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Abstract 

NLRP3 and AIM2 are inflammasome-forming proteins that have been mostly studied in 

leukocytes. Canonical NLRP3 or AIM2 inflammasomes regulate cytokine maturation and 

pyroptosis via ASC and caspase-1 activation. Emerging studies demonstrate that NLRP3 or AIM2 

is expressed in non-haematopoietic cells such as tubular epithelial cells (TEC) in the kidney. The 

central hypothesis of this thesis is that NLRP3 and AIM2 regulate host response to renal injury in 

the kidney. Primary mouse TEC lacking Nlrp3 displayed reduced caspase-8 activation downstream 

of the tumor necrosis factor (TNF) receptor and CD95. TNFα/cycloheximide treatment induced 

NLRP3/ASC/caspase-8 speck-like complex formation at the mitochondria during apoptosis. The 

assembly of NLRP3/ASC/caspase-8 specks was downstream of TNFR signaling and independent 

of caspase-1 or -11 activation. This data shows that NLRP3 and ASC form a conserved non-

canonical platform for caspase-8 activation, independent of the inflammasome that regulates 

apoptosis within epithelial cells. Interestingly, AIM2 was detected primarily in podocytes in the 

glomerulus and distal tubules at a low level. In a mouse model of nephrotoxic serum (NTS)-

mediated anti-GBM, Aim2-/- mice displayed increased glomerular cellular crescent (multilayered 

accumulation of activated parietal cells) formation, tubular injury and inflammation, and worse 

renal function compared to wild-type controls. In vitro outgrowth of podocyte lacking Aim2 was 

greater than wild-type and Aim2-/- podocytes did not express Nhps2 (podocin) mRNA, a podocyte 

maturation marker. Furthermore, AIM2 was found to augment transcriptional activity of Wilm’s 

tumour-1 that regulates Nphs1 expression. This data suggests that non-canonical AIM2 regulates 

podocyte maturation, proliferation and potentially podocyte-to-parietal cell trans-differentiation 

during cellular crescent formation in vivo. In a mouse model of kidney ischemia/reperfusion in 

vivo, a significant difference in tubular injury was not detected between wild type and Aim2-/- 
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mice. In vitro, tubular Aim2 did not regulate caspase-8 activation during apoptosis, confirming a 

limited role for Aim2 in tubular cell death. However, Aim2 deficiency attenuated TGFβ-mediated 

Smad phosphorylation and αSMA induction. Overall, these data increase the understanding of 

NLRP3 and AIM2 biology in the kidney diseases and highlight overarching non-canonical roles 

for NLRP3 and AIM2 to regulate critical biological processes in the kidney independent of 

inflammasome activation. 
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Chapter 1. Introduction 

1.1. The Kidney 

1.1.1. Overview of Kidney Structure and Function 

Kidney is an essential organ responsible for the maintenance of homeostasis in humans and other 

mammals. The vital function of kidney includes blood pressure control, electrolyte regulation 

(sodium, potassium and hydrogen), acid-base balance regulation, metabolic waste product 

excretion (urea, creatinine and uric acid) and hormone secretion (renin, erythropoietin, angiotensin 

II, nitric oxide, bradykinin and prostaglandins). The functional unit of kidney is nephron and each 

kidney contains 0.6 – 1.5 million nephrons. The nephron is composed of glomerulus, proximal 

tubule, loop of Henle, distal tubule, connecting tubules and collecting duct (figure 1a, 1b). 

Glomerulus and tubules are two major components of the nephron. 

 

The main function of glomerulus is the filtration of blood and the generation of fluid that enters 

the Bowman’s space. The glomerular ultrafiltrate, determined by the glomerular filtration rate, 

excludes cells and proteins in the blood due to size and charge barrier formed by the glomerular 

filtration unit. The majority of ultrafiltrate containing ions, electrolytes, water and small molecules 

are reabsorbed by tubular epithelial cells. Metabolic waste products and non-reabsorbed 

components pass through the collecting ducts and finally excreted as urine. Kidneys receive 

roughly 20% of cardiac output. Everyday, 150 – 190 L of fluid are filtered at a glomerular filtration 

rate (GFR) of ~125 ml/min and approximately 1% of the filtrate is excreted as urine (figure 1b, 

1c).  
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Figure 1.1. Basic anatomy and function of kidney. (a) Representative diagram of kidney 

structure. Each kidney contains approximately one million nephrons (b) Nephron is a functional 

unit of the kidney consisted of glomerulus, a filtration unit, and tubules, a reabsorption unit (c) 

Each glomerulus is consisted of afferent and efferent arterioles, mesangial cells, podocytes, 

parietal cells and endothelial cells. (d) Glomerular filtration barrier (GFB) is a unique sieve, 

functions as forming size and charge selective permeability barrier. GFB is consisted of fenestrated 

endothelial cells, glomerular basement membrane and podocytes with foot processes wrapping 

around capillaries.  
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1.1.2. Glomerulus 

1.1.2.1. Structure and Function 

The Glomerulus mainly consists of a network of capillaries arising from afferent and efferent 

arterioles. Each capillary loop contains fenestrated endothelial cells, glomerular-basement 

membrane and podocytes; these three components collectively form the glomerular filtration 

barrier (GFB) (1). In addition, mesangial cells and parietal epithelial cells are also major 

components of the glomerulus. Mesangial cells provide a structural framework of the capillary 

networks. Parietal cells are monolayered epithelial cells that line Bowman’s capsule (figure 1c, 

1d). These four type of cells orchestrate glomerular function via multidirectional cross-talk (1,2). 

More detailed description for each glomerular cell type in normal physiology follows below. 

 

1.1.2.2. Cellular Composition of Glomerulus 

1.1.2.2.1. Podocytes 

In the past decade, there has been intense research that has significantly improved our knowledge 

of podocyte biology and glomerular filtration. Mature podocytes are terminally differentiated cells 

that possess highly complex cytoarchitecture. A mature podocyte consists of three 

morphologically distinct segments including cell body, major processes and foot processes. The 

microtubule-rich major processes wrap around capillaries and multiple foot processes are extended 

and attached to glomerular basement membrane (GBM) (3). Attachment to GBM involves the 

interaction of transmembrane receptors such as β-integrins with GBM proteins such as collagen or 

laminin. The intracellular domain of integrins interacts with cytoskeleton such as actin that firmly 

supports podocyte’s adhesion to GBM (4).  The neighbouring foot processes between adjacent 

podocytes are connected by a membrane-like structure called slit diaphragm in the extracellular 
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space (figure 1d). Similar to an adherent junction, the slit diaphragm forms the final barrier to 

urinary protein leakage by establishing 30 – 50 nm filtration slits (5). 

 

Recent studies have reported critical players that form slit diaphragm and foot process structure. 

Previously, NPHS1 (nephrin) was identified as the major component of the slit diaphragm (6), 

which interacts via its intra-cytosolic tail with various podocyte proteins to maintain the integrity 

of slit diaphragm. These include NPHS2 (podocin), ZO-1, CD2AP, FAT, P-Cadherin and MAGI 

(7). Further, the apical surface of podocytes is covered by negatively charged glycocalyx such as 

podocalyxin to prevent passage of anionic proteins such as albumin through the slit diaphragm 

into the Bowman’s space  (5) (figure 1d). Hence, podocytes in slit diaphragm are critical for 

restriction of important components leaking from the blood by forming size and charge selective 

permeability barrier. In addition to filtration function, podocytes contribute to maintenance of 

filtration barrier by secreting soluble mediator such as vascular endothelial growth factor (VEGF) 

necessary for health and survival of endothelial cells (8) (figure 1d). They also produce structural 

proteins such as collagen and laminin for GBM and other cytokines such TGFβ to ensure 

functional interaction with endothelial or mesangial cells critical for maintenance of GBM 

integrity (9). The sustained disruption of slit diaphragm structure can lead to foot process 

effacement, proteinuria, podocyte hypertrophy and loss, and eventually glomerulosclerosis. Foot 

process effacement is described by simplification of foot processes and losing interdigitating slit 

diaphragm that involve processes such as GPCR activation, dysregulation of calcium homeostasis, 

disturbance in the transcriptional regulation and dysregulation of actin cytoskeleton (10). 
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1.1.2.2.2. Wilms Tumour-1 in Podocytes 

As described above, podocytes are specialized cells that play a vital role in glomerular filtration. 

In attempts to explore genes involved in podocyte maturation and homeostasis, studies have 

identified Wilms Tumour-1 (WT-1) gene as the master gene in podocyte biology (figure 1.2). WT-

1, mapping to chromosome 11p13, was originally recognized as a tumour suppressor since 

mutation of gene causes Wilms cancer, a pediatric kidney malignancy (11). Extensive research has 

defined myriad biological functions of WT-1 as a transcription factor that behaves as 

transcriptional activator, repressor, oncogene and tumor suppressor in multiple systems including 

kidneys.  

 

Recently, studies using chromatic immunoprecipitation followed by microarray hybridization or 

high-throughput sequencing (ChIP-seq) and transcriptome analyses have identified WT-1 target 

genes that are involved in slit diaphragm biology, cytoskeleton arrangement and cell-matrix 

adhesion in podocytes (12-15). WT-1 binds to the promotor regions of genes encoding proteins 

that form slit diaphragm such as Nphs1, Nphs2, Magi2, Ptpro, Kirrel, Plce1, Cldn5, and Nck (12-

16). As noted in figure 1.2, WT-1 gene has multiple alternative splice sites. Theoretically, 36 

isoforms can exist and it is thought that those isomers may exert a diverse biological function. Of 

all these isomers, the most studied WT-1 four isoform are  i) - exon5/-KTS, ii) +exon5/-KTS, iii) 

-exon5/+KTS and iv)+exon5/+KTS in their genes (11) (figure 1.2). Interestingly, slit diaphragm-

forming proteins are differentially regulated by WT isoforms. For examples, WT1+KTS isoform 

regulates Magi2 while WT1-KTS regulates Nphs1 and Nphs2 expression (17). In addition to slit 

diaphragm regulating proteins, WT-1 was shown to regulates genes such as RhoA-activated Rac1 

GTPase-activating protein, ARHGAP24, or PKC suggesting WT-1 also controls cytoskeleton 
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arrangement which is critical for podocyte polarity (12,13). Further, WT-1 promotes the 

expression of podocyte-specific transcription factors that include Mafb, Lmx1b, Foxc2 and Tcf21 

(12,13). As such, WT-1 can be defined as a master gene that regulates podocyte phenotype and 

maintains glomerular filtration barrier homeostasis. 

 

 

 

 

Figure 1.2. The structure of WT-1 protein.  

 

1.1.2.2.3. Endothelial cells 

Glomerular endothelial cells being a major component of glomerular filtration barrier display a 

defining feature noted as “fenestration”. Fenestra are “transcellular pores”, a uniquely adapted 

feature for selective permeability (figure 1d). Unlike the arterioles, the glomerular endothelial cells 

are not surrounded by smooth muscle actin [10].  

Similar to podocytes, glomerular endothelial cells are also coated with negatively charged 

molecules such as proteoglycans and sialoproteins that regulate charge and hydraulic resistance of 

the glomerular filtration barrier and capillary permeability (18). As mentioned above, podocytes 



7 
 

secrete VEGF, which plays a critical role in glomerular endothelial cell biology: VEGF regulates 

calcium homeostasis, endothelial cell survival and differentiation. A tight cross-talk between 

endothelial cells and podocyte are necessary for maintenance and function of glomerular filtration 

(8). 

 

1.1.2.2.4. Mesangial cells 

Mesangial cells are specialized cells that mainly provide structural support to the glomerular 

capillaries. Regulation of blood flow is also achieved by contractile property of mesangial cells 

that can be activated by vasoactive agents such as angiotensin II (19). Importantly, the major 

glomerular structural matrix proteins, growth factors, cytokines and chemokines are secreted by 

mesangial cells that trigger a cross-talk among glomerular cells (20). Studies have also reported a 

phagocytic property of mesangial cells for debris derived from glomerular filtration and 

aggregated proteins at the GBM (21). Overall, mesangial cells play an important function as a 

“house-keeper” in the glomerulus.  

 

1.1.2.2.5. Parietal epithelial cells 

Bowman’s capsule is lined by parietal cells that have flattened cell body morphology. Parietal 

epithelial cells are differentiated from the same metanephric mesenchymal progenitor as podocytes 

(2). Until recently, parietal epithelial cells were merely thought as a lining in Bowman’s capsule 

and a specific physiological function of was not well understood. (2,22). Recently, studies have 

characterized numerous subpopulations and functions of parietal cells based on observations in 

their individual studies. Although no consensus has been reached, parietal cells are critically 

involved in progression of glomerulonephritis. The first group are i) non-activated parietal 
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epithelial cells (PEC) that have a flat squamous morphology lining the Bowman’s capsule. These 

cells express PAX-2, Claudin-1 and no podocyte-specific markers. A second group are the ii) 

“transitional cells” (or parietal podocytes) that co-express both markers of parietal cell and 

podocyte. These cells are localized near vascular stalk and form foot processes and slit diaphragms 

(22,23). The third group are iii) “progenitor parietal cells” that express CD133 and CD24 markers. 

These cells have stem cell-like property that can differentiate into podocytes during kidney 

development and injury (24). Lastly, iv) activated parietal epithelial cells (aPEC) that co-express 

PEC markers and CD44. They have larger cytoplasm and synthesize matrix proteins. aPEC are 

observed in cellular crescents and sclerotic segments of the glomerular tufts in glomerulonephritis 

and focal segmental glomerulosclerosis (FSGS) (25,26). Although several in vivo disease model 

systems have been established to better understand PEC biology, the origin and role for parietal 

cells subtypes in disease progression are controversial and more research is required. 

 

1.1.3. Tubules 

The primary urine or ultrafiltrate in the Bowman's space leaves glomerulus and passes down to 

tubular epithelial cells. Renal epithelial cells play a crucial role in selective reabsorption of >85% 

of all fluid containing vital components such as electrolytes, glucose, amino acids, proteins and 

water back into the capillaries. Proximal tubular epithelial cells are naturally polarized cells that 

express apical brush border comprising millions of microvilli. By immensely increasing surface 

area, these cells reabsorb the most essential substances via transporters such as the 

sodium/hydrogen ion exchanger, and other active or passive transport channels (27). Due to vast 

amount of metabolic energy required for transportation, (proximal) tubular epithelial cells possess 

higher density of mitochondria than any other cells. Simultaneously, tubular cells require sufficient 
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oxygenation to process the workload and hence are very susceptible to hypoxia-mediated injury 

(28). Primary urine passes through the U-shaped loop of Henle and reaches the distal tubules, where 

sodium, water and bicarbonate ions are reabsorbed whereas hydrogen and potassium ions are 

concomitantly secreted. Thus, the urine becomes acidic and concentrated after entering collecting 

duct and proceeds to bladder 

 

1.2. Kidney Diseases 

1.2.1. Definition and Prevalence of Kidney Disease 

Kidney disease describes a number of conditions or disorders that affect structure and function of 

the kidney resulting in loss of glomerular filtration and nephron function. It is estimated that more 

than 13% of the adult population in the USA are affected by some form of kidney disease, that is 

associated with a high morbidity and mortality rate. The incidence of renal diseases continues to 

rise and thus kidney diseases have grown to be a major health problem on a global scale with a 

large economic impact (29). Despite the significant health implications, management for renal 

diseases remains limited and conservative due to lack of specific therapies. A better understanding 

of the pathogenesis of kidney disease is needed to advance the management of patients with these 

conditions. 

 

1.2.2. Pathogenesis of Kidney Disease  

Kidney diseases arise from a variety of different acute and chronic conditions, but ultimately share 

in common pathogenic pathways. After microbial or non-microbial pathological insults, almost all 

types of glomerular, tubular and vascular cells can contribute to inflammation and progression of 

the kidney disease (30). Cell death pathways are widely activated in glomerular and tubular 
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epithelial cells via hypoxia, oxidative stress, death receptor activation, mitochondrial injury and 

endoplasmic reticulum stress. Damaged cells subsequently facilitate recruitment and activation of 

immune cells and sustained inflammatory responses by i) releasing proinflammatory cytokines 

and chemokines such as TNFα, MCP-1, IL-6, IL-8 and ii) expressing leukocyte adhesion 

molecules (31). Endothelial cells can generate cytokines and growth factors such as endothelin and 

platelet-derived-growth-factor that contribute to amplify inflammation (32). 

 

The subsequent infiltration of monocytes/macrophages, major inflammatory cells that correlate 

with poor outcome, is central to the pathogenesis of renal injury. Classically activated 

macrophages can release excess pro-inflammatory, pro-fibrotic cytokines and growth factors such 

TNFα, IL-1β, IL-6, IL-12, IL-18, IL-23 and TGFβ, promote oxidative stress and development of 

renal fibrosis (33,34). Release of these cytokines reinforce the inflammatory responses and tissue 

damage in glomerular, tubular and vascular cells until the origin of injury is resolved.  Although 

inflammation is the protective immune response by the host, unresolved or excessive inflammation 

is an important causal factor in the development of chronic kidney disease. Following non-

resolving injury and inflammation, the common pathological manifestation is the development of 

nephron loss, renal fibrosis and organ failure (35). 

 

1.2.3. Classification of Kidney Diseases 

From a clinical point of view, kidney diseases are typically classified as acute kidney injury (AKI) 

and chronic kidney disease (CKD). From a pathological point of view, kidney diseases can be 

grouped into three categories according to compartment of renal damage: (a) glomerulopathies (b) 

tubulointerstitial diseases and (c) vascular diseases. Conceivably, each of these pathologic entities 
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could contribute to the persistent progression of kidney diseases and end-stage kidney disease 

(ESKD) (36). 

 

1.2.3.1. Acute Kidney Injury and Chronic Kidney Diseases 

Acute kidney injury (AKI) is multiphasic and multifactorial renal injury characterized by a rapid 

decrease in renal function mainly resulting from ischemia-reperfusion (IR) injury, sepsis and 

nephrotoxins. Mechanistically, renal tubular cell injury leading to apoptosis or necrosis are 

recognized as central pathogenic pathways in AKI. The extensive death of tubular cells, called 

acute tubular necrosis, leads to loss of function and amplifies renal inflammation and the risk of 

chronic kidney disease (CKD) (29).  

 

Patients with CKD have persistent structural damage and decreased renal function diagnosed by 

albuminuria and/or glomerular filtration rate < 60 ml/min/1.73 m2 for more than 3 months. CKD 

may arise from a multitude of different insults to the kidney such as immunological (IgA 

nephropathy, lupus nephritis), metabolic (diabetes), hemodynamic (hypertension), toxic (drugs, 

infection) and obstruction. Most forms of CKD display common characteristics that include 

proteinuria, progressive decline in GFR, capillary rarefaction, glomerular sclerosis, tubular injury 

and atrophy, tubular and interstitial inflammation and fibrosis (30,35,37).  

Multiple observational studies have shown a strong association between AKI and CKD and a 

considerable population with AKI develop renal fibrosis, CKD or ESKD where dialysis or kidney 

transplantation is required. The incidence and prevalence of AKI and CKD are increasing 

worldwide thus renal disease is a significant health problem associated with high mortality and 

morbidity (36).  
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1.2.3.2. Pathogenesis of Glomerular Diseases  

Glomerular diseases are categorized as either primary or secondary based on the disease conditions 

affecting glomerulus. Primary glomerular diseases are generally autoimmune in nature and 

confined to the kidney. For example, IgA immune complex deposition in the glomerular mesangial 

cells (IgA nephropathy) induces inflammatory responses (20). Immune cells including neutrophils, 

monocytes and macrophages contribute to tissue injury by secreting reactive oxygen species 

(ROS), proteases, pro-inflammatory and pro-fibrotic cytokines. Mesangial cells can be activated 

and undergo proliferation, cytokine secretion and accumulation of extracellular matrix (ECM) in 

the interstitial space that ultimately affect the integrity of entire glomerular filtration barrier 

function. In many cases, secondary glomerular damage can result from systemic autoimmune 

diseases or from insults such as diabetes, toxins, infection or hemodynamic/vascular diseases (e.g. 

hypertension). Accumulation of ECM-mediated glomerulosclerosis is the hallmark of diabetic 

nephropathy (19,20). 

 

Although pathogenesis of every glomerular disease is not fully understood, it is widely accepted 

that podocyte injury is the common denominator for many forms of glomerulonephritis (38). After 

non-resolving injury under inflammatory condition, podocytes undergo foot process effacement, 

actin-cytoskeleton rearrangement and become hypertrophic, detaching from the GBM. As 

podocyte depletion hypothesis states, decreased podocyte number is correlated with worse 

outcome progressing to glomerulosclerosis and end-stage-kidney-disease (ESKD) (39,40). 

Proteinuria resulting from podocyte injury is considered as a significant trigger of tubule-

interstitial disease. 
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In addition to external factors that induce podocyte injury, studies have reported that genetic 

mutations of podocyte genes lead to glomerular diseases. As described earlier, Wilms Tumour-1 

(WT-1) is a master regulator of podocyte biology, which controls kidney development and 

podocyte maturation. WT-1 binds to multiple promotors of its target genes and produce proteins 

necessary for slit diaphragm including Nphs1 (nephrin) and Nphs2 (podocin) (13,15). The critical 

function of WT-1 has been identified since i) genetic ablation of WT-1 results in embryonical 

lethality in mice and ii) conditional deletion or constitutional mutations of WT-1 in podocytes 

results in podocyte foot process effacement, proteinuria and glomerular sclerosis, confirming the 

essential roles for WT-1 in podocyte maturation and maintenance (41). In humans, numerous 

diseases including Wilms tumour, the Denys-Drash Syndrome, Frasier Syndrome and steroid-

resistant nephrotic syndrome are caused by WT-1 mutation (14,42). Apart from WT-1 mutations, 

studies have shown a link between WT-1 and TGFβ signaling pathways in early renal progenitors 

and during disease progression (43). TGFβ is a potent pro-fibrotic cytokine capable of inducing 

epithelial-to-mesenchymal transition (EMT). It was shown that TGFβ negatively regulated WT-1 

expression in vitro (44) and WT-1 can suppress Smad phosphorylation (43). More work is required 

to delineate a potential crosstalk between TGFβ and WT-1 in the context of glomerulonephritis. 

 

Recently, a pathophysiological role for parietal cells has been largely recognized in 

glomerulonephritis. Although no parietal cell-specific disease is known, proliferation of parietal 

cells contributes to development of a number glomerular diseases including proliferative crescentic 

GN and FSGS (25,40). The cellular crescent appears to be an adaptive response to podocyte loss, 

inflammation and protein leakage, primarily consisting of parietal epithelial cells filling up the 
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Bowman’s space. The cellular crescents occlude the urinary outlet and interfere with glomerular 

filtration (2).  

 

Due to lack of specific markers, the origin and composition of cellular crescents have been 

controversial in the literature. Currently, the only defining marker of activated parietal epithelial 

cells is CD44 (45) and the phenotype of activated parietal cells are described by cellular 

proliferation (p-p42/44, Ki67 positive), matrix deposition and increased migration (46). 

Interestingly, a number of studies have used lineage tracing fate mapping to dissect the origin and 

composition of cellular crescent and identified few types of parietal cells. In contrast, cellular 

crescents are an accumulation of mostly proliferating parietal cells not originated from podocytes. 

However, podocytes are a considerable source of proliferating parietal cells during crescent 

formation. These studies identified populations of activated parietal cells that exhibited podocyte-

tagged origin markers (23,25,40). Moreover, a new paradigm evokes parietal cells as a stem-like 

progenitor with properties to differentiate back to podocytes and compensate for cellular loss. Thus, 

the concept for cell transition between podocytes and parietal cells requires additional work and 

consensus for functions and localization of sub-population of parietal cells needs to be reached (2). 

 

1.2.3.3. Pathogenesis of Tubular Diseases  

Tubular epithelial cells comprise the majority of the kidney and play a pivotal role in reabsorption 

of nutrients. Regardless the type or location of kidney injury, tubulointerstitial disease is a major 

outcome not only of the inciting insult but of the subsequent inflammatory response leading to 

tubular atrophy and fibrosis. Tubulointerstitial damage is characterized by infiltration of immune 

cells, loss of tubular capillaries, tubular atrophy and fibrosis.  
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Similar to infiltrated immune cells, tubular epithelial cells play an important role in progressive 

renal diseases. The injured tubular epithelial cells produce pro-inflammatory and pro-fibrotic 

cytokines and growth factors such as TNFα, IL-6, IL-8, MCP-1, GM-CSF, PDGF, EGF, and TGFβ 

and attract more immune cells. Macrophages can induce soluble mediators that can ultimately 

damage more tissue (31). It is believed that TGFβ, a multifunctional cytokine, is the most potent 

inducer of fibrosis due to its ability to activate a variety of cells such as fibroblasts and induce 

pericyte-to-mesenchymal transition, myofibroblast accumulation and ECM protein secretion (47).  

Renal fibrosis represents a failed wound healing process after sustained injuries characterized by 

excess parenchymal cell death, accumulation and deposition of ECM resulting in destruction of 

renal parenchyma, irreversible tissue fibrosis and renal failure (47). 

 

1.3. Cell Death 

1.3.1. Overview of Cell Death in the Kidney 

Damaged glomerular or tubular cells initiate repair mechanism for survival. If an insult persists, 

cells undergo many types of programmed or non-programmed cell death. Although cell death is a 

strategy to alert immune system and eliminate danger in pathogen-induced infection, cell death in 

sterile inflammation may impair normal organ function. There are more than a dozen forms of cell 

death. The majority of them involving lysis of plasma membrane to alert innate immune system 

resulting in pro-inflammatory responses. In this section, four major cell death pathways directly 

related to the thesis project will be discussed: necrosis, apoptosis, pyroptosis and mitotic 

catastrophe. 
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1.3.2. Type of Cell Death Contributing to Kidney Diseases 

1.3.2.1. Necrosis 

Necrosis is a catastrophic form of accidental non-programmed death that is accompanied by loss 

of plasma membrane integrity, swelling of nucleus, rupture of membrane and spilling of 

intracellular components to extracellular space. The severity of insults often determines whether 

cells undergo necrosis or other forms of programmed death (48). Acute tubular necrosis (ATN), 

secondary to ischemic or toxic injury, is an representative example of injury in which extreme 

insults can lead to sudden tubular death, severe inflammatory responses, reduced renal function 

and kidney failure (29).  

 

1.3.2.2. Apoptosis 

Apoptosis is a well characterized form of programmed cell death, in which a cell undergoes a 

stepwise biochemical process to activate apoptotic caspases in response to stimuli. Morphological 

features of apoptosis are differentiated from necrosis: cell shrinkage, DNA fragmentation and 

membrane blebbing that result in apoptotic body formation and phagocytosis by neighbouring cells 

or macrophages (48). In the kidney, tubular apoptosis promotes loss of tubular mass, tubular 

atrophy and tubulointerstitial fibrosis that characterize both acute and chronic diseases. Apoptotic 

pathways can be activated when glomerular or tubular epithelial cells are influenced by nutrient 

deprivation, death receptor activation by cytokines such as TNFα, mitochondrial injury and ER-

stress. There are two principle apoptosis pathways in the cells.: extrinsic and intrinsic apoptosis 

pathways (figure 1.2). 

 

 



17 
 

 

 

 

Figure 1.3. Extrinsic and intrinsic apoptosis pathways. Binding of TNFα to TNF-Receptor-1 

facilitates receptor trimerization and the intracellular recruitment of TRADD. TRADD serves as a 

platform to recruit cIAP, TRAF2, RIPK1 and FADD, as complex I, that can induce survival 

transcription factor, NF-κB, activation. cIAP inhibition or deubiquitination of RIPK1 promotes the 

conversion of complex I to complex II containing FADD, TRADD and caspase-8. Fas ligation 

induces direct complex II formation and caspase-8 activtion by via FADD.  Activation of caspase-

8 initiates apoptosis and processes execution caspases-3 or -7. In type II cells, initiation of intrinsic 

apoptosis is required to fully execute apoptosis since caspase-3/-7 are constantly inhibited by 

inhibitor of apoptosis proteins such as XIAP. Cleavage of Bid leads to oligomerization of Bak or 

Bax into pores that releases smac/DIABLO and cytochrome c via mitochondria outer membrane 

permeabilization (MOMP). Intrinsic apoptosis is initiated by DNA damage or ER stress that causes 

MOMP through Bak and Bax oligomerization at the mitochondria. Following MOMP, Smac and 

cytochrome c are released into cytoplasm. Smac inhibits XIAP and promotes caspase-8-mediated 

execution caspases activation. Cytochrome c release in the cytoplasm induces a formation of 

multiprotein complex known as apoptosome and induces apoptosis via caspase-9. 
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The extrinsic apoptosis pathway is initiated by ligation of cell surface death receptors such as 

TNFα, CD95 (Fas) and TNF-related apoptosis-inducing ligand (TRAIL), that are mainly produced 

by infiltrating macrophages. The binding of these ligands to the receptor causes formation of the 

death-inducing-signaling-complex (DISC) at the cytoplasmic tail involving the adaptor molecule 

FAS-associated death domain (FADD) or TNFR-associated death domain (TRADD) and 

recruitment/ activation of pro-caspases (-8 and -10) via death effector domain (DED) interaction 

(49). The result of death-receptor-mediated caspase-8 is dependent on cell type. In type I cells such 

as macrophages, caspase-8 activation after dimerization can initiate apoptosis directly by cleaving 

executioner caspases such as caspase-3 or -7 without involving intrinsic apoptosis. Unlike type I 

cells, type II cells express various inhibitors of apoptosis proteins (IAP) such as x-linked inhibitor 

of apoptosis protein (XIAP) that block the activation of executioner caspases such as caspase-3 

and -7. To fully execute death-receptor mediated apoptosis in type II cells, silencing of IAPs are 

critical, which is achieved by initiating intrinsic apoptosis at mitochondria (50,51). In type II cells 

such as tubular epithelial cells, activation of Bcl-2 family member, Bid, is essential which 

amplifies caspase-8 activation and intrinsic apoptosis (50).  

