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ABSTRACT OF THE THESIS 

 

 

Role of the NLRP3 Inflammasome in HIV Pathogenesis and Inflammation 

 

 

 

by  

 

 

 

Brian Faung 

 

 

 

Master of Science in Biology 

 

 

 

University of California San Diego, 2021 

 

 

 

Professor Stephen Spector, Chair 

Professor Randolph Hampton, Co-Chair 

 

Antiretroviral therapy (ART) has ameliorated substantially human immunodeficiency 

virus type 1 (HIV-1) associated disease. Even so, persons living with HIV-1 (PLWH) on ART 

still exhibit chronic inflammation and various forms of HIV-1-associated disorders. The 

continued existence of HIV-1-associated disorders is thought to result from persistent 

inflammation present in PLWH despite sustained viral suppression and normalization of the 
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CD4+ T cell count. Recent literature suggests that inflammasome activation is central to 

persistent inflammation with the NLRP3 inflammasome being the most studied. Upon formation 

of the NLRP3 inflammasome complex, the cytokines IL-1β and IL-18 are produced. PLWH have 

increased activation of the complex that results in excess cytokine production, causing excessive 

inflammation. This activation is thought to contribute to a broad range of associated diseases 

including the early onset of aging, cardiovascular disease, and cognitive disorders. In this review, 

the mechanisms associated with the activation of the NLRP3 inflammasome in HIV-1 infected 

cells as well as the role of NLRP3 in persistent inflammation and HIV-associated pathogenesis 

are discussed. A summary of the NLRP3 inflammasome in HIV pathogenesis and inflammation 

as well as its role in other diseases will be given. Consequently, possible therapeutics using 

NLRP3 inflammasome inhibitors will also be discussed. By understanding the NLRP3 

inflammasome and its connection to HIV-1, effective methods to treat HIV-1-associated diseases 

caused by excessive inflammation can be identified.  
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Introduction 

HIV-1 Infection and Viral Production  

Human immunodeficiency virus type 1 (HIV-1) is an obligate intracellular pathogen. The 

virus is dependent on host cell machinery for replication and growth. During primary infection, 

HIV-1 binds to CD4 and most often uses CCR5 as the co-receptor for entry into CD4+ helper T 

cells (Siliciano et al., 2000). During later stages of infection, the virus undergoes mutation and 

X4 tropic variants emerge as immune activation increases. The virus then uses CXCR4 as a co-

receptor, which is associated with increased viral replication and a rapid decline in the CD4+ T 

cells. After infection, the virion enters the host cell and uses reverse transcriptase to convert its 

viral RNA into double stranded DNA. The viral DNA then enters the nucleus and integrates into 

the host genome to create a provirus. Synthesis of mature, infectious particles are then made and 

the virion buds off and infects new cells (Abbas et al., 2018).  

 

HIV-1 Pathogenesis and AIDS 

HIV-1 infection occurs first through acute infection where memory CD4+ T cells are 

infected in mucosal lymphoid tissue, resulting in the death of many of these cells (Appay et al., 

2008). Dendritic cells then transport the virus to lymph nodes, resulting in viremia and spreading 

of the virus throughout the body (Abbas et al., 2018). The adaptive immune system mounts a 

humoral and cell-mediated immune response to control viral replication. During the chronic 

phase, also known as the latent period, most of the infection is controlled. However, the number 

of CD4+ T cells decreases over time (Douek et al., 2002). Once the number of CD4+ T cells falls 

below 200 cells/mm3, the risk of opportunistic infections increases (Abbas et al., 2018). This can 

be brought about by microbial infections and cytokines, leading to AIDS progression. To remove 
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infectious microbes, the immune system upregulates cytokine production to activate the immune 

response. However, this leads to increased viral HIV-1 production.   

 

Low CD4+ T cell Count and Chronic Inflammation 

The development of antiretroviral therapy (ART) has decreased mortality and allows 

individuals living with HIV-1 to enjoy a greater quality of life. ART typically involves three 

drugs from at least two different classes, such as two reverse transcriptase inhibitors and an 

integrase inhibitor, that helps to control the production of viral particles (Abbas et al., 2018). 

However, ART-treated patients are still subject to chronic inflammation due to elevated levels of 

cytokines (Decrion et al., 2005). Inflammation can be induced through the mechanism of 

pyroptosis, a caspase-1 mediated programmed cell death, causing the loss of bystander cells. 

This occurs in naïve T cell lymphocytes and CD4+ T cell lymphocytes, which are lost or become 

dysfunctional (Doitsh et al., 2014). Loss of these T cells result in the chronic inflammatory issues 

associated with HIV-1.   

 

HIV-1 and Autophagy 

The mechanism of survival of HIV-1 is through the avoidance of host cell defenses. With 

its high mutation rate, HIV-1 is able to avoid detection by antibodies and T cells (Abbas et al., 

2018). A natural response to pathogens is autophagy, which HIV-1 modulates in order to 

increase its viral production (Campbell et al., 2013). Autophagy destroys pathogens using 

autophagosomes to capture and subsequently target them for eradication by lysosomes. HIV-1 

downregulates autophagy, preventing the mechanism from removing the pathogen (Zhou et al., 

2008). Interestingly, autophagy is not completely eradicated as the virus uses the mechanism’s 
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early stages for viral replication in CD4+ T cells and macrophages. Later stages of autophagy 

result in the increase of autophagosomes, which is prevented by HIV-1 (Kyei et al., 2009). Thus, 

this mechanism is down modulated in primary cells during HIV permissive infection but not 

removed since it is necessary for cell survival (Campbell et al., 2013). Since autophagy is not 

completely removed by HIV-1, further studies can be conducted to discover ways to bypass the 

block of autophagosome production.  

 

The NLRP3 Inflammasome  

The NLR family pyrin domain containing 3 (NLRP3) inflammasome is used in the 

immune response against pathogens, such as parasites, bacteria, fungi, and viruses (Zhao et al., 

2020). Inflammasomes function to mediate the activation of inflammatory mediators and are 

important in the innate immune response. They work to fight off invading pathogens and become 

activated during cellular infections or stressors, resulting in a multitude of inflammatory 

responses (Wang et al., 2020). The NLRP3 inflammasome is integral in maintaining proper 

function in various inflammatory diseases, including metabolic and central nervous system 

(CNS) disorders. Inflammatory responses and pyroptotic cell death can result from the formation 

of the NLRP3 inflammasome in response to pathogens (Wang et al., 2020).  

 Although activation of the NLRP3 inflammasome is important for proper immune 

response, excessive activation has been shown to be involved in various diseases caused by 

overexpression, resulting in excessive inflammation (Masters et al., 2009). In PLWH, this results 

in HIV-related conditions that may include early aging, kidney disease, and minor cognitive 

disorders (Shao et al., 2015). 
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NLRP3 Inflammasome Activation 

Inflammasomes are multiprotein complexes that can be found in dendritic cells, 

macrophages, and other immune cells. One main type is the nucleotide-binding oligomerization- 

(NOD-) like receptors (NLRs). This is a form of pattern recognition receptors (PRRs) and is used 

in the control of pathogens in immune responses (Broz et al., 2016). PRRs are highly conserved 

sensors that include toll-like receptors (TLRs) and sense the pathogen-associated molecular 

patterns (PAMPs) and damage-associated molecular patterns (DAMPs) from viral infections to 

cause an immune response (Próchnicki et al., 2017). Proteins involved with NLRs are termed 

NOD-like receptor proteins (NLRPs) and a major type is seen in NLRP3, which is used in 

inflammation and antiviral responses (Zhao et al., 2020). The NLRP3 inflammasome is a 

complex that includes the NLRP3 protein, the apoptosis speck-like protein (ASC), and 

procaspase-1 (Inoue et al., 2013). ASC serves as the connecting point between the NLRP3 

protein and procaspase-1. The main role of the NLRP3 inflammasome is regulating the 

activation of procaspase-1 to caspase-1, a proteolytic enzyme, which subsequently causes the 

release of IL-1β and IL-18 cytokines from their immature pro-IL-1β and pro-IL-18 forms. The 

increased levels of IL-1β and IL-18 in infected cells result in pyroptosis, a highly inflammatory 

form of cell death as a result of intracellular infection (Y. Yang et al., 2015). The three forms of 

NLRP3 inflammasome activation are the Canonical (Classical), Non-canonical, and Alternative 

pathways.  
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Canonical (Classical) Activation  

In the canonical NRLP3 pathway, an immune activator is required for assembly of the 

NLRP3 inflammasome complex. Other processes that may trigger the activation of the NLRP3 

inflammasome complex are calcium signaling, mitochondrial dysfunction, and protein 

aggregates (Wang et al., 2020). Without immune activators, the internal interaction between the 

Figure 1: Canonical, Non-canonical, and Alternative Pathways of NLRP3.  Summary of the 

similarities and differences of NLRP3 inflammasome activation using the different pathways of 

the canonical, non-canonical, and alternative paths 

Canonical 
1. 2 step activation - priming and activation 

stage 

2.  NLRP3 Inflammasome complex: NLRP3 

protein, ASC, and Caspase-1 

3. Irreversible, all-or-nothing response 

4. Most studied pathway. Also known as the 

classical path 

Non-Canonical 
1. Signals through caspases 

4/5/11 

2. Does not process interleukins 

but does induce pyroptosis 

3. Caspase-11 is expressed in 

mice while caspases-4/5 are 

expressed in humans 

4. Caspase-11 requires 

transcriptional priming. Caspase 

4 does not as it is constitutively 

active 
 

 

 

Alternative 
1. Gradual response of IL-1β 

production without pyroptosis-

associated effector functions 

2. Requires caspase-8 

3. Does not require a second 

signal 

4. Species specific to human 

monocytes 

Share pyroptotic 

structure GSDMD. 

