macrophages

resulted in up-regulation of markers associated with M2 polarization and the same effect was

observed with conditioned media from macrophages stimulated with MSU. This fact could

suggest that macrophages after MSU phagocytosis do not produce inflammatory cytokines to

induce M1 macrophages, supporting the idea of non-inflammatory phagocytosis of MSU

crystals by M2 macrophages. We expected to see a change towards an M1 phenotype when

macrophages were exposed to conditioned media after MSU and LPS stimulation, but we

observed an up-regulation of CD14 with down-regulation of CD11b and to a lesser extend

CD163. Therefore, the results of these experiments were no-conclusive, although the changes

in CD14 and Mac-1 suggest some paracrine effect.

MSU activate the inflammasome in M2 macrophages and M1 and M2

macrophages exhibit differences in inflammasome proteins

Changes in inflammasome activation could be involved in the production of IL-1β after

stimulation of M2 macrophages with MSU and LPS. It has been proposed that macrophages

need two signals for Il-1β production: one for pro-IL1β transcription and translation through

activation of TLR receptors and a second signal for inflammasome assembly and caspase-1

activation. On contrary, in monocytes the presence of active caspase-1 in steady state allows

them to produce IL-1β after only one signal though TLR receptors[284]. As M1 macrophages

exhibited the same behaviour that monocytes, we hypothesized that M1 and M2 macrophages

could be differentiated by their inflammasome activation state: resting M1 macrophages have

already activated caspase-1, whereas in M2 macrophages, MSU crystals would induce

inflammasome activation and cleavage of caspase-1, resulting in the presence of active caspase-

1.
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First, we assessed the effect of MSU crystals in the inflammasome of M2 macrophages. As

expected, MSU crystals increased active caspase-1 levels, whereas LPS increased intracellular

levels of inactive caspase-1 and pro-IL-1β, confirming our hypothesis. Of note, the

combination of MSU and LPS had a synergistic effect on pro-IL-1β production. The same

synergic effect has been described in human synovial fibroblasts cultured with MSU and serum

amyloid A protein (SAA)[276]. Thus, we can conclude that M2 macrophages are able to produce

the inflammatory cytokine IL-1β after LPS stimulation when MSU crystals have already

activated the inflammasome.

Then, we investigated the differences in inflammasome activation between M1 and M2

macrophages, analyzing the presence of active and inactive forms of caspase-1 and its gene

expression. We observed a trend towards increased levels of active caspase-1 in M1

macrophages, although our results did not reach significance, and intracellular levels of

inactive caspase-1 were higher in M1. Unexpectedly, when we compared gene expression of

caspase-1, NLRP3 and IL-1β, M2 macrophages exhibiter higher mRNA levels compared with

M1. Focusing on caspase-1, M1 macrophages exhibited higher levels of inactive caspase-1 but

lower mRNA levels, and therefore our results suggests that a negative regulatory

posttranscriptional mechanism could be involved. One of this regulatory mechanisms are

microRNA (miRNA), short regulatory RNAs of approximately 21 nucleotides in length that

regulate the expression of target mRNA containing complementary sequences[306]. In

association with Argonaute proteins (Ago), miRNA form the RNA-induced silencing complex

(RISC) that represses RNA expression. miRNA exert their suppressive effect by inhibiting

mRNA translation or by promoting degradation of target mRNA[307]. miRNA have been

involved in inflammasome regulation and specifically miR-223, a miRNA highly expressed in

human macrophages, has demonstrated that regulates NLRP3 expression. Levels of miR-223

are inversely correlated with NLRP3 protein, exerting and inhibitory effect on IL-1

production. According to that, mice lacking miR-223 have enhanced sterile

inflammation[308,309]. Culture of macrophages with GM-CSF results in decrease expression of

miR-223 and higher levels of NLRP3 protein[309]. However, relation of miR-223 with mRNA

NLRP3 is not so clear, as it has been associated with both an increase or a decrease in NLRP3

mRNA, and thus it is not known if it exerts its negative effects thought inhibiting translation

with a consequent accumulation of mRNA, or if it induces mRNA degradation resulting in low

NLRP3 expression. As the same miRNA can modulate different mRNA that are involved in the

same biological process[307], miR-223 could be involved in posttranscriptional regulation of

caspase-1 too. We suggest that the higher caspase-1 gene expression observed in M2

macrophages with low levels of NLRP3 protein could be explained by the presence of higher

levels of miR-223 that repress mRNA translation. On the contrary, macrophages polarized
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with GM-CSF could exhibit lower miR-223 expression resulting in higher translation and

higher protein levels. This could be a protective mechanism to prevent excessive inflammation

in resident macrophages. Future work analyzing the association of MSU with miRNA could

shed light into this phenomenon.

