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Inflammasomes are host cytosolic innate immune complexes that assemble upon detection of 

diverse pathogen-associated cues and play a crucial role in host defense but can also 

contribute to inflammatory pathogenesis. In prior work, the inflammasome-forming sensor 

CARD8 was reported to recognize the enzymatic activity of the protease of human 

immunodeficiency virus type 1 (HIV-1). I demonstrated that human CARD8 has a unique 

motif among hominoids and Old World monkeys that renders it susceptible to cleavage by HIV-1 

protease (HIV-1PR). Furthermore, the protease from the precursor to HIV-1, SIVcpz, can cleave 

human CARD8, but not chimpanzee CARD8. This indicates that the precursor viruses to HIV-1 

were poised to cleave human CARD8 prior to cross-species transmission into human. In 

addition, I show that CARD8 sensing can happen during acute HIV-1 infection, using multiple 

modes of infection in cancer and primary cell lines, in a manner dependent on HIV-1PR cleavage 

of the human-specific motif in CARD8, resulting in a lytic form of cell death called pyroptosis and 



the release of proinflammatory cytokines. Genetic knockout of the inflammasome adaptor 

protein ASC suggests that cell death associated with HIV-dependent inflammasome activation 

is primarily CARD8-dependent whereas cytokine release may be amplified through secondary 

modulation by the NLRP3 inflammasome. Additionally, I identified mutant HIV-1 proteases from 

a panel of protease inhibitor resistant HIV-1 strains that differentially cleave and activate CARD8 

compared to wildtype HIV-1.  

 

HIV-1 arose from multiple cross-species transmissions from simian immunodeficiency virus 

(SIV) infecting other primates. While some non-human primates infected with SIVs exhibit 

inflammatory pathologies, humans present with the most severe inflammatory pathogenesis, 

progressing to acquired immunodeficiency syndrome (AIDS) without anti-retroviral therapy. The 

findings outlined in this thesis suggest a model whereby human-specific activation of the 

CARD8 inflammasome may contribute to chronic immune activation and may partially explain 

the heightened pathogenesis of HIV-1 in humans relative to SIV in other non-human primate 

reservoirs.   
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CHAPTER 1: INTRODUCTION 
 
The acquired immunodeficiency syndrome (AIDS) epidemic caused by the human 

immunodeficiency virus (HIV-1) has killed approximately 40.4 million people as of 2023 (1). HIV-

1 disease progression is characterized by chronic inflammation, immune activation, and 

eventual destruction of the immune system, and despite potent antiretroviral therapy, there is no 

cure. Thus, understanding how viruses like HIV-1 interact with its human host’s immune system 

is crucial to developing novel therapeutic strategies. This thesis investigates and characterizes 

an inflammatory immune pathway specifically activated in humans by HIV-1. 

 

HIV-1 REPLICATION AND THE IMPORTANCE OF HIV-1 PROTEASE 

HIV-1 is a lentivirus, belonging to the Retroviridae family, with an approximately 9kb RNA 

genome that encodes 15 proteins via overlapping open reading frames (ORFs). The primary 

targets of HIV-1 are CD4+ T helper cells; however, HIV-1 can also infect macrophages (2,3) 

and specialized CD4+ T cell subtypes like Th17 cells (4–6) and central memory cells (7–9). To 

enter target cells, HIV attaches to its host receptor CD4 (10,11) and either CXCR4 (12) or CCR5 

(13–17) as a co-receptor to initiate membrane fusion between the virus and the host. HIV-1 

strains that use CXCR4 are called X4 viruses whereas those that use CCR5 are called R5 

viruses. While both X4 and R5 viruses infect T cells, only a subset of R5 viruses with certain 

envelope modifications around the CD4 binding residues can infect macrophages, which 

express low levels of CD4 (18–22). There also exist some dual tropic strains that can use either 

CXCR4 or CCR5 (23). However, the majority of primary strains of HIV-1 and almost all of the 

transmitted strains of HIV-1 are R5 viruses (24–26). 

 

Upon entry, the viral capsid is trafficked to the nucleus where the viral genome is reverse 

transcribed from RNA into DNA by reverse transcriptase (RT) and integrates into the host 
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genome via HIV-encoded integrase (IN) (27). The integrated viral genome is then transcribed 

and translated to generate the HIVgag and HIVgagpol polyproteins along with HIV accessory 

proteins like Vif and Vpu, which antagonize host antiviral factors. HIV-1 then assembles and 

buds off from the plasma membrane as an immature non-infectious virion enveloped in the host 

membrane (Figure 1.1).  

 

Fig 1.1: Schematic of HIV replication 
The HIV-1 replication begins with entry via CD4 then traffics to the nucleus where the capsid 
uncoats and completes reverse transcription of its RNA genome. HIV is integrated into the host 
genome, transcribed, and translated. The virus then assembles and buds off the host plasma 
membrane. HIV protease processes the immature HIVgag and HIVgagpol into a mature infectious 
virion. This figure is a modified version from (28), used under Creative Commons CC-BY 4.0 
license.  
 

The viral polyproteins, HIVgag and HIVgagpol are translated in a 20:1 ratio such that HIVgagpol is 

translated only when the ribosome slips backward, and the HIVgag stop codon is readthrough 

(29). HIVgag consists of structural HIV proteins including matrix, capsid, nucleocapsid and p6, 

whereas HIVgagpol includes both structural proteins and the viral enzymes: RT, HIV protease 

(HIVPR), and IN (Figure 1.2A). In order for HIV to mature and be infectious, HIVPR must 

recognize and sequentially cleave a range of substrates within HIVgag and HIVgagpol to liberate its 

functional proteins; proper timing and order of processing are crucial to achieving successful 

viral maturation (30). HIVPR specificity is determined by the four amino acids before and after the 
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cleavage site on the HIVgag and HIVgagpol polyprotein, favoring large bulky aromatic residues at 

the P1 and P1’ site immediately flanking the cut site (31) (Figure 1.2B).  

  

Fig 1.2: HIV proteolytic processing of HIVgagpol  
A) Depiction of HIVgag and HIVgagpol showing the proteins that comprise each polyprotein along 
with the order of HIVgag processing, represented by the colored triangles. B) List of HIVPR 
cleavage site sequences within HIVgagpol showing the four amino acids before and after the cut 
site, depicted as a down arrow. C) Schematic showing progressive HIVPR (PR) activation from 
immature to fully matured HIV particles. Figure 1.2 was adapted from (32) and (33) under 
Creative Commons Attribution CC BY 4.0 license. 
 

The first phase of HIVgag processing cleaves between spacer peptide 1 (SP1) and nucleocapsid 

(NC), which is followed by cuts between spacer peptide 2 (SP2) and p6/transframe (TF) and 

between matrix (MA) and capsid (CA). In the third phase, CA and NC are liberated by cleaving 

SP1 and SP2, respectively (Figure 1.2A). Timing of HIVgagpol processing and freeing of reverse 

transcriptase and integrase is presumed to occur late in viral maturation. Activation of the 
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immature precursor HIVPR embedded in HIVgagpol occurs in cis when high HIVgagpol concentration 

are achieved to allow for dimerization because HIVPR is active only as a dimer. Precursor HIVPR 

that is present as part of the polyprotein accomplishes the initial cleavage events of HIVgag and 

HIVgagpol processing, and eventually, the HIVgagpol polyprotein is processed in trans to produce 

free mature HIVPR dimers (Figure 1.2C) (34–36). Thus, since HIVgagpol exists at a much lower 

ratio than HIVgag, HIVPR activation and subsequent processing of HIVgag and HIVgagpol 

dimerization and subsequent HIVPR activation is canonically thought to only occur during 

assembly and budding; however, some studies have also shown full HIVgag processing in 

cytoplasmic lysates of HIV-1 infected cells and recent studies using highly sensitive technology, 

including nanoscale flow cytometry and instant structured illumination microscopy, have 

suggested that HIVPR becomes fully activated within infected cells before viral budding (32,37). 

This thesis investigates the functional consequences of incoming active HIVPR and cytoplasmic 

HIVPR activation earlier in viral replication. 

 

Given the crucial role of HIVPR in HIV replication, protease inhibitors targeting the enzymatic 

activity of HIVPR were among the second generation of antiviral treatments for HIV developed in 

the late 1990’s and early 2000’s after RT inhibitors. The combination of RT inhibitors with 

protease inhibitors served as the basis of the first effective combination anti-HIV therapy, at the 

time known as HAART (highly active anti-retroviral therapy). However, soon after protease 

inhibitors were introduced, viral variants that were resistant to protease inhibitors arose in vivo 

via mutations near the protease active site permitting polyprotein processing and viral 

maturation while avoiding drug inhibition. Despite typically having poor overall viral fitness due 

to less efficient polyprotein processing and replication relative to wildtype HIV-1 in the absence 

of protease inhibitors, these mutant drug-resistant HIV-1 strains can persist in people living with 

HIV on HAART, posing a major threat to controlling disease progression (38–41). In addition, 

most protease inhibitors were associated with significant side-effects on long-term therapy. 
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Thus, with the development of more potent antiviral drugs such as integrase inhibitors and 

better reverse transcriptase inhibitors with minimal resistance mutations, protease inhibitors are 

no longer routinely included in the drug cocktail used for combination antiretroviral therapy. 

Nevertheless, this thesis utilizes protease inhibitor resistant strains of HIV-1 for the examination 

of determinants that underlie HIVPR specificity. 

 

POSITIVE SENSE RNA VIRAL PROTEASES 

Like HIV-1, all positive sense RNA viruses, including coronaviruses, picornaviruses, and 

flaviviruses, also translate their genomes as a large polyprotein precursor and require a virally 

encoded protease to process its polyprotein into its functional substituents. Utilizing polyprotein 

precursors is a strategy for viruses to keep their genome more compact, eliminating the need to 

encode multiple promoters that would be required for expression of each individual protein. 

Similar to HIVPR, positive sense RNA viral proteases are also regulated in a spatiotemporal 

manner such that proteolytic processing occurs systematically at discrete stages in viral 

replication. In addition, precursor or intermediate proteins can also provide supplementary 

functions and regulation in viral replication. For example, the poliovirus 3AB precursor facilitates 

membrane remodeling to establish the replication complex while the 3CD protease and 

polymerase precursor, which has protease but no polymerase activity, modulates RNA 

polymerase activity and thus polio replication (42,43). However, in contrast to HIV, other positive 

strand RNA viruses do not package their own protease, which is active only at early stages of 

replication, and not in the virion. While viral proteases canonically process their own polyprotein, 

they also have important effects on cleavage of host proteins. For example, the picornavirus 

protease cleaves host translation initiation factors to shut down host translation and facilitate 

translation of viral proteins via an internal ribosome initiation site (44,45). This thesis explores 

the consequences of virion-packaged HIVPR cleaving a host protein resulting in activation of an 

inflammatory host innate immune pathway.  



 6 

 

THE ORIGINS OF HIV-1 

HIV-1 is comprised of four lineages known as groups M, N, O, and P, corresponding to four 

independent cross-species transmission events from simian immunodeficiency viruses (SIVs) 

infecting chimpanzees (SIVcpz) and gorillas (SIVgor) (Figure 1.3) (46). HIV-1 groups M and N 

originated from SIVcpz whereas group O and P originated from SIVcpz but with an intermediate 

host in gorillas before transmission to humans. HIV-2 is a related virus that causes milder AIDS 

pathogenesis than HIV-1 but did not arise from cross-species transmission from chimpanzees, 

but rather arose from at least nine independent cross-species transmissions from sooty 

mangabeys (SIVsmm) into humans, giving rise to 9 different subtypes (Figure 1.3). The 

predominant global strain responsible for the AIDS pandemic is HIV-1 group M while HIV-2, and 

HIV-1 groups N, O, and P occur at lower frequency.  

 

Like HIV-1 and HIV-2, SIVcpz is also the result of cross-species transmission and is a molecular 

chimera produced from the recombination of SIVrcm, which infects red capped mangabeys, and 

a group of related SIVs called the SIVmus/SIVgsn/SIVmon group, which infects certain species 

of monkeys in sub-Saharan Africa called guenons, including the mustached monkey (mus), the 

greater spot-nosed monkey (gsn), and the mona monkey (mon). SIVrcm contributed the 5’ end 

of the genome including parts of HIVgagpol and the accessory gene vif, while 

SIVmus/SIVgsn/SIVmon contributed the 3’ end, consisting of HIV accessory proteins including 

the LTRs (47,48). SIVcpz circulates in Pan troglodytes troglodytes and Pan troglodytes 

schweinfurthii, which are two of the four subspecies of chimpanzees. The lack of SIVcpz in the 

other two subspecies suggests that cross-species transmission into chimpanzees occurred 

before either subspecies divergence or the last Ice Age, which separated the sub-species 

geographically (between 30,000 and 100,000 years ago) (49,50). More recently, SIVcpz was 



 7 

transmitted to western lowland gorillas in a single cross-species transmission at least 100 to 200 

years ago, resulting in SIVgor (51). 

