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Abstract 

Allogeneic bone marrow transplantation (BMT) is an effective curative therapy 

for the majority of haematological malignancies and severe immunodeficiencies. 

The therapeutic potential of this procedure arises from the graft-versus-

leukaemia (GVL) effect, which eradicates recipient malignancy after BMT and is 

mediated by donor T and natural killer (NK) cells. Unfortunately, GVL effects are 

inextricably linked to graft-versus-host disease (GVHD), the major cause of 

transplant-related mortality. GVHD manifests in two forms; acute and chronic 

GVHD. During acute GVHD, the skin, gastrointestinal tract, and liver are 

preferentially damaged by the transplanted donor immune system. Chronic 

GVHD generally develops in the later phase after transplant characterised by 

end-organ fibrosis. In the early stages of GVHD, donor T cells react to recipient-

derived alloantigens presented predominantly by recipient antigen-presenting 

cells (APCs). Additionally, the success of transplant outcome is also determined 

by the potential for graft failure due to responses against donor 

immunohaematopoietic cells by recipient T or NK cells. Thus, there remains a 

clear need for greater understanding of the factors which lead to GVHD, 

associated opportunistic infection and disease relapse. Ultimately the aim is to 

reduce GVHD and associated immune deficiency whilst promoting the 

immunological clearance of leukaemia. 

 

Inflammasomes are multi-protein complexes which facilitate activation of pro-

inflammatory caspases, resulting in the cleavage of pro-IL-1β and pro-IL-18 to 

their active moieties. Dysregulation of inflammasome activity leads to 

uncontrolled inflammation, a feature of GVHD. While studies hitherto have 

shown that inflammasome activation modulates immune responses, the aim of 

our studies was to investigate the effect of inflammasomes in GVHD, GVL as 

well as graft rejection. The inflammasomes consist of different families identified 

by their unique Nod-Like-Receptor-Proteins (NLRP) recognising a range of 

stimuli, a universal adaptor protein (ASC) and procaspase-1. The adaptor 

protein ASC is known to facilitate caspase-1 activation essential for innate host 

immunity via the formation of the inflammasome complex - a multi-protein 

structure responsible for processing IL-1 and IL-18 to their active moieties. IL-1 
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is one of the major pro-inflammatory cytokines involved in GVHD induction. 

Importantly, production of pro-IL-1β and pro-IL-18 is induced by innate 

signalling involving Toll-like receptors and MyD88 which are known to be 

enhancers of GVHD. To understand the contribution of the inflammasome to 

GVHD, we utilised various inflammasome subunit knockout mice as BMT 

recipients or donors. A recent single study reported a critical role for the NLRP3 

inflammasome in GVHD albeit the study presents several caveats. From our 

studies, we demonstrate that recipient inflammasomes have a partial 

contribution to mortality and that recipient ASC also signals independent of the 

inflammasome as NLRP3-/- and caspase-1-/- recipients do not exhibit identical 

phenotypes. 

 

Previous studies have demonstrated a role for ASC in both inflammasome-

dependent and independent diseases including infectious and autoimmune 

diseases. Here we report for the first time, a unique inflammasome-independent 

role for ASC in the control of transplant outcome following allogeneic BMT. We 

demonstrate that ASC-deficient donor CD8+ T cells fail to induce GVHD lethality 

due to an inability to differentiate into fully cytolytic effectors after BMT, with a 

developmental bias instead towards CD127+KLRG1neg memory CD8+ T cells. 

Despite this, graft-versus-leukaemia effects against BCR-ABL NUP98/HOXA9 

primary leukaemia remained largely intact. This phenomenon was 

inflammasome-independent, since GVHD lethality and T cell differentiation were 

not altered in recipients of caspase-1-deficient or MyD88/TRIF-deficient or IL-

1R-deficient T cells. 

 

In our studies of graft rejection, we utilised a model of bone marrow rejection 

and observed that the absence of ASC expression in recipient CD8+ T cells 

profoundly decreased graft rejection and was permissive of robust engraftment 

across MHC barriers and long-term survival. 

 

Taken together, these findings demonstrate an inflammasome-independent role 

for ASC in controlling GVHD and graft rejection while maintaining GVL effects 
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long-term. Thus, the inhibition of ASC in the clinic represents an important new 

therapeutic target to manipulate transplant outcomes. 
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Chapter 1: Introduction 

1.1. Bone marrow transplantation 

Allogeneic bone marrow transplantation (BMT) is the major curative therapy for 

many haematological malignancies. Chemotherapy and/or radiation therapy 

serves to kill off fast-dividing tumour cells but this is offset by the simultaneous 

clearance of rapidly-dividing bone marrow (BM) cells. Lorenz and colleagues1 

demonstrated that BM transfusion rescues mice following radiotherapy and 

consequently enabled effective haematopoietic reconstitution and tumour-free 

survival. More commonly nowadays, the donor is administrated granulocyte-

colony-stimulating factor to mobilise haematopoietic stem cells (HSCs) from the 

BM to the periphery2, 3. Following that, donor HSCs are then harvested by 

apheresis and infused into the recipient intravenously where they migrate to 

bone cavities and engraft to restart the blood cell-forming process by 

developing into 3 types of blood cells: leukocytes, erythrocytes or platelets4, 5, 6. 

Over time, the donor cells reconstitute the recipient’s immune system. The 

powerful effect of BMT comes from the graft-versus-leukaemia (GVL) effect 

whereby donor natural killer (NK) cells and CD8+ and CD4+ T cells have the 

capacity to eradicate host tumour cells7. However, a significant impediment to 

the wider application of BMT is due to the major complication called graft-

versus-host disease (GVHD), which arises from this procedure. GVHD results 

from an immunological attack on recipient tissue induced by allogeneic donor T 

cells present in the donor graft. The development of GVHD can be influenced 

by a number of factors: recipient age, intensity of the conditioning regimen, 

composition of the donor graft and also prophylaxis approaches8, 9. 

 

1.1.1. Graft-versus-host disease (GVHD) 

Clinical GVHD may be classified into one of the two forms: acute or chronic 

GVHD. Acute GVHD (aGVHD) is defined as GVHD occurring usually within 100 

days post-transplant while chronic GVHD (cGVHD) is more delayed with 

development later than 100 days. Differences such as the time of onset and 

clinical manifestations suggest aGVHD and cGVHD arise from very different 

immunopathological mechanisms although it is possible for presentation of both 
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aGVHD and cGVHD features at the same time10. The pathological feature of 

aGVHD is the proliferation of alloreactive donor T cells in response to the pre-

transplant conditioning. These donor T cells, which are responsible for initiation 

of disease, recognise major histocompatibility complex (MHC) I or II: peptide 

complexes on host cells and infiltrate target organs, primarily the 

gastrointestinal tract, skin and liver11, 12. In contrast, cGVHD resembles collagen 

vascular diseases with the hallmark characteristic being fibrosis in target organs 

such as the skin (scleroderma) and lungs (bronchiolitis obliterans) 13. Most of 

the deaths following cGVHD occur due to complications from opportunistic 

infections as a result of immunosuppression. While aGVHD has been thought to 

be mainly T helper 1 (Th1) and Th17 immune-driven, cGVHD has been 

associated with a Th2 response given its autoimmune disease-like features. 

Additionally, it has been reported that mobilisation of HSCs by G-CSF induces 

Th17-mediated scleroderma14. However, the contribution of each type of 

immune response to the development of either form is still not clear15, 16. 

Although there has been much progress in the field, GVHD still remains a major 

barrier to successful transplantation. 

 

1.1.2. Graft-versus-leukaemia (GVL) 

Following Billingham and colleagues’ observations for GVHD development, 

another group reported a possible anti-leukemic effect from haematopoietic 

engraftment in a patient with acute lymphoblastic leukaemia17. The biggest 

challenge in successful transplantation is segregating GVHD from GVL by the 

identification of specific molecules expressed by leukemic cells. Previous 

attempts to reduce GVHD include transplanting T-cell depleted grafts although 

this increased the incidence for leukemic relapse18. Another approach has been 

the use of delayed donor lymphocyte infusion on the basis of allowing the initial 

pro-inflammatory environment to subside thus allowing for less donor T cell 

activation. In mouse studies, delayed T cell transfer preserved the GVL effect 

with little GVHD evident19. However, the crucial timing for this transfer adds to 

the complexity in the attempt to elicit maximal GVL response20. Other 

approaches have also included escalating the donor lymphocyte dose post-
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transplant21, depletion of certain donor DC subsets22, and also enhancement of 

specific cell types e.g. NK cells23 could enhance GVL with minimal GVHD. In 

addition to cell manipulation, other means to augment GVL involve 

pharmacological intervention and potentially cytokine blocking although these 

have not been formally proven. Thus, there is a need for effective therapeutic 

approaches so as to minimise GVHD whilst maintain the GVL effect. 

 

1.2. GVHD pathophysiology 

According to Billingham and colleagues24, GVHD is classically defined by three 

criteria: 1) the inability of the recipient to reject the graft; 2) the presence of 

immunocompetent cells in the graft and 3) incompatibility between the donor 

and recipient’s set of proteins (human leukocyte antigens (HLA)). The complex 

interactions involved in the development of GVHD occurs over multiple phases. 

The first phase primarily involves tissue injury primarily to the gastrointestinal 

tract induced by the conditioning regimen which promotes activation and 

maturation of antigen-presenting cells (APCs) in conjunction with the release of 

lipopolysaccharide (LPS) and pro-inflammatory cytokines (tumour necrosis 

factor; TNF and interleukin-(IL)-1 and IL-6) into systemic circulation25, 26 (Figure 

1.1). During the second phase, activated host APCs stimulate amplification of 

donor T cells (Figure 1.1). Host APCs subsequently undergo apoptosis post-

transplantation and donor APCs present host antigen peptides to donor T cells 

which further drive T cell activation. The third phase involves the effector 

functions of the differentiated donor T cells (Figure 1.1). Activated monocytes, 

which have been primed by T helper 1 (Th1) cytokines, secrete pro-

inflammatory cytokines and their migration to target tissue induces injury. 

Additionally, effector CD8+ donor T cells directly induce target cell lysis via a 

combination of cell surface and soluble effector molecules e.g. TRAIL, Fas 

ligand, perforin and granzymes. 
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Figure 1.1 - Pathophysiology of GVHD 

The pathophysiology of GVHD can be divided into three phases. In the first 

phase, pre-transplant conditioning induces tissue injury in the gastrointestinal 

tract which leads to the release of TNF and LPS. These molecules in turn 

activate host APCs. In the second phase, host APCs actively stimulate donor T 

cells to cause rapid T cell proliferation. Host APCs subsequently undergo 

apoptosis and donor APCs take over to present host peptides. The third phase 

involves effector functions of activated donor T cells. As these T cells migrate 

systemically, pro-inflammatory cytokines are further released. Additionally, 

effector CD8+ donor T cells induce target cell lysis through a variety of effector 

molecules. 

 

1.2.1. APCs and co-stimulation 

Different APC subsets, both donor and host, contribute to the development of 

GVHD differently with numerous studies providing contrasting views of the 

importance of each one. Initial studies to dissect the mechanism involved in 

GVHD induction attributed this to the presentation of alloantigen by host APCs 

to donor T cells27. Although host haematopoietic cells play an important role in 

GVHD induction, recent evidence showed host non-haematopoietic APCs are 
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sufficient to induce aGVHD28. In an inflammatory milieu, non-haematopoietic 

APCs were shown to possess antigen-presenting capability which then induced 

marked proliferation of alloreactive donor T cells. Once host APCs initiated 

disease, donor APCs were required for maximal GVHD induction most likely 

through cross-priming of donor CD8+ T cells in the MHC class I-dependent 

model of GVHD studied29. Previously, an add-back strategy of host MHC class 

II+/+ dendritic cells (DCs) into MHC class II-deficient recipients was reported to 

be sufficient for promoting aGVHD whereas host B cells did not break GVHD 

tolerance30. Within MHC class II, both haematopoietic and non-haematopoietic 

APCS are able to initiate GVHD with non-haematopoietic APCS the main driver 

of disease28. However, more recent evidence showed that donor DCs were the 

critical APC subset for the presentation of alloantigen31. Thus, although it is 

clear antigen presentation plays a significant role in GVHD initiation, it appears 

that preferential targeting involving depletion of a particular APC subset as a 

form of treatment may prove difficult in a clinical setting. 

 

The conditioning regimen prior to transplant has a large influence in altering gut 

homeostasis. One of the most detrimental molecules is adenosine triphosphate 

(ATP), released from dying cells as a result of conditioning. This molecule can 

activate APCs and increase their expression of co-stimulatory molecules 

through the inflammasome pathway, thus contribute to the induction of GVHD. 

This pathway will be further discussed in Section 1.6. 

 

1.3. Tolerance versus inflammation 

For many decades, it has been viewed that the immune system’s primary goal 

is to discriminate between self and non-self. However, Matzinger’s famous 

‘danger theory’ has provided another perspective on the meaning of immunity. 

This theory claims that instead of self/non-self criteria used to distinguish 

between tolerance and immunity, immune responses can be triggered by 

‘danger signals’ or ‘alarm signals’ released by the body’s own cells32. According 

to this theory, it is the presence or absence of a ‘danger signal’ which 

determines the final outcome rather than exogenous or endogenous entities. 
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Therefore, it is logical that inflammation forms an integral part of the immune 

system that serves to deal with infection and tissue damage. However, 

dysregulation may lead to the development of acute and chronic inflammatory 

diseases like GVHD.  

 

1.3.1. Different pathways for innate immune recognition  

The innate immune system represents the first line of defence against invading 

pathogens and relies on a large family of pathogen recognition receptors 

(PRRs) which enables the immune system to initiate appropriate immune 

responses. Some of these PRRs become activated upon recognition of distinct 

conserved pathogen-associated molecular patterns (PAMPs) found in microbes 

while others are responsible for sensing endogenous host-derived signals 

called damage-associated molecular patterns (DAMPs) as a result of cellular 

stress. These different PRR families employ different strategies to detect the 

presence of harmful stimuli. 

 

Numerous PRRs which include the Toll-like receptor (TLR) family, the retinoid-

inducible gene 1 (RIG-1) like receptors (RLRs), the C-type lectin receptors 

(CLRs) and the nucleotide-binding oligomerisation domain (NOD) - like receptor 

(NLR) family have evolved to mediate control of microbial and viral infections. 

PRRs are found on APCs such as macrophages, DCs, endothelial cells, 

mucosal epithelial cells and lymphocytes. Functionally, they may be classified 

into one of two types: signalling and endocytic receptors. Signalling PRRs i.e. 

TLRs found on defence cell surfaces detect conserved sites found in bacteria 

and activate the pro-inflammatory nuclear factor kappa B (NFB) pathway 

which regulates cytokine gene expression via adaptor molecules. Additionally, 

some TLRs can be localised to intracellular compartments and are associated 

with viral recognition33. Importantly, activation of NFB leads to recruitment of 

both innate and adaptive immune cells brought about by the production of IL-1, 

IL-6, TNF, chemokines (e.g. chemokine ligand 2) and increased expression of 

co-stimulatory molecules. Endocytic PRRs are found on the cell surface of 

phagocytes where they facilitate pathogen uptake and delivery into lysosomes 
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for subsequent destruction. RLRs are cytoplasmic RNA helicases important in 

host anti-viral responses34. The other class of PRRs is the CLR family which is 

made up of both transmembrane and soluble proteins and recognises 

carbohydrate regions of pathogens via their high affinity carbohydrate-binding 

domains35. However, they are also capable of recognising other non-

carbohydrate ligands36. Secreted PRRs act as opsonins by coating microbial 

products which triggers the activation of the complement system and in turn 

promotes phagocytosis. 

 

1.3.2. Nod-like receptor family (NLR) 

While most TLR activation occurs via cell-surface recognition, NLRs respond to 

stimuli within the cytosol. Hitherto, the NLR family consists of 23 genes in 

humans and 33 genes in mice37. These NLRs have been demonstrated to be 

structurally and functionally conserved over the years. In general, NLRs are 

composed of three domains: a C-terminal region with different number of 

leucine-rich repeats (LRRs), the central nucleotide binding and oligomerisation 

(NACHT) domain and the N-terminal effector containing either a caspase 

recruitment domain (CARD) or pyrin domain (PYD). The LRRs potentially are 

responsible for autoinhibition of the NLR in its resting state which undergoes a 

conformational change when activated by stimuli. The NACHT domain 

oligomerises while the N-terminal domains are critical for promoting 

downstream signalling pathways through homotypic protein interactions. NLRs 

with N-terminal domains containing a CARD result in upregulation of pro-

inflammatory genes. In contrast, an N-terminus PYD will recruit pro-

inflammatory caspases38. The NLR family can be divided into three subfamilies: 

NOD, LRR and PYD domain-containing (NLRP) proteins, NOD proteins and 

interleukin-converting enzyme (ICE) - protease activating factor (IPAF)/neuronal 

apoptosis inhibitory protein (NAIP) (i.e. IPAF/NAIP) proteins. The NLRP - also 

known as NALP (NACHT domain-, LRR- and PYD-containing protein) is the 

largest subfamily with NLRP1 and NLRP3 as prototypical members. 
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1.3.3. Toll-like receptor (TLR) signalling 

Once ligation of a TLR occurs, adaptor proteins containing a Toll-interleukin 1 

receptor (TIR) domain are recruited and interact with the TIR-containing 

cytoplasmic domain of the TLR. There are 4 adaptor proteins involved in TLR 

intracellular signalling: MyD88 (myeloid differentiation factor 88), TIRAP (also 

known as Mal), TRAM, TRIF and SARM39. These adaptor proteins bridge the 

signalling cascade between an activated TLR and downstream kinases of the 

IL-1 receptor associated kinase (IRAK) and MAP kinase families, as well as the 

E3 ubiquitin protein ligases TRAF3 and TRAF640. Depending on the adaptor 

protein involved, expression of different regulatory cytokine genes may be 

induced. With the exception of SARM which is a negative regulator of TRIF in 

humans, the other three adaptor proteins positively regulate transcription factor 

activity41, 42. Recruitment of MyD88 and TIRAP induces pro-inflammatory 

cytokine production while TRIF/TRAM engagement evokes a type I interferon- 

response in the independent pathway43, 44. 

 

In the MyD88-dependent signalling pathway, MyD88 contains a death domain in 

addition to a TIR domain. Involved in almost all TLR signalling pathways, 

MyD88 associates with IRAK1 and IRAK4 and in turn activates TRAF645. 

Following that, a series of activation steps of different complexes induces 

activation of the early phase of the canonical NF-B pathway which leads to 

translocation and upregulation of transcription factors activator protein-1 (AP-1), 

NF-B and interferon regulatory factor 5 (IRF5) responsible for pro-inflammatory 

cytokine production and type I interferon responses46, 47, 48, 49. 

 

In contrast, when the TRAM/TRIF pair of adaptor proteins are recruited in the 

MyD88-independent pathway, TRAF6 interacts with receptor-interacting protein 

1 (RIP1) and this eventually leads to activation of the late phase NF-B and AP-

1 transcription whilst TRAF3 activates IRF3 downstream to induce interferon 

(IFN)-33, 49. Thus, both the MyD88-dependent and MyD88-independent 

pathways play crucial roles in determining immune responses upon TLR4 

stimulation. 
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1.4. Inflammasomes and assembly structure 

In vivo, inflammatory responses are typically orchestrated by potent pro-

inflammatory cytokines e.g. IL-1, IL-6 and TNF. These pro-inflammatory 

cytokines exert their pleiotropic effects to cause endothelial vasodilation, cell 

death, white blood cell infiltration and recruitment of a variety of acute phase 

proteins to the inflamed site. Interestingly, IL-1 production utilises a two-step 

special processing mechanism mediated by the inflammasome. Inflammasomes 

are multi-protein cytosolic complexes which facilitate activation of pro-

inflammatory caspases and therefore play an essential function in host 

immunity. Over recent years, different inflammasomes such as NLRP1, NLRP3, 

NLRC4 (IPAF) and absent in melanoma-2 (AIM2) have been identified. As more 

inflammasomes are being identified, the nomenclature used to identify them is 

via their unique sensor protein i.e. NLRP1 inflammasome contains the NLRP1 

sensor protein. Inflammasome-mediated IL-1 activity is necessary for effective 

control of viral and bacterial pathogens. Additionally, intracellular signalling of 

each inflammasome occurs only when they recognise specific stimuli. 

Inflammasomes typically contain an NLR or NLRC, the adaptor protein 

apoptotic-associated speck-like protein containing a caspase recruitment 

domain (ASC) and the cysteine protease procaspase-1. Although studies in this 

field have exploded recently, the exact mechanism of inflammasome activation 

remains elusive for most inflammasomes. Among the inflammasomes, the 

NLRP3 inflammasome has been the most widely characterised to date. NLRP3 

(also known as NALP3, cryopyrin or CIAS1) contains a PYD, NACHT and LRR 

domain, of which the PYD domain binds to the PYD domain of ASC. This in turn 

allows procaspase-1 to be activated through CARD-CARD interactions. 

Procaspase-1 activation induces autocatalysis which leads to release of the 

active fragments p20 and p10. Finally, active caspase-1 - formerly known as IL-

1 converting enzyme, is now available to catalyse proteolytic maturation of 

precursor interleukin-1 (proIL-1) and proIL-18 cytokines to their biologically 

active forms50, 51. 
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Mature IL-1 and IL-18 are critical in shaping the adaptive immune system. 

Therefore, tight regulation of their production is required to prevent undesired 

inflammation as evident by the vast number of inflammasomopathies 

identified52. Uncontrolled inflammasome activity has been identified in a wide 

array of diseases. Inflammasomes have been implicated in metabolic 

syndromes, mucosal immunity and cancer. Previous studies have provided 

strong evidence for increased NLRP3-mediated caspase-1 activation in obese, 

insulin-resistant individuals53, 54. In these individuals, it was determined that the 

NLRP3 inflammasome detects elevated intracellular ceramide as a form of 

‘danger signal’ thereby leading to caspase-1 processing and subsequent 

bioactive IL-1 and IL-18 production. Wen and colleagues demonstrated that 

this process involves mitochondrial reactive oxygen species (ROS). A group of 

genetic syndromes linked to mutations in the NLRP3 inflammasome has been 

identified as cryopyrin-associated periodic fever syndromes (CAPS) or 

cryopyrinopathies and includes familial cold auto-inflammatory syndrome 

(FCAS), Muckle-Wells syndrome (MWS) and neonatal onset multisystem 

inflammatory disease (NOMID) or chronic infantile neurologic cutaneous and 

articular (CINCA) syndrome55, 56, 57. These disorders exhibit common features 

like periodic fevers and rashes, arthralgia, and skin lesions and with variable 

severity with NOMID/CINCA as the most severe and FCAS as the mildest form. 

 

1.5. Inflammasomes and their activators 

Studies of the different inflammasomes which contribute to inflammation have 

resulted in the identification of their activators. Although inflammation is the 

common end result, each type of inflammasome has its own unique set of 

activators (Figure 1.2). The NLRP1 inflammasome was the first to be described 

and strain variation in the mouse NLRP1 locus has been shown to cause 

susceptibility to the Bacillus anthracis lethal toxin58. Furthermore, it has been 

demonstrated that the bacterial peptidoglycan derivative muramyl dipeptide 

(MDP) can induce NLRP1 inflammasome assembly in vitro and that ASC 

enhances NLRP1-mediated caspase-1 activation although it is not a 

requirement59. The NLRP3 inflammasome has been described to form a 
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caspase-1-activating complex60. Unlike NLRP1, NLRP3 requires interaction with 

ASC to biologically activate procaspase-1. Previous studies have shown that 

the NLRP3 inflammasome activation is induced by a wide array of both 

endogenous and exogenous stimuli with different physical and chemical 

properties. The stimuli described include pathogen-derived stimuli (bacteria, 

viruses, protozoans and fungi), crystalline structures (asbestos, silica, 

monosodium urate, calcium pyrophosphate dehydrate, amyloid beta proteins), 

pore-forming toxins, extracellular ATP and also components of dying cells61, 62, 

63. The NLRC4 inflammasome detects the flagellin component of bacteria via 

cell surface TLR5 and subsequently utilises the type III and IV secretion 

systems64. However, NLRC4 also recognises other non-flagellin dependent 

bacteria Pseudomonas presumably due to their rod-like proteins which are 

capable of acting as NLRC4 agonists 64. Interestingly, NLRC4-induced caspase-

1 activation does not require ASC although ASC is still necessary for the 

conversion of proIL-1 to its mature form65, 66. The AIM2 inflammasome was 

discovered to be activated by cytosolic double stranded (ds)-DNA67. Similar to 

the NLRP3 inflammasome, following dsDNA sensing, interaction between the 

PYD domain of the NLR protein and the PYD domain of ASC together with 

procaspase-1 facilitate to form a stable inflammasome68. Activation of AIM2 

does not discriminate between bacterial DNA and the only criterion is the 

presence of bacterial within the cytosol. Although it is hypothesised that bacteria 

become available for AIM2 pathogen sensing via lysis from phagosomal 

acidification following cell internalisation, the exact mechanism remains to be 

elucidated69. Thus, it can be seen that different inflammasomes exist to detect 

different sets of stimuli which harbour the potential to evade immune recognition 

and compromise health. As the inflammasome field gains momentum, 

identification of other types of inflammasomes specific for a growing number of 

pathogens is highly likely. 

  



Chapter 1 

14 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

The four most common classes of inflammasomes identified. Each 

inflammasome is activated by a specific set of activators. The NOD-like receptor 

(NLR) protein (NLRP1b), NLRP3, NLR CARD-containing 4 (NLRC4) and AIM2 

proteins assemble inflammasomes in a stimulus specific manner. 

Inflammasome activation is hypothesised to involve K+ efflux, ROS or lysosomal 

proteases. While ASC is critical for full NLRP3 and AIM2 inflammasome 

activation, the requirement for ASC in the NLRP1b and NLRC4 inflammasomes 

is still debatable70. 