Conversion to 

GSDMD-N 

activates NLRP3 

inflammasome 

Activated by LPS 

through TLR4 

Result in 

NLRP3 

inflammasome 

activation and 

IL-1β 

production 

Produce IL-1β to 

activate the immune 

response 
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NOD domain and the leucine-rich repeats (LRRs) suppress the interaction between NLRP3 and 

ASC (Inoue et al., 2013). The complex is activated as a result of pathogen-associated molecular 

patterns (PAMPs), which can come from viruses, and/or damage-associated molecular patterns 

(DAMPs), also known as danger signals (Shao et al., 2015). PAMPs and DAMPs are both sensed 

by PRRs. Activation takes place in a two-step process. In the first step, the sense or priming 

stage, PAMPs and DAMPs are recognized by TLRs. Interferon-alpha/beta receptor (IFNAR), 

which binds endogenous type I interferon cytokines, can also activate the first step. As a result, 

NF-κB signaling is activated, causing increased release of the NLRP3 protein, pro-caspase-1, 

pro-IL-1β, and pro-IL-18 (Bauernfeind et al., 2009). In the second step, known as the assembly 

or activation stage, the NLRP3 inflammasome is constructed. This results from various stimuli 

due to infection, tissue damage, and metabolic imbalances, and can result from ionic flux 

(potassium efflux) and reactive oxygen species (ROS) production. Associated stimuli may be 

ATP, invading pathogens, nucleic acids, pore-forming toxins, and crystalline substances (Hari et 

al., 2015; Lamkanfi et al., 2014). The components of the NLRP3 protein, ASC, and procaspase-1 

join to form the mature NLRP3 inflammasome complex (Wang et al., 2020). Once created, 

procaspase-1 is cleaved to form mature caspase-1, which is used to transform pro-IL-1β and pro-

IL-18 into IL-1β and IL-18 (Lu et al., 2014). Maturation of caspase-1 also regulates the 

production of gasdermin D (GSDMD), which makes pores in infected and uninfected cell 

membranes, causing increased IL-1β and IL-18 production and the triggering of pyroptosis (Shi 

et al., 2017; He et al., 2015).   

 

Non-canonical Activation  
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In contrast to the canonical activation of the NLRP3 inflammasome, the non-canonical 

pathway occurs through caspase 11/4/5 activation instead of caspase-1 (Ding et al., 2017). 

Caspase-11 is seen in mouse macrophages (Kayagaki et al., 2011; Viganò et al., 2013) while 

caspases-4 and -5 are seen in humans. Caspase-11 requires transcriptional priming by 

lipopolysaccharide (LPS), IFN-αβ, or IFN-γ in the presence of ISRE/GAS or NF-kB binding 

elements in the promoter region. Cytosolic LPS causes caspase-11 dependent pyroptosis and 

enters the cell through TLR4/MD2/CD14 receptor complex-mediated endocytosis or bacterial 

OMV-mediated entry (Vanaja et al., 2016). Host GBPs or genetic mutation in bacteria increase 

cytosolic access to LPS. Host-derived lipids oxPAPC (oxidized phospholipid) can enhance 

dendritic cell activation in mouse cells via caspase-11-dependent NLRP3 inflammasome-

mediated IL-1β release. Caspase-4, on the other hand, does not require transcriptional priming. 

This caspase is constitutively expressed in monocytes and some non-monocytic cells, and is also 

activated by cytosolic LPS (J. Yang et al., 2015). Lipid A, a lipid component of LPS, is an 

agonist of the TLR4/MD2 membrane receptor and is responsible for caspase-11-dependent 

pyroptosis. LPS or lipid A directly bind to caspase-4/5 (Viganò et al., 2015) and to caspase-11. 

CARD, a caspase recruiting domain, in caspase 11/4/5 recognizes lipid A and undergoes 

oligomerization for caspase activation. Binding induces caspase oligomerization and activates 

cysteine protease activity to cleave downstream targets. oxPAPC also activates cysteine protease 

activity specifically in caspase-11 to activate downstream NLRP3 inflammasome independently 

of caspase-11 catalytic activity. Unlike caspase-1, caspase 11/4/5 do not process interleukins but 

do induce pyroptosis (Ding et al., 2017). The pyroptotic structure Gasdermin D (GSDMD) is 

shared by caspase-1 and caspase 11/4/5 (Shi et al., 2015). LPS-activated caspase 11/4/5 cleaves 

GSDMD to GSDMD-N, which binds the GSDMD pore and causes pyroptosis (Pellegrini et al., 
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2017). GSDMD-N binding to the GSDMD pore can activate the NLRP3 inflammasome to 

produce IL-1β (Ding et al., 2017). The non-canonical pathway is associated with the activation 

of TLR4–MyD88 and toll/IL-1 receptor homology-domain-containing adapter-inducing 

interferon-β (TRIF) pathways, with a consequent nuclear translocation of NF-κB, which in turn 

promotes the transcription of IL-1β, IL-18, NLRP3, interferon regulatory factor (IRF)-3 and 

IRF7 genes (Ding et al., 2017). 

 

Alternative Pathway 

A third pathway for NLRP3 inflammasome activation has been identified and has been 

called the alternative pathway (Gaidt et al., 2016). LPS and TLR4 trigger the alternative pathway 

in human monocytes (Netea et al., 2009), which appears to be species specific as it has only been 

identified in humans to date (Gaidt et al., 2016). The alternative pathway occurs independently 

of potassium efflux, pyroptosome (inflammasome complex) formation, and pyroptosis. The 

TLR4-TRIF-RIPK1-FADD-CASP8 complex upstream of NLRP3 is activated and produces 

mature IL-1β. Caspase-8 is believed to cleave an intermediate protein needed for NLRP3 

inflammasome activation. In contrast to the canonical pathway as an irreversible, all-or-nothing 

response (Liu et al., 2014), the alternative pathway has a gradual response. Inflammasome 

activation and pyroptosis uncoupling allows for IL-1β production without pyroptosis-associated 

effector functions. Caspase-8 appears to be required as experiments with primary monocytes 

show the caspase-8 inhibitor Z-IETD-FMK blocks activation of the alternative pathway (Gaidt et 

al., 2016). 

 

Summary of NLRP3 Inflammasome Activation Pathways 
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To summarize, there are three known forms of NLRP3 inflammasome activation. The 

canonical pathway has a two-step activation. In the first step, a signal from pathogens is sensed 

and upregulates pro-IL-1β (Wang et al., 2020). The second step is caused by a second signal, 

most commonly with cytosolic potassium efflux, and is where the inflammasome complex is 

formed. Upon activation of the complex, caspase-1 is released resulting in the subsequent 

production of IL-1β (Zhao et al., 2020). In the non-canonical pathway, LPS is sensed by caspase-

11/4/5 to trigger pyroptosis and activate the NLRP3 inflammasome. This pathway does not 

process interleukins itself but does induce pyroptosis resulting in cytokine production (Ding et 

al., 2017). In contrast, the alternative pathway is specific to human monocytes, has a gradual 

response, and requires only one signal for activation; IL-1β production is separate from 

pyroptosis (Gaidt et al., 2016). Although there are differences between these pathways, they all 

ultimately result in NLRP3 inflammasome activation and IL-1β production. A concise summary 

comparing and contrasting these pathways can be found in Figure 1.  
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The NLRP3 Inflammasome in HIV-1 Pathogenesis and Inflammation 

Polymorphisms in NLRP3 Contribute to HIV Chronic Inflammation 

Single-nucleotide polymorphisms (SNPs) in inflammasome related genes are associated 

with HIV chronic inflammation (Pontillo et al., 2010). These SNPs have been studied to see the 

effects on IL-1β production and subsequent activation of the NLRP3 inflammatory response 

(Verma et al., 2008). The genetic variants identified are involved in innate and acquired 

immunity, and play a role in HIV-1 infection susceptibility and in AIDS progression (Kaslow et 

al., 2005). Pontillo et al. (2010) tested NLRP1 and NLRP3 SNPs in HIV-1 infected children born 

to infected mothers and in HIV-1 infected adults. The study used two SNPs each for the NLRP1 

gene and the NLRP3 gene. Their results showed a 3’UTR SNP in the NLRP3 gene (rs10754558) 

exhibited susceptibility to HIV-1 infection. Previous studies found the G allele of this 

polymorphism enhanced NLRP3 mRNA stability (Hitomi et al., 2009). NLRP3 was 

hypothesized to be used by HIV-1 as an intracellular receptor leading to inflammasome 

activation with increased production of IL-1β, and excessive inflammation (Pontillo et al., 2010). 

These results suggest that the NLRP3 inflammasome is implicated in HIV-1 infection 

susceptibility. Further studies are needed to confirm these findings since there may be 

confounding variables where the genotypes of the mothers affected the results in the children.  

 

HIV-1 Induces NLRP3 Inflammasome Activation 

Hernandez et al. (2014) demonstrated that HIV-1 acts as a first signal inducer in the 

activation of the NLRP3 inflammasome, leading to the production of IL-1β, as seen in 

monocyte-derived macrophages (Xing et al., 2009). This production of IL-1β can lead to AIDS 

progression by causing increased inflammation and by increasing viral production. NLRP3 
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activation results in the induction of pyroptosis (Fink et al., 2006), which also causes 

inflammation as well as a subsequent decrease in CD4+ cells. HIV-1 activates the NLRP3 

inflammasome by inducing the priming signal through the NF-κB signaling pathway, suggesting 

its role as an activator of the inflammasome through the canonical pathway. Of note, HIV-1 

alone fails to lead to IL-1β release as it does not induce the second signal for NLRP3 

inflammasome activation but rather requires a separate second signal (Hernandez et al., 2014). 