 

Fig 1.3: Cross-species transmission events preceding HIV-1 and HIV-2 
A history of the cross-species transmission events between primates that gave rise to SIVcpz, 
SIVgor, HIV-1 subgroups, and HIV-2. Figure 1.3 was adapted from (52) with permission, 
Elsevier license number 5719210520820.  
 
HIV AND SIV PATHOGENESIS 

There are three main stages of HIV-1 disease progression: acute, chronic, and AIDS. The acute 

phase is characterized by rapid viral replication and dramatic CD4+ T cell depletion, killing 30-

60% of gut CD4+ T cells (53). A major hallmark of acute HIV-1 disease is the breakdown of the 

gut epithelial barrier driven by the depletion of specialized Th17 CD4+ T cell subsets in the gut 

mucosa. The leaky gut epithelial barrier triggers aberrant microbial translocation and results in 

systemically circulating microbial ligands like lipopolysaccharides (LPS). These ligands can be 

sensed by innate pathogen recognition receptors to promote chronic immune activation, leading 

to dangerously elevated levels of circulating pro-inflammatory cytokines known as “cytokine 

storm” (4,54–56). 
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During the chronic phase, there is chronic immune activation as the immune system responds 

to the aberrant microbial translocation, resulting in immune exhaustion and depletion of CD4+ T 

cells. HIV-1 continues to replicate, but at lower rates than during acute HIV infection (57,58). 

Progression from chronic HIV to AIDS can vary person to person, but typically takes ten years 

or more to advance to AIDS unless their viral load is reduced with effective antiviral therapy. 

People living with HIV (PLWH) are diagnosed with AIDS when their CD4+ T cell levels fall below 

200 cells/mm3. CD4+ T helper cells, a primary target of HIV-1, play a vital role in facilitating 

cellular and humoral host immune responses to pathogens. Thus, PLWH in AIDS stage are 

highly susceptible to microbial infection and eventually succumb to opportunistic infections or 

infection-related cancers that would typically be cleared by healthy individuals but cannot be 

cleared due to HIV-driven immune destruction. Similarly, chimpanzees infected with SIVcpz also 

exhibit an AIDS-like immunopathology; however, HIV-1 pathogenesis in humans is notably more 

severe than chimpanzee AIDS-like pathology (59). 

 

SIVs are endemic in many primate species in Africa and having coevolved with their hosts for 

millions of years, do not typically cause disease despite replicating to high viral loads. SIVagm 

and SIVsmm, which infect African green monkeys and sooty mangabeys, respectively, are the 

best studied examples of SIVs that yield nonpathogenic infection in their natural host. However, 

when SIVagm and SIVsmm are introduced into non-natural hosts like pig-tailed macaques or 

rhesus macaques, both SIVagm and SIVsmm induce AIDS-like immunopathology in these non-

natural hosts, respectively (60,61). Researchers have tried to recapitulate human-like disease in 

a natural host model of African monkeys using SIVagm chimeras expressing virulent HIV-1 

accessory proteins including Vpu and Nef that can antagonize host antiviral factors to promote 

immune activation and viral replication. Despite efficient replication and increased immune 

activation in vivo, the HIV-1-like SIVagm chimeras failed to cause accelerated CD4+ T cell 
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depletion and immunodeficiency even after 5 years of follow-up (62). Thus, pathogenesis 

associated with lentivirus infection of non-human primates has been hypothesized to be driven 

by host-derived factors rather than the virus being intrinsically more virulent.  

 

Fig 1.4: Hallmarks of lentiviral infection in progressing versus non-progressing hosts 
A flow chart comparing lentiviral disease progression in non-natural hosts of SIV/HIV like 
humans and rhesus macaques and non-progressing natural hosts like African green monkeys 
and vervets. Figure 1.4 was adapted from (63) under Creative Commons Attribution CC BY 4.0 
license. 
 

Various non-human primate studies have implicated the host’s capacity to prevent microbial 

translocation by regenerating its gut mucosal barrier after initial damage from acute infection as 

a significant determinant of immune activation, inflammation, and pathogenesis during HIV and 

SIV infections (Figure 1.4) (62–64). For example, unlike humans and macaques, which exhibit 

severe immunopathogenesis, natural non-progressing hosts like sooty mangabeys and African 

green monkeys do not exhibit microbial translocation in part due to enhanced gut regenerative 

capacity facilitated by non-inflammatory macrophage-associated wound healing pathways 

(Figure 1.4) (4,64). However, microbial translocation and immune activation can be 

recapitulated in African green monkeys during acute SIVagm infection when the gut mucosa is 
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chemically damaged by dextran sulfate sodium, though microbial translocation is not sufficient 

to progress nonpathogenic SIV infection into AIDS (65). Taken together, these studies highlight 

the host immune system as a crucial determinant of primate lentivirus pathogenesis. This thesis 

investigates the interactions between HIV-1 and its host’s immune system and speculates on 

how activation of a particular host immune pathway can cause disease.  

 

INNATE IMMUNE SENSING AND PROGRAMMED CELL DEATH 

In order for the host to mobilize an antiviral response, it must be able to accurately identify a 

pathogen as “non-self”. To distinguish between self and non-self, the innate immune system is 

equipped with germ-line encoded pattern recognition receptors (PRRs) that can recognize 

microbial components known as pathogen-associated molecular patterns (PAMPs). Toll-like 

receptors (TLRs) are a type of PRR localized to the host cell plasma membrane and 

endosomes that can detect microbial ligands like LPS and dsRNA. Upon PRR detection of a 

PAMP, there are multiple effectors that can be elicited by the innate immune system. One such 

effector is a cytokine known as interferon, which acts in both an autocrine and paracrine fashion 

to reprogram cells into an antiviral state, transcriptionally upregulating hundreds of interferon-

stimulated genes (ISGs) necessary for launching robust host antiviral defense. Another 

component of the innate immune response is programmed cell death, which inhibits bacterial 

and viral replication by clearing its replicative niche. The three most well understood forms of 

programmed cell death are apoptosis, necroptosis and pyroptosis, which are tightly regulated by 

a cysteine protease family known as caspases. This thesis focuses on the role of pyroptosis in 

innate sensing of HIV-1, thus apoptosis and necroptosis are described more briefly as a 

comparison to pyroptosis.  

 

Apoptosis is a non-inflammatory form of programmed cell death essential for homeostatic 

processes like embryonic development, tissue remodeling, and epithelial cell renewal whereby 
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dysregulation of cell death can lead to tumorigenesis. It can be activated extrinsically through 

binding of plasma membrane-bound death receptors or intrinsically by cellular stresses like DNA 

damage, nutrient starvation, and oxidative stress. Apoptotic cells exhibit a characteristic 

morphology including membrane blebbing, chromatin condensation, and expression of 

phagocytic “eat-me” signals like phosphatidylserine to encourage phagocytic clearance of dead 

cells (66). In contrast, necroptosis is an inflammatory form of lytic cell death that occurs in 

response to various stimuli including binding death receptors and TLR3 or TLR4, which 

recognize dsRNA and LPS, respectively. Necroptotic signaling converges on activation of 

RIPK3 and pore-forming protein MLKL (67). Upon activation, MLKL oligomerizes and localizes 

to the cell membrane, forming a large pore in the membrane to induce lytic cell death.  

 

Pyroptosis is another form of inflammatory and lytic programmed cell death (68) that is 

canonically initiated by multiprotein signaling complexes known as inflammasomes. 

Inflammasomes are cytosolic innate immune complexes that assemble in response to a range 

of pathogen-associated signals. Upon pathogen detection, the inflammasome-forming sensor 

oligomerizes to form a platform for the recruitment and activation of pro-inflammatory caspases, 

including caspase 1 (CASP1) (69). In addition to canonical inflammasome-driven CASP1 

activation, non-canonical pyroptosis can be initiated by direct binding of human caspase 4 and 5 

(or caspase 11 in mice) to intracellular LPS. After activation, CASP1 processes pro-

inflammatory precursor cytokines into their mature functional form and cleaves and activates a 

pore-forming protein belonging to the gasdermin superfamily called gasdermin D (GSDMD). 

GSDMD has a conserved N-terminal pore forming domain and a C-terminal repressor domain. 

Processing of GSDMD by CASP1 frees the pore-forming domain from the repressor domain to 

allow for oligomerization of gasdermin, which forms small pores in the cell membrane and 

initiates pyroptosis, releasing mature inflammatory cytokines interleukin (IL)-1𝛽 and IL-18 

(Figure 1.5). The final stage of pyroptosis is plasma membrane rupture, which is mediated by a 
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plasma membrane-bound protein known as NINJ1, resulting in complete cell lysis (70). Thus, 

the major hallmarks of pyroptosis are activated CASP1, cleaved GSDMD, and proinflammatory 

cytokine secretion. 

 

Pyroptosis of infected cells destroys the pathogen’s replicative niche along with releasing pro-

inflammatory cytokines to further amplify the immune response. Pro-inflammatory cytokines like 

IL-1𝛽 mount a robust immune response by binding to IL-1 receptors on immune cells to promote 

pathogen clearance and differentiation into specialized immune cells. However, excess 

circulating pro-inflammatory cytokines (i.e., a cytokine storm) can trigger severe inflammatory 

pathogenesis and immune exhaustion. Thus, gain of function mutations in inflammasomes lead 

to constitutive activation, aberrant overproduction of IL-1𝛽, and are associated with autoimmune 

and autoinflammatory disease (71,72). In this way, IL-1 inhibitors are clinically used for 

treatment of autoinflammatory diseases, septic shock syndrome, acute respiratory distress 

syndrome and other inflammatory malignancies (72–74). 

 

Unlike apoptosis and necroptosis, pyroptosis is not typically initiated by death receptors or 

extracellular ligands, but instead respond to cytosolic PAMPs and disruptions to homeostasis. 

Some inflammasomes that can directly sense cytosolic PAMPs include the AIM2 

inflammasome, which can detect cytosolic dsDNA (75), the NAIP-NLRC4 inflammasome, which 

can detect components of bacterial flagellin and type III secretion system proteins (76), and the 

NLRP6 inflammasome, which can detect lipoteichoic acid associated with gram-positive 

bacteria (77) (Figure 1.5). Other inflammasomes can respond to disturbances in cellular 

homeostasis like the NLRP3 inflammasome, which can sense potassium ion flux (78) or the 

pyrin inflammasome, which can sense alterations in Rho GTPase function induced by toxins 

(79). In this way, inflammasomes that indirectly sense pathogens through detection of pathogen 
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activities are described as “guards” of cellular homeostasis, one facet of a broader form of 

innate immune recognition called effector-triggered immunity.  

 

Fig 1.5: Canonical inflammasome activation  
Inflammasomes can detect and respond to diverse pathogen stimuli. Upon pathogen detection, 
these sensors oligomerize to form inflammasomes, which act as a scaffold to recruit and 
activate caspase-1. Activated caspase-1 processes pro-inflammatory cytokines and gasdermin 
D (GSDMD) to induce pyroptosis. Figure 1.5 was modified from (80) with permission, Elsevier 
license number 5719211109076. 
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In the ongoing arms race between host and pathogen, pathogens have the clear advantage with 
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could help swing the odds in the host’s favor. Innate immune sensing of the effector function of 

a pathogen rather than its microbial architecture is known as effector-triggered immunity (ETI). 

Together with PAMP-triggered immunity, ETI provides an additional layer of innate host 

protection from pathogens. Innate sensors of ETI are sometimes referred to as “guards” 

because they surveil the functional or physical integrity of another host protein or “guardee,” and 

initiate an immune response if it detects disruptions. These disruptions vary widely depending 

on the circumstances and guard/guardee pairing but can include modification, destabilization, or 

loss of its host protein guardee (81). Most examples of ETI have been characterized in plants, 

which use specialized resistance receptors known as R proteins that possess nucleotide-

binding and leucine-rich repeat domains, known as NLRs (82–84). Less is known about 

mammalian ETI, but mammals also have a range of functional NLRs, believed to have been 

acquired through convergent evolution rather than via a common ancestor with plants (85,86). 