 

1.6. Requirements for NLRP3 inflammasome activation 

Inflammasome activation generates drastic consequences which include 

activation of immune cells and collateral damage to surrounding tissue. Not 

surprisingly, immune responses require more than one signal to trigger a pro-

Figure 1.2 - Activation of different types of inflammasomes by their unique set 

of activators 
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inflammatory cascade. Similarly, inflammasome activation requires two signals 

to ensure tight regulation in order to prevent uncontrolled inflammation. Most of 

the inflammasome assembly studies have been based on the NLRP3 

inflammasome, with the identification that activation is a two-step process71. 

The first signal arises from TLR activation by LPS, which leads to pro-IL-1 and 

IL-18 production (Figure 1.3). LPS interacts with MD2, CD14 and TLR4 to form 

a complex for effective signal transduction72, 73. Since increased amounts of 

circulating LPS are present in the gut post-irradiation11, TLR4 signalling and its 

contribution to GVHD pathogenesis is of significant interest. Interestingly, LPS-

induced TLR4 signalling has been identified as the only TLR capable of 

triggering both the MyD88/TIRAP and TRAM/TRIF pathways although their 

activations occur in a sequential order39. Additionally, this signal causes the 

upregulation of transcription and translation of molecules such as NLRP371 and 

prevents the inhibition of NF-B transcription factor74. The importance of priming 

was demonstrated when the absence of LPS failed to induce NLRP3 

inflammasome activity as measured by cleavage of caspase-175. 

 

The second signal results in inflammasome assembly and consequently 

activation that can be provided by a wide variety of stimuli e.g. pathogen-

derived stimuli (bacteria, viruses, protozoans and fungi), crystalline structures 

(asbestos, silica, monosodium urate, calcium pyrophosphate dehydrate, 

amyloid beta proteins) and pore-forming toxins. As well, one of the many potent 

NLRP3 activators is ATP. In GVHD, high levels of ATP present in the peritoneal 

fluid of mice were found to trigger a pro-inflammatory cascade by engagement 

of the cell surface purinergic P2X7 receptor (P2X7R)63. P2X7R is expressed by 

several immune cell types, particularly CD11c+ APCs in the colon and the liver. 

Additionally, the authors noted that in the presence of high amounts of 

extracellular ATP, there was an associated increase in co-stimulatory molecules 

by APCs, upregulation of P2X7R expression and a concurrent decrease in 

regulatory T cells. In this study, mice exhibited improved survival upon 

elimination of the deleterious effects of extracellular ATP via blockade of the 
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P2X7R or neutralisation of ATP. Thus, inhibition of P2X7R signalling represents 

an attractive method for the abrogation of GVHD following BMT. 

 

 

 

 

 

 

 

 

 

 

 

NLRP3 inflammasome activation occurs in three stages: 1) APCs are primed by 

LPS binding to cell-surface TLR which in turn leads to intracellular signalling. 

Priming also induces upregulation of NLRP3 and NF-B transcription as well as 

proIL-1 and proIL-18 accumulation within the cell. 2) A second signal provided 

by ATP, crystalline structures or other pathogen-derived molecules cause 

assembly of NLRP3, ASC and procaspase-1 to form the inflammasome 

complex. 3) CARD-CARD interactions between ASC and procaspase-1 result in 

procaspase-1 activation which then allow processing of proIL-1 and proIL-18 

to their mature forms. The biologically active IL-1 and IL-18 are then secreted 

extracellularly. 

 

In the context of the NLRP3 inflammasome, NLRP3 protein is critical for ATP-

induced caspase-1 activation76. Activation is triggered only in the presence of 

LPS priming followed by subsequent activation of NLRP3 via ATP binding to the 

cell-surface P2X7 receptor to cause release of the cleaved and bioactive IL-

171, 76. Furthermore, evidence for the critical role of ASC in caspase-1 

Figure 1.3 - Activation of the NLRP3 inflammasome requires two signals 
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activation was shown when supramolecular complexes called pyroptosomes 

composed of ASC dimers were formed upon activation. This phenomenon was 

shown to be associated with cells treated with LPS and ATP77. Additionally, the 

formation of pyroptosomes correlated with an increase in caspase-1 cleavage. 

When cells were treated with either LPS or ATP alone, there was a lack of 

pyroptosome formation71. Thus, LPS priming upstream of ASC activation is 

required for effective active caspase-1 induction. Given the importance of TLR 

downstream signalling for NLRP3 inflammasome priming, the authors 

demonstrated a compensatory cross-talk between the MyD88 and TRIF 

activation pathways. Macrophages deficient for either MyD88 or TRIF alone 

treated with LPS and ATP nevertheless responded normally with cleavage of 

caspase-1 while macrophages knocked out for both MyD88 and TRIF or TLR4 

did not result in cleaved caspase-171, 78. Therefore, NLRP3 priming can still 

occur even in the presence of MyD88 alone or TRIF alone as either pathway 

can compensate for the other. Recently, there has been evidence for an 

exception to this dual signal requirement (LPS priming and specific 

inflammasome activator) whereby unlike macrophages, DCs are capable of 

producing IL-1 via TLR ligand binding alone79. 

 

1.7. Mechanisms of NLRP3 inflammasome activation 

Many studies have aimed to understand the mechanisms underlying NLRP3 

inflammasome activation and so far three possible mechanisms, not necessarily 

mutually exclusive, have been proposed in the literature. In the first model, it is 

postulated that the binding of extracellular ATP to P2X7R results in the 

formation of a complex that functions on the basis as an ATP-gated ion 

channel, triggers loss of intracellular K+ and involves pannexin-1 to induce 

caspase-1 activation78. It is suggested that pore formation by the pannexin-1 

hemichannel allows NLRP3 activators such as LPS to enter the cytosol and in 

turn induce inflammasome activation. 

 

The second mechanism proposed that engulfment of crystalline or particulate 

structures such as silica, alum, amyloid beta or monosodium urate crystals by 



Chapter 1 

18 
 

phagocytes leads to lysosomal damage and cytosolic release of contents which 

are sensed by the NLRP3 inflammasome61, 80. More importantly, this rapid 

lysosomal destabilisation triggers release of the lysosomal protease, cathepsin 

B, which is involved in the IL-1 pathway61. However, stimulation of cathepsin-

B-deficient macrophages with NLRP3 agonists resulted in normal caspase-1 

activation and mature IL-181, highlighting that the capthesin B inhibition may be 

influencing additional activation mechanisms involved in lysosomal membrane 

damage, as was recently hypothesised for anthrax lethal toxin-induced NLRP1 

activation82. 

 

The third model proposes that NLRP3 activators characteristically produce 

ROS, which is responsible for direct or indirect inflammasome activation81, 83, 84, 

85. This hypothesis stemmed out of studies which demonstrated that ROS 

scavengers e.g. N-acetyl-L-cysteine were able to suppress inflammasome 

activation via inhibition of caspase-1 and proIL-1 maturation. The production of 

ROS is a conserved evolutionary response to many forms of apoptosis where 

cellular redox states regulate physiological conditions86. ROS are produced by 

phagocytes when they encounter pathogens87. However, the source of ROS 

remains unclear although a role for nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase, found in the plasma membrane, has been 

implicated. In one study, RNAi-mediated knockdown of phox22, a critical 

component of the NADPH oxidase required for ROS production, in THP-1 cells 

exhibited decreased NLRP3 activity85. Additionally, ROS from mitochondria may 

be responsible for inflammasome activation. Although a large body of research 

shows a strong correlation between ROS and inflammasome activation, the 

exact ROS-dependent triggered mechanisms involved are yet to be elucidated. 

Recent evidence demonstrated that ROS inhibitors act to actively block NLRP3 

activation earlier upstream i.e. at the priming step88. Moreover, a role for the 

thioredoxin-interacting protein was implicated in NLRP3 activation89. It may be 

possible that ROS production has the capacity to directly activate NLRP3 

although there is the potential for other downstream intermediate molecules to 
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be involved. This may explain how such chemically and physically diverse 

stimuli can converge to activate a common pathway. 

 

Despite the strong evidence for each model, it is unlikely that NLRP3 

inflammasome activation is solely mediated by one of the above models. In fact, 

evidence for increased levels of ROS were shown to reversibly inactivate 

caspase-1 by changes in redox states regulated by superoxide dismutase 190. A 

large extent for protease activity was validated in pharmacological inhibition of 

lysosomal acidification, highlighting inflammasome activation is likely to be pH- 

and protease-dependent in some manner80. Thus, it has been suggested that 

NLRP3 senses a cytoplasmic protein which is proteolytically cleaved or NLRP3 

may be inhibited by a protein that is subject to proteolytic degradation. De-

inhibition of this protein can subsequently activate NLRP3. Another possible 

scenario is that ROS could be acting on an inhibitor of NLRP3 such that its 

oxidation would release NLRP3 and lead to subsequent activation or it may be 

even possible that ROS could generate a ligand for NLRP3 binding. Further 

studies are required to confirm the contribution of each model to the exact 

mechanism involved as any combination of these possibilities may be valid. 

 

1.8. Characterisation of NLRP3 

Although NLRP3 in inflammasomes has been extensively studied, their 

expression has been less well-defined. It is undisputed that NLRP3 expression 

by macrophages60, 71 and monocytes91 is upregulated in response to 

inflammatory stimuli. In addition, granulocytes, T and B cells have been found to 

express NLRP3 to some extent92. Despite studies to determine tissue-specific 

NLRP3 expression, little is known about the expression of this protein under 

physiological conditions. A recent study utilised a NLRP3 reporter gene in order 

to fully characterise NLRP3 expression both in vitro and in vivo93. Expression of 

NLRP3 was most strongly evident in splenic and lymph node cells. Interestingly, 

haematopoietic cells predominated in terms of NLRP3 expression and under 

resting conditions particularly by myeloid cells. Splenic conventional DCs and 

monocytes strongly expressed NLRP3 in comparison to negligible expression 
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by plasmactyoid DCs. In contrast, macrophages and neutrophils displayed a 

modest level of NLRP3. This result may explain the greater ease with which 

monocytes are able to trigger inflammasome activation. Interestingly, Zhou and 

colleagues94 showed that NLRP3 was localised in the ER under steady state 

conditions. Upon activation, this localisation changed as NLRP3 relocated into 

the perinuclear space and co-localised with structures that stained positively for 

both the ER and mitochondria. Additionally, the authors concluded an 

involvement for mitochondrial ROS in NLRP3 inflammasome activation. 

 

Although inflammasomes have been studied mainly in myeloid cells, there is 

increasing evidence for their function in non-myeloid cells. Keratinocytes can 

alert the immune system to danger signals. NLRP3 sensor protein together with 

NLRP1 and other pro-inflammatory caspases were expressed in mouse as well 

as primary human keratinocytes and keratinocyte-derived HaCaT cells95. UVB-

induced IL-1 secretion by keratinocytes was also demonstrated to be 

predominantly NLRP3 inflammasome- mediated with some contribution by 

NLRP196. In other studies, fibroblasts have been identified to produce IL-1 in 

an inflammasome-dependent manner97. Moreover, other cells involved in 

connective tissue and cell repair such as myoblasts exhibited upregulated 

expression of NLRP3 inflammasome components and also increased mature 

IL-1 in murine and human dysferlin-deficient and muscular dystrophy models98. 

However, it is still unknown whether this IL-1 production is a direct result of 

inflammasome activity. In a lung injury model, bleomycin-induced inflammation 

produced IL-1 and was dependent on ASC. The fibrotic tissue mediated by 

neutrophil infiltration involved increased fibroblast proliferation and collagen 

deposition, although it was not clear if neutrophils or the resident epithelial cells 

were responsible for this IL-1 production99. Another significant organ involved 

in IL-1 production is the brain and under inflammatory conditions it allows 

resident microglia or astrocytes to synthesise pro-inflammatory cytokines61. 

Collectively, these studies suggest other roles for non-meyloid cells in the 

production of IL-1 and expression of inflammasome NLR proteins and/or its 

components in other parts of the body. 
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1.8.1. A non-inflammasome role for NLRP3 

There is some evidence that inflammasome NLRs can exert a non-

inflammasome effect. Using a renal ischemia reperfusion injury model, post-

injury analysis of NLRP3-/- mice did not secrete cleaved IL-1 nor was there 

active caspase-1 present compared to wild-type (WT)100. However, blockade of 

IL-1 showed no difference in renal protection between NLRP3-/- and WT mice. 

Furthermore, significantly less plasma creatinine and apoptotic damage was 

observed in NLRP3-/- mice but not ASC-/- or caspase-1-/- mice. This study 

demonstrates a unique inflammasome-independent role for NLRP3-mediated 

renal injury. More recently, AIM2 has been identified to exert an indirect 

negative regulatory effect in IFN- responses following initial viral sensing68. 

Additionally, siRNA-mediated knockdown of the human NLR, NLRC5, was 

found to reduce type I interferons levels101. Taken together, these studies show 

that some NLRs have the ability to act on other signalling pathways outside of 

the inflammasome, with the likelihood that more inflammasome-independent 

effects will be described in the future. 

 

It is clear that the inflammasome is critical in eliciting innate immune responses. 

However, it is reasonable to expect that inflammasomes are in turn able to 

regulate adaptive immunity given that both arms of immunity are closely related. 

There is growing evidence for NLRP3 to be involved in influencing adaptive 

immunity i.e. Th1, Th2, Th17 and regulatory T cell lineages102. Following 

inflammasome activation, the hallmark cytokines IL-1 and IL-18 are able to 

promote stimulation as well as differentiation of T cells.  

 

1.8.2. NLRP3 in Th1, Th2 and Th17-mediated responses 

The Th1 response regulates cell-mediated immunity via IFN--mediated killing 

produced by CD4+ T cells. As this type of response is important in enabling 

macrophages to control microbial infection, dysregulation can lead to 

autoimmune diseases103. In a mouse model of experimental autoimmune 

encephalomyelitis (EAE), a role for NLRP3-induced inflammation was 
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implicated via the induction of Th1 and Th17 responses104. The authors showed 

that NLRP3 expression was upregulated in the spinal cord during EAE onset. 

Furthermore, NLRP3-deficient mice displayed delayed disease onset and 

progression. This result was observed to be at least mediated in part by IL-18. 

However, it was determined by another group that NLRP3 deficiency did not 

provide protection from EAE105. Thus, it is still unclear what the interactions 

between NLRP3 and CD4+ T cells are in an EAE setting. NLRP3 expression in 

DCs was also critical for the priming of CD8+ T cells in a Th1 response against 

tumours106. Yet, unpublished data from Meng and colleagues reported a 

preferential Th17 bias instead of the Th1 response in a murine cell line 

overexpressing NLRP3107. Altogether, the contribution of the NLRP3 

inflammasome to Th1 induction remains largely unclear. 

 

Humoral immunity is responsible for the Th2 responses associated with 

clearance of pathogens via antibodies and immune memory. IL-33, an IL-1 

family cytokine, was implicated in alum activation of the NLRP3 

inflammasome108. Another study showed the absence of caspase-1 and NLRP3 

did not influence endogenous T and B cell responses in alum-induced 

inflammation109. In a collagen-induced arthritis model, blockade of IL-33 

attenuated disease severity110, but a later study revealed that this phenomenon 

was NLRP3- and caspase-1-independent111. This suggests that instead of 

NLRP3 inflammasome formation, an alternative pathway is responsible for 

arthritis induction. More recently, NLRP3 was shown to be essential for Th2 

differentiation, acting in an inflammasome-independent manner112. Thus, more 

evidence is emerging to clarify the role of NLRP3 in the various T cell 

differentiation pathways. 

 

The distinct Th17 cell lineage comprise of T cells able to produce the IL-17 

family of cytokines, IL-21 and IL-22113, 114. Th17 cells are now known to serve a 

dual role, i.e. they are able to clear pathogens in host defence immunity115, but 

also involved in promoting inflammation and tissue injury in autoimmune 

diseases116. Contribution of the NLRP3 inflammasome to Th17 cells was 
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observed when a point mutation in the NLRP3 gene caused NLRP3 mutation 

knock-in mice to develop skin inflammation mediated by neutrophil infiltration 

and the production of IL-17117. Similarly, another study involving contact 

hypersensitivity also exhibited the same result where IL-17-producing cells 

predominated during autoinflammation. Meng and colleagues117 showed that 

the mutation produced hyperactive inflammation activity and that this was a 

result of IL-1 production by APCs which then in turn caused induced IL-17-

mediated immunopathology. In a Bordetella pertussis infection model, IL-1 

production by DCs was important in promoting antigen-specific Th17 responses 

to clear the pathogen118. Interestingly, a recent study reported a critical role for 

the NLRP3 inflammasome in the promotion of GVHD pathogenesis via 

increased production of IL-17 from CD4+ T cells119. Altogether, these studies 

suggest that depending on the disease condition, NLRP3 promotes 

differentiation of specific arms of the adaptive immune system. 

 

1.9. Characterisation of ASC 

Although not required for all inflammasomes, ASC is considered as a key 

component for the assembly of many different types of inflammasomes. This 

adaptor protein consists of a PYD domain and a CARD domain containing a 

pro-apoptotic molecule and functions downstream of the NLR protein to induce 

procaspase-1 activation120. ASC expression was observed in a variety of 

tissues including the anterior horn of the spinal cord, trophoblasts of the 

placenta villi, kidneys, testes, liver, squamous epithelial cells of the tonsil and 

skin, hair follicle, glands of the skin, and peripheral blood leukocytes121. ASC 

was also identified in mature epithelial cells of the colon which face the luminal 

side compared to immature cells located in the crypts. Given that ASC has a 

pro-apoptotic molecule, it is not surprising that such an extensive expression of 

ASC is observed in tissues which are commonly exposed to external 

pathogenic stimuli. 
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1.9.1. A non-inflammasome role for ASC 

The inflammasome-dependent role of ASC has already been well-described 

earlier. Most of the studies demonstrating a role for the NLRP3 sensor protein in 

immune responses almost always signal through ASC. Unlike NLRP3 and other 

NLRs, ASC is unique in that numerous studies have indicated a role for this 

adaptor protein outside of the traditional inflammasome complex. There is 

growing evidence for its role in non-inflammasome pathways, independent of 

caspase-1/IL-1/IL-18 processing. During Mycobacterium tuberculosis infection, 

ASC-deficient mice died more rapidly than WT mice yet produced similar 

mature IL-1 levels as NLRP3- and caspase-1-deficient mice, suggesting that 

other mechanisms for IL-1 processing are involved122. Similarly, ASC-deficient 

mice were protected from collagen-induced arthritis compared to WT due to a 

significant reduction in antigen-induced T cell proliferation. This result was not 

observed in NLRP3- and caspase-1-deficient mice123. An inflammasome-

independent role for ASC was also critical in the efficacy of the MF59 adjuvant 

employed in vaccination by enabling the induction of an antigen-specific 

humoral response124. In conjunction with a humoral effect, ASC-/- bone marrow-

derived DCs (BMDCs) in comparison to WT produced significantly lower pro-

inflammatory macrophage chemokines macrophage inflammatory protein (MIP)-

1b and MIP2 which did not occur for NLRP3-/- and caspase-/- BMDCs. This 

indicates an alternate role for ASC independent of IL-1/IL-18 production. As 

well as reduced IL-1 and IL-18 production, Wen and colleagues 54 

demonstrated lower MCP1 and TNF mRNA expression in the livers of ASC-

deficient mice in vivo during insulin signalling. This provides evidence for a role 

of ASC in mediating expression of cytokines known to be important in GVHD. In 

an EAE model, the authors showed that NLRP3 deficiency had no impact on 

survival but ASC-deficient mice displayed attenuated EAE progression. 

Interestingly, ASC-deficient mice in comparison to caspase-1-deficient mice 

showed even better disease impairment105. The authors attributed this result to 

decreased survival of myelin oligodendrocyte glycoprotein-specific Th1 and 

Th17 CD4+ T cells. In antigen-induced arthritis, ASC deficiency reduced local 

and systemic inflammation independent of the classical inflammasome pathway 

since there was no difference in disease severity between NLRP3-and caspase-
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1-deficient mice111. Moreover, an NLRP3 inflammasome-specific effect for ASC 

regulation of disease progression was eliminated since NLRC4-deficient mice 

also exhibited no difference in inflammation compared to WT. Thus, there exists 

a role for ASC outside of the traditional inflammasome signalling pathway which 

influences the induction of T cell responses. 

 

1.9.2. ASC regulation of non-inflammasome cytokines 

Recently, studies have identified a possible mechanism by which ASC can 

regulate the activation of other inflammatory cytokines such as IL-6, IL-8, IL-10, 

and TNF in human THP-1 monocytic cells upon Porphyromonas gingivalis 

infection. Cytokine production was not inhibited by IL-1 receptor antagonist or 

caspase-1 inhibitor. Instead, the authors showed an associated decrease in NF-

B transcription and activation125. This indicated that ASC has the capacity to 

enhance the induction of other cytokines via an IL-1 and caspase-1 

independent pathway. Additionally, this finding was extended to the discovery of 

a broader role for ASC in the regulation of other non-inflammasome cytokines 

and chemokines via the MAP-kinase mechanism126. ASC-mediated AP-1 

signalling was shown to be involved in optimal IL-8 transcription which was 

impaired in the presence of caspase-8 siRNA as well as other chemical 

inhibitors127. Altogether these studies suggest that ASC may mediate the 

induction of other non-inflammasome pro-inflammatory cytokines and 

chemokines via NF-B, caspase-8 and MAP-kinase signalling. 

 

1.9.3. Role of ASC in adaptive immunity 

Although we know the adaptor ASC initiates innate immune responses via 

inflammasome complexes, there is also evidence that ASC has a central role in 

adaptive immunity. In addition to an inflammasome-independent role, ASC was 

identified to regulate adaptive immune cells by controlling DC and lymphocyte 

function128. These observations indicated that there is a cell intrinsic role for 

ASC in antigen uptake and presentation. In this study, the authors 

demonstrated that ASC-/- BMDCs were defective in phagocytosis and 
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macropinosis. Furthermore, ASC-/- T cells and B cells exhibited impaired 

lymphocyte migration both in vitro and in vivo. The exact mechanism for this 

migration defect was attributed to the modulation of Dock2-dependent Rac 

mediated actin polymerisation. In a follow-up paper, the authors commented 

that the phenotype they observed was due to defective Dock2 expression with 

reduced levels of expression in some ASC-deficient mouse lines possibly due to 

subtle differences in genetic background and/or environmental factors129. The 

ASC-deficient mice used by the authors were generated through use of 

embryonic stem cells from the 129 mouse strain which has been reported to 

harbour passenger mutations130. Thus, careful interpretation of results from 

different studies using ASC-deficient mice is required. In an influenza virus 

model, ASC was shown to be critical for inducing influenza specific CD4 and 

CD8+ T cell adaptive immunity in response to influenza virus challenge131. In 

another study, Kolly and colleagues111 also reported a significant reduction in 

activation and proliferative capacity of ASC-/- T cells in response to in vivo and 

in vitro stimulation. This phenomenon was associated with a concomitant 

increase in IL-10 production by ASC-/- regulatory T cells132. Overall, these 

studies imply that ASC confers an important role in the induction of adaptive 

immunity. 

 

1.10. Characterisation of caspase-1 

Apoptosis, or programmed cell death, is a critical event for the regulation of 

physiological processes and homeostasis133. Caspases belong to a family of 

cysteine proteases and their activity is regulated by various apoptotic signals. 

Among the numerous caspases identified, caspase-1 is probably best known for 

its role in IL-1 processing from its 31 kDa inactive precursor form to the 17 kDa 

bioactive protein134. So far, caspase-1 expression has been observed in 

monocytic cells135, testes136 and keratinocytes137. Since IL-1 effects have been 

determined to regulate inflammation, the role of caspase-1 has become 

synonymous with pro-inflammatory responses. Furthermore, caspase-1 is now 

known to induce a specific type of cell death termed pyroptosis for rapid 

elimination of host infection. However, since caspases are synthesised as 
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inactive zymogen precursors, they only become fully functional upon activation. 

Conformational change during intrachain cleavage renders the pro-form 

catalytically active following auto-processing138. Traditionally, caspases are 

classified into one of two groups: initiator or effector caspases. However, it 

appears that caspase-1 can possess a dual function, both as an initiator and an 

effector caspase as it not only induces the inflammatory pathway but can also 

mediate cell death. Previous cloning of caspase-1 revealed that this zymogen is 

a 45 kDa protein (p45) but becomes cleaved into 2 active subunits, 10 kDa and 

20 kDa, upon cleavage at its 4 aspartate cleavage sites resulting in the removal 

of an N-terminal prodomain and a 2 kDa linker peptide134. The pro-domain may 

in some cells more than others play a critical role in enhancing caspase-1-

induced apoptosis by mediating the nuclear translocation of procaspase-1139. 

Additionally, sequence analysis suggested likely evidence that caspase-1 

undergoes autoproteolytic processing140. 

 

Caspase-1 in monocytic cells was found to be predominantly the immature 45 

kDa form in the cytoplasm of both LPS-stimulated and unstimulated cells with 

no active p20 activity135. A later study found that LPS activation induced 

caspase-1 activity and intracellular accumulation and secretion of mature IL-1 

in a time- and dose-dependent fashion141. The authors postulated that 

upregulated gene expression of IL-1 alone cannot account for increased IL-1 

levels induced by LPS. They showed that activation of caspase-1 is another 

mechanism by which LPS can induce IL-1 release. Therefore, they 

hypothesise that LPS most likely acts on two levels: 1) transcriptional induction 

of the IL-1 gene and 2) intracellular increase in pro-IL-1, with a downstream 

effect of moderate caspase-1 activation. However, the latter study argued that 

LPS-induced caspase-1 activation was not due to modulation of caspase-1 

transcription but rather moderate caspase-1 activation facilitates LPS-induced 

IL-1 secretion. In particular, the importance of NLRP3 for caspase-1 activation 

in LPS-stimulated macrophages was illustrated when NLRP3 deficiency 

impaired cleavage of procaspase-160. In the same fashion, ASC deficiency also 

resulted in the absence of the active p10 subunit and subsequently mature IL-
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1 and IL-18 production when macrophages were treated with TLR agonists 

and extracellular ATP65. Therefore, in the context of the NLRP3 inflammasome, 

regulation of caspase-1 activation involves critical interactions provided by LPS, 

ATP, NLRP3 and ASC. 