 

The intrinsic apoptosis pathway also involves non-receptor-mediated signaling such as cellular 

stress, viral infection or damage to DNA. These stimuli can lead to mitochondrial outer membrane 

permeabilization (MOMP) by activating pro-apoptotic Bcl-2 members. Release of Smac/DIABLO 

inhibits apoptosis inhibitor proteins such as XIAP. Cytochrome c released from intermembrane 

space facilitates oligomerization of APAF-1 and caspase-9 in the apoptosome which can further 

cleave the executioner caspases (52) (figure 1.3). 
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1.3.2.3. Pyroptosis 

Pyroptosis is an inflammatory form of programmed cell death described by pore formation, ionic 

gradient disruption, cell swelling, loss of membrane-integrity and ultimately cell lysis. Pyroptosis 

had been believed to occur following caspase-1 activation, however, the substrate for caspase-1 

mediating pyroptosis and underlying mechanisms had not been identified (53). Very recently, two 

independent studies have shown that caspase cleavage of gasdermin D (GSDMD) is the key 

pyroptosis substrate of inflammatory caspases (54,55). GSDMD consists of two domains (N-

terminal GSDMD-N domain and C-terminal GSDMD-C domain), which is linked by a long loop. 

Activated inflammatory caspases (-1, -11 in mouse and caspase-1, -4, -5 in human), but not 

apoptotic caspases, efficiently cleave the loop and liberate the N-terminal fragment. Interestingly, 

studies have demonstrated that, cleavage product of gasdermin D (N-terminal product) has robust 

binding affinity to phosphoinositides and phosphatidyserine (restricted to the cell membrane inner 

leaflet) and cardiolipin (present in the inner and outer leaflets of bacterial membrane or 

mitochondria of mammalian cells). Binding of N-terminal GSDMD product to lipids oligomerize 

and form pores, that causes disruption of osmotic potential, cell swelling and ultimately cell lysis 

(54,55) (figure 1.4, figure 1.6). 
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Figure. 1.4. Caspase classification. Caspases can be classified into two major subfamilies on their 

function, the apoptosis caspases (-2, -3, -6, -7, -8, -9 and 10) and inflammatory caspases (-1, -4 

and -5) Pro-caspases contain pro-domain which is linked catalytic subunits containing to a large 

and a small subunit. Caspases 1, -2, -4, -5 and -9 contain CARD domains whereas caspases -8 and 

-10 contain 2 DED domains. Caspases -3, -6 and -7 contain short pro-domains and serve as effector 

caspases in apoptosis. 
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1.3.2.4. Necroptosis 

Necroptosis is a form of programmed cell death where caspase-8 activity is inhibited and 

extracellular signals such as TNFα shift apoptotic cell death to necrotic form of death. As 

mentioned earlier, caspase-8 plays an important role in extrinsic apoptosis by forming the DISC. 

At baseline, i) caspase-8 and c-FLIP heterodimer complex prevents cells from undergoing 

apoptosis and ii) active caspase-8 constantly cleaves RIPK1 to prevent cells from undergoing 

necroptosis.  If caspase-8 activity is compromised during cell death signaling, RIPK-1/-3 complex 

can phosphorylate mixed lineage kinase domain-like protein (MLKL), which leads to membrane 

rupture and necrotic cell death (56). The mechanism by which phosphorylated MLKL induces pore 

formation in the membrane is not fully understood.  

 

1.3.2.5. Mitotic Catastrophe 

Mitotic catastrophe (MC) is a mechanism of cell death resulting from aberrant mitosis. It is often 

described as onco-suppressive mechanism since MC is activated after sensing mitotic failure that 

include immature DNA synthesis, damage, and chromosome condensation entering to mitosis. 

Cells are arrested in mitosis and driven to irreversible anti-proliferative fate of death resulting in 

either apoptotic or necrotic morphology (57). The underlying mechanisms driving MC are poorly 

understood. Recently, studies proposed MC as a form of cell death in podocytes after injury. 

Dysregulated podocyte displays mitotic phenotypes such as multi-nucleation or expressing 

proliferation markers such as Ki67. It is thought that podocytes that re-enter the cell cycle after 

injury undergo MC (58,59). However, the functional significance of mitotic catastrophe in 

podocyte remains to be more determined. 
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1.4. Innate Immune Systems in the Kidney 

1.4.1. Overview of Innate Immunity in Kidney 

Innate immunity is the first line of defense system against invading pathogens. Although microbial 

infections are rare in kidney, innate immunity plays a central role in the pathogenesis of renal 

diseases. Since sterile kidney injury such as hypoxia or toxins can induce cellular damage and 

DAMP release, to activate the innate immune system for tissue homeostasis. The cellular 

components of innate immune system consist of resident and recruited phagocytic cells 

(macrophages), antigen presenting cells (e.g., dendritic cells) and killing cells (natural killer cells). 

Epithelial cells play an important role in innate immunity as a physical barrier. Now, epithelial 

cells are recognized as an active integral component of innate immunity due to their ability to 

produce adhesion molecules, chemokines and cytokines (60).  

 

Resident renal dendritic cells (DC) and macrophages originate from myeloid haematopoietic 

progenitor cells in the bone marrow that share multiple function and surface markers in common. 

In the classical paradigm, renal dendritic cells play a critical role in immune surveillance and 

homeostasis. As an antigen presenting cells, DC are highly efficient in phagocytosis, processing 

of antigens and subsequently presenting peptide fragment to T cells. DC also mediate chemokine 

production and recruitment of other inflammatory cells (60). For example, CD11c+ DC were shown 

to secrete most of chemokine ligand 2 (CXCL2) to recruit neutrophils in experimental E. Coli 

infection in the kidney (61). To classify subtypes, DC can be grouped into a variety of tissue 

resident cells expressing multiple markers (e.g., CX3CR1+ or CD103+). A complete discussion of 

renal DC subtype and function are beyond the scope of this thesis.   
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Similar to resident cells, recruited macrophages are subset of immune cells that have extensive 

capacity of phagocytosis of tissue debris and killing of infectious material. Macrophages can 

secrete a variety of cytokines, chemokines and growth factors to modulate both pro-inflammatory 

and anti-inflammatory responses. Classically activated macrophages, M1, secrete cytokines such 

as TNFα, IL-1β and IL-6 to promote pro-inflammatory responses. By contrast, alternatively 

activated, M2, macrophages secrete cytokines such as IL-10, PGE-2 and TGFβ to promote wound 

healing and tissue fibrosis (62).  

 

1.4.2. Pattern-Recognition Receptors (PRR) 

Pattern-recognition receptors (PRRs) of leukocytes or parenchymal cells sense pathogen-

associated molecular patters (PAMP) or damage-associated molecular patterns (DAMP). Sensing 

of PAMP or DAMP recognize the structure conserved in the microbes and endogenous molecules 

released from dying cells, respectively (63). To date, there are five main families of PRRs described: 

(i) Toll-like receptors (TLRs), (ii) NOD-like receptors (NLRs), (iii) RIG-I-like receptors (RLR) 

(iv) C-type lectin receptors (CLRs) and (iv) AIM2-like receptors (ALRs). PRRs are strategically 

localized in various cellular compartments, allowing them to sense distinctive PAMPs or DAMPs. 

Upon activation, PRRs can induce signaling cascades and generate inflammatory responses:  

phagocytosis, inflammation and activation of adaptive immunity via antigen presenting cells 

(64,65). Among members of the PRRs, the NLR-P (Pyrin-domain containing) subfamily members 

of the NLR genes and AIM2 of PYHIN (pyrin and HIN domain-containing) family have gained 

extensive interest due to their ability to form inflammasomes (figure 1.4). Activation of 

inflammasomes in leukocytes is a key function mediated by the innate immune system which 
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regulates inflammation. This thesis will focus on NLRP3 and AIM2 function in the context of 

renal injury and inflammation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5. Molecular structure of NLR family members and AIM2-like receptor family 

members in human. (a) NLRA, NLRB, NLRC and NLRP comprise NLR family. NLRP3 is 

consisted of NACHT, LRR and PYD.  (b) AIM2 and IFI16 comprise AIM2-like receptor family 

in human. AIM2 is consisted of PYD and HIN200 domains. 
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1.4.3. Inflammasomes 

1.4.3.1. Definition of Canonical and Non-canonical Inflammasomes 

Inflammasomes are multiprotein complexes that are formed in response to diverse harmful stimuli 

that include pathogens, toxins, stress, crystals and nucleic acids to regulate cytokine maturation, 

secretion and inflammatory cell death, pyroptosis (53). Inflammasome activation has been mostly 

characterized in professional immune cells such as macrophages. Inflammasome function can be 

either canonical or non-canonical. First, a canonical inflammasome is defined as a platform that 

activates caspase-1. It is usually comprised of i) innate immune sensor that senses danger signal, 

ii) adaptor protein (ASC) oligomerization that provides a platform for caspase-1 recruitment and 

activation, iii) effector protein, caspase-1. The activation of caspase-1 most often results in 

cytokine maturation and secretion (e.g. IL-1β and IL-18). Caspase-1 can also activate gasdermin 

D to initiate pyroptosis (54,55,66,67). In contrast, non-canonical inflammasome can be defined as 

an inflammasome that activates an alternate caspase such as caspase-8, human caspase-4/5 or 

murine caspase-11. The non-canonical inflammasomes regulate i) caspase-11-mediated pyroptosis, 

ii) caspase-8-mediated apoptosis and iii) canonical NLRP3 inflammasome activation (68-70) 

(figure 1.6).  

 

The canonical function for NLRP3 or AIM2 is to form inflammasomes. Additionally, NLRP3 or 

AIM2 can have non-canonical functions, where they do not form inflammasomes at all but regulate 

other biological processes in non-myeloid cell (71-76). Recently, studies involving non-canonical 

functions of immune sensors that do not regulate inflammasomes have revealed novel roles and 

fascinating therapeutic targets in disease pathogenesis.  
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Figure 1.6. NLRP3, AIM2 and non-canonical caspase-11 inflammasomes activation. NLRP3 

inflammasome requires a priming step which increases NLRP3 and pro-IL-1β expressions. 

Canonical NLRP3 inflammasome activation requires second signal that include K+ efflux, 

sensation of mitochondrial ROS or oxidized mtDNA or cardiolipin, cathepsin release from 

lysosome and relocation of NLRP3 to mitochondria. Activation of NLRP3 nucleation and induces 

oligomerization of ASC through PYD-PYD interaction and recruitment of pro-caspase-1 via 

CARD-CARD interaction. Dimerization of pro-caspase-1 induces caspase-1 activation (p20/p10) 

through auto-cleavage. Activated caspase-1 matures pro-IL-1β/-18 and cleaves Gasdermin D 

(GSDMD). Binding of N-terminal fragment of GSDMD to lipids such as phosphatydylonositaol 

pohsphates, phosphatidyserine and cardiolipin induces oligomerization and pore formation and 

ultimately pyroptosis. Activation of AIM2 inflammasome is mediated through HIN domain that 

binds cytosolic dsDNA, releasing PYD from auto-inhibition. This events allows PYD (AIM2)-

PYD (ASC) interaction. Oligomerization and recruitment of ASC and caspase-1 results in cytokine 

maturation and pyroptosis. Non-canonical inflammasome or caspase-11 inflammasome (-11 in 

mouse and -4 or -5 in human) activation is achieved by direct binding to intracellular LPS. 

Activated caspase-11 can activate GSDMD, IL-1β and canonical NLRP3 inflammasome. 
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1.4.3.2. NLRP3 and Inflammasomes 

NLRs (NOD-like receptors) are composed of three functional domains: N-terminal effector 

domain, a central nucleotide-binding domain (NBD) necessary for oligomerization, and a C-

terminal leucine-rich repeat (LRR) that confers ligand recognition (53,77). Among 22 members of 

NLRP protein family in human, NLRP1, NLRP3 and NLRP6 are reported to be expressed by the 

kidney (78). NLRP3, the most extensively studied NLRP member, can be activated by microbial 

stimuli (virus, bacteria and fungi), and endogenous danger signals such as extracellular ATP, 

calcium, amyloid-β, pore-forming toxins, uric acid, silica and oxidized mitochondrial DNA in 

leukocytes (71,79-84). It is generally accepted that canonical NLRP3 inflammasome activation 

requires two step process. First step is priming event that includes MyD88-mediated NF-κB 

signaling for transcriptional upregulation of pro-1L-1β and NLRP3 as well as de-ubiquitination of 

NLRP3. A recent study also showed that FADD and caspase-8 mediates transcriptional priming 

of NLRP3. The next step is an activation event that includes potassium efflux, generation of 

reactive oxygen species (ROS), translocation and oligomerization of NLRP3 to mitochondria 

through interactions with cardiolipin or MAVS (85-87). 

 

In the canonical pathway, NLRP3 NBD oligomerizes and the NLRP3 PYD, which serves as a 

platform for ASC nucleation oligomerizes with ASC PYD via homopytic interaction. The ASC 

oligomers recruit procaspase-1 via homotypic interaction of the respective CARD leading to auto-

activation of caspase-1. ASC oligomerization (observed as punctate structures or “specks” by 

microscopy) is now accepted as a readout of canonical inflammasome activation. Subsequently, 

caspase-1 activation results in cleavage of IL-1β and IL-18 to their active forms and pyroptosis 

(88) (figure 1.6).  
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1.4.3.3. AIM2 and Inflammasomes 

AIM2 is an interferon-inducible gene that was originally identified as a gene associated with 

growth suppression in human melanoma cell line UACC903. This study also demonstrated that 

AIM2 is induced following IFNγ treatment in myeloid and non-myeloid cells (89). AIM2 was 

initially believed to be an anti-tumour protein until the discovery that the HIN-200 domain could 

bind double stranded DNA (dsDNA) to trigger the activation of inflammasome (66,67). Now, 

AIM2 is identified as an intracellular sensor for dsDNA derived from bacteria, viruses and the host 

that can form a “non-NLR” inflammasome via ASC (66,67) . Upon binding to dsDNA via HIN200 

domain that contain two oligonucleotide/oligosaccharide-binding folds (OB folds), AIM2 

assembles an inflammasome by recruiting ASC-through N-terminal PYD and caspase-1 to produce 

IL-1β and IL-18. Interestingly, studies have shown that AIM2 can bind to dsDNA from bacteria, 

virus and even the host (90), suggesting a possible role in autoimmune diseases that involving 

dsDNA (91). Considering a wide range of DAMP including the host dsDNA released from the 

dying cells, AIM2 inflammasome may play a role in pathogenesis of renal diseases (figure 1.6). 

 

1.4.3.4. The Non-Canonical Inflammasomes 

As mentioned, the pathways leading to inflammasome activation are more complex than 

previously thought. In addition to the canonical pathway, emerging studies have identified 

“noncanonical” pathway of the inflammasome described by (i) lacking any of the canonical 

inflammasome components or (ii) regulation of alternate caspases such as human caspase-4/-5 or 

murine caspase-11 or caspase-8 rather than caspase-1. Recently, a non-canonical inflammasome 

involving caspase-4 (-11 in mouse) was identified as a direct sensor for LPS in response to gram 

negative bacteria that gain access to cytoplasmic compartment (92). Active caspase-4 (-11) 
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promotes pyroptosis through gasdermin D activation or indirect cytokine maturation through 

activation of NLRP3 inflammasomes (figure 1.3). Other non-canonical inflammasomes include 

Dectin-1-MALT1-mediated caspase-8 inflammasome (93). NLRP3 and AIM2 induced caspase-8-

dependent apoptosis or cytokine maturation in leukocytes (69) or caspase-4 (or-11) activation in 

intestinal epithelial cells (94) (figure 1.6). 

 

1.4.3.4. NLRP3 and AIM2 in the Kidney Diseases 

1.4.3.4.1. Canonical function of NLRP3 in the kidney  

The NLRP3 inflammasome serves as a sensor of perturbations in cellular homeostasis due to wide 

range of NLRP3 activators. Inflammasome activation releases proinflammatory cytokines such as 

IL-1β and IL-18 that induce production of a wide range of proinflammatory and profibrotic 

cytokines, recruitment of leukocytes and damage tissue (95). Our group was the first to show that 

NLRP3 deficiency protects kidneys from tubular injury, inflammation and fibrosis following 

unilateral ureteral obstruction and made a substantial contribution to understanding of a role of 

NLRP3 and inflammasome in the context of CKD (96). Subsequent studies have further 

characterized the implication of canonical NLRP3 inflammasome in glomerular and 

tubulointerstitial injury including ischemia/reperfusion, diabetic nephropathy and calcium oxalate-

induced kidney injuries (71,73,97,98). Dysregulation of inflammasome activaty is implicated in 

the pathogenesis of a variety of inflammatory diseases including AKI and CKD. Despite NLRP3 

expression and inflammasome activation in podocytes were displayed (99), other studies have 

demonstrated that podocytes do not fully express inflammasome components and undergo 

pyroptotic cell death pathways (100,101). Despite these and other studies, the exact biology of 

NLRP3 and inflammasomes in the kidney remains to be determined.  
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1.4.3.4.2. Non-Canonical Function of NLRP3 in the kidney 

Although the involvement of NLRP3 inflammasome has been implicated in pathogenesis of 

several renal diseases, our studies and others suggest non-canonical function of NLRP3 in 

epithelial cells may play a more important role than inflammasomes in CKD. For example, our lab 

reported a regulatory role of NLP3 on TGFβ signaling regulating Smad phosphorylation and 

epithelial-to-mesenchymal transition in tubular epithelial cells (75). In the UUO-induced kidneys, 

Nlrp3 deficient tubular epithelial cells displayed reduced apoptosis and fibrosis (96). Subsequently, 

two groups reported that Nlrp3 deficiency displays a protective role in tubular epithelium 

following renal ischemia-reperfusion injury (71,72). Similarly, Nlrp3 deficient tubules were 

protected from diet-induced nephropathy and renal cholesterol accumulation (73). Despite a 

significant pool of NLRP3 is expressed in tubular epithelial cells, the mechanisms by which 

NLRP3 regulates apoptosis and fibrosis were not investigated. However, the data suggests that 

NLRP3 function in the kidney is non-canonical. 

 

During first half of my PhD, my contribution was made to further characterization of tubular 

NLRP3 in the context of renal diseases. Our group reported that NLRP3 is mainly localized to 

mitochondria in tubular epithelial cells (101) and regulates a non-canonical platform for caspase-

8 activation via ASC oligomers during apoptosis (74). While NLRP3 is localized to cytoplasm and 

does not regulate death receptor-mediated apoptosis in leukocytes (type I cell), our data confirm 

cell-type and context-specific function of NLRP3 in tubular epithelial cells (type II cell). 
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1.4.3.4.3. AIM2 in the kidney 

Currently, there is no reliable literature showing expression and function (canonical and non-

canonical) of AIM2 in kidney diseases. Our lab detected increased expression of AIM2 in 

experimental models for CKD that resulted in studies to characterize AIM2 in the kidney 

(supplementary figure 4.1). As mentioned above, both canonical and noncanonical AIM2 

functions need to be explored. For example, cells undergoing necrotic death can release a variety 

of DAMP including dsDNA and induce AIM2 inflammasome activation by infiltrated immune 

cells. Furthermore, AIM2 in non-myeloid cells might have a non-canonical function in regulation 

of cell proliferation. Although a role of AIM2 has not been investigated in the kidney, a non-

canonical function of AIM2 in cell proliferation and cancer has been widely described in the 

literature. Firstly, AIM2 expression is largely reduced in progression of colorectal and prostate 

cancers. Studies have shown that loss of AIM2 is highly correlated with development of cancers. 

For example, AIM2 contains high microsatellite instability sites that results in the inactivation of 

the gene in ~47% of colorectal tumours. Further studies demonstrated that AIM2 can be mutated 

by frameshift mutation or silenced by DNA-hyper-methylation at the promoter region (102,103). 

Reduced production of AIM2 promotes cell growth especially for cancer cells. In addition, studies 

have demonstrated that AIM2 over-expression in many cell types reduces cell proliferation, 

tumorigenicity and enhances apoptosis. This phenomenon can be explained by the ability of AIM2 

to i) upregulate cyclin D3 and p21 inducing cell cycle arrest in the S-phase (104), ii) inhibit and 

desensitize the transcriptional activity of NF-κB and iii) regulate Akt phosphorylation via direct 

interaction with DNA-PK (105,106). Recently, an inflammasome-independent role of AIM2 in 

suppressing cell proliferation in colorectal cancer was shown by two recent studies. Wilson et al 

demonstrated a mechanism that AIM2 regulates proliferation via DNA-PK dependent AKT 
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activation (105,106). As such, investigating expression and localization of AIM2 is the first step 

to understand AIM2 biology.  In this thesis, I report that AIM2 is i) predominantly localized to 

podocytes in the glomerulus, ii) infiltrating leukocytes and to a lesser extent iii) tubular epithelial 

cells. AIM2 exhibits a non-canonical function in podocyte physiology. 

 

1.5. Summary and Hypothesis 

Most of research on NLRP3 and AIM2 is performed in leukocytes due to their ability to form 

canonical inflammasomes. However, emerging studies have demonstrated non-canonical and 

inflammasome-independent NLRP3 and AIM2 function in non-hematopoietic cells. Instead of 

forming inflammasomes, these studies have illustrated different functions in apoptosis and fibrosis 

that may be linked to renal pathogenesis. Several studies have shown that NLRP3 is localized to 

tubular epithelial cells and NLRP3 deficiency results in reduced tubular apoptosis and fibrosis 

under pathological conditions. Nevertheless, the mechanisms by which NLRP3 regulates the non-

canonical function in tubular epithelial cells at molecular level remains unknown. Furthermore, 

although AIM2 is expressed in the kidney, its localization and function is entirely unexplored 
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It is our central hypothesis that NLRP3 and AIM2 regulate host response to renal injury in the 

kidney. The main hypothesis led to the following research questions: 

i. What is the non-canonical function of NLRP3 during apoptosis in the kidney 

epithelium? 

ii. What is the cell biology of AIM2 in the kidney-derived cells? 

iii. Do NLRP3 and AIM2 share common mechanisms regulating biological processes? 

iv. What are the relative roles of NLRP3 and AIM2 during kidney injury in vivo? 

To answer these research questions, specific hypotheses were generated: 

i. NLRP3 and AIM2 mediate recruitment and formation of ASC oligomer providing a 

platform for caspase-8 activation in epithelial cells. (chapter 2) 

ii. AIM2 is expressed by non-myeloid kidney-derived cells. (chapter 3/4) 

iii. Deficiency in AIM2 protects kidneys from experimental acute kidney injury (AKI) and 

chronic kidney disease (CKD) models. (chapter 3/4) 

 

NLRP3 and AIM2 are central inflammasome-forming innate immune sensors that detect danger 

to the host and regulate homeostasis in immune cells. However, the data generated from the 

proposed study will uncover a novel cell-type and context specific functions for NLRP3 and AIM2 

in TEC during renal injury, not limited to the canonical inflammasome, providing new insight in 

to the pathogenesis of acute and chronic kidney disease.  
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1.6. Outline of the Thesis  

Our lab has previously shown NLRP3 expression in tubular epithelial cells. To dissect a non-

canonical function of tubular NLRP3 regulating apoptosis, extrinsic apoptosis was induced in 

mouse tubular epithelial cells isolated and cultured from wild-type and NLRP3-/- kidneys. I have 

dissected a mechanism by which how NLRP3 regulates a non-canonical caspase-8 activating 

platform at molecular level using human tubular epithelial cells (chapter two)- published: Cell 

death and differentiation 23, 1331-1346 

 

To characterize AIM2 expression and localization, I used qPCR, western blotting and indirect 

immunofluorescence in human kidney tissue. AIM2 expression was found highest in podocytes 

and less so in tubules of the normal kidney. To investigate AIM2 function in podocytes, 

nephrotoxic serum-induced glomerulonephritis model was performed in vivo, and cell biology 

experiments were performed in vitro. A role for AIM2 in cellular crescent formation and podocyte 

biology was demonstrated (chapter three)- Manuscript in preparation. 

 

In addition to podocytes, AIM2 was also expressed in a subset of tubules. To investigate a role of 

AIM2 in tubules during injury, AIM2 subcellular localization and regulation was investigated 

using human tubular epithelial cells in vitro. Further, tubular injury model, kidney ischemia-

reperfusion in vivo, was performed in wild-type and AIM2-/- mice to examine a played role for 

tubular AIM2 during tubular injury (chapter four)- Manuscript in preparation. 

 

In the final chapter, overall discussion and conclusion derived from all chapters are presented. This 

chapter provides perspective and future experiments arising from this project (chapter five). 
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Previously, studies using Nlrp3-/- mice have described a role of NLRP3 inflammasomes in the 

progression of kidney diseases that include ischemia/ reperfusion injury, diabetic nephropathy, 

unilateral ureteral obstruction, diet-induced nephropathy and calcium oxalate-induced renal injury. 

However, emerging studies have revealed that NLRP3 is expressed by tubular epithelial cells and 

regulates cell death, although the precise mechanism had not been identified. In chapter two, an 

inflammasome-independent or non-canonical function of NLRP3 in regulation of apoptosis is 

demonstrated. 
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Chapter II. NLRP3 regulates a non-canonical platform for caspase-8 activation during 

epithelial cell apoptosis 

 

Abstract 

Nod-like receptor, pyrin containing 3 (NLRP3) is characterized primarily as a canonical caspase-

1 activating inflammasome in macrophages. NLRP3 is also expressed in the epithelium of the 

kidney and gut; however, its function remains largely undefined. Primary mouse tubular epithelial 

cells (TEC) lacking Nlrp3 displayed reduced apoptosis downstream of the tumor necrosis factor 

(TNF) receptor and CD95. TECs were identified as type II apoptotic cells that activated caspase-

8, tBid and mitochondrial apoptosis via caspase-9, responses that were reduced in Nlrp3−/− cells. 

The activation of caspase-8 during extrinsic apoptosis induced by TNFα/cycloheximide 

(TNFα/CHX) was dependent on adaptor protein apoptosis-associated speck-like protein 

containing a CARD (ASC) and completely independent of caspase-1 or caspase-11. TECs and 

primary human proximal tubular epithelial cells (HPTC) did not activate a canonical 

inflammasome, caspase-1, or IL-1β secretion in response to TNFα/CHX or NLRP3-dependent 

triggers, such as ATP or nigericin. In cell fractionation studies and by confocal microscopy, 

NLRP3 colocalized with ASC and caspase-8 in speck-like complexes at the mitochondria during 

apoptosis. The formation of NLRP3/ASC/caspase-8 specks in response to TNFα/CHX was 

downstream of TNFR signaling and dependent on potassium efflux. Epithelial ASC specks were 

present in enteroids undergoing apoptosis and in the injured tubules of wild-type but 

not Nlrp3−/− or ASC−/− mice following ureteric unilateral obstruction in vivo. These data show 

that NLRP3 and ASC form a conserved non-canonical platform for caspase-8 activation, 

independent of the inflammasome that regulates apoptosis within epithelial cells. 
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Introduction 

Nod-like receptor, pyrin containing 3 (NLRP3) is an innate sensor that has been characterized 

primarily as an inflammasome-forming protein in leukocytes [1]. NLRP3 is activated by a wide 

range of pathogen/danger-associated molecular patterns to regulate host cellular responses to 

infection and injury [1].  In the canonical pathway, NLRP3 activation triggers the oligomerization 

of the adaptor protein apoptosis-associated speck-like protein containing a CARD (ASC) and 

caspase-1 into a high molecular weight inflammasome that regulates cytokine maturation (IL-1β 

and IL-18) and pyroptosis [2]. Emerging studies have demonstrated non-canonical NLRP3 

inflammasomes that activate alternate caspases such as caspase-8 and caspase-11 in leukocytes 

and more recently caspase 4/11 in the intestinal epithelium [3-5]. 

 

Caspase-8 is an initiator caspase in the apoptosis pathway activated downstream of death receptors 

such as tumor necrosis factor receptor (TNFR) and CD95. In type I apoptotic cells, caspase-8 is 

recruited to the death-inducing signaling complex (DISC) at the plasma membrane where it 

undergoes autocleavage and acts directly upon the executioner caspase-3 to initiate apoptosis [6]. 