Our gene expression results differ from previous published work from Pelegrin et al. using

mice macrophages and a different polarization protocol. In their experiments, mice peritoneal

macrophages polarized towards M1 macrophages with IFN-�and LPS had higher expression

of the inflammasome related genes caspase-1 and NLRP3 compared with M2 macrophages

polarized with IL-4. Harper's group have recently published their results using mice bone

marrow derived macrophages polarized with GM-CSF and M-CSF[277]. In their experiments,

pro-IL-1 , active IL-1 , inactive caspase-1 and active caspase-1 were higher in GM-CSF

macrophages that M-CSF macrophages. However, their macrophages had cytoplasmic pro-IL-

1 and produced IL-1 after MSU stimulation, especially the GM-CSF macrophages.

Differences between mice and human inflammatory pathways could explain the differences

observed between our experiments with human samples and mice experiments[298].

Soluble uric acid has a suppressive effect on M2 macrophages

When we polarized M2 macrophages in the presence of soluble uric acid, conditions of

normouricemia, and especially hyperuricemia, decreased IL-1 production, whereas IL-10 was

scarcely affected. Thus, uric acid seemed to induce a less inflammatory phenotype. Uric acid

lowering therapy has been associated with an increased risk of gout flares, and this fact has

been explained as the dissolution of MSU deposits causes a dispersion of crystals that could

increase interaction with leukocytes[310]. Based in our results, another possible mechanism

could be that the disappearance of the regulatory effect of soluble uric acid could favour the

development of gout flares.

We expected to see the opposite effect of the acute exposure of soluble uric acid, as an acute

increase of uric acid has been associated with gout flares. However, our results showed that

cultured of M2 macrophages with uric acid for 24 hours resulted in the suppression of both IL-

1 and IL-10 production. To our knowledge this is the first time that the effect of soluble uric

acid on macrophages has been analyzed and we have not found any explanation for this

suppressive effect.
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Proposed model for the initiation of gout flares

Based on our results, we propose the following model to explain the initiation of the

inflammatory response to MSU crystals: (1) M2 macrophages or resident macrophages in vivo,

would phagocyte MSU crystals without the production of inflammatory cytokines, but MSU

crystals would increase their cytoplasmatic levels of active caspase-1, resembling M1

macrophages. (2) A concomitant trigger for gout flares such an infection, fasting, a copious

meal or alcohol intake, would activate TLR receptors and induce transcription and translation

of pro-IL-1 . (3) In the presence of active caspase-1, pro-IL-1 would be cleaved into its active

form and released to the joint space. (4) Other inflammatory cytokines and chemokines

produced by macrophages would act on other non-hematopoietic cells such as endothelial

cells, to promote migration of monocytes and neutrophils. (5) Moreover, IL-1 would promote

the production of GM-CSF by endothelial or synovial cells that in turn could activate recently

recruited monocytes towards and inflammatory M1 phenotype, resulting in the amplification

of the inflammatory response. In this line, Harper et al. have demonstrated recently the

requirement of GM-CSF for the acquisition of an inflammatory phenotype in recruited

monocytes [277].

7.2. The monocyte-phagocyte system in patients with gout

Patients with gout exhibit an enhanced inflammasome response to MSU crystals

We had the hypothesis that the reason why some individuals with hyperuricemia develop

arthritis whereas other remain asymptomatic is that monocytes and macrophages of patients

with gout exhibit a greater inflammatory response to MSU crystals. As these crystals activate

NLRP3 inflammasome, resulting in the production of the inflammatory cytokine IL-1 , in this

thesis we investigated the possibility of enhanced inflammasome reactivity in patients with

gout. With this aim, we analyzed caspase-1 activation and IL-1 production in PBMCs from

gouty patients and healthy donors.