 

 

 

 

 

 

 

 

As noted earlier, although ART can lead to viral suppression, chronic inflammation 

persists in persons living with HIV-1 and is thought to be a major factor in many chronic 

conditions associated with HIV-1 infection. Bandera et al. (2018) showed that an upregulation of 

NLRP3 and caspase-1 in immunological non-responder (INR) patients results in increased 

inflammation and persistent immune activation. This may also result in increased caspase-1 

activation, causing CD4+ T-cell loss due to pyroptosis and decreased CD4+ T-cell recovery 

(Doitsh et al., 2014). The study compared NLRP3 activation between patients with HIV-

 

HIV-1 NLRP3 

Inflammasome 

Increased IL-

1β and IL-18 

production 

Chronic 

inflammation, 

decreased 

CD4+ T cell 

count, 

increased 

viral 

production 

Figure 2: HIV-1 and the NLRP3 inflammasome. HIV-1 activates the NLRP3 inflammasome to 

produce IL-1β and IL-18. Although production of these interleukin cytokines is needed for natural and 

proper immunity, overproduction leads to excessive inflammation and increased HIV production. This 

presents the double-edged sword dilemma of the NLRP3 inflammasome where overactivation causes 

associated diseases implicated with chronic inflammation 
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stimulated peripheral blood mononuclear cells (PBMCs) of immunological non-responders 

(INRs) and those of patients with complete immune recovery (IRs) on ART. The results showed 

a significant increase in NLRP3 activation in INR patients and a decrease in CD4+ T-cell 

recovery under ART (Bandera et al., 2018). Using LPS, a potent activator of the inflammasome 

pathway (J. Yang et al., 2015), INR PBMCs were found to be more responsive to LPS 

stimulation, showing that greater immune activation results in increased NLRP3 expression and 

caspase-1 activation. This resulted in increased production of IL-1β and IL-18. These effects 

were also seen with HIV-1, which had less NLRP3 activation than with LPS but still showed an 

upregulation of NLRP3, IL-1β, and IL-18 when compared to IRs. Caspase-1 levels in INRs were 

increased as well in comparison with IRs, suggesting its role in CD4+ T-cell death and decreased 

immune recovery as a result of pyroptosis. Thus, HIV-1 appears to activate the NLRP3 

inflammasome and caspase-1, leading to the production of inflammatory cytokines in HIV-

infected ART treated patients with defective immune recovery (Bandera et al., 2018). Although 

these findings are intriguing, the in vitro comparisons between LPS and HIV may not be 

completely valid as different TLRs are used for signaling. LPS uses TLR4, which is on the 

surface of the cell, while HIV has been found to use TLR7/8, which are intracellular. Thus, 

further studies must be conducted to confirm these results, perhaps incorporating in vivo studies.  

 

Further studies show how the effects of excessive inflammation due to increased 

cytotoxic cytokines leads to disease progression. During HIV pathogenesis, gut-associated 

lymphoid tissue (GALT) is the main organ affected and has vast degradation of CD4+ T-cells, 

causing GALT structural damage and increased microbial translocation that results in increased 

immune activation (Brenchley et al., 2006). This begins during acute infection of HIV-1 and 
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persists during chronic infection to differing degrees between HIV-1-infected persons. Feria et 

al. (2018) studied these effects by comparing expression of IL-1β, IL-18 and caspase-1 genes in 

HIV-1-progressors (patients with progressing viral replication) and -controllers (patients with 

controlled viral replication) in their GALT and PBMCs. Consistent with the hypothesis that 

increased inflammation is associated with disease progression, HIV-1-progressors had increased 

IL-18 and IL-1β production in comparison to controllers associated with increased caspase-1 

activation in both GALT and PBMCs. Additionally, increased ASC in PBMCs was observed in 

HIV-1-progressors (Feria et al., 2018).  

 Immune activation occurs early in the acute phase of infection, which causes GALT 

changes, ultimately resulting in viral replication and immune exhaustion. With increased 

production of these cytotoxic cytokines, induction of inflammation leads to pyroptosis. The 

activation of caspase-1 in GALT is associated with a decrease in CD4+ T-cell count and an 

increase in viral load. Furthermore, IL-18 activates naïve T cell differentiation into Th1 and 

Th17 cells (Tominaga et al., 2000), both of which are very susceptible to HIV infection. Thus, 

the increased production of IL-18 in HIV-progressors results in immune activation and increased 

viral replication (Feria et al., 2018). The inflammasomes tested in this study were the protein 

absent in melanoma 2 (AIM2) inflammasome, NLRC4 inflammasome, and NLRP1 

inflammasome. All of these inflammasomes studied showed increased IL-1β production in HIV-

1-progressors due to caspase-1 activation, leading to subsequent pyroptosis resulting in GALT 

degradation. Although this was not specifically seen in the NLRP3 inflammasome, the same 

cytokines produced as a result of NLRP3 inflammasome complex formation and subsequent 

inflammation shows the similarities between the inflammasomes and the processes that lead to 

HIV pathogenesis and progressive disease.  
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-Kidney Function and NLRP3 Inflammasome 

The induction of the NLRP3 inflammasome by HIV-1 also has an effect on renal 

function. Podocytes, cells in the Bowman’s capsule in kidneys, are affected and play a major role 

in HIV-1-associated nephropathy (HIVAN). Lack of regeneration of these cells after injury 

prevents recovery from proteinuric kidney diseases. The dysregulated growth and loss of 

podocytes leads to HIVAN (Husain et al., 2009). The NLRP3 inflammasome complex is 

implicated as contributing to this pathology. Familiar activators of the inflammasome in PAMPs 

and DAMPs result in complex formation and subsequent effects that lead to HIVAN. 

Additionally, transforming growth factor (TGF-β) also appears to be important in the 

development of HIVAN. IL-1β increases TGF-β in kidney cells, leading to HIV-induced 

activation of NLRP3, causing increased TGF-β. Haque et al. (2016) examined the effects of the 

NLRP3 inflammasome complex on pyroptosis of podocytes and subsequent HIVAN in HIV-

transgenic mice. In the transgenic model, mice were observed to have increased NLRP3, ASC, 

caspase-1, and IL-1β indicating the formation of the NLRP3 inflammasome complex in 

podocytes. This was observed both in vivo and in vitro in these HIV-transgenic mice (Tg26) 

when compared to the control (FVBN) mice. Other activators, such as ROS and potassium 

efflux, contributed to HIV-induced pyroptosis in both a dose and time dependent manner.  

Inhibition of caspase-1 decreased podocyte expression of IL-1β production and provided 

protection against pyroptosis. Tempol, a superoxide dismutase mimetic agent, and glyburide, a 

potassium efflux inhibitor (Lamkanfi et al., 2009), decreased HIV-induced podocyte pyroptosis. 

Tempol also provided partial protection against HIV-induced podocyte pyroptosis (Haque et al., 

2016). Furthermore, HIVAN is a proteinuric disease and is considered a podocytopathy. This can 
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be caused by lysosomal cysteine protease cathepsin L (CTSL) leakage, causing the loss of 

podocytes in podocytopathies (Rüster et al., 2006) and can be caused by ROS (Chen et al., 

2012). Lastly, the renin angiotensin system has been seen to cause HIVAN development and 

progression. Studies showed Ang II infusion led to increased renal lesion progression in HIVAN 

mouse models, leading to HIVAN podocyte injury, while inhibiting Ang II production led to 

reduced HIVAN progression in humans and mice. Ang II also contributed to podocyte CTSL 

expression, leading to podocytopathies, which are kidney diseases resulting from damaged 

podocytes in the glomerulus (Salhan et al., 2012). This may lead to proteinuria or nephrotic 

syndrome where there is an increased level of protein in the urine (Haque et al., 2016). Future 

therapeutics for HIVAN can be created targeting the relationship between HIV-1 and the NLRP3 

inflammasome and can further expand on the inhibitors used in this study for HIV-associated 

diseases.  

 

-The Role of NLRX1 in HIV-1 Progression and NLRP3 Comparison  

How HIV infection results in the upregulation of inflammatory cytokines in HIV-infected 

ART treated patients continues to be debated. A study conducted by Nasi et al. (2015) analyzed 

the major inflammasome components and studied the innate mitochondrial sensing (IMS) 

pathways in HIV-1 positive patients undergoing ART (Nasi et al. 2015). Results showed no 

differences in the expression of inflammasome components (sensors, adaptors, regulators, and 

downstream signaling) but did identify a significant decrease in mRNA expression of NLRX1, a 

mitochondrial protein used in the regulation of apoptosis (Soares et al., 2014; Jaworska et al., 

2014). This protein is a part of the same NLR family as NLRP3 and serves as a regulator of 

immune system function. Normally, the overexpression of NLRX1 increases ROS, regulates 
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apoptosis in transformed cells, and regulates type I interferon (IFN-I) and autophagy through 

activation of Tu translation elongation factor (TUFM), another mitochondrial protein (Tattoli et 

al., 2008; Lei et al., 2012). NLRX1 and TUFM together may play a role in controlling host 

antiviral responses since their reduced levels are associated with increased IFN-I activation. With 

the decreased mRNA expression of NLRX1, it is seen that HIV-1 can downregulate pathways 

that result in cell death in various immune cell types, allowing the virus to avoid host restriction 

factors. This suggests that decreased expression of NLRX1 may play a key role in HIV-1 

infection (Nasi et al. 2015).  

 

Contrasting Views 

-Inhibition of HIV-1 Infection by NLRP3 

The role of NLRP3 has been mentioned throughout this review to cause chronic 

inflammation upon activation by releasing cytotoxic cytokines that lead to excessive 

inflammation. This activation occurs during HIV-1 infection. However, NLRP3 may also play a 

dual role in the prevention of HIV-1 entry. This is caused by the interaction between NLRP3, 

HIV-1, and the purinergic receptor P2Y2 (Paoletti et al., 2019). NLRP3 prevents viral entry by 

blocking F-actin reorganization while HIV-1 avoids this by activating a P2Y2 dependent 

pathway, causing NLRP3 degradation (Paoletti et al., 2019). The HIV-1 envelope (Env) binds to 

host cell receptors (CD4, CXCR4, CCR5), which activate P2Y2. This causes recruitment of E3 

ubiquitin ligase CBL to NLRP3, resulting in its degradation and preventing the NLRP3 block of 

HIV-1 (Stolp and Fackler, 2011). To test this, Paoletti et al. (2019) observed the interaction 

between NLRP3 and P2Y2, which are both expressed in CD4+ T-cells, during HIV-1 infection. 