In type II apoptotic cells, caspase-8 activation at the DISC is inhibited by the caspase-3 inhibitor 

x-linked inhibitor of apoptosis (XIAP) and cellular FLICE inhibitory protein (cFLIP) [6-8]. Type 

II cells require the mitochondrial pathway to fully initiate the cell death program via caspase-8 

activation at the outer mitochondrial membrane that cleaves Bid to tBid [9]. tBid triggers the 

oligomerization of Bax/Bak, which initiates mitochondrial outer membrane permeabilization, 

cytochrome c release and activation of caspase-9 [6, 10]. Initiation of mitochondrial apoptosis also 

releases SMAC/DIABLO, which inhibits XIAP and enables caspase-3 to further activate caspase-

8 [11]. 
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Caspase-8 is also activated downstream of the NLRP3, AIM2 and NLRC4 inflammasomes in 

response to canonical triggers in macrophages [4, 12-14] or downstream of Dectin-1 in dendritic 

cells [15-17]. The activation of caspase-8 in leukocytes requires ASC and regulates the non-

canonical maturation of IL-1β. However, in caspase-1/11-deficient macrophages, caspase-8 also 

regulates apoptosis downstream of AIM2 and NLRP3 inflammasomes [4, 12]. The relationship 

between NLRP3, ASC and caspase-8 activation during apoptosis in the absence of inflammasome 

activation or in a physiological caspase-1-deficient system has not yet been evaluated. 

 

Epithelial cells have key roles in tissue homeostasis, host defense, immune regulation and 

regeneration. In the kidney, tubular epithelial cell apoptosis is a major component of disease that 

contributes to tubular atrophy and tubulointerstitial fibrosis [18]. The intestinal epithelium lies at 

the host–microbial interface and is key to maintaining gut homeostasis as well as directing the host 

response to the gut microbiota and to pathogenic microbes. Inflammasome genes such as NLRP3 

and ASC are expressed in both gut and kidney epithelia [2, 19-21]. We and others have 

demonstrated primarily non-canonical and inflammasome-independent roles for NLRP3 in the 

kidney epithelium and during experimental kidney injury in vivo [20-23]. For example, Nlrp3−/− 

mice undergoing renal ischemia/reperfusion or unilateral ureteric obstruction (UUO) display 

reduced epithelial apoptosis and tubular injury independent of a canonical inflammasome or 

caspase-1 [20-23]. In the intestinal tract, non-canonical NLRP3 regulates IL-18 maturation as well 

as epithelial cell shedding in response to Salmonella infection [4]. Despite these studies, the 

biology of NLRP3 and other inflammasome-related genes in epithelial cells has yet to be fully 

elucidated. 
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Given the increasing evidence of crosstalk between the inflammasome and cell death machinery 

in the cell, the role of NLRP3 in epithelial cell apoptosis was determined. We show that NLRP3, 

via ASC, primarily regulates a non-canonical caspase-8-activating platform at the mitochondria 

that is necessary for epithelial cell death. The activation of caspase-8 by NLRP3 in epithelia occurs 

independent of canonical NLRP3 triggers, caspase-1, or pro-inflammatory cytokine production. 
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Materials and Methods 

Mice 

Nlrp3−/− [24], ASC−/− [25] and caspase 1/11−/− [26] were on a C57Bl/6 background and housed 

under standard conditions. Mice were used between 8 and 12 weeks of age. Nlrp3−/− and wild-

type C57Bl/6 control mice used in this study were derived from Nlrp3−/+ mice. Nlrp3 

heterozygotes were derived from Nlrp3−/− mice crossed with C57Bl/6 mice (Charles River, 

Wilmington, MA, USA). Unilateral ureteric obstruction model was performed as previously 

described [20]. 

 

Primary cell culture 

TECs were isolated from the kidneys harvested from mice between the ages of 8–12 weeks. Under 

sterile conditions, the capsules surrounding the kidneys were detached, and the renal cortex was 

removed with a sterile scalpel. Renal cortex tissues were placed in 1.5 mg/ml collagenase/HBSS 

(Sigma-Aldrich, St. Louis, MO, USA) solution and incubated at 37 °C with 5% CO2 for 60 min. 

Tissue was homogenized using sterile microscope slides and then passed through 70-μm nylon 

filters. The cell suspension was spun down for 5 min at 230 × g to remove excess collagenase and 

washed twice more in 1 × HBSS. The cell pellet was resuspended in K1 media (10% fetal bovine 

serum (FBS), 1% penicillin–streptomycin, 1% hormone mix (ITSS media supplement, 350 nM 

prostagladin E1, 5 nM 3,3′,5-triiodo-L-thyronine sodium salt, 5 μM hydrocortisone, 10 mM HEPES pH 7.4), 

25 ng/ml mouse EGF, 25 mM HEPES pH 7.4 in DMEM/F12) and plated onto tissue culture plates for 1–

2 h at 37 °C to remove contaminating fibroblasts and endothelial cells. The cell suspension was 

then re-plated onto collagen-IV-coated plates and allowed to grow overnight at 37 °C. Cells were 

washed and media changed the next day. Cells were maintained in K1 media and allowed to grow 

to confluence before passage onto experimental plates. All in vitro experiments were completed 
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within two cell passages. Cells were confirmed to be epithelial cells periodically by ZO-1 or E-

cadherin immunofluorescence staining for tight junction formation. 

HPTCs were isolated from non-diseased nephrectomy samples from patients with renal cell 

carcinoma. Nephrectomy samples were placed in clean HBSS on ice for transport before isolation. 

Subsequent steps were performed in a biosafety cabinet under sterile conditions. The capsule and 

medulla were dissected away from the cortex. Minced renal cortex tissues were then placed in a 

1.5 mg/ml collagenase/HBSS (Sigma) solution and incubated at 37 °C for 60 min. Tissue was 

homogenized using two sterile microscope slides and then passed through a 70-μm nylon filter. 

The filtered cell suspension was then spun down for 10 min at 230 × g to remove excess 

collagenase and washed two times in 1 × HBSS. The cell pellet was resuspended in HPTC media 

(10% FBS, 1% penicillin–streptomycin, 1% hormone mix, 25 ng/ml human EGF, 25 mM HEPES 

pH 7.4 in DMEM/F12) and plated onto uncoated tissue culture plates for 1 h at 37 °C. After 1 h, 

the cell suspension was re-plated onto collagen-IV-coated plates and allowed to grow overnight at 

37 °C. Cells were washed and media changed the following day. 

Bone marrow macrophages were isolated from the femurs and tibia of mice between the ages of 

8–12 weeks. The bone marrow was collected on ice in HBSS. Cells were washed twice with HBSS 

and spun down at 230 × g for 5 min. Macrophages were plated onto tissue culture plates and 

maintained for 48 h in L929-cell media followed by a fresh media change. Macrophages were 

utilized 7 days after isolation. 

Primary peritoneal macrophages were isolated from mice between the ages of 8–12 weeks. Mice 

were injected with 4% thioglycollate solution (BD Biosciences, San Jose, CA, USA) 72 h before 

peritoneal lavage. The peritoneal cavity was lavaged under sterile conditions with 10 ml RPMI 

media and kept on ice. The cells were spun down at 230 × g for 5 min before the addition of red 
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cell lysis buffer for 5 min on ice. Cells were washed twice with RPMI media supplemented with 

10% FBS, 1% penicillin–streptomycin and 50 nM 2-mercaptoethanol and plated onto tissue 

culture plates. 

Mouse cecal enteroid cultures were established using protocols based on methods previously 

established by Sato et al. [37] Stem cell-containing intestinal crypts were recovered from the ceca 

of both wild-type C57BL/6 and Nlrp3 −/− mice. Briefly, the cecum was removed from male 8-

week-old mice, cut open longitudinally and washed repeatedly in sterile PBS containing 

gentamicin and penicillin/streptomycin. The washed cecal tissue was incubated for 30 min at 4 °C 

in cell recovery solution (Corning, NY, USA) to detach the cecal epithelium from the surrounding 

muscle and connective tissue. The epithelium was gently scraped off and then vortexed briefly to 

detach individual crypts. Crypts were washed twice in Advanced DMEM/F12 containing 

penicillin/streptomycin, HEPES buffer and Glutamax (Gibco, Thermo-Fisher Scientific, Waltham, 

MA, USA, hereby referred to as MEM+++), suspended in matrigel (Corning), and plated as 30–

40 μl drops in 24-well plates (Corning). Cecal enteroids were grown routinely in growth media 

containing MEM+++, R-spondin, Noggin and Wnt3A conditioned media [27], N2 supplement 

(Invitrogen, Grand Island, NY, USA), B27 supplement (Invitrogen), mEGF (Invitrogen), A83-01 

(Tocris, Bristol, UK), SB202190 (Sigma-Aldrich), N-acetylcysteine (Sigma-Aldrich) and 

nicotinamide (Sigma-Aldrich), as described by Sato et al.33 The media was changed every 2–3 

days, and the resultant enteroid cultures were split one to four, every 7 days. This growth medium 

allowed for the rapid growth and propagation of mouse cecal enteroids, however, the addition of 

Wnt3A, A83-01, SB202190 and nicotinamide is known to inhibit the differentiation and 

maturation of certain cell types, including mature enterocytes and goblet cells.33 To account for 

this in experimental cultures, 4 days prior to treatment with TNFα/CHX, nicotinamide, A83-01 
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and SB202190 were omitted from the media, and the Wnt3A conditioned media was reduced by 

50%, with the volume being balanced with additional MEM+++. Twenty-four hours prior to 

treatment, the Wnt3A conditioned medium was omitted entirely as well and 100 ng/ml LPS 

(Sigma-Aldrich) was supplemented. 

The human myelogenous leukemia THP-1 cell line was purchased from the American Type 

Culture Collection (ATCC, Manassas, VA, USA). THP-1 cells were cultured in RPMI 1640 media 

(Gibco, Thermo-Fisher Scientific) supplemented with 10% v/v heat-inactivated FBS, 0.05 mM β-

mercaptoethanol and 1 mM sodium pyruvate. Cells were maintained in cell suspension in a 37 °C, 

5% CO2, humidified incubator. Cells were differentiated with 100 nM phorbol-12-myristate-13-

acetate (Sigma-Aldrich) for 24 h prior to experiments. 

 

Apoptosis and inflammasome activation 

Tubular epithelial cells and macrophages were counted before final plating onto experimental 

plates. Twelve-well plates were seeded with 25 000 cells/well. Six-well plates were seeded with 

100 000 cells/well. For apoptosis experiments, cells were serum starved overnight and treated with 

the following reagents: TNFα (10 ng/ml), CHX (5 μg/ml for mouse TEC, enteroids and 25 μg/ml 

for HPTC, Sigma-Aldrich), birinapant 10 μM (Apexbio, Houston, TX, USA), necrostatin-1 

(10 μM, Sigma-Aldrich), etoposide (100–1000 μM, Sigma-Aldrich), and hamster anti-mouse 

CD95/Fas antibody 40 μg/ml (Jo2 clone, BD Biosciences), were added at the initiation of the 

experiment and allowed to incubate for the indicated time points at 37 °C. For inflammasome 

activation experiments, epithelial cells and macrophages were primed with 100 ng/ml ultrapure 

LPS as above before incubation for 6 or 24 h with 250 μg/ml MSU, 5 mM ATP or 20 μM nigericin. 

Supernatants and cell protein lysates were harvested for analysis. 



52 
 

IL-1β and IL-18 ELISAs 

TECs were primed overnight with 100 ng/ml ultrapure LPS before incubation for 24 h with TNFα 

(10 ng/ml)+CHX (5 μg/ml), MSU 25 μg/ml or ATP (5 mM). Bone marrow macrophages were 

incubated with 5 mM ATP for 6 h as a positive control. IL-1β and IL-18 cytokine secretion was 

detected in cell supernatants using the ELISA kits from BD Biosciences and eBiosciences (San 

Diego, CA, USA), respectively, as per the manufacturers' protocol. 

 

Immunoblotting 

Protein samples were separated on SDS-PAGE gels under reducing conditions. Proteins were 

transferred onto nitrocellulose membranes, which were blocked for 1 h with the appropriate 

blocking solution before incubating overnight at 4 °C with the primary antibody. Blots were 

washed with an appropriate buffer and then incubated at room temperature with the secondary 

antibody in blocking buffer for 1 h before additional washes. Proteins were visualized using ECL 

western blotting detection reagents (GE Healthcare, Pittsburgh, PA, USA) and exposed to film or 

digitally captured using a Chemidoc MP device (Bio-Rad, Hercules, CA, USA). Bands were 

quantified using the ImageJ (NIH, Bethesda, MD, USA) or Image Lab (Bio-Rad) software and 

normalized as indicated. Antibodies used are as follows: mouse anti-human NLRP3 (Cryo-2 clone, 

Adipogen), rabbit anti-human ASC (Adipogen, San Diego, CA, USA), rabbit anti-human PARP1 

and cleaved PARP1 (Cell Signaling, Danvers, MA, USA nos. 9542 and 9544), rabbit anti-human 

caspase-3 (Cell Signaling no. 9662), rabbit anti-mouse caspase-8 (Cell Signaling nos. 8592, 9429 

and 4927), rabbit anti-mouse Bid (Abcam, Cambridge, UK no. 10640), rat anti-mouse Bid (clone 

8C3, generous gift from Dr. Thomas Kaufmann, University of Bern, Bern, Switzerland), mouse 

anti-human caspase-9 (Cell Signaling no. 9508), rabbit anti-mouse caspase-1 (Santa Cruz, Dallas, 
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TX, USA, no. 514), rat anti-mouse caspase-11 (Novus Biologicals, Littleton, CO, USA), rabbit 

anti-human FLIP (Santa Cruz no. 8346), mouse anti-cow COX IV (Abcam no. 14744), rabbit anti-

human EEA1 (Abcam no. 2900), rabbit anti-human cytochrome c (Abcam no. 133504), rabbit 

anti-human XIAP (Cell Signaling no. 2042), rabbit anti-human caspase-8 (Cell Signaling no. 9496), 

mouse anti-human caspase-8 (Cell Signaling no. 9746), rabbit anti-human VDAC (Cell Signaling 

no. 4866), rabbit anti-human caspase-1 (Santa Cruz, no. 622 antibody against N-terminal CARD 

domain), mouse anti-human FADD (Santa Cruz no. 271748), rabbit anti-human TRADD (Santa 

Cruz no. 7868), rabbit anti-human RIP-1 (Cell Signaling no. 3493), rabbit anti-human TRAF2 

(Santa Cruz no. 877), mouse anti-human β-tubulin (clone D66, Sigma-Aldrich), and rabbit anti-

mouse β-actin (Cell Signaling). 

 

Annexin V labeling, MTT assay and incucyte zoom microscopy 

Wild-type and Nlrp3−/− TECs were grown to monolayer before treatment with CHX and TNFα. 

Annexin V–FITC (BD Biosciences) and Sytox orange (Molecular Probes, Thermo Fisher 

Scientific, Waltham, MA, USA) was used to label apoptotic and necrotic TECs, respectively, and 

imaged over 24 h by fluorescent wide field microscope (Olympus, Center Valley, PA, USA). 

Annexin V and Sytox orange positivity was quantified by ImageJ analysis. 

TECs were assessed for cell viability using the MTT assay (Invitrogen) as per the manufacturer's 

instructions. Tubular epithelial cells were grown to monolayer and treated with various reagents 

for 24 h in serum-free media. Cells were incubated with MTT reagent (12 mM) for 4 h at 37 °C. 

Viable cells converted MTT to insoluble formazan crystals, which was solubilized by DMSO 

before quantification by spectrophotometer (Molecular Devices, Sunnyvale, CA, USA) at 540 nM. 

Cell viability was calculated for each treatment relative to untreated cells. 
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Tubular epithelial cells were grown to monolayer and induced to undergo apoptosis in serum-free 

media with or without incubation in 5 or 10 mM of KCl. Cells were treated with CellPlayer Kinetic 

Caspase 3/7 Reagent (Essen Bioscience, Ann Arbor, MI, USA) to label apoptotic cells. Images 

were taken using an automated fluorescent microscope (Incucyte Zoom, Essen Bioscience) over a 

24-h time course at 37 °C. Apoptosis index was calculated by quantifying the number of apoptotic 

cells relative to the total number of cells per field and normalized as a fold change relative to time 

zero within each treatment. 

 

Subcellular fractionations 

HPTC subcellular fractionations were performed on untreated cells or treated with TNFα/CHX. 

Cells were collected in 1 ml of mannitol buffer (10 mM HEPES, 70 mM Sucrose, 210 mM D-

Mannitol, 0.1 mM EGTA, pH 7.4) containing protease inhibitor cocktail (Roche, Mississauga, ON, 

Canada). Fifteen strokes through a 27-G needle were performed to homogenize the cells, and the 

homogenate was spun at 320 × g for 5 min to remove unbroken cells. The soluble fraction was 

spun at 8000 × g for 15 min to collect crude mitochondrial fraction. The pellet containing 

mitochondria was washed in 1 ml of PBS twice and re-suspended in 0.5 M sucrose and gently 

layered on discontinuous sucrose gradient (30% w/w. 40% w/w, 50% w/w, 60% w/w) containing 

1 mM EDTA, 0.1% BSA, 10 mM Tris-HCl (pH 7.5). After ultracentrifugation at 51 000 × g for 

3 h at 4 °C, intact mitochondrial band was collected and pelleted by additional centrifugation at 

26 000 × g for 30 min at 4 °C. To preserve oligomer form of ASC, 2 mM of disuccinimidyl suberate 

was used to crosslink proteins. Mouse TEC subcellular fractionations were completed at 4 °C using 

the mitochondrial isolation kit for cultured cells from Thermo Fisher Scientific. Fractionations 

were carried out using the manufacturer’s instructions. 
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Mitochondrial fractions were resuspended in 3 × SDS sample buffer containing 0.1% Triton-X100 

in preparation for immunoblotting. Samples were boiled for 5 min before loading into denaturing 

SDS gels for analysis. Cytosolic fractions were precipitated using chloroform and methanol and 

resuspended in an equivalent amount of sample buffer as the mitochondrial pellet. Briefly, four 

volumes of methanol were added to the cytosolic fraction and vortexed before the addition of one 

volume of chloroform. Samples were vortexed once again and three volumes of H2O were added 

followed by additional vortexing. Samples were spun at 15 000 × g for 2 min, and the aqueous 

layer was removed. Four volumes of methanol were finally added, and the samples were vortexed 

and spun for a final time at 15 000 × g for 2 min. The remaining liquid was completely removed, 

and the resulting precipitate was resuspended in sample buffer. Fractions were characterized using 

immunoblotting and antibodies against tubulin, EEA1 (cytosolic), VDAC and COX IV 

(mitochondrial). 

 

RNA interference 

HPTC were trypsinized and one million cells were nucleofected with 30 pmol of non-targeting (5′-

UAG CGA CUA AAC ACA UCA A-3′) or SMARTpool small interfering RNAs of FADD (with 

the following sequences: 5′-CAG CAU UUA ACG UCA UAU G-3′; 5′-UGC AGC AUU UAA 

CGU CAU A-3′; 5′-GUG CAG CAU UUA ACG UCA U-3′; 5′-GAA CUC AAG CUG CGU UUA 

U-3′) or TRADD (with the following sequences: 5′-GGA GGA UGC GCU GCG AAA U-3′; 5′-

GCG AGG GAC UGU ACG AGC A-3′; 5′-GGG UCA GCC UGU AGU GAA U-3′; 5′-GGA 

CGA GGA GCG CUG UUU G-3′) (Dharmacon, Lafayette, CO, USA) using the Nucleofection 

Technology (Amaxa, London, UK) according to the manufacturer’s protocols. Transfected cells 
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were seeded in a six-well plate (0.5 × 106/well) and incubated for 48 h before treatment. Efficacy 

of gene knockdown was confirmed by immunoblotting. 

 

Immunofluorescence microscopy 

HPTCs were grown to 70% confluency on sterile collagen-coated coverslips. Cells were stimulated 

with TNFα (10 ng/ml) and CHX (25 μg/ml) or mock treated in serum-free media for 24 h prior to 

fixation, and cells were incubated with 300 μl 1 × FAM-LETD-fmk (FLICA-caspase-8, 

Immunochemistry Inc., Bloomington, MN, USA) or FAM-YVAD-fmk (FLICA-caspase-1) or 

Mitotracker red (100 nM, Molecular Probes, Thermo-Fisher Scientific) for 1 h. FLICA-treated 

cells were washed in wash buffer according to the manufacturer’s protocol. Cells were then washed 

in PBS and fixed in 4% paraformaldehyde followed by incubation with NH4Cl (50 μM) for 10 min 

to reduce auto-fluorescence and permeabilization with 0.1% Triton X-100 for 5 min. Cells were 

blocked in 3% BSA for 30 min at room temperature and then incubated with primary antibodies 

(1:100) in blocking solution for 1 h at room temperature. Antibodies used in the experiments are 

mouse anti-human NLRP3 (Cryo-2, Adipogen), rabbit anti-human ASC (Adipogen), mouse anti-

human E-Cadherin (BD Biosciences no. 610181), rabbit anti-human LAMP1 (Abcam no. 24170), 

mouse anti-human FADD (Santa Cruz), rabbit anti-human TRADD (Santa Cruz) and rabbit anti-

human GM130 (Abcam no. 52649). Following sequential washes in PBS, cells were incubated 

with secondary fluorescent antibodies (1:600, Alexa Fluor, Thermo-Fisher Scientific) in blocking 

solution for 1 h at room temperature. Coverslips were mounted onto slides in ProlongGold antifade 

reagent containing 4′,6-diamidino-2-phenylindole (DAPI, Molecular Probes, Thermo-Fisher 

Scientific). For in vivo studies, immunofluorescence microscopy was performed on the kidneys 

from mice 14 days after UUO. Kidneys were removed and prepared for immunoblotting or 
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histology using 10% formalin fixation. Paraffin-embedded kidney tissue sections were 

deparaffinized, blocked and stained with E-Cadherin (BD Biosciences), ASC (Adipogen) and 

cleaved caspase-3 antibodies (Cell Signaling) using standard staining protocols. Confocal 

microscopy was performed on an Olympus IX-70 microscope with the Fluoview1000 system 

software (Center Valley, PA, USA). 

Enteroid cultures used for immunofluorescent microscopy were fixed overnight with 10% formalin, 

1 h posttreatment with TNFα/CHX. Following formalin fixation, enteroids were washed in PBS, 

resuspended in 3% low-melting point agarose, embedded in paraffin and sectioned onto 

microscope slides. Sections were deparaffinized with xylene and rehydrated in 100, 95 and 75% 

ethanol, followed by deionized water. Antigen retrieval was performed by boiling in sodium citrate 

buffer for 30 min. Sections were blocked with goat serum for 1 h at RT and treated with anti-

NLRP3 and anti-ASC primary antibodies (1:100) in blocking buffer overnight at 4 °C. Following 

two PBS washes, sections were incubated with appropriate secondary antibodies (1:1000, Thermo-

Fisher Scientific) for 1 h at RT and washed twice in PBS and once in H2O. Coverslips were 

mounted onto slides in ProlongGold antifade reagent containing DAPI (Molecular Probes, 

Thermo-Fisher Scientific), and confocal microscopy was performed with a Leica SP5 Microscope 

with the Leica application suite software (Buffalo Grove, IL, USA). 

 

Statistical analysis and ethics 

All studies using mice or human tissues were approved by the Animal Care Committee and the 

Conjoint Health Research Ethics Board at the University of Calgary, respectively. Except where 

indicated, all experiments were performed at least three independent times. GraphPad Instat 

software (La Jolla, CA, USA) was used to perform all statistical analyses. Data were expressed as 
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mean±S.D. or S.E.M. as indicated. Results were analyzed for statistical variance using an unpaired 

Student's t-test or ANOVA where appropriate. Results at P<0.05 were considered statistically 

significant. 
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Nlrp3 is required for apoptosis and caspase-8 activation in epithelial cells 

To examine the involvement of Nlrp3 in receptor-mediated epithelial cell apoptosis, primary 

mouse tubular epithelial cells (TEC) were treated with tumor necrosis factor-α/cycloheximide 

(TNFα/CHX) and probed using Annexin V and assessed for viability using the 3-(4, 5-

dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay. At 24 h, Nlrp3−/− TECs 

displayed significantly less cell death as well as reduced surface labeling with Annexin V 

compared with control wild-type controls (figure 2.1a and 2.1b). Cell death was due to apoptosis 

as minimal Sytox orange labeling was observed following TNFα/CHX stimulation over 24 h 

(Figure 2.1c, Supplementary figure 2.1). Nlrp3−/− TECs also displayed significantly reduced 

caspase-3 activation and cleavage of its substrate poly-ADP-ribose polymerase (PARP1) (figure 

2.1d). Together, these results show that Nlrp3−/− TECs exhibit reduced cell death and apoptosis 

induced by TNFα/CHX. 
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Figure 2.1. Role of Nlrp3 in tubular epithelial cell apoptosis. (a) Cell viability (MTT) assay at 

6, 12 and 24 h in wild-type (WT) or Nlrp3−/− TECs treated with TNFα (10 ng/ml) and CHX 

(5 μg/ml) (mean±S.E.M.; WT versus Nlrp3−/−, **P<0.01, n=3 independent experiments). (b) 

Annexin V immunofluorescence of TECs treated with TNFα/CHX. Images are shown as a 

brightfield and FITC channel overlay (× 10 lens, × 3 zoom). Right panel quantitation of Annexin 

V positivity in WT or Nlrp3−/− TECs treated with TNFα/CHX at 6, 12 and 24 h. (mean±S.E.M.; 

WT versus Nlrp3−/− **P<0.01, ***P<0.001, n=3 independent experiments). (c) Sytox orange 

labeling in WT and Nlrp3−/− TECs treated with TNFα/CHX at 6, 12 and 24 h. (d) Immunoblotting 

using antibodies specific for caspase-3 (pro-p32 and cleaved p17), total PARP1 and cleaved 

PARP1 (cPARP1) in WT and Nlrp3−/− TECs induced to undergo apoptosis with TNFα/CHX for 

6, 12 and 24 h 
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TNFα/CHX also induced cleavage of caspase-8 at 24 h in TEC, a response that was significantly 

diminished in Nlrp3−/− cells (Figure 2.2a). To determine whether Nlrp3 was also required for 

apoptosis involving the SMAC-dependent/RIP1 pathway [28] or CD95, TECs were stimulated 

with TNFα and the SMAC-mimetic birinapant [29] or an activating CD95 antibody (Jo2). Over 

24 h, both TNFα/birinapant and anti-CD95 resulted in efficient apoptosis and caspase-8 and 

caspase-3 activation in wild-type TEC, responses that were significantly impaired in Nlrp3−/− 

cells (Figures 2.2b and c and Supplementary Figures 2a–c and 2.3b). Together, these data show 

that Nlrp3 is required for caspase-8 activation and apoptosis downstream of the TNFR and CD95. 

Caspase-8 activation and cell death emerged over 12–24 h, suggesting that TECs represent type II 

apoptotic cells (Figures 2.2a–c and Supplementary Figure 2.2d). Consistent with this premise, 

TNFα/CHX- and CD95-treated TECs effectively cleaved Bid to truncated Bid (tBid) and activated 

caspase-9 (Figures 2.2d–g), responses that were significantly reduced in Nlrp3−/− cells. Consistent 

with their type II cell death phenotype, wild-type and Nlrp3−/− TECs express similar levels of 

DISC genes, including not only TRADD, FADD, TRAF2 and RIP1 (Supplementary Figure 2.3a) 

but also the apoptosis inhibitors XIAP and cFLIP (Figure 2.2h, Supplementary Figure 2.3a). 