This thesis focuses on examples of mammalian ETI.  

 

One classic example of a guard/guardee pair is the pyrin inflammasome, a non NLR-containing 

inflammasome-forming sensor, which guards the function of the small GTPase RhoA. Rho 

GTPases have diverse cellular functions including regulating the actin cytoskeleton, preserving 

epithelial barrier integrity, and producing reactive oxygen species and other antimicrobial 

peptides. Given Rho GTPase’s antimicrobial functions, these proteins are oftentimes targeted 

by bacterial effectors including Clostridium difficile TcdB, Clostridium botulinum C3, Vibrio 

parahaemolyticus VopS, Histophilus somni IbpA, and Yersinia spp. Yop E and YopT (79,87,88). 

Under normal physiological conditions, RhoA is active along with its targets including protein 

kinase-C related kinases (PKNs). PKNs phosphorylate and inhibit pyrin activation by creating 

suppressive binding sites for 14-3-3 chaperone proteins such that pyrin is inactive at steady 

state. However, if RhoA is inhibited by a bacterial effector, RhoA can no longer activate its 

substrates including PKN, resulting in loss of inhibition by suppressive phosphorylation and 
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subsequent pyrin inflammasome activation (Figure 1.6A). In this way, pyrin can indirectly sense 

bacterial effectors by guarding the function of RhoA.  

 

Another form of ETI is when disruptions to homeostasis and subsequent cellular stress, incurred 

by pathogen effectors, can be sensed by host innate sensors. For example, though the exact 

mechanisms of activation are unknown, the NLRP3 inflammasome activates in response to 

direct inducers of potassium efflux including Staphylococcus aureus alpha-toxin, Aeromonas 

hydrophila aerolysin, and Streptomyces hygroscopicus nigericin along with influenza virus M2 

protein, which is a proton-selective ion channel that neutralizes the pH of the trans-Golgi 

network (Figure 1.6C) (78,89–93). Of note, the NLRP3 inflammasome requires an initial priming 

signal of NF-𝜅B activation to induce expression of NLRP3 and its constituents in order to 

become fully active. Thus, NLRP3 is sometimes secondarily activated after activation of other 

innate sensing pathways that induce membrane pores including other inflammasomes and 

necroptosis (94–96). In this way, NLRP3 acts as an indirect sensor of cellular homeostasis by 

responding to disruptions in membrane integrity and ion flux.  

 

In another form of ETI, hosts can encode sequence motifs, known as “integrated decoys,” within 

its innate sensors that mimic the natural substrates of pathogenic effectors such that the 

pathogen effector inadvertently triggers the innate host response while also accomplishing its 

effector function (97). For example, the Arabidopisis R protein RSS1 encodes a WRKY domain, 

which canonically acts as an immune defense transcription factor and is oftentimes targeted by 

pathogen effectors; however, the RSS1 WRKY domain is an integrated decoy that does not 

exhibit transcription factor function, but rather mimics the WRKY domain to deceive the 

pathogen effector into unwittingly modifying and activating the decoy in order to elicit an immune 

response (98,99). While examples of integrated decoys have been well characterized in plants, 
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mammalian integrated decoys, most notably the NLRP1 and CARD8 inflammasomes, have only 

recently been reported.  

 

Figure 1.6: Effector triggered immunity by inflammasomes 
Schematics depicting the inflammasome activation pathways for the A) pyrin, B) top: NLRP1b 
bottom: human NLRP1 and CARD8, and C) NLRP3 inflammasome-forming sensors. Upon 
pathogen effector detection, the sensors oligomerize to form inflammasomes to activate 
caspase 1 (CASP1) and induce GSDMD-mediated pyroptosis. Figure 1.6 was reproduced from 
(81) under a Creative Commons Attribution 4.0 International License. 
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NLRP1  

NLRP1 was the first mammalian NLR to be discovered in 2002. However, the complexities 

underlying its activation have only been recently elucidated. NLRP1 consists of an N-terminal 

domain responsible for mediating pathogen detection and a bioactive C-terminal domain, which 

mediates effector function, including inflammasome assembly and CASP1 activation. Like many 

canonical inflammasomes, NLRP1 requires adaptor molecule apoptosis-associated speck-like 

protein (ASC) to recruit and fully activate CASP1 to process pro-inflammatory cytokines (Figure 

1.5). The NLRP1 C-termini includes a function-to-find domain (FIIND), consisting of ZU5 and 

UPA subdomains, and a caspase activation and recruitment domain (CARD), required for 

CASP1 recruitment and activation. The FIIND self-cleaves between the ZU5 and UPA domains, 

forming two non-covalently associated fragments (100,101). Pathogen-encoded effector 

activities can destabilize the N-terminal domain of NLRP1 in a proteasome-dependent manner, 

resulting in degradation of the N-terminus, release and oligomerization of the C-terminal 

fragment facilitated by the UPA, and inflammasome assembly (102–106). Thus, NLRP1 

functions as a bipartite ‘molecular tripwire’ that can be activated by ETI. 

 

Given the potentially detrimental effects of inappropriate activation of pyroptosis, NLRP1 is also 

negatively regulated by host serine dipeptidyl peptidases DPP8 and DPP9. DPP8/9 restrict 

inflammasome activation by sequestering the C-terminal fragments in an inhibitory ternary 

complex. Thus, Val-boroPro (VbP), a small molecule inhibitor of DPP8/9, can activate the 

NLRP1 inflammasome, inducing pyroptosis in various cell types (107–110). Gain of function 

mutations in NLRP1 that bypass negative regulation by the N-terminus and DPP8/9 have been 

reported to induce autoimmune and auto-inflammatory pathologies (112–119). 

 

The first NLRP1-mediated ETI was reported in NLRP1b, a mouse NLRP1 paralog, which 

harbors integrated decoy motifs that mimic substrates of bacterial effectors including Shigella 
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E3 ubiquitin ligase IpaH7.8 and Bacillus anthracis Lethal Toxin (103). Shigella E3 ubiquitin 

ligase IpaH7.8 ubiquitinates the N-terminus of NLRP1 leading to its functional degradation and 

subsequent NLRP1 inflammasome activation (Figure 1.6B top). Similarly, Bacillus anthracis 

Lethal Toxin is a protease that cleaves within the N-terminus of NLRP1 also leading to its 

functional degradation by generating an unstable non-methionine neo-N-terminus, which is 

subsequently degraded via N-end rule, a protein quality control mechanism associated with 

variations in protein stability depending on the first amino acid of a protein (Figure 1.6B top).  

 

Recently, diverse viral proteases were characterized as the first examples of ETI in pathogen 

recognition by human NLRP1. NLRP1 activates in response to both picornavirus infection of 

keratinocytes and coronavirus infection of lung epithelial cells by using integrated decoy motifs 

within its N-terminus that mimic the substrates of their respective viral proteases such that the 

viral protease cleaves the N-terminus, causing its destabilization, functional degradation and 

inflammasome activation (Figure 1.6B bottom) (104,106). While NLRP1 can directly sense 

protease and E3 activity, NLRP1 can also indirectly sense cellular stress responses including 

UVB irradiation and ribotoxins that activate the ribotoxic stress response (RSR), which detects 

ribosome collisions and other translational aberrances. RSR signaling results in 

hyperphosphorylation of the NLRP1 N-terminus, which results in functional degradation through 

an unknown mechanism (Figure 1.6B bottom) (119).  

 

CARD8 

CARD8 was first identified serendipitously when acute myeloid leukemia cell lines and THP-1 

cells, an acute monocytic leukemia cell line, were observed undergoing VbP-mediated 

pyroptosis in an NLRP1-independent manner (109). To discern the sensor, researchers looked 

for other host candidate inflammasome-forming sensors containing a FIIND and a CARD that 

could be modulated by VbP, and CARD8, which lacks most of the characteristic architecture of 
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NLRs, was the only host candidate gene with a FIIND. Thus, VbP-mediated pyroptosis in 

myeloid cell lines was found to be CARD8-dependent, and provided the first evidence that 

CARD8 was an inflammasome-forming sensor. 

 

In contrast to NLRP1, CARD8 inflammasome activation does not require the adapter protein 

ASC. In ASC-dependent inflammasomes, inflammasome activation induces aggregation of 

ASC, forming a focus or speck to serve as a platform for recruitment and activation of CASP1 

and cytokine processing. Canonically, ASC-independent inflammasomes have been thought to 

activate pro-CASP1 only partially such that it can process GSDMD to initiate pyroptosis, but not 

process and mature pro-inflammatory cytokines efficiently (120). However, there have been 

conflicting reports as to whether or not CARD8 inflammasome activation can fully process pro-

inflammatory cytokines even in the same THP-1 cell type treated with VbP (107,121). This 

thesis investigates this discrepancy in CARD8-dependent cytokine release.  

 

In addition to VbP, CARD8 can also be selectively activated by small molecule inhibitors of 

M24B aminopeptidases as reviewed in (122). In brief, M24B aminopeptidases catabolize 

dipeptides, which are the enzymatic product of DPP8/9. When M24B aminopeptidases are 

inhibited, there is an accumulation of dipeptides, which weakly inhibits DPP8/9 enough to 

activate CARD8 but not NLRP1; however, the mechanisms surrounding this differential 

activation and whether pathogenic infection can modulate dipeptide accumulation remain 

unclear (123).  

  

Like NLRP1, CARD8 can also detect ETI mediated by positive sense RNA viral proteases, 

including coronavirus 3CL and some picornavirus 3C proteases, via integrated decoy motifs that 

promote cleavage and functional degradation of its N-terminus (121,124). Interestingly, a 

polymorphism within the N-terminus of CARD8 can switch host sensitivity from coronavirus 
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protease to human rhinovirus protease (121). While NLRP1 is expressed primarily in skin and 

airway epithelium, CARD8 is expressed in T cells and myeloid-derived cells like monocytes and 

macrophages (125). Due to these expression differences, NLRP1 and CARD8 seem to not 

exhibit redundancy in most cell types except for immune cells and endothelial cells, which line 

blood vessels, that express both NLRP1 and CARD8. Intriguingly, despite activated T cells 

expressing all major components of the CARD8 pathway, CARD8-induced pyroptosis can occur 

in resting but not activated T cells (110,125,126). To date, while there have been some 

correlations with disease, there have been no definitive reports of gain of function mutations, 

like those linked to NLRP1, associated with disease in CARD8.  

 

In addition to positive sense RNA viral proteases, HIV-1 protease (HIVPR) can also activate 

CARD8 via integrated decoy-mediated functional degradation of its N-terminus (Figure 1.6B 

bottom) (127). In this study, CARD8 was only able to detect HIV-1PR when a nonnucleoside 

reverse transcriptase inhibitor (NNRTI) was used to enforce HIV-1PR dimerization. Thus, 

whether or not CARD8-dependent inflammasome activation could occur in HIV-1 infected cells 

without NNRTIs, and thus the relevance of HIV-1PR activation of CARD8, was unknown. This 

thesis centers around characterizing CARD8-dependent sensing of HIVPR. 

 

THE ROLE OF PYROPTOSIS IN HIV 

Throughout HIV replication, there are multiple opportunities for innate sensing of HIV-associated 

PAMPs including dsRNA and endosomal ssRNA, which activate the interferon pathway and 

provide further immune activation. Despite abundant sources of HIV-dependent immune 

activation, the mechanisms driving CD4+ T cell depletion are less clear. For over 30 years, 

CD4+ T cell depletion observed during HIV disease progression was assumed to be apoptotic; 

however, a series of papers using human lymphoid-derived CD4+ T cells suggested that 95% of 

CD4+ T cells that die are not productively infected with HIV and are instead “bystanders” that 
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are killed through CASP1-dependent pyroptosis and that cell-to-cell transmission of HIV-1 is 

crucial to this response (128,129). Henceforth, these studies attributed the pyroptotic death to 

host innate sensing of accumulated abortive HIV reverse transcripts in resting/nonpermissive 

bystander CD4+ T cells by the cytosolic DNA-sensing IFI16 inflammasome (130,131). In direct 

contrast to lymphoid-derived CD4+ T cells, blood-derived CD4+ cells were reported to be 

naturally resistant to pyroptotic death associated with abortive HIV transcripts (132). However, 

another research team also investigating blood-derived CD4+ T cells in chronically infected 

PLWH observed elevated pyroptosis of CD4+ T cells and implicated the NLRP3 inflammasome 

as the major driver of CD4+ T cell depletion (133). These conflicting reports along with other 

reports that IFI16 is not an inflammasome-forming sensor, and instead a nuclear transcriptional 

regulator of antiviral genes including type I interferons and RIG-I (75,134,135), suggests that 

there may be other mechanisms of CD4+ T cell depletion and HIV-dependent inflammasome 

activation at play.  