Their results show that expression of the NLRP3 protein is regulated by post-translational 
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modifications in the early stages of HIV-1 infection. When HIV-1 Env binds to its host cell 

receptors, the NLRP3 and P2Y2 interaction increases, resulting in the recruitment of E3 

ubiquitin ligase CBL by P2Y2 and degrading NLRP3. As a result, NLRP3 can act as an inhibitor 

of HIV-1 infection since its degradation allows for viral entry while its presence blocks entry. 

However, during post-entry stages, NLRP3 contributes to the known chronic inflammation and 

excessive immune activation. This finding can be used in the creation of treatments that target 

the NLRP3-P2Y2 interaction in order to prevent viral entry. This is further seen with NLRP3 

activators, which reduce the susceptibility of HIV-1 target cells by regulating P2Y2-dependent 

F-actin remodeling in the initial stages of HIV-1 infection (Paoletti et al., 2019). 

 

-NLRP3 and its Role in Vaccine Production in HIV-Infected Patients  

Another contrasting view of the NLRP3 inflammasome is its role in the production of 

vaccines. Outside of the discussed effects of overproduction of cytokines leading to excess 

inflammation, this inflammasome is needed for the proper activation of dendritic cells (DC) to 

enhance vaccine response. This is seen in healthy individuals DCs (HD-DC) but not in DCs of 

HIV-infected patients (HIV-DC), even those undergoing ART, due to a defect in the NLRP3 of 

HIV-DC patients (Reis et al., 2019). DC are specialized antigen presenting cells (APC) that 

creates and maintains the primary immune response against antigens. DC maturation into APC 

occurs after recognizing PAMPs and DAMPs, resulting in increased CD4+ T lymphocyte 

activation and inducing the immune response (Steinman, 2007). Vaccines must properly activate 

DC to result in memory protective immunity through the use of adjuvants (Reis et al., 2019). 

NLRP3 is needed for adjuvant responsivity, thus HIV-DC patients with a defect in NLRP3 have 

decreased DC activation and an impaired immune response to vaccines (Li et al., 2008).  
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Reis et al. (2019) hypothesized that bacterial flagellin (FLG) could activate the NLRP3 

inflammasome in HIV-DC. FLG, a ligand of the NAIP/NLRC4 inflammasome, activates this 

inflammasome and subsequently activates dendritic cells. This occurs where NAIP binds FLG 

and this complex is then recognized by NLRC4 to create the NAIP/NLRC4 inflammasome, 

which then produces IL-1β and IL-18 that leads to the immune response (Diebolder et al., 2015). 

The study tested FLG as an adjuvant to activate monocyte-derived dendritic cells (MDDC) of 

HIV-DC and tested its efficacy against lipopolysaccharide (LPS). This experiment was compared 

to regular donors (HD-DC). Their results showed FLG activates DC in both the HIV-DC and 

HD-DC conditions and did so to greater degrees than LPS in HIV-DC. These findings show 

dendritic cells of HIV-infected patients undergoing ART can still be activated and result in 

normal immune responses and bypass the NLRP3 defect, allowing for proper responses to 

vaccines for these individuals (Reis et al., 2019). Activation of the NLRP3 inflammasome to 

produce IL-1β and IL-18 leads to chronic inflammation in many HIV associated diseases but is 

also needed in the immune response and in vaccine therapy. This presents the double-edged 

sword of the NLRP3 inflammasome as both needed in proper immunity but also where 

overactivation can result in further exacerbation of inflammatory diseases. A greater 

understanding of this inflammasome is needed to find the best methods to elicit robust immunity 

against pathogens while at the same time preventing the overproduction of cytotoxic cytokines 

leading to excessive inflammation. 

 

NLRP3 and HIV-1-associated Cognitive Impairment 

ART treatment in HIV-1 infected patients has allowed for a great decrease in HIV-

associated dementia due to successful viral suppression. However, many patients still have 
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inflammation and minor neurocognitive issues. This may be the result of viral RNA still being 

made at low levels by infected cells even in the absence of infectious virus or by low level HIV 

replication causing the persistent inflammatory response (Edén et al., 2016). These symptoms 

have been attributed to the activation of the NLRP3 inflammasome, causing increased 

production of inflammatory cytokines and activation of caspase-1. Rawat et al. (2019) tested this 

using GU-rich ssRNA within the HIV LTR (ssRNA40), which signals through TLR7/8 located 

within the cell, to see the effects on microglia in producing inflammatory markers as a result of 

NLRP3 inflammasome activation. Results showed an increase in NLRP3 inflammasome 

activation increases the production of IL-1β and IL-18. Inflammasome activation also caused an 

upregulation of ROS, causing damage to mitochondria. The use of ssRNA40 also resulted in 

inhibition of mitophagy, a form of autophagy associated with mitochondria, from negatively 

regulating the NLRP3 inflammasome from producing subsequent cytokines and activating 

caspase-1, resulting in increased microglial cell death by pyroptosis. Mitophagy is used to 

maintain healthy cells by removing damaged mitochondria that can lead to cellular degeneration 

(Lazarou et al., 2015). Results from this study showed that inhibition of mitophagy increased 

NLRP3 inflammasome activation and associated inflammation. The pathway found from this 

study with increased NLRP3 activation due to blocking of mitophagy and resulting subsequent 

cytokine production leading to inflammation may be the cause of cognitive issues and chronic 

inflammation in HIV-infected patients with ART treatment (Rawat et al., 2019). Future studies 

should explore how blocking or silencing TLRs reduce NLRP3 inflammasome activation and the 

production of inflammatory cytokines, possibly serving as a treatment for HIV-infected patients 

with chronic inflammation.  
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The regulatory genes of HIV are needed for viral production and may also play a role in 

NLRP3 activation. One particular protein is Transactivator of Transcription (Tat), which is 

elevated in HIV-1 infected patients, even those undergoing ART, and can activate NLRP3 

through activation of the NF-kB pathway (Fiume et al., 2012). Chivero et al. (2017) 

hypothesized that Tat primes and activates the NLRP3 inflammasome resulting in an excessive 

inflammatory response. Issues associated with increased inflammation can be seen in HIV-1-

associated neurocognitive disorders (HAND). HIV-1 infected patients undergoing ART still 

exhibit mild forms of HAND in asymptomatic neurocognitive impairment (ANI) and mild 

neurocognitive disorder (MND) whereas HIV-1-associated dementia (HAD) has decreased 

significantly with ART. Patients who develop ANI and MND exhibit increased NLRP3 

activators in comparison to HIV-1 infected patients without deficits (Chivero et al., 2017). These 

activators can cause NLRP3 activation and IL-1β production (Chivero et al., 2017). Previous 

studies have shown that Tat stimulates IL-1β release in monocytes. To further this research, Tat 

was tested to see if it would also result in the same production of IL-1β by the activation of the 

NLRP3 inflammasome in microglial cells. Results show Tat primes the NLRP3 inflammasome 

by activating caspase-1 resulting in IL-1β release. Inhibition of NLRP3 activation by glyburide 

and NLRP3 silencing (NLRP3 siRNA) resulted in a decrease in caspase-1 maturation and IL-1β 

production. Tat primes the NLRP3 inflammasome by reducing the effects of miR-223, a 

regulator of NLRP3. Upon exposure of microglia to Tat, the expression levels of miR-223 are 

reduced. After priming of the inflammasome, endogenous agonists, such as ATP and calcium, 

then activate NLRP3. Tat plays a role in the activation by increasing calcium levels (Mayne et 

al., 2000), which is an activator of NLRP3 (Lee et al., 2012). These findings show that Tat plays 

a novel role in the priming and activation of the NLRP3 inflammasome in microglial cells 
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(Chivero et al., 2017). Thus, targeting the interaction between Tat and NLRP3 can result in the 

inhibition of the inflammasome and be a novel therapeutic to decrease and even prevent 

neuroinflammation and diseases associated with HAND in HIV-1 infected patients. Furthermore, 

studies targeting the other HIV regulatory proteins should be conducted to observe their effects 

with NLRP3 and prevention of neuroinflammation.   

 

TLR4 Signaling and NLRP3 in Liver Function 

Another TLR associated with HIV-1 and NLRP3 inflammasome activation is TLR4, 

which is located on the cell surface. Zhang et al. (2019) observed the effects through the TLR4-

NLRP3 pathway in both HIV-infected and healthy macrophages. This study showed HIV-1 

infection in CD68+ liver macrophages activated the TLR4-NLRP3-caspase-1 axis and leads to 

increased IL-1β response to LPS, resulting in dysregulation of hepatic immune responses and 

progression of liver injury. HIV-1 infected liver macrophages exhibited increased NLRP3 

expression, resulting in increased IL-1β production. Results show increased TLR4 expression in 

HIV-1 infected CD68+ macrophages, suggesting TLR4 is a major activator of NLRP3 

expression. Findings show HIV-1 infection increases IL-1β expression through the activation of 

the NLRP3 inflammasome and caspase-1 in CD68+ hepatic macrophages (Zhang et al., 2019). 

Finding a way to block TLR4 activation can be used to prevent NLRP3 inflammasome activation 

and the production of inflammatory cytokines, a possible treatment to reduce chronic 

inflammation and associated liver issues in HIV-infected patients.  