No differences were observed regarding baseline levels of active caspase-1 between gouty

patients and controls. Although IL-1 has a central role in gouty arthritis, to our concern no

studies analyzing activation of caspase-1 in gout have been published. Our results contrast with

previous work from Cascão et al. in patients with rheumatoid arthritis[311,312]. Using the same

fluorescent antibody, they analyzed the presence of active caspase-1 in patients with early

arthritis (EA), early rheumatoid arthritis (ERA) and established rheumatoid arthritis (RA).
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Leukocytes from patients with ERA and RA exhibited higher levels of active caspase-1 at

baseline compared with healthy controls. The reason of the discrepancy between this study and

our patients with gout could be that we selected asymptomatic patients, without tender or

swollen joints, whereas disease activity scores (DAS28) of rheumatoid arthritis patients

suggested moderate disease activity.

In our experiments, gouty patients exhibited an enhanced up-regulation of active caspase-1

after MSU stimulation, but no differences were observed with other inflammasome activators

such as ATP or nigericine. NLRP3 activation by ATP and nigericine is secondary to the

decrease in intracellular levels of potassium[147], in the case of ATP through binding to the

ionophore receptor P2X7R, whereas nigericin is a potassium-proton ionophore[313]. This

mechanism of K+ efflux is also shared with particulate elements such as alum, silica and

calcium pyrophosphate crystals[314]. Whereas phagocytosis is necessary for IL-1 production by

MSU, cytochalasin D, that inhibits phagocytosis, does not have any effect on IL-1 production

induced by ATP and nigericine[176]. These facts could prompt us to speculate that an increased

phagocytic capacity of monocytes in gouty patients could account for the differences observed

in caspase-1 activation in our experiments. However, we observed no differences in MSU

phagocytosis between monocytes from gouty patients and healthy controls. Therefore, other

molecules involved specifically in MSU phagocytosis differentially expressed in monocytes

from patients with gout could explain the enhanced inflammasome activation in response to

MSU in gouty patients.

Unexpectedly, we found that PBMCs of gouty patients after stimulation with TLR4 agonist LPS

and MSU produced less IL-1β than healthy controls. Proportion of monocytes in PBMCs was

higher in gout group, and thus, differences between patients and controls where more evident

after adjusting IL-1 production to monocytes/mm3. We have previously demonstrated that

uric acid has a suppressive effect on IL-1β production in M2 macrophages. When we

correlated uric acid levels with this cytokine and in this assay, be observed a negative effect of

uric acid on IL-1β, although we did not found significant correlation. The results of our

cytokine experiments contrast with work of Mylona et al.[315]. They reported that PBMCs from

gouty patients produced more IL-1βwhen stimulated with TLR1/2 ligand Pam3Cys, especially

in the presence of MSU crystals. However, we agree with their finding that the synergism

between MSU crystals and TLR agonists is enhanced in gout group. This increased response

could be secondary to differences in pro-IL-1 synthesis or to an enhanced activation of this

immature cytokine by caspase-1. In their work Mylona et al. ruled out the first possibility, as

they analyzed mRNA IL-1 by RT-PCR without finding any difference and suggesting that in

gouty patients NLRP3 inflammasome could be activated more readily. Our experiments with
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caspase-1 demonstrate that gouty patients exhibit an enhanced inflammasome activity after

MSU and LPS stimulation that could explain this increased synergism.

Based on our results we conclude that patients with gout, although exhibiting a greater

inflammasome reactivity after challenging with MSU and LPS, they produce lower levels of IL-

1β, suggesting that other mechanisms that regulate IL-1 secretion could be involved. A

possible candidate could be soluble uric acid, which modulate this pathway. One of the

limitations of our experiments is that we compared gouty patients with healthy donors and not

with individuals with asymptomatic hyperuricemia. However, our results open the possibility

that the magnitude of inflammasome activation induced by MSU could result in clinical

differences, encouraging future research with larger cohorts including hyperuricemic

individuals.