 

SUMMARY/THESIS RATIONALE 

HIV-1 remains a major global health problem, inducing severe inflammatory pathogenesis in 

humans. Many primate studies have emphasized the importance of chronic immune activation 

in promoting HIV-1 progression to AIDS. Thus, characterizing immune pathways that may 

partially contribute to overall immune activation from HIV-1 could be crucial to developing novel 

therapeutics to combat HIV pathogenesis. In this thesis, I characterize the interactions between 

the CARD8 inflammasome, HIV-1 and its SIV precursors using both an evolutionary and 

virological lens. I have found that due to a human-specific motif in CARD8, the human but not 

the chimpanzee CARD8 can uniquely sense HIV-1 protease in various infection contexts and 

elicit an inflammatory response, implicating CARD8 inflammasome activation as a potential 

driver of HIV-1 pathogenesis in humans.  
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CHAPTER 2: A HUMAN-SPECIFIC MOTIF FACILITATES CARD8 INFLAMMASOME 

ACTIVATION AFTER HIV-1 INFECTION 

This chapter was reproduced from the following article: 

Kulsuptrakul, J, Turcotte, EA, Emerman M, and Mitchell PS. “A human-specific motif facilitates 

CARD8 inflammasome activation after HIV-1 infection.” eLife 12 (July 7, 2023): e84108. 

https://doi.org/10.7554/eLife.84108. 

 

ABSTRACT 

Inflammasomes are cytosolic innate immune complexes that assemble upon detection of 

diverse pathogen-associated cues and play a critical role in host defense and inflammatory 

pathogenesis. Here, we find that the human inflammasome-forming sensor CARD8 senses HIV-

1 infection via site-specific cleavage of the CARD8 N-terminus by the HIV protease (HIV-1PR). 

HIV-1PR cleavage of CARD8 induces pyroptotic cell death and the release of pro-inflammatory 

cytokines from infected cells, processes regulated by Toll-like receptor stimulation prior to viral 

infection. In acutely infected cells, CARD8 senses the activity of both de novo translated HIV-

1PR and packaged HIV-1PR that is released from the incoming virion. Moreover, our evolutionary 

analyses reveal that the HIV-1PR cleavage site in human CARD8 arose after the divergence of 

chimpanzees and humans. Although chimpanzee CARD8 does not recognize proteases from 

HIV or simian immunodeficiency viruses from chimpanzees (SIVcpz), SIVcpz does cleave 

human CARD8, suggesting that SIVcpz was poised to activate the human CARD8 

inflammasome prior to its cross-species transmission into humans. Our findings suggest a 

unique role for CARD8 inflammasome activation in response to lentiviral infection of humans. 

  

https://doi.org/10.7554/eLife.84108
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INTRODUCTION 

One of the primary selective pressures that shape viral adaptation to a new host, as well as 

tolerance to persistent infections, is the innate immune system (136,137). One class of innate 

immune sensors form cytosolic immune complexes called inflammasomes, which initiate 

inflammatory signaling upon pathogen detection or cellular stress (69). Inflammasome activation 

is critical for host defense against a wide range of pathogens; however, auto-activating 

mutations in inflammasome-forming sensors can also initiate inflammatory pathogenesis that 

drives autoinflammatory and autoimmune disorders (101,138)  

 

The inflammasome-forming sensor caspase recruitment domain-containing protein 8 (CARD8) 

consists of a disordered N-terminus, a Function-to-Find domain (FIIND), and a caspase 

activation and recruitment domain (CARD) (101). The FIIND, comprised of ZU5 and UPA 

subdomains, undergoes self-cleavage resulting in two non-covalently associated fragments 

(101,139). Proteasome-dependent degradation of the N-terminus leads to the release and 

assembly of the C-terminal UPA-CARD, serving as a platform for the recruitment and activation 

of Caspase-1 (CASP1). Activated CASP1 initiates a lytic, programmed cell death called 

pyroptosis and the release of pro-inflammatory cytokines including interleukin (IL)-1β and IL-18 

(68,69). To prevent aberrant release of the UPA-CARD, the dipeptidyl peptidases 8 and 9 

(DPP8/9) form an inhibitory complex with CARD8 (140). 

 

The CARD8 inflammasome can be activated by several triggers. For example, disruptions to 

protein homeostasis, including direct (e.g., Val-boroPro) and indirect (e.g., CQ31) inhibition of 

DPP8/9, cause CARD8 inflammasome activation (109,110,123). Several, recent examples also 

highlight CARD8 inflammasome activation in response to pathogens (121,124), including via its 

recognition of the enzymatic activity of the HIV-1 protease (HIV-1PR) (127). For example, 

treatment of HIV-1 latently infected cells with certain nonnucleoside reverse transcriptase 
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inhibitors (NNRTIs), including efavirenz (127) or doravirine-like analogs including the 

pyrimidines Pyr01 (141), enforce the cytosolic dimerization of the HIV-1PR and results in CARD8 

inflammasome activation in primary CD4+ T cells and humanized mouse models (142). HIV-1PR 

cleavage of the N-terminus of CARD8 causes proteasome-dependent degradation of the 

CARD8 N-terminal fragment (127). This ‘functional degradation’ liberates the UPA-CARD 

fragment for inflammasome assembly and activation, analogous to viral protease sensing by the 

inflammasome-forming sensor NLRP1(105,143–145) in which the N-terminus of CARD8 

functions as a molecular ‘tripwire’ to sense and respond to the enzymatic activity of HIV-1PR and 

other viral proteases (121,124,146). 

 

Here, we report that CARD8 can also sense HIV-1 infection via the detection of HIV-1PR activity. 

We find that priming of target cells via Toll-like receptor (TLR) agonists prior to HIV-1 challenge 

enhances CARD8-dependent cell death and is required for IL-1β secretion. Our evolution-

guided studies reveal that CARD8 sensing of HIV-1 and other simian lentiviruses is dependent 

on a F59-F60 motif in human CARD8 that permits its sensing of HIV-1PR. This motif is absent in 

other primates that serve as reservoirs of simian immunodeficiency viruses (SIVs), and although 

both HIV-1PR and SIVcpzPR cleave and activate human CARD8, we find that neither are sensed 

by chimpanzee CARD8. Thus, our study reveals that the CARD8 inflammasome functions in the 

innate immune detection of HIV-1 replication. Moreover, our findings suggest that the evolution 

of the F59-F60 motif in humans gave rise to a human-specific host-virus interaction following the 

spillover of SIVcpz into humans, which may uniquely shape human innate immune responses to 

lentiviral infection. 
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RESULTS 

A human-specific motif allows CARD8 to detect protease activity from multiple HIV 

strains 

The HIV-1 protease (HIV-1PR) cleaves human CARD8 between phenylalanine (F) 59 (P1) and 

F60 (P1’) (Figure 2.1A) (127). While the amino acid P1 site, F59, is invariant among hominoids, 

gibbons, and Old World monkeys, only human CARD8 has a phenylalanine at the P1’ site, F60 

(Figure 2.1A). The F59-F60 motif therefore must have arisen in the human lineage after the 

most recent common ancestor with chimpanzees and bonobos. The F59-F60 motif is also 

present in Homo neanderthalensis (i.e., Neanderthal) CARD8 (Figure 2.1A), conservatively 

dating its emergence within the last million years (147).  

 

In order to assess the significance of the human CARD8 F59-F60 motif, we established 

conditions required for HIVPR cleavage of CARD8 by co-expression of CARD8 and proviruses 

from two HIV-1 group M proviruses (HIV-1LAI subtype B and HIV-1Q23 subtype A) as well as an 

HIV-2 isolate, HIV-2ROD. Indeed, we found that wildtype (WT) human CARD8 with a N-terminal 

mCherry fusion is cleaved upon transfection of HIV-1 and HIV-2 proviruses, resulting in an ~33 

kDa product (Figure 2.1B and 2.1C, top blot). The band at ~45 kDa is the result of cleavage by 

the 20S proteasome and results in a non-functional product (148). Cleavage of CARD8 in these 

experiments was dependent on the protease encoded by the Gag-Pol gene of these proviruses 

as the HIVPR inhibitor Iopinavir (LPV) blocked both Gag processing of p55gag to p41gag and 

p24gag and CARD8 cleavage (Figure 2.1C, top and middle blot). To evaluate the significance of 

the amino acid variation at the F60 P1’ site of CARD8, we next replaced human CARD8 F60 

(WT) with either a leucine (L; found in chimpanzee, bonobo, and gorilla) or a serine (S; found in 

gibbons and Old World monkeys) (Figure 1A). HIVPR cleavage of WT human CARD8 (F60) was 

much more efficient than cleavage of human CARD8 F60L or F60S (Figure 1D), consistent with 
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prior findings that an alanine at position 60 also blocks HIVPR (127). These results indicate that 

species-specific variation at position 60 impacts CARD8 recognition of HIVPR activity. 

 

Fig 2.1: The F59-F60 motif allows human CARD8 to detect protease activity from multiple 
HIV strains 
A) Phylogenetic alignment of primate CARD8 protein sequences. The HIV protease (HIVPR) 
cleavage site is indicated by a purple triangle between F59 (P1) and F60 (P1’). Numbering is 
based on human CARD8. 
B) Depiction of the mCherry-CARD8 used in cleavage assays in C) and D). The predicted 
molecular weights (kDa) for full length, FIIND-processed, or HIVPR cleavage products are 
indicated. FIIND, function-to-find domain; CARD, caspase activation and recruitment domain. 
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Fig 2.1: The F59-F60 motif allows human CARD8 to detect protease activity from multiple 
HIV strains (continued) 
C) HEK293T cells were transfected with a construct encoding N-terminally mCherry-tagged 
wildtype (WT) CARD8 and indicated HIV proviral constructs, HIV-1LAI, HIV-1Q23, and HIV-2ROD, in 
the presence (‘+’) or absence (‘–’) of 10 µM lopinavir, an HIVPR inhibitor. Top: Immunoblotting for 
anti-mCherry to detect the mCherry-CARD8 fusion protein. The full-length and FIIND-processed 
bands are indicated as well as the HIVPR cleavage product. The band at ~45kDa is the result of 
cleavage by the 20S proteasome (148). Middle: Immunoblotting with an anti-p24gag antibody 
showing Gag cleavage projects p41gag and p24gag, and/or full-length Gag, p55gag. Bottom: 
Immunoblotting with anti-vinculin as a loading control. 
D) HEK293T cells were transfected with a construct encoding N-terminally mCherry-tagged WT, 
F60L, or F60S CARD8 and indicated HIV proviral constructs. Immunoblotting and labelling of 
the blots as in C. Figure 2.1 was reproduced from (149) with permission, Creative Commons 
Attribution 4.0 International License. 
 
  
Natural variation in CARD8 alters sensing of SIVcpz protease activity 
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proteases (SIVcpzPR) cleaved human CARD8 (Figure 2.2A), suggesting that SIVcpzPR had a 
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(Figure 2.2A) and F60L and F60S human CARD8 variants (Figure 2.2B) and found that none 

of the other CARD8 variants could be cleaved by SIVcpzPR. Moreover, SIVmac239
PR also 

cleaved WT human CARD8, an event that was greatly reduced when tested against the human 

CARD8 cleavage mutant F60A (Figure 2.3). These data suggest that SIVcpzPR was poised to 

cleave human CARD8 prior to its zoonosis to humans. Moreover, the F59-F60 motif that arose 

in the human lineage renders human CARD8 uniquely susceptible to cleavage at that position 

by a broad range of primate lentiviral proteases.  