 

Antiretrovirals and NLRP3 Activation 
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Antiretrovirals have served as the cornerstone of treatment approaches for PLWH. 

However, in some cases certain antiretrovirals have been associated with severe adverse 

reactions in a subpopulation of recipients. An example of this is abacavir (ABC), a nucleoside 

analog reverse transcriptase inhibitor (NRTI) (White et al., 2015). For some patients ABC is 

associated with severe inflammation and an allergic response through the activation of an innate 

immune response. In these cases, ABC is a specific activator of the NLRP3 inflammasome 

(Toksoy et al., 2017). An allergic response known as abacavir hypersensitivity syndrome (ABC-

HS) is seen, a response similar to organ graft rejection, in some patients. This response occurs 

approximately five days after treatment, showing a de novo generation of drug-reactive T-cells 

(Lucas et al., 2015). Activation is caused by danger signals of DAMPs or external cues, such as 

infections, as noted in the “danger model”, resulting in drug-induced innate immune activation in 

TLRs and inflammasomes. TLR activation has immediate release of cytokines TNF and IL-8 

through IKK2/NFκB signaling pathway while inflammasome activation occurs through the 

canonical two step priming and activation process. Inflammasome activation appears to be 

caused by lysosomal damage with cytoplasmic cathepsin B release or mitochondrial damage 

causing increased mitochondrial ROS and mitochondrial DNA and mitochondrial-localized lipid 

cardiolipin, both of which need further studies. Additionally, previous activators of 

inflammasome activation are seen in potassium efflux and necrosis. Patients with the major 

histocompatibility complex (MHC) class I allele human leukocyte antigen (HLA) 5701 are more 

likely to develop ABC-HS, which may be life-threatening (Mallal et al., 2002).  

Toksoy et al. (2017) hypothesized that NLRP3 inflammasome activation leads to 

developing drug hypersensitivity of ABC-HS. Results showed that ABC stimulation did not 

cause a direct innate immune signal in THP1 cells and could not activate the inflammasome by 
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itself, suggesting other factors are needed for priming in vivo, such as the HIV-1 virus. In 

contrast, TLR8 stimulation was enough to prime the ABC-induced activation of the 

inflammasome. Upon NLRP3 inflammasome activation, the release of cytotoxic cytokines leads 

to cellular injury and allergic responses (Toksoy et al., 2017). With this knowledge of ABC as an 

inflammasome activator and drug allergen that induces delayed allergy depending on innate 

immune activation, screening patients for the presence of HLA 5701 has led to the elimination of 

ABC hypersensitivity in patients treated for HIV-1 infection.  
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NLRP3 Inflammasome Inhibitors 

Excessive inflammation caused by the activation of the NLRP3 inflammasome is 

implicated in many different diseases. In order to ameliorate these issues, inhibitors of the 

NLRP3 inflammasome components, cytokines, and the activators of the complex have been 

tested to reduce chronic inflammation.  

One such issue associated with the overproduction of inflammatory cytokines due to 

NLRP3 inflammasome activation is seen in aging and obesity. Patients who are older or obese 

tend to have increased cytotoxic cytokine levels as a result of chronic inflammation (Forsey et 

al., 2003; Vandanmagsar et al., 2011). The effects in obesity can be due to over nutrition, which 

leads to insulin resistance, causing problems with glucose homeostasis (He et al., 2020). An 

activator of the NLRP3 inflammasome is acetylation (He et al., 2020). Ways to deacetylate the 

inflammasome have been proposed as methods to reduce the effects of chronic inflammation. He 

et al. (2020) studied one such type in sirtuin 2 (SIRT2), a metabolic sensor and a cytosolic 

deacetylase dependent on NAD+ (Jing et al., 2016). SIRT2 was hypothesized to target NLRP3 

and reverse aging-associated inflammation as well as insulin resistance. Using macrophages in 

mice, this study observed how acetylation activated the NLRP3 inflammasome, resulting in an 

acute response and the effects in aging and insulin resistance, which leads to glucose 

dysregulation. In contrast, the use of SIRT2 deacetylated the inflammasome and reversed these 

effects. SIRT2 regulates two downstream targets in the NLRP3 inflammasome activation 

pathway by targeting the NLRP3 protein and tubulin, which leads to the suppression of NLRP3 

inflammasome assembly transport (Misawa et al., 2013). Mice with SIRT2 knocked out were 

found to have aging-associated chronic inflammation and compromised glucose homeostasis 

while those with SIRT2 showed decreased inflammation and improved glucose homeostasis (He 
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et al., 2020). These findings are exciting as further deacetylases can be implicated and studied to 

see their effects as therapeutics against diseases associated with excessive inflammation. 

Deacetylases can be further tested as a treatment for excessive inflammatory HIV-associated 

diseases.  

Another NLRP3 inflammasome inhibitor that can be used to decrease the effects of 

overproduction of cytokines in HIV-1 is glyburide, a potassium efflux inhibitor (Lamkanfi et al., 

2009). Commonly used to treat type-2 diabetes, glyburide is a medication used to maintain 

glucose homeostasis and has also been found to be anti-inflammatory. HIV-infected microglia 

that have NLRP3-associated neuroinflammation can use glyburide to directly prevent the 

formation of the NLRP3 inflammasome complex or prevent the production of IL-1β (Wang et 

al., 2020). Glyburide inhibits the inflammasome by acting downstream of the purinergic 

receptor, P2X7R, and inhibits ATP-sensitive potassium channels, inhibiting ASC aggregation. 

This prevents the NLRP3 inflammasome complex from forming and thus prevents the 

production of IL-1β and IL-18 (Wang et al., 2020). Glyburide reduces the excessive 

inflammation found in HIV-1 associated microglia neuroinflammation and further research can 

test its effects in other HIV-associated diseases caused by excessive inflammation.  

More novel NLRP3 inflammasome inhibitors are the small molecule inhibitors MCC950 

and β-Hydroxybutyrate (BHB) (Shao et al., 2015). MCC950 is a direct inhibitor that prevents 

caspase-1-dependent-processing of IL-1β and blocks NLRP3 inflammasome activation by 

inhibiting NLRP3 and ASC oligomerization in both the canonical and non-canonical pathways 

(Coll et al., 2015). This prevents IL-1β and IL-18 secretion through directly acting on the 

inflammasome. Similarly, BHB blocks ASC oligomerization, preventing NLRP3 inflammasome 

complex formation and the production of IL-1β and IL-18 by the inflammasome in human 
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monocytes. This inhibitor blocks potassium efflux from macrophages and only inhibits the 

canonical pathway (Youm et al., 2015). Both of these inhibitors can be tested to reduce cytokine 

levels in HIV-infected patients to decrease chronic inflammation and may prove useful as a 

treatment for these individuals. 

More established inhibitors can be seen in Type I interferon (IFN) and IFN-β, both of 

which have been used in autoimmune and autoinflammatory diseases, most notably in multiple 

sclerosis (Shao et al., 2015). Type I IFN is produced by macrophages as a result of extracellular 

bacteria, viruses, and environmental irritants (Meylan et al., 2006). IFN-β is used to block IL-1β 

production through two separate paths. The first is where the STAT1 transcription factor 

phosphorylation represses NLRP1 and the NLRP3 inflammasome, blocking caspase-1 from 

activating IL-1β from pro-IL-1β. The other path is where Type I IFN increases IL-10 production 

through a STAT-dependent mechanism resulting in autocrine signaling and reducing pro-IL-1α 

and pro-IL-1β (Guarda et al., 2011). Future treatments can observe the effects of these inhibitors 

on HIV-associated inflammation.  

Inhibitors in need of further research and testing are seen in autophagy inducers (Shao et 

al., 2015). One type is resveratrol, which activates autophagy by suppressing macrophage 

mitochondrial damage, preventing NLRP3 inflammasome activation and subsequent mediated 

IL-1β production (Chang et al., 2015). Another inhibitor is Arglabin, which activates autophagy 

in macrophages, reducing cholesterol levels and inflammation. Arglabin blocks NLRP3 

inflammasome mediated IL-1β and IL-18 production and secretion (Abderrazak et al., 2015). 

Lastly, cannabinoid receptor-2 (CB2R) agonist blocks the priming step of NLRP3 inflammasome 

activation, preventing NF-kB signaling and the production of pro-IL-1β, pro-IL-18, and pro-

caspase-1 (Shao et al., 2014). A better understanding of the pathways activating the NLRP3 
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inflammasome are needed in order to find the correct inhibitor to treat the associated illness. 

Further work on these inhibitors can be studied to see their effects in decreasing excessive 

inflammation in HIV-associated diseases.  
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Discussion/Conclusion/Future Works 

This review has discussed how the NLRP3 inflammasome complex is activated and 

produces cytotoxic cytokines leading to excessive inflammation in various diseases, especially in 

HIV-1-infected patients. HIV-1 infection also leads to NLRP3 inflammasome activation, 

resulting in a continuous cycle of chronic inflammation. With the ability to inhibit components 

of the NLRP3 inflammasome complex, the production of cytokines, and the activators of the 

inflammasome, a reduction in chronic inflammation and associated diseases can be seen. This 

can help to treat the associated pathologies implicated in HIV-infected patients, suggesting the 

need for increased studies in NLRP3 inflammasome inhibitors. In addition, future studies need to 

have more primary cell work and research on humans, rather than merely studies on monkeys 

and mice. This will allow for more direct results to be seen in HIV-infected patients. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 29 

References 

 

1. Abbas, A. K., Lichtman, A. H., Pillai, S., Baker, D. L., & Baker, A. (2018). Cellular and 

molecular immunology (Ninth edition). Elsevier. 