Gout is not associated with  NLRP3 polymorphisms in exon 3

Gout has been associated with polymorphisms in genes involved in renal urate transport, such

as SLC2A9, SLC22A12 and ABCG2 that affect serum levels of uric acid. However, it seems

conceivable that other factors apart from uric acid could influence the development of clinical

gout, as not all individuals with hyperuricemia develop clinical gout. Equivalently,

polymorphisms in genes related to inflammatory process could affect the magnitude of the

response as they may affect cytokine production. Accordingly, polymorphisms in TLR4, IL-8,

IL-12, TGF-β and TNF-α genes have been associated with gout[316–319]. Regarding NLRP3, gain-

of-function mutations in this gene are responsible of the CAPS syndromes and polymorphisms

of NLRP3 have been involved in inflammatory conditions such as Alzheimer's disease, asbestos

pulmonary fibrosis, diabetes and insulin resistance, psoriasis, pneumoconiosis, nodular

melanoma, celiac disease, Crohn's disease, HIV-1 infection, food allergy and aspirin induced

asthma, juvenile idiopathic arthritis and rheumatoid arthritis[320–332]. We had the hypothesis

that NLRP3 polymorphisms could affect the reactivity to MSU crystals and increase the risk of

gout. One limitation of our study is that the sample of patients is small (n=16). We genotyped

NLRP3 exon 3, which is this the region is where most of gain-of-function mutations in CAPS

syndromes are located. We found several polymorphisms, but none of them was significantly

associated with gout. Only one patient was heterozygous for the Q703K variant, that in the

presence of the CARD8 variant C10X, has been associated with an increased risk of

inflammatory diseases due to increased IL-1 mRNA levels, increased IL-1 secretion after

stimulation, delayed apoptosis of neutrophils and impaired clearance of apoptotic

neutrophils[328,329,331,333,334].
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Gouty flares are associated with an expansion of CD14++CD16+ monocytes

Of the three monocyte subpopulations recognised in humans, the intermediate and the non-

classical monocytes are increased in infectious and inflammatory conditions such as sepsis,

HIV infection, asthma and Crohn's disease[335]. In rheumatoid arthritis (RA), CD16+ monocytes

are expanded and correlate with disease activity, decreasing in patients who respond to

therapy[253]. Rossol et al. demonstrated that specifically the intermediate subpopulation is

expanded in RA, although in this study no correlation with clinical parameters was found.

These monocytes were the main producers of LPS-induced IL-1β, IL-1α and TNF-α and

exhibited a greater capacity for Th17 cell differentiation through the production of IL-1β and

IL-23[240]. Accordingly, we found an expansion of the intermediate subpopulation in patients

with acute gout. One of the limitations of our study is the small sample size, as we could only

obtained four samples from patients during a gout flare. No correlation was demonstrated

between intermediate monocytes and CPR values, neither with uric acid levels, creatinine or

age. However a tendency towards a positive effect of CPR values on intermediate monocytes

was observed. Thus, one factor to take into account is that this monocyte subset could be

expanded in response to the inflammatory milieu as an "innocent bystander" and not be

involved in the inflammatory response.

The majority of authors suggest that some classical monocytes leave the circulation and

develop into tissue macrophages, whereas other classical monocytes might develop into

intermediate monocytes which in turn, can leave the circulation or develop into non-classical

monocytes patrolling the endothelial-blood interface[254]. CD14++CD16+ monocytes are the

responsible of production of inflammatory cytokines and express a variety of chemokine

receptors such as CCR2, CCR5 and CX3CR1 that facilitate their migration. We propose that

during an acute flare of gout factors released from joints, such as M-CSF[252,253], increase the

generation of this inflammatory subset, that migrate into tissues and amplifies the

inflammatory response to MSU crystals.

Although it has been reported that women have lower counts of intermediate monocytes due

to the effect of estrogens[249,336], we and others[337] have not found any difference between men

and women, and the mean age of women in our study was 35 years.