 

 

Fig 2.2: Natural variation in CARD8 alters sensing of SIVcpzPR activity 
A) HEK293T cells were transfected with a construct encoding N-terminally mCherry-tagged 
human or chimpanzee (cpz) CARD8 and indicated provirus constructs. Immunoblotting was 
carried out for CARD8 cleavage, HIV/SIV protease (S/HIVPR) activity, and vinculin (loading 
control) as indicated. The S/HIVPR cleavage product is indicated by a purple triangle. FIIND, 
function-to-find domain. 
B) HEK293T cells were transfected with a construct encoding N-terminally mCherry-tagged 
wildtype (WT), F60L, or F60S CARD8 and indicated proviral constructs. Immunoblotting was 
performed as in A. Figure 2.2 was reproduced from (149) with permission, Creative Commons 
Attribution 4.0 International License. 
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Fig 2.3: SIVmac cleaves wildtype human CARD8 
HEK293T cells were transfected with a construct encoding N-terminally mCherry-tagged 
wildtype (WT) or F60A human CARD8 and indicated provirus constructs. Immunoblotting was 
carried out for CARD8 cleavage, HIV/SIV protease (S/HIVPR) activity, and vinculin (loading 
control) as indicated. The anti-p24gag antibody (for S/HIVPR activity) poorly cross-reacts with 
SIVmac239. The S/HIVPR cleavage product is indicated by a purple triangle. We note that 
SIVmac239

PR still partially cleaves CARD8 F60A. FIIND, function-to-find domain. Figure 2.3 was 
reproduced from (149) with permission, Creative Commons Attribution 4.0 International License. 
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the vesicular stomatitis virus glycoprotein (VSV-g) instead of its own envelope (HIV-1LAI-VSVG), 

consistent with prior studies demonstrating that HIV-1PR is active in the cytoplasm (Figure 2.4A) 

(32,154). To determine if CARD8 inflammasome activation can occur during HIV-1 infection in 

the absence of small molecule-induced HIV-1PR dimers, we infected the human leukemia 

monocytic cell line THP-1 at a multiplicity of infection (MOI) <1 and assayed for cell death 

(Figure 2.4B-left) or IL-1β secretion (Figure 2.4B-right). As a positive control for inflammasome 

activity, uninfected cells were also treated with VbP, which specifically activates the CARD8 

inflammasome in THP-1 cells (110). For both HIV-1-infected and VbP-treated THP-1 cells, we 

observed an increase in cell death compared to mock infected controls as measured by uptake 

of the membrane impermeable dye propidium iodide (PI) (Figure 2.4B-left). However, neither 

HIV-1 infection nor VbP alone led to an increase in IL-1β levels (Figure 2.4B-right, no prime 

condition), consistent with prior reports (155,156). We reasoned that the lack of cytokine 

production may either be an intrinsic property of CARD8 (156), or alternatively, require a signal 

(e.g., a TLR agonist) to transcriptionally upregulate or ‘prime’ IL-1β and/or inflammasome 

components. Thus, we assessed inflammasome activation by HIV-1 infection or VbP treatment 

with and without pretreating THP-1 cells with agonists of TLR1/2 (Pam3CSK4), TLR7/8 

(CL075), TLR8 (TL8-506), or TLR4 (LPS). We found that VbP treatment and HIV-1LAI-VSVG 

infection induce cell death independent of priming, although TLR agonists did elevate cell death 

responses in some instances (Figure 2.4B-left). In contrast, the release of IL-1β after HIV-1 

infection or VbP treatment was entirely dependent on TLR priming (Figure 2.4B-right). Thus, 

HIV-1 infection alone (i.e., in the absence of molecules causing premature dimerization of Gag-

Pol) is sufficient to induce cell death in THP-1 cells, and priming (e.g., via TLR stimulation) is 

required for HIV-1 infection induced IL-1β secretion and elevated levels of cell death. 
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Fig 2.4: HIV-1 infection activates the CARD8 inflammasome in THP-1 cells 
A) THP-1 cells were mock infected or infected with HIV-1LAI or HIV-1LAI-VSVG, yielding 8% and 
53% p24gag+ cells after 24 hours, respectively. Immunoblotting using cytoplasmic lysates was 
carried out for HIV protease (HIV PR) activity, and vinculin (loading control) as indicated 24 
hours post-infection. B) THP-1 cells were either left unprimed or primed with different TLR 
agonists 4-6 hours before treatment with 10 µM VbP or infection with HIV-1LAI-VSVG at an MOI 
such that 30-50% were p24gag+ after 24 hours. Inflammasome responses were measured 24 
hours following VbP treatment or HIV-1 infection. Left: Cell death is reported as the percent of 
propidium iodide (PI) positive cells. Right: IL-1β levels were measured using the IL-1R reporter 
assay. C) Wildtype (WT), CARD8 KO, or CASP1 KO THP-1 lines were primed with Pam3CSK4 
then challenged with either HIV-1LAI or HIV-1LAI-VSVG at an MOI such that 30-50% of WT cells 
were p24gag+ after 24 hours. Subsequent inflammasome activation was assayed 24 hours post 
infection. Left and middle: Cell death and IL-1β levels were measured as in A. Right: Active 
CASP1 was measured with Caspase 1-specific FLICA dye. D) WT or CARD8 KO THP-1s 
overexpressing CCR5 were primed and treated with 10uM VbP or infected with HIV-1BG505 for 
24 hours such that ~30% of cells were p24gag+ then probed for inflammasome activation via  
IL-1β secretion. HIV-1BG505 is a CCR5 tropic strain in clade A. The dotted line indicates limit of 
detection (LoD). Datasets represent mean ± SD (n = 3 biological replicates). P values were 
determined by 2-way ANOVA with Dunnett’s (B-C) or Sidak’s (D) test using GraphPad Prism 9. 
ns= not significant, *p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001, ∗∗∗∗p< 0.0001. Figure 2.4 was reproduced 
from (149) with permission, Creative Commons Attribution 4.0 International License. 
 
 
 

To determine if inflammasome activation upon HIV-1 infection is dependent on CARD8, we first 

generated clonal THP-1 CARD8 knockout (KO) cells via CRISPR/Cas9. We confirmed the 
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absence of full length (~62kDa) and FIIND-processed (~29kDa) CARD8 in CARD8 KO THP-1 

cell lines by immunoblotting with an antibody specific to the CARD8 C-terminus (Figure 2.5A). 

To functionally test the THP-1 CARD8 KO cell lines, we primed WT or CARD8 KO THP-1 cells 

with Pam3CSK4 then treated with either VbP, which activates the CARD8 inflammasome, or the 

ionophore nigericin, which specifically activates the NLRP3 inflammasome, and measured cell 

death and IL-1β secretion. As expected, WT but not CARD8 KO THP-1 cells responded to VbP, 

whereas both cell lines underwent cell death and IL-1β secretion in response to nigericin, 

indicating that the CARD8 KO THP-1 cells retained responsiveness to other inflammasome 

agonists (Figure 2.5B). 

 

Fig 2.5: Functional validation of CARD8 KO THP-1 cells 
A) Immunoblot of wildtype (WT) or CARD8 knockout (KO) THP-1 lines was carried out for 
CARD8 expression using endogenous antibody against CARD8 C-terminal domain (CTD) and 
loading control (vinculin). FIIND, function-to-find domain. B) WT or CARD8 KO THP-1 cells 
were primed with Pam3CSK4 for 4-6hr then treated with 10µM VbP for 24hr or 5µg/mL Nigericin 
for 3 hours before probing for IL-1β secretion (left) or propidium iodide (PI) dye uptake (right). 
The dotted line indicates limit of detection (LoD). Datasets represent mean ± SD (n = 3 
biological replicates). P values were determined by 2-way ANOVA Sidak’s test using GraphPad 
Prism 9. ns= not significant, *p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001, ∗∗∗∗p< 0.0001. Figure 2.5 was 
reproduced from (149) with permission, Creative Commons Attribution 4.0 International License. 
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FLICA assay) were significantly reduced in CARD8 KO versus WT THP-1 cells following HIV-1 

infection (Figure 2.4C). Because responses to HIV-1 infection were reduced to a similar level in 

both CARD8 KO cells and CASP1 KO cells, our findings suggest that the inflammasome 

response to HIV-1 infection in THP-1 cells is primarily dependent on CARD8, but independent of 

HIV-1 envelope. As different HIV-1 and SIV proviruses were found to cleave human CARD8 

after transfection in 293T cells (Figure 2.1 and Figure 2.2), we also tested a primary isolate of 

HIV-1 from a different clade and with a different co-receptor usage (HIV-1Q23-BG505, an R5, clade 

A recombinant virus) in an infection assay in WT and CARD8 KO THP-1 cells engineered to 

express the co-receptor CCR5 (Figure 2.4D). HIV-1Q23-BG505 infection also resulted in IL-1β 

secretion in a CARD8-dependent manner, suggesting that CARD8-dependent inflammasome 

activation is conserved across HIV-1 strains. 

 

Fig 2.6: Incoming and outgoing HIVPR is responsible for CARD8 inflammasome activation  
A) Wildtype (WT), CARD8 KO, or CASP1 KO THP-1 cells were primed overnight with 
Pam3CSK4 and then infected with HIV-1LAI-VSVG. Supernatant was collected at 0, 2, 4, 6, 8, and 
24 hours post-infection to measure IL-1β secretion. Cells were infected at viral concentration 
such that ~70% of cells were p24gag-positive after 24 hours. B) WT THP-1 cells were primed 
with Pam3CSK4 were challenged with WT or mutant HIV-1LAI-VSVG or WT virus preincubated in 5 
µM lopinavir (LPV) for 30 min prior to infection. HIV-1LAI-VSVG ΔVpr has a frameshift mutation in 
Vpr. Dotted line indicates limit of detection (LoD). Datasets represent mean ± SD (n = 3 
biological replicates). P values were determined by 2-way ANOVA with Dunnett’s test using 
GraphPad Prism 9. ns= not significant, *p<0.05, ∗∗p<0.01, ∗∗∗p<0.001, ∗∗∗∗p<0.0001. Figure 
2.6 was reproduced from (149) with permission, Creative Commons Attribution 4.0 International 
License. 
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CARD8-dependent inflammasome activity after HIV-1 infection occurs both early and late 

in acute infection and depends on the activity of HIV-1PR 

 To gain additional insight into the nature of CARD8 inflammasome responses to HIV-1 

infection, we performed a time-course following HIV-1 infection. Unexpectedly, we revealed a 

statistically significant, CARD8-dependent increase in IL-1β as early as 2 hours after infection 

(the first time-point assayed after the initial infection), which plateaued for the next 6 hours and 

then further increased by 24 hours post-infection (Figure 2.6A). As the early timepoints were 

sampled prior to reverse-transcription and the genesis of de novo synthesized HIV-1 transcripts 

(157), these findings raised the possibility that CARD8 detects the activity of packaged HIV-1PR 

released into the target cell upon viral entry as well as de novo synthesized Gag-Pol. To test 

this hypothesis, we treated target cells with the HIVPR inhibitor Lopinavir (LPV), which blocked 

CARD8 inflammasome activation by HIV-1 infection, reinforcing that CARD8 senses HIV-1PR 

activity. We also considered the possibility that the packaged viral protein R (Vpr) influences 

CARD8 inflammasome activation. However, we found that a HIV-1 virus lacking Vpr (ΔVpr) also 

induces CARD8-dependent inflammasome activation (Figure 2.6B). Thus, our findings suggest 

that HIV-1 infection induces inflammasome activation upon CARD8 detection of HIV-1PR 

released from the incoming virion as well as newly translated HIV-1PR. 