 

2. Abderrazak, A., Couchie, D., Mahmood, D. F. D., Elhage, R., Vindis, C., Laffargue, M., 

Matéo, V., Büchele, B., Ayala, M. R., El Gaafary, M., Syrovets, T., Slimane, M.-N., Friguet, 

B., Fulop, T., Simmet, T., El Hadri, K., & Rouis, M. (2015). Anti-inflammatory and 

antiatherogenic effects of the NLRP3 inflammasome inhibitor arglabin in ApoE2.Ki mice fed 

a high-fat diet. Circulation, 131(12), 1061–1070.  

 

3. Appay, V., & Sauce, D. (2008). Immune activation and inflammation in HIV-1 infection: 

Causes and consequences. The Journal of Pathology, 214(2), 231–241.  

 

4. Bandera, A., Masetti, M., Fabbiani, M., Biasin, M., Muscatello, A., Squillace, N., Clerici, M., 

Gori, A., & Trabattoni, D. (2018). The NLRP3 Inflammasome Is Upregulated in HIV-Infected 

Antiretroviral Therapy-Treated Individuals with Defective Immune Recovery. Frontiers in 

Immunology, 9, 214.  

 

5. Bauernfeind, F. G., Horvath, G., Stutz, A., Alnemri, E. S., MacDonald, K., Speert, D., 

Fernandes-Alnemri, T., Wu, J., Monks, B. G., Fitzgerald, K. A., Hornung, V., & Latz, E. 

(2009). Cutting Edge: NF-κB Activating Pattern Recognition and Cytokine Receptors License 

NLRP3 Inflammasome Activation by Regulating NLRP3 Expression. The Journal of 

Immunology, 183(2), 787–791.  

 

6. Brenchley, J. M., Price, D. A., Schacker, T. W., Asher, T. E., Silvestri, G., Rao, S., Kazzaz, Z., 

Bornstein, E., Lambotte, O., Altmann, D., Blazar, B. R., Rodriguez, B., Teixeira-Johnson, L., 

Landay, A., Martin, J. N., Hecht, F. M., Picker, L. J., Lederman, M. M., Deeks, S. G., & 

Douek, D. C. (2006). Microbial translocation is a cause of systemic immune activation in 

chronic HIV infection. Nature Medicine, 12(12), 1365–1371.  

 

7. Broz, P., & Dixit, V. M. (2016). Inflammasomes: Mechanism of assembly, regulation and 

signalling. Nature Reviews Immunology, 16(7), 407–420.  

 

8. Campbell, G. R., & Spector, S. A. (2013). Inhibition of human immunodeficiency virus type-1 

through autophagy. Current Opinion in Microbiology, 16(3), 349–354.  

 

9. Chang, Y.-P., Ka, S.-M., Hsu, W.-H., Chen, A., Chao, L. K., Lin, C.-C., Hsieh, C.-C., Chen, 

M.-C., Chiu, H.-W., Ho, C.-L., Chiu, Y.-C., Liu, M.-L., & Hua, K.-F. (2015). Resveratrol 

inhibits NLRP3 inflammasome activation by preserving mitochondrial integrity and 

augmenting autophagy. Journal of Cellular Physiology, 230(7), 1567–1579.  

 

10. Chen, Q.-Y., Shi, J.-G., Yao, Q.-H., Jiao, D.-M., Wang, Y.-Y., Hu, H.-Z., Wu, Y.-Q., Song, J., 

Yan, J., & Wu, L.-J. (2012). Lysosomal membrane permeabilization is involved in curcumin-

induced apoptosis of A549 lung carcinoma cells. Molecular and Cellular Biochemistry, 

359(1–2), 389–398.  



 30 

 

11. Chivero, E. T., Guo, M.-L., Periyasamy, P., Liao, K., Callen, S. E., & Buch, S. (2017). HIV-1 

Tat Primes and Activates Microglial NLRP3 Inflammasome-Mediated Neuroinflammation. 

The Journal of Neuroscience, 37(13), 3599–3609.  

 

12. Coll, R. C., Robertson, A. A. B., Chae, J. J., Higgins, S. C., Muñoz-Planillo, R., Inserra, M. 

C., Vetter, I., Dungan, L. S., Monks, B. G., Stutz, A., Croker, D. E., Butler, M. S., Haneklaus, 

M., Sutton, C. E., Núñez, G., Latz, E., Kastner, D. L., Mills, K. H. G., Masters, S. L., 

Schroder, K., Cooper, M. A., O’Neill, L. A. J. (2015). A small-molecule inhibitor of the 

NLRP3 inflammasome for the treatment of inflammatory diseases. Nature Medicine, 21(3), 

248–255.  

 

13. Decrion, A. Z., Dichamp, I., Varin, A., & Herbein, G. (2005). HIV and inflammation. Current 

HIV Research, 3(3), 243–259.  

 

14. Diebolder, C. A., Halff, E. F., Koster, A. J., Huizinga, E. G., & Koning, R. I. (2015). 

Cryoelectron Tomography of the NAIP5/NLRC4 Inflammasome: Implications for NLR 

Activation. Structure (London, England: 1993), 23(12), 2349–2357.  

 

15. Ding, J., & Shao, F. (2017). SnapShot: The Noncanonical Inflammasome. Cell, 168(3), 544-

544.e1.  

 

16. Doitsh, G., Galloway, N. L. K., Geng, X., Yang, Z., Monroe, K. M., Zepeda, O., Hunt, P. W., 

Hatano, H., Sowinski, S., Muñoz-Arias, I., & Greene, W. C. (2014). Cell death by pyroptosis 

drives CD4 T-cell depletion in HIV-1 infection. Nature, 505(7484), 509–514.  

 

17. Douek, D. C., Brenchley, J. M., Betts, M. R., Ambrozak, D. R., Hill, B. J., Okamoto, Y., 

Casazza, J. P., Kuruppu, J., Kunstman, K., Wolinsky, S., Grossman, Z., Dybul, M., Oxenius, 

A., Price, D. A., Connors, M., & Koup, R. A. (2002). HIV preferentially infects HIV-specific 

CD4+ T cells. Nature, 417(6884), 95–98.  

 

18. Edén, A., Marcotte, T. D., Heaton, R. K., Nilsson, S., Zetterberg, H., Fuchs, D., Franklin, D., 

Price, R. W., Grant, I., Letendre, S. L., & Gisslén, M. (2016). Increased Intrathecal Immune 

Activation in Virally Suppressed HIV-1 Infected Patients with Neurocognitive Impairment. 

PloS One, 11(6), e0157160.  

 

19. Feria, M. G., Taborda, N. A., Hernandez, J. C., & Rugeles, M. T. (2018). HIV replication is 

associated to inflammasomes activation, IL-1β, IL-18 and caspase-1 expression in GALT and 

peripheral blood. PLOS ONE, 13(4), e0192845.  

 

20. Fink, S. L., & Cookson, B. T. (2006). Caspase-1-dependent pore formation during pyroptosis 

leads to osmotic lysis of infected host macrophages. Cellular Microbiology, 8(11), 1812–

1825.  

 

21. Fiume, G., Vecchio, E., De Laurentiis, A., Trimboli, F., Palmieri, C., Pisano, A., Falcone, C., 

Pontoriero, M., Rossi, A., Scialdone, A., Fasanella Masci, F., Scala, G., & Quinto, I. (2012). 



 31 

Human immunodeficiency virus-1 Tat activates NF-κB via physical interaction with IκB-α 

and p65. Nucleic Acids Research, 40(8), 3548–3562.  

 

22. Forsey, R. J., Thompson, J. M., Ernerudh, J., Hurst, T. L., Strindhall, J., Johansson, B., 

Nilsson, B.-O., & Wikby, A. (2003). Plasma cytokine profiles in elderly humans. Mechanisms 

of Ageing and Development, 124(4), 487–493.  

 

23. Gaidt, M. M., Ebert, T. S., Chauhan, D., Schmidt, T., Schmid-Burgk, J. L., Rapino, F., 

Robertson, A. A. B., Cooper, M. A., Graf, T., & Hornung, V. (2016). Human Monocytes 

Engage an Alternative Inflammasome Pathway. Immunity, 44(4), 833–846.  

 

24. Guarda, G., Braun, M., Staehli, F., Tardivel, A., Mattmann, C., Förster, I., Farlik, M., Decker, 

T., Du Pasquier, R. A., Romero, P., & Tschopp, J. (2011). Type I interferon inhibits 

interleukin-1 production and inflammasome activation. Immunity, 34(2), 213–223.  

 

25. Haque, S., Lan, X., Wen, H., Lederman, R., Chawla, A., Attia, M., Bongu, R. P., Husain, M., 

Mikulak, J., Saleem, M. A., Popik, W., Malhotra, A., Chander, P. N., & Singhal, P. C. (2016). 

HIV Promotes NLRP3 Inflammasome Complex Activation in Murine HIV-Associated 

Nephropathy. The American Journal of Pathology, 186(2), 347–358.  

 

26. Hari, A., Zhang, Y., Tu, Z., Detampel, P., Stenner, M., Ganguly, A., & Shi, Y. (2015). 

Activation of NLRP3 inflammasome by crystalline structures via cell surface contact. 

Scientific Reports, 4(1), 7281.  

 

27. He, M., Chiang, H.-H., Luo, H., Zheng, Z., Qiao, Q., Wang, L., Tan, M., Ohkubo, R., Mu, W.-

C., Zhao, S., Wu, H., & Chen, D. (2020). An Acetylation Switch of the NLRP3 Inflammasome 

Regulates Aging-Associated Chronic Inflammation and Insulin Resistance. Cell Metabolism, 

31(3), 580-591.e5.  

 

28. He, W., Wan, H., Hu, L., Chen, P., Wang, X., Huang, Z., Yang, Z.-H., Zhong, C.-Q., & Han, 

J. (2015). Gasdermin D is an executor of pyroptosis and required for interleukin-1β secretion. 

Cell Research, 25(12), 1285–1298.  