Furthermore, the SMAC-mimetic birinapant also enhanced CD95-induced apoptosis that was 

attenuated in Nlrp3−/− TECs (Supplementary Figure 2.3b). In contrast, peritoneal macrophages 

are type I apoptotic cells that display similar levels of caspase-8 activation in Nlrp3−/− and wild-

type cells following receptor-mediated cell death as previously described (Supplementary Figure 

2.4a) [30]. TECs assumed a type I phenotype and Nlrp3 became dispensable for apoptosis when 

TNFR and CD95 activation were combined with both birinapant and CHX to antagonize multiple 

inhibitory pathways (Supplementary Figure 2.4b). Finally, fractionation studies were performed 

comparing primary human proximal tubular epithelial cells (HPTC) and human THP-1 
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macrophages. In response to TNFα/CHX, cytochrome c release in the cytoplasm was observed in 

HPTC but not in THP-1 cells at 24 h (Figure 2.6a). Together, these data show that Nlrp3 regulates 

receptor-mediated caspase-8 activation and apoptosis in TECs (type II cells) but not in 

macrophages (type I cells). 
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Figure 2.2. Nlrp3-dependent regulation of death receptor-mediated apoptosis. (a) TECs were 

incubated for the indicated time points with TNFα (10 ng/ml) and CHX (5 μg/ml). Immunoblotting 

using antibodies specific for caspase-8 (pro), caspase-8 (p41/43) and caspase-8 (p41/43, p18) in 

wild-type (WT) and Nlrp3−/− TECs. Asterisk represents non-specific band. (b) Immunoblotting 

for caspase-8 in WT and Nlrp3−/− TECs treated for the indicated times with TNFα (10 ng/ml) and 

the SMAC-mimetic birinapant (10 μM). (c) Immunoblotting for caspase-8 and caspase-3 in WT 

and Nlrp3−/− TECs treated for the indicated times with the activating CD95 antibody (Jo2). (d) 

Immunoblotting for full-length (22 kDa) and cleaved Bid (15 kDa) in WT and Nlrp3−/− and 

ASC−/− TECs after TNFα/CHX treatment at 24 and 48 h. (e) Immunoblotting for pro-caspase-9 

and cleaved caspase-9 (p35) in TECs stimulated with TNFα/CHX. Quantification of caspase-9 

normalized to β-tubulin (mean±S.D.; TNFα/CHX 24 h, WT versus Nlrp3−/−, *P<0.05, n=3 

independent experiments). (f) Immunoblotting for full-length (22 kDa) and cleaved Bid (15 kDa) 

in WT and Nlrp3−/− TECs after CD95 activation at 24 h. (g) Immunoblotting for caspase-9 (pro-

p50 and cleaved p35 subunit) in TECs stimulated with TNFα/CHX and CD95 activating antibody 

at 24 h. (h) Immunoblotting for XIAP protein in TNFα/CHX-treated WT and Nlrp3−/− TECs at 

24 h 
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Role of the inflammasome in Nlrp3-mediated caspase-8 activation in TEC 

Experiments were next performed to determine whether the regulation of caspase-8 was 

downstream of the Nlrp3 inflammasome. The activation of the Nlrp3 inflammasome using the 

canonical agonist nigericin in bone marrow-derived macrophages (BMDM) results in the 

activation of both caspase-1 and caspase-8 as previously reported [4, 13] (Supplementary Figure 

2.5). In the absence of caspase-1 or caspase-11, caspase-8 activation by nigericin is maintained 

confirming that caspase-8 is a downstream effector of the Nlrp3 inflammasome. Mouse TECs 

express both Nlrp3 and ASC21 but compared with BMDM very little caspase-1 as detected by 

immunoblotting (Figure 2.3a). In contrast, caspase-11 is expressed in both BMDM and TEC and, 

as expected, is absent in caspase-1/11−/− cells. Caspase-1 was not induced in TECs by TNFα or 

lipopolysaccharide (LPS); however, Nlrp3 was modestly increased by both stimuli 

(Supplementary Figures 2.6a and b). Given these data, the possibility existed that, in the absence 

of caspase-1, Nlrp3 may regulate apoptosis in TECs through the formation of a non-canonical 

inflammasome involving caspase-8 and/or caspase-11. As caspase-8 has been shown to interact 

with ASC via its pyrin domain [4], experiments were performed in ASC−/− TEC. In response to 

TNFα/CHX, ASC−/− TECs displayed reduced apoptosis, caspase-8 and caspase-3 activation as 

well as Bid cleavage compared with wild-type cells (Figures 2.2d and 2.3b, d and e and 

Supplementary Figure 2.1). In contrast, caspase-1 and caspase-11 were dispensable as caspase-8 

and caspase-3 activation was intact in caspase-1/11−/− TECs (Figures 2.3c–e and Supplementary 

Figure 2.1) and TNFα/CHX did not induce caspase-11 cleavage in wild-type or Nlrp3−/− TECs at 

24 and 48 h (Supplementary Figure 2.6c). Together, these results exclude caspase-1 and caspase-

11 downstream of Nlrp3 in the regulation of caspase-8 in TEC. Rather, these observations suggest 

that caspase-8 activation may occur through a non-canonical inflammasome involving Nlrp3 and 
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ASC. Experiments were next performed to evaluate the effect of canonical NLRP3 agonists in 

TEC. The treatment of LPS-primed TECs with adenosine triphosphate (ATP), monosodium urate 

crystals (MSU) or nigericin failed to activate caspase-8 (Figure 2.3f). Similarly, none of the 

canonical Nlrp3 agonists induced IL-1β or IL-18 secretion from TEC, unlike the robust cytokine 

maturation induced by ATP in BMDM (Figure 3g, Supplementary Figure 2.6d). Cytokine 

secretion in TECs was also absent following TNFα/CHX treatment, excluding IL-1β or IL-18 in 

the regulation of caspase-8 by Nlrp3. In HPTC that express both caspase-1 and caspase-8, ATP or 

nigericin failed to activate an inflammasome as demonstrated by caspase-1 or -8 cleavage (Figure 

2.3h). In contrast, THP-1 macrophages process caspase-1 and -8 efficiently in response to nigericin, 

and HPTC activate caspase-8 but not caspase-1 cleavage in response to TNFα/CHX (Figure 3h). 

LPS or TNFα priming had little-to-no effect on caspase-1 or NLRP3 expression levels in HPTC 

or the ability to respond to canonical Nlrp3 agonists (Supplementary Figure 2.6e). Thus, mouse 

and human kidney epithelial cells do not readily form canonical inflammasomes or respond to 

canonical NLRP3 stimuli. Rather, these data suggest that NLRP3 may regulate a non-canonical 

apoptotic pathway in epithelial cells via ASC and caspase-8. 
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Figure 2.3. Role of the inflammasome in Nlrp3-mediated caspase-8 activation. (a) Immuno-

blotting for pro-caspase-1 and pro-caspase-11 in wild-type (WT), Nlrp3−/−, ASC−/− and 

casp1/11−/− BMDMs and TECs. (b) Immunoblotting for caspase-8 (using antibodies specific for 

pro, p41/43 and p41/43/p18 forms) and caspase-3 in WT, Nlrp3−/− and ASC−/− TECs treated 

with TNFα (10 ng/ml)/CHX (5 μg/ml) at 6, 12 and 24 h. (c) Immunoblotting for caspase-8 and 

caspase-3 in WT and casp1/11−/− TECs treated with TNFα/CHX. (d) Quantification of cleaved 

caspase-8 (p18) normalized to β-tubulin in WT, Nlrp3−/−, ASC−/− and casp1/11−/− TECs at 24 h 

(mean±S.D.; WT versus Nlrp3−/− ***P<0.001 or ASC−/− **P<0.01; WT versus Casp1/11−/−, 

P=NS; n=6 independent experiments). (e) Annexin V staining in WT, Nlrp3−/−, ASC−/− and 

casp1/11−/− TECs treated with TNFα/CHX at 24 h (mean±S.E.M.; WT versus Nlrp3−/− or 

ASC−/−, **P<0.01; WT versus Casp1/11−/−, P=NS, n=3 independent experiments). (f) 

Immunoblotting for pro-caspase-8 and cleaved caspase-8 (p18) in LPS-primed WT and Nlrp3−/− 

TECs treated for 6 h with canonical inflammasome activators ATP (5 mM), nigericin (20 μM) and 

MSU (100 μg/ml). Cells were also treated with TNFα (10 ng/ml)/CHX (5 μg/ml) for 6 and 24 h as 

a positive control. (g) IL-1β ELISA on WT TECs supernatants after treatment with MSU 

(100 μg/ml) and ATP (5 mM) for 24 h and TNFα/CHX for 24 and 48 h. LPS-primed BMDM 

treated with ATP (5 mM) for 1 h was used as a positive control. (h) Immunoblotting for pro-

caspase-1, cleaved caspase-1 (p11 N-terminal CARD, denoted by arrow. Asterisk is non-specific 

band) and cleaved caspase-8 in LPS-primed HPTCs extracts and supernatants treated with ATP 

(5 mM), nigericin (20 μM) and TNFα (10 ng/ml)/CHX (25 ug/ml) for the indicated time points. 

THP-1 cells treated with 20 μM nigericin for 3 h were utilized as positive controls 
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Nlrp3-dependent caspase-8 activation occurs at the mitochondria 

Confocal fluorescence microscopy was used to explore the relationship between Nlrp3, ASC and 

caspase-8 in tubular epithelial cells. Studies were performed in HPTC as antibodies for Nlrp3, in 

our hands, perform poorly for immunofluorescence microscopy in TEC. Similar to reports in 

macrophages and cardiac fibroblasts [31-33], NLRP3 localized primarily to mitochondria in 

unstimulated HPTC (Figure 2.4a). There was no shift in NLRP3 localization between control and 

TNFα/CHX-stimulated cells, although 'speck-like' NLRP3-positive aggregates at the mitochondria 

could be observed following treatment. ASC was expressed diffusely and did not localize to 

mitochondria in HPTC at baseline. Following TNFα/CHX stimulation, ASC specks became visible 

that co-localized to mitochondria and with NLRP3 (Figures 2.4b and c and Supplementary Figure 

2.7a). Unlike macrophages where usually a single ASC speck per cell is formed during 

inflammasome activation, one to multiple ASC specks per cell could be observed in HPTC 

undergoing apoptosis. The co-localization of NLRP3 and ASC to mitochondria was specific as 

isotype controls were negative and no co-staining was observed with the Golgi marker GM130 or 

the lysosome marker LAMP1 at baseline or following stimulation with TNFα/CHX 

(Supplementary Figure 2.7b–d). Furthermore, the formation of ASC specks was confirmed to be 

occurring in E-cadherin-positive epithelial cells (Supplementary Figure 2.7e). 
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Figure 2.4. Co-localization of NLRP3 and ASC to mitochondria. Immunofluorescence 

confocal microscopy. (a) Untreated and TNFα (10 ng/ml)/CHX (25 μg/ml)-treated HPTC at 24 h 

probing for NLRP3 (green) and mitochondria (Mitotracker Red). (b) ASC (green) and 

mitochondria (Mitotracker Red) in untreated and TNFα/CHX-treated HPTC (24 h). Arrows denote 

ASC co-localization to Mitotracker Red. (c) NLRP3 (green) and ASC (red) co-localization in 

TNFα/CHX-treated HPTC (24 h). Arrows denote ASC and NLRP3 co-localization. All cells were 

background stained with DAPI (blue) (all × 60 lens, × 3 zoom) 



70 
 

Next, to determine the relationship of activated caspase-8 to NLRP3 and ASC specks, a 

fluorescent-labeled caspase-8 probe FAM-LETD-fmk (FLICA) was employed. Following 

stimulation with TNFα/CHX, a sizable pool of activated caspase-8 but not caspase-1 was detected 

that co-localized to mitochondria in speck-like structures (Figure 2.5a, Supplementary Figure 2.8). 

Furthermore, NLRP3 and ASC co-localized with caspase-8 within specks in apoptotic HPTC 

(Figures 2.5b–d). NLRP3, ASC and caspase-8 also co-localized in HPTC following activation of 

CD95 (Supplementary Figure 2.9a). Furthermore, the specificity of ASC/caspase-8 specks were 

confirmed in ASC−/− mouse TECs that demonstrate minimal caspase-8 activation and no ASC 

staining or speck formation in contrast to wild-type TECs treated with TNFα/CHX (Supplementary 

Figure 2.9b). In comparison, and consistent with the type I phenotype, TNFα/CHX induced active 

caspase-8 THP-1 macrophages that did not co-localize to NLRP3, ASC or mitochondria 

(Supplementary Figures 2.10a and b). Furthermore, no NLRP3 or ASC specks could be observed 

in THP-1 macrophages undergoing apoptosis (Supplementary Figure 2.10a). Conversely, the 

canonical NLRP3 agonist nigericin failed to induce caspase-8 activation, NLRP3 or ASC speck 

formation in both LPS-primed and unprimed HPTC (Supplementary Figure 2.11). Together, these 

results show that death-receptor mediated apoptosis triggers an NLRP3/ASC/caspase-8 complex 

at the mitochondria in tubular epithelial cells but not in macrophages. 
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Figure 2.5. Co-localization of activated caspase-8, NLRP3 and ASC in HPTC. (a) 

Immunofluorescence confocal microscopy. Activated caspase-8 (FLICA, green) and mitochondria 

(Mitotracker Red) in untreated and TNFα (10 ng/ml)/CHX (25 μg/ml)-treated HPTC (24 h). Upper 

panels are × 40 lens × 2 zoom, lower panels × 60 lens, × 4 zoom. Arrows denote cells with active 

caspase-8 co-localizing to mitochondria. Caspase-8 co-localization with (b) NLRP3 (red) and (c) 

ASC (red) in HPTC untreated and treated with TNFα/CHX at 24 h. Upper panels × 40 lens × 2 

zoom, lower panels × 60 lens, × 3 zoom. (d) Co-localization of NLRP3 (magenta), ASC (red) and 

caspase-8 (green, FLICA) in untreated and treated HPTC (24 h) ( × 60 lens, × 3 zoom). All cells 

were background stained with DAPI (blue) 
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To corroborate the microscopy results, cellular fractionation studies demonstrated significant 

NLRP3 localization to the mitochondria at baseline in HPTC although significant cytosolic 

expression was also present (Figures 2.6a and b). These observations were in stark contrast to the 

primarily cytoplasmic NLRP3 localization in THP-1 macrophages (Figure 2.6a). A substantial 

reduction in the 110-kDa NLRP3 protein occurred in both cellular compartments following 

TNFα/CHX stimulation, likely owing to formation of large molecular weight oligomers (Figures 

2.6a and 2.6b and Supplementary Figure 2.12). In contrast to NLRP3, ASC and pro-caspase-8 

were estricted primarily to the cytoplasm in unstimulated HPTC. Following TNFα/CHX 

stimulation, cleaved caspase-8 became enriched in the mitochondrial fraction (Figure 2.6b). 

Although the majority of ASC remained cytosolic, ASC monomers and ASC dimers became 

detectable at the mitochondria in the uncrosslinked and the disuccinimidyl suberate crosslinked 

fractions, respectively, confirming ASC oligomerization during THFα/CHX-induced apoptosis in 

HPTC (Figures 2.6a and b). Using a similar approach in mouse TEC, active caspase-8 and ASC 

monomers emerged in the mitochondrial fraction following TNFα/CHX stimulation (Figure 2.6c). 

In contrast, caspase-8 activation and ASC expression at the mitochondria was reduced or absent 

in Nlrp3−/− and ASC−/− TECs. Together, these data support the immunofluorescence data and 

the conclusion that NLRP3, ASC and caspase-8 form a non-canonical protein complex at the 

mitochondria during receptor-mediated apoptosis in kidney epithelium. 
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Figure 2.6. Cellular localization of NLRP3, ASC and Caspase-8. (a) Mitochondrial and 

cytoplasmic fractionation in HPTC and THP-1 macrophages at baseline and following TNFα 

(10 ng/ml)/CHX (25 μg/ml) treatment at 24 h. Immunoblotting for the indicated proteins. 

Cytochrome c/VDAC and tubulin/EEA1 are mitochondrial and cytoplasmic protein controls, 

respectively. (b) Cytosolic and mitochondrial fractionation of HPTC treated with TNFα/CHX at 

24 h. Uncrosslinked and disuccinimidyl suberate (DSS)-crosslinked protein fractions were 

analyzed by immunoblotting as indicated. Arrows denote ASC monomer and dimer forms. Tubulin 

and the voltage-dependent anion channel, VDAC, are cytosolic and mitochondrial control markers, 

respectively. (c) Subcellular fractionations (cytosolic and mitochondrial) in wild-type (WT) 

Nlrp3−/− and ASC−/− TECs after 24 h treatment with TNFα (10 ng/ml)/CHX (5 μg/ml). Cytosolic 

fractions were chloroform/methanol precipitated before analysis for the indicated proteins 

(immunoblotting). Tubulin and COX IV are cytosolic and mitochondrial control markers, 

respectively 
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NLRP3, ASC and caspase-8 complexes are activated by multiple mechanisms in epithelial cells 

To assess the relationship between death receptor signaling and NLRP3-dependent apoptosis, 

experiments were performed examining RIP1, FADD and TRADD. As expected, the RIP1 

inhibitor necrostatin-1 effectively blocked caspase-8 activation induced by TNFα/birinapant 

(Supplementary Figure 2.13a) but had no effect on caspase-8 activation or NLRP3/ASC/caspase-

8 speck formation induced by TNFα/CHX (Supplementary Figures 2.13b and c). Next, siRNA was 

used to knock down TRADD and FADD in HPTC. Not surprisingly, in response to TNFα/CHX, 

both FADD and TRADD were required for optimal caspase-8 activation compared with control 

cells (Figure 2.7a). Using confocal microscopy, both FADD and TRADD colocalized to ASC 

specks, caspase-8 (FLICA) and NLRP3 in HPTC stimulated with TNFα/CHX (Figures 2.7b–d), 

supporting the involvement of TNFR signaling, FADD and TRADD in the activation of caspase-

8 and the formation of NLRP3/ASC/caspase-8 complexes. The siRNA procedure, however, was 

not sufficient enough to detect a change in NLRP3/ASC/caspase-8 speck formation 

microscopically. 

The NLRP3-dependent activation of caspase-8, however, may not be specific to any single 

apoptotic mechanism, and the co-localization of FADD/TRADD to NLRP3/ASC/caspase-8-

positive specks may simply be a reflection of the involved death receptor pathway. In TECs treated 

with CHX alone, which can induce apoptosis through its effect on protein synthesis [34, 35], a 

small increase in cell death, apoptosis and caspase-8 activation could be observed that was 

dependent on Nlrp3 (Supplementary Figures 2.14a–c). Furthermore, induction of intrinsic 

apoptosis using etoposide also triggered caspase-8 and -9 activation in TECs that was dependent 

on Nlrp3 (Supplementary Figures 2.14d and e), suggesting that NLRP3 may represent a more 

generalized platform for caspase-8 activation at the mitochondria in epithelial cells. 
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Figure 2.7. Involvement of FADD and TRADD in caspase-8 activation and NLRP3/ASC 

speck formation. (a) Immunoblotting for pro-caspase-8, caspase-8 p26 cleavage product (N-

terminal DED-domain) in HPTC transfected with control (scramble) siRNA or siRNAs targeting 

FADD and TRADD. HPTC were treated with TNFα (10 ng/ml)/CHX (25 μg/ml) and analyzed at 

24 h. FADD and TRADD immunoblotting demonstrates efficacy of RNA interference and protein 

knock down. (b) Confocal immunofluorescence microscopy probing for activated caspase-8 (green, 

FLICA), ASC (red), TRADD (magenta) or (c) FADD (magenta) in HPTC treated with TNFα/CHX 

at 24 h. (d) Confocal immunofluorescence microscopy probing for activated caspase-8 (green, 

FLICA), NLRP3 (red) and TRADD (magenta) in HPTC treated with TNFα/CHX at 24 h ( × 60 

lens, × 3 zoom). Arrows denote co-localizing proteins. Images are representative of two 

independent experiments 
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Canonical inflammasome activation downstream of multiple pathogen and danger-associated 

molecular patterns is believed to converge on a single common pathway such as potassium (K+) 

efflux [36]. To examine the potential role of K+ efflux in the regulation of apoptosis and 

NLRP3/ASC/caspase-8 complex formation, HPTC were stimulated with TNFα/CHX in the 

presence of extracellular KCl and monitored for caspase-3 and -7 activity by live cell fluorescence 

microscopy. TNFα/CHX induced progressive apoptosis in HPTC that became detectable between 

6 and 12 h and was effectively inhibited by extracellular KCl (Figure 2.8a). KCl also blocked 

TNFα/CHX-induced caspase-8 activation (Figure 2.8b). Consistent with these data, 

NLRP3/ASC/caspase-8 specks that are detectable as early as 12 h by fluorescence microscopy in 

TNFα/CHX-treated HPTC were absent and substantially reduced at 12 and 24 h, respectively, in 

the presence of extracellular KCl (Figure 2.8c). Thus, these data show that NLRP3/ASC/caspase-

8 complexes form in parallel with apoptosis in a process that is dependent on K+ efflux. 
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Figure 2.8. Potassium efflux and epithelial cell apoptosis, caspase-8 activation and 

NLRP3/ASC/caspase-8 complex formation. (a) Live cell fluorescence imaging and 

quantification of caspase-3 and -7 activity over a 24-h time course in HPTC untreated (NT) or 

TNFα (10 ng/ml)/CHX (25 μg/ml) stimulated with or without the addition of 5 or 10 mmol/l of 

extracellular KCl to the cell culture medium (mean±S.E.M., n=3 for each time point. TNFα/CHX 

versus no treatment, **P<0.01; TNFα/CHX versus TNFα/CHX+KCl, *P<0.05). Left images of 

HPTC at 24 h treated with TNFα/CHX and extracellular KCL as indicated. Representative of 

experiment performed three times. (b) Immunoblotting for pro-caspase-8 and caspase-8 (p26 and 

p18) in TNFα/CHX-treated HTPC cultured in 0, 5 or 10 mmol/l of extracellular KCl at 24 h. (c) 

Confocal immunofluorescence microscopy probing for activated caspase-8 (green, FLICA), 

NLRP3 (red) and ASC (magenta) in HPTC treated with TNFα/CHX at 0, 12 and 24 h with or 

without the addition of 5 mmol/l of extracellular potassium to the cell culture medium ( × 60 lens, 

× 3 zoom). Arrows denote NLRP3/ASC/caspase-8-positive specks. Representative images of two 

independent experiments 
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Nlrp3 regulates epithelial ASC speck formation in intestinal enteroids and during kidney injury 

in vivo 

To confirm that ASC speck formation during apoptosis was not restricted to kidney epithelial cells, 

studies were performed in primary intestinal enteroids derived from the ceca of wild-type and 

Nlrp3−/− mice. Enteroids are comprised of an epithelial cell monolayer devoid of macrophages 

and other leukocytes [37]. Enteroids are also type II cells that cleave Bid in response to TNFα/CHX 

and undergo apoptosis, which disrupts the enteroid structure (Figures 2.9a and b). Nlrp3−/− 

enteroids displayed a significant reduction in caspase-8 activation and Bid cleavage following 

TNFα/CHX treatment compared with wild-type controls (Figures 2.9b and 2.9c). Similar to kidney 

epithelial cells, Nlrp3- and ASC-positive specks could be readily seen in TNFα/CHX-treated 

enteroids as cells became apoptotic and sloughed from the monolayer (Figure 2.9d). ASC speck 

formation was significantly reduced in Nlrp3−/− enteroids, confirming that Nlrp3 has a role in 

regulating this process during epithelial apoptosis (Figure 2.9d). These data support the concept 

that the regulation of caspase-8 by Nlrp3 during apoptosis may also occur in other epithelial tissues. 
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Figure 2.9. Nlrp3-dependent caspase-8 activation and ASC speck formation in cecal-derived 

enteroids. (a) Brightfield microscopy of cecal enteroids suspended in matrigel following 7 days 

of growth at × 4 magnification. Healthy wild-type (WT) and Nlrp3−/− enteroids (left panels) are 

compared against enteroids following 6 h of exposure to TNFα (10 ng/ml)/CHX (5 μg/ml) (right 

panels). (b) Immunoblotting for caspase-8 (pro, p43 and p18) and Bid in WT and Nlrp3−/− cecal 

enteroids treated with TNFα/CHX. (c) Immunoblotting for caspase-8 in a second independent set 

of WT and Nlrp3−/− cecal enteroids at 4 and 8 h following exposure to TNFα/CHX. (d) 

Immunofluorescence confocal microscopy of untreated and TNFα/CHX treated WT and Nlrp3−/− 

cecal enteroids. NLRP3 (red), ASC (green) and DAPI (blue) at × 100 magnification. Co-localized 

NLRP3 and ASC specks are visible in WT cells at various stages of apoptosis and sloughing but 

not in Nlrp3−/− cells and only rarely in WT healthy cells still maintaining the enteroid’s epithelial 

monolayer 
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Our previous studies have demonstrated reduced epithelial cell apoptosis during tubular injury 

induced by UUO in Nlrp3−/− mice [20]. To determine whether epithelial cell injury in this model 

was associated with tubular ASC speck formation, wild-type, Nlrp3−/− and ASC−/− mice 

underwent UUO and the kidneys were analyzed by immunofluorescence microscopy. Nlrp3−/− 

kidneys displayed significantly less tubular staining for cleaved caspase-3 compared with wild-

type kidneys following UUO injury at 14 days confirming a reduction in apoptosis (Figure 2.10a). 

In line with the in vitro studies, immunofluorescence revealed significant amounts of ASC-positive 

specks in E-cadherin-positive tubules in the injured wild-type kidneys that were substantially 

reduced or absent in Nlrp3−/−, ASC−/− or sham-treated mice (Figure 2.10b). Thus, these data 

support the conclusion that Nlrp3 regulates epithelial cell apoptosis and tubular epithelial ASC 

speck formation during kidney injury in vivo. 
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Figure 2.10. Apoptosis and ASC speck formation in kidney tubular epithelium in vivo. (a) 

Immunofluorescence probing for activated (cleaved) caspase-3 in the wild-type (WT) or Nlrp3−/− 

kidney 14 days following UUO ( × 20 lens). (b) Immunofluorescence for ASC and E-cadherin in 

the WT, Nlrp3−/− and ASC−/− kidneys at 14 days following UUO. Sham-operated WT mice are 

shown as controls ( × 60 lens, × 4 zoom, far right panels × 10 zoom). Arrows denote ASC speck 

formation in E-cadherin-positive tubular epithelial cells. (c) Proposed model of NLRP3-dependent 

caspase-8 activation during epithelial cell apoptosis 
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Discussion 

In this study, we elucidate the non-canonical function of NLRP3 in epithelium and highlight the 

ongoing crosstalk between the inflammasome and apoptosis machinery in the cell. NLRP3 and 

ASC form a non-canonical caspase-8-activating platform in epithelial cells that impacts apoptosis, 

a central process in the pathogenesis of kidney and gastrointestinal disease. The assembly of an 

NLRP3–ASC–caspase-8 protein complex described in this study occurred in the absence of 

caspase-1 or pro-inflammatory cytokine production and thus cannot be accurately described as an 

inflammasome. We propose that, in the absence of a clear inflammatory effector function, NLRP3 

and ASC assembly at mitochondria in epithelial cells represents a non-canonical apoptosome for 

caspase-8 activation (Figure 2.10c). 

 

The regulation of caspase-8 by NLRP3 identifies cell-context-specific functions for Nod-like 

receptors and inflammasomes in epithelial cells and leukocytes. The differential but related 

function of NLRP3 in these cell types also highlights the hierarchical organization of host defense 

mechanisms that ensure appropriate responses to varying degrees of injury, essential to maintain 

tissue homeostasis. In macrophages and dendritic cells, the activation of caspase-8 occurs 

downstream of NLRP3, AIM2 and NLRC4 inflammasomes in response to canonical triggers such 

as dsDNA and Salmonella infection that contributes largely to cytokine maturation [4, 12, 13, 16, 

17]. Although inflammasome-dependent caspase-8 activation contributes to apoptosis in 

macrophages [4, 12], our data, in contrast, demonstrates a direct role for NLRP3 in receptor-

mediated cell death independent of the inflammasome in epithelial cells. We do not detect NLRP3-

dependent cytokine secretion or a canonical caspase-1-activating inflammasome in proximal 

tubular epithelial cells. The variables that determine inflammasome formation in kidney epithelial 
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cells remain to be determined but not likely related to caspase-1 expression or cellular priming. 

The differential regulation of apoptosis and inflammasome activation between cell types, however, 

may be related to the cellular localization of NLRP3, which is largely cytoplasmic in macrophages 

and mitochondrial in tubular epithelial cells. 

 

The effect of NLRP3 and ASC in the regulation of caspase-8 in tubular epithelial cells affected 

primarily the type II cell death phenotype where death receptor-mediated apoptosis requires 

mitochondrial amplification to fully execute apoptosis. Cardiolipin, which also interacts with 

NLRP3 [33], acts as an anchor and activating platform for caspase-8 in the mitochondria in type 

II apoptotic cells [9]. Several proteins have also been suggested to interact with caspase-8 in the 

mitochondria, including mitochondrial-antiviral signaling protein which is known to interact with 

NLRP3 [38-42]. Whether any of these proteins or cardiolipin have a role in the assembly of an 

NLRP3-dependent-activating platform for caspase-8 remains to be determined. 

 

The mechanism of NLRP3/ASC/caspase-8 complex formation does not appear to be specific to 

any single apoptosis pathway and may represent a general platform induced at the mitochondria 

regardless of the stimulus, similar to the mechanism of canonical NLRP3 inflammasome activation 

in macrophages. First, Nlrp3 regulated caspase-8 activation downstream of multiple pathways 

involving TNFR, CD95 and non-death receptor apoptosis triggered by etoposide. Second, the 

impact of K+ on epithelial cell apoptosis and the formation of the non-canonical 

NLRP3/ASC/caspase-8 platform implies that multiple mitochondrial cell death pathways may 

converge on a single mechanism to that involving NLRP3. Clearly more work is required to further 
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dissect the essential players that regulate the NLRP3-dependent cell death pathway in epithelial 

cells. 