 35 

 
 
Fig 2.7: HIV inflammasome activation is dependent on a human-specific motif in CARD8 
A) CARD8 KO THP-1 lines complemented with different doxycycline (dox)-inducible CARD8 
variants (pCARD8) were left uninduced or induced for 18 hours. Immunoblot of wildtype (WT) or 
complemented CARD8 KO THP-1 lines treated with (‘+’) or without (‘–’) dox was carried out for 
CARD8 expression using endogenous antibody against CARD8 C-terminal domain (CTD) and 
loading control (vinculin). FIIND, function-to-find domain. B-C) Complemented CARD8 KO lines 
were left uninduced or dox-induced as described in A and then primed for 4-6 hours with 
Pam3CSK4 and treated with either 10 µM VbP or HIV-1LAI-VSVG then assessed for B) IL-1β 
secretion and C) cell death, respectively. D) CARD8 KO THP-1 lines complemented with 
different CARD8 variants were left uninduced or induced for 18 hours. Immunoblot of wildtype 
(WT) or complemented CARD8 KO THP-1 lines treated with (‘+’) or without (‘–’) dox as 
described in A. E-F) Complemented CARD8 KO lines were induced and primed as described in 
B then treated with either 10 µM VbP or HIV-1LAI then assessed for E) IL-1β secretion and F) 
cell death, respectively. All HIV infections were done at a MOI such that 30-50% of cells were 
p24gag+ after 24 hours. Dotted line indicates limit of detection (LoD). Datasets represent mean ± 
SD (n = 3 biological replicates). P values were determined by 2-way ANOVA with Tukey’s test 
using GraphPad Prism 9. ns= not significant, *p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001, ∗∗∗∗p< 0.0001. 
Figure 2.7 was reproduced from (149) with permission, Creative Commons Attribution 4.0 
International License. 
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HIV-1 inflammasome activation is dependent on CARD8 sensing of HIV-1PR activity 

To further evaluate the role of the human-derived F59-F60 motif of CARD8 after HIV-1 infection, 

we used a doxycycline-inducible system to complement CARD8 KO THP-1 cells with either WT 

CARD8 or CARD8 cleavage mutants (Figure 2.7A) and probed for subsequent inflammasome 

activation. We found that CARD8 KO THP-1 cells complemented with WT CARD8 underwent 

IL-1β secretion and cell death in response to both VbP and HIV-1 infection in a doxycycline-

dependent manner (Figure 2.7B and 2.7C), confirming that HIV inflammasome activation is 

CARD8-dependent. In parallel, we complemented CARD8 KO THP-1 cells with the CARD8 

cleavage mutants F60L, F60S, F60A. All complemented CARD8 KO THP-1 cells underwent IL-

1β secretion and cell death in response to VbP in doxycycline-treated cells, demonstrating 

functional CARD8 expression (Figure 2.7B and 2.7C). In contrast, infection with both VSV-g 

pseudotyped (Figure 2.7B and 2.7C) and replication competent (Figure 2.7E and 2.7F) HIV-

1LAI induced IL-1β secretion and cell death only in CARD8 KO THP-1 cells that were 

complemented with WT human CARD8, but not CARD8 mutants that are resistant to HIV-1PR 

cleavage. We also found that CARD8 KO THP-1 cells complemented with chimpanzee CARD8 

restored responsiveness to VbP but not to HIV-1LAI infection, whereas a chimpanzee CARD8 

L60F is cleaved by HIV-1PR and SIVcpzPR (Figure 2.8), and can functionally complement human 

CARD8 responses to HIV-1 infection (Figure 2.7D-2.7F). Thus, human CARD8 detects the 

enzymatic activity of HIVPR by encoding a motif that functions as a HIVPR substrate, permitting a 

human-specific CARD8 inflammasome response to HIV-1 infection. 
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Figure 2.8: Human FF motif in chimpanzee CARD8 rescues sensing of HIV/SIVPR  
HEK293T cells were transfected with a construct encoding N-terminally mCherry-tagged 
human, chimpanzee (cpz), or cpz with the human FF motif (L60F) CARD8 and indicated 
provirus constructs. Immunoblotting was carried out for CARD8 cleavage, HIV/SIV protease 
(S/HIVPR) activity, and vinculin (loading control) as indicated. The S/HIVPR cleavage product is 
indicated by a purple triangle. FIIND, function-to-find domain. Figure 2.8 was reproduced from 
(149) with permission, Creative Commons Attribution 4.0 International License. 
 

DISCUSSION 

The ability to selectively induce CARD8-dependent pyroptosis in HIV-1 latently infected CD4+ T 

cells via NNRTI-enforced dimerization of HIV-1PR has garnered much interest as a means to 

clear the latent reservoir (141,142,158,159). Here we demonstrate that CARD8 also senses 

HIV-1 replication in acutely infected cells, which occurs following HIV-1PR site-specific cleavage 

of a human-specific motif in the CARD8 tripwire. We further show that the unique motif in 

human CARD8, which is not present in other sampled hominoids and Old World monkeys, 

enables its sensing of SIVcpzPR – the precursor to HIV-1, indicating that the precursor viruses to 

HIV-1 were poised to cleave human CARD8 prior to spillover into humans. These results, along 

with other recent findings (121,124), demonstrate that CARD8 is a bone fide innate immune 
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sensor of viral infection via sensing viral protease activity, and suggest a model for a human-

specific inflammatory response to HIV infection.  

 

CARD8 as an innate immune sensor of HIV-1PR activity 

Some positive-sense RNA viruses that do not package their viral proteases are sensed 

following de novo synthesized viral protease (121,124). However, as HIV-1 triggers CARD8 

inflammasome activation as early as two hours post-infection, well before de novo synthesis of 

viral proteins (Figure 2.6A), our findings suggest that HIV-1 entry is also targeted by CARD8 via 

the innate immune detection of incoming viral protease activity. This conclusion is supported by 

a recent report that also found that HIV-1 strains lacking RT or integrase function are still 

sensed by the CARD8 inflammasome in a manner dependent on HIV-1PR activity (160). Based 

on these findings, we propose that CARD8 can sense HIV-1PR that was packaged into the virion 

upon its release into the host cytosol upon viral fusion. This idea is consistent with reports that 

HIV-1PR can function intracellularly to cleave host targets, and not solely in the context of Gag-

Pol dimerization during virion assembly and maturation (32,154). We speculate that for HIV-1 

this may be particularly relevant for cell-to-cell infection. Thus, our present findings, along with 

other recent examples of innate immune detection of viral protease activity (121,124), suggest 

that CARD8’s broad antiviral sensing capacity is predicated on its detection of the ubiquitous 

and essential function of viral proteases, which are evolutionarily constrained by their 

requirement to target both viral polyprotein and host targets. 

 

We find that inflammasome responses downstream of CARD8 are modulated by TLR 

stimulation. For example, CARD8-dependent cell death is modestly enhanced by TLR priming 

by an unknown mechanism (Figure 2.4). On the other hand, IL-1β secretion following HIV-1 

infection is strictly dependent on TLR priming, consistent with its established role for 

transcriptional upregulation of IL-1β (161). These findings may offer a potential explanation for 
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conflicting reports as to whether or not primary CD4+ T cells undergo pyroptosis and induce IL-

1β secretion in response to HIV-1 infection (128,132). Our findings that several TLR agonists 

effectively prime CARD8 inflammasome responses (Figure 2.4B and 2.4C) suggest that HIV-1 

pathogen-associated molecular patterns (i.e., viral nucleic acids) and/or circulating microbial 

ligands from gut epithelial breakdown, a hallmark of acute HIV-1 disease (162), are potential 

sources for priming of HIV-1 target cells in vivo. Moreover, given the exciting potential of 

combinatorial host- and virus-directed strategies of HIV-1 reservoir clearance by lowering 

CARD8 activation threshold (via VbP) and enforced HIVPR cytosolic activity (141), our findings 

may also guide therapeutic strategies that leverage HIVPR-dependent CARD8 inflammasome 

activation, which may be bolstered by adjuvants that induce TLR signaling (127,158,163). 

 

Human CARD8 as a maladaptation to HIV-1 infection 

Several adaptations of SIVcpz have occurred following its spillover in humans, including Vpu 

antagonism of human Tetherin/Bst2 (52,164), a mutation in MA that allows infection of human 

tissues (165), and the adaptation of Vif to antagonize one of the human polymorphisms in 

APOBEC3H (166). However, other host-virus interactions important for permitting the 

establishment of the HIV/AIDS pandemic, such as that of SIVcpz Vif with APOBEC3G, arose in 

intermediate hosts where no further adaptations were required for passage to humans 

(167,168). Our findings suggest that the interaction of HIV-1PR with human CARD8 is distinct 

from these scenarios, as SIVcpzPR already had the capacity to cleave human CARD8 before its 

cross-species transmission to humans, despite the fact that chimpanzee CARD8 is not itself 

cleaved by SIVcpzPR due to the lack of the FF motif at amino acid 59/60 (Figures 2.1 and 2.2). 

 

The F59-F60 motif that confers human CARD8 with the unique capacity to sense HIV/SIVcpzPR 

is conserved across all humans based on publicly available datasets, as well as being present 

in a Neanderthal genome, suggesting a genetic sweep occurred in favor of a phenylalanine at 
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position 60. HIV-1 emerged within the past century (48) and therefore could not have driven the 

evolution of the HIV-1PR cleavage site in human CARD8. However, human CARD8 is highly 

polymorphic, and multiple residues of the N-terminus of CARD8, including those that allow 

CARD8 sensing of extant human pathogenic viruses including coronaviruses and 

picornaviruses, show strong evidence of positive selection, an evolutionary signature consistent 

with a history of host-pathogen conflict (121,136). Indeed, the HIV-1PR cleavage site in CARD8 

overlaps with a site that is cleaved by the coronavirus 3CL protease (121). Although it is 

possible that the human-specific F60 was fixed stochastically or as a passenger mutation, we 

favor a scenario in which human CARD8 sensing of HIV-1PR arose as a consequence of CARD8 

adaptation to another virus (121,124). Thus, we speculate that an ancient infection of our 

human ancestors may be responsible for our modern day maladaptation to HIV-1. 

 

Possible links to pathogenesis 

HIV-1 disease progression to AIDS is characterized by dramatic depletion of CD4+ T cells 

including via pyroptosis (128) and chronic inflammation accompanied by high levels of plasma 

cytokines including IL-1 (169,170). As such, multiple inflammasomes have previously been 

implicated for HIV-dependent inflammasome activation, although the exact mechanisms have 

remained unclear (131,171). Here, we show that HIV infection induces pyroptotic cell death and 

IL-1β secretion via CARD8 recognition of HIVPR activity. Our finding that HIV-1 infection is 

sufficient to induce inflammasome activation, along with the presence of CARD8 in relevant T 

cell populations (110,142,155), also suggests that CARD8 contributes to HIV pathogenesis. 

Consistent with this hypothesis, recent publications show that HIV-1 infection drives CARD8-

dependent pyroptotic cell death both in primary human CD4+ T cells ex vivo and in humanized 

mouse models of HIV-1 (160). It is also possible that IL-1β release after HIV-1 dependent 

CARD8 activation after HIV-1 infection could contribute to pathogenesis since IL-1β induces the 
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differentiation of Th17 cells (172), a highly HIV-susceptible CD4+ T cell subtype, as well the 

recruitment of other target immune cells (173). 

 

Simian immunodeficiency viruses are believed to be generally non-pathogenic in their reservoir 

hosts with the SIVsmm in sooty mangabeys and SIVagm in African green monkeys as the best 

studied examples (63). SIVcpz in naturally infected chimpanzees is pathogenic although not to 

the extent of HIV-1 group M infection of untreated humans (59). In contrast, SIVs can cause 

disease in a new species, including experimental SIV infections of macaque monkeys). It is 

tempting to speculate that these species-specific differences could be, in part, mediated by 

differential CARD8 inflammasome activation, which in turn influences the extent of CD4+ T cell 

depletion, chronic immune activation, and bystander cell immunopathology – key pathogenic 

events that drive the progression to acquired immunodeficiency syndrome (AIDS) in the 

absence of antiretroviral therapy (59,60,174). Although our data demonstrates that functional 

HIV and SIVcpz protease recognition motifs outside of the F59-F60 are absent in human and 

chimpanzee CARD8, it remains possible that other SIVs have distinct protease specificities that 

allow for cleavage of species-specific recognition motifs in CARD8 in non-human primates. 

Indeed, the substrate specificity of SIVmac239PR is distinct from HIV-1PR (Figure 2.3), which 

may be relevant to CARD8 inflammasome activation and CD4+ T cell depletion in experimental 

macaque infections. We suggest that future work determining these host- and virus-specific 

interactions is an important consideration when evaluating HIV pathogenesis in non-human 

primate models. 
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METHODS 

Plasmids 

psPAX2 and pMD2.G were gifts from Didier Trono (Addgene). The dox-inducible pLKO-puro 

vector (175) was a gift from Melissa Kane. Infectious molecular clones for SIVcpzEK505 and 

SIVcpzLB715 were gifts from Beatrice Hahn (150,151). HIV-1Q23 Δenv provirus and the HIV-

1Q23.BG505 proviruses were gifts from Julie Overbaugh (176,177). HIV-1LAI and HIV-2Rod were 

previously described (178,179).  The HIV-1LAI DVpr mutant has a frameshift mutation that 

inactivates the vpr gene as described (180). CARD8 sequence IDs used for phylogenetic 

analysis in Figure 2.1A can be found in Supplementary File 1c. For CARD8 cleavage assays, 

the coding sequences of human CARD8 (NCBI accession NP_001171829.1) and chimpanzee 

CARD8 (NCBI accession XM_024351500.1) were cloned into the pcDNA3.1 backbone 

(Addgene) with an N-terminal mCherry tag using BamHI and EcoRI cut sites. For dox-inducible 

complementation assays, the coding sequences of human and chimpanzee CARD8 were 

cloned into the pLKO-puro backbone using the Sfil site. Point mutations were introduced using 

overlapping PCR. Full list of primer sequences can be found in Supplementary File 1a.  