 

1.10.1. Caspase-1 substrates 

Caspase activity induced by apoptotic caspases-3 and -7 has been investigated 

more extensively compared to caspase-1. However, studies reveal that 

caspase-1 mediates the cleavage and/or secretion of other cytoplasmic 

molecules. The specificity of caspase-1 has been attributed to its labile nature, 

in which the mature form is rapidly destabilised upon activation with a half-life of 

approximately 9 min at 37C142. In this study, promiscuous specificity of 

caspase-1 was observed towards both natural and synthetic substrates. 

Interestingly, caspase-1 activity via the NLRC4 inflammasome was critical for 

processing the substrate procaspase-7 in response to Salmonella-infected 

macrophages143. Activation of procaspase-7 also required caspase-1 via the 

NLRP3 inflammasome when cells were stimulated with LPS and ATP. Using a 

diagonal gel proteomic approach, a multitude of caspase-1 targets were able to 

be identified including various cellular substrates from the glycolysis pathway 

such as aldolase, GAPDH, enolase and pyruvate kinase144. The authors 

proposed caspase-1-mediated inhibition of glycolysis in macrophages as a 

likely contributing pathway preceding cell death. In a Parkinson’s disease 

model, caspase-1 mediated cleavage of the parkin gene was responsible for 

triggering dopaminergic neuronal cell death145. Furthermore, Mal involved in 

TLR signalling and NF-B activation was found to be cleaved by caspase-1146. 

Finally, caspase-1 cleavage of sphingosine kinase 2 released from dying cells 

facilitated phagocytic clearance during physiological cell death147. It may be that 

the range of substrate specificity for caspase-1 is reflected in the type of pro-

inflammatory stimuli inducing caspase activation associated with different 

subcellular localisation of caspase-1148. Thus, the above mentioned studies 

demonstrate the possibility that cleavage of these substrates could lead to rapid 

cell death affecting metabolic reactions, signal transduction and apoptosis. 
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1.10.2. Caspase-1 beyond inflammasome cytokine processing 

Most proteins undergo processing via the secretory pathway, where their signal 

peptide directs their translocation to the endoplasmic reticulum and are then 

transported through the Golgi apparatus to be secreted extracellularly. Other 

mechanisms which do not utilise the conventional secretory pathway include 

protein release via secretory lysosomes149, microvesicle shedding150, exosomal 

release151 and through membrane transport channels or pores152. However, it is 

well-known that IL-1 and IL-18 are not secreted via this classical pathway and 

many other proteins associated with inflammation and tissue repair such as IL-

1, high mobility group box (HMGB)-1, galectins 1 and 3 and fibroblast growth 

factor (FGF)-2 utilise this non-classical secretion pathway153. These proteins do 

not appear to be direct caspase-1 substrates although there is evidence for 

contribution of this inflammatory protease. Early evidence showed that caspase-

1-deficient mice produced diminished IL-1, as well as IL-6 and TNF, but in 

contrast, mature IL-1 was not observed154. Interestingly, secretion of IL-1 and 

FGF-2 required physical interactions with caspase-160, 155. Produced by APCs, 

alarmin HMGB-1 is a ubiquitous nuclear protein that is released extracellularly 

upon encountering danger signals to mediate cytokine release and tissue 

damage via TLR4 signalling during inflammation156. Importantly, LPS and 

nigericin-treated BMDMs released HMGB-1 in an NLRP3, ASC and caspase-1-

dependent manner157. Thus, it appears that there is a role for caspase-1 beyond 

IL-1 and IL-18. 

 

1.11. Cross-talk between inflammatory and apoptotic caspases 

Inflammatory and apoptotic caspases work closely to maintain tight regulation of 

physiological processes in vivo. There is increasing evidence to support a 

significant interaction between these two types of caspases, for example, 

expression of bcl-2, an anti-apoptotic protein involved in the intrinsic apoptotic 

pathway, has been found to inhibit caspase-1-mediated programmed cell death 

in rat fibroblasts158. Additionally, bcl-2 and bcl-X(L) bind and suppress NLRP1 

which inhibits inflammasome activation. This was confirmed when bcl-2-

deficient macrophages produced less caspase-1 and IL-1 whereas bcl-2 
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overexpression enhanced caspase-1 and IL-1 levels159. Furthermore, a recent 

study corroborated inhibition of inflammasome activation by bcl-2 in response to 

NLRP3 activators160. Inhibitors of apoptosis suppress the activity of apoptotic 

caspases via their E3 ubiquitin ligase activity161, 162, although, IL-1 and 

caspase-1 release have been identified162, 163. 

 

This cross-talk between inflammatory and apoptotic pathways has been 

observed in their interactions with each other. Caspase-7 becomes activated 

downstream of NLRP3-and NLRC4-inflammasome during pyroptosis in 

macrophage cell death164. In another study, stimulation of TLR3 and TLR4 in 

mouse macrophages induced biologically active IL-1 production mediated by 

caspase-8, implying that caspase-8 recognises the same site as caspase-1165. 

Thus, these studies indicate that although cell death is achieved via different 

mechanisms, there is a significant overlap between the inflammatory and 

apoptotic pathways. 

 

1.12. Interleukin-(IL) 1 family 

The vital contribution of IL-1 and its family of related cytokines to inflammation is 

undisputed. Currently, there are 11 members of the IL-1 family of ligands: IL-1α, 

IL-1, IL-1 receptor antagonist (IL-1Ra), IL-18, IL-33 and IL-1F5 to IL-1F10. The 

other IL-1 family members IL-1F6, IL-1F8 and IL-1F9 signal through IL-1-

receptor-like protein 2 (IL-1RL2). Evidence to date revealed that these IL-1 

ligands also activate NF-B and MAPK pathways similar to IL-1, IL-18 and IL-

33166. However, IL-1α, IL-1 and IL-18 have been the most studied in human 

and animal models. Unlike IL-1 and IL-18 which require cleavage of their 

prodomains to become biologically active, IL-1Ra can be secreted via the 

endoplasmic reticulum (ER)-Golgi route167. The mechanism of secretion for the 

other IL-1 family members is still unknown. Except for IL-18 and IL-33, IL-1 

family members signal through similarly-related IL-1 receptors, with their 

encoding genes found within distance of each other on human chromosome 

number 2168. The receptors contain extracellular immunoglobulin domains and a 
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cytoplasmic TIR domain. When IL-1 binds to its primary receptor IL-1R type 1, a 

second receptor subunit called IL-1R accessory protein (IL-1RAP) is required 

for signalling. Upon dimerisation of the two receptor subunits, other signalling 

proteins such as MyD88, IRAK4 and TRAF6 become recruited downstream as 

previously described in TLR signalling41. Consequently, this leads to activation 

of the NF-B and mitogen activated protein kinase (MAPK) pathways. 

 

1.12.1. Characterisation of IL-1 

IL-1 exists in either of two isoforms: IL-1α or IL-1. Both these proteins signal 

through IL-1R and have similar biological activities169. Both IL-1α and IL-1 

have the capacity to induce Th17 responses in adaptive immunity170. However, 

there are several differences. For example, IL-1 is the major form of IL-1 

during disease171, 172, while IL-1α largely remains intracellular, thus acting more 

locally173. Secondly, IL-1 is mainly produced by monocytes and 

macrophages174 whereas IL-1α expression is found more commonly in, for 

example, keratinocytes and endothelial cells 175, 176. Additionally, IL-1α has a 

peptide which directs it to the nucleus for transcriptional control enhanced by 

histone acetyltransferases to direct cell survival177. Even before cleavage, 

intracellular IL-1 was reported to activate pro-inflammatory NF-B and AP-1 

pathways, which suggests a role for proIL-1 in the genesis of inflammation178. 

In contact hypersensitivity, IL-1α could alter Th1/Th2 responses179. However, IL-

1 was important in mediating fever induction as well as glucocorticoid 

production180, 181. However, Horai and colleagues180 noted a close association 

for the induction of IL-1α and IL-1 in their turpentine-induced fever model. 

However, their finding for impaired glucocorticoid induction in IL-1-deficient but 

not IL-1α-deficient mice suggests different roles for each cytokine isoform which 

requires further clarification. 

 

Due to its potent nature, IL-1α and IL-1 activity must be critically controlled to 

prevent chronic inflammation. IL-1α or IL-1 activity may be controlled via 

inhibitory mechanisms. The main regulatory mechanism involves the binding of 
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IL-1Ra to IL-1R1 which in turn prevents IL-1α and IL-1 from relaying 

intracellular signalling. Furthermore, IL-1Ra binding prevents signalling in the 

presence of the second subunit of the IL-1R complex called IL-1RAP (IL-1R 

accessory protein)182. The critical role for IL-1Ra has been confirmed in IL-1Ra-

deficient mice which exhibit a phenotype resembling rheumatoid arthritis183. 

Another inhibitory mechanism is via IL-1Ra and IL-1R type 2 (IL-1R2) binding. 

IL-1R2 is structurally similar to IL-1R1, but unlike IL-1R1, its cytoplasmic tail 

cannot initiate signalling. Thus, IL-1R2 acts as a decoy receptor to inhibit IL-1 

activity184) and its soluble form can provide further inhibitory function by 

interacting with soluble IL-1RAP185. Not surprisingly, it is essential that there 

exists such mechanisms in vivo to ensure tight regulation of IL-1 activity. 

 

Although much of what we know about IL-1 is from inflammasome studies, 

certain infection mouse models which lack individual inflammasome 

components present interesting results that challenge the requirement for 

inflammasome-mediated processing. For example, using a turpentine-induced 

inflammation model, there was no difference in the inflammatory response of 

WT and caspase-1 knockout mice and subsequent mature IL-1 secretion186. In 

the same study however, a parallel inflammation model using zymosan showed 

mature IL-1 was impaired in caspase-1 knockout mice along with an 

associated decrease in immune cellular infiltrate into the peritoneal cavity. Thus, 

this suggests that in turpentine-induced pathology, IL-1 is processed via non-

caspase-1 proteases. Additionally, caspase-1 knockout mice infected with 

Candida albicans did not display altered resistance compared to wild-type 

although IL-18 driven Th1 mediated immunity was impaired in these mice187. 

This implies other pathways for IL-1 activation in vivo are present. 

Interestingly, ASC and NLRP3-deficient mice were required for host defence 

against C.albicans and, in contrast to Mencacci and colleagues, reported 

caspase-1 mediated control of IL-1 responses188, 189. The reason for this 

discrepancy is most likely attributed to differences in infection using different 

morphological stages of fungus. Altogether, a clearer picture for the contribution 

of the inflammasome components in relation to caspase-1 activation is required. 
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1.12.2. Differences in IL-1 production by APCs 

Although the synthesis and production of IL-1 has been studied extensively, 

there has been controversy surrounding caspase-1-induced IL-1 release. Not 

much is known about IL-1 production in mouse monocytes and macrophages, 

however, human monocytes were demonstrated to have constitutive active 

caspase-1 activity unlike macrophages and hence IL-1 production following a 

single stimulation with a TLR2 or TLR4 ligand174. Moreover, it was observed 

that monocytes were able to produce endogenous ATP which served to form an 

autocrine loop for constitutive IL-1 secretion. In contrast, macrophages 

required a second stimulus e.g. ATP released exogenously by dying cells. They 

required two distinct stimuli, one to induce IL-1 transcription and translation 

and a second stimulus for its processing and extracellular secretion. Netea and 

colleagues174 also demonstrated that culture of monocyte-derived macrophages 

and DCs were impaired in their ability to release mature IL-1 due to a post-

translational defect mediated by ASC and NLRP3. Thus, IL-1 production in 

monocytes compared to macrophages and DC possess differential caspase-

1/IL-1 processing pathways. An explanation for this differential regulation of IL-

1 may be attributed to the adaptation of each cell type to its environment and 

function. Continuous circulation of monocytes throughout the immune system 

usually unexposed to pathogens requires prompt handling to prevent infection. 

However, ubiquitous presence of macrophages throughout the body means 

these cells frequently encounter exogenous stimuli. Therefore, their activation 

would induce an immune response easily which would result in chronic 

systemic inflammation. 

 

Later studies identified other pathways involving neutrophil and macrophage-

derived serine proteases e.g. proteinase-3, elastase and cathepsin-G able to 

cleave precursor IL-1190, 191. Other identified players in pro-IL-1 maturation 

include matrix metalloproteinases which are commonly produced 

simultaneously with pro-IL-1 at the site of inflammation192, as well as granzyme 

A, a protease which mediates rapid cytotoxic lymphocyte induced cell death 193. 

Not only are proteases derived from immune cells able to cleave pro-IL-1 but 
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there has also been evidence for pathogen-derived proteinase from C.albicans 

itself to regulate pro-IL-1 biological processing194. These studies indicate that 

IL-1 can be processed by pathways in addition to caspase-1 and given the 

diverse array of pathogens, other mechanisms for IL-1 activation may 

contribute. 

 

1.12.3. Characterisation of IL-18 

IL-18 was first identified as an IFN--inducing cytokine in endotoxemic mice and 

enabled induction in the presence of IL-12 or IL-15195, 196, 197. In addition, it is 

now known to be critically important in the activation of NK cells198. Initially, 

transcription and translation of the IL-18 gene results in the synthesis of an 

inactive 24kDa precursor peptide199. As well as IL-1 processing, caspase-1 

activation results in IL-18 maturation to its 18kDa active form50, 200. However, a 

recent study suggests proteinase 3-mediated cleavage of pro-IL-18 represents 

an alternative mechanism for the generation of active IL-18201. In a liver injury 

model, Fas/FasL interaction in macrophages was responsible for mature IL-18 

secretion with similar cytokine levels also observed in caspase-1-deficient 

mice202. Thus, this indicates mature IL-18 is strictly regulated with alternative 

pathways for activation. IL-18 is produced by a range of cells such as activated 

macrophages, dermal keratinocytes, osteoblasts, adrenal cortex cells and 

intestinal epithelial cells203. Unlike most cytokines such as IL-1 and IL-12 which 

require an appropriate stimulus for induction, IL-18 mRNA is constitutively 

expressed probably due to high activity of its regulatory elements204. IL-18 has 

its own decoy protein called soluble IL-18 binding protein (IL-18BP) that blocks 

mature IL-18/IL-18R binding205. Evolution has enabled pathogens to possess IL-

18BP homologous proteins to evade host defence mechanisms via inhibiting 

IFN- production206. The level of IL-18BP under normal physiological conditions 

is 20 times higher than IL-18 but IL-18 is present in greater amounts during 

inflammation207. 
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Using structural alignment and fold recognition methods, the IL-18R was 

demonstrated to possess the same homology as IL-1R208. Structural 

comparison between IL-1α, -, IL-1Ra and IL-18R display significant sequence 

overlap, further proving that IL-18 bears resemblance to the IL-1 family. Similar 

to IL-1R, the IL-18R complex comprises of 2 subunits: IL-18Rα and IL-18RAP209 

which together signal via the MyD88-dependent pathway 210. However, IL-18 

may also utilise another pathway in signal transduction mediated by MAPK. The 

authors demonstrated phosphorylation of p56 (LCK) and MAPK when 

stimulated with IL-18 and activity further increased upon T cell receptor/CD3 

stimulation211. Thus, it is conceivably expected that since the MAPK pathway is 

critical for regulating cellular proliferation and differentiation that IL-18 would 

promote T and NK cell activity, which was in fact confirmed in later studies212, 

213. 

 

It is well known that IL-18 has a critical role in Th1 induction for the elimination 

of intracellular microbes through IFN- production197. However, this cytokine 

was observed to have little effect on Th2 clones214. While in the presence of 

saturating amounts of IL-12, IFN- production was increased by IL-18 as well as 

an attendant increase in IL-2Rα expression in Th1 clones. Thus, the authors 

concluded IL-18 can exert its effect independently of IL-12. Given its wide 

ranging expression in immune and non-immune cells, it is not surprising IL-18 

dysregulation may be involved in other ways of inducing inflammation. In 

contrast to earlier studies, when naive CD4+ T cells were cultured with IL-12 

and IL-18 for 4 days, there was increased frequency of IL-4+ cells and 

decreased IFN- producing cells215. Additionally, IL-18 induced IgE production 

and Th2 cytokine - IL-13, both in vitro and in vivo which were dependent on 

CD4+ T cells. Hoshino and colleagues216 also demonstrated the role for IL-18 in 

IL-13 production by NK and T cells, performed in synergy with IL-2 rather than 

IL-12. Thus, IL-18 is able to regulate Th1 and Th2 responses depending on the 

cytokine milieu present. 
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1.12.4. Characterisation of IL-33 

The most recent member of the IL-1 family is IL-33 and its expression has been 

found in epithelial and endothelial cells217. This cytokine acts as the ligand for 

the orphan receptor ST2 to form a heterodimeric complex218. In the same 

manner, the IL-33/ST2 complex interacts with IL-1RAP to induce signalling219. 

Similar to IL-1, IL-33 acts intracellularly to function as a DNA nuclear factor220. 

ST2 has been found to be expressed on Th2 cells, mast cells and 

cardiomyocytes221, 222, 223. In vitro stimulation of human Th2 cells with 

recombinant IL-33 acted as a chemoattractant and demonstrated polarised 

morphology towards the site of inflammation224. Additionally, IL-33 induced 

production of Th2 cytokines including IL-4, IL-5 and IL-13218. However, 

secretion of pro-IL-33 was shown to be independent of caspase-1 cleavage and 

in fact becomes inactivated after cleavage, in contrast to IL-1225, 226. It is still 

unclear if the full-length form of IL-33 can exert its biological function and the 

requirement for cleavage to become active is still questionable226. 

 

The presence of TIR domains in both TLRs and IL-1Rs suggest a conserved 

evolutionary link between the two with many of the IL-1 cytokine family 

members produced in response to pathogen recognition. Neutrophils, 

monocytes and macrophages are undoubtedly important cellular sources of IL-1 

family cytokines, as discussed earlier. However, the innate immunity comprises 

of other cell types which cannot be underestimated given their ability to induce 

appropriate adaptive immunity. The role of some of the less mentioned 

haematopoietic cell types involved in innate immunity and the effects from IL-1-

related cytokines on them will be described here briefly. 

 

1.12.5. Effects of IL-1 related cytokines on innate immune cells 

IL-33 has a large impact on eosinophil function, which is likely due to their 

ubiquitous and robust expression of its putative ST2 receptor. One study 

reported the ability of IL-33 to induce eosinophil adhesion, CD11b expression 

as well as enhance their survival227. Furthermore, administration of IL-33 was 

shown to induce airway hyperresponsiveness and goblet cell hyperplasia via 
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the induction of IL-4, IL-5 and IL-13 and an associated infiltration of 

eosinophils228. Thus, IL-33 regulates eosinophils biology independent of 

acquired immunity. 

 

Mast cells are significantly influenced by effects of IL-1 family members. IL-33 

was shown to directly stimulate primary human mast cells, resulting in pro-

inflammatory cytokine and chemokine production229. Mast cell maturation was 

accelerated rapidly even when stimulated in vitro with IL-33 alone. In a separate 

study, IL-33 induced antigen-independent anaphylaxis involving mast cells. 

Interestingly, IL-33 effects also included mast cell degranulation and eicosanoid 

and cytokine production230. 

 

More recently, basophils have been identified as initiators of helminth and 

allergen-driven CD4+ T responses by taking on an antigen-presenting role in the 

lymph nodes231. They act to augment IgE/Th2 responses via IL-4 production232. 

Yoshimoto and colleagues232 reported that IL-18 administration increased IL-4 

production and histamine release by basophils but when injected with IL-12, can 

exhibit an anti-allergic response in vivo. Additionally, IL-33 could activate human 

basophils via its ST2 receptor by mediating basophil migration toward its 

chemokine, eotaxin227. 

 

Natural killer T (NKT) cell function is dependent on its cytokine milieu. IL-18, 

although known for co-inducing Th1 responses, was shown to enhance IL-4 

production in NKT cells233. Since IL-33 is associated with Th2 cytokine 

induction, studies investigated its effect, if any, on invariant NKTs since this 

immune subset characteristically produces IL-4. Indeed, in vivo administration 

of IL-33 increased iNKT counts 7 days after treatment as iNKT express the ST2 

receptor234. However, IL-33 unexpectedly induced IFN- production which was 

IL-12 dependent, contrary to the predicted Th2 cytokine production. Therefore, 

these studies indicate an immunoregulatory effect for IL-1 related cytokines on 

NKT cells. 
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1.12.6. The inflammasome, IL-18 and IL-1 in GVHD 

Described as a potent pro-inflammatory cytokine, IL-18 is able to induce TNF 

and IL-1 in addition to IFN-. In a murine model, rmIL-18 significantly attenuated 

CD4+ T cell-mediated GVHD while administration of rmIL-18 induced 100% 

mortality by day 45 in CD8+ T cell-mediated GVHD235. Fas-Fas ligand induced 

apoptosis was identified to mediate impaired GVHD progression by CD4+ T 

cells while IL-18 induced CD8+ T cell-mediated GVHD independently of Fas 

expression. Further investigation revealed that IL-18 increased IFN- and TNF 

production and a concurrent expansion and increased cytotoxic activity of donor 

CD8+ T cells. Conversely, IL-18 administration reduced early donor T cell 

expansion in the CD4+ T cell-dependent model. These findings suggest 

differential effects of IL-18 on T cell subsets important in the regulation of GVHD 

outcome. The finding for a protective effect by IL-18 on CD4+ T cell-mediated 

GVHD was reported to be host-derived since aGVHD outcome following 

transplantation of CD4+ T cells from IL-18-deficient donors was comparable to 

wild-type236. Furthermore, the absence of host IL-18 translated into lower IFN- 

production and consequently accelerated aGVHD. The relationship between IL-

18 and IFN- was critical since IFN- has formerly been shown to prevent 

aGVHD237. In a clinical setting, IL-18 levels in the serum correlated with aGVHD 

occurrence238. Following BMT, GVHD induction was mediated by elevated IL-1 

and TNF levels during cytotoxic T cell expansion239. More recently, a single 

study revealed a critical role for the NLRP3 inflammasome in recipients to 

promote GVHD119. However, the authors’ studies present several caveats which 

require further clarification to better characterise the role of inflammasomes 

during GVHD given the wide range of factors that contribute to its complex 

pathophysiology. 

 

1.13. Role of other inflammasomes 

While the majority of inflammasome studies have involved NLRP1, NLRP3 and 

NLRC4, other inflammasome types have progressively been identified. The 

NLRP6 and NLRP12 proteins, also known as PYPAF5 and PYPAF7 

respectively, have been shown to co-localise with ASC and activate caspase-1-
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mediated IL- production240, 241. Recently, NLRP6-deficient mice displayed a 

similar microbiota phenotype similar to ASC- and caspase-1-deficient mice242. 

Further experiments revealed that IL-18 contributed to this altered gut 

microbiota following exposure to dextran sodium sulphate. Moreover, colitis in 

NLRP6-deficient mice was transferrable to co-housed WT mice. Although there 

is conflicting conclusions about the requirement for NLRP6 expression in 

haematopoietic or non-haematopoietic cells107, 242, it is agreed that NLRP6 plays 

a crucial role in preventing colitis-induced inflammation. NLRP12 was shown to 

inhibit NF-B activation via the non-canonical pathway and mediate p52-

dependent chemokines243. Additionally, patients with NLRP12-associated 

autoinflammatory disorders displayed a marked decrease in IL-1 following anti 

IL-1 therapy although IL-1 levels gradually increased again during relapse. 

Even though mutations in NLRP12 which result in periodic fever syndromes 

have been identified as gain of function mutations, the mechanism by which 

NLRP12 induce inflammation is still undefined244. 

 

1.14. Inflammasomes in anti-cancer responses 

There is debate regarding the contrasting roles of the inflammasomes in 

oncogenesis; their ability to eliminate malignant cells through programmed cell 

death or conversely stimulate cancer cells in the microenvironment via IL-1. 

Studies have indicated the use of IL-1 as a predictor of tumorigenesis. IL-1 

levels were used as an indicator for predicted risk of carcinoma, for example, 

higher IL-1 levels were present in cyst fluid of patients with high-grade 

dysplasia or cancer than those with low to mid-grade dysplasia245. Significantly 

elevated levels of IL-1 were also identified in tumour breast epithelial cells246. 

Furthermore, serum IL-18 levels in patients with hepatocellular carcinoma 

correlated with tumour progression247. In human prostate cancer, the caspase-1 

inhibitor suppressed apoptosis induction whereas caspase-1 overexpression 

enhanced apoptosis in response to ionising radiation in vitro 248. Similarly, IL-

1R treatment inhibited tumour growth and prolonged survival in mice injected 

with B16 melanoma cells249. More specifically, in vivo data showed that NLRP3-

deficient mice were more susceptible to colitis-associated cancer than WT 
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mice250. In contrast, reduced tumour load was observed in NLRP4-deficient 

mice compared to NLRP3-deficient mice251. While there is discrepancy 

regarding the actual inflammasome involved, this study suggests that the 

inflammasome regulates carcinogenesis via increased proliferation and 

concurrent decrease in apoptosis. One study investigated the efficacy of NLRP3 

expression in DC vaccination, with the result that NLRP3 enhanced the 

migration of myeloid-derived suppressor cells to tumour sites whose role is to 

suppress T-cell responses. Therefore, NLRP3 was shown to prevent anti-

tumour activity252. Effective clearance of dying tumour cells required an intact 

NLRP3 inflammasome to prime IFN--producing CD8+ T cells106. Altogether, 

there is some evidence for NLRP3 in oncogenic responses. In a UVB-induced 

skin carcinogenesis model, ASC-dependent phosphorylation of the tumour 

suppression gene p53 was implicated in limiting keratinocyte proliferation 

whereas ASC expression promoted tumour load in myeloid cells253. This 

suggests opposing functions for ASC in different tissue sites which are not 

completely clear. 