 

29. Hernandez, J. C., Latz, E., & Urcuqui-Inchima, S. (2014). HIV-1 Induces the First Signal to 

Activate the NLRP3 Inflammasome in Monocyte-Derived Macrophages. Intervirology, 57(1), 

36–42.  

 

30. Hitomi, Y., Ebisawa, M., Tomikawa, M., Imai, T., Komata, T., Hirota, T., Harada, M., 

Sakashita, M., Suzuki, Y., Shimojo, N., Kohno, Y., Fujita, K., Miyatake, A., Doi, S., 

Enomoto, T., Taniguchi, M., Higashi, N., Nakamura, Y., & Tamari, M. (2009). Associations 

of functional NLRP3 polymorphisms with susceptibility to food-induced anaphylaxis and 

aspirin-induced asthma. The Journal of Allergy and Clinical Immunology, 124(4), 779-785.e6.  

 

31. Husain, M., Meggs, L. G., Vashistha, H., Simoes, S., Griffiths, K. O., Kumar, D., Mikulak, J., 

Mathieson, P. W., Saleem, M. A., Del Valle, L., Pina-Oviedo, S., Wang, J. Y., Seshan, S. V., 

Malhotra, A., Reiss, K., & Singhal, P. C. (2009). Inhibition of p66ShcA longevity gene 



 32 

rescues podocytes from HIV-1-induced oxidative stress and apoptosis. The Journal of 

Biological Chemistry, 284(24), 16648–16658.  

 

32. Inoue, M., & Shinohara, M. L. (2013). NLRP3 Inflammasome and MS/EAE. Autoimmune 

Diseases, 2013, 859145.  

 

33. Jaworska, J., Coulombe, F., Downey, J., Tzelepis, F., Shalaby, K., Tattoli, I., Berube, J., 

Rousseau, S., Martin, J. G., Girardin, S. E., McCullers, J. A., & Divangahi, M. (2014). 

NLRX1 prevents mitochondrial induced apoptosis and enhances macrophage antiviral 

immunity by interacting with influenza virus PB1-F2 protein. Proceedings of the National 

Academy of Sciences of the United States of America, 111(20), E2110-2119.  

 

34. Jing, H., Hu, J., He, B., Negrón Abril, Y. L., Stupinski, J., Weiser, K., Carbonaro, M., Chiang, 

Y.-L., Southard, T., Giannakakou, P., Weiss, R. S., & Lin, H. (2016). A SIRT2-Selective 

Inhibitor Promotes c-Myc Oncoprotein Degradation and Exhibits Broad Anticancer Activity. 

Cancer Cell, 29(3), 297–310.  

 

35. Kaslow, R. A., Dorak, T., & Tang, J. J. (2005). Influence of host genetic variation on 

susceptibility to HIV type 1 infection. The Journal of Infectious Diseases, 191 Suppl 1, S68-

77.  

 

36. Kayagaki, N., Warming, S., Lamkanfi, M., Walle, L. V., Louie, S., Dong, J., Newton, K., Qu, 

Y., Liu, J., Heldens, S., Zhang, J., Lee, W. P., Roose-Girma, M., & Dixit, V. M. (2011). Non-

canonical inflammasome activation targets caspase-11. Nature, 479(7371), 117–121.  

 

37. Kyei, G. B., Dinkins, C., Davis, A. S., Roberts, E., Singh, S. B., Dong, C., Wu, L., Kominami, 

E., Ueno, T., Yamamoto, A., Federico, M., Panganiban, A., Vergne, I., & Deretic, V. (2009). 

Autophagy pathway intersects with HIV-1 biosynthesis and regulates viral yields in 

macrophages. Journal of Cell Biology, 186(2), 255–268.  

 

38. Lamkanfi, M., & Dixit, V. M. (2014). Mechanisms and Functions of Inflammasomes. Cell, 

157(5), 1013–1022.  

 

39. Lamkanfi, M., Mueller, J. L., Vitari, A. C., Misaghi, S., Fedorova, A., Deshayes, K., Lee, W. 

P., Hoffman, H. M., & Dixit, V. M. (2009). Glyburide inhibits the Cryopyrin/Nalp3 

inflammasome. The Journal of Cell Biology, 187(1), 61–70.  

 

40. Lazarou, M., Sliter, D. A., Kane, L. A., Sarraf, S. A., Wang, C., Burman, J. L., Sideris, D. P., 

Fogel, A. I., & Youle, R. J. (2015). The ubiquitin kinase PINK1 recruits autophagy receptors 

to induce mitophagy. Nature, 524(7565), 309–314.  

 

41. Lee, G.-S., Subramanian, N., Kim, A. I., Aksentijevich, I., Goldbach-Mansky, R., Sacks, D. 

B., Germain, R. N., Kastner, D. L., & Chae, J. J. (2012). The calcium-sensing receptor 

regulates the NLRP3 inflammasome through Ca2+ and cAMP. Nature, 492(7427), 123–127.  

 



 33 

42. Lei, Y., Wen, H., Yu, Y., Taxman, D. J., Zhang, L., Widman, D. G., Swanson, K. V., Wen, 

K.-W., Damania, B., Moore, C. B., Giguère, P. M., Siderovski, D. P., Hiscott, J., Razani, B., 

Semenkovich, C. F., Chen, X., & Ting, J. P.-Y. (2012). The mitochondrial proteins NLRX1 

and TUFM form a complex that regulates type I interferon and autophagy. Immunity, 36(6), 

933–946.  

 

43. Li, H., Willingham, S. B., Ting, J. P.-Y., & Re, F. (2008). Cutting edge: Inflammasome 

activation by alum and alum’s adjuvant effect are mediated by NLRP3. Journal of 

Immunology (Baltimore, Md.: 1950), 181(1), 17–21.  

 

44. Liu, T., Yamaguchi, Y., Shirasaki, Y., Shikada, K., Yamagishi, M., Hoshino, K., Kaisho, T., 

Takemoto, K., Suzuki, T., Kuranaga, E., Ohara, O., & Miura, M. (2014). Single-Cell Imaging 

of Caspase-1 Dynamics Reveals an All-or-None Inflammasome Signaling Response. Cell 

Reports, 8(4), 974–982.  

 

45. Lu, A., Magupalli, V. G., Ruan, J., Yin, Q., Atianand, M. K., Vos, M. R., Schröder, G. F., 

Fitzgerald, K. A., Wu, H., & Egelman, E. H. (2014). Unified Polymerization Mechanism for 

the Assembly of ASC-Dependent Inflammasomes. Cell, 156(6), 1193–1206.  

 

46. Lucas, A., Lucas, M., Strhyn, A., Keane, N. M., McKinnon, E., Pavlos, R., Moran, E. M., 

Meyer-Pannwitt, V., Gaudieri, S., D’Orsogna, L., Kalams, S., Ostrov, D. A., Buus, S., Peters, 

B., Mallal, S., & Phillips, E. (2015). Abacavir-reactive memory T cells are present in drug 

naïve individuals. PloS One, 10(2), e0117160.  

 

47. Mallal, S., Nolan, D., Witt, C., Masel, G., Martin, A. M., Moore, C., Sayer, D., Castley, A., 

Mamotte, C., Maxwell, D., James, I., & Christiansen, F. T. (2002). Association between 

presence of HLA-B*5701, HLA-DR7, and HLA-DQ3 and hypersensitivity to HIV-1 reverse-

transcriptase inhibitor abacavir. Lancet (London, England), 359(9308), 727–732.  

 

48. Masters, S. L., Simon, A., Aksentijevich, I., & Kastner, D. L. (2009). Horror 

Autoinflammaticus: The Molecular Pathophysiology of Autoinflammatory Disease. Annual 

Review of Immunology, 27(1), 621–668.  

 

49. Mayne, M., Holden, C. P., Nath, A., & Geiger, J. D. (2000). Release of calcium from inositol 

1,4,5-trisphosphate receptor-regulated stores by HIV-1 Tat regulates TNF-alpha production in 

human macrophages. Journal of Immunology (Baltimore, Md.: 1950), 164(12), 6538–6542.  

 

50. Meylan, E., Tschopp, J., & Karin, M. (2006). Intracellular pattern recognition receptors in the 

host response. Nature, 442(7098), 39–44.  

 

51. Misawa, T., Takahama, M., Kozaki, T., Lee, H., Zou, J., Saitoh, T., & Akira, S. (2013). 

Microtubule-driven spatial arrangement of mitochondria promotes activation of the NLRP3 

inflammasome. Nature Immunology, 14(5), 454–460.  

 

52. Nasi, M., De Biasi, S., Bianchini, E., Digaetano, M., Pinti, M., Gibellini, L., Pecorini, S., 

Carnevale, G., Guaraldi, G., Borghi, V., Mussini, C., & Cossarizza, A. (2015). Analysis of 



 34 

inflammasomes and antiviral sensing components reveals decreased expression of NLRX1 in 

HIV-positive patients assuming efficient antiretroviral therapy. AIDS, 29(15), 1937–1941.  

 

53. Netea, M. G., Nold-Petry, C. A., Nold, M. F., Joosten, L. A. B., Opitz, B., van der Meer, J. H. 

M., van de Veerdonk, F. L., Ferwerda, G., Heinhuis, B., Devesa, I., Funk, C. J., Mason, R. J., 

Kullberg, B. J., Rubartelli, A., van der Meer, J. W. M., & Dinarello, C. A. (2009). Differential 

requirement for the activation of the inflammasome for processing and release of IL-1β in 

monocytes and macrophages. Blood, 113(10), 2324–2335.  

 

54. Paoletti, A., Allouch, A., Caillet, M., Saïdi, H., Subra, F., Nardacci, R., Wu, Q., Muradova, Z., 

Voisin, L., Raza, S. Q., Law, F., Thoreau, M., Dakhli, H., Delelis, O., Poirier-Beaudouin, B., 

Dereuddre-Bosquet, N., Le Grand, R., Lambotte, O., Saez-Cirion, A., Pancino, G., Ojcius, D. 