 

In summary, our data provides insight into the role of NLRP3 in epithelial cells in response to 

injury. In addition to regulating the inflammasome and cytokine secretion in macrophages, NLRP3 

regulates caspase-8 and apoptosis in the epithelium through the formation of a non-canonical 

protein complex at the mitochondria. This work emphasizes NLRP3 as a multifaceted protein that 

impacts, in a cell-context-specific manner, inflammation and death pathways that are central to 

tissue homeostasis, host response to infection/injury and the pathogenesis of disease. 
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Supplementary Figure 2.1. AnnexinV‐FITC and Sytox orange staining in wild type, Nlrp3‐/‐, 

ASC‐/‐ and casp1/11‐/‐ TEC treated with TNFα/CHX. Phase contrast and widefield fluorescence 

microscopy (20x magnification). AnnexinV staining is reduced in Nlrp3‐/‐ and ASC‐/‐ cells but 

not casp1/11‐/‐ TEC. 
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Supplementary Figure 2.2. A. MTT cell death assay in wild type and Nlrp3‐/‐ TEC activated 

with anti‐CD95 antibody at 6, 12 and 24 hours. B, C. Quantification of Annexin V‐FITC and Sytox 

orangefluorescence in wild type and Nlrp3‐/‐ TEC treated with anti‐CD95. Wild type vs Nlrp3‐/‐, 

*p<0.05n=3 independent experiments. These data show that Nlrp3 regulates CD95 mediated 

apoptosis. D.Immunoblotting for caspase‐8 p18 fragment in wild type or Nlrp3‐/‐ TEC treated with 

TNF/CHX or anti‐CD95 over a 48 hour time course. 
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Supplementary Figure 2.3. A. Immunoblotting for indicated proteins demonstrating similar 

levels of expression in wild type and Nlrp3‐/‐ TEC untreated or stimulated with TNF/CHX at 24 

hours. B. Quantification of AnnexinV staining in wild type or Nlrp3‐/‐ TEC stimulated with the 

indicated conditions at 24 hours (mean +/‐ s.e.m., * p<0.05, **p<0.01, n=3 independent 

experiments). The SMAC mimetic birinapant enhances both TNF and CD95‐induced apoptosis. 
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Supplementary Figure 2.4. A. Immunblotting for cleaved caspase‐8 (p43 and p18) in 

primarymouse peritoneal macrophage stimulated with TNF /CHX for the indicated time points. 

Nlrp3 isdispensable for TNF/CHX induced caspase‐8 activation in macrophages. B. Quantification 

of AnnexinV staining in wild type or Nlrp3‐/‐ TEC stimulated with TNF or anti‐CD95 and both 

CHX and the SMAC‐mimetic birinapant at 24 hours (mean +/‐ s.e.m., p=NS, n=3 independent 

experiments). Nlrp3 is dispensable for death‐receptor mediated apoptosis in birinapant and CHX‐

treated TEC. 
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Supplementary Figure 2.5. Canonical inflammasome activation in bone marrow‐derived 

macrophages. Wild type, Nlrp3‐/‐ and Casp1/11‐/‐ BMDMs were treated with 20 μM nigericin for 

one and three hours. Cell extracts and supernatants were analyzed by immunoblotting for cleaved 

caspase‐1 (p10) and cleaved caspase 8. Nigiricin induces rapid and efficient cleavage and secretion 

of caspase 1 and caspase 8 in wild type cells, and only caspase‐8 in casp1/11‐/‐ macrophages. 
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Supplementary Figure 2.6. A. Caspase‐1 expression (immunoblotting) in mouse TEC treated 

with TNFα (1, 10 ng/ml) or LPS (10, 100 ng/ml) at 24 hours. Bone marrow‐derive macrophages 

and Casp1/11‐/‐ are shown as positive and negative controls. B. Nlrp3 expression at 24 hours in 

mouse TEC stimulated with TNFα (1, 10 ng/ml) and LPS (10, 100 ng/ml). C. Role of Caspase‐11 

in TEC apoptosis. Immunoblotting for caspase‐11 in wild type, Nlrp3‐/‐ and casp1/11‐/‐ TECs 

after 24 and 48 hours of TNFα (10 ng/ml) and cycloheximide (5 µg/ml) treatment. Caspase‐11 p10 

or p20 cleavage products are not induced during TNFα‐ mediated cell death. D. IL‐18 ELISA in 

BMDM (6 hours) or TEC treated with ATP or TNFα/CHX at 24 hours. All cells were primed with 

100 ng/ml of LPS. E. NLRP3 and caspase‐1 expression in HPTC treated with increasing 

concentrations of TNFα (0.1, 1, 10 ng/ml) or LPS (1, 10 and 100 ng/ml) at 24 hours. Priming has 

little to no effect on caspase‐1, NLRP3 expression or canonical inflammasome activation in tubular 

epithelial cells 
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Supplementary Figure 2.7. A. Confocal immunofluorescence microscopy probing for NLRP3 

and ASC in HPTC untreated and following stimulation with TNFα/CHX at 24 hours (X40 lens X2 

zoom). B. Mouse and rabbit isotype controls for NLRP3 (mouse) and ASC (rabbit) antibodies in 

untreated and TNFα/CHX treated cells at 24 hours (X40 lens X2 zoom). C. Confocal 

immunofluorescence microscopy probing for NLRP3 and the Golgi marker GM130. Untreated 

and TNFα/CHX treated HPTC at 24 hours (X60 lens X3 zoom). NLRP3 does not localize to Golgi. 

D. Immunofluorescence confocal microscopy of HPTC treated with TNFα/CHX at 24 hours 

probing for NLRP3 and the lysosomal marker LAMP1. LAMP1 does not co‐localize to NLRP3 

complexes during apoptosis. E. ASC specks in epithelial cells. Confocal immunofluorescence 

microscopy in control and TNFα/CHX treated HPTC probing for ASC (red) and E‐cadherin 

(green). ASC specks in E‐cadherin positive cells confirm epithelial cells. All cells were 

background stained with DAPI (blue) (X40 lens X2 zoom). 
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Supplementary Figure 2.8. Caspase 1 activation in HPTC and THP‐1 cells. A. Confocal 

immunofluorescence microscopy in control and TNF/CHX treated HPTC probing for activated 

caspase‐1 (red) and caspase‐8 (green). Caspase‐8 but not caspase‐1 is activated during apoptosis 

in HPTC. B. Confocal immunofluorescence microscopy in control and nigericin‐treated THP‐1 

macrophages probing for activated caspase‐1 (red) and ASC (green). Images confirm canonical 

inflammasome activation and integrity of the caspase‐ 1 FLICA probe. All cells were background 

stained with DAPI (blue) (X60 lens X3 zoom). 
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Supplementary Figure 2.9. A. Confocal immunofluorescence microscopy in HTPC treated with 

activating anti‐CD95 antibody at 24 hours. Probing for caspase‐8 (FLICA, green), NLRP3 (red) 

and ASC (magenta) (X60 lens X3 zoom). NLRP3, ASC and activated caspase‐8 colocalize 

downstream of CD95. B. ASC specks in wild type and ASC‐/‐ mouse TEC treated with TNF/CHX 

at 24 hours. Activated caspase‐8 (FLICA, green) co‐localizes to ASC specks in TEC following 24 

hours of TNFα/CHX treatment. Rabbit isotype controls are negative. ASC‐/‐ TEC do not stain for 

ASC as expected, although some active caspase‐8 can be detected (top panels X40 lens X2 zoom, 

bottom panels X60 lens X3 zoom). These data are consistent with the biochemical studies that 

show incomplete impairment of caspase‐8 activation in ASC‐/‐ cells, likely due to ongoing death 

receptor signaling and possibly redundant pathways. 
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Supplementary Figure 2.10. Caspase‐8 activation in THP‐1 cells stimulated with TNFα/CHX at 

6 hours. A. Staining for activated caspase‐8 (FLICA, green), NLRP3 (red) and ASC (magenta). B. 

Staining for caspase‐8 and Mitotracker Red (X60 lens X3 zoom). Unlike epithelial cells, caspase‐

8 activation downstream of TNFR is not localized to NLRP3, ASC or mitochondria. Furthermore, 

NLRP3/ASC specks are not observed. 
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Supplementary Figure 2.11. Caspase‐8 is not activated by the canonical NLRP3 agonist nigericin 

in HPTC. Confocal immunofluorescence microscopy probing for activated caspase‐8 (FLICA, 

green), NLRP3 (red) and ASC (magenta) in LPS primed and unprimed HPTC treated with 

nigericin (20 M) for 24 hours (X60 lens X3 zoom). 
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Supplementary Figure 2.12. NLRP3 expression following apoptosis. HPTC were treated with 

TNF/CHX for 24 hours and NLRP3 was immunoprecipitated from protein lysates followed by 

immunoblotting. NLRP3 forms large oligomers (arrow) that are not detectable in extracts 

following TNF/CHX induced apoptosis. 
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Supplementary Figure 2.13. Effect of the RIP1 inhibitor necrostatin‐1 on epithelial cell apoptosis. 

A. Immunoblot probing for caspase‐8 in TNF/birinapant treated mouse TEC (wild type). B. 

Immunoblotting using antibodies specific for procaspase‐8, caspase‐8 p43 and capsase‐8 p43/p18 

in mouse TEC treated with TNF/CHX. Necrostatin inhibits TNF/birinapant but not 

TNF/CHX‐induced apoptosis. C. Immunofluorescence microscopy probing for activated 

caspase‐8 (FLICA, green), NLRP3 (red) and ASC (magenta) in HPTC treated with TNF/CHX 

and necrostatin (X60 lens X3 zoom). TNF/CHX induced NLRP3/ASC/caspase‐8 complex 

formation is not dependent on RIP1 
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Supplementary Figure 2.14. Nlrp3 regulates caspase‐8 activation via non‐death receptor induced 

apoptosis. A. Immunoblotting for procaspase‐8 and cleaved caspase‐8 (p43/p18) in wild type 

mouse TEC treated with CHX alone (5 μg/ml), TNFα alone (10 ng/ml) or both at 24 hours. B. 

Quantification of cell death by MTT assay. C. Quantification of AnnexinV‐FITC labeling 

(fluorescence). CHX alone induces a small amount of apoptosis and caspase‐8 cleavage that is 

dependent on Nlrp3. D. Caspase‐8 activation (immunoblotting) in wild type and Nlrp3‐/‐ TEC 

treated with increasing concentration of etoposide (250, 500, 1000 μM) at 6 hours. Nlrp3 also 

regulates intrinsic activated caspase‐8. E. Caspase‐9 activation (immunoblotting) in wild type and 

Nlrp3‐/‐ TEC treated with increasing concentration of etoposide (100‐1000 μM) at 6 hours. Nlrp3 

also regulates non‐death receptor‐mediated or intrinsic apoptosis. 
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After we characterized a non-canonical function of NLRP3 during tubular apoptosis in chapter 

two, we aimed to exam another inflammasome-forming protein AIM2 has dual functions in the 

kidney. AIM2 is an immune sensor for dsDNA that forms inflammasome in leukocytes. Further, 

AIM2 has been identified as an tumour-suppresser in non-myeloid cells suggesting 

inflammasome-independent functions in the cells. When this project was initiated, there has been 

no reliable literature dissecting AIM2 biology in the kidney diseases. Therefore, we investigated 

to characterize expression, localization and function of AIM2 in the kidney-derived cells. 
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Chapter III. AIM2 contributes to podocyte maturation and transdifferentiation into parietal 

epithelial cells in crescentic glomerulonephritis 

 

Abstract 

AIM2 is an intracellular innate immune sensor that detects bacterial, viral and host-derived double-

stranded DNA (dsDNA). Upon dsDNA binding, AIM2 forms an inflammasome to induce cytokine 

maturation and pyroptosis. In addition to its canonical function to activate inflammasomes, 

emerging studies have demonstrated inflammasome-independent or non-canonical roles for AIM2 

in restricting cell proliferation in a variety of non-myeloid cells and cancer. AIM2 is expressed in 

the kidney but its cellular localization and function are entirely unknown. In this study, we 

investigated the localization and function of AIM2 in proliferative glomerulonephritis and cellular 

crescent development in human kidneys and experimental anti-GBM glomerulonephritis in mice. 

First, we found that AIM2 localized to podocytes in normal human kidney tissue and its expression 

was decreased in biopsies from anti-GBM crescentic glomerulonephritis by immunofluorescence 

microscopy. We detected a subset of podocytes that co-express AIM2 and CD44, a marker for 

activated parietal epithelial cells, in the human biopsies with crescentic glomerulonephritis (cGN), 

suggesting an involvement of AIM2-expressing podocytes in the crescent formation. After 

injection of nephrotoxic serum into mice, we found increased glomerular crescent formation, 

tubular injury and inflammation, and worse renal function in Aim2-/- mice compared to wild-type 

controls. Our in vivo data further showed an increased population of cells co-expressing both 

podocyte (Wilm’s Tumor gene-1, WT-1) and activated parietal cell (CD44) markers. To explore a 

possible role of AIM2 in podocyte proliferation and crescent formation, we isolated glomeruli in 

vitro and cultured primary podocytes from wild-type and Aim2-/- mice. Interestingly, podocyte 

outgrowth from Aim2-/- glomeruli was greaterthan wild-type. Aim2-/- podocytes did not express 

Nhps2 (podocin) mRNA, a podocyte maturation marker. Furthermore, we found that AIM2 
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augmented the transcriptional activity of WT-1 and its regulation of the Nphs1 promoter region. 

Taken together, these data suggest that AIM2 is required to maintain podocyte phenotype during 

injury. We propose that AIM2 regulates podocyte maturation by regulating WT-1 transcriptional 

activity, podocyte proliferation and potentially podocyte trans-differentiation into parietal cells 

during cellular crescent formation in vivo. 
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Introduction 

Crescentic glomerulonephritis (cGN) is a severe inflammatory kidney disease that can destroys 

the kidney within weeks to months. Despite a wide range of underlying causes, cGN is 

characterized by damage to the glomerular capillary wall and the development of cellular crescents 

[1]. Cellular glomerular crescents are a multilayered accumulation of proliferating parietal 

epithelial cells in Bowman’s capsule that reduces the glomerular filtration rate, occludes the 

urinary outlet and obstructs flow of primary urine filtrate. Progressive destruction of the 

glomerulus and glomerular filtration function leads to nephron loss and kidney failure [2]. In the 

last decade, studies have attempted to characterize the cellular composition of the glomerular 

crescent and identify the origin of the activated parietal cells using in vivo genetic lineage methods 

in mice. While the cellular composition and origin of the crescent remains controversial, several 

studies have identified podocytes as a source of activated parietal epithelial cells in crescentic GN 

and another podocyte disease, focal segmental glomerulosclerosis (FSGS) [3-6]. A better 

understanding of the pathogenesis of glomerular injury, that includes crescent formation is needed 

to develop specific and effective therapies for glomerulonephritis. 

 

Podocytes are highly specialized and terminally differentiated cells that form multiple 

interdigitating foot processes and slit diaphragm between adjacent podocytes responsible for 

glomerular filtration [7]. Due to limited regeneration capacity, podocyte injury plays a crucial role 

in development and progress of glomerular diseases. Loss of podocytes leads to progressive failure 

of glomerular filtration barrier and function, which is critically associated with glomerulosclerosis 

and kidney failure. The most severe form of glomerular injury results in cellular crescent formation 

of which podocytes play a contributing role [5]. WT-1 has been reported as a master control gene 
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in podocyte biology. Recently, studies using chromatic immunoprecipitation followed by 

microarray hybridization or high-throughput sequencing (ChIP-seq) and transcriptome analyses 

have identified WT-1 target genes that are involved in slit diaphragm biology, cytoskeleton 

arrangement and cell-matrix adhesion in podocytes [8, 9]. Several studies have shown that WT-1 

binds to the promotors of genes encoding proteins that form slit diaphragm such as Nphs1, Nphs2, 

Magi2, Ptpro, Kirrel, Plce1, Cldn5, and Nck [8-10]. Due to this critical role, WT-1 genetic 

mutation is strongly associated with numerous diseases that include Denys Drash syndrome, focal 

segmental glomeruloscleorosis (FSGS) and membranoproliferative glomerulonephritis (MPGN) 

[11].  

 

Absent-in-melanoma-2 (AIM2) is an innate sensor for cytosolic double-stranded DNA (dsDNA) 

derived from bacteria, virus or host primarily characterized in leukocytes. Upon binding to dsDNA, 

AIM2 forms a canonical inflammasome via ASC oligomerization that activates caspase-1 and the 

maturation of cytokines such as IL-1β and IL-18 [12, 13]. Caspase-1 can also activate gasdermin 

D, which leads to pyroptosis, a programmed form of inflammatory cell death [14, 15]. Besides the 

ability of AIM2 to form canonical inflammasomes, multiple studies have demonstrated non-

canonical AIM2 function in regulating cell proliferation and tumorigenicity. AIM2 has been shown 

to upregulate cyclin D3 and p21 inducing cell cycle arrest in the S-phase [16], inhibit and 

desensitize the transcriptional activity of NF-κB [17] and regulate Akt phosphorylation via direct 

interaction with DNA-PK [18, 19]. Although recent studies demonstrated a potential role for AIM2 

in kidney diseases such as lupus nephritis and hepatitis B infection [20, 21], cell-specific 

localization and fundamental function of AIM2 in the kidney has not been described. Currently, 

the biology of AIM2 in the renal pathophysiology is entirely unknown.  
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In this study, we aimed to carefully characterize AIM2 expression and localization in the human 

kidney using various techniques and in the mouse using an in vivo glomerulonephritis model. Here, 

we show that AIM2 is mainly localized to podocytes, contributes to podocyte maturation and 

possibly to podocyte transition to parietal cells during cGN. 
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Materials and Methods 

Human kidney samples 

Non-diseased and histologically normal margins of human nephrectomy samples were obtained 

from patients undergoing surgery for renal cancer. These samples were used as normal controls (n 

= 10). Human kidney biopsy samples obtained for clinical care from patients with anti-GBM 

crescentic GN were secondarily used for these studies (n = 5). All biopsy samples contained at 

least one glomerulus and these samples were only secondarily used following clinical purpose. All 

samples were formalin fixed and paraffin embedded. The study protocol was approved and 

conducted in accordance with the guideline set by the Conjoint Health Research Ethics Board at 

the University of Calgary and Alberta Health Services 

 

Mouse model of anti-GBM glomerulonephritis 

Wild-type and Aim2-/- littermate mice on a C57BL/6 were generated from our in-house breeding 

colony. In this study, female mice age 8 – 9 weeks and weighing 18 to 25 g were used. All mice 

were maintained on a standard diet with unlimited access to water for the duration of the 

experiments. Mice were given de-complemented sheep anti-GBM nephrotoxic serum (NTS) 

intravenously as previously described [22]. In brief, crude mouse glomeruli were isolated by a 

sieving technique and glomerular basement membrane (GBM) fragments were prepared by 

detergent and sonication. Sheep were immunized with the GBM fragments emulsified in an 

adjuvant at multiple subcutaneous sites. The antisera were pooled and heated at 56°C for 45 min. 

The IgG fractions were extracted and the anti-GBM mouse antibodies was purified by affinity 

chromatography. Control mice were injected with PBS or pre-immune normal sheep serum 

(Sigma). Mice were placed in metabolic cages and their urine samples were collected for the 
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duration of 6 hours on days 0, 4, and 9 following NTS injection. The samples were assayed for 

concentrations for total protein (Bradford protein assay), albumin (Bethyl Laboratories, E90-134) 

and creatinine (Exocell, 1012) as per manufacturer’s instruction. All animals were sacrificed 9 

days following NTS administration and both kidneys and serum were collected for further analysis. 

All experiments were approved and performed under the guidelines set forth by the University of 

Calgary Animal Care Committee. 

 

Antibodies 

Antibodies used in this study are as follows: anti-human PDGF-Receptor-β (polyclonal, abcam), 

anti-human Synaptopodin (clone 918841, R&D), anti-mouse KIM-1 (polyclonal, R&D), anti-

human AIM2 (polyclonal, Sigma), anti-human NPHS2 (Podocin) (polyclonal, MyBioSource), 

anti-human CD31(clone 9G11, R&D), anti-αSMA (clone 1A4, Sigma), anti-human Fibronectin 

(clone FBN11, Thermo Fisher), anti-mouse F4/80 (clone CI:A3-1abcam), caspase-1 (clone 

Casper-1, Adipogen), IL-1β (clone 3A6, Cell Signaling), β-actin (clone AC-74, Sigma), p-p42/44 

(polyclonal, Cell signaling), anti-mouse CD44 (clone IM7, BD Biosciences), anti-human CD44 

(clone G44-26, BD Biosciences),  anti-mouse CD45 (clone 30-F11, BD Biosciences), anti-mouse 

Ki67 (polyclonal, abcam, ab15580), anti-human rabbit-p-Akt (polycolonal, Cell signaling), PerCP 

5.5-conjugated anti- mouse NK 1.1 (clone PK136, eBiosciences), PE-conjugated anti-mouse CD3ε 

(clone 145-2C11, eBiosciences), PE/Cy-7 conjugated anti-mouse CD4 (clone RM4-4, 

eBiosciences), APC/Cy-7-conjugated anti-mouse CD8 (clone 53-6.7, BD Biosciences), FITC-

conjugated anti-mouse IgM (clone eB121-15F9, eBiosciences), PE-conjugated anti-mouse Lys6G 

(clone 1A8, Biolegend), Pacific blue-conjugated anti-mouse Ly6C (clone HK1.4, affymetrix), 

PE/Cy5-conjugated F4/80 (clone BM8, Biolegend), APC/Cy7-conjugated anti-CD11b 
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(Affymetrix eBioscience), APC/Cy7-conjugated anti-CD11c (clone M1/70, Biolegend), anti-

human WT-1 (clone 6F-H2, MyBiosource), anti-mouse WT-1 (C-19) (polyclonal, Santa Cruz), 

anti-mouse MIF (polyclonal, Atlas antibodies), anti-mouse p21 (clone DCS-60.2, MyBioSource).  

 

Immunofluorescence of kidney tissue 

Paraffin-embedded human or mouse kidney tissue sections were deparaffinized by consecutive 

incubation of xylene and ethanol using a standard protocol. Antigen retrieval was performed using 

boiling citric acid buffer (DAKO, S1699) or EDTA buffer (10 mM Tris, 1 mM EDTA, 0.05% 

Tween-20 in PBS) for 30 min. After antigen unmasking, tissue sections were blocked in blocking 

solution containing 1% BSA, 2% goat serum and 0.1% Triton X-100 in PBS for 1 hour and further 

incubated with selected primary antibodies at 4 °C overnight. After several washes in PBS, Alexa 

fluor-488 or -568 labeled secondary antibodies (Invitrogen) were incubated for 1 hour followed 

by several washes in PBS. Sudan black B (0.1% in 70% ethanol) to reduce tissue autofluorescence 

prior to mounting with ProLongGold antifade reagent in the presence of DAPI (Molecular Probe). 

The expression and localization of proteins in the renal tissue was detected using a Nikon A-1R 

confocal system or Olympus FV1000 confocal system on an Olympus IX-70 microscope with 

Fluoview system software.  

 

Quantitative Real-time PCR 

Total RNA from kidney tissue was extracted from tissue using RNeasy Mini kit (Qiagen) and 2 

μg of RNA was converted to cDNA using Molony-murine leukemia virus reverse transcriptase 

and random hexamers (Invitrogen) as per manufacturer’s protocol. For quantitative RT-PCR, 

diluted cDNA was amplified using 10 μl reaction containing 2x SsoAdvanced Universal Probes 
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Supermix (Bio-rad), 900 nM each primer, 200 nM probe on a CFX96 touch system from Bio-rad. 

The sequences of primers and probe for target genes are as follows: human AIM2 forward primer: 

5’-AAT GAT GTC GCA AAG CAA CG-3’, and reverse primer: 5’-CAG CGC TTC TGA AAC 

CCT TC-3’, and the probe: FAM-CTC CTC ATG TTA AGC CTGA-MGB; mouse AIM2 forward 

primer: 5’- CAC CCG CAG TGA CAA TGA CT-3’, and reverse primer: 5’-AGC TTT CAG CAC 

CGT GAC AA-3’, and probe: FAM-Probe: TCT CTG ATG GCT TCC TGT-MGB; mouse WT-1 

forward primer: 5’-ACG CCC TAC AGC AGT GAC AA-3’ and reverse primer: 5’-CTC ATA 

CCC TGT GCC GTG GT-3’, and the probe: FAM-AGC TGG AGC TCC CAG CA-MGB; mouse 

MIF forward primer: 5’-GCC CAG AAC CGC AAC TAC AG-3’, and reverse primer: 5’-GGC 

AGC GTT CAT GTC GTA ATA G-3’, and the probe: FAM-ACC GGG TCT ACA TCA A-MGB; 

mouse KIM-1 forward primer: 5’-CGT GGC TAT CAC CAG GTA CAT ACT-3’, and reverse 

primer: 5’-GCG TTC TGC AAA GCT TCA ATC-3’, and the probe FAM-5’-TCT CTA AGC 

GTG GTT GC-3’-MBG. Human Podocin forward primer: 5’- GGA GGC TGA AGC GCA AAG 

-3’, reverse Primer: 5’- GAA GCA GCC TTT TCC GCT T -3’, and the probe FAM-CCA AAG 

TGC GGA TGA TT-MGB; Mouse Podocin forward primer: 5’- TCC GTC TCC AGA CCT TGG 

AA -3’, reverse primer: 5’- TGC AGA CAG CGT CTA TCT CCA TTA -3’, and the probe FAM-

TCC ATG AGG TGG TAA CCA- MGB. The 20x 18s rRNA FAM/MGB probe was used as the 

endogenous control. 

 

Immunoblotting 

Protein samples were prepared using either RIPA (50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 

1% sodium deoxycholate, 0.1% SDS) or urea (8M) buffer. Proteins were separated on SDS-PAGE 

gels under reducing conditions, transferred onto nitrocellulose membranes (GE Healthcare, 



120 
 

Chicago, IL, USA) and blocked for 1 hour with appropriate blocking solution at room temperature. 

Primary antibody was incubated overnight at 4 °C. Blots were washed and incubated with 

appropriate secondary antibody conjugated to horseradish peroxidase at room temperature for 1 

hour. Following additional washes, proteins were visualized with ECL western blotting detection 

reagents (GE Healthcare) and digitally capture with a Chemidoc MP device (BioRad, Hercules, 

CA, USA).  

 

Isolation of human and mouse glomeruli 

Glomeruli were isolated to quantify glomerular mRNA expression or primary culture podocytes 

in vitro. 6 – 8 kidneys from wild-type and Aim2 -/- mice were harvested and the cortices were 

dissected and finely minced. The pieces were forced through a cell strainer (100 μm) using syringe 

plunger. The sieved material was poured on a cell strainer (70 μm) and the glomeruli captured on 

the sieves were gently washed and collected. The same technique was applied to human glomerular 

isolation. Purity of glomeruli was confirmed by microscope and real-time PCR with glomerular 

gene markers. 

 

Cell culture 

Purified glomeruli were re-suspended in RPMI 1640 media supplemented with 10% FBS (Sigma) 

and 1% penicillin-streptomycin and seeded in collagen-IV coated plates. Media was changed 3 

days after to allow attachment of glomeruli. HEK 293T cells were maintained in DMEM 

supplemented with 10% FBS, 1% sodium pyruvate and 1% penicillin-streptomycin. Primary 

human tubular epithelial cells (TEC) were isolated and cultured from disease-free margins of 

nephrectomy samples slated for disposal from patients undergoing surgery for renal tumors. After 
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removing the capsule, renal cortices were dissected, finely minced, then placed in a 1.5 mg/ml 

collagenase/HBSS (Sigma) solution and incubated at 37 °C for 1 hour. The dissected tissue was 

further homogenized using two sterile microscope slides and filtered through a 70-μm nylon filter. 

The filtered cells were washed in HBSS and re-suspended in DMEM/F12 media containing 10% 

FBS, 1% penicillin–streptomycin, 125 ng/ml prostaglandin E1, 1.8 µg/ml L-thyroxine, 3.38 ng/ml 

hydrocortisone, 2.5 mg/ml insulin-transferrin-sodium selenite supplement, 25 ng/ml human EGF. 

TEC were plated and cultured on collagen IV-coated plate and were used up to 2 passages. Studies 

with human tissues were approved by the Conjoint Health Research Ethics Board for the 

University of Calgary and Alberta Health Services. 

 

Flow Cytometry 

Renal leukocytes were obtained using a mechanical dissection and density gradient centrifugation 

methods as described previously. Mouse kidneys were harvested after 9d of NTS injection. After 

removing kidney capsule and fat, cortices were washed in PBS, dissected, diced and digested in 

DMEM containing collagenase type IV (Sigma, 1 mg/ml) and DNase I (Roche, 40 ng/ml) for 30 

min at 37 °C. The digested kidney tissue suspension was forced to pass through 40 μm cell strainer 

(Thermo Fisher) and washed in HBSS. The pellet was incubated with RBC lysis buffer (BD PharM 

Lyse) for 3 min at room temperature to lyse red blood cells and washed in HBSS. The leukocytes 

were further obtained by gradient centrifugation on Histopaque-1077 (Sigma) at 800 g for 20 min. 

Isolated leukocytes gathered at the interface were subjected to direct immunofluorescence analysis. 

Data were obtained using FACScan flow cytometer (Becton Dickinson) at the University of 

Calgary and FlowJo®  software.  
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Cytokine/chemokine measurement in anti-GBM mouse kidneys 

To assess inflammation in the NTS-induced kidney disease, a Luminex®  assay was utilized. Total 

kidney homogenate in NP-40 lysis buffer containing protease inhibitors were subjected to 

measurement of mouse IL-6 and MCP-1 using a custom-designed Miliplex kit (Milipore, USA) 

according to the manufacturer’s protocol. This assay was performed by Eve Technologies 

Corporation (Calgary, Canada) and the concentration of cytokines was expressed as pg/ml. 