 

1.15. Inflammasomes in graft rejection 

When an incoming graft is introduced into the recipient, the innate immune 

system is rapidly engaged to deal with differences in MHC molecules. However, 

beyond the innate immunity largely mediated by NK cells, T cells are sufficient 

for rejection of allogeneic tissue. The immune system generates a variety of 

effector mechanisms which involve potent effector molecules. This destruction 

generally has damaging implications on the graft which in turn comprises quality 

of the graft and therefore survival long-term. A limited number of studies have 

explored the role of inflammasomes in solid organ acute rejection, specifically 

cardiac allograft rejection254, 255. Additionally, there have been no reported 

studies investigating their effect on BMT outcome. Given that the inflammasome 

is a major platform for induction of inflammation, more extensive studies are 

required to fully appreciate their contribution in the context of graft rejection. It is 

paramount to find ways to reduce overall inflammation and blunt potent NK and 
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CTL host anti-donor responses in order to increase the success of engraftment 

after transplantation. 

 

1.16. Conclusion 

The immune system is influenced by the many events which occur during 

conditioning pre-transplant. Unfortunately, the advantage of BMT derived from 

the GVL effect is inextricably linked to GVHD. Although there has been some 

evidence for inflammasome-mediated GVHD induction, the role of 

inflammasomes in GVHD is still not clearly defined. Since GVHD is caused by 

aberrant immune responses, it is reasonable to expect a certain degree of 

contribution by inflammasomes. Conditioning upsets homeostasis of not only 

the gastrointestinal tract but downstream effects, such as immune stimulation 

induced by donor immunocompetent cells, triggers off a myriad of pro-

inflammatory signalling pathways. Interactions between the gut commensal 

bacteria and the mucosal barrier evoke a cytokine and chemokine stress 

response with the usual range of pro-inflammatory cytokines IL-6, IL-10, or 

MCP-1. More importantly, IL-1 and IL-18 were among produced cytokines, 

further highlighting a role for the inflammasome256. Thus, clarification regarding 

the contribution of inflammasomes in an inflammatory setting is necessary in 

order to determine new effective therapeutic approaches for GVHD treatment.
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Chapter 2: Methods and materials 

 

2.1 Mice 

Female C57BL/6j (B6.WT, H-2b, CD45.2+), B6.Ptprca (B6.Ptp, H-2b, CD45.1+), 

B6.PtpxC57BL/6j (B6.CD45.1+CD45.2+ (H-2b), B6D2F1 (H-2b/d), Balb/b (H-2b), 

Balb/c (H-2d) mice were purchased from the Animal Resources Centre (Perth, 

Western Australia, Australia). The following mice were generated as previously 

described and subsequently bred in-house at QIMR Berghofer Medical 

Research Institute, Australia: C57BL/6-background ASC-deficient (B6.ASC-/-)65 

and B6.NLRP3-/-257. B6.perforin-/- and B6.IL-1R-/-mice were obtained from Mark 

Smyth (QIMR Berghofer Medical Research Institute). B6.caspase-1/11 double 

knockouts (abbreviated to B6.caspase-1-/-) were provided by Kate Schroder 

(University of Queensland, Australia). B6 background MyD88/TRIF double 

knockout mice were provided by Shizuo Akira (Osaka University, Japan). 

Balb/c. Luciferase+ mice were provided by Remi Creusot (Stanford University, 

USA). The mice used were between six and nine weeks of age. Mice were 

housed in micro-isolator cages and received acidified autoclaved water (pH 2.5) 

after BMT. For engraftment studies, Baytril was added to drinking water (Provet 

Queensland). In all experiments, age-matched female mice were used. 
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2.2 Assessment of GVHD 

Table 2.1 - Scoring system for GVHD 

Criteria Score 0 Score 0.5 Score 1 Score 1.5 Score 2 

Skin 
integrity 

Normal Minor 
scaling of 
paws OR 

tail OR ears 
only 

Scaling of 
paws/tail 

Areas of hair 
loss with 

skin 
thickening 

Obvious 
areas of 
denuded 

skin 

Posture Normal Very minor 
hunching at 

rest only 

Clear 
hunching 

noted only at 
rest 

Hunching 
also noted 

with 
movement 

Severe 
hunching 
impairs 

movement 

Fur texture Normal Minor 
ruffling 

(partial and 
over ventral 

surface 
only) 

Mild to 
moderate 

ruffling 
(ruffling over 

ventral 
surface) 

Moderately 
severe 
ruffling 

(complete 
ruffling 
ventral 

surface and 
partial over 

dorsal 
surface) 

Severe 
ruffling, poor 

grooming 
(complete 

over ventral 
and dorsal 
surface) 

Activity Normal Minor 
decrease 

only 

Mild to 
moderately 
decreased 

Moderate to 
severely 

decreased 

Stationary 
unless 

stimulated 

Weight loss <10%  10-24%  25% 

 

2.3 In vivo / Ex vivo techniques 

2.3.1 Bone marrow transplantation (BMT) 

Total body irradiation to recipient mice was administered on day 0 (
137

Cs source 

at 108 cGy/min), split into two doses separated by 3 h, to B6 (1000 cGy), to 

B6D2F1 (1100 cGy) and Balb/b and Balb/c mice (900 cGy). For BMTs 

performed as described in Chapter 3, mice were lethally irradiated on day 0 and 

transplanted with 5 × 106 whole or T cell-depleted (TCD) BM with or without 5 x 

106 purified splenic T cells. For BMTs described in Chapter 4, mice were lethally 

irradiated on day 0 and transplanted with 5 × 106 whole or TCD BM with or 

without 2 x 106 (B6D2F1 recipients) or 5 x 106 (Balb/b recipients) purified 

splenic T cells. TCD grafts containing only 5 x 106 TCD BM were transplanted in 

non-GVHD controls. In engraftment experiments, B6 recipients were lethally 

irradiated on day -1 and transplanted with 106 luciferase-positive Balb/c BM. All 
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animal procedures were carried out with approval from QIMR Berghofer Medical 

Research Institute’s animal ethics committee. 

 

2.3.2 In vivo depletion in BMT 

For Treg depletion studies, depletion was performed by injection of 500 g CD25 

Ab (PC61, generated in-house) or Mac49 IgG1 (generated in-house) control 

antibody intraperitoneally on day -3 and day -1. For NK depletion experiments, 

recipients were each injected intraperitoneally with 1 mg NK1.1 (PK136) or 

saline on day -2 and day 0. In T cell depletion studies, mice were each injected 

with 150 g of CD8 Ab (53-5.8, generated in-house) intravenously on day -3, 

day -1 and day +3. Depletion efficacy was checked via flow cytometry and 

remaining population targeted for depletion determined to be  1%. 

 

2.3.3 Leukaemia challenge 

Lethally-irradiated recipients were transplanted with 5 x 106 BM cells and 0.5 x 

106 sort-purified CD90.2+ T cells. The non-GVHD group received TCD BM only. 

Additionally, the donor graft was mixed with 106 host-type GFP+ BCR/ABL-

NUP98/HOXA9 tumour cells generated as described previously258. Peripheral 

blood was collected weekly in the first four weeks and thereafter fortnightly by 

retro-orbital bleed in Vacuette K2E K2EDTA tubes (Greiner Bio-one) to prevent 

coagulation. Blood samples were then counted on a Coulter counter and red 

blood cells lysed. Leukaemia burden was tracked by determining the number of 

GFP+ cells via flow cytometry. Leukaemia burden was also determined at time 

of termination by collecting spleens, peripheral blood and BM. 

 

2.3.4 Bioluminescence imaging 

Donor haematopoietic stem cell expansion was measured via Luciferase signal 

intensity using the Xenogen imaging system (Xenogen IVIS 100; Caliper Life 

Sciences, CA, USA). Mice were shaved of their ventral fur and anesthetised 

with isofluorane. Following that, mice were injected with 500 g of luciferin 

subcutaneously, and then imaged 5 min later. Total flux is presented as photons 

per second (p/sec). 
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2.3.5 In vivo cytotoxicity assays 

Assays were performed as previously described259. Briefly, on day 12 post-

transplant, mice received 20 x 106 congenic donor-type B6 (CD45.1+)-

unlabelled splenocytes and 20 x 106 host-type B6D2F1 CFSE-labelled 

splenocytes. For CFSE labelling, splenocytes were resuspended at 30 x 106 

cells/ml in serum-free media, before adding CFSE (Sigma-Aldrich, NSW, 

Australia) at a final concentration of 1 M. Cells were incubated at 37C for 10 

min and then washed and resuspended in 2% FCS-containing media. In 

engraftment experiments, irradiated recipients were co-injected with 12 x 106 

B6.CD45.1+CD45.2+ bone marrow cells and 12 x 106 Balb/c CD45.1+ bone 

marrow cells. Animals were sacrificed 18 h later and spleens harvested. 

Splenocytes were stained with CD45.1 PE and the ratio of CD45.1+ cells to 

CFSE+ cells was determined by flow cytometry. The index of cytotoxicity was 

calculated as the percentage of CD45.1+ cells to remaining CFSE+ cells. 

 

2.3.6 Serum cytokine analysis 

Serum cytokine levels were determined using the BD FACSArray™ Bioanalyzer 

System (BD Biosciences, CA, USA) according to the manufacturer's protocol 

and analysed using FCAP Array v3.0. 

 

2.3.7 Flow cytometry 

Prior to staining, 50 l of 2.4G2 antibody (generated in-house) was added to 

cells for 10 min at RT to block Fc receptors. 

 

i. Intracellular cytokine staining 

Ex vivo splenocytes were stimulated with phorbol 12-myristate 13-

acetate (PMA; 50 ng/ml) and ionomycin (500 ng/ml) and Brefeldin A 

(1:1000 dilution; BioLegend, CA, USA) for 4 h. Cells were processed for 

intracellular cytokine staining as per the manufacturer’s protocol (BD 

Cytofix/Cytoperm Kit; BD Bioscience). For CD107a staining, splenocytes 

were additionally cultured with monensin (1/1000 dilution; BioLegend) 
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and 10l CD107a or isotype control for 5 h at 37C. Stained cells were 

analysed by flow cytometry (BD LSR Fortessa). 

 

ii. Intranuclear staining 

Prior to fixation/permeabilisation with the eBioscience kit (CA, USA) 

according to the manufacturer’s protocol, 3 - 5 x 106 splenocytes were 

surface stained. Briefly, cells were fixed with 250 l of 1x 

fixation/permeabilisation working solution for 30 min at 4C and then 

washed twice with 500 l l of 1x permeabilisation buffer. After that, cells 

were stained with 1 l of intranuclear antibodies and incubated for 1 h. 

Finally, cells were washed with 1x permeabilisation buffer twice prior to 

acquisition. 

 

iii. Annexin V staining 

1 x 106 splenocytes were washed twice with 1 ml of 1x Annexin V binding 

buffer before incubation with 2 µl of Annexin V-PE (BD Pharmingen) for 

15 min in the dark at RT. Finally, 5 µl of 7AAD was added and allowed to 

incubate with cells for 3 min before adding another 400 µl of binding 

buffer. Cells were analysed within 15 min. 

 

iv. CFSE labelling 

Cells were resuspended at 30 x 106/ml in RPMI without FCS. Stock 

CFSE (Sigma-Aldrich) at 5 mM was diluted 1 in 10 with RPMI without 

FCS media. 4 µl of diluted CFSE was then added per 1 ml of cell 

suspension and vortexed well before incubation for 10 min at 37C/ 5% 

CO2. After that, cells were washed with RPMI + 2% FCS media. CFSE 

labelling was checked via FACS. 

 

2.3.8 ImageStream analysis 

Splenocytes were collected ex vivo and surface stained for CD8 and CD90.2 

and fixed/permeabilised with eBioscience kit (CA, USA) according to the 

manufacturer’s protocol. Nuclear dye Hoechst 33342 (1:30,000) was added 
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before analysis. Fluorescent images were visualised and analysed on an 

Imagestream X imaging flow cytometer (Amnis, WA, USA). 

 

2.4 In vitro techniques 

2.4.1 Western blotting 

Cell pellets of 1 - 5 x 106 cells were resuspended in lysis buffer (50 mM Tris pH 

7.6, 250 mM NaCl, 5 mM EDTA pH 8, 50 mM NaF and 50 mM PMSF). 

Supernatant of cell lysate was collected and protein quantification measured 

using the Bio-Rad Protein Assay Dye (Bio-Rad, NSW, Australia). Protein 

samples were resolved on 4 - 15% precast polyacrylamide gels (Bio-Rad, NSW, 

Australia) and protein bands transferred by wet transfer onto a polyvinylidene 

diflouride membrane. The membrane was blocked with 5% (w/v) skim milk for 1 

h and incubated with anti-mouse perforin antibody (Abcam, VIC, Australia) at 

1:1000 overnight at 4C. Subsequently, the membrane was washed and 

incubated with a polyclonal goat anti-rat horseradish peroxidase (Abcam) 

secondary antibody at 1:3000 for 1 h and then washed. The anti-ASC and anti-

tubulin antibodies were purchased from Cell Signaling Technology (QLD, 

Australia) with anti-ASC used at 1:1000 in 5% (w/v) BSA. Membranes were 

developed by ECL substrate (Bio-Rad) and detected by chemiluminescence on 

a DNR Chemi Bis imager (DKSH, VIC, Australia) or Konica-Minolta SRX-101A 

processor. 

 

2.4.2 Immunoprecipitation 

For co-immunoprecipitation studies examining protein-protein interactions, 5 - 

10 x 106 sort-purified cells were lysed in RIPA buffer (50 mM Tris HCl, 1% 

Nonidet P-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM sodium EDTA, 

1 mM sodium orthovandate and 1 mM NaF; Sigma Aldrich)260. The protein of 

interest was immunoprecipitated from 500 µg of protein lysate with 2 µg of 

appropriate antibody pre-adsorbed onto 25 µl Protein A/G sepharose beads 

(GE Healthcare, Australia). Immunoprecipitates were washed with cold RIPA 

buffer three times, then heated at 100 °C for 5 min with 25 µl of Laemmli buffer 

containing 3% DTT (Sigma Aldrich). Chromatin immunoprecipitation assays 



Chapter 2 

50 

were conducted as described previously261 using either anti-T-bet antibody 

(4B10; Abcam) or control IgG (SC-2025, Santa Cruz Biotechnology, USA) with 

a sheared fragment size of 300 bp to 1 kb. 

 

2.4.3 Quantitative real-time PCR 

First strand cDNA synthesis was obtained following the manufacturer’s protocol 

from the Thermo Scientific Maxima H Minus First Strand cDNA Synthesis Kit 

(Thermo Scientific, VIC, Australia). cDNA was mixed with Taqman Gene 

Expression Assay (20x) and Taqman Gene Expression Assay master mix (2x) 

and made up to 20 μl with RNase-free water. PCR reaction mixes were 

transferred to a 96-well PCR plate and amplification carried out at 50C for 2 

min then at 95C for 10 min and then denatured at 95C for 15 s and finally 

annealing/extension at 60C for 1 min for 40 cycles on a ABI Viia7 thermal 

cycler (Applied Biosystems, VIC, Australia). For ChIP qPCR, 1 µl from 30 µl of 

DNA extract was used. Primers for microarray and ChIP qPCR are listed in 

Tables 2.4 and 2.5 respectively. 

 

2.4.4 Microarray for gene expression profiling 

Transcriptional profiling was performed on FACS-purified CD8+ T cells from 

recipient mice transplanted with B6.WT or B6.ASC-/- or caspase-1-/- BM and T 

grafts. Dead cells were excluded via 7-aminoactinomycin D. For microarray 

analyses, cells were stored in RLT buffer prior to extraction and RNA extracted 

using the RNeasy Micro kit (Qiagen) per manufacturer’s protocol and any 

contaminating genomic DNA was removed with DNase I (Qiagen) treatment. 

Preparations were checked for RNA integrity by Agilent 2100 Bioanalyzer. 

mRNA was amplified and biotinylated with the Illumina® TotalPrep RNA 

Amplification Kit (Life Technologies) before hybridisation to Mouse Ref-8 v2.0 

Expression Bead Chip arrays as per manufacturer’s instructions. Chips were 

read via iScan Microarray Scanner (Illumina) and analysed using 

GenomeStudio (Illumina) and GeneSpring GX v12.5 (Agilent Technologies) 

software. 
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2.4.5 Mixed lymphocyte culture 

In a 96 well U-bottom plate, 104 cDCs purified via density gradient centrifugation 

and CD11c MACS selection were plated (in IMDM complete) as the highest 

number of stimulators and then subsequently serially diluted 1 in 2. Finally, 105 

allogeneic Biomag-purified responder CD3+ T cells were added to each well. 

For CFSE dilution assays, CD3+ T cells were CFSE-labeled prior to plating. For 

tritiated thymidine incorporation assays, 50 µl tritium was added to each well (at 

a concentration of 1 mCi per 50 µl) and incubated overnight at 37C. The plate 

was then harvested and then counted on a beta scintillation counter (TopCount 

NXT™) to measure thymidine uptake. 

 

2.4.6 Enzyme-linked immunosorbent assay (ELISA) 

EIA/RIA 96-well flat bottom, high-binding polystyrene plates (Sigma-Aldrich) 

were coated with anti-mouse IL-18 (1:1000; MBL International, Massachusetts, 

USA) diluted in NaHCO3 buffer and incubated overnight at 4ºC. Plates were 

washed with wash buffer three times before adding 200 µl/well of blocking 

buffer and incubated for 1 h at RT. The plate was washed three times prior to 

loading standards using recombinant mouse IL-18 and samples that were 

diluted in IMDM and then left to incubate overnight at 4ºC. The next day, plates 

were washed three times and biotinylated anti-mouse IL-18 (1:2000 in blocking 

buffer) added to wells and incubated for 1 h at RT. After that, wells were 

washed ten times and streptavidin-HRP diluted in blocking buffer (1:1333; BD 

Pharmingen) added and incubated for 30 min at RT and washed again. Finally, 

plates were developed using 1-Step Ultra TMB - ELISA Substrate (Thermo 

Scientific) in the dark and the reaction stopped with 2 M sulphuric acid. 

Absorbance was read at 450 nm on a microplate reader (MDS Analytical 

Technologies, CA, USA). 

 

2.5 Cell preparations 

2.5.1 Bone marrow harvest and processing 

Femurs, tibiae and pelvises were scraped with a scalpel and cleaned of 

attached muscle. The epiphyses of bones were snipped and BM flushed with a 
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26-gauge needle and RPMI + 2% FCS media from both ends. Cells were 

passed through a 70 m cell strainer (Corning, Australia). TCD BM was 

obtained by incubating BM with anti-CD4 (RL172.4), anti-CD8 (TIB 211) and 

Thy1.2 (HO-13-4) 30 ml antibody master mix per 350 x106 BM cells for 30 min 

on ice. Cells were washed with RPMI without FCS media and then incubated 

with 1.3 ml rabbit complement per 100 x 106 cells for 40 min at 37C. After that, 

cells were washed twice with RPMI (without FCS) media and then resuspended 

in RPMI + 2% FCS media prior to performing a count on the Coulter counter 

(Beckman Coulter, Australia). An aliquot of cell suspensions was analysed by 

flow cytometry (BD LSR Fortessa) to ensure less than 1% viable CD3+ T cells 

remained. 

 

2.5.2 T cell selection 

Spleens and lymph nodes (brachial, axillary and inguinal) were mashed in RPMI 

+ 2% FCS media and filtered through a 70 m cell strainer. Red blood cells in 

spleens were lysed with Gey’s red blood cell lysis buffer for 1 min using 1 ml per 

spleen. Lysis was ceased by washing cells twice with RPMI + 2% FCS media 

and centrifugation at 1500rpm for 5 min at 4C. For whole CD3+ T cell selection, 

cells were incubated with antibody master mix containing in-house purified 

antibodies against CD19, B220, GR1, Ter119 and CD11b for 20 min on ice. 

Biomag goat anti-rat IgG beads (Qiagen, VIC, Australia) were washed of azide 

using FACS buffer and a magnetic stand. Cells were incubated with Biomag 

beads for 20 min on ice with occasional gentle shaking to prevent settling of 

beads. Cell suspensions were placed on a magnetic stand and supernatant 

collected. At least 80% CD3+ T cell purity was determined via flow cytometry. 

For specific selection of CD4+ T cells (>80% CD4+CD3+, 0.8% CD8+CD3+) or 

CD8+ T cells (>80% CD8+CD3+, <1.2% CD4+CD3+), cells were positively 

selected using the MACS system according to the manufacturer’s protocol 

(Miltenyi Biotec, Bergisch Gladbach, Germany). 
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2.5.3 DC enrichment 

First, density gradient centrifugation was performed. 

Gradient mix: 

a) 10 mM saline/HEPES buffer (Prepared by adding 5 ml of 1 M HEPES to 

500 ml normal saline) 

b) Optiprep (Axis-Shield, Oslo, Norway; prepared by adding 2.5 ml of 10 

mM saline/HEPES to 250 ml Optiprep) 

c) 0.1 M EDTA (Chem Supply, SA, Australia) 

 

To prepare a single gradient, the following components from the stock solutions 

described above are mixed (saline/HEPES buffer: 8.37 ml; Optiprep: 2.52 ml; 

0.1 M EDTA: 0.11 ml). 

 

Prepare FCS/EDTA by adding 1 ml of 0.1 M EDTA to 10 ml of FCS. 

DCs were enriched from spleens by density gradient centrifugation. Gradient 

mixture was prepared as described above. Spleens were mashed, filtered and 

washed to pellet the cells. This procedure enables the enriched collection of 

DCs as identified by the cloudy layer. Cell pellets were resuspended in 5 ml of 

gradient mix. An additional 5 ml of gradient mix was underlaid beneath the 

cell/gradient mix and 1 ml of FCS/EDTA was overlaid over the top of these two 

layers. This procedure enables the enriched collection of DCs as identified by 

the cloudy layer. The interface between each of the layers was gently disrupted 

using a glass pipette. Gradients were centrifuged at 2700 rpm, at 4ºC for 15 min 

with the centrifuge brake turned off. When completed, all of the liquid was 

collected from the top down to the 4 ml mark, with the last 4 ml discarded. The 

collected material was diluted in a large volume of RPMI + 2% FCS media and 

centrifuged for 10 min at 2000 rpm. The resultant cell pellet was resuspended in 

RPMI + 2% FCS media. 

 

Following density gradient centrifugation, DCs were further purified using the 

CD11c MACS system according to the manufacturer’s protocol with the 

following modifications: FACS buffer was used instead of Miltenyi MACS buffer 

and 10 l of microbeads was used per 10 x 106 estimated target cells. For 
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splenic DC enrichment, the same protocol was used except 10 l of CD11c 

microbeads was used per spleen. DC purity was checked to be > 80%. 

 

2.5.4 FACS sorting 

Cells were purified by FACS to > 97% purity using one of the three sorters: Aria 

II and Aria IIIu (BD) and a Moflo XDP (DakoCytomation). Prior to sorting, cell 

suspensions were stained with 7AAD (20% of final volume) resuspended in 

FACS buffer and then passed through a 40 m nylon cell strainer. 

 

2.6 Statistical analysis 

Survival curves for GVHD were plotted using Kaplan-Meier estimates and 

compared by log-rank analysis. The curves for leukaemia death were analysed 

using cumulative incidence analysis of competing risks by R_2.10.1 software. 

Differential gene expression by microarray was assessed by unpaired student’s 

t-test (p < 0.05) and subsequently FDR (Benjamini-Hochberg) correction and 

supervised hierarchical clustering performed post-test. Ingenuity pathway 

analysis and selection of immunologically-relevant genes were generated from 

the t-test (uncorrected) dataset. The Mann Whitney-U test was used for the 

statistical analysis of remaining data. 

 

2.7 Antibodies and general reagents 

2.7.1 Antibodies 

Antibodies used in flow cytometry are listed in Tables 2.2 and 2.3. 

 

2.7.2 RPMI + 2% FCS 

To make up 1 L, 20 ml heat-inactivated FCS (Life Technologies), 10 ml 

penicillin/streptomycin (stock 10,000 U/ml penicillin and 10,000 g/ml 

streptomycin; Sigma-Aldrich) and 10 ml L-glutamine (2mM stock; Life 

Technologies) were added to 960 ml RPMI-1640 Medium (purchased from 

QIMR Berghofer Media Services). The solution was filter sterilised before use 

and stored at 4°C. 
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2.7.3 Serum-free RPMI (without FCS) 

To make up 1 L, 10 ml penicillin/streptomycin was added to 990 ml RPMI-1640 

Medium. 

 

2.5.4 IMDM complete 

The following were added to 500 ml IMDM (Life Technologies): 50 ml FCS, 5 ml 

penicillin/streptomycin, 5 ml L-glutamine (Hyclone Thermo Scientific), 5 ml non-

essential amino acids (Life Technologies), 5 ml sodium pyruvate (Sigma-

Aldrich) and 1 ml of 11.44 mM (made by 8 µl 2-mercaptoethanol per 10 ml PBS) 

2-mercaptoethanol (Sigma-Aldrich). The solution was filter sterilised before use 

and stored at 4°C. 

 

2.5.5 FACS buffer 

1 L sterile PBS (purchased from QIMR Berghofer Media Services) contained 20 

ml FCS and 10 ml 0.5 M EDTA. 

 

2.5.6 7AAD dye 

To reconstitute, 1 mg of stock (Sigma-Aldrich) was dissolved in 50 l absolute 

methanol followed by further addition of 950 l to get a stock concentration of 1 

mg/ml. To get a working solution, stock solution was diluted 1:500 in FACS 

buffer, filter sterilised and stored at 4ºC. 
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2.5.7 Gey’s red cell lysis buffer 

Lysis buffer was composed of 3 parts. Chemical compounds were purchased 

from Sigma-Aldrich. 