 

Cell Culture 

THP-1 cells (ATCC) were cultured in RPMI (Invitrogen) with 10% FBS, 1% 

penicillin/streptomycin antibiotics, 10 mM HEPES, 0.11 g/L sodium pyruvate, 4.5 g/L D-Glucose 

and 1% Glutamax. HEK 293T (ATCC) were cultured in DMEM (Invitrogen) with 10% FBS and 

1% penicillin/streptomycin antibiotics. All puromycin selections were done at 0.5 µg/mL. For 

complemented dox-inducible lines, tetracycline-free FBS (Sigma) was used to prevent 

background CARD8 expression. All lines routinely tested negative for mycoplasma bacteria 

(Fred Hutch Specimen Processing & Research Cell Bank). 
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Immunoblotting 

Cells were washed once with 1xPBS before harvesting in NP-40 buffer with protease inhibitor 

(200 mM NaCl, 50 mM Tris pH 7.4, 0.5% NP-40 Alternative, 1 mM dithiothreitol, and Roche 

Complete Mini, EDTA-free tablets; catalog no. 11836170001). Cytoplasmic lysates were 

clarified via centrifugation and combined with 4x NuPage LDS sample Buffer (Invitrogen) 

containing 10% β-mercaptoethanol and boiled for 5-10 minutes. Samples were run on a 4-12% 

SDS-PAGE gel using morpholineethanesulfonic acid (MES) buffer, transferred to a 

nitrocellulose membrane using a Pierce G2 Fast Blotter (Thermo Scientific), blocked in 5% 

nonfat milk then probed for with primary antibodies diluted in 2.5% milk for mCherry (for CARD8 

cleavage), p24gag (for HIVPR activity), CARD8 C-terminus (for knockout validation and 

complementation), and vinculin (loading control). Blots were washed three times with PBS-T 

(0.1% Tween-20), incubated with secondary HRP-conjugated antibodies, washed three times 

again, and then developed with SuperSignal West Femto Maximum Sensitivity Substrate 

(Fisher Scientific). Further antibody specifications/concentrations and clone info are described in 

Supplementary File 1b. 

 

CARD8 cleavage assay 

HEK293T cells were seeded at 1.5-2 x 105 cells/well in 24-well plates the day before 

transfection using TransIT-LT1 reagent at 1.5µL transfection reagent/well (Mirus Bio LLC). 100 

ng of indicated constructs encoding a N-terminal mCherry tagged CARD8 were co-transfected 

into HEK293T cells with either 400 ng of pcDNA3.1 empty vector (‘–‘), or 400 ng of HIV provirus 

or SIVcpz provirus. HIV Δenv proviruses were used for immunoblots in Figure 2.1 and Figure 

2.3, while infectious HIV and SIVcpz provirus were used for immunoblots in Figure 2.2. 

Cytoplasmic lysates were harvested 24 hours post-transfection and immunoblotted as described 

above.  
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FLICA Assay 

Live cells were incubated in media containing FLICA dye (Immunochemistry Technologies, cat. 

#97) at a dilution of 1:60-1:100 for 30 min at 37ºC then washed and fixed according to 

manufacturer’s protocol. Stained cells were flowed for analysis on a BD Celesta within 18 hours 

post-staining.  

 

CARD8 and CASP1 knockout generation 

CARD8 and CASP1 knockout THP-1 cells were generated similarly to NLRP1 knockouts 

described previously (145). Briefly, a CARD8 or CASP1 specific sgRNA was designed using 

CHOPCHOP (181), and cloned into a plasmid containing U6-sgRNA-CMV-mCherry-T2A-Cas9 

using ligation-independent cloning. THP-1 cells were electroporated using the BioRad 

GenePulser Xcell. After 24 hours, mCherry-positive cells were sorted and plated for cloning by 

limiting dilution. Monoclonal lines were validated as knockouts by deep sequencing and 

OutKnocker analysis, as described previously (182,183). Knockout lines were further validated 

by immunoblot and functional assays. sgRNA used to generate knockouts are described in 

Supplementary File 1a. 

 

CCR5+ cell line generation 

WT or CARD8 KO THP-1 cells were transduced with pHIV-CCR5/ZsGreen as previously 

described (184). Cells were sorted 4 days post-transduction on a Sony MA900. 

 

CARD8 complementation 

HEK293T were seeded at 2 x 105 cells/well in 6-well plates the day before transfection using 

TransIT-LT1 reagent (Mirus Bio LLC) at 5.8 µL transfection reagent/well. Cells were co-

transfected with pLKO-CARD8, psPAX2, and pMD2.G and media was replaced the next day. 
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Virus was harvested two days post-transfection and underwent one freeze thaw cycle at -80°C 

before transducing CARD8 KO THP-1 cells. CARD8 KO THP-1 cells were seeded at 2 x 105 

cells/well in 6-well plates and transduced with 800 µL virus in the presence of 1 µg/mL 

polybrene via spinoculation at 1100 x g for 30 minutes at 30°C then puro-selected 24 hours 

post-transduction.  

 

HIV-1LAI, HIV-1Q23-BG505, and HIV-1LAI-VSVG production  

293T cells were seeded at 2 × 105 cells/well in 6-well plates the day before transfection using 

TransIT-LT1 reagent (Mirus Bio LLC) at 3 µL transfection reagent/well as previously described 

(185). For HIV-1 production, 293Ts were transfected with either 1 µg/well HIVLAI proviral DNA or 

1 µg/well HIVLAI Δenv DNA and 500 ng/well pMD2.G for HIV-1LAI and HIV-1LAI-VSVG, respectively. 

One day post-transfection, media was replaced. Two or three days post-transfection, viral 

supernatants were collected and filtered through a 20 μm filter and aliquots were frozen at -

80°C. HIV-1LAI and HIV-1LAI-VSVG proviruses were previously described (179,186,187). HIV-1Q23-

BG505 was produced in the same way as HIV-1LAI. 

 

THP-1 priming and HIV-1 infection 

THP-1 cells were seeded at 1 x 105 cells/well in 96-well U-bottom plates in media containing 

TLR agonist (Supplementary File 1b) for 4-6 hours or overnight then treated with either Val-

boroPro (10 µM) or nigericin (5 µg/mL) or infected with HIV-1LAI, HIV-1Q23-BG505 or HIV-1LAI-VSVG in 

the presence of 20 µg/mL DEAE-Dextran via spinoculation at 1100 x g for 30 minutes at 30°C. 

All infections were done at an MOI <1. 24 hours post-infection or VbP treatment (two hours for 

nigericin), supernatants were collected for IL-1β quantification (see IL-1R reporter assay) and 

cells were stained with propidium iodide or FLICA dye then fixed and stained with p24gag-FITC 

for flow cytometry.  
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IL-1R reporter assay 

To quantify the IL-1β secretion, HEK-Blue IL-1β reporter cells (Invivogen) were used whereby 

binding of IL-1β to the surface receptor IL-1R1 results in the downstream activation of NF-kB 

and subsequent production of secreted embryonic alkaline phosphatase (SEAP) in a dose-

dependent manner as previously described (145). SEAP levels were detected using a 

colorimetric substrate assay, QUANTI-Blue (Invivogen), by measuring an increase in 

absorbance at OD655. Culture supernatant from treated or infected THP-1 cells was transferred 

to HEK-Blue IL-1β reporter cells plated in 96-well format in a total volume of 200 µL per well at 5 

x 105 cells/well. On the same plate, serial dilutions of recombinant human IL-1β (Peprotech) 

were added to generate a standard curve for each assay. After 24 hours, SEAP levels were 

assayed by adding 50 µL of the supernatant from HEK-Blue IL-1β reporter cells to 150 µL of 

QUANTI-Blue colorimetric substrate along with 0.25% Tween-20 to neutralize HIV virions in 

supernatant before readout. After incubation at 37°C for 15–30 minutes, absorbance at OD655 

was measured on an Epoch Microplate Spectrophotometer (BioTek) and absolute levels of IL-

1β were calculated relative to the standard curve.  

 

Data Availability 

All data generated or analyzed during this study are included in the manuscript, Figure 3-source 

data, Figure 4-source data, and Figure 1-4-source data. 
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CHAPTER 3: EFFECTS OF CELL-TO-CELL TRANSMISSION AND PROTEASE 
VARIABILITY ON CARD8 INFLAMMASOME ACTIVATION AFTER HIV-1 INFECTION 
 
ABSTRACT 

Inflammasomes are cytosolic innate immune complexes that assemble upon detection of 

diverse pathogen-associated cues and play a critical role in host defense and inflammatory 

pathogenesis. Our previous work demonstrated that CARD8 detects HIV infection by sensing 

the enzymatic activity of the HIV protease, resulting in CARD8-dependent inflammasome 

activation and cell death. Here, we sought to understand CARD8 responses to HIV when the 

virus is transmitted from infected cells to target cells via a viral synapse (cell-to-cell), a 

physiologic and important mode of HIV spread. To assess HIV-dependent inflammasome 

responses during cell-to-cell transmission of HIV-1, we developed HIV coculture systems with a 

panel of immortalized and primary cells, including human monocyte-derived macrophages. We 

observed that cell-to-cell transmission of HIV induces CARD8 inflammasome activation in 

immortalized and primary human monocyte-derived macrophages. Genetic knockout of the 

adaptor protein ASC and treatment with the NLRP3 inhibitor MCC950 suggest that cell death 

associated with HIV-dependent inflammasome activation is primarily CARD8-dependent 

whereas cytokine release may be amplified through secondary modulation by the NLRP3 

inflammasome. To evaluate the viral determinants of CARD8 sensing, we tested a panel of HIV 

protease inhibitor resistant clones to establish how variation in HIV protease affects CARD8 

activation. We identified mutant HIV-1 proteases that differentially cleave and activate CARD8 

compared to wildtype HIV-1. These data implicate CARD8 activation as a major contributor of 

pyroptosis by multiple modes of HIV infection, thus providing further physiological relevance for 

the possible role CARD8 inflammasome activation in HIV pathogenesis. 
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INTRODUCTION 

Human Immunodeficiency Virus (HIV-1) can be transmitted from one cell to another via two 

main mechanisms: cell-free infection through binding of free HIV-1 virions to target cells, and 

cell-to-cell infection through direct contact whereby infected cells transmit virus to an uninfected 

target cell via the formation of a transient viral synapse (129,188,189). Cell-to-cell transmission 

of HIV-1 has been reported between multiple HIV-1 target cell types including between active 

and resting CD4+ T cells (190,191) and between CD4+ T cells and macrophages (192–194). 

Cell-to-cell transmission delivers a large influx of virus to target cells, resulting in a high 

multiplicity of infection (MOI) (195–198), which has been proposed to enhance viral fitness by 

overcoming many host innate antiviral pathways including Tetherin/Bst-2 (199,200), SAMHD1 

(201), and TRIM5𝛼 (202), and evading adaptive immune responses like broadly neutralizing 

antibodies (203,204) and antiretroviral therapy (198,205,206).   

 

The high number of virions that infect cells via cell-to-cell spread compared to cell-free 

infections makes HIV-1 protease (HIVPR), which is activated when high concentrations of 

HIVgagpol are achieved, an intriguing target of innate immune recognition during cell-to-cell 

infection (195–198). While HIVPR’s canonical function is to cleave viral polyproteins within the 

virion, HIVPR was previously shown to also cleave the host cell protein CARD8 in its N-terminus 

during acute cell-free HIV-1 infection, leading to its proteasomal degradation and subsequent 

inflammasome activation, characterized by a form of lytic cell death known as pyroptosis (68) 

and the release of pro-inflammatory cytokine interleukin (IL)-1b (127,142,149). In this way, the 

CARD8 N-terminus serves as a “molecular tripwire” to recognize the enzymatic activity of HIVPR 

and other viral proteases (121,124,146). Moreover, HIVPR cleavage of CARD8 occurs rapidly 

after infection such that HIVPR inhibitors and fusion inhibitors, but not reverse transcriptase 

inhibitors can prevent CARD8 inflammasome activation, implying that virion packaged HIVPR can 

cleave CARD8 in the infected cells (127,149). Previously, both the NLRP3 and IFI16 
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inflammasomes have been implicated as innate sensors of HIV-1 infection, and drivers of CD4+ 

T cell depletion using blood and lymphoid-derived CD4+ T cells, respectively, and cell-to-cell 

transmission was reported to be crucial for IFI16 sensing of abortive HIV transcripts 

(128,129,131,133). However, innate sensing of HIVPR during cell-to-cell transmission of non-

lymphocytic HIV-1 target cell types has not been investigated.  