 

Histopathology of tubular and glomerular injury 

Periodic acid-Schiff (PAS) and Masson’s trichrome staining (MTS) were performed to visualize 

renal structure on the paraffin-embedded sections using a standard protocol. Tubular damage was 

indicated by necrotic lysis, tubular dilation, cast formation and sloughing of cellular debris into 

the tubular lumen. Tubular injury scoring was performed on PAS samples according to the 

following grades: normal as grade 0 = normal; grade 1 = <25%; grade 2 = 25–50%; grade 3 = 50–

75%; grade 4 = <75%. At least, 5 random images were captured and analyzed.  

 

Plasmids and dual-luciferase reporter assay 

WT-1 has several isoforms from alternative splicing in exon 5 (17 amino acids) and exon 9 (KTS) 

(figure 1.4). The plasmids containing the major isoforms of WT-1 were i) RSV-WT1A (-exon5/-

KTS), ii) RSV-WT1B (+exon5/-KTS), iii) RSV-WT1C (-exon5/KTS+) and iv) RSV-WT1D 

(+exon5/+KTS) and pGL2-Neph-Luc (containing podocyte specific Nphs1 enhancers) were gift 

from Dr. Licht (University of Florida) [10]. 
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 The human pCMV6-AIM2 (c-terminal Myc-DDK tagged) plasmid (RC203120) was from 

Origene. HEK 293T cells were plated on 24-well plate at 60% confluence. On the day of 

transfection, cells were transfected with WT-1 (300 ng), Neph-Luc (100 ng) in presence or absence 

of AIM2 (5 or 30 ng) plasmids for 48 hr using PolyJet In vitro Transfection Reagent (SignaGen, 

Rockville, MD, USA) according to manufacturer’s protocol. Thymidine-kinase-luciferase (Renilla) 

construct (10:1 ratio) was co-transfected as control. After transfection, cell lysates were assayed 

for firefly and Renilla luciferase activities using the dual Luciferase Reporter Assay kit (Promega). 

The Firefly luciferase activity was normalized to Renilla luciferase, and data were expressed in 

relative luminescence units and fold induction over mock treated samples.  

 

Statistical Analysis  

Data is shown as mean with standard deviation. All experiments were performed at least three 

independent times otherwise indicated. Data were expressed as mean±S.D. Results were analyzed 

for statistical variance using unpaired student t-test or ANOVA where appropriate. Results at p < 

0.05 were considered statistically significant. 
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RESULTS 

AIM2 is mainly expressed by podocytes in the human kidney 

Despite several studies reporting AIM2 expression in the kidney, the biology of AIM2 in this 

context is still not understood [20, 21]. To assess a role of AIM2 in kidney diseases, examination 

for AIM2 expression and localization in the kidney was first necessary. Paraffin-embedded and 

cryosections of normal human kidney tissue were prepared, and confocal microscopy and 

immunoperoxidase staining were performed, respectively. Using several specific cell markers, we 

found that AIM2 was predominantly expressed in podocytes in the glomerulus. AIM2 staining co-

localized to WT1, a transcription factor exclusively expressed by podocyte (figure 3.1a, panel i). 

Cells that express synaptopodin (figure 3.1a, panel ii) and NPSH2 (podocin) (supplementary figure 

3.1) expressed AIM2 in the cytoplasm. AIM2 did not co-localize to mesangial cell markers such 

as PDGFRβ (figure 3.1a, panel iii), αSMA and fibronectin (supplementary figure 3.1), and 

endothelial cell marker, CD31 (figure 3.1a, panel iv). Immunoperoxidase probing for AIM2 in 

frozen normal human kidney tissue confirmed podocyte staining in the glomerulus (figure 3.1b). 

To confirm AIM2 expression in podocytes biochemically, human glomeruli were isolated by a 

sieving technique and qPCR and western blotting were performed. Podocyte cell lines and IFNγ-

primed THP-1 cell line were used as controls. We found i) highly enriched NPHS2 expression in 

human glomerular fraction and ii) AIM2 expression in both glomeruli and podocyte cell lines 

(supplementary figure 3.2). Taken together, these results show that AIM2 is a glomerular gene 

primarily localized to podocytes in the normal human kidney. 
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Figure 3.1. AIM2 expression in normal human kidney. (a) Indirect immunofluorescence 

confocal microscopy for AIM2 (red) and (i) WT1 (green), (ii) Synaptopodin (green), (iii) CD31 

(green) and (iv) PDGFRβ (green) in paraffin embedded normal kidney tissue. Nuclear staining 

using DAPI is shown in merged images. Dual-labeling confocal microscopy shows localization 

of AIM2 to podocytes. (b) Immonoperoxidase staining in frozen section of normal kidney tissue 

using AIM2 antibody. Arrows point to podocytes. Scale bar 50 μm. Images are representative of 

at least three independent experiments. 
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Injured podocytes co-express AIM2 and activated parietal cell marker CD44 in human 

crescentic glomerulonephropathy (cGN) 

 

Podocytes are specialized cells that play a pivotal role in maintaining integrity of glomerular 

filtration barrier. Since we observe a robust AIM2 expression in podocytes, we hypothesized that 

AIM2 plays a role in glomerular injury. Crescentic glomerulonephritis (cGN) is a proliferative 

glomerulonephritis characterized by inflammation, podocyte loss and proliferation of activated 

parietal epithelial cells to form crescents. The cellular origin and composition of glomerular 

crescents is controversial however studies have reported increased migratory phenotype of 

podocytes during crescent formation in mouse and human [4-6, 23]. To characterize a potential 

role of AIM2 in cGN, we first obtained biopsies from patients with anti-GBM cGN samples 

(supplementary figure 3.3) and performed immunofluorescence probing for AIM2 and cell-

specific markers for podocytes (WT-1, synaptopodin). We observed substantially reduced 

expression of AIM2 with synaptopodin and WT1 in the podocytes consistent with cellular loss 

during glomerular injury (figure 3.2b, panel iii-vi). In line with other reports [5, 23], we also 

observed some areas of WT-1/AIM2 or synaptopodin/AIM2 staining that were distant from the 

glomerular tuft and close to Bowman’s capsule (figure 3.2b, panel v). 

 

To explore a potential link between AIM2 and parietal cell activation, biopsies with anti-GBM 

cGN were co-stained with AIM2 and CD44. To date, CD44 is the accepted marker for activated 

parietal cells responsible for ECM production and migration [2]. As expected, CD44 expression 

was barely detected in the normal kidney (figure 3.2a). However, we detected massive increased 

number of CD44 positive activated parietal cells emerged in the crescentic lesion, which was 

positively correlated with severity of disease progression (figure 3.2b). We did not observe clear 

Aim2 expression in the cellular crescent. However, a sub-population of cells expressing both CD44 
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and AIM2 in the cellular crescent were seen (figure 3.2b, panel i,ii). While the origin of activated 

parietal cells is controversial, our results support the notion that cellular crescents may be 

populated in part from podocytes. 
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Figure 3.2. AIM2 expression in human crescentic glomerulonephritis. Immunofluorescence 

confocal microscopy in paraffin-embedded sections of (a) normal human kidney probing for Aim2 

(green) and CD44 (red) and (b) cGN biopsies probing for (b) (i, ii). Aim2 (red) and CD44 (green). 

Arrow points to CD44 and AIM2 dual positive cells. (iii, iv) synaptopodin (green) and AIM2 (red). 

Arrow points to synaptopodin and Aim2 dual positive cells distant from glomerular tuft, (v,vi) 

WT-1 (green) and AIM2 (red). Arrow points to WT1 and AIM2 dual positive cells or parietal cells 

that express WT-1. Nuclear staining using DAPI is shown in merged images. Scale bar 50 μM. 

Images are representative of at least three independent experiments. 
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Aim2 deficiency exacerbates nephrotoxic serum-induced kidney injury in vivo  

Podocyte injury provokes glomerular inflammation, foot process effacement, proteinuria, cellular 

crescent formation and kidney failure [7]. Following detection of AIM2 in podocytes and CD44 

positive parietal cells in the crescent, we hypothesized that AIM2 regulates podocyte biology that 

contributes to cellular crescent formation during podocyte injury. To test this hypothesis, we 

injected nephrotoxic serum (NTS) in wild-type and littermate Aim2-/-  mice to mimic anti-GBM 

glomerular injury in humans [22, 24]. Aim2-/- mice did not have defect in renal function at baseline 

and control mice injected with either PBS or normal sheep serum did not display kidney injury 

(supplementary figure 3.4).  Following serum injection, mice were sacrificed and kidneys analyzed 

at 9 days. As expected, NTS administration in control mice induced both glomerular and tubular 

tissue damage, glomerular crescent formation and loss of renal function evidenced by histology 

and functional assays. Aim2 deficiency aggravated renal injury compared to wild-type mice. First, 

more fibrin deposition in Bowman’s space was found in the Aim2-/- kidneys by Masson’s 

trichrome staining (figure 3.3a). Aim2-/- kidneys displayed significantly higher incidence of 

crescent formation and glomerulosclerosis assessed by PAS staining (figure 3.3b, 3c). Higher 

tubular injury was found in the NTS-induced Aim2-/- kidneys, which was also confirmed by qPCR 

displaying higher mKim-1 and mNgal mRNA expression in Aim2-/- compared to the wild-type 

mice (figure 3.3d). Further, we found that urine samples collected from Aim2-/- mice displayed 

significantly higher urinary protein/albumin to creatinine ratios (ACR), consistent with more 

severe renal injury in the absence of Aim2 (figure 3.3e). The increased glomerular injury in Aim2-

/- mice correlated with podocytes loss. Indirect immunofluorescence showed that glomerular 

injury and crescent formation was associated with reduced WT-1 positive podocytes in Aim2-/- 

glomeruli compared to the wild-type mice (figure 3.3f). 
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Loss of podocyte maturation markers is closely associated with decrease in podocyte function and 

proliferation of activated parietal epithelial cells. In human anti-GBM cGN biopsies, we observed 

co-expression of Aim2 and CD44 dual positive cells in the crescent, suggesting trans-

differentiation of podocytes into activated parietal cells. We investigated whether a subset of cells 

expressing both podocyte and parietal cell makers exist in the NTS-induced mice kidney. In normal 

condition, WT-1 and CDK inhibitor p21 are highly expressed by podocytes. During injury, we 

found a subset of CD44 positive cells co-expressing WT-1 or p21 in the crescent and a higher 

incidence was observed in Aim2-/- kidneys (figure 3.3g and 3.3h). Taken together, our data 

suggests that Aim2 is required to maintain podocyte integrity during glomerular injury. 
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Figure 3.3 Renal structure and function in NTS-induced kidneys. Representative (a) Masson’s 

trichrome staining. Arrow points to fibrin deposition (b) Periodic-acid Schiff staining in the NTS-

induced kidneys from wild-type and Aim2-/- mice. Arrow points to cellular crescent and systemic 

glomerulosclerosis (C) Quantification of crescent formation, sclerosis in the glomeruli and tubular 

injury in the NTS-kidneys kidneys (mean ± s.d, *p<0.05, **p<0.01, n=7-9). (d) mKIM-1 and 

mNGAL mRNA expression by quantitative real-time PCR from RNA isolated from NTS-induced 

kidneys in wild-type and Aim2-/- mice. (mean ± SD, *p<0.05, **p<0.01, n=10) (e) urinary 

albumin-to-creatinine ratio (ACR) in wild-type and Aim2-/- mice at day 4 and -9 following NTS 

administration. (mean ± SD, *p<0.05, n=7-9) (f) Indirect immunofluorescence probing for WT-1 

and quantification of WT-1 positive cells in the kidney sections. White box represents WT-1 

positive glomerulus from each genotype (mean ± SD, ****p<0.0001, no. of glomeruli > 30). (g) 

CD44 (red) and WT-1 (green) or (h) CD44 (red) and CDK p21 (red) immunofluorescence staining 

in NTS-induced kidneys from wild-type and Aim2-/- mice 
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Aim2 is required to reduce inflammation in the NTS-induced kidney 

Inflammation is an integral component of cGN development. Flow cytometry was performed in 

injured kidneys to measure leukocyte populations using combination of markers. Consistent 

withthe histology, flow data showed higher levels of F4/80+CD11b+ macrophages, and 

CD11c+Ly6G- dendritic cells in Aim2-/- kidneys compared to the wild-type mice (figure 3.4a). T 

and B-lymphocyte populations were minor and did not differ in wild-type and Aim2-/- kidneys 

(figure 3.4a, 3.4b). The increased infiltration of inflammatory cells in the Aim2-/- kidneys was 

confirmed by confocal microscopy probing for CD45 (figure 3.4c) and Luminex assay for IL-6 

and MCP-1 in the kidney tissue homogenates (figure 3.4d). Taken together, our data shows that 

Aim2 deficiency augments glomerular injury and renal inflammation induced by NTS in mice. 
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Figure 3.4. Renal inflammation in NTS-induced kidneys. (a-b) Flow cytometry and quantification 

of F4/80+CD11b+(macrophages), CD11c+Ly6G- (dendritic cells), NK1.1+CD3+ (NKT cells), 

NK1.1+CD3- (NK cells), IgM+CD3- (B cells), CD4+CD3+ (CD4+), CD8+CD3+ cells (CD8+) in 

renal leukocytes isolated from total kidney tissue from wild-type and Aim2-/- mice 9 days 

following NTS administration (mean ± s.d, *p<0.05, **p<0.01, n=3). (c) Representative indirect 

immunofluorescence probing for CD45. Images are representative of at least three independent 

experiments. (d) Quantification of MCP-1 and IL-6 in the NTS-induced kidney tissue homogenate 

by Luminex assay. 
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Canonical inflammasomes are not activated in the NTS-induced glomerulonephritis  

NTS induced greater glomerular injury and inflammation in Aim2-/- kidneys. AIM2 has been 

characterized as an inflammasome-forming immune sensor for dsDNA primarily in leukocytes. 

The outcome of AIM2 inflammasome activation is maturation of cytokines such as IL-1β or 1L-

18 that can induce cellular damage and reinforce inflammatory responses [12, 13]. To determine 

whether the canonical Aim2 inflammasome contributes to cGN development, we probed for 

caspase-1 and IL-1β in the NTS-induced kidney lysate by western blotting. As previously reported 

in this model [25], we did not find evidence of inflammasome activation in the NTS-induced 

glomerulonephritis as cleavage product for caspase-1 (p20) and IL-1β (p17) were absent in both 

wild-type and Aim2-/- kidneys (figure 3.5). Thus, our data suggests that the regulation of cGN, 

podocyte and glomerular injury by Aim2 is non-canonical. 
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Figure 3.5. A role of Aim2 in inflammasome activation in NTS-induced kidneys. Pro- and active 

caspase-1 and IL-1β immunoblotting from NTS-induced kidney tissue homogenates from wild-

type and Aim2-/- mice. Aim2 does not activate inflammasome formation in NTS model. Asterisks 

indicate non-specific bands. Arrows indicate real bands. 
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Activation and proliferation of parietal epithelial cells are augmented in the Aim2-/- kidneys 

We identified AIM2 expression in podocytes (figure 3.1) and Aim2 deficiency leads to 

exacerbation of glomerular injury and cellular crescent formation. To better understand the role of 

AIM2 in anti-GBM glomerulonephritis, we further characterized activated parietal cells in the 

glomeruli and crescents of mice receiving NTS. In keeping with our glomerular injury score, we 

found that Aim2-/- kidneys displayed increased numbers of activated parietal cells (CD44 positive) 

measured by confocal microscopy. These activated parietal cells expressed p-p42/44 and Ki67 

clearly demonstrating proliferation status of the cells (Figure 3.6a-3.6b) as previously shown [26]. 

Additionally, Aim2-/- kidneys expressed increased Akt phosphorylation, which supports increased 

proliferation of the cells in the Aim2-/- mice (figure 3.6c).  

Recently, macrophage migration inhibitory factor (MIF) was demonstrated to stimulate parietal 

cell activation and proliferation in the glomerulus. MIF is a pleiotropic cytokine that can signal 

MAPK via CD44 upon binding to CD74. This study demonstrated parietal epithelial cell activation 

and crescent formation is mostly mediated by MIF [27]. As a marker, we probed for MIF mRNA 

and protein expression in NTS-induced kidneys by qPCR and confocal microscopy. We 

hypothesized that Aim2-/- podocytes produce higher level of MIF during injury. As expected, we 

found that Aim2-/- kidneys expressed significantly higher MIF mRNA compared to the wild-type 

following injury. By confocal microscopy, we observed increased MIF expression mainly in 

tubular epithelium not glomerulus. Aim2-/- kidneys displayed higher MIF mRNA and protein 

expression (figure 3.6d). Thus, Aim2 deficiency promotes cellular crescent formation and parietal 

cell proliferation which correlates with disease. 
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Figure 3.6. Proliferation and activation of parietal cells in NTS-induced kidneys. Indirect 

immunofluorescence probing for (a) ki67 (green) and Cd44 (red). Arrow points to cells dual 

positive for Ki67 and CD44 (b) p-p42/44(green) and CD44(red) in activated parietal cells in the 

glomeruli from wild-type and Aim2-/- mice following NTS administration. Arrow points to cells 

dual positive for p-p42/44 and CD44 (c) Immunoblot for p-Akt and p-p42/44 in the NTS-induced 

kidney homogenates Immunoblotting for p-AKT, p-42/44 in kidney tissue homogenates from 

wild-type and Aim2-/- mice with NTS injection. (d) Indirect immunofluorescence probing for MIF 

(green) and CD44 (red) in NTS-induced kidneys. Quantification of MIF mRNA induced after NTS 

administration in wild-type and Aim2-/- kidneys on the right. Arrow points higher expression of 

MIF in injured tubules. 
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Aim2 regulates podocyte maturation and podocyte-to-parietal cell transdifferentiation  

Several studies using lineage tracing techniques have reported that certain population of activated 

parietal cells originate from podocytes in various glomerular diseases [4-6]. Although mature 

podocytes are post-mitotic cells in vivo, they can re-enter the cell cycle and proliferate when 

glomeruli cultured in vitro. Given the expression of Aim2 in podocytes and its role as a tumour 

suppressor, we hypothesized that Aim2 regulates podocyte proliferation during glomerular injury. 

To test our hypothesis, glomeruli from wild-type and Aim2-/- kidneys were first isolated and 

cultured on plastic tissue culture plates. Podocytes were allowed to outgrow from glomeruli for 5 

days. Interestingly, Aim2-/- podocyte outgrowth area was significantly larger compared to wild-

type podocytes after 5 days (figure 3.7a, 3.7b), consistent with the premise that AIM2 suppresses 

podocyte proliferation. 

Studies commonly report that primarily cultured podocytes lose podocyte maturation markers such 

as Nphs2 (podocin) as cells continuously proliferate. To test whether Aim2 regulates podocyte 

phenotype, we measured mRNA expression level of Nphs2 extracted from outgrown podocytes. 

Surprisingly, our qPCR data shows that Nphs2 mRNA expression was lost in Aim2-/- podocytes 

compared to the wild-type (figure 3.7c).  

Given that Nphs2 is a WT-1 regulated gene [9], we investigated whether impacted WT-1 

transcriptional activity. HEK 293T cells were transfected with AIM2, WT-1 and pGL2-neph-luc-

reporter plasmids, and dual-reporter luciferase assay was performed as previously described [10]. 

We found that AIM2 transfection alone increased Neph-Luc activity and additively increased 

Neph-Luc activity when co-transfected with WT-1 (-/-) or WT-1 (+/+) plasmids (figure 3.7c). To 

investigate the mechanism by which AIM2 regulates WT-1 activity, we examined whether Aim2 

regulated WT-1 activity through a direct interaction. HEK 293T cells were co-transfected with 
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WT-1 (A, B) and AIM2 plasmids and co-immunoprecipitation (co-IF) was performed. We found 

that WT-1 did not directly interact with Aim2 (figure 3.7d). Further, immunofluorescence probing 

for WT-1 and Aim2 displayed no co-localization when transfected in HEK 293T cells. WT-1 was 

mainly localized to nucleus while AIM2 was localized to cytoplasm (figure 3.7e). Taken together, 

our data show that AIM2 may indirectly modulate WT-1 transcriptional activation and the 

expression of genes required for podocyte maturation. Taken together, our data suggests that Aim2 

regulates podocyte maturation and transdifferentiation to parietal epithelial cells by enhancing 

WT-1 transcriptional regulation. 
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Figure 3.7. Aim2 regulation of podocyte proliferation and podocyte-to-parietal cells 

transdifferentiation in glomerular injuries (a) Phase-contrast podocyte outgrowth from wild-type 

and Aim2-/- glomeruli and (b) quantification of outgrown areas 5 days after seeding of glomeruli 

(c) Nphs2 and Aim2 mRNA expression by quantitative real-time PCR from RNA isolated from 

podocytes outgrown from wild-type and Aim2-/- glomeruli. (d) Dual reporter luciferase assay. 

HEK 293T cells were transfected with WT-1 (A or D), AIM2 and pGL-Neph-Luc for 48 hr and 

protein lysates were subject to luciferase assay. (e) Co-immunoprecipitation. HEK 293T cells were 

transfected with WT-1 (WT1A or WT1B) and AIM2 plasmids for 48 hr and tested for direct 

interaction by co-IP (f) Indirect immunofluorescence probing for WT1 (green) and AIM2 (green) 

following transient transfection of HEK cells with WT-1 (A or D) and AIM2 plasmids. 
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Discussion 

In this study, we characterized AIM2 localization in the kidney and its function in podocyte 

proliferation and proliferative crescentic glomerulonephritis. To our knowledge, we report for the 

first time that inflammasome-forming protein AIM2 is a glomerular gene predominantly expressed 

by podocytes in the normal kidney. We report that Aim2 promotes podocyte maturation through 

the regulation of WT-1 that induces podocyte-specific genes such as Nphs1 (nephrin) and Nphs2 

(podocin). AIM2 also regulates podocyte proliferation which drives trans-differentiation into 

activated parietal cells in cellular crescent formation. 

AIM2 has been extensively characterized as a DNA immune sensor in leukocytes. Upon detection 

of dsDNA from the bacteria, viruses or the host, the canonical AIM2 forms inflammasome 

assembles to drive the maturation of cytokines such as IL-1β and IL-18 [13]. However, our 

immunofluorescence probing for AIM2 localization to podocytes suggested us to investigate an 

inflammasome-independent or non-canonical function of AIM2, since podocytes do not have 

capacity to form inflammasome and undergo pyroptosis [25]. Although anti-GBM NTS injection 

in mouse leads to neutrophil-extracellular-traps (NET) formation and release of extracellular DNA 

by neutrophils within the glomerulus [28], we were not able to find evidence of canonical Aim2 

inflammasome activation in the NTS-induced disease model in the kidney (figure 3.5). Emerging 

studies have demonstrated that AIM2 is also expressed by non-myeloid cells and functions as 

tumour suppresser independent of inflammasome activation [18, 19]. AIM2 has been shown to 

induce G2/M cell cycle arrest [16]. Given that i) non-canonical AIM2 suppresses cell proliferation 

and ii) AIM2 is abundantly expressed by podocyte, which is post-mitotic cell that do not undergo 

proliferation, we hypothesized that Aim2 plays a non-canonical role to regulate proliferation and 

maturation of podocyte in vivo.  
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Studies have corroborated that podocyte injury is as an integral component of cellular crescent 

formation. Although podocytes were initially thought as terminally differentiated static cells, 

podocytes were shown to migrate upon injury using intravital microscopy [29, 30]. It has been also 

reported that podocytes are present in the cellular crescent in various GN biopsies [31]. Although 

the origin and cellular components of crescent are controversial, several studies have established 

podocytes as an origin of activated parietal epithelial cells using lineage-tracing methods in mice 

[4-6]. We believe that our results may evoke an exciting link between podocytes and parietal cells 

during glomerular injuries and an essential role of AIM2 regulating this cellular process. In line 

with previous findings, we also observed AIM2 and WT1/synaptopodin positive cells found near 

the Bowman’s capsule indicating detachment of dysregulated podocyte from GBM and subsequent 

migration of podocytes along the parietal basement membrane in the cellular crescent. Further, we 

identified activated parietal epithelial cells co-expressing AIM2, suggesting this particular 

activated parietal cells are of podocyte-origin (figure 3.2). This phenomenon was also observed in 

NTS-induced crescentic kidneys in mice where CD44 positive activated parietal cells co-expressed 

p21 or WT-1 Ultimately, all podocytes either die or lose all maturation markers when fully 

transdifferentiated into parietal cells in the course of glomerulonephritis. Regarding this transition 

process, we believe that Aim2 plays an essential role to promote podocyte maturation and suppress 

proliferation 

In support of this notion, we observed that Aim2 deficiency accelerated phenotypic changes of 

podocytes to parietal cells both in vivo (NTS model) and in vitro. Mature podocytes are post-

mitotic cells that do not undergo proliferation in vivo but re-enter cell cycle and proliferate when 

plated on culture dish in vitro. Aim2-/- podocytes in vitro proliferated much faster than the wild-

type cells. Finally, our human and in vivo experimental data demonstrated CD44 positive parietal 
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cells co-expressed Aim2 (figure 3.2) and other podocyte markers (WT-1, p21) and there were more 

transitional cells in the Aim2-/- glomerulus (figure 3.3).  

Apart from trans-differentiation, some studies have characterized a unique form of podocyte cell 

death, mitotic catastrophe (MC). This is a form of death resulted from aberrant mitosis. Podocytes 

re-entering cell cycle following injury likely undergo mitotic catastrophe due to the nature of non-

proliferative podocytes and manifest as multinucleated podocytes [32, 33]. In our murine NTS 

model, we detected WT-1 positive podocyte number was significantly decreased in Aim2-/- 

kidneys. As mentioned, AIM2 can arrest G2/M phase and suppress cell division. Although MC in 

podocyte is not fully characterized, we cannot rule out that absence of AIM2 may accelerate 

podocyte to re-enter cell cycle and abnormal mitosis which result in mitotic catastrophe and loss 

of podocyte. Nevertheless, it is also possible that multinucleated podocytes are proliferating cells 

that may be transdifferentiated into parietal cells. We found that AIM2 may regulate podocyte 

maturation by enhancing WT-1 transcriptional activity. WT-1 is the master gene in podocyte 

biology since WT-1 binds to multiple promoters of central podocyte genes involved in slit 

diaphragm and regulates podocyte maturation including Nphs2 [8, 9]. In our in vitro podocyte 

culture, we found that Nphs2 (podocin) mRNA was conserved in the wild-type cells but was lost 

in Aim2-/- podocytes. Additionally, our dual-reporter luciferase assay demonstrates that Aim2 

promotes WT-1-mediated transcriptional activation (figure 3.7c). These results are consistent with 

data examining IFI16, another member of AIM2-like-receptor family. IFI16 directly interacts with 

WT-1 and augments its transcriptional activity. In the same study, authors found that Aim2 was 

one of effector genes upregulated by WT-1 expression [34]. At this stage, however, we were not 

able to identify the exact mechanism by which AIM2 regulates WT-1 activity at molecular level. 

WT-1 and AIM2 do not interact by co-IP and confocal microscopy and thus the effect is likely 
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indirect (figure 3.7d). In our laboratory, we observed that TGFβ-mediated Smad signaling and 

αSMA induction was significantly attenuated in Aim2-/- tubular epithelial cells (figure 4.5). 

Recently, studies have shown a link between WT-1 and TGFβ signaling pathways in early renal 

progenitors and during disease progression [35, 36]. TGFβ is a potent pro-fibrotic cytokine capable 

of inducing epithelial-to-mesenchymal transition (EMT). It was shown that TGFβ negatively 

regulated WT-1 expression in vitro and WT-1 can suppress Smad phosphorylation [36]. It is of 

interest to delineate a potential crosstalk among Aim2, TGFβ and WT-1 in the context of 

glomerulonephritis. Taken together, Aim2 seems to have indirect effect on WT-1’s transcription 

activity but precise the mechanisms are to be elucidated. 

Recently, studies using various in vivo experiments using lineage tracing technique identified 

different subtypes of parietal epithelial cells in the glomerulus [2]. One limitations of 

immunostaining in tissue is that it may be difficult to identify the direction or at which stage cells 

are during transition. Recent studies have illustrated a subtype of parietal cells, progenitor cells, 

expressing stem cell markers such as CD133 or CD24 which can differentiate into podocytes to 

compensate for cellular loss in young mice [3]. In our hands, AIM2 and CD24 double positive 

podocytes or parietal cells were not detected in the normal human kidneys or in patient biopsies 

with cGN (data not shown). Since most of Aim2 expression is limited to podocytes in normal 

kidney and the cellular crescent does not express Aim2, progenitor parietal de-differentiation to 

podocyte does not seem to occur in our model. 

We observed higher p-Akt in our Aim2-/- tissue homogenate following NTS administration. 