Gey’s Stock A 

35 g NH4Cl, 1.85 g KCl, 1.50 g Na2HPO412H2C, 0.12 g KH2PO4, 5g glucose

  and 50 mg phenol red dissolved in 1 L distilled water. 

Gey’s Stock B 

0.42 g MgCl26H2O, 0.14 g MgSO4.7H2O and 0.34 g CaCl2 were dissolved in 1 L 

distilled water. 

Gey’s Stock C 

2.25 g NaHCO3 was dissolved in100 ml distilled water. 

To make the 1x working solution, 20 parts stock A, 5 parts stock B and 5 parts 

stock C were mixed together with 70 parts distilled water. The solution was filter 

sterilized and stored at 4ºC. 

 

2.5.8 ELISA buffers 

i. 10 mM NaHCO3 Coating Buffer 

0.43 g NaHCO3 (Sigma-Aldrich) was dissolved per 500 ml distilled H2O 

and pH adjusted to 9.6 with Na2CO3 (Sigma-Aldrich). 

ii. 0.05% Tween Wash Buffer 

500 l Tween 20 (Sigma-Aldrich) was mixed in 1 L 1x PBS and prepared 

fresh before each use. 

iii. 1% Blocking Buffer 

1 g Bovine Serum Albumin (Sigma-Aldrich) was dissolved in 100 ml 1x 

PBS and prepared fresh before each use. 
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Table 2.2 - Antibodies used for flow cytometry 

  

Species 
reactivity 

Antibody 
target 

Clone Conjugate Supplier 

Surface staining 

Mouse 

CD3 145-2C11 PE, APC Biolegend 

CD4 

GK1.5 
PE, APC 

Cy7 
Biolegend 

RM4-5 
PB, PECy7 BD Biosciences 

APC Biolegend 

CD8 53-6.7 

APC, PECy7 Biolegend 

FITC 
Generated in-

house 

PerCP Cy5.5 BD Biosciences 

CD19 6D5 PE Biolegend 

CD25 7D4 PE BD Biosciences 

CD40 1C10 PE Biolegend 

CD44 1M7 PE Biolegend 

CD45.1 A20 
PE, APC 

Cy7 
Biolegend 

CD45.2 104 AF700, APC Biolegend 

CD62L MEL14 PE BD Biosciences 

CD80 16-10A1 PE Biolegend 

CD86 GL-1 PE Biolegend 

CD90.2 23-2.1 BV605 Biolegend 

CD127 SB/199 PE Biolegend 

H-2
b

 KH95 FITC Biolegend 

H-2
d

 34-2-12 PE Biolegend 

KLRG1 2F1 APC Biolegend 

Ly6G 1A8 APC Cy7 Biolegend 

Intracellular/intranuclear staining 

Mouse (m) / 
human (h) 

CD107a (m) 1D4B V450 BD Biosciences 

IFN- (m) XMG1.2 APC Biolegend 

IL-10 (m) JES5-16E3 PE Biolegend 

IL-17 (m) 
TC11-

18H10.1 
PE Biolegend 

Ki67 (m) B56 PECy7 BD Biosciences 

Foxp3 (m, h) 150D AF647 Biolegend 

Granzyme B 
(m, h) 

GB12 APC Invitrogen 

Granzyme B 
(m, h) 

GB11 AF647 Biolegend 

Granzyme B 
(h) 

GB11 AF700 BD Biosciences 

T-bet (m, h) 4B10 AF647 Biolegend 

Isotypes 

Rat 
IgG1 

RTK2071, 
MOPC-21 

Pacific Blue, 
AF647 

Biolegend 

Rat R3-34 V450 BD Biosciences 

Rat IgG2b RTK4530 PE, APC Biolegend 
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Table 2.3 - Primary antibodies used for sorting prior to adoptive transfer 

 

 

  

Species 
reactivity 

Antibody 
target 

Clone Conjugate Supplier 

Mouse 

CD8 53-6.7 
FITC 

Generated In-
house 

APC Biolegend 

CD25 7D4 PE BD Biosciences 

CD90.2 53-2.1 PE Biolegend, 
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Table 2.4 - Primers for qRT-PCR 

   

qRT-PCR Primer Sequence 

RT mASC 
Forward 5’- CTTGTCAGGGGATGAACTCAAAA -3’ 

Reverse 5’- GCCATACGACTCCAGATAGTAGC -3’ 

RT mCD7 
Forward 5’- GGCTTTGCTGCTTACACTGG -3’ 

Reverse 5’- TTGACAGAATCCCCCTCAGAG -3’ 

RT mIRF1 
Forward 5’- ATGCCAATCACTCGAATGCG -3’ 

Reverse 5’- TTGTATCGGCCTGTGTGAATG -3’ 

RT mSTAT1 
Forward 5’- TCACAGTGGTTCGAGCTTCAG -3’ 

Reverse 5’- GCAAACGAGACATCATAGGCA -3’ 

RT mGZMB 
Forward 5’- CCACTCTCGACCCTACATGG -3’ 

Reverse 5’- GGCCCCCAAAGTGACATTTATT -3’ 

RT mGDPD3 
Forward 5’- CTCTCCTGTACTTTGTTCTGCC -3’ 

Reverse 5’- CCAGGCGGATAGGGAAGAC -3’ 

RT mRAB4A 
Forward 5’- TTCTTGGTCATCGGAAATGCG -3’ 

Reverse 5’- TCTTTGAGCCAAATTCCATTCCT -3’ 

RT mIL-7R 
Forward 5’- GCGGACGATCACTCCTTCTG -3’ 

Reverse 5’- AGCCCCACATATTTGAAATTCCA -3’ 

RT mNFKBIZ 
Forward 5’- GCTCCGACTCCTCCGATTTC -3’ 

Reverse 5’- GAGTTCTTCACGCGAACACC -3’ 

RT mFOXP3 
Forward 5’- CCCATCCCCAGGAGTCTTG -3’ 

Reverse 5’- ACCATGACTAGGGGCACTGTA -3’ 

RT mHPRT 
Forward 5’- TCAGTCAACGGGGGACATAAA -3’ 

Reverse 5’- GGGGCTGTACTGCTTAACCAG -3’ 



Chapter 2 

60 

 Table 2.5 - Primers for ChIP qPCR 

 

 

 

 

 

 

ChIP qPCR Primer Sequence 

mGZMB promoter 
Forward 5’-TGATGACGTCTTCTGAGTACTTGTG -3’ 

Reverse 5’- ACTCTGATACCATAGGCTACAAACC -3’ 

mHPRT1 promoter 
Forward 5’- CCTAAATCTTGAGGAATCACATCA -3’ 

Reverse 5’- TTCTTTCTGAAGAAAATGGTACTGG -3’ 
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Chapter 3: The effect of recipient ASC and NLRP3 expression 

on GVHD 

 

3.1 Introduction 

Inflammasomes act as large molecular platforms which become activated in 

response to a variety of stimuli, either pathogen-derived or via mediators of 

sterile inflammation. Assembly of this multimeric protein complex is initiated by 

activation of a pattern recognition receptor involving either a nucleotide-binding 

oligomerisation domain-like receptor (NLR) or an absent in melanoma 2 (AIM2) 

receptor. The NLRP3 inflammasome is by far the most commonly studied 

inflammasome due in part to its ability to become activated by a diverse array of 

stimuli including both pathogen-associated and damage-associated molecular 

patterns (PAMPs and DAMPs) such as ATP, nigericin, streptolysin O and 

crystalline structures. The active NLRP3 inflammasome is formed from the 

oligomerisation of three proteins: a NLRP3 sensor protein, adaptor protein 

(ASC) and a pro-inflammatory caspase-1 enzyme which lead to the proteolytic 

cleavage of IL-1 and IL-18. Conditioning prior to allogeneic BMT induces 

extensive epithelial damage within the gastrointestinal tract and results in the 

overproduction of pro-inflammatory cytokines which activate immune cells 

including NK cells, T cells and antigen presenting cells (APCs) to mediate 

positive feedback for tissue damage and disease progression. Therefore, it is 

not surprising that NLRP3 inflammasome-mediated production of IL-1β and IL-

18 can augment disease progression. During conditioning, damage to the 

intestinal mucosa is accompanied by the release of large amounts of DAMPs 

and PAMPs, among others, extracellular ATP and LPS into the bloodstream262. 

Given that the role of inflammasomes has been implicated in numerous 

inflammatory diseases, we predicted that the NLRP3 inflammasome may be 

critical in the promotion of inflammation during GVHD pathogenesis. It is now 

well-known that a priming signal provided by extracellular molecules such as 

amyloid- and LPS, predominantly from the latter, is required for a functional 

NLRP3 inflammasome263. Subsequent stimulation provided by a second signal 

from agonists such as ATP, fatty acids and uric acid and even pathogens which 
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have been able to access the cytosol are effective triggers of NLRP3 

inflammasome assembly and downstream inflammation 264. Prior to our studies, 

the role of the NLRP3 inflammasome in the context of GVHD was not reported. 

However, a subsequent single important study has analysed the contribution of 

the NLRP3 inflammasome in GVHD. The authors reported that NLRP3-/- and to 

a much lesser extent ASC-/- recipients showed delayed GVHD onset119. 

Although we report the importance of NLRP3 mediated pathogenesis in GVHD, 

our studies highlight several different findings in contrast to the former study. 

 

3.2 Phenotype of NLRP3-/-, ASC-/- and caspase-1-/- post-BMT 

In our initial studies, we utilised a Balb/c  B6 MHC-mismatched murine model. 

Lethally-irradiated (1000 cGy) B6-background B6.WT or B6.ASC-/- or 

B6.NLRP3-/- recipients (H-2b) were transplanted with 5 x 106 Balb/c.WT (H-2d) 

BM and 5 x 106 T cells and monitored for survival outcome. Recipients were 

also scored for GVHD based on five clinical parameters i.e. weight loss, fur 

texture, posture (hunching), skin integrity and motion. As predicted, B6.NLRP3-/- 

recipients exhibited improved survival with 75% surviving till as late as 70 days 

post-transplant compared to only 5% of B6.WT recipients (Figure 3.1A). 

Improved survival in B6.NLRP3-/- recipients was also reflected in lower clinical 

scores (Figure 3.1B). Interestingly however, survival between B6.ASC-/- 

recipients compared to B6.WT recipients were not different post-transplant 

suggesting perhaps that improved survival in the absence of NLRP3 may be 

independent of NLRP3-ASC inflammasome signalling. The non-GVHD control 

group received only T cell-depleted (TCD) BM. Subsequently, we examined the 

role of the inflammasome and the contribution of IL-1β and IL-18 to GVHD by 

transplanting caspase-1-deficient recipients with Balb/c.WT BM. Our results 

demonstrated a modest although significant survival advantage in B6.caspase-

1-/- recipients post-transplant along with no notable decrease in GVHD severity 

(Figure 3.2A–B). The absence of caspase-1 in recipients prolonged GVHD 

survival, however, eventually all recipients succumbed to GVHD by day 35 post-

BMT (Figure 3.2A). This protective effect was subtle compared to the absence 

of NLRP3 in recipients. Together, this suggested that the inflammatory milieu 
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observed in GVHD is only partially due to recipient-derived inflammasome 

contribution. 

 

3.3 IL-1 and IL-18 production following BMT 

To study the mechanism involved in NLRP3-mediated protection, serum from 

transplanted B6.ASC-/- and B6.NLRP3-/- recipients was collected one week after 

BMT and measured for the levels of IL-1 compared to B6.WT recipients. 

However, the level of IL-1 was not detectable presumably due to tight levels of 

regulation for IL-1 in the systemic circulation required in order to limit 

unnecessary inflammation. As most IL-1 is produced by myeloid cells such as 

blood monocytes and tissue macrophages265, we collected recipient-derived 

peritoneal macrophages on day 7 post-transplant and measured the production 

of IL-1 and IL-18 following ex vivo stimulation with LPS and ATP via cytokine 

bead array and ELISA respectively. As expected, both IL-1 and IL-18 were 

hugely reduced or undetected in B6.ASC-/- and B6.NLRP3-/- recipients (Figure 

3.3A–B). Although IL-1 levels in B6.ASC-/- and B6.NLRP3-/- recipients were 

greatly reduced post-transplant, cytokine production in B6.WT recipients was 

still at least twice the levels found in naϊve B6.WT mice (Figure 3.3C). This 

demonstrated that although macrophages from post-BMT recipients produced 

dramatically increased amounts of IL-1 and IL-18 as compared to those found 

at steady state in naïve mice, production of IL-1 and IL-18 is still dependent on 

signalling from inflammasome proteins regardless of the cellular environment. 

 

3.4 Characterisation of chimerism and donor T cells 

Having observed a stark attenuation in GVHD in the absence of NLRP3 within 

major effector cells that induce GVHD, spleens were isolated from B6.WT or 

B6.NLRP3-/- recipients of BM and T cells (from Balb/c mice) as it is one of the 

crucial sites of active alloreactive T cell expansion during induction of 

aGVHD266. As B6.WT recipients first started to succumb to GVHD as early as 

day 10, they were sacrificed for ex vivo analysis of various cell populations at a 

chosen timepoint of day 7. We observed significantly reduced numbers of total 

splenocytes in B6.NLRP3-/- compared to B6.WT recipients (Figure 3.4A). Next, 
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we analysed for donor engraftment in these recipients via FACS using anti-H-

2Db, -H-2Dd donor-host markers (Figure 3.4B). Day 7 analysis showed that 

although it was variable but not significant, B6.NLRP3-/- recipients exhibited a 

trend for less donor chimerism compared to B6.WT recipients (Figure 3.4B). 

 

Next, splenic donor CD4+ and CD8+ T cell subsets within B6.WT and 

B6.NLRP3-/- recipients were analysed to investigate the effect of recipient 

NLRP3 expression on modulating donor T cells. Results revealed a significant 

reduction in the frequency of donor CD8+ T cells in B6.NLRP3-/- recipients 

compared to B6.WT recipients (Figure 3.5A–B). Quantification of the overall 

number of splenic donor CD8+ T cells also indicated fewer numbers in 

B6.NLRP3-deficient recipients post-transplant. Interestingly, donor CD4+ T cell 

expansion was similar between B6.WT and B6.NLRP3-/- recipient cohorts (data 

not shown). Despite the initial delay in donor cell expansion in B6.NLRP3-/- 

recipients (Figure 3.4A–B), both groups exhibited comparable donor chimerism 

and expansion by day 9 although there was a trend for a slight but not 

significant increase in splenocyte count of B6.NLRP3-/- compared to B6.WT 

recipients (Figure 3.6A–C). Additionally, recipients were bled on day 7 and 

serum collected for cytokine analysis. Notably, there was a reduction in GVHD 

pro-inflammatory cytokines, IFN- and IL-6, in B6.NLRP3-/- recipients compared 

to B6.WT which correlated with reduced GVHD severity (Figure 3.7). 

Furthermore, our observations of reductions in donor chimerism, CD8+ T cell 

reconstitution and systemic pro-inflammatory cytokines in B6.NLRP3-/- 

recipients were allogeneic disparate-specific as B6.WT and B6.NLRP3-/- 

recipients transplanted with syngeneic grafts did not exhibit differences in the 

frequency or numbers of donor CD8+ T cells or systemic GVHD pro-

inflammatory cytokines (Figure 3.8A–C). This indicated that reduced IFN- and 

IL-6 in B6.NLRP3-/- recipients is an allo-specific effect.  
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3.5 Donor T cell proliferation and apoptosis 

Reduced numbers of donor CD8+ T cells in B6.NLRP3-/- recipients compared to 

control mice could be due to one of two major phenomena. On one hand, the 

alloreactive CD8+ T cells in B6.NLRP3-/- recipients may not be undergoing 

proliferation as quickly as those in the B6.WT recipients. On the other hand, 

these cells may be undergoing a higher degree of apoptosis in NLRP3-deficient 

recipients compared to control recipients. 

 

B6.WT or B6.NLRP3-/- recipients were transplanted with BM and T cells as 

before in Figure 3.1. In the apoptosis experiments, splenocytes were stained 

with Annexin V, a phospholipid-binding protein that preferentially binds to 

phosphotidylserine, to detect exposed phosphotidylserine molecules in 

apoptotic cells in conjunction with 7AAD viability dye staining 267. In keeping 

with earlier observations on day 7, analysis was performed at the same 

timepoint. Results showed that the frequency of Annexin V+7AAD- (early 

apoptotic) cells within the CD8+ T cell compartment of B6.WT and B6.NLRP3-/- 

recipients was similar (Figure 3.9A–B). As there was a possibility that 

apoptosis might have been occurring at an earlier timepoint, analysis was 

carried out on day 5 post-transplant. However, apoptosis between B6.WT and 

B6.NLRP3-/- recipients was approximately similar again (Figure 3.9C). 

 

Consequently, we examined CD8+ T cell proliferation within both recipient 

cohorts via carboxyfluorescein succinimidyl ester (CFSE) dye labelling of donor 

CD3+ T cells which enabled in vivo monitoring of lymphocyte proliferation. Initial 

preliminary studies in which lethally-irradiated B6.WT mice were transferred 

with whole T cells from Balb/c.WT mice were performed to determine the 

optimal timepoint to detect proliferation differences. Results indicated that when 

both CD4+ and CD8+ T cells were transferred in vivo into allogeneic B6 

recipients, CD8+ T cells proliferated more readily than CD4+ T cells on day 4 

post-transplant. On day 5, proliferation of the CD4+ T cell population became 

detectable (Figure 3.10). Therefore, subsequent analysis was carried out on 

day 5 post-transplant to investigate T cell proliferation kinetics. Lethally-

irradiated B6.WT or B6.NLRP3-/- recipients were transplanted with 3 x 106 

magnetic bead-selected CFSE-labelled whole T cells (CD4+ and CD8+) from 
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CD45.1+ Balb/c mice on day 0. Five days later, spleens were analysed and cell 

division was tracked via CFSE dilution by gating on CD45.1+ (donor) CD8+ cells. 

Although two out of three animals in the B6.NLRP3-/- group showed a lower 

percentage of CFSElow CD8+ T cells compared to that in B6.WT recipients, the 

results were not significantly different (Figure 3.11A–B). Additionally, we 

confirmed these results via an alternative method by staining for Ki67 and 

Hoechst to determine potential differences in cell cycle progression. The marker 

Ki67 is expressed by cells at all stages except when cells are in the quiescent 

G0 phase. Our results showed similar frequencies of cells for all cell cycle 

phases in both B6.WT and B6.NLRP3-/- recipients (Figure 3.11C–D). 

 

Altogether, the above results suggest that donor CD8+ T cell proliferation and 

apoptosis are similar between B6.WT and B6.NLRP3-/- recipients. Additionally, 

apoptosis and proliferation within the CD4+ T cell compartment were also similar 

between both recipient groups. Therefore, this indicates that the presence or 

absence of NLRP3 does not affect T cell expansion nor cell death. 

 

3.6 Characterisation of donor T cell cytokine production 

In addition to alloreactive T cell expansion, T cell differentiation and cytokine 

production has a large impact in driving GVHD pathology. As there was a 

dramatic reduction in serum IFN-, we determined if it was derived from CD8+ T 

cells. Additionally, IL-6 which was also decreased in sera from B6.NLRP3-/- 

recipients is known to drive Th17 differentiation. We therefore analysed spleens 

from B6.WT or B6.NLRP3-/- recipients for IFN- and IL-17 production on day 9 

after BMT as the phenotype difference segregated more noticeably (Figure 

3.1A). Overall, there was no difference in IFN- production from either CD4+ or 

CD8+ T cells of B6.WT versus B6.NLRP3-/- recipients (Figure 3.12A, 3.12B top 

panel). We observed that IL-17 production from either CD4+ or CD8+ T cells 

within both recipient cohorts was also quite comparable (Figure 3.12A, 3.12B 

middle panel). Although not significant, our results revealed a trend for a 

reduction in the frequency of IFN-+IL-17+-producing CD8+ T cells (Tc17) in 

B6.NLRP3-/- recipients compared to B6.WT recipients (Figure 3.12A, 3.12B 

bottom panel) which has been demonstrated to have a role in driving GVHD 
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severity268. Thus, it may be possible that NLRP3-mediated GVHD is driven by 

these pathogenic Tc17 cells. 

 

3.7 Characterisation of naïve WT and NLRP3-/- cells 

During GVHD initiation, it is known that the involvement of recipient APCs plays 

a critical role in the activation of donor T cells. Thus, we examined conventional 

dendritic cells (cDCs) from naïve B6.WT and B6.NLRP3-/- mice given that they 

are the predominant cell population which expresses NLRP3 and is also the 

main APC presenting alloantigen after BMT 31, 93. Initial experiments examined 

phenotypic as well as functional differences between naïve B6.WT or 

B6.NLRP3-/- mice. The level of co-stimulatory molecule expression plays a 

critical role in effector T cell priming. As expected, naïve B6.WT and B6.NLRP3-

/- cDCs gated as CD11c+MHC class IIhigh cells expressed low levels of CD40, 

CD80 or CD86 at steady state without any stimulation (Figure 3.13A). 

However, the mean fluorescence intensities (MFI) of these maturation markers 

were dramatically upregulated when cDCs from both B6.WT and B6.NLRP3-/- 

mice were stimulated with exogenous stimuli such as LPS or a combination of 

IFN- and CD40 ligation, the latter having been reported to be effective at 

eliciting antigen-specific T cell responses 269. Regardless of the type of 

stimulation, results showed that naïve B6.WT and B6.NLRP3-/- cDCs express 

similar levels of co-stimulatory markers (Figure 3.13B–C). Furthermore, purified 

B6.WT or B6.NLRP3-/- cDCs were co-cultured with magnetic bead-purified 

allogeneic T cells to determine their ability to stimulate naïve T cell responses in 

vitro. On day 4 when cDCs and T cells displayed well-formed clusters, tritiated 

thymidine was added to the cultures. Cell proliferation was measured based on 

the level of radioactivity present in cultured T cells from metabolic incorporation 

of the thymidine. Regardless of the ratio between stimulators and responders, 

results revealed no overall proliferation differences when either naïve B6.WT or 

B6.NLRP3-/- DCs were utilised to prime allogeneic T cells (Figure 3.14). These 

results suggest that DCs from B6.WT and B6.NLRP3-/- mice are capable of 

stimulating naïve T cells to the same extent and that the difference in GVHD 

outcome may be due to a more complex interplay of cellular interactions in vivo. 

Given that recipients DCs are eliminated early after transplant with the 
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reconstitution of donor derived cells 270 and it is technically not achievable to 

use them for in vitro MLC, we have not determined the capacity of post-

transplant DCs to stimulate allogeneic T cell. However, we infer the potential 

APC function of recipient DCs from these results. 

 

Additionally, the inherent proliferative capacity of B6.WT and B6.NLRP3-/- naïve 

T cells was studied since it may be possible that recipient B6.NLRP3-/- T cells 

are more proliferative than recipient B6.WT T cells and can outcompete donor T 

cells, contributing to their delay in engraftment. Results showed no overall 

difference in the frequency of CFSElow CD4+ and CD8+ T cells when analysed 

via FACS on day 4 of co-culture (Figure 3.15). This suggested that NLRP3 

expression does not influence alloreactive T cell responses. 

 

3.8 Summary 

In summary, the above findings in this chapter have examined the contribution 

of recipient ASC and NLRP3 expression in GVHD. Although NLRP3-/- recipients 

demonstrated prolonged survival compared to WT recipients following BMT, this 

was in contrast to ASC-/- recipients which succumbed to mortality as rapidly as 

WT recipients. However, transplanted caspase-1-/- recipients demonstrated a 

slight survival advantage over WT recipients. These results indicate that 

inflammasomes contribute partially to GVHD mortality and as expected 

represent one of the many possible avenues for inflammatory cytokine 

processing. Additionally, the absence of NLRP3 in recipients was associated 

with a decrease in serum IL-6 and IFN- production that was observed to be 

allogeneic BMT-specific. 

 

In our studies, the exact mechanism by which NLRP3-/- recipients were able to 

attenuate GVHD is still unclear despite studies investigating T cell proliferation 

and apoptosis kinetics. Furthermore, no inherent differences between cDCs 

from WT and NLRP3-/- mice were detected suggesting the NLRP3-mediated 

promotion of GVHD is not likely due to a difference in priming of donor T cells. 

While there was a trend for a reduction in IFN-+IL-17+-producing CD8+ T cells 

in NLRP3-deficient recipients compared to WT recipients, this did not provide 
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explanation for reduced donor CD8+ T cell numbers which suggest another 

mechanism is yet to be defined. However, what is clear at least from our studies 

is that NLRP3 is critical in modulating GVHD outcome that is not dependent on 

ASC signalling nor caspase-1 whereas recipient ASC or caspase-1 expression 

does not recapitulate transplant outcome observed when NLRP3 is present. 
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Figure 3.1: The absence of NLRP3 in recipients attenuates GVHD post-BMT. 

Lethally-irradiated (1000cGy) B6.WT, B6.ASC-/- and B6.NLRP3-/- recipients 

were transplanted with Balb/c.WT grafts containing 5 x 106 BM and 5 x 106 

Biomag bead-purified splenic T cells (n = 20 per group). A separate cohort of 

B6.WT recipients received T cell-depleted (TCD) BM as a non-GVHD control 

group (n = 8). Recipients were monitored for (A) survival and (B) clinical scores 

weekly based on established GVHD clinical parameters. Data combined from 2 

experiments and results presented as ± SEM. *P  0.05, **P  0.01, ***P  

0.001, ****P  0.0001. 
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Figure 3.2: GVHD outcome of caspase-1-deficient recipients. 