M., Solary, E., Deutsch, E., Piacentini, M., Gougeon, M.-L., Kroemer, Guido., Perfettini, J.-L. 

(2019). HIV-1 Envelope Overcomes NLRP3-Mediated Inhibition of F-Actin Polymerization 

for Viral Entry. Cell Reports, 28(13), 3381-3394.e7.  

 

55. Pellegrini, C., Antonioli, L., Lopez-Castejon, G., Blandizzi, C., & Fornai, M. (2017). 

Canonical and Non-Canonical Activation of NLRP3 Inflammasome at the Crossroad between 

Immune Tolerance and Intestinal Inflammation. Frontiers in Immunology, 8.  

 

56. Pontillo, A., Brandão, L. A., Guimarães, R. L., Segat, L., Athanasakis, E., & Crovella, S. 

(2010). A 3′UTR SNP in NLRP3 Gene is Associated With Susceptibility to HIV-1 Infection. 

JAIDS Journal of Acquired Immune Deficiency Syndromes, 54(3), 236–240.  

 

57. Próchnicki, T., & Latz, E. (2017). Inflammasomes on the Crossroads of Innate Immune 

Recognition and Metabolic Control. Cell Metabolism, 26(1), 71–93.  

 

58. Rawat, P., Teodorof‐Diedrich, C., & Spector, S. A. (2019). Human immunodeficiency virus 

Type‐1 single‐stranded RNA activates the NLRP3 inflammasome and impairs autophagic 

clearance of damaged mitochondria in human microglia. Glia, 67(5), 802–824.  

 

59. Reis, E. C. dos, Leal, V. N. C., Soares, J. L. da S., Fernandes, F. P., Souza de Lima, D., de 

Alencar, B. C., & Pontillo, A. (2019). Flagellin/NLRC4 Pathway Rescues NLRP3-

Inflammasome Defect in Dendritic Cells From HIV-Infected Patients: Perspective for New 

Adjuvant in Immunocompromised Individuals. Frontiers in Immunology, 10, 1291.  

 

60. Rüster, C., & Wolf, G. (2006). Renin-angiotensin-aldosterone system and progression of renal 

disease. Journal of the American Society of Nephrology: JASN, 17(11), 2985–2991.  

 

61. Salhan, D., Husain, M., Subrati, A., Goyal, R., Singh, T., Rai, P., Malhotra, A., & Singhal, P. 

C. (2012). HIV-induced kidney cell injury: Role of ROS-induced downregulated vitamin D 

receptor. American Journal of Physiology. Renal Physiology, 303(4), F503-514.  

 

62. Shao, B.-Z., Wei, W., Ke, P., Xu, Z.-Q., Zhou, J.-X., & Liu, C. (2014). Activating cannabinoid 

receptor 2 alleviates pathogenesis of experimental autoimmune encephalomyelitis via 



 35 

activation of autophagy and inhibiting NLRP3 inflammasome. CNS Neuroscience & 

Therapeutics, 20(12), 1021–1028.  

 

63. Shao, B.-Z., Xu, Z.-Q., Han, B.-Z., Su, D.-F., & Liu, C. (2015). NLRP3 inflammasome and its 

inhibitors: A review. Frontiers in Pharmacology, 6.  

 

64. Shi, J., Gao, W., & Shao, F. (2017). Pyroptosis: Gasdermin-Mediated Programmed Necrotic 

Cell Death. Trends in Biochemical Sciences, 42(4), 245–254.  

 

65. Shi, J., Zhao, Y., Wang, K., Shi, X., Wang, Y., Huang, H., Zhuang, Y., Cai, T., Wang, F., & 

Shao, F. (2015). Cleavage of GSDMD by inflammatory caspases determines pyroptotic cell 

death. Nature, 526(7575), 660–665.  

 

66. Siliciano, J. D., & Siliciano, R. F. (2000). Latency and viral persistence in HIV-1 infection. 

The Journal of Clinical Investigation, 106(7), 823–825.  

 

67. Soares, F., Tattoli, I., Rahman, M. A., Robertson, S. J., Belcheva, A., Liu, D., Streutker, C., 

Winer, S., Winer, D. A., Martin, A., Philpott, D. J., Arnoult, D., & Girardin, S. E. (2014). The 

mitochondrial protein NLRX1 controls the balance between extrinsic and intrinsic apoptosis. 

The Journal of Biological Chemistry, 289(28), 19317–19330.  

 

68. Steinman, R. M. (2007). Dendritic cells: Understanding immunogenicity. European Journal of 

Immunology, 37 Suppl 1, S53-60.  

 

69. Stolp, B., & Fackler, O. T. (2011). How HIV Takes Advantage of the Cytoskeleton in Entry 

and Replication. Viruses, 3(4), 293–311.  

 

70. Toksoy, A., Sennefelder, H., Adam, C., Hofmann, S., Trautmann, A., Goebeler, M., & 

Schmidt, M. (2017). Potent NLRP3 Inflammasome Activation by the HIV Reverse 

Transcriptase Inhibitor Abacavir. Journal of Biological Chemistry, 292(7), 2805–2814.  

 

71. Tominaga, K., Yoshimoto, T., Torigoe, K., Kurimoto, M., Matsui, K., Hada, T., Okamura, H., 

& Nakanishi, K. (2000). IL-12 synergizes with IL-18 or IL-1beta for IFN-gamma production 

from human T cells. International Immunology, 12(2), 151–160.  

 

72. Vanaja, S. K., Russo, A. J., Behl, B., Banerjee, I., Yankova, M., Deshmukh, S. D., & 

Rathinam, V. A. K. (2016). Bacterial Outer Membrane Vesicles Mediate Cytosolic 

Localization of LPS and Caspase-11 Activation. Cell, 165(5), 1106–1119.  

 

73. Vandanmagsar, B., Youm, Y.-H., Ravussin, A., Galgani, J. E., Stadler, K., Mynatt, R. L., 

Ravussin, E., Stephens, J. M., & Dixit, V. D. (2011). The NLRP3 inflammasome instigates 

obesity-induced inflammation and insulin resistance. Nature Medicine, 17(2), 179–188.  

 

74. Verma, D., Lerm, M., Blomgran Julinder, R., Eriksson, P., Söderkvist, P., & Särndahl, E. 

(2008). Gene polymorphisms in the NALP3 inflammasome are associated with interleukin-1 



 36 

production and severe inflammation: Relation to common inflammatory diseases? Arthritis 

and Rheumatism, 58(3), 888–894.  

 

75. Viganò, E., & Mortellaro, A. (2013). Caspase-11: The driving factor for noncanonical 

inflammasomes: HIGHLIGHTS. European Journal of Immunology, 43(9), 2240–2245.  

 

76. Viganò, E., Diamond, C. E., Spreafico, R., Balachander, A., Sobota, R. M., & Mortellaro, A. 

(2015). Human caspase-4 and caspase-5 regulate the one-step non-canonical inflammasome 

activation in monocytes. Nature Communications, 6(1), 8761.  

 

77. Wang, Z., Zhang, S., Xiao, Y., Zhang, W., Wu, S., Qin, T., Yue, Y., Qian, W., & Li, L. 

(2020). NLRP3 Inflammasome and Inflammatory Diseases. Oxidative Medicine and Cellular 

Longevity, 2020, 1–11.  

 

78. White, K. D., Chung, W.-H., Hung, S.-I., Mallal, S., & Phillips, E. J. (2015). Evolving models 

of the immunopathogenesis of T cell-mediated drug allergy: The role of host, pathogens, and 

drug response. The Journal of Allergy and Clinical Immunology, 136(2), 219–234; quiz 235.  

 

79. Xing, H. Q., Hayakawa, H., Izumo, K., Kubota, R., Gelpi, E., Budka, H., & Izumo, S. (2009). 

In vivo expression of proinflammatory cytokines in HIV encephalitis: An analysis of 11 

autopsy cases. Neuropathology, 29(4), 433–442.  

 

80. Yang, J., Zhao, Y., & Shao, F. (2015). Non-canonical activation of inflammatory caspases by 

cytosolic LPS in innate immunity. Current Opinion in Immunology, 32, 78–83.  

 

81. Yang, Y., Jiang, G., Zhang, P., & Fan, J. (2015). Programmed cell death and its role in 

inflammation. Military Medical Research, 2(1), 12.  

 

82. Youm, Y.-H., Nguyen, K. Y., Grant, R. W., Goldberg, E. L., Bodogai, M., Kim, D., 

D’Agostino, D., Planavsky, N., Lupfer, C., Kanneganti, T. D., Kang, S., Horvath, T. L., 

Fahmy, T. M., Crawford, P. A., Biragyn, A., Alnemri, E., & Dixit, V. D. (2015). The ketone 

metabolite β-hydroxybutyrate blocks NLRP3 inflammasome-mediated inflammatory disease. 

Nature Medicine, 21(3), 263–269.  

 

83. Zhang, L., Mosoian, A., Schwartz, M. E., Florman, S. S., Gunasekaran, G., Schiano, T., Fiel, 

M. I., Jiang, W., Shen, Q., Branch, A. D., & Bansal, M. B. (2019). HIV infection modulates 

IL‐1β response to LPS stimulation through a TLR4‐NLRP3 pathway in human liver 

macrophages. Journal of Leukocyte Biology, 105(4), 783–795.  

 

84. Zhao, C., & Zhao, W. (2020). NLRP3 Inflammasome—A Key Player in Antiviral Responses. 

Frontiers in Immunology, 11, 211.  

 

85. Zhou, D., & Spector, S. A. (2008). Human immunodeficiency virus type-1 infection inhibits 

autophagy. AIDS, 22(6), 695–699.  

 

 


	Alternative
	Non-Canonical