We had the opportunity to analyze one synovial fluid from a patient with an acute flare and

surprisingly, we found a lack of non-classical monocytes and an important expansion of the

intermediate ones, from 8% in peripheral blood to 31% in synovial fluid. This fact was reported

by Kawanaka et al., who found significant differences between CD16+ cells in blood and
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synovial fluid in 7 patients with active RA, with percentages of CD16+ monocytes of 15% and

59% respectively.

Intermediate monocytes have been involved in the inflammation developed along

atherosclerosis, as they express a broader panel of chemokine receptors, produce inflammatory

cytokines and have a high capacity for the uptake of oxidised LDL. This implication is

supported by the beneficial effect of blocking monocyte chemokine receptors such as CCR2,

CCR5 and CX3CR1 in atherosclerosis models[254]. CD16+ monocytes are associated with

cardiovascular risk factors such as obesity[338,339], coronary artery disease[246], plaque

instability[340] and in-stent restenosis[341]. In patients with chronic kidney disease, intermediate

monocytes have been associated with cardiovascular events and overall survival[342]. One

proposed model is that endothelial cells become activated after an initial injury induced by

smoking, hyperglycaemia or hypertension. Activated endothelial cells express adhesion

molecules and produce chemokines that induce migration of monocytes into the endothelial

space. Once there, monocytes differentiate into macrophages that engulf lipoproteins and

become foam cells, producing inflammatory cytokines and chemokines and initiating a

redundant cycle. For these reasons our hypothesis was that in patients with asymptomatic

hyperuricemia the expansion of the intermediate subpopulation could be involved in the

cardiovascular risk associated with gout. However, we did not found any differences when

comparing with healthy donors and this result could suggest that systemic inflammation in

gout is restricted to the acute episodes.
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7.3. Future work

Results obtained in this thesis reinforce the relevance of the inflammatory differentiation of

macrophages and monocytes in the pathogenesis of the gout and contribute in the current

knowledge of the pathogenic mechanisms of gout. However, they open new questions and

further studies are still required in this field to obtain targets for prevention and a more

personalized treatment of gouty patients.

The necessity of studies with human resident macrophages is one factor to consider, as

probably one of the limitations of this thesis is that macrophages were derived in vitro from

blood monocytes. Moreover, advances in the knowledge of macrophage maturation in situ

could help to design better in vitro protocols in order to obtain macrophages as close as

possible to tissue resident macrophages.

We have demonstrated that M2 macrophages modify their IL-1 β and IL-10 production

towards a more M1-like phenotype. However we did not found changes in cell surface

markers. The analysis of the effect of MSU crystals on gene transcription profiles in M2

macrophages could help to elucidate the extension of changes exerted by these crystals on M2

macrophages. Investigation on the effects of MSU crystals on Nf-κβ and miRNA in polarized

macrophages could expand the results obtained in this thesis.

Furthermore, the results of our studies regarding caspase-1 activation and distribution of

monocyte subpopulations encourage future research with larger cohorts including

hyperuricemic individuals.



Happiness does not come from doing easy work
but from the afterglow of satisfaction
that comes after the achievement
of a difficult task that demanded our best

Theodore Isaac Rubin

8.
Conclusions
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1. M2 macrophages, in the presence of MSU crystals, change their anti-inflammatory

phenotype and acquire inflammatory functions. After stimulation with a TLR agonist, such as

LPS, these inflammatory macrophages are then able to produce IL-1 whereas its IL-10

secretion is reduced. Activation of the inflammasome by MSU crystals is the responsible of this

effect on IL-1 .

2. Soluble uric acid exerts a supressive effect on both IL-1b and IL-10 production in M2

macrophages.

3. M1 macrophages exhibit higher levels of inactive caspase-1 and a tendency towards higher

levels of active caspase-1 at baseline, compared with M2 macrophages. On the other hand, gene

expression of caspase-1 is higher in M2.

4. PBMCs from gouty patients have enhanced inflammasome activation after MSU stimulation

when compared with healthy controls. These differences are not associated with NLRP3

polymorphisms.

5. The subpopulation of intermediate monocytes is expanded in peripheral blood of gout

patients during an acute flare of arthritis. However, in asymptomatic patients, distribution of

monocyte subpopulations shows no differences with healthy controls.
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