Lethally-irradiated (1000cGy) B6.WT and B6.caspase-1-/- recipients were 

transplanted as in Figure 3.1 and (A) survival and (B) clinical scores determined 

over time post-BMT (n = 8 per group). A separate cohort of B6.WT recipients 

received TCD BM as a non-GVHD control group (n = 4). Results presented as ± 

SD. **P = 0.0081. 
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Figure 3.3: IL-1β production from peritoneal macrophages. 

Lethally-irradiated B6.WT, B6.ASC-/- and B6.NLRP3-/- recipients were 

transplanted as in Figure 3.1 and peritoneal macrophages harvested on day 7 

post-transplant. In a 96-well flat bottom plate, 200,000 macrophages were 

primed with LPS (1 µg/ml) for 4h and then stimulated with ATP (5 mM) for 20 

min before culture supernatants were collected for analysis of (A) IL-1β 

(cytokine bead array) and (B) IL-18 (ELISA). (C) The same assay for IL-1β was 

performed except naïve mice were used. Data presented as ± SD. *P = 0.0286, 

nd: not detected. 
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Figure 3.4: Reduced spleen counts and donor engraftment in B6.NLRP3-/- 

recipients. 

Spleens from B6.WT and B6.NLRP3-/- recipients were analysed on day 7 post-

allogeneic BMT. (A) The absolute number of splenocytes. (B) Representative 

FACS plots of B6.WT and B6.NLRP3-/- recipient spleens stained using donor 

and host markers (left) and the frequency of donor chimerism (right). Donor 

chimerism determined as donor cells calculated as a percentage of the total 

frequency of donor and host cells. Data pooled from 3 independent experiments 

(n = 18 per group) and displayed as ± SEM. **P = 0.0016. 
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Figure 3.5: Reduced frequency and number of infiltrating donor CD8+ T cells in 

B6.NLRP3-/- recipient spleens. 

(A) Representative FACS plots of CD4+ and CD8+ T cell populations gated on 

donor T cells (H-2Dd+CD3+) in B6.WT and B6.NLRP3-/- recipient spleens 7 days 

after BMT. (B) Quantification of frequency and absolute numbers of donor CD8+ 

T cells analysed on whole splenocytes. Data pooled from 3 independent 

experiments (n = 18 per group) and displayed as ± SEM. ***P = 0.0002, ****P  

0.0001. 
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Figure 3.6: Day 9 kinetics in B6.WT versus B6.NLRP3-/- recipients post-

transplant. 

(A) Total splenocyte count. (B) FACS analysis of donor chimerism. (C) FACS 

was used to determine the percentage (left) of donor CD8+ T cells and absolute 

numbers (right). Data combined from 2 independent experiments (n = 8 per 

group) and displayed as ± SEM. 
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Figure 3.7: GVHD cytokine production following allogeneic BMT. 

Serum was collected from B6.WT and B6.NLRP3-/- recipients on Day 7 post-

transplant. Levels of IFN- (left) and IL-6 (right) were measured via cytokine 

bead array analysis. Data pooled from 3 independent experiments (n = 15-18 

per group) and displayed as ± SEM. 
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Figure 3.8: Donor cell expansion and cytokine production in syngeneic BMT. 

Lethally-irradiated B6.WT and B6.NLRP3-/- recipients were transplanted with 

PTP (CD45.1+) syngeneic grafts containing 5 x 106 BM and 5 x 106 purified 

splenic T cells (n = 5 per group). Animals were sacrificed on day 7 for analysis. 

Flow cytometry was used to determine the percentage of (A) donor 

engraftment, (B) frequency (left) and absolute numbers (right) of donor CD8+ T 

cells. (C) Serum levels of IFN- (left) and IL-6 (right) measured via cytokine 

bead array analysis. Data is from one experiment (n = 6 per group) and shown 

as ± SD. 
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Figure 3.9: Similar frequencies and numbers of apoptotic CD8+ T cells in 

B6.WT and B6.NLRP3-/- recipients. 

Flow cytometry was performed on B6.WT and B6.NLRP3-/- recipients on day 7 

post-transplant by staining with Annexin V and 7AAD dyes. (A) Representative 

FACs plots of Annexin V versus 7AAD staining. (B–C) Quantification of 

frequency of Annexin V+ cells within the CD8+ T cell compartment on (B) day 7 

and then earlier on (C) day 5. Data is from one experiment (n = 4 per group per 

timepoint) and shown as ± SD. 
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Figure 3.10: In vivo proliferation of CD4+ and CD8+ T cell expansion in B6.WT 

recipients. Animals were sacrificed on day 4 and day 5 for T cell proliferation 

analysis of CFSE dilution (n = 3 per time timepoint). 
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Figure 3.11: No significant difference in CD8+ T cell proliferation in B6.NLRP3-/- 

versus B6.WT recipients 5 days following alloBMT. 

(A–B) CFSE dilution of donor CD8+ T cells. (A) Median CFSE dilution 

measured by FACS. (B) Quantification of proliferative CD8+ T cells. (C–D) Flow 

cytometry analysis of splenic CD8+ T cells from B6.WT and B6.NLRP3-/- 

recipients. (C) Representative FACS plots of Ki67 vs Hoechst staining. (D) 

Quantification of percentage and overall numbers of CD8+ T cells in G0 phase 

analysed within total splenocytes. Results are from one experiment (n = 4 per 

group).  
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Figure 3.12: IFN- and IL-17 production from donor T cells of B6.WT and 

B6.NLRP3-/- recipients 9 days after allogeneic BMT. 

(A) Representative FACS plots of intracellular IFN- and IL-17 staining within 

splenic CD4+ and CD8+ T cells following 4 h PMA and ionomycin stimulation. 

(B) Quantification of IFN-+ (top panel), IL-17+ (middle panel) and IFN-+IL-17+ 

(bottom panel)-producing CD4+ and CD8+ T cells. Results are from one 

experiment (n = 4 per group).  
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Figure 3.13: Expression of the co-stimulatory markers CD40, CD80 and CD86 

on splenic cDCs of naïve B6.WT and B6.NLRP3-/- mice with or without 

exogenous stimulation. (A) Naïve cDCs were enriched by density gradient 

centrifugation and then phenotyped for CD40, 80 and 86 (gated on 

CD11c+MHC class II+ cells) without prior stimulation (gray filled; isotype control, 

black open; B6.WT, green open; B6.NLRP3-/-). (B) Naïve cDCs obtained and 

analysed as in (A) but stimulated for 18.5 h with LPS (1 g/ml) or CD40 (100 

g/ml) and IFN- (20 ng/ml). Representative FACS plots for CD40, 80 and 86. 

(C) Quantification of mean fluorescence intensity after LPS or CD40 and IFN- 

stimulation. 
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Figure 3.14: Proliferation of allogeneic (Balb/c) T cells is similar when 

stimulated with either splenic cDCs from naïve B6.WT or B6.NLRP3-/- mice. 

Cells were plated in a 96-well U bottom plate with 0.1 x 106 CD3+ T cells and 

different numbers of cDCs plated in triplicate. Tritiated thymidine was added on 

day 4 and the plate harvested 18 h later and read on a beta scintillation counter 

to determine thymidine uptake. Data combined from 2 independent 

experiments. 
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Figure 3.15: CD4+ and CD8+ T cells from naïve B6.WT and B6.NLRP3-/- mice 

possess similar proliferative potential. Purified allogeneic B6D2F1 cDCs were 

enriched via density gradient centrifugation and bead purification and then co-

cultured with CFSE-labeled naïve B6.WT and B6.NLRP3-/- whole CD3+ T cells 

at a ratio of 1:10 respectively. T cell proliferation was measured by CFSE 

dilution on day 4 using flow cytometry. Data shown is from one experiment
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Chapter 4: The effect of donor ASC expression on GVHD and 

GVL 

 

4.1 Introduction 

Having examined the role of ASC and NLRP3 expression in recipients post-

BMT, we were also interested in investigating the role of these proteins in the 

context of donor expression. Although Jankovic, Ganesan 119 reported that the 

NLRP3 inflammasome promotes GVHD in recipients, they reported that neither 

deficiency of NLRP3 nor ASC within the donor graft was found to influence 

GVHD outcome compared to WT (unpublished data). However, initial 

experiments from our laboratory demonstrated a role for donor ASC which led 

to further studies. Furthermore, no other study to our knowledge has examined 

the effect of these proteins on modulating BMT outcome. As reviewed in 

Chapter 1, ASC and NLRP3 are expressed by a variety of immune cells. 

Previously, ASC-deficient DCs were shown to induce poor proliferation of 

antigen-induced T cells in a model of collagen-induced arthritis and that 

restoration of ASC expression was required for lymphocyte proliferation 123. In 

contrast, using a bovine-serum albumin-induced model of arthritis, ASC-

mediated effects were reported to be critically regulated by T cells instead of 

APC populations 111. Depending on the type of antigen-induced arthritis model 

used, the role of ASC may dominate in either myeloid or lymphoid cells. Thus, it 

would be reasonable to expect that transplanting donor cells into a recipient has 

the potential to influence transplant outcome. Regardless, these studies 

demonstrate a role for ASC in mediating adaptive immune responses 

independent of the caspase-1 inflammasome and likely in other autoimmune 

diseases. 

 

4.2 ASC expression in transplant-related mortality 

To study the effect of the donor inflammasome on acute GVHD, lethally-

irradiated B6D2F1 recipients were transplanted with BM and T cells from MHC-

mismatched B6.WT or B6.ASC-/- mice. Surprisingly, 75% of the recipients 

receiving T cell-replete B6.ASC-/- grafts survived beyond day 70 post-transplant 
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compared to less than 20% of the recipients transplanted with T cell-replete 

B6.WT grafts (Figure 4.1A). This was reflected in the clinical scores as well 

(Figure 4.1B). A role for donor ASC was also confirmed in a B6  Balb/b MHC-

matched model where GVHD is directed to multiple minor histocompatibility 

antigens (Figure 4.1C). Next, the requirement for ASC expression in the BM or 

T cell compartment for the exacerbation of GVHD was determined. Recipients 

were transplanted with grafts in which BM, T cells or combinations thereof were 

ASC-/-. These studies clearly demonstrated that GVHD was attenuated only 

when ASC was absent in the T cell compartment, while ASC expression in the 

BM was irrelevant to GVHD severity (Figure 4.2A–B). Since caspase-1 is the 

third and most distal component of the inflammasome complex for precursor 

cytokine processing, caspase-1 knockout mice were utilised to determine if 

these results were inflammasome-dependent. Transplantation of B6D2F1 

recipients with B6.WT or B6.caspase-1/11 double knockout BM with or without 

T cells demonstrated that the absence of caspase-1 did not reproduce the 

B6.ASC-/- survival advantage, suggesting that ASC is involved in an alternate 

inflammasome-independent pathway (Figure 4.3A). Note that caspase-1-/- mice 

lack both caspase-1 and caspase-11 due to the close proximity in the genome 

to be segregated by recombination 271 which enabled elimination of both 

canonical (caspase-1) and non-canonical (caspase-11) inflammasome 

pathways respectively. We next transplanted recipients with either 

MyD88/TRIF- or interleukin (IL)-1 receptor (IL-1R)-deficient T cells to further 

confirm this result (Figure 4.3B). Consistent with the absence of caspase-1, the 

absence of MyD88/TRIF within T cells - a set of adaptor molecules required for 

Toll-like receptor (TLR) signalling which abrogates whole TLR signalling, did not 

reproduce the ASC-/- phenotype. Similarly, IL-1 signalling of donor T cells 

(lacking IL-1R expression) was not required for the induction of GVHD lethality 

(Figure 4.3B). Taken together, these data suggest that donor ASC expression 

does not signal via the canonical inflammasome activation pathway. 

 

4.3 Effect of donor ASC expression on T cells and Tregs 

We next sought to understand the mechanism by which ASC controls GVHD. 

We first phenotyped naïve B6.WT and B6.ASC-/- mice since it was previously 
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reported that expression of Dock2, a guanine nucleotide-exchange factor 

required for effective lymphocyte migration, was deficient in some ASC-deficient 

mouse lines which resulted in a lymphocyte defect 128. Our results excluded 

major defects in numbers of naïve (CD62LhiCD44neg), central (CD62L+CD44+) 

and effector (CD62LnegCD44+) memory T cells (Figure 4.4A). Additionally, we 

analysed Foxp3+ regulatory splenic CD4+ and CD8+ T (Tregs) cells in B6.ASC-/- 

donor mice and did not find differences between B6.ASC-/- versus B6.WT mice 

(Figure 4.4B). We thus proceeded to analyse donor effector T cells and 

inflammatory cytokine production after allogeneic BMT. In the B6  B6D2F1 

model, systemic inflammatory cytokine levels at days 7 and 12 after transplant 

were identical in the recipients of B6.WT, B6.ASC-/- and B6.caspase1-/- grafts 

(Figure 4.5). Subsequent analysis also revealed similar numbers of donor CD4+ 

or CD8+ T cells and IFN-γ-producing T cells at day 12 and 21 after BMT (Figure 

4.6A–B, Figure 4.7A–B). We demonstrated an increase in IL-17-producing 

CD4+ T cells in recipients of B6.ASC-/- grafts which was contrary to the 

protection from GVHD (Figure 4.6A, Figure 4.7A) (since IL-17 has been 

previously reported to be a pathogenic cytokine during acute GVHD 14). 

Additionally, there was a paradoxical reduction in IL-10-producing CD4+ T cells 

in recipients of B6.ASC-/- grafts (Figure 4.7A). Notably, there was a significant 

expansion in both frequency and absolute numbers of donor CD4+Foxp3+ 

regulatory T cells in recipients of B6.ASC-/- grafts at days 12 and 21 after 

transplant (Figure 4.8A–B, Figure 4.9A–B). Additionally, there was an initial 

expansion in donor CD8+Foxp3+ Tregs although this was not reflected in overall 

numbers 21 days after BMT (Figure 4.8C). Concurrently, we observed that 

recipients of caspase-1-deficient grafts did not demonstrate Treg expansion to 

the same extent as B6.ASC-/- grafted recipients (Figure 4.8A–C, Figure 4.9A–

B). Together, these data demonstrate that B6.caspase-1-/- grafts do not 

phenocopy the protection from GVHD seen after transplantation of B6.ASC-/- 

grafts and the latter is associated with a significant expansion of donor Tregs. 

 

4.4 ASC expression within Tregs 

Since we found that Tregs but not Foxp3neg T cells expanded more dramatically 

in recipients of B6.ASC-/- grafts, we separated Foxp3+ and Foxp3negCD4+ T cells 
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for further investigation. To examine whether Foxp3negCD4+ T cells (Tcon) 

mediate the protection seen in recipients of B6.ASC-/- grafts, we transplanted 

B6D2F1 recipients with B6.WT T cell-depleted (TCD) BM and CD4+ T cells from 

Treg-depleted B6.WT or B6.ASC-/- donors (Figure 4.10A). Neither survival nor 

clinical scores were different between these recipients (Figure 4.10B–C). In 

order to study donor Treg function in the presence or absence of ASC, lethally-

irradiated Balb/c recipients were transplanted with BM from B6.WT mice with or 

without FACS-sorted CD25+CD4+ T cells (>90% Foxp3+) from B6.WT or 

B6.ASC-/- mice (Figure 4.11A). Two days later, Treg-depleted B6.WT whole T 

cells (Tcon) were transplanted to induce acute GVHD. Although both B6.WT and 

B6.ASC-/- Tregs attenuated GVHD lethality, their ability to suppress GVHD was 

identical (Figure 4.11B). These data suggest that the survival benefit seen 

following the transplantation of B6.ASC-/- grafts is unlikely to be a result of 

effects from CD4+ T cells or Tregs in isolation. 

 

4.5 Cytotoxic function of ASC-deficient CTLs 

Given the exclusion of a primary CD4-dependent effect, we speculated that the 

ASC defect may lie in donor CD8+ T cells. Since donor CD8+ T cell numbers 

were not different after BMT, we hypothesized that ASC may instead control 

cytotoxic T lymphocyte (CTL) function. We thus undertook in vivo cytotoxicity 

assays whereby equivalent numbers of CD45.1+ donor-type (B6) and CFSE-

labelled host-type (B6D2F1) cells were co-transferred into CD45.2+ B6D2F1 

recipients transplanted with B6.WT or B6.ASC-/- (CD45.2+) grafts 12 days earlier 

259. These assays demonstrated an overall reduction in in vivo cytotoxicity in 

recipients of B6.ASC-deficient grafts relative to the recipients of B6.WT grafts 

(Figure 4.12A). Next, we determined if this cytotoxic defect was intrinsic to 

B6.ASC–/– CD8+ T cells by transferring B6.WT CD4+ T cells together with either 

B6.WT or B6.ASC–/– CD8+ T cells and performing the same in vivo CTL assays 

(Figure 4.12B). These results confirmed that the cytotoxicity defect was specific 

to the CD8+ T cell and independent of CD4+ T cell help. We repeated these 

transplants to look at long-term GVHD induction and confirmed that the 

protection from GVHD seen in recipients of B6.ASC–/– T cells was within the 

CD8+ T cell compartment (Figure 4.12C). Finally, we depleted CD8+ T cells 
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from the donor graft and as expected, the high level of cytotoxicity seen in 

recipients of B6.WT CD8+ T cells was eliminated following depletion (Figure 

4.13A–B). Together, these data demonstrate that the protection from GVHD 

seen in the absence of donor ASC is primarily mediated by impairing donor 

CD8+ T cells from acquiring full cytolytic function after BMT. 

 

4.6 Effect of ASC in GVL 

Since the GVL effect after transplantation is important in the determination of 

transplant outcome, we also performed studies investigating leukaemia 

eradication in recipients of B6.WT or B6.ASC-/- T cells. Lethally-irradiated 

B6D2F1 mice were transplanted with B6.WT TCD BM with or without T cells 

from B6.WT or B6.ASC-/- mice together with B6D2F1-derived GFP-expressing 

primary leukaemia cells (BCR/ABL-NUP98/HOXA9). We serially analysed 

leukaemia relapse in peripheral blood by FACS analysis, noting that recipients 

of B6.ASC-/- T cells had a higher leukaemia burden two to three weeks after 

transplant relative to recipients of B6.WT T cells (Figure 4.14A). However, 

B6.ASC-/- T cells eventually controlled the leukaemia by four weeks after BMT 

(Figure 4.14A). As expected, the presence of T cells was required to mediate 

an effective GVL response since recipients of TCD BM alone developed 

massive (and lethal) systemic leukaemia burden in the blood, BM and spleen 

within 14 days of BMT (Figure 4.14B). Whilst there was a higher frequency of 

leukaemia present in recipients of donor B6.ASC-/- T cells, we observed 

progressive reduction in leukaemia burden over time (Figure 4.14A, C). 

However, these recipients still exhibited clear evidence of low levels of 

leukaemia in the blood, BM and spleen at eight weeks post-BMT although this 

did not culminate in leukaemia-related death (Figure 4.15A–C). Taken together, 

our data demonstrate that B6.ASC-/- donor T cells have, as expected, a small 

but long-term defect in GVL activity. 

 

4.7 Characterisation of ASC-deficient CTLs 

To date, there is no report of the effect of ASC on memory T cell development. 

Therefore, we next analysed CD8+ T cell differentiation, firstly into memory 

compartments in the presence or absence of ASC. Interestingly, the frequency 
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of CD8+ T cells which differentiated into CD127-expressing memory precursor 

effector cells (MPECs) (CD127+KLRG1neg) capable of generating long-lived 

memory cells was almost double in recipients of B6.ASC–/– grafts compared to 

those of B6.WT grafts (Figure 4.16A–B). We did not observe a difference in the 

proportion of short-lived effector cells (SLECs) (CD127negKLRG1+) or double-

positive effector cells (DPECs) (Figure 4.16B) 272, 273. However as expected 

with the attenuation seen in GVHD, the proportion of early effector cells (EECs) 

(CD127negKLRG1neg), which possess the most potent cytolytic capacity, was 

diminished in recipients of ASC-deficient grafts (Figure 4.16B). In order to 

identify the molecular pathways by which ASC controls CTL function after BMT 

we performed RNA microarrays, comparing B6.WT, B6.ASC-/- and B6.caspase-

1-/- CD8+ T cells 12 days after transplant. After performing t-test with Benjamini-

Hochberg false discovery rate correction test, 17 genes were identified as 

differentially regulated between B6.WT vs. B6.ASC-/- CD8+ T cells as 

represented in the heat map (Figure 4.17A). Although there was an 

upregulation of Gdpd3, a glycerophosphodiester phosphodiesterase family 

member, in ASC-deficient compared to WT CD8+ T cells, there is currently no 

known immunological role for this gene. Interestingly, we observed an increase 

in Rab4a gene expression which is involved in trafficking of early endosomes 

between endosomes and the plasma membrane. Next, we performed analysis 

on the uncorrected dataset and interestingly identified ten immunologically 

relevant genes that were significantly differentially regulated in mice 

transplanted with B6.ASC-/- grafts including granzyme B (Figure 4.17B/Table 

4.1). We also performed Ingenuity Pathway Analysis derived from t-test 

(uncorrected) data which identified both inflammatory pathways and memory 

development (Figure 4.18/Table 4.2). Notably, GVHD and allograft rejection 

pathways were highlighted. Alternate analysis of our microarray data using a 

volcano plot of B6.WT and B6.ASC-/- CD8+ T cells revealed a small number of 

highly differentially expressed genes (Figure 4.19A). Importantly however, the 

genes that were most differentially expressed between B6.WT and B6.ASC-/- 

CD8+ T cells were inflammasome-unrelated genes, without overlap between 

B6.ASC-/- and B6.caspase-1-/- CD8+ T cells, again indicating the involvement of 

ASC in inflammasome-independent pathways within T cells (Figure 4.19B). 

Some of the protein levels of these genes were validated by flow cytometry, 
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such as the upregulation of IL-7R (CD127) and Foxp3 in B6.ASC-/- and 

downregulation of ASC and granzyme B. However, selected upregulated and 

downregulated genes from the ASC microarray were validated via qRT-PCR 

(Figure 4.20). Altogether, these data suggest a bias towards a memory-like 

phenotype that is independent of the inflammasome in ASC-deficient CD8+ T 

cells following BMT. 

 

4.8 Identification of CTL pathways 

Having observed CTL differentiation, we were interested to identify the critical 

pathway controlling CTL function. Having identified a cytolytic defect in the 

absence of ASC, we investigated molecules pertaining to cytotoxicity, focusing 

on perforin in the first instance, given its central role in cytotoxic function. 

Western blots suggested similar protein expression of perforin in the presence 

or absence of ASC (Figure 4.21A). However, we demonstrated via flow 

cytometry analysis that T-bet, Granzyme B and CD107a levels were 

significantly reduced in CD8+ T cells lacking ASC expression after BMT (Figure 

4.21B). Notably, the lack of CD107a production by ASC-deficient CD8+ T cells 

was even more substantially reduced at later timepoints after transplant 

compared to B6.WT CD8+ T cells (Figure 4.21C). These data suggest a likely 

defect in degranulation in the absence of ASC which in turn leads to reduced 

overall cytotoxicity. 

 

As we noted that T-bet mRNA levels between B6.WT and B6.ASC-/- CD8+ T 

mRNA was not considered significantly differentially regulated but exhibited 

differences in protein levels, we first wanted to validate post-transplant T-bet 

expression via other experimental techniques. Thus, we used Imagestream 

imaging flow cytometry to confirm T-bet expression levels. As expected, we 

observed visually a less intense co-localisation of the nuclear stain Hoechst and 

T-bet in the nucleus of B6.ASC-/- CD8+ T cells than B6.WT (Figure 4.22A). This 

was confirmed by quantification wherein the intensity of T-bet levels were 

dramatically reduced (approximately by one third) in B6.ASC-/- CD8+ T cells 

compared to B6.WT (Figure 4.22B) and this was also demonstrated via 

Western blotting (Figure 4.22C). Furthermore, T-bet has been reported to 
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control downstream targets with CTL function amongst others 274. Hence, our 

findings led us to hypothesize that reduced levels of T-bet will lead to a 

decreased recruitment at its target promoters. Given earlier results indicated 

reductions in Granzyme B mRNA and protein levels, we performed Chromatin 

Immunoprecipitation (ChIP) using an anti-T-bet antibody to determine T-bet 

binding to the promoter region of GZMB, in B6.WT and B6.ASC-/- CD8+ T cells. 

Consistent with the reduced level of T-bet protein in B6.ASC-/- CD8+ T cells, we 

observed a dramatic reduction in T-bet recruitment at the promoter region of 

GZMB in B6.ASC-/- CD8+ T cells (1.4%) compared to that in the B6.WT CD8+ T 

cells (3%) (Figure 4.23). This finding was particularly interesting as T-bet is 

known to drive the expression of genes involved in cytolytic function such as 

GZMB by binding to T-box elements 275, 276. Reduced recruitment of T-bet in the 

B6.ASC-/- CD8+ T cells may thus be the cause of the reduced GZMB gene 

expression observed in microarray analysis (Figure 4.17B). These results 

confirm that depletion of ASC leads to a reduction in T-bet protein levels which 

attenuate its transcriptional function. Due to the reduction in T-bet binding to the 

granzyme B promoter in the absence of ASC, we hypothesized that ASC 

interacts with T-bet to influence downstream granzyme activity. To determine 

this, we performed co-immunoprecipitation assays on B6.WT CD8+ T cells after 

BMT and confirmed that T-bet indeed binds to ASC at the protein level (Figure 

4.24). Together, these data provide evidence for ASC in promoting cytolytic 

function following BMT and that this effect is mediated by a unique ASC-T-bet 

interaction. 

 

4.9 Summary 

Overall, the results in this chapter provide novel insights into a critical role for 

ASC in controlling BMT outcome. Firstly, expression of donor ASC within CD8+ 

T cells attenuated GVHD and this was due to a CTL function defect that was 

independent of inflammasome signalling. Secondly, the GVL effect was only 

altered in the short-term after BMT with long-term tumour clearance unimpaired. 