Wilson et al demonstrated that AIM2 suppresses Akt phosphorylation by forming a complex with 

DNA-PK, which can phosphorylate Akt in vitro [18]. We speculate that activated parietal cells 

express higher p-Akt in Aim2-/- kidneys in addition to p-p42/44 and Ki67. However, a role of Akt 
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signaling in podocyte cannot be overlooked. Akt-mTOR signaling pathway is shown to be critical 

for podocyte survival in diabetic and adriamycin-induced podocyte injury models. Failure to 

phosphorylate Akt resulted in foot process detachment and podocyte loss [37, 38]. However, 

hyper-phosphorylation of Akt in podocytes also has been demonstrated to be detrimental. Recently, 

a study showed HB-EGF induced transformation of podocytes into migratory phenotype through 

EGF-receptor activation [39]. While Akt needs to be tightly controlled, we cannot rule out EGFR-

mediated Akt phosphorylation and regulatory role of Aim2 in p-Akt. Further work is required to 

elucidate cell specific Akt phosphorylation and the role of Aim2 in each cell type. 

Overall, our study shows AIM2 is expressed by podocytes and performs a non-canonical function 

in podocyte biology. Our findings provide important perspectives on the podocyte-to-parietal cell 

transition and identifying AIM2 or AIM2-dependent pathways in podocytes may represent 

potential therapeutic targets in proliferative glomerulonephritis. 
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Supplementary Figure 3.1. (a) Indirect immunofluorescence probing for (i) synaptopodin (green) 

and podocin (red), (ii) podocin (green) and AIM2 (red), (iii) αSMA (green) and AIM2 (red) and 

(iv) fibronectin (green) and AIM2 (red). Nuclear staining using DAPI is shown in merged images. 

Scale bar 50 μm. Images are representative of at least three independent experiments. 
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Supplementary Figure 3.2. (a) Immunoblot probing for AIM2 in four total kidney samples. THP-

1 cells primed with IFNγ (100 ng/ml, 24 hr) and overexpression of hAIM2 plasmid containing 

FLAG and c-Myc tag were used as control. (b) human and mouse AIM2 mRNA expression in 

glomerular fraction normalized to total kidney by quantitative real-time PCR. (c) Immunoblotting 

probing for AIM2 protein in glomerular fractions and homogenate from undifferentiated and 

differentiated podocyte cell lines. (d) Immunoblotting probing for AIM2 in primarily cultured 

human tubular epithelial cells. AIM2 expression induced by IFNγ treatment (1, 10 ng/ml for 24 hr) 

(e) Isolated glomeruli from human kidneys by a sieving technique.  



159 
 

 
 

Supplementary Figure 3.3.  Periodic-acid Schiff staining in the biopsies from patients with 

anti-GBM crescentic glomerulonephritis (a-e, n=5). 
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Supplementary Figure 3.4. (a) Urinary protein concentration from wild-type and Aim2-/- mice 

before injecting NTS (n=10). (b) Periodic-acid Schiff staining in the PBS or normal sheep serum-

induced kidneys from wild-type and Aim2-/- mice (scale bar = 50 μm).  
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In chapter 3, we have identified AIM2 localization to podocytes and demonstrated a non-canonical 

function of AIM2 regulating podocyte maturation. Additionally, AIM2 was also found to be 

expressed in tubular epithelial cells in the normal kidney by confocal microscopy. Therefore, we 

aimed to identify the tubules that express AIM2 and investigate a potential function for tubular 

AIM2 in the pathogenesis of kidney diseases. 
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Chapter IV. Characterization of AIM2 in Tubular Epithelial Cells and Tubular Injury In 

Vivo 

 

Abstract 

 

In the previous chapter, we have identified AIM2 localization to podocytes and demonstrated a 

non-canonical function of AIM2 regulating podocyte maturation and possibly podocyte-to-parietal 

cell trans-differentiation. In addition to podocytes, AIM2 was also found to be expressed in tubular 

epithelial cells. Here, we further characterized expression, regulation and a potential role for Aim2 

in tubular apoptosis and fibrosis. 

We found that outside the glomerulus, AIM2 localized mainly to distal tubules at a low level but 

its expression was upregulated in human biopsies with acute tubular necrosis and IgA nephropathy. 

In vitro AIM2 was found in the endoplasmic reticulum or nucleus in primary human tubular 

epithelial cells. As an interferon-inducible gene, AIM2 expression was only increased following 

IFNγ treatment and not in response to other cytokines or DAMPs in tubular epithelial cells. Unlike 

Nlrp3, Aim2 did not regulate caspase-8 activation during tubular apoptosis. However, Aim2 

deficiency attenuated TGFβ-mediated Smad phosphorylation and SMA induction. During kidney 

ischemia-reperfusion injury in vivo, a significant difference in tubular injury was not detected 

between wild type and Aim2-/- mice confirming a limited role for Aim2 in tubular cell death. We 

propose further studies on AIM2 characterization in tubular epithelial cells are required and injury 

models that kidney tissue fibrosis rather than tubular cell apoptosis/necrosis. 
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Introduction 

Tubular epithelial cell death is central to progression of renal diseases [1]. Epithelial cell injury 

induces innate immune system activation and leads to pro-inflammatory responses. Prolonged 

injury essentially leads to non-resolving renal epithelial cell death, inflammation and fibrosis [2].  

Absent-in-melanoma-2 (AIM2) is an immune sensor for double-stranded DNA (dsDNA) from 

bacteria, virus or host that forms inflammasome upon binding to dsDNA. Inflammasome is a 

multiprotein complex that functions as a platform that activates caspase-1 via ASC oligomerization 

that lead to cytokine maturation such as IL-1β and IL-18 [3] and pyroptosis [4, 5]. In addition to 

canonical function of AIM2 to activate inflammasome, studies have reported that AIM2 has ability 

to suppress cell proliferation. Reduced apoptosis was detected in Aim2-deficienct tissue or cells 

during injury, suggesting that tubular Aim2 might also play a similar role in apoptosis [6, 7]. In 

the previous chapter, we have identified predominant localization of AIM2 to podocytes in normal 

human kidney. Interestingly, AIM2 was also detected in certain tubules, suggesting a non-

canonical function of tubular AIM2 in kidney diseases. 

 

Previously, we have reported a non-canonical function of NLRP3 in regulation of caspase-8 via 

ASC in tubular epithelial cells [8]. Given that AIM2 also forms an ASC containing inflammasome 

when activated, we hypothesized that AIM2 could also play a similar role as NLRP3 in tubular 

epithelial cells death andcaspase-8 activation. In this study, we aimed to characterize localization 

and function of AIM2 in tubular epithelial cells during tubular apoptosis and fibrosis. 
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Materials and Methods 

Reagents 

Antibodies were from following sources: AIM2 (polyclonal, Sigma), AIM2 (polyclonal, gift from 

Dr. de Koning, Radboud Universiteit) GORASP2 (Golgi appartus, clone CL2610, Atlas 

antibodies), β-actin (clone AC-74, sigma), PDIA3 (endoplasmic reticulum, clone CL244, atlas 

antibodies), β-tubulin (clone D66, sigma), ABCD3 (peroxisome, clone CL2524, Atlas antibodies), 

VSP26A (endosome, clone CL2287, Atlas antibodies). pSmad2 (polyclonal, Thr 220, Santa Cruz) 

and p-Akt (polyclonal, Ser 473, Cell Signaling). Recombinant cytokines were from following 

sources: IL-1β (BD Biosciences), IL-6 (Sigma), IL-18 (BD Biosciences), TGFβ (BioShop), 

Angiotensin II (Sigma), polydAdT (Sigma), PMA (Sigma) and IFNγ (PeProtech). Rhodamine-

conjugated Dolichos Bilflorus Agglutinin (DBA) and fluorescein conjugated Lotus 

Tetragonolobus Lectin (LTL) were from vector laboratories. 

 

Mice 

Wild-type (Nlrp3+/+Aim2+/+) and their littermates Aim2-/- (Nlrp3+/+Aim2-/-) and double 

knockout (Nlrp3-/-Aim2-/-) on a C57Bl/6 background were generated and housed under standard 

conditions. Male mice aged between 8 – 10 weeks were used. 

 

Cell culture 

Primary human tubular epithelial cells (TEC) were isolated and cultured from non-diseased 

margins of nephrectomy samples slated for disposal from patients undergoing surgery for renal 

tumors. After removing the capsule, renal cortices were dissected, finely minced, then placed in a 

1.5 mg/ml collagenase/HBSS (Sigma) solution and incubated at 37 °C for 1 hour. The dissected 
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tissue was further homogenized using two sterile microscope slides and filtered through a 70-μm 

nylon filter. The filtered cells were washed in HBSS and re-suspended in DMEM/F12 media 

containing 10% FBS, 1% penicillin–streptomycin, 125 ng/ml prostaglandin E1, 1.8 µg/ml L-

thyroxine, 3.38 ng/ml hydrocortisone, 2.5 mg/ml insulin-transferrin-sodium selenite supplement, 

25 ng/ml human EGF. TEC were plated and cultured on collagen IV-coated plate and were used 

up to 2 passages. Studies were approved by the Conjoint Health Research Ethics Board at the 

University of Calgary and Alberta Health Services. 

Mouse TEC were isolated from the wild-type, Aim2-/- and Nlrp3-/-Aim2-/- kidneys harvested 

from mice between the ages of 8–12 weeks. Renal cortices were collected and incubated in 

1.5 mg/ml collagenase/HBSS (Sigma-Aldrich, St. Louis, MO, USA) at 37 °C with 5% CO2 for 

60 min. Tissue was homogenized using sterile microscope slides and then filtered through 70-μm 

nylon filters. The filtered cells were washed in HBSS and re-suspended in K1 media (10% fetal 

bovine serum (FBS), 1% penicillin–streptomycin, 1% hormone mix (ITSS media supplement, 

350 nM prostagladin E1, 5 nM 3,3′,5-triiodo-L-thyronine sodium salt, 5 μM hydrocortisone, 

10 mM HEPES pH 7.4), 25 ng/ml mouse EGF, 25 mM HEPES pH 7.4 in DMEM/F12). The cell 

suspension was plated onto collagen-IV-coated plates. 

THP-1 cell line. THP-1 cells were cultured in RMP1 1640 supplemented with 10% FBS, 1% 

penicillin/streptomycin, 0.05 mM β-mercaptoethanol, and 1mM sodium pyruvate. Cells were 

differentiated with 100 nM phorbol-12-myristate-13-acetate (Sigma-Aldrich) overnight prior to 

experiments. All cells were maintained in suspension at 37°C, 5% CO2 humidified incubator. 
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Immunoblotting 

Protein samples were prepared using either RIPA (50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 

1% sodium deoxycholate, 0.1% SDS) or urea (8M) buffer. Proteins were separated on SDS-PAGE 

gels under reducing conditions, transferred onto nitrocellulose membranes (GE Healthcare, 

Chicago, IL, USA) and blocked for 1 hour with appropriate blocking solution at room temperature. 

Primary antibody was incubated overnight at 4 °C. Blots were washed and incubated with 

appropriate secondary antibody conjugated to horseradish peroxidase at room temperature for 1 

hour. Following additional washes, proteins were visualized with ECL western blotting detection 

reagents (GE Healthcare) and digitally capture with a Chemidoc MP device (BioRad, Hercules, 

CA, USA). Densitometry was performed using Image Lab software (BioRad) and normalized as 

indicated. 

 

Immunofluorescence of kidney tissue 

Non-diseased and histologically normal margins of human nephrectomy samples were obtained 

from patients undergoing surgery for renal cancer. These samples were used as normal controls (n 

= 10). Human kidney biopsy samples obtained for clinical care from patients with acute tubular 

necrosis and IgA nephropathy were secondarily used for these studies (n = 4). All biopsy samples 

contained at least one glomerulus and these samples were only secondarily used following clinical 

purpose. All samples were formalin fixed and paraffin embedded. Paraffin-embedded human or 

mouse kidney tissue sections were deparaffinized by consecutive incubation of xylene and ethanol 

using a standard protocol. Antigen retrieval was performed using boiling citric acid buffer (DAKO, 

S1699) or EDTA buffer (10 mM Tris, 1 mM EDTA, 0.05% Tween-20 in PBS) for 30 min. After 

antigen unmasking, tissue sections were blocked in blocking solution containing 1% BSA, 2% 
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goat serum and 0.1% Triton X-100 in PBS for 1 hour and further incubated with selected primary 

antibodies at 4 °C overnight. After several washes in PBS, Alexa fluor-488 or -568 labeled 

secondary antibodies (Invitrogen) were incubated for 1 hour followed by several washes in PBS. 

Sudan black B (0.1% in 70% ethanol) to reduce tissue auto-fluorescence prior to mounting with 

ProLongGold antifade reagent in the presence of DAPI (Molecular Probe). The expression and 

localization of proteins in the renal tissue was detected using a Nikon A-1R confocal system or 

Olympus FV1000 confocal system on an Olympus IX-70 microscope with Fluoview system 

software.  

 

IL-1β ELISA 

Human tubular epithelial cells and PMA-differentiated THP-1 cells were primed with 100 ng/ml 

interferon-γ for indicated time and transfected with poly(dAdT). Supernatants and were harvested 

for analysis. IL-1β was detected in cell supernatants using the ELISA kits from BD Biosciences 

(San Diego, CA, USA) as per the manufacturers' protocol. 

 

Cytokine treatment in tubular epithelial cells 

Human tubular epithelial cells (TEC) were isolated and cultured from human nephrectomy 

samples as described above. When TEC reached 90% confluence, TEC were treated with IL-1β 

(20 ng/ml), IL-6 (20 ng/ml), IL-18 (20 ng/ml), TGFβ (20 ng/ml), Angiotensin II (1 μM), polydAdT 

(2 μg/ml), cellular supernatant containing pyroptotic cellular contents, PMA (100 nM) and IFNγ 

(20 ng/ml) for 24 hr. Proteins were extracted using RIPA buffer and western blotting was 

performed to detect AIM2 expression.  
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A Murine Model of Kidney Ischemia-Reperfusion  

Wild-type and their littermates Aim2-/- male mice on C57BL/6 background aged between 8 – 10 

weeks were used. Mice were anesthetized with IP injection of ketamine (115 mg/kg) and xylazene 

(12 mg/kg) in saline. A uninephrectomy of the right kidney was performed first before ischemia 

was induced on the remaining (left) kidney. Mice were placed on a 50cc conical tube in length for 

easier access to the right kidney. A small incision was made to locate the right kidney from the 

back of a mouse. The right kidney was exposed and the whole renal arteries and veins were 

occluded using a 4.0 silk suture (Ethicon). Then, the kidney was surgically removed. After suturing 

the incisions of the right side, a small incision was made to locate left kidney. The exposed arteries 

and veins for the left kidney were occluded with a micro-vessel clamp to induce hypoxia for 40 

min. Termination of blood supply was confirmed by visual inspection. After 40 min, the clamp 

was released and reperfusion was allowed. The body temperature of mice was maintained at 37 °C 

throughout the surgery and recovery period. All mice received plentiful amount of saline by 

dripping saline over the open flanks during surgery to avoid tissue damage from dry. All animal 

studies were conducted in accordance with the Animal Care Committee guidelines at the 

University of Calgary, Canada. 

 

Histopathology of tubular injury 

Periodic acid-Schiff (PAS) staining was performed to visualize renal structure on the paraffin-

embedded sections using a standard protocol. Tubular damage was indicated by necrotic lysis, 

tubular dilation, cast formation and sloughing of cellular debris into the tubular lumen. Tubular 

injury scoring was performed on PAS samples according to the following grades: normal as grade 
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0 = normal; grade 1 = <25%; grade 2 = 25–50%; grade 3 = 50–75%; grade 4 = <75%. At least, 5 

random images were captured and analyzed. 

 

Statistical Analysis 

Data is shown as mean with standard deviation. All experiments were performed at least three 

independent times otherwise indicated. Data were expressed as mean±S.D. Results were analyzed 

for statistical variance using unpaired student t-test or ANOVA where appropriate. Results at p < 

0.05 were considered statistically significant. 
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AIM2 is expressed in distal tubules and upregulated during kidney disease progression 

In the previous chapter, our immunofluorescence revealed that AIM2 is localized not only to 

podocytes but also some tubules in normal human kidney. As mentioned before, the tubular system 

of nephron is consisted of proximal tubules and distal/connecting tubules (figure 1.1). To 

investigate which tubules express AIM2, we stained normal healthy kidney tissue with markers 

indicating for proximal tubules with Lotus Tetragonolobus Lecin (LTL) or distal/connecting 

tubules with Dolichos Biflorus Agglutinin (DBA). Interestingly, we found that tubular AIM2 was 

mostly co-localized with Dolichos Biflorus Agglutinin (DBA), although expression level was not 

as high as podocytes. There was a small subset of tubular AIM2 that also co-localized with the 

proximal tubular marker, LTL (figure 4.1a). 

Our lab observed upregulation of Aim2 expression in a murine experimental model of chronic 

kidney disease, unilateral ureteral obstruction (UUO) (supplementary figure 4.1). To investigate 

whether tubular AIM2 is upregulated during injury and contributes to disease progression in 

human, immunofluorescence staining for AIM2 was performed in biopsies from patients with i) 

acute tubular necrosis (acute kidney injury) and ii) IgA nephropathy (chronic kidney disease). We 

found that AIM2 expression was significantly upregulated in most of tubules in both kidney 

diseases (figure 4.1b). Taken together, our data suggests that AIM2 is expressed by tubular 

epithelial cells and is upregulated during kidney injury. 
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Figure 4.1. AIM2 expression in normal and diseased human kidney Indirect immune-

fluorescence for AIM2 and fluorescein-conjugated LTL or rhodamine-conjugated DBA in 

paraffin-embedded normal kidney. AIM2 localization was detected in mostly distal/collecting 

tubules and in proximal tubules in normal kidney. (b) Immunofluorescence for AIM2 (green) in 

kidney biopsies from acute tubular necrosis (ATN) and IgAN (IgA nephropathy). Increased tubular 

AIM2 expression in most of tubules was detected. Nuclear stain using DAPI (blue) is shown in 

merged images. 
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AIM2 is localized to the nucleus and endoplasmic reticulum in cultured tubular epithelial cells 

Our immunofluorescence confocal microscopy data displayed that AIM2 was upregulated in 

tubules during kidney injury. To further characterize AIM2 in TEC, subcellular localization and 

gene regulation was examined next using two different antibodies Commercial AIM2 antibody 

from Sigma was used for all data except for supplementary figure 4.2. 

As mentioned, AIM2 is an interferon-inducing gene that is upregulated after IFNγ treatment [9]. 

In macrophages, we found that AIM2 is localized to both nucleus and cytoplasm and IFNγ 

treatment markedly increased expression in both compartments. AIM2 did not localize to Golgi 

apparatus or endoplasmic reticulum in THP-1 cells (figure 4.2a). In contrast, two distinct 

populations of TEC were observed, one expressing AIM2 primarily in the nucleus and the other 

expressing AIM2 as cytoplasmic puncta (figure 4.2b). Interestingly, the cells with cytoplasmic 

AIM2 puncta did not express (or very low expression) nuclear AIM2. Our results (figure 4.2) was 

also validated with the custom antibody. Custom antibody for AIM2 staining displayed very 

similar staining patterns. AIM2 was detected both in nucleus and cytoplasmic puncta at baseline. 

However, AIM2 puncta upregulation was found more prominent using the custom antibody 

(Supplementary figure 4.2). 

Considering our TEC culture may be heterogeneous, (e.g., proximal, distal/connecting tubules), 

AIM2 was co-stained with LTL or DBA to differentiate these populations identification. While 

LTL staining in TEC did not work in our hands, we found that three populations in our TEC: i) 

punctate AIM2, - DBA, ii) nuclear AIM2, + DBA and iii) nuclear AIM2, + DBA. Further, IFNγ 

treatment upregulated all nuclear AIM2 (group ii and iii) but not the puncta suggesting cell-specific 

expression and regulation of AIM2 in TEC. Further characterization is required to identify exact 

cell type of these cells. 
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After confirming AIM2 localization in both nucleus and cytoplasm, we focused on punctate 

tubular AIM2 expression in the cytoplasm. AIM2 was co-stained with major organelle markers 

such as endoplasmic reticulum, mitochondria, Golgi apparatus, lysosomes, endosomes, 

peroxisomes and βtubulin in TEC and examined by confocal microscopy. Interestingly, we found 

that cytoplasmic AIM2 co-localized to PDIA3, an endoplasmic reticulum marker (figure 4c). 

There was no AIM2 co-localization with any other organelle markers. 

Next, to determine which other conditions may also enhance AIM2 expression in TEC, cells were 

exposed to a variety of cytokines and DAMPs including ATP, IL-1β, IL-6, IL-18 and IFNγ. Other 

than IFNγ, no other cytokine or DAMP upregulated AIM2 expression in TEC. Our result shows 

that AIM2 expression is low at basal level and is upregulated by IFNγ treatment only (figure 4.2d), 

however other unknown factors may induce AIM2 in TEC. 
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Figure 4.2. AIM2 expression, localization and regulation in tubular epithelial cells (a) AIM2 

(green)/GORASP2 (red) and AIM2(green)/PDIA(red) in PMA-differentiated THP-1 cells treated 

with and without IFNγ (100 ng/ml) priming for overnight. AIM2 upregulation was observed in 

IFNγ treated cells. (b) Primary human TEC was stained with AIM2 (green) and DBA (red) in with 

and without IFNγ (100 ng/ml) priming for 24 hours. AIM2 was detected in both nucleus and as 

punctate form. (c) Immunofluorescence staining on primary human tubular epithelial cells grown 

on collagen coated glass slides. AIM2 was co-stained with a variety of organelle markers that 

include endoplasmic reticulum (PDIA3), Golgi apparatus (GORASP2), βtubulin, lysosome 

(ABCD2), peroxisome (VSP26A) and mitochondria (mitotracker red). AIM2 localization was 

observed in both nucleus and endoplasmic reticulum. Nuclear stain using DAPI (blue) is shown in 

merged images. (d) Immunoblot for AIM2 in human tubular epithelial cells after treatment with 

IL-1β (20 ng/ml), IL-6 (20 ng/ml), IL-18 (20 ng/ml), TGFβ (20 ng/ml), Angiotensin II (1 μM), 

dsDNA transfection (10 μg/ml), extracellular ASC specks from nigericin activated THP-1 cells, 

LPS (100 ng/ml) and IFNγ for 24 hours. THP-1 cells treated with IFNγ (100 ng/ml) for 24 hours 

was used as control. 
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Canonical AIM2 inflammasome is not activated in human tubular epithelial cells  

The outcome of the canonical AIM2 pathway is caspase-1 activation and secretion of cytokines 

such as IL-1β or IL-18 in leukocytes [4]. After detection of AIM2 in tubular epithelial cells, it was 

logical to test whether AIM2 activation by its ligand dsDNA triggers canonical inflammasome 

activation in TEC as it does in leukocytes. Human tubular epithelial cells were transfected with 

synthetic dsDNA, poly(dAdT), using polyJet transfection reagent for up to 4 hours. PMA-

differentiated THP-1 cells were used as control. The supernatant was collected and assayed for IL-

1β expression by ELISA. We found that dsDNA treatment did not induce AIM2 inflammasome 

formation and IL-1β release in human TEC but in THP-1 cells. This result further provides a 

potential non-canonical role of AIM2 in TEC that may exist (figure 4.3). 
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Figure 4.3. Human IL-1β ELISA on primary human tubular epithelial cells transfected with 

dsDNA. Human tubular epithelial cells were primed with and without IFNγ (100 ng/ml) for 4 

hours. After priming, TEC were transfected with dsDNA (PolydAdT, 2 or 10 μg/ml) using polyJet 

reagent for indicated time (1 to 4 hours). PMA-differentiated THP-1 cells were used as control. 

Transfection of dsDNA in tubular epithelial cells does not induce AIM2 inflammasome activation 

and IL-1β maturation. 

 
 
 
 
 
 
 
 
 
 
 

Tubular epithelial cells THP-1 
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AIM2 does not regulate death receptor-mediated apoptosis 

In chapter two, we demonstrated the ability of NLRP3 to regulate apoptosis in TEC. During 

extrinsic apoptosis, NLRP3 regulated ASC oligomerization which serves as a platform for caspase-

8 activation at mitochondria [8]. As another sensor of inflammasome-forming protein, AIM2 has 

ability to regulate ASC oligomers similar to NLRP3 in macrophages and TEC. Further, recent 

studies have demonstrated anti-proliferative role of AIM2 in non-myeloid cells independent of 

inflammasome. Hence, we hypothesized that AIM2 regulates ASC oligomerization and caspase-8 

during tubular apoptosis. We further hypothesized that dual deficiency in AIM2 and NLRP3 has a 

greater effect in reducing apoptosis than single gene alone. To test our hypothesis, tubular 

epithelial cells were isolated and cultured from wild-type, Aim2-/- and Nlrp3-/-Aim2-/- (double 

knockout, DKO) mice. To induce apoptosis, cells were treated with TNFα (20 ng/ml)/CHX (5 

μg/nl) for 24 h. After cells were harvested, caspase-8 activation was probed by western blotting 

and was used as a marker for apoptosis. In contrast to our hypothesis, we did not a difference in 

caspase-8 activation level between wild-type and Aim2-/- TEC, suggesting that Aim2-/- does not 

regulate caspase-8-mediated apoptosis. However, DKO cells were resistance to caspase-8 

activation after TNFα/CHX treatment confirming the effect of NLRP3 in regulating caspase-8 

activation (figure 4.4). 
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Figure 4.4. A role of AIM2 in extrinsic apoptosis in tubular epithelial cells (a) Immunoblotting 

for caspase-8 cleavage in wild-type and Aim2-/- primary tubular epithelial cells induced to 

undergo apoptosis with TNFα (20 ng/ml) and cycloheximide (5 μg/ml) for 24 hr. (b) Quantification 

of cleaved caspase-8 (p18) normalized to tubulin. In each experiment, caspase-8 (p18)/tubulin in 

wild-type cells was considered 1.0 and Aim2-/- and DKO values were normalized to wild-type. 

Reduced caspase-8 activation was only observed in DKO cells during apoptosis (mean ± s.d, p 

<0.05, n = 3). 
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AIM2 modulates TGFβ signaling in TEC 

TGFβ is a cytokine that plays an important role in kidney fibrosis by activating Smad dependent 

and independent signaling pathways [10]. Although we did not observe a played role of Aim2 in 

extrinsic apoptosis (figure 4.4), we continued to characterize Aim2 in fibrosis signaling. 

We treated wild-type and Aim2-/- TEC with TGFβ (10 ng/ml) to examine whether AIM2 has 

ability to regulate TGFβ-mediated fibrosis signaling in TEC. Interestingly, we found significant 

reduction in Smad-2 phosphorylation after TGFβ treatment within two hours in Aim2-/- TEC 

(figure 4.5a). In line with reduced Smad-2 phosphorylation, αSMA, the effector protein of TGFβ 

pathway, was reduced in the Aim2-/- TEC compared to wild-type (figure 4.5b). This data suggests 

AIM2 may play a role in EMT and tissue fibrosis in chronic kidney disease. 
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Figure 4.5. A role of AIM2 in TGFβ-mediated fibrosis signaling. Immunoblotting for (a) 

phosphorylated Smad2 in wild-type and Aim2-/- mouse tubular epithelial cells up to 2 hours after 

TGFβ treatment (10 ng/ml). (b) Wild-type and Aim2-/- TEC were treated with TGFβ (10 ng/ml) 

for up to 3 days. Immunoblot for αSMA after TGFβ treatment. Reduced p-Smad2 and αSMA was 

detected in Aim2-/- mouse TEC. Representative figure. Experiments were performed at least 4 

times. 
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AIM2 does not regulate Akt phosphorylation in response to TNFα and TGFβ 

The Akt kinase is the key regulator of cell proliferation, survival and tumourigenesis [11]. Recently, 

AIM2 has been reported to regulate Akt phosphorylation via DNA-PK [7]. Similarly, in Chapter 

3, we demonstrated increased Akt phosphorylation in Aim2-/- mice undergoing NTS-induced 

glomerulonephritis. To test whether tubular AIM2 regulates Akt signaling in response to injury, 

wild-type and Aim2-/- tubular epithelial cells were treated with TNFα or TGFβ up to two hours 

and Akt phosphorylation was measured. Both TNFα and TGFβ are important cytokines for cell 

death and EMT in tubular epithelial cells, respectively, and induce Akt phosphorylation through 

different mechanisms. We tested whether AIM2 deficient cells would induce Akt hyper-

phosphorylation, which may down-regulate Smad phosphorylation in TGFβ signaling in Aim2-/- 

TEC [12]. When TEC were treated with TNFα and TGFβ, Akt was transiently phosphorylated 

within 30 min in both groups. However, both groups displayed similar degree of Akt 

phosphorylation after TNFα or TGFβ treatment (figure 4.6). Our data suggests Aim2 deficiency 

did not play a role in Akt phosphorylation in TEC. 
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Figure 4.6. A role of AIM2 in Akt signaling in tubular epithelial cells. Immunoblotting for 

phosphorylated Akt (pAkt) in wild-type and Aim2-/- tubular epithelial cells treated with (a) TNFα 

(10 ng/ml) and (b) TGFβ (10 ng/ml) treatment for up to 2 hours. Densitometry for p-Akt 

normalized to tubulin following (c) TNFα and (d) TGFβ treatment. No significant difference was 

observed in p-Akt between wild-type and Aim2-/- TEC (n=1). 