 

Given the important role of HIVPR in replication, early combination antiretroviral therapy for 

people living with HIV (PLWH) included protease inhibitors along with reverse transcriptase 

inhibitors. However, resistance mutations to protease inhibitors quickly arose in PLWH through 

mutations around the HIVPR active site allowing for polyprotein processing and viral maturation 

while avoiding drug inhibition. Despite typically having poor overall viral fitness due to less 

efficient polyprotein processing and replication relative to wildtype HIV-1 in the absence of  

protease inhibitors, these mutant drug-resistant HIV-1 strains can persist in people living with 

HIV on HAART, posing a major threat to controlling disease progression (38–41). To 

compensate for mutations in HIVPR that change its substrate specificity, HIVgag sometimes 

evolves mutations around HIVPR cleavage sites to permit proper polyprotein processing (207). 

 

Here, we assessed CARD8-dependent inflammasome responses upon cell-to-cell transmission 

of HIV-1 in myeloid cells as well as the effects of naturally occurring mutations in HIVPR on 

CARD8 sensing. We found that CARD8 inflammasome activation can readily occur in the 

context of cell-to-cell transmission in both THP-1 cells, an acute myeloid leukemia cell line, and 

in primary monocyte-derived macrophages. In contrast to other host innate immune pathways, 

which are ineffective during cell-to-cell transmission, our findings suggest that CARD8 sensing 

of HIVPR could be an important innate sensing failsafe to cell-to-cell transmission of HIV-1. In 

addition, we observed that HIV-infected cells lacking ASC, an adaptor protein crucial to the 

formation of many inflammasomes including NLRP3 and IFI16, exhibited similar levels of cell 
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death but reduced cytokine release relative to wildtype cells. These data suggest that while HIV-

dependent cell death is ASC-independent, ASC-dependent inflammasomes may partially 

contribute to cytokine release in these cell types. We also identified various HIVPR inhibitor 

resistant clones that can differentially cleave and activate the CARD8 inflammasome, providing 

a powerful tool for investigating the effects of CARD8 inflammasome activation on viral 

replication. Functional characterization of HIVPR inhibitor resistant clones suggests that 

differences in the capacity for mutant HIVPR resistant strains to activate CARD8 is likely not due 

to changes in specificity for CARD8 but rather, in part, from variations in capacity for these 

mutant HIVPRs to dimerize and activate. 

 
 
RESULTS 

Cell-to-cell transmission of HIV-1 induces CARD8-dependent inflammasome activation 

In order to achieve adequate levels of viral infection, cationic polymers like DEAE-dextran are 

often used to facilitate host and viral membrane fusion and thus enhance viral infection; 

however, we observed that DEAE-dextran alone can induce inflammasome activation in some 

THP-1 cell lines (data not shown). As a cationic polymer, DEAE-dextran alters electrostatic 

interactions between membranes, which may prompt inadvertent potassium efflux from host 

cells that would be consistent with sensing by the NLRP3 inflammasome. Therefore, we 

established conditions to test whether or not CARD8 dependent inflammasome activation could 

occur in models of HIV-1 infection that lack cationic polymers.  

 

We designed an in vitro coculture infection system to mimic cell-to-cell transmission of HIV-1 

using SUPT1 cells, a T-cell lymphoma line, as a viral producer line and either THP-1 cells, an 

acute monocytic leukemia line, or primary monocyte-derived macrophages (MDMs), as target 

lines (Figure 3.1A). Infected SUPT1 cells were cocultured with THP-1 cells for 48 hours, and IL-



 52 

1b secretion was used as a proxy for inflammasome activation. In previous work, we showed 

that toll-like receptor (TLR) priming was crucial to stimulating cytokine release in THP-1 cells 

(149), thus all target cells were treated with the TLR1/2 agonist Pam3CSK4 before starting the 

coculture.  

 

We observed that coculture of wildtype (WT) THP-1 cells with HIV-1LAI-infected but not mock-

infected SUPT1 cells results in robust inflammasome activation as indicated by IL-1b secretion. 

Since SUPT1 cells infected with HIV-1LAI do not elicit IL-1b secretion and lack functional CARD8 

inflammasome responses, we could infer that inflammasome activation in the coculture is 

attributed entirely to the THP-1 cells or MDMs following cell-to-cell spread (Figure 3.1B).  

To determine the potential role of CARD8 in inflammasome activation during cell-to-cell 

transmission of HIV-1, we cocultured HIV-1LAI- or mock-infected SUPT1 cells with either WT or 

CARD8 KO THP-1 cells and compared subsequent inflammasome activation. Unlike WT THP-1 

cell cocultures, cocultures with CARD8 KO THP-1 cells displayed no significant activation 

(Figure 3.1B). These data demonstrate that CARD8 is the primary sensor that drives 

inflammasome activation in HIV-1 cell-to-cell transmission in THP-1 cells.  

 

We also interrogated whether or not the inflammasome activation we observe in our coculture 

system is solely from cell-to-cell transmission or if cell-free infection may also contribute. We 

demonstrate that cell-free HIV-1 infection without the use of cationic polymers like DEAE-

dextran produces inefficient infection and does not elicit CARD8-dependent inflammasome 

activation in THP-1 cells (Figure 3.2A-B). Additionally, in an orthogonal approach, we 

conducted a similar coculture experiment with HIV-1LAI-infected SUPT1 cells and target THP-1 

cells either allowing cell-to-cell transmission (mixed) or preventing cell contact by using a virus-

permeable transwell (Figure 3.2C). We observed no significant activation, as measured by IL-
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1𝛽 secretion, when the infected SUPT1 cells were separated from the target THP-1 cells by the 

transwell unless DEAE-dextran was added upon starting the coculture (Figure 3.2D). Despite 

equal amounts of available cell-free virus in the transwell and mixed condition, the transwell 

condition treated with DEAE-dextran exhibited significantly less inflammasome activation than 

the cell-to-cell (mixed) condition (Figure 3.2D-E). These data suggest that our coculture system, 

which lacks DEAE-dextran, measures inflammasome activation induced by only cell-to-cell 

infection, not secondary cell-free infection. 

 

We then examined cell-to-cell HIV-1 transmission using primary MDMs as a target cell in the 

coculture system. We cocultured TLR-primed MDMs with SUPT1 cells mock-, HIV-1LAI-, or HIV-

1NL4.3-BaL-infected and assayed for inflammasome activation (Figure 3.1C). HIV-1LAI is a CXCR4 

tropic strain unable to infect macrophages whereas HIV-1NL4.3-BaL is a CCR5 and macrophagic 

tropic strain. We observed inflammasome activation, as measured by IL-1𝛽 secretion, in MDMs 

cocultured with HIV-1NL4.3-BaL-infected SUPT1 cells but not in MDMs cocultured with HIV-1LAI- or 

mock-infected SUPT1 cells. Thus, MDMs cocultured with an envelope that confers 

macrophage-tropism exhibited inflammasome activation, demonstrating that viral entry is 

necessary for this activation and indicating that this phenotype is not from fusion of the donor 

and target cell.  

 

To elucidate additional determinants of inflammasome activation in primary macrophages, 

SUPT1 cells infected with HIV-1NL4.3-BaL were incubated with various antiretroviral drugs prior to 

coculture, including lopinavir and nevirapine, which inhibit HIV-1 protease (HIV-1PR) and HIV-1 

reverse transcriptase (HIV-1RT), respectively. Consistent with our prior results with cell-free HIV-

1 infections, inflammasome activation following cell-to-cell spread was abrogated by lopinavir, 

demonstrating that HIVPR activity is necessary for CARD8-dependent activation (Figure 3.1C).  
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Fig. 3.1: Cell-to-cell transmission of HIV induces CARD8 inflammasome activation 
A) Schematic of coculture experimental setup. SUPT1 cells were infected for 24 hours prior to 
coculturing with target cells. The coculture was harvested 48 hours later to probe for IL-1b 
secretion in the coculture supernatant via IL-1R reporter assay. (B) Wildtype (WT) or CARD8 
KO THP-1 cells were cocultured with SUPT1 cells either mock-infected or infected with HIV-1LAI 
as depicted in (A). THP-1 cells were primed with Pam3CSK4 (500ng/mL) for 16 hours prior to 
coculture. SUPT1 cells were infected with HIV-1LAI such that 30% of the cells were positive for 
intracellular p24gag after 24 hours. (C) Monocyte-derived macrophages (MDMs) were cocultured 
with SUPT1 cells mock-, HIV-1LAI- or HIV-1NL4.3-BaL-infected then assayed for inflammasome 
activation as in (B). Fifteen minutes before starting the coculture, SUPT1 cells infected with HIV-
1NL4.3-BaL were pre-treated with either DMSO, lopinavir (5µM), nevirapine (50µM), MCC950 
(10µM ) or VX765 (1µM), inhibiting HIV-1 protease (HIVPR), HIV-1 reverse transcriptase (HIVRT), 
NLRP3, or caspase 1 (CASP1), respectively. SUPT1 cells were infected with HIV-1LAI and HIV-
1NL4.3-BaL such that 2% and 7% of cells, respectively, were positive for intracellular p24gag after 24 
hours. Dotted line indicates limit of detection (LoD). Datasets represent mean ± SD (B) (n=3 
biological replicates) or (C) (n=2 biological replicates from one donor). p-Values were 
determined by one-way (C) or two-way (B) ANOVA with Dunnett’s test using GraphPad Prism 
10. ns = not significant, *p<0.05,**p<0.01, ***p<0.001, ****p<0.0001. 
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Previously, we had observed that CARD8 could sense both active HIV-1PR released into the 

host cytosol following viral fusion, which we refer to as “incoming” HIV-1PR, and de novo 

translated HIV-1PR in our cell-free infection system using DEAE-dextran and spinoculation (149). 

To ascertain whether or not both incoming and de novo translated HIV-1PR could also contribute 

to inflammasome activation in our coculture system, we used a reverse transcriptase inhibitor, 

nevirapine, to prevent synthesis of de novo translated HIV-1PR, and thus any CARD8-dependent 

IL-1𝛽 secretion would only be due to incoming HIVPR in the presence of nevirapine. Indeed, we 

observed HIV-dependent inflammasome activation in the presence of nevirapine treatment that 

was added at the time of co-culture, indicating that incoming HIVPR is sufficient to elicit an 

inflammasome response. However, the amount of IL-1𝛽 in the presence of the RT inhibitor is 

reduced, suggesting that de novo synthesized HIVPR or incoming HIVPR from secondary cell-to-

cell spread may also contribute to inflammasome activation in the coculture system (Figure 

3.1C).  

 

Since NLRP3 had previously been implicated in HIV-dependent inflammasome activation in 

CD4+ T cells, we also assessed the effects of NLRP3 inflammasome-specific inhibitor MCC950 

on inflammasome activation in our primary macrophage cocultures. Upon MCC950 treatment, 

we still observed robust inflammasome activation from MDMs cocultured with HIV-1NL4.3-BaL-

infected SUPT1 cells, though the response was reduced relative to DMSO-treated cocultures 

(Figure 3.1C). These findings indicate that NLRP3 is not the primary sensor for HIV-dependent 

activation in MDM cocultures; however, NLRP3 activation may amplify IL-1𝛽 secretion after 

primary activation from CARD8. In addition, inflammasome activation was inhibited by VX765, 

an inhibitor of Caspase 1 (CASP1), indicating that this phenotype is dependent on CASP1, and 

therefore depends on the downstream effectors of CARD8 activation (Figure 3.1C). Taken 

together, these data suggest that in the context of cell-to-cell transmission, CARD8 in primary 

macrophages can sense HIV-1 infection via HIVPR activity, resulting in inflammasome activation.   



 56 

 

Fig. 3.2: Inefficient cell-free HIV-1 infection yields no CARD8 inflammasome activation 
Wildtype (WT) or CARD8 knockout THP-1 cells were infected with HIV-1LAI at the same MOI in 
the presence or absence of DEAE-dextran then harvested after the indicated amount of days 
post-infection (dpi) and assayed for