Thirdly, we identified a unique ASC-T-bet interaction in CTLs which serves as a 

possible mechanism to explain improved BMT outcome. 
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Figure 4.1: The absence of donor ASC attenuates GVHD post-BMT. 

(A–B) Lethally-irradiated (1100 cGy) B6D2F1 recipients were transplanted with 

5 x 106 BM and 2 x 106 -purified splenic T cells from B6.WT, B6.ASC-/- or 

B6.NLRP3-/- donors and monitored for GVHD thereafter. The control non-GVHD 

group received T cell-depleted (TCD) BM only. (A) Survival curves and (B) 

clinical scores as shown combined from 2 experiments. **P = 0.0026; B6.ASC-/- 

vs. B6.WT. (n = 16 per T cell-replete group, n = 8 for TCD group). (C) Survival 

of lethally-irradiated (900 cGy) Balb/b recipients transplanted with 5 x 106 BM 

and 5 x 106 purified T cells. ****P < 0.0001; B6.ASC-/- vs. B6.WT. Results 

combined from 2 replicate experiments (n = 13 per T cell-replete group, n = 8 

for TCD group). Results are presented as means ± SEM. 
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Figure 4.2: The absence of ASC in donor T cells reduces GVHD. 

B6.WT or B6.ASC-/- TCD BM was mixed with 2 x 106 FACS-purified B6.WT or 

B6.ASC-/- CD90.2+ T cells and transplanted into B6D2F1 recipients. Non-GVHD 

control cohort received TCD BM only. Results combined from 2 replicate 

experiments (n = 13 per T cell-replete group, n = 9 for TCD group). (C) GVHD 

survival and (D) clinical scores are shown. *P = 0.01, **P = 0.004, ***P = 

0.0003, ****P < 0.0001; B6.WT BM+B6.ASC-/- T vs. B6.WT BM+B6.WT T and 

B6.ASC-/- BM+B6.WT T vs. B6.ASC-/- BM+B6.ASC-/- T. N.S.; not significant. 

Results are presented as means ± SEM. 
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Figure 4.3: The absence of inflammasome-related proteins in donor cells does 

not improve BMT outcome. 

(A) Survival of B6D2F1 recipients which received B6.WT or B6.caspase-1-/- BM 

and T cell donor grafts. Data shown is combined from 2 replicate experiments 

(n = 14 per T cell-replete group, n = 8 for TCD group). (B) Survival curves of 

B6D2F1 recipients transplanted with B6.WT TCD BM and 2 x 106 FACS-sorted 

T cells from B6.WT, B6.ASC-/-, B6.MyD88/TRIF-/- or B6.IL-1R-/- donor mice. 

Data shown is from 2 replicate experiments (n = 13 per T cell-replete group, n = 

6 for TCD group). Results are presented as means ± SEM. 
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Figure 4.4: Comparable number of T cell subsets between naïve B6.WT and 

B6.ASC-/- spleens. 

(A–B) Numbers of splenic CD4 and CD8 naïve (CD62LhiCD44neg) and effector 

(CD62LnegCD44+) and central (CD62L+CD44+) memory T cells in naïve B6.WT 

and B6.ASC-/- mice. Data pooled from 2 experiments (n = 8 per group) and 

displayed as ± SEM. 
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Figure 4.5: Similar levels of pro-inflammatory serum cytokines in recipients of 

B6.WT or B6.ASC-/- grafts. 

Serum cytokines (IL-6, IFN- and TNF) at (A) day 7 and (B) day 12 post-

transplant in B6D2F1 recipients transplanted with BM and T cells from B6.WT, 

B6.ASC-/- or B6.caspase-1-/- donor mice or B6.WT TCD BM only. (Day 7: n = 6 

per T cell-replete group, n = 3 per TCD BM group; Day 12: n = 4-6 per T cell-

replete group, n = 3 per TCD group). Samples were run on using cytokine bead 

array. Results are from 1 experiment (day 7) and combined from 2 experiments 

(day 12). nd; not detectable. Data are displayed as ± SEM. 
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Figure 4.6: Total T cell number and intracellular cytokine production is similar in 

recipients of B6.WT, B6.ASC-/- or B6.caspase-1-/- grafts 12 days post-BMT. 

Quantification of (A) CD4+ or (B) CD8+ T cells and intracellular cytokine (IL-10, 

IL-17 & IFN-)–secreting T cells from the spleen at day 12 post-transplant. Data 

combined from 2 replicate experiments (n = 9-10 per T cell-replete group). 

Results are presented as means ± SEM. 
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Figure 4.7: Total T cell number and intracellular cytokine production is similar in 

recipients of B6.WT, B6.ASC-/- or B6.caspase-1-/- grafts 21 days post-BMT. 

Quantification of (A) CD4+ or (B) CD8+ T cells and intracellular cytokine (IL-10, 

IL-17 & IFN-)–secreting T cells from the spleen at day 21 post-transplant. Data 

combined from 2 replicate experiments (n = 9-10 per T cell-replete group). 

Results are presented as means ± SEM. 
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Figure 4.8: Early expansion of splenic donor Foxp3+ Tregs in recipients of 

B6.ASC-/- BM and T cell grafts but not B6.caspase-1-/- grafts. 

(A) Frequency and absolute number of CD4+Foxp3+ cells at day 12. (B) 

Representative FACS plots of CD4+Foxp3+ gating. (C) Frequency and absolute 

number of CD8+Foxp3+ cells at day 12. Data combined from 2 replicate 

experiments (n = 9-10 per T cell-replete group) and shown as ± SEM. 
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Figure 4.9: Sustained expansion of splenic donor Foxp3+ Tregs in recipients of 

B6.ASC-/- BM and T cell grafts later post-transplant. 

Frequency and absolute numbers of (A) CD4+Foxp3+ and (B) CD8+Foxp3+ Tregs 

at day 21. Data combined from 2 replicate experiments (n = 9-10 per T cell-

replete group) and shown as ± SEM. 
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Figure 4.10: The absence of ASC in donor CD4+ T cells does not impact GVHD 

outcome. 

Donor mice were treated with CD25 or control mAb on days -3 and -1. Lethally-

irradiated B6D2F1 recipients were transplanted with B6.WT or B6.ASC-/- TCD 

BM and purified CD4+ T cells from CD25 or control mAb-treated donors on day 

0. Non-GVHD mice were transplanted with B6.WT TCD BM. (A) Representative 

FACS plots of Treg depletion. (B) Survival and (C) clinical scores are shown. 

Data shown is combined from 2 replicate experiments (n = 12 per T cell-replete 

group, n = 6 for TCD group). Results are presented as means ± SEM. 
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Figure 4.11: ASC does not promote GVHD via effects on donor Treg. 

(A–B) Tregs from B6.WT or B6.ASC-/- mice were transplanted with B6.WT TCD 

BM into Balb/c recipients on day 0. Two days later, T cells from Treg-depleted 

B6.WT donors were transferred. GVHD control group received TCD BM + T 

cells without Tregs whereas the non-GVHD group received only TCD BM. (A) 

FACS plots of magnetically-selected and sort-purified CD8-CD25+ cells (Tregs). 

Treg purity was determined to be  90% Foxp3+. (B) Survival. Data is combined 

from 2 replicate experiments (n = 12 per T cell-replete group, n = 6 for TCD 

group). Results are presented as means ± SEM. 
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Figure 4.12: Donor CTL function is impaired in the absence of ASC. 

(A) B6D2F1 recipients were transplanted as in described in Figure 4.1 with 

whole T cells. On day 12, animals were co-injected with equal numbers of PTP 

(CD45.1+) and CFSE-labelled B6D2F1 splenocytes and sacrificed 18 h later. 

Index of cytotoxicity was determined by the ratio of CD45.1+ to CFSE+ cells via 

flow cytometry. Results are combined from 2 identical experiments (n = 8-9 per 

group). *P = 0.0152. (B) B6D2F1 recipients were transplanted with B6.WT TCD 

BM and 1 x 106 MACS-purified CD4+ T cells from B6.WT donors together with 1 

x 106 B6.WT or B6.ASC-/- MACS-selected CD8+ T cells. In vivo cytotoxicity 

assays were performed and analysed as described in (A). Data shown is 

combined from 3 replicate experiments (n = 14-15 per group). *P = 0.0137. (C) 

Survival of B6D2F1 recipients transplanted with B6.WT TCD BM and B6.WT 

CD4+ T cells plus B6.WT or B6.ASC-/- CD8+ T cells. Data is combined from 2 

independent experiments (n = 12 per T cell replete group, n = 8 per TCD 

group). **P = 0.0051; B6.ASC-/- vs. B6.WT. Results are presented as means ± 

SEM. 
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Figure 4.13: Depletion of CD8+ T cells eliminates cytotoxicity differences 

between recipients of B6.WT and B6.ASC-/- grafts. 

B6D2F1 were transplanted with B6.WT or B6.ASC-/- CD8+ T cell-depleted or -

replete grafts. B6.WT or B6.ASC-/- donors were treated with or without 150 g 

CD8 antibody intravenously on days -3, -1 and recipients treated on +3. (A) 

FACS plots of CD8+ T cell depletion. (B) On day 12 after BMT, in vivo 

cytotoxicity assays were performed and analysed as described in Figure 4.12A. 

Results are combined from 2 replicate experiments (n = 8 per control group, n = 

10 per CD8-depleted group). *P = 0.0152. Data presented as means ± SEM. 
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Figure 4.14: Donor T cells are required for GVL effects but their effect is slightly 

attenuated in the absence of ASC. 

Lethally-irradiated B6D2F1 mice were transplanted with 5 x 106 B6.WT TCD BM 

and 0.5 x 106 B6.WT or B6.ASC-/- sort-purified CD90.2+ T cells and 1 x 106 

GFP+ BCR/ABL-NUP98/HOXA9 leukaemia cells. The control group received 

TCD BM and leukaemia cells. (A) Time course of leukaemia burden in 

peripheral blood (n = 17 for T cell-replete groups, n = 12 for TCD group). **P = 

0.0011, ***P = 0.0006; B6.ASC-/- vs. B6.WT. Data combined from 3 

independent experiments. (B) Representative FACS plots of leukaemia (GFP+) 

in the blood, BM and spleen of TCD BM recipients. 
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Figure 4.15: ASC-deficient T cells have impaired GVL activity. 

B6D2F1 recipients were transplanted as described in Figure 4.14 and 

monitored for survival and cause of death was verified by analysis of the level of 

leukaemia growth in their peripheral blood. The curves for leukaemia death 

were analysed using cumulative incidence analysis of competing risks by 

R_2.10.1 software. Leukaemia growth was tracked in the peripheral blood at (B) 

days 14 and 18 and (C) recipients sacrificed at about eight weeks post-

transplant. Flow cytometry for GFP+ cells was also performed on BM and 

spleens.   
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Figure 4.16: The absence of ASC is associated with a reduction in early 

effector cells with a preferential skew towards memory T cell development. 

Lethally-irradiated B6D2F1 mice were transplanted with BM and T cells from 

B6.WT or B6.ASC-/- mice and phenotypic analysis (KLRG1 vs. CD127) of 

splenic CD8+ T cells performed on day 12. (A) Representative FACS plots of 

KLRG1 vs CD127 gating demonstrating the four subsets of T cell development 

using this combination of markers. (B) Quantification of frequencies of short 

lived effector cells (SLECs), early effector cells (EECs) and memory precursor 

effector cells (MPECs). Data is combined from 4 experiments (n = 16 per 

group). Results are presented as means ± SEM. 
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Table 4.1: Differentially regulated genes between B6.WT vs B6.ASC-/- CD8+ 

T cells. 

 

  

Definition 
Fold 

change 
p value Function/Role 

Increased in ASC-/-    

Rab4a 2.16 6.55e-06 
Regulator of membrane 

trafficking 

IL-7R 1.56 0.028 Development of lymphocytes 

Nfkbiz 1.41 0.0069 
Regulator of inflammatory 

responses 

Foxp3 1.20 0.024 Immune tolerance 

Psmd7 1.12 6.06e-05 Regulator of adaptive immunity 

Decreased in ASC-/-    

Pycard/ASC -3.66 5.19e-09 
Apoptosis and inflammatory 

mediator 

CD7 -1.58 0.002 
Lymphoid development and 

interaction 

Irf1 -1.55 1.67e-04 Regulator of IFN signalling 

Stat1 -1.44 0.002 
Mediator of cellular responses to 

interferons and growth factors 

GzmB -1.31 0.007 Mediator of target cell lysis 

B 
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Figure 4.17: ASC within CD8+ T cells is involved in differentially regulating 17 

pathways. 

Lethally-irradiated B6D2F1 mice were transplanted with BM and T cells from 

B6.WT, B6.ASC-/- or B6.caspase-1-/- mice. (A) After student’s t-test (p < 0.05), 

304 probes were identified as differentially expressed between B6.WT vs. 

B6.ASC-/- FACS-sorted CD8+ T cells 12 days after transplant (>1.2 fold change 

cut-off). After Benjamini-Hochberg false discovery rate correction, 17 genes 

were identified and represented as shown in the heat map. (B) 10 selected 

immunologically relevant genes identified as differentially regulated in mice 

transplanted with B6.WT or B6.ASC-/- grafts. Data are from 4 mice per group. 
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Table 4.2: Top pathways involving differentially regulated genes in 
microarray performed as described in Figure 4.18. 

 

 

Figure 4.18: ASC is in involved in regulating memory T cell development and 

adaptive immunity. 

Ingenuity pathway analysis was performed on the B6.WT vs B6.ASC-/- CD8+ T 

cell RNA microarray. The table above was derived from the uncorrected dataset 

and displays the top canonical signalling pathways involving differentially 

regulated genes in CD8+ T cells from recipients transplanted with B6.WT or 

B6.ASC-/- BM and T cell grafts. Note the emphasis on multiple pathways 

involving memory T cell development. 

  

Top Canonical Pathways -log p value 

Altered T Cell and B Cell Signalling in 
Rheumatoid Arthritis 

5.81 

Crosstalk between Dendritic Cells and 
Natural Killer Cells 

4.21 

JAK/STAT Signalling 3.96 

Communication between Innate and 
Adaptive Immune Cells 

3.63 

GM-CSF Signalling 3.59 

T Helper Cell Differentiation 3.47 

Dendritic Cell Maturation 3.42 

Interferon Signalling 3.11 

Graft-versus-Host Disease Signalling 2.88 

IL-9 Signalling 2.78 

Allograft Rejection Signalling 2.63 

IL-15 Signalling 2.49 
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Figure 4.19: The absence of ASC in CD8+ T cells leads to differential regulation 

of a set number of genes unrelated to the inflammasome pathway. 

(A) Post-transplant B6.WT vs. B6.ASC-/- CD8+ T microarray results displayed as 

a volcano plot. (B) Venn diagram showing gene expression from microarrays of 

B6.WT, B6.ASC-/- and B6.caspase-1-/- CD8+ T cells. 
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Figure 4.20: qRT-PCR validation of immunologically relevant genes identified 

from the microarray of B6.WT or B6.ASC-/- CD8+ T cells. mHPRT was used as 

control. *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001. 

Downregulated genes  
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Figure 4.21: Production of cytotoxicity-related effector molecules is reduced in 

B6.ASC-/- CD8+ T cells. 

(A) Western blot of cell lysates probed for perforin from FACS-sorted B6.WT, 

B6.ASC-/- or B6.perforin-/- CD8+ T cells. Perforin-/- cells were used as a negative 

control. (B) Representative FACS plots and mean fluorescence intensities of T-

bet, CD107a and Granzyme B in donor CD8+ T cells. Representative data from 

1 of 2 experiments (n = 6–10 per group). T-bet; *P = 0.0152, Granzyme B; **P = 

0.0087, CD107a; **P = 0.0026. (C) Representative FACS plots and mean 

fluorescence intensities of CD107a production at days 21 and 30 in donor CD8+ 

T cells. Data is combined from 2 replicate experiments (n = 8–9 per group). **P 

= 0.0028, ***P = 0.0002. Results are presented as means ± SEM. 
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Figure 4.22: Reduced T-bet expression by CD8+ T cells in the absence of ASC. 

(A) Imagestream analysis of splenic B6.WT or B6.ASC-/- CD8+ T cells 12 days 

after transplant was undertaken. Representative imaging flow cytometry images 

of CD8+ T cells stained for the following: CD8, CD90.2, T-bet and Hoechst 

(nuclear dye at 1:30,000). (B) Quantification of T-bet MFI from images of cells 

obtained in (A). Data combined from 2 replicate experiments (n = 10 per group). 

**P = 0.0039. Results are presented as means ± SEM. (C) Western blot 

analysis of CD8+ T cells from recipient spleens on day 12 that were sort-purified 

and probed for T-bet, ASC and tubulin as loading control. One of two 

experiments shown. 
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Figure 4.23: Recruitment of T-bet to Granzyme B promoter is reduced in the 

absence of ASC. B6.WT or B6.ASC-/- CD8+ T cells were sorted from 

transplanted recipient spleens on day 12 and then (107) were cross-linked, 

sonicated and immunoprecipitated using either anti-T-bet or control IgG 

antibody. Immunoprecipitates were washed and DNA extracted after reverse-

cross-linking. Recruitment of T-bet to the promoter region of GZMB and HPRT1 

control region was examined by performing qRT-PCR. The binding of T-bet is 

shown as percent of input. 
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Figure 4.24: Endogenous ASC co-immunoprecipitates with T-bet. 

B6.WT grafts were transplanted into B6D2F1 recipients and recipient spleens 

and lymph nodes sorted for CD8+ T cells on day 12 post-transplant. 107 cells 

were lysed and incubated with anti-T-bet or IgG antibodies and probed for ASC. 

Lysates were run on a gel and probed for T-bet and ASC to demonstrate 

equivalent input levels of corresponding proteins. 
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Chapter 5: The role of ASC in graft rejection after BMT 

 

5.1 Introduction 

Graft rejection is increasingly emerging as a major challenge after allogeneic 

bone marrow transplantation. There are several biological mechanisms that can 

contribute to graft rejection. Graft rejection is fuelled by recipient immune 

responses mediated largely by recipient T cells that reject donor haematopoietic 

cells. NK cell-mediated rejection using murine models has also been identified 

as an immunological means for poor engraftment outcome 277, 278. However, 

other causes of graft failure can occur due to viral infections, drug toxicity, 

septicemia or a combination of the aforementioned reasons. Although previous 

research has focused on cellular players of acute graft rejection, it is now 

recognised that certain pro-inflammatory mediators play a key role in the 

initiation of an activated, innate immune response prior to the development of 

graft-specific adaptive immunity 279. Expectedly, inflammation is the immune 

system’s response to graft rejection as a result of tissue injury from the foreign 

donor graft. Since the inflammasome complex is a critical contributor to pro-

inflammatory cytokine production, it would not be surprising for this multimeric 

complex to be involved in promotion of a pro-inflammatory milieu. ASC and its 

associated downstream product - IL-1β were found to be upregulated in cardiac 

allografts during the acute phase of rejection compared to isografts 254. 

However, the importance of inflammasome proteins in the context of graft 

rejection remains very poorly understood. With a growing number of transplants 

using reduced-intensity conditioning and HLA-mismatched donors, finding 

effective ways to reduce the occurrence of graft rejection is more pressing than 

ever. Therefore, our laboratory was interested in exploring the role of ASC in 

the context of graft rejection following allogeneic BMT. 

 

5.2 ASC expression in transplant-related mortality 

Initial experiments set up utilised a Balb/c  B6 MHC-mismatched model in 

which lethally-irradiated B6 recipients were transplanted with donor grafts 

containing 5 x 106 BM and 5 x 106 purified T cells. Interestingly, analysis of 
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recipient spleens demonstrated variable engraftment of donor cells in B6.WT 

recipients while ASC-deficient recipients exhibited a higher frequency of 

engraftment (81% versus 95% respectively) seven days after transplant (Figure 

5.1A). This phenomenon of rapid donor engraftment within B6.ASC-/- recipients 

suggested an important role for ASC in the early stages post-transplant in which 

the engraftment of donor BM occurs. Given this initial observation, we 

proceeded to perform engraftment studies using a graft rejection model set up 

in our laboratory. We utilised the same Balb/c  B6 system although lethally-

irradiated (1000cGy) recipients were transplanted with a lower dose (1 x 106) of 

Luciferase-expressing BM cells. Engraftment within various groups of recipients 

was tracked via the Xenogen imaging system whereby level of engraftment was 

determined by luciferase signal. Surprisingly, engraftment as determined by 

whole body luminescence was similar in ASC and perforin-deficient recipients in 

which cytotoxicity was thoroughly impaired (Figure 5.1B), consistent with a 

profound advantage for engraftment in the B6.ASC-/- mice. Representative 

images of B6.ASC-/- recipients demonstrated equivalent bioluminescence 

intensities as B6.perforin-/- recipients (Figure 5.1C). Concurrently, recipients 

were monitored for survival. Expectedly, B6.WT recipients succumbed to death 

after the first week with the majority of deaths by day 30 while B6.perforin-/- 

recipients survived well beyond the window early post-transplant when acute 

rejection occurs (Figure 5.2). More importantly, B6.ASC-/- recipients displayed 

improved survival (median survival of 47 days vs. 20 days in B6.WT recipients). 

 

5.3 ASC effect on immune reconstitution 

These data support the hypothesis that the absence of ASC expression within 

the recipient permits donor HSC engraftment post-transplant. B6.perforin-/- 

recipients showed complete donor chimerism in all compartments 11 weeks 

after transplant. B cells and neutrophils were also almost fully donor-derived 

(>90%) in B6.ASC-/- recipients while mixed donor-host chimerism (50-60% 

donor chimerism) was noted within the T cell compartment. Surviving B6.WT 

recipients had rejected the donor grafts, consistent with bioluminescence 

analysis (Figure 5.3A–C). Since recipient NK cells are critical for mediating the 

early rejection of MHC-mismatched grafts 280, 281, we determined their function 
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in the presence or absence of ASC. We utilised a modified short-term (48 h) in 

vivo CTL assay that measures NK-dependent cytotoxicity and graft rejection 

early after transplant in a Balb/c  B6 BMT model. Equivalent numbers of 

donor allogeneic Balb/c BM (H-2d, CD45.1+) and syngeneic B6 BM (H-2b, 

CD45.1+CD45.2+) were transplanted into lethally-irradiated B6 recipients (H-2b, 

CD45.2+) and analysis on splenocytes conducted 48 h later (Figure 5.4A). As 

expected, cytotoxicity was dramatically reduced when recipients were pre-

treated with NK-depleting antibody. However, we did not observe differences in 

cytotoxicity between B6.WT and B6.ASC-/- recipients. This assay confirmed NK 

cells in both B6.WT and B6.ASC-/- recipients to be functionally equivalent 

(Figure 5.4B). 

 

5.4 ASC-mediated CTL activity 

Given that NK-mediated rejection occurs within 72 h of transplantation of MHC-

disparate grafts, we postulated that ASC-mediated CD8+ T cell effects are likely 

to mediate graft rejection at later time points. We thus treated B6.WT and 

B6.ASC-/- recipients with or without CD8-depleting antibody and tracked 

engraftment by bioluminescence over several weeks after transplant. Our data 

demonstrated that the presence of recipient CD8+ T cells was responsible for 

impeding optimal engraftment within B6.WT and B6.ASC-/- recipients (Figure 

5.5A–B). These studies demonstrated that recipient CD8+ T cells, as expected, 

mediated significant graft rejection and that the lower incidence of graft rejection 

as seen in B6.ASC-/- recipients indeed lay in their CD8+ T cell compartment. 

 

5.5 Summary 

Overall, the results described in this chapter identify a significant role for ASC in 

mediating graft rejection following allogeneic BMT via recipient CD8+ T cells. 

Although much of the literature on graft rejection has focused on NK cells, our 

findings clearly demonstrate that ASC expression within recipient CD8+ T cells, 

rather than NK cells, is the critical mediator of donor engraftment, particularly 

several weeks after BMT. These observations suggest that defective 

cytotoxicity in ASC-deficient recipient CD8+ T cells improves the success of 

donor engraftment significantly. Furthermore, our results suggest it is unlikely 
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that recipient CD8+ T cells are signalling via the inflammasome pathway as IL-

1 and IL-18 production is mainly produced by non-T cell populations. In 

conclusion, the absence of ASC in the context of graft rejection leads to 

reduced host anti-donor responses, dramatically improved donor immune 

reconstitution which in turn translate to attenuated GVHD and better survival 

outcomes. 

 

In conclusion, our findings emphasise that the absence of donor ASC 

expression in the context of GVHD attenuates disease severity as a result of 

blunted CTL function that is also responsible for improved donor immune 

reconstitution and therefore survival in ASC-deficient recipients following 

allogeneic BMT. 

  



Chapter 5 

139 

 

 

 

 

 

 

 

 

 

 

 

 

 

Intentionally blank 



Chapter 5 

140 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

A 

C 

B 



Chapter 5 

141 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: The absence of recipient ASC improves donor engraftment after 

BMT. 

(A) Lethally-irradiated (1000 cGy) B6.WT or B6.ASC-/- recipients were 

transplanted with 5 x 106 BM and 5 x 106-purified splenic T cells from Balb/c.WT 

donors. On day 7 post-transplant, B6.WT and B6.ASC-/- recipient spleens were 

stained using donor and host markers and the frequency of donor chimerism 

determined via flow cytometry. Data is combined from 3 replicate experiments 

(n = 18 per group). (B–C) Using a Balb/c  B6 rejection model, lethally-

irradiated B6.WT, B6.ASC-/- and B6.perforin-/- recipients were transplanted with 

1 x 106 luciferase-expressing BM. Data is combined from 4 replicate 

experiments (n = 19 per group for B6.WT and B6.ASC-/-, n = 11 per group for 

B6.perforin-/-). (B) Quantification and (C) representative images of recipient 

whole bioluminescence signals at weeks 1 - 4 after transplant. ***P = 0.0003; 

B6.ASC–/– vs. B6.WT. Results are presented as means ± SEM.  
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Figure 5.2: The absence of recipient ASC reduces graft failure-associated 

mortality. 