 
 

a. 
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c. TNFα treatment 

 

d. TGFβ treatment 
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AIM2 does not play a role in a murine ischemia-reperfusion injury model 

Renal ischemia-reperfusion injury (IRI) is a common clinical problem resulting from kidney 

transplant, hypotension and sepsis. Because renal tubular epithelial cells are highly susceptible to 

hypoxia-mediated injury, tubular epithelial cells are severely damaged and resulted in apoptosis 

and/or acute tubular necrosis (ATN) [13]. Initially, we hypothesized that tubular AIM2 plays a 

role in tubular cell death and inflammation. To examine a potential role of AIM2 in acute tubular 

injury, we performed kidney IRI in wild type and Aim2-/- mice. 

 

The IRI-induced kidneys displayed severe tubular damage involving loss of proximal tubular brush 

border, cell blebbing, vaculolization, tubular necrosis near the corticomedullary junction. 

Following IRI (figure 4a), there was no significant difference in severity of tubular damage 

between wild-type and Aim2-/- kidneys (figure 4.7b). Tubular injury score in damaged kidneys 

was not significantly different between the groups (figure 4.7c). Indirect immunofluorescence 

probing for mKim-1 confirmed the tubular injury scoring data observed in wild-type and Aim2-/- 

mice (figure 4.7d). Overall, our in vivo studies display no significant role of Aim2 in the IRI model 

of kidney injury. 
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Figure 4.7. Regulation of tubular injury by AIM2 in murine renal ischemia-reperfusion 

injury in vivo model (a) A schematic diagram illustrating the procedure of renal IRI in mouse. (b) 

Periodic Acid Schiff staining in IRI-induced kidneys from wild-type and Aim2-/- mice. (c) Tubular 

injury score on IRI-induced mice. (d) Indirect immunofluorescence probing for LTL and mouse 

mKim-1 on IRI-induced kidneys. Data shows no significant different between the groups. 
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Discussion 

In this study, we aimed to characterize AIM2 in tubules and the involvement of tubular AIM2 in 

kidney injury. Our data shows that distal tubular epithelial cells express AIM2. Subcellular 

localization of AIM2 was found either in nucleus or endoplasmic reticulum in TEC depending on 

the tubular cell type. We hypothesized that tubular AIM2 regulates tubular fibrosis and apoptosis 

during kidney diseases. Similar to NLRP3, we found that AIM2 deficiency attenuated Smad 

phosphorylation and αSMA induction following TGFβ treatment in tubular epithelial cells. 

However, AIM2 did not regulate caspase-8 activation during extrinsic apoptosis. Furthermore, 

deficiency of AIM2 did not affect tubular injury in a murine renal ischemia-reperfusion injury 

model. These results suggest a potential role of tubular AIM2 in fibrosis but not tubular apoptosis. 

Further research is needed to better understand the biology of AIM2 in this compartment of the 

kidney. 

 

AIM2 is best known as an innate immune sensor for dsDNA that forms inflammasomes via ASC 

and caspase-1 and maturates cytokines in immune cells [4, 5]. In addition to canonical function of 

AIM2 to regulate inflammasome activation, AIM2 has gained more recognition as a tumor 

suppressor in non-hematopoietic cells [7, 14]. Despite emerging studies that demonstrate a novel 

function in various tissues, AIM2 biology is completely unknown in the kidney. In this work, we 

continued to characterize non-canonical AIM2 in tubular epithelium. After confirming that AIM2 

was expressed primarily in distal tubules (and to a lesser extent proximal tubules), we have further 

investigated the cell biology of tubular AIM2 and a potential function during kidney injury. 

Immunocytochemistry probing for AIM2 displayed localization to both nucleus and ER in primary 

human tubular epithelial cells, whereas AIM2 localized to nucleus and cytoplasm in THP-1 cells.  
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This data suggests cell specific expression AIM2 may be due to different function. Moreover, 

heterogeneous TEC expressing AIM2 in different cellular compartments (nucleus or ER) also 

suggests a differential role in tubules. More work is required to identify how AIM2 expression and 

localization is differentially regulated in proximal and distal tubules. The function of AIM2 in 

tubular cells remains unclear. While we did not observe a significant effect in cell death or 

canonical inflammasome formation, given the understanding of AIM2 function in podocytes, it is 

possible that AIM2 also regulates gene expression and proliferation in tubular epithelial cells 

during injury. Proximal tubules mostly regulate reabsorption whereas distal tubules regulate pH 

and ion concentration such as potassium and calcium. It is of interest to explore whether tubular 

AIM2 regulates ion channels essential for homeostasis. Additionally, it will be also interesting to 

test whether AIM2 plays a role in ER stress-mediated cellular injury since AIM2 localizes to ER 

in certain population of TEC. Further study is required to dissect mechanisms for subcellular 

localization and its potential function. 

 

Renal IRI is a common clinical problem results from impaired supply of oxygen and nutrient 

delivery to cells of the kidney. As a result, the renal tubular epithelium located near 

corticomedullary capillaries is most susceptible to tubular apoptosis and necrosis [13]. In our IRI 

model, tubular epithelial cells displayed similar loss of brush border, cell death and tubular atrophy 

in wild type and Aim2-/- mice verified by PAS staining and tubular injury score. These data are 

consistent with the in vitro data showing that Aim2 did not play a role in extrinsic apoptosis. There 

are several other explanations for the in vivo data. Firstly, Aim2 inflammasome may not be 

activated or playing a limited role in this injury model. Shigeoka et al. demonstrated limited role 

of Nlrp3 inflammasome in renal IRI injury but tubular NLRP3 regulating cell death [15]. Although 
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necrotic cell-derived DAMP including dsDNA may be a ligand for Aim2 activation, our data does 

not support a potential role of Aim2 inflammasome during IRI. Mice lacking Aim2 gene still 

express intact NLRP3 in tubules which contribute to disease progression. Secondly, we performed 

single nephrectomy prior to inducing ischemia on the contralateral kidney to induce greater 

damage. It is possible that the injury was too severe to detect a difference attributable to Aim2. 

Thirdly, our kidney harvest time (24 hr) might have been too short for tubular epithelial cells or 

infiltrating leukocytes to upregulate Aim2 or a canonical Aim2 inflammasome. Studies have 

reported that infiltrating neutrophils and NKT cells in IRI-induced kidney secrete IFNγ [16], which 

may upregulate tubular Aim2. This is consistent with our finding that tubular Aim2 was 

upregulated in the biopsies from ATN and IgAN patients. It is possible that upregulation of tubular 

Aim2 may be pre-requisite to exert an effect during tubular death. In order to study a role of AIM2 

in tubular cell death in vivo, a modification of protocol is necessary. Single or bilateral IRI for a 

longer period (at least 3 days) including recovery phase will be more appropriate. 

 

Aside from cell death, our data shows that AIM2 promotes TGFβ signaling and Smad 

phosphorylation in renal epithelium that contributes to the process of EMT. As we previously 

reported, inflammasome proteins including Nlrp3, Asc and Aim2 appear to regulate TGFβ 

pathways [17]. Studies have shown that TGFβ signaling is modulated by phosphorylated Akt [18].  

Since absence of Aim2 has been shown to induce hyper phosphorylation of Akt in the literature [7, 

14], we tested whether Akt phosphorylation is more induced in the wild-type and Aim2-/- TEC 

after TGFβ treatment. We hypothesized that reduced Smad 2 phosphorylation is mediated by hyper 

Akt phosphorylation in the Aim2-/- TEC. However, our data did not support our hypothesis as 

there was no significant difference in p-Akt between wild-type and Aim2-/- TEC following TNFα 
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or TGFβ treatment. The exact mechanism by which AIM2 modulates Smad phosphorylation and 

αSMA induction in epithelial cells remains elusive. It may be more relevant to test an in vivo 

chronic kidney injury model that involves tubular damage and fibrosis such as unilateral ureteral 

obstruction model [1], to better understand tubular AIM2 pathophysiology. These studies are 

ongoing in our laboratory. 

 

 In conclusion, we demonstrate that AIM2 is expressed by distal/proximal tubules and up-regulated 

during injury. Aim2 promotes pro-fibrotic TGFβ signaling and EMT in tubular epithelial cells. 

These observations, in addition to the podocyte data are consistent with an overarching non-

canonical role for AIM2 to regulate gene expression and cell phenotype in the kidney rather than 

the inflammasome. 
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Supplementary Figure 4.1. Increased AIM2 expression in UUO-induced kidneys. AIM2 

expression in mouse kidneys after 3, 7, 14, 28 and 42 days after UUO was increased. Contralateral 

kidneys are used as controls. 
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Supplementary Figure 4.2. AIM2 expression, localization and regulation in tubular epithelial 

cells using custom AIM2 antibody (a) Immunoblot for AIM2 in human tubular epithelial cells 

after treatment with IFNγ (1, 10, 100 ng/ml) for 24 hours. THP-1 were used as control (b) AIM2 

(green)/GORASP2 (red) in PMA-differentiated THP-1 cells treated with and without IFNγ (100 

ng/ml) priming for overnight. (c) AIM2 (green)/GORASP2 (red) in primary tubular epithelial cells 

treated with and without IFNγ 
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Chapter IV. Discussion and Summary 

Discussion 

NLRP3 and AIM2 are inflammasome-forming proteins that have been mostly studied in 

leukocytes. Canonical NLRP3 or AIM2 inflammasomes regulate cytokine maturation and 

pyroptosis via caspase-1 activation (1). Previously, studies using Nlrp3-/- or Aim2-/- mice have 

described that dysfunctional or inappropriate canonical inflammasome activity contributes to 

disease progression (2-4). A played role for NLRP3 inflammasomes in tubular injury, 

inflammation and fibrosis have been demonstrated in multiple studies that include ischemia/ 

reperfusion injury, diabetic nephropathy, unilateral ureteral obstruction, diet-induced nephropathy 

and calcium oxalate-induced renal injury (5-9). However, emerging studies have revealed that 

NLRP3 expression is not only confined to myeloid cells that activate inflammasome but also in 

tubular epithelial cells.  Inflammasome-independent function of these proteins contributing to the 

progression of kidney diseases has not been defined (5,10-12).  

 

The ultimate goal of this PhD project is to establish a non-canonical function of NLRP3 and AIM2 

in kidney diseases. Our lab was the first group to demonstrate deficiency of Nlrp3 protected 

kidneys from tubular injury, inflammation and fibrosis using in vivo unilateral ureteral obstruction 

model (6). In this study, we also proposed that tissue protection in the Nlrp3-/- mice was not solely 

due to inhibition of canonical Nlrp3 inflammasome activation (6). The subsequent studies have 

shed light on a role for tubular Nlrp3 that appeared to regulate tubular death, although the precise 

mechanism had not been identified (5,11). With regards to AIM2, it has been reported to play a 

non-canonical role in regulating tumourigenesis (13,14), however, AIM2 biology in non-myeloid 

cells in the kidney is entirely unknown. Together these two outstanding issues formed the rationale 



199 
 

for this thesis. As such, emerging studies highlight underestimated role of NLRP3 and AIM2 

independent of inflammasome activation and suggest a necessity to pursue thorough 

characterization of these proteins in the kidney cells. A new perspective on the biology of NLRP3 

and AIM2 is required to better understand disease pathogenesis and design specific therapies. 

 

(chapter two) In chapter two, our investigation for a non-canonical function of NLRP3 stemmed 

from the observation that classical NLRP3 activators such as ATP or nigericin did not form 

canonical inflammasomes and regulate cytokine maturation in tubular epithelial cells (TEC) 

despite significant expression of NLRP3 and caspase-1 in this cell type. Rather, we observed 

reduced caspase-8 activation in TEC lacking Nlrp3 gene during death receptor-mediated apoptosis. 

We explored the mechanism by which tubular NLRP3 regulates extrinsic apoptosis. Our approach 

was to perform in-depth characterization of NLRP3 biology (expression, localization and 

regulation) in both macrophages and TEC during extrinsic apoptosis. The main differences we 

identified in TEC were i) NLRP3 mainly localizes to mitochondria at baseline and ii) TEC are type 

II cells that involve intrinsic apoptosis to fully execute apoptosis. The key finding in this study 

was that NLRP3 formed a conserved complex with ASC and provided a platform for caspase-8 

activation at the mitochondria during apoptosis by subcellular fractionation studies and by 

confocal microscopy. The assembly of NLRP3-ASC-caspase-8 complex, which regulates 

apoptosis, was also observed in leukocytes lacking caspase-1 activity following NLRP3 or AIM2 

inflammasome activation (15,16). 

There is evidence for a tight relation between NLRP3 and caspase-8 activation at the mitochondria. 

NLRP3 has been shown to interact with cardiolipin, which acts as an anchor and activating 

platform for caspase-8 in the mitochondria in type II apoptotic cells (17). Further, mitochondrial 
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antiviral signaling (MAVS) protein, which is known to interact with NLRP3 forms as a platform 

for caspase-8 activation (18). Our data collectively demonstrated that NLRP3 localization to 

mitochondria is essential to promote caspase-8 activation and apoptosis in tubular epithelial cells. 

Thus, conceptually, it would appear that NLRP3’s main function is to regulate platforms for 

caspase activation, where the specific caspase involved is cell type dependent. 

Overall, our work in this chapter identified cell-type and context-specific role of NLRP3 and 

highlighted ongoing crosstalk between inflammasome and apoptosis machinery in the cells. Our 

study supports the notion that both canonical (in leukocytes) and non-canonical (tubular epithelial 

cells) functions of NLRP3 contribute to kidney disease progression. The summary of NLRP3 

localization and function in leukocytes and tubular epithelial cells is displayed in Table 1 below. 

 

 Macrophages Tubular epithelial cells 

NLRP3 Localization Cytoplasm Mitochondria 

Activators 
DAMP 

(e.g., ATP) 
TNFα/CD95 

Effector caspase Caspase-1 Caspase-8 

Function Cytokine, pyroptosis Apoptosis 

Classification Canonical Non-canonical 

Multiprotein complex Inflammasome Non-canonical apoptosome 

 

Table 1. NLRP3 localization and function in macrophages and epithelial cells 
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(chapter three) We next focused on to characterization of AIM2, another inflammasome-forming 

protein that is expressed by kidney. To date, there has been no reliable literature dissecting AIM2 

biology in the kidney diseases. Therefore, we aimed to define expression and localization of AIM2 

in the normal kidney. Unexpectedly, AIM2 expression was predominantly detected in podocytes 

in the glomerulus. In biopsies from patients with anti-GBM crescentic glomerulonephritis (GN), 

we found that AIM2 expression was decreased concurrently with podocyte markers by indirect 

immunofluorescence confocal microscopy. Interestingly, a subset of podocytes that co-express 

AIM2 and CD44, a marker for activated parietal epithelial cells, was found in the cellular crescent. 

This data suggested an involvement of AIM2-expressing podocytes in the crescent formation. 

Despite many attempts using lineage tracing methods, the origin of the activated parietal cells in 

the crescent remains controversial. Several studies have identified podocyte as a source of 

proliferating parietal cells in crescentic GN or focal segmental glomerulosclerosis (19-21). To 

investigate a potential link between AIM2 and crescent formation, we performed nephrotoxic 

serum (NTS)-mediated experimental anti-GBM murine glomerulonephritis model in wild-type 

and Aim2-/- mice. In response to podocyte injury by NTS injection, we were not able to find 

evidence for Nlrp3 or Aim2 inflammasome activation, as previously described (22). However, 

Aim2-/- mice displayed increased glomerular crescent formation, exacerbated tubular injury and 

inflammation, and worse renal function compared to wild-type controls.  Our in vivo data further 

showed an increased population of cells, transitional or co-expressing cells with both podocyte 

(Wilm’s Tumor gene-1, WT-1) and activated parietal cell (CD44) markers. 

Our in vitro primary cultured podocytes demonstrated that Aim2-/- cells proliferated significantly 

faster than wild-type podocytes, supporting a role for Aim2 in maintaining cellular phenotype.  

Interestingly, one of podocyte maturation markers, Nphs2, was lost in Aim2-/- podocytes. Our 
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data also supports the paradigm that injured podocytes can re-enter cell cycle and transdifferentiate 

into activated parietal cells in the progression of crescentic GN. It is likely that AIM2 is required 

to maintain podocyte phenotype and suppress proliferation in podocytes.  

In our attempts to explore a link between AIM2 and podocyte maturation, we demonstrated that 

AIM2 potentiated a transcriptional activity of WT-1, a master gene regulating podocyte maturation 

and phenotype by luciferase assay. Despite we were not able to demonstrate exact mechanisms by 

which AIM2 regulates maintenance of podocyte phenotype, it is speculated that AIM2 may 

potentiate WT-1 activity through regulation of interacting partners such as Akt. While a positive 

correlation between WT-1 and Akt in the context of cancer has been reported (23), recent studies 

demonstrated that chronic hyperactivation of survival or proliferation signaling such as Akt or 

MAPK can have a negative impact on cell survival and WT-1 expression in terminally 

differentiated cells that include cardiomyocytes and neuronal cells (24,25). Likewise, it is possible 

that Akt hyper-phosphorylation in Aim2-/- mice may trigger downregulation of WT-1 expression 

or reactivation of cell cycle in podocyte that lead to loss of podocyte phenotype. Given that AIM2 

can regulate Akt phosphorylation and cell proliferation (13), AIM2 may ultimately potentiate WT-

1 by suppressing hyper-phosphorylation of Akt during podocyte injury (figure 5.1). 

Due to the nature of podocytes that do not proliferate in vivo, our in vitro studies using 

overexpression studies or proliferating podocytes display difficulties in direct data interpretation 

and elucidation of exact mechanisms. Further studies will be required to investigate additional 

potential mechanisms by which AIM2 plays a role in maintenance of podocyte phenotype. 

Our work in chapter three highlights a non-canonical function of AIM2 regulating podocyte 

maturation and trans-differentiation to activated parietal epithelial cells during injury in podocytes. 
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In consistent with NLRP3 in epithelial, detection of AIM2 in podocytes designated a cell-type and 

context-specific biological function independent of inflammasome activation. 

 

  

Figure 5.1. A proposed model of AIM2 function in podocyte injury A proposed model from 

our in vivo NTS model study and in vitro podocyte culture work. AIM2 is hypothesized to 

potentiate WT-1 activity and expression which results in maintenance of podocyte identity by 

potentially suppressing hyper-phosphorylation of Akt during podocyte injury. In the absence of 

AIM2, Akt may be constitutively hyper-phosphorylated and which can negatively regulate WT-1 

expression and loss of podocyte phenotype. Further, sustained proliferation signal by AIM2 

deficiency may trigger i) reactivation of cell cycle and mitotic catastrophe in podocytes or ii) 

potentiate transdifferentiation into parietal cells and contribute to crescent formation. 

 

(chapter four) In addition to podocytes, we detected tubular AIM2 expression at a low level in the 

normal human kidney by immunofluorescence confocal microscopy in the normal human kidney. 

It was our intention to characterize tubular AIM2 in kidney diseases since we observed increased 

AIM2 in tubules in human biopsies with acute tubular necrosis (ATN) and IgA nephropathy. We 

found that AIM2 localized mainly to distal tubules in the human kidney. Importantly, tubular 

AIM2 did not have ability to form inflammasome by dsDNA transfection, suggesting AIM2 may 

play a distinct role in disease progression independent of inflammasome activation. 
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We tested whether AIM2 regulates caspase-8/extrinsic apoptosis or fibrosis signaling in TEC as 

described in Nlrp3-/- TEC (10,26). Unlike Nlrp3, Aim2 did not regulate caspase-8 activation 

during TNFα/CHX-mediated apoptosis. Consistent with this finding, we did not detect a 

significant difference in tubular injury between wild type and Aim2-/- mice undergoing kidney 

ischemia-reperfusion injury in vivo. Considering a low expression of Aim2 in TEC at baseline, 

upregulation of Aim2 might have been a pre-requisite to regulate cell death pathways. However, 

TGFβ-mediated Smad phosphorylation and αSMA induction were significantly reduced in Aim2-

/- TEC. Although the precise mechanism remains to be determined, Aim2’s role in promoting 

TGFβ signaling and EMT is again consistent with its potential role in modulating cellular gene 

expression. Evaluation of AIM2 biology in a model of renal fibrosis would be required to confirm 

the significance of this in vitro observation. 

Although an involvement of canonical AIM2 inflamamsomes was not observed in our in vivo 

ischemia-reperfusion injury models, it is still possible that modification of the current protocol or 

use of a different disease model system may uncover a canonical function for AIM2 in renal 

inflammation and disease. AIM2 localization and function in leukocytes, podocytes and epithelial 

cells are summarized in table 2 below (Table 2). 

Taken together, our work in chapter four demonstrated that Aim2 promotes pro-fibrotic TGFβ 

signaling and EMT in tubular epithelial cells. Further studies on AIM2 characterization in tubular 

epithelial cells will be required to elucidate underlying mechanisms behind our observation.  In 

addition, our findings in TEC may suggest an additional non-canonical role of AIM2 in podocytes 

that regulates TGFβ signaling. The overall observations are consistent with overarching non-

canonical roles for NLRP3 and AIM2 in the kidney independent of inflammasome activation. 
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 Leukocytes Podocytes Tubular epithelial cells 

AIM2 

expression 
+++ ++++ + 

Activators dsDNA undefined undefined 

Multiprotein 

Complex 

Yes 

Inflammasome 
No No 

Function Cytokine, pyroptosis 
Maturation, 

Proliferation 
Proliferation? 

Disease 
Tubulointerstital 

inflammatory diseases 
Glomerular diseases Fibrosis? 

Classification Canonical Non-canonical Non-canonical 

 

Table 2. AIM2 localization and function in macrophages, podocytes and epithelial cells. 

 

 

Overall, our work challenges the current paradigm that inflammasome is a dominant player 

contributing to the kidney diseases. In chapter two, a non-canonical function of tubular NLRP3 in 

regulation of caspase-8 activation and apoptosis displays a necessity to examine a relative 

contribution made by canonical NLRP3 inflammasome in leukocytes or non-canonical Nlrp3 in 

tubular epithelial cells to disease progression. It is possible that tubular NLRP3 may play an 

ultimate role in disease progression. Additionally, AIM2 detection in podocytes lacking 

inflammasome activity further support a non-canonical function of AIM2 in podocyte maturation. 

Although our in vivo anti-GBM model did not show inflammasome activation, our ongoing studies 

using unilateral ureteral obstruction (UUO) model in the lab demonstrate Aim2 inflammasome-

dependent tissue injury contributing to chronic kidney diseases. It appears that non-canonical 

Aim2 in podocytes plays a dominant role in anti-GBM injury model. Again, our data highlights a 
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tissue-type and context-specific role of NLRP3 and AIM2 through regulation inflammasome-

dependent or inflammasome-independent processes that both contribute to progression of kidney 

diseases. Studies using knockout mice need to carefully examine expression and role of Nlrp3 or 

Aim2 in different kidney-cell types since a non-canonical role of these proteins may play a more 

important role. A use of tissue-specific conditional knockout mice using Cre-LoxP technology 

(e.g., Nlrp3-/- in TEC or AIM2-/- in podocyte only) will further help to understand NLRP3 and 

AIM2 biology and which will help to design a more specific therapy. 

 

It is interesting that human tubular epithelial cells do not activate caspase-1/inflammasome 

although all inflammasome components are expressed in TEC. What is the fundamental difference 

between macrophages and tubular epithelial cells in NLRP3 activation? Several post-translational 

modification mechanisms have been shown to activate NLRP3 in leukocytes (17,27,28). Unlike 

macrophages, tubular NLRP3 or ASC may lack some critical activation signals  to efficiently form 

a platform to recruit caspase-1 (29,30) or actin-cytoskeleton in tubules may not allow migration of 

caspase-1 to NLRP3-ASC complex. Since caspase-1 biology in human TEC which shows 

dissimilar activation properties compare to macrophages, identifying post-transcriptional or post-

translational modification of tubular NLRP3, ASC and caspase-1 will further help our 

understanding of NLRP3 biology in tubular epithelial cells. Similarly, studies have shown AIM2 

activation mechanism that auto-inhibited PYD docking to HIN200 domain gets released after 

DNA binding to HIN200 domain in leukocytes (31). It should be examined whether AIM2 in 

podocytes or tubular cells displays structural differences (e.g., isoforms) compared to leukocytes 

since biochemical or confocal microscopy is generally unable to define post-translational 

modifications. This undefined modification may be a determining factor for NLRP3 and AIM2 
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localization and non-canonical functions. In this context, our work opens up new research question. 

Since NLRP3 is localized to the mitochondria, additional functions may also exist in mitochondrial 

biology. In fact, studies from our group demonstrated reduced mitochondrial ROS formation in 

Nlrp3-/- cells (32). Determining exact localization of NLRP3 and identification of interacting 

proteins will be necessary to dissect NLRP3 biology in TEC and mitochondria. Furthermore, it 

will be of interest to characterize caspase-1 biology in human TEC, which shows dissimilar 

activation properties compare to macrophages. Identifying post-transcriptional or post-

translational modification of caspase-1 that regulates its function in a cell-specific manner will 

further help our understanding of NLRP3 inflammasome regulation in leukocytes as well as non-

hematopoietic cells. 

 

Interestingly, caspase-11 is expressed by mouse tubular epithelial cells that can cleave gasdermin 

D (GSDMD) and induce pyroptosis. While GSDMD expression needs to be examined in kidney-

derived cells including podocytes, inactivation of inflammatory caspases (-1, and -11) in 

parenchymal cells may be a protective mechanism beneficial to the host. 

Additionally, this PhD project demonstrates compartment specific localization and function of 

NLRP3 (tubules) and AIM2 (glomerulus) in the kidney diseases. There is no doubt that both 

canonical and non-canonical functions of each protein in their compartments collectively regulates 

host response to renal injury. It will be also interesting to determine effect of double gene 

deficiency in Nlrp3 and Aim2 genes in the progression of kidney diseases. Studies using mice 

lacking both genes demonstrated a critical and concerted role of these sensors as immune 

surveillance system to limit dissemination of pathogens (Aspergillus). It appears that both genes 

potentially crosstalk and are required to protect host in context of infection. (33,34). Kidneys are 
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sterile organs where sterile injury provokes renal inflammation and fibrosis. Considering 

dysregulated inflammatory responses in response to DAMP are dominant than PAMP, it is 

speculated that dual gene deficiency will display better outcome than single gene knockout in 

response to renal injury: i) “Canonical” Nlrp3 and Aim2 inflammasome activation and 

inflammasome-regulated pro-inflammatory cytokine production will be largely decreased that 

probably reduce burden to renal injury. ii) As we previously demonstrated that single gene 

deficiency of Nlrp3 or Aim2 modulated TGFβ signaling (figure 4.5), “non-canonical” Nlrp3 or 

Aim2-mediated tubular death or fibrosis signaling may also be largely downregulated. Further 

studies are required to dissect mechanisms by which AIM2-mediated TGFβ signaling is dependent 

or independent of NLRP3. However, we cannot exclude possibilities that dual gene deficiency 

may attenuate leukocyte recruitment to the site of injury, delay clearance of necrotic tissue and 

trigger more tissue injury. Moreover, there may be no effect if both proteins have opposing effect 

by “yet-to-be identified roles” other than regulating apoptosis under certain circumstances. Prior 

to targeting both genes, it will be necessary to define whether a kidney disease is inflammasome-

dependent or independent. 

 

In this current study, we were not able to demonstrate full details of the mechanisms behind our 

observation how exactly AIM2 regulates WT-1 activity due to limited reagents and time. It has 

been shown that WT-1 can be promoted by phosphorylation such as PKA, PKC and Akt (35,36). 

Since AIM2 is reported to down-regulate Akt phosphorylation, p-Akt-mediated WT-1 activation 

will not fit in this context. However, it should be noted that a role of WT-1 has been widely 

explored in cancer cells while podocytes are post-mitotic cells. Podocyte-specific studies including 

expression, regulation and function of WT-1 and AIM2 needs to be further carried out. 
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Furthermore, this study opens up new research questions how AIM2 in podocytes will regulate 

TGFβ signaling in conjunction with WT-1, which may play a huge role in diabetic nephropathy 

(37). To support this, studies using latest technologies such as kidney organoid and intravital 

microscopy using podocyte-labelled mice needs to be performed. 

 

Summary 

In summary, this PhD thesis project has elucidated cell-type and context-specific function of 

NLRP3 and AIM2 in the kidney diseases. In-depth characterization of these genes in different cell 

types in the kidney further provided insight and evidence of distinct roles of NLRP3 or AIM2 in 

kidney diseases. Canonical NLRP3 inflammasomes contribute to disease progression by releasing 

pro-inflammatory cytokines such as IL-1β or IL-18 that ultimately damage renal tissue. Non-

canonical function of NLRP3 in regulation of caspase-8 and apoptosis also contributes to kidney 

injury. Similarly, non-canonical AIM2 in podoytes regulates podocyte maturation and 

transdifferentiation into activated parietal epithelial cells in crescentic glomerulonephritis instead 

of forming inflammasomes. Our work has confirmed multifunctional properties of these proteins 

in different compartment of the kidney and shed light on necessity for further characterization of 

cell biology of these sensors contributing to pathogenesis of different types of kidney diseases. 

The more understanding of cell-type dependent function NLRP3 or AIM2 will offer better 

opportunities to design specific therapeutics. 
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