Lethally-irradiated B6.WT, B6.ASC-/- and B6.perforin-/- recipients were 

transplanted as in Figure 5.1 and monitored for survival thereafter. Data is 

combined from 4 replicate experiments (n = 19 per group for B6.WT and 

B6.ASC-/-, n = 11 per group for B6.perforin-/-). ***P = 0.0007; B6.ASC-/- vs. 

B6.WT. Results are presented as means ± SEM.  

0 10 20 30 40 50 60 70 80
0

20

40

60

80

100

B6.WT B6.ASC
-/-

B6.perforin
-/-

Days post-transplant

P
e

rc
e

n
t 

s
u

rv
iv

a
l

***P = 0.0007



Chapter 5 

143 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: The absence of inflammasome-related proteins in donor cells does 

not improve BMT outcome. 

(A–C) Recipients from experiments described in Figure 5.1B were sacrificed on 

day 80 and flow cytometric analysis performed on (A) splenocytes, (B) BM cells 

and (C) peripheral blood cells for donor chimerism of B cell, T cell and 

neutrophil engraftment. Results are combined from 4 replicate experiments and 

presented as means ± SEM.  
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Figure 5.4: Comparable in vivo NK cytotoxic function in B6.WT and B6.ASC-/- 

recipients. 

(A–B) Lethally-irradiated B6.WT and B6.ASC-/- (H-2b, CD45.2+) recipients were 

NK-depleted or replete and then transplanted with allogeneic BM (H-2d, 

CD45.1+) and syngeneic BM (H-2b, CD45.1+CD45.2+) at a 1:1 ratio. 48 h later, 

spleens were analysed for the ratio of CD45.1+ versus CD45.1+CD45.2+ 

populations by FACS. (A) Representative FACS plots of CD45.1+ versus 

CD45.1+CD45.2+ gating. (B) Quantification of the index of cytotoxicity 

determined by % of donor syngeneic divided by % of donor allogeneic. Results 

combined from 3 independent experiments (n = 4–12 per group) and displayed 

as ± SEM. NS: not significant. 
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Figure 5.5: ASC in recipient CD8+ T cells controls engraftment. 

(A–B) CD8+ T cell-depleted or replete recipients were transplanted as in Figure 

5.1C. (A) Whole body bioluminescence was quantified thereafter to determine 

engraftment. Day 19: ***P = 0.0003; B6.ASC-/- vs. B6.WT (IgG-treated), NS; not 

significant. (B) Representative bioluminescence. Data is representative of 2 

replicate experiments (n = 10–11 per group). Results are presented as means ± 

SEM.
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Chapter 6: Discussion 

 

6.1 Introduction 

Inflammation is a natural phenomenon brought about by the immune system to 

restore homeostasis within the body usually in response to injury mediated by 

either infectious or non-infectious stimuli. Given the enormity of the number of 

potentially injurious stimuli present in the environment as well as inducers of 

sterile inflammation, it is not surprising that initiation of inflammation is a 

prevalent occurrence. Though inflammasomes serve to eliminate invading 

microbial pathogens during innate immunity, their overactivation can lead to 

detrimental effects long-term. Therefore, tight regulation of the production of 

pro-inflammatory mediators such as inflammasome-processed cytokines or 

inhibition of inflammasome assembly is required especially in scenarios 

whereby exaggerated inflammation is harmful for the host. Increasingly, the 

critical contribution of dysregulated inflammasomes in the promotion of 

uncontrolled inflammation has been well-documented particularly in chronic 

inflammatory diseases257, 282, 283, 284. Given the well-known cytokine storm 

generated during GVHD pathogenesis, it raised the questions of 1) Does the 

inflammasome contribute to GVHD outcome after BMT? 2) If it was important, 

what type of inflammasome is critical?, and 3) How does the inflammasome 

alter transplant outcome? At the time we first conducted our studies described 

in this thesis, our experiments were to our knowledge, the first to investigate the 

role of inflammasome-related proteins NLRP3 and ASC in the context of BMT, 

in particular GVHD. Thus, a detailed examination of the roles of NLRP3 and 

ASC was conducted in the context of GVHD, GVL and subsequently graft 

rejection as well. 

 

6.2 The effect of NLRP3 and ASC expression in recipients on GVHD 

outcome 

The data in this thesis provide clearer as well as novel insights into the roles of 

NLRP3 and ASC in several aspects of BMT outcome, namely GVHD, GVL and 

graft rejection. Our results as described in Chapter 3 provide an alternative 

conclusion to that of a recently published work119. Surprisingly, ASC-/- recipients 
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in the studies described in this thesis were not in full accordance with the latter 

study which described an important role for the recipient NLRP3-ASC 

inflammasome in GVHD. Several reasons for differences in results from both 

studies can be postulated. 

 

6.2.1 Potential factors influencing inflammasome contribution 

Firstly, inflammasomes constitute several different classes based on their NLR 

proteins which become activated in response to a whole variety of DAMPs and 

PAMPs. Importantly, inflammasomes have been shown to regulate intestinal 

microbial communities whereby inflammasome-deficient mice manifest an 

aberrant microbiota consisting of an overrepresentation in specific bacterial 

phyla such as Bacteroidetes (Prevotellaceae) and TM7 compared to normal 

microflora found in WT mice242. It has been reported that BMT produces marked 

changes in the intestinal flora composition which leads to further dysbiosis 

especially in the Firmicutes phylum during GVHD development285. However, 

even the composition of bacterial communities in WT mice can vary significantly 

depending on animal facilities, housing conditions and diet129. Thus, these 

inflammasome-deficient mice may have possessed a significantly different 

microbiota at baseline level even before conditioning prior to BMT. Rationally, 

conditioning would have in turn exacerbated dysbiosis and consequently 

skewed experimental results derived from use of these mice to account for the 

discrepancies between both studies using ASC-/- mice. 

 

Secondly, the extent to which the NLRP3 inflammasome is important appears to 

be dependent on the type of conditioning. Jankovic and colleagues showed that 

in the presence of BM and T cells contained in the graft, B6.WT mice which 

received myeloablative TBI conditioning (10-11 Gy) all died by day 18 whereas 

recipients which received fludarabine/cyclophosphamide conditioning used in 

non-myeloablative human allo-HSCT succumbed to GVHD about 10 days later. 

Furthermore, IL-1β mRNA levels in the skin and GI tract were variably different 

in recipients which received TBI or busulfan/cyclophosphamide (chemotherapy) 

conditioning. These data suggest that the NLRP3 inflammasome induces 

different degrees of disease severity depending on the inflammatory milieu 
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initiated by the type of conditioning. Since B6-background recipients were 

conditioned with 10 Gy (1000 cGy) of TBI (
137

Cs source) in our study in contrast 

to the TBI dose of 10-11 Gy in their study, this difference in radiation doses 

might account for the different results observed between studies. 

 

Interestingly, attenuation of GVHD in ASC-/- recipients in studies by Jankovic 

and colleagues was investigated using only a single model (C3H  B6). In this 

model, the authors transplanted B6.WT recipients with 5 x 106 BM and 2 x 106 T 

cells compared to 5 x 106 BM and 5 x 106 T cells (Balb/c  B6) which we used 

in our studies. One point to note is that although the authors demonstrate via 

the use of inhibitors that NLRP3 and ASC proteins regulate GVHD outcome, 

their conclusions were made using various BMT models at different stages 

instead of maintaining a logical flow to use the same BMT model for which 

reasons were unclear. This could potentially lead to a preferential bias in innate 

immune responses as C57Bl/6 and Balb/c mice are prototypic Th1 and Th2 

mouse strains respectively286. Of note, C3H/He mice which were used as 

donors with ASC-/- recipients have a mutation on TLR4 and therefore 

subsequent reduction of LPS signals. We speculate that such unique phenotype 

of C3H donor T cells supported the detection of the survival benefit in the 

absence of ASC in recipients, whereas non-mutated donors such as Balb/c 

mice in our experiments show the redundancy of recipient ASC pathway, given 

that ASC is much more critical in donor T cells described in later chapters. As 

GVHD induction has a complex pathophysiology, it is expected that that 

variations in conditioning regimes, alterations in gut microbiota and graft 

compositions can have profoundly different effects on inflammasome-deficient 

mice. Interestingly, it has been reported that NLRP3 and ASC contribute to 

disease pathology with varying degrees as determined in studies of 

experimental autoimmune encephalomyelitis performed by different groups. In 

these studies, the requirement for NLRP3 and ASC for disease induction was 

dependent on the level of antigenic immunisation105, 287. Thus, it may be the 

severity of GVHD pathology that determines the requirement for one or both 

proteins depending on the threshold for disease pathogenesis. 
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6.2.2 Effect of NLRP3 inflammasome on T cell cytokine production 

Jankovic and colleagues reported that in the presence of the NLRP3 

inflammasome, mice exhibited significantly increased numbers of splenic IL-

17+CD4+ T cells while IL-17 production was detected in intestinal biopsies of 

patients with aGVHD. However, the frequencies of IL-17+ cells in total CD4+ T 

cells were very low (approximately 1.0% and 0.2% in B6.WT and B6.NLRP3-/- 

recipients respectively) in their study. Although we reported slightly higher 

frequencies (1.1% versus 1.4% in B6.WT and B6.NLRP3-/- recipients 

respectively), there was no overall difference between both recipient cohorts. 

Notably, we showed that 50-60% of total donor CD4+ T cells secreted IFN- 

although Jankovic et al reported IFN--secreting CD4+ T cell frequencies were 

under 1% with the possibility of different timepoints for analysis likely to account 

for the disparity in IFN-+ frequencies. Unfortunately, the timepoint at which 

intracellular staining for IL-17 production from CD4+ T cells was performed was 

not specified and may have been earlier than day 7 compared to experiments 

described in this thesis. Levels of IL-17 production during GVHD as reported by 

different groups can vary depending on the experimental system as well as 

composition of the graft. For example, in a B6  Balb/c (MHC-mismatched) 

system in which recipients were transplanted with 10 x 106 BM and 0.8 x 106 T 

cells, it was reported that serum IL-17 reached maximal levels (22 pg/ml) on 

day 5 at which they began to decline by day 7 and were almost undetectable by 

day 10288. In another study by Ju et al289, serum IL-17 levels reached a peak of 

35 pg/ml on day 7 in a miAg-mismatched model that involved approximately 

four times the number of T cells within the graft compared to that in the former 

study. Thus, kinetics of IL-17 production can differ between different transplant 

models. In this thesis, peak IL-17 levels in the Balb/c  B6 model may occur 

prior to day 7 and systemic IL-17 serum and T cell cytokine production might 

have been detectable if animals were sacrificed earlier. Moreover, Jankovic and 

colleagues did not report whether there were changes in CD8+ T cell numbers 

or function, in particular IL-17 production as IL-17-producing CD8+ T cells 

(Tc17) have been reported to be potent inducers of GVHD268. This is in 

accordance to our observations with a trend for reduced Tc17 cells in NLRP3-

deficient recipients. It is unclear from the study by Jankovic and colleagues 
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whether the NLRP3 inflammasome in recipients is solely a Th17-mediated 

phenomenon or involves partial contribution from Tc17-differentiated cells as 

well. 

 

6.2.3 Potential contribution of other inflammasome-related proteins 

It is well-known that caspase-1 is essential for proteolytic cleavage of pro-IL-1 

and pro-IL-18 into their mature forms. Our studies utilised caspase-1 deficient 

mice as BMT recipients in which they survived for a slightly longer period 

although clinical scores did not reflect an overt phenotype. This is in agreement 

with published data showing increased caspase-1 expression in patients with 

higher GVHD scores119. However, it is now known that caspase-1-deficient mice 

also lack caspase-11271. Both caspase-1 and caspase-11 are found to be 

adjacent in the mouse genome and therefore highly unlikely to segregate during 

genetic recombination. Thus, the caspase-1 knockouts we used are in fact 

caspase-1/11 double knockouts but the role of caspase-11 in GVHD is currently 

undefined. Although not always required in NLRP3 inflammasome signalling, 

recent data indicated that caspase-11 is able to facilitate caspase-1 activation 

when TLR4/TRIF/IFN- is activated by Gram-negative bacteria290. Therefore, it 

would be interesting to determine the relative contribution of caspase-11 to 

NLRP3 inflammasome activation. A recent study identified caspase-11 which is 

typically pro-inflammatory, on the contrary able to act as a negative regulator of 

TCR signalling291. Therefore, it may be possible that in a BMT context that 

caspase-11 is required for mediating transplant outcome by limiting alloreactive 

T cell expansion although caspase-1 deficiency delayed GVHD onset. 

 

Although we observed a transient reduction in splenic CD8+ T cells within 

B6.NLRP3-/- compared to B6.WT recipients, this phenomenon was not 

sustained and subsequent analysis post-BMT showed no overt differences. This 

is not surprising given that tissue expression of NLRP3 has not been identified 

in spleen but instead predominantly found in sites including the gastrointestinal, 

reproductive and urinary tracts. Notably, there is medium level of NLRP3 

expression in the small intestine and colon and its expression in these sites 

could facilitate exacerbation of GVHD292, 293. Furthermore, the role of NLRP3 in 
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Th17 responses was examined in the colon of recipients post-BMT as IL-17-

producing CD4+ T cells were found to accumulate in this site via an IL-1-

dependent mechanism in a colitis model294. Additionally once the cell type 

responsible for NLRP3-mediated phenotype is identified, it would be useful to 

perform a microarray on NLRP3-/- versus WT cells to identify potential pathways 

that are differentially regulated in GVHD. 

 

Recent studies have described the involvement of other players, for example, 

caspase-8 in non-canonical inflammasome signalling. Although IL-1 is a 

downstream product of the traditional inflammasome pathway, IL-1 production 

is not limited to caspase-1-mediated processing. One study reported that 

caspase-8 is able to regulate mature IL-1 production via stimulation of TLR3 

and TLR4165. Another study showed that Dectin-1 which serves as a pathogen 

sensor during fungal and mycobacterium infections involves caspase-8 

inflammasome-mediated processing of IL-1295. In addition, a study showing 

that MyD88-/- recipients do not alter GVHD outcome compared to WT recipients 

indicates the possibility of the redundancy of MyD88 signalling in inflammasome 

or IL-1 pathways296. Although caspase-1-mediated IL-1 is well-characterised, 

the contribution of other pathways capable of IL-1 processing in GVHD remain 

unexplored. 

 

Given that we were neither able to observe reduced proliferation nor increased 

apoptosis in spleens of NLRP3-/- recipients post-transplant, it would be useful to 

track the location of donor T cells via bioluminescence via a timecourse. In vivo 

imaging would provide useful insight into other possible migratory sites apart 

from the spleen. Furthermore, recipient-derived non-DC populations instead of 

conventional APCs may be critical for stimulating donor T cell responses and 

thus contribute to earlier differences we have reported. These possibilities could 

provide an explanation for the survival advantage as demonstrated by NLRP3-/- 

recipients after transplant. 

 

Altogether, our findings suggest a critical role for recipient NLRP3 in attenuating 

GVHD. Importantly, any protective effects of ASC in the recipient were 
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counterbalanced by the egraftment advantage seen in these animals such that 

overall survival was equivalent. 

 

6.3 The effect of ASC expression by donor cells on GVHD and GVL 

To date, most of the described roles of ASC have focused on caspase-1 

inflammasome-dependent innate immunity and auto-inflammatory 

syndromes297, 298, 299. Interestingly, although the majority of previous studies 

report a requirement for ASC to control enteric pathogens, others have reported 

the deleterious effects of ASC in an inflammasome-dependent manner in the 

context of autoimmunity54, 105, 257. Thus, whether ASC confers protection or 

promotes pathology remains largely dependent on the disease model. 

 

6.3.1 Inflammasome-independent role for ASC 

Recently, an (caspase-1) inflammasome-independent role for ASC has 

emerged with evidence of cell extrinsic effects that extend to adaptive immunity. 

These studies demonstrated various roles for ASC including the requirement for 

effective antigen uptake in dendritic cells and chemotaxis in lymphocytes as 

well as increased antigen-induced proliferation of ASC+/+ T compared to ASC-/- 

T cells111, 128. Additionally, ASC was demonstrated to be critical for the induction 

of humoral immunity124. Presently, no studies have examined the requirement 

for ASC expression by T cells and the downstream effects in allogeneic 

transplantation. While the caspase-1 canonical inflammasome pathway has 

been studied extensively, a more recent non-canonical inflammasome 

mechanism has been identified. This non-canonical signalling pathway engages 

caspase-11271. In our studies using caspase-1-/- mice, the known concurrent 

absence of caspase-11 in these animals eliminated a contribution for non-

canonical inflammasome signalling. Furthermore, the requirement for TRIF in 

caspase-11 function suggests that ASC-mediated protection from GVHD does 

not involve caspase-11 since we saw no difference when TRIF was absent in 

the donor290. Our results therefore suggest a distinct mechanism by which ASC 

mediates disease outcome unrelated to inflammasome signalling. 
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6.3.2 Complex environmental factors influencing ASC dependency 

A single important study has analysed the inflammasome in the context of 

GVHD119. The authors reported that NLRP3-/- and to a much lesser extent ASC-

/- recipients showed delayed GVHD onset but (in unpublished data) commented 

that deficiency in the donor did not appear to influence the severity of GVHD. A 

small but significant survival advantage was also seen when IL-1R-/- T cells 

were transplanted. While we could not confirm the latter in our systems where 

graft rejection was eliminated, there is no doubt that IL-1 plays an important role 

in GVHD outcome in animal models239, an effect in which the inflammasome is 

likely to be critical. We too could demonstrate that NLRP3-/- recipients 

developed less GVHD but found that an engraftment advantage in the ASC-/- 

recipients resulted in very similar GVHD to WT recipients (data shown in 

Chapter 5). We thus used B6D2F1 recipients in our GVHD experiments to 

exclude effects related to differential engraftment. Perhaps most importantly, 

humans have an extensive and diverse microbiome and the initiators of 

inflammasome activation (e.g. uric acid) are already well-controlled in the clinic. 

It may therefore not be surprising that randomized controlled clinical trials have 

not demonstrated any benefit for IL-1 inhibition in BMT300. Here, we instead 

demonstrate an intrinsic defect in cytolytic function within ASC-/- CD8+ T cells 

that is independent of inflammasome signalling and suggest that targeting ASC 

may offer a greater therapeutic window than inflammasome inhibition per se. 

 

6.3.3 ASC in alternative inflammasome-independent pathways 

It was important to delineate the molecular mechanism by which ASC exerts its 

effects in T cells. Although ASC was reported to impact lymphocyte migration, 

this phenotype was later attributed to a deficiency in Dock2 expression within 

the ASC-deficient mouse line used that was responsible for controlling Rac-

mediated actin polymerisation128, 129. Thus, this highlights the importance that 

careful interpretation of experimental results is required when using ASC-

deficient mice as the generation of transgenic mice using 129-strain embryonic 

stem cells can contain passenger mutations that influence phenotypic outcome, 

despite extensive back-crossing130. However, our microarray analysis showed 

that Dock2 expression was not defective in our transgenic mouse line in 
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contrast to a separate ASC-deficient line utilised in the aforementioned study by 

Ippagunta and colleagues. Our findings, which demonstrate impaired cytolytic 

function in the absence of ASC were not only reflected in reduced granzyme B 

activity but also supported by concurrent downregulation of CD7, Irf1 and Stat1 

gene expression. Previous studies have implicated a role for CD7, Irf1 and 

Stat1 in cytotoxic killing301, 302, 303, 304. These molecules remain unexplored and 

may potentially contribute to attenuated cytotoxicity in the absence of ASC. 

Interestingly, it was noted in our ASC microarray that Rab4a, which regulates 

receptor recycling from endosomes to the plasma membrane305, was 

significantly upregulated in ASC-deficient CD8+ T cells similar to what was 

reported in the Dock2-defective ASC-deficient mouse line although the authors 

did not elaborate further128. Thus, the absence of ASC appears to be related to 

a genuine increase in Rab4a expression. From our studies, it is possible that 

Rab4a overexpression in ASC-deficient CD8+ T cells may interfere with granule 

polarisation and/or degranulation as was shown to inhibit lysosomal degradation 

of proteins when Rab4a was overexpressed in lupus patients306. Although we 

showed that a novel interaction between ASC and T-bet influenced T-bet 

binding to the granzyme B promoter, it is possible that other potential T-bet 

target genes exist and form interactions with ASC to influence cytolytic function. 

Nonetheless, the reduction in T-bet binding to the granzyme B promoter in the 

absence of ASC is supported by previous findings that ASC is able to localise to 

the nucleus and regulate transcriptional activity of proteins such as Dock2, a 

guanine nucleotide-exchange factor128 and the absence of T-bet reduces 

granzyme B expression on CD8+ T cells after BMT307. Moreover, this is the first 

report of a unique interaction between ASC and T-bet, explaining the attenuated 

cytolytic function in the context of ASC deficiency. Our microarray analysis 

revealed similar T-bet mRNA levels in WT and ASC-/- CD8 T cells but protein 

levels were reduced by both Western blotting and flow cytometry. Interestingly, 

it has been reported that a lysine amino acid residue is important for T-bet 

protein stability to prevent proteasomal degradation via ubiquitination308
. 

Although unexamined in our studies, enhanced protein degradation represents 

a likely explanation for reduced T-bet binding to the granzyme B promoter. 
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6.3.4 Regulation of T cell responses by ASC 

There have been limited studies to date regarding the function of T cells in the 

presence or absence of ASC. Studies hitherto have focused on ASC expressed 

within the CD4+ T cell compartment. Recently, ASC was not found to be 

required in promoting Th2 programming unlike NLRP3112. ASC-deficient CD4+ T 

cells have been reported to possess enhanced suppressive function of 

bystander T cell proliferation that is associated with increased IL-10 secretion 

and concurrent decrease in Th1 cytokine production, IFN- and IL-2132. In 

contrast, our findings demonstrated that ASC-deficiency is not mediated by 

CD4+ T cells but rather that donor ASC expression in CD8+ T cells is critical for 

the attenuation of GVHD, although we too could demonstrate alterations in Treg 

in vivo. In spite of a cytolytic defect within ASC-deficient CD8+ T cells, they were 

still able to maintain significant levels of GVL, likely via perforin309 as was shown 

from our data to be intact regardless of the absence or presence of ASC. 

 

In summary, our findings demonstrate a significant role for ASC in mediating 

transplant outcome including GVHD and GVL effects. This was attributed to a 

defect in cytolytic function in the absence of ASC which resulted in the reduction 

of effector molecules that typically contribute to widespread pathology. Small 

molecule inhibitors of NLRP3 within the inflammasome have recently been 

generated310 and this data suggests that similar inhibitors of ASC would be 

particularly attractive therapeutics in both inflammasome and T cell-dependent 

diseases. 

 

6.4 ASC as a mediator of graft rejection 

Graft rejection is a major problem in recipients of MHC incompatible grafts and 

transplantation across MHC barriers is increasingly utilised in the settings of 

cord blood and haploidentical transplantation311, 312. Effective engraftment after 

all forms of transplantation is a prerequisite for long-term survival and patients 

experiencing graft failure have a dismal outcome313. While NK cells mediate 

early graft rejection in this setting, recipient CD8+ T cells are an important later 

effector of disease314. To date, literature on the role of the inflammasome and 

its associated proteins in graft rejection has been very limited. Given its central 
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role in IL-1 and IL-18 secretion, it would be expected that inflammasome-

related proteins would have at least some effect on the rejection of foreign 

donor grafts. Recently, there has been some evidence for an inflammasome-

dependent role of ASC in the promotion of experimental cardiac allograft 

rejection as well as hearts of patients undergoing acute transplant rejection254, 

255. However, there are no reports of inflammasome-unrelated roles for ASC in 

either BMT or solid organ transplantation. Importantly, our aforementioned 

findings have demonstrated a profound contribution for ASC in mediating 

engraftment kinetics. These data are the first to associate ASC with graft 

rejection following allogeneic BMT with the identification of an inherent cellular 

cytolytic function in the absence of ASC instead of previous studies which 

demonstrate signalling via inflammasome pathways for the induction of 

downstream inflammation. 

 

Although results in this thesis demonstrated that ASC does not mediate donor 

engraftment via inflammasome pathways, it begs the question whether other 

NLR proteins are involved in altering engraftment outcomes. Thus, other 

inflammasome protein-deficient mice could be tested to determine if a particular 

class of inflammasome, especially non-ASC inflammasomes, is involved in 

controlling graft rejection. 

 

Despite similar rates of donor engraftment, it is interesting to note that while the 

majority of B cells and neutrophils were observed to be approximately 97% 

donor-derived, ASC-/- recipients exhibited mixed donor T cell chimerism. Very 

low levels of donor chimerism within T and NK cells increases risks of graft 

rejection while rapid donor T cell reconstitution fuels GVHD progression. Thus, 

it would be reasonable to hypothesise that mixed chimerism would enable 

greater success in transplant outcome with associated decrease in GVHD as 

has been reported315, 316. This is in accordance with our results whereby ASC-/- 

recipients demonstrated similar levels of GVHD to WT recipients, despite 

accelerated and very rapid donor engraftment early after transplant. 
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6.5 Conclusion 

In this thesis, NLRP3 and ASC were studied in the context of allogeneic BMT 

and its associated challenges, namely GVHD and graft rejection. In our hands, 

we demonstrated that NLRP3 and ASC expression in recipients were not critical 

for GVHD attenuation, due in part to inherent factors in vivo that may have 

accounted for different conclusions drawn between ours and others studies. 

More importantly, a highly novel role for ASC was identified in controlling CTL 

function whereby its inhibition not only leads to GVHD attenuation but also 

improves donor engraftment. These findings serve to facilitate greater 

understanding of other T cell-mediated diseases and consequently enable 

development of potential therapeutics for use in the clinic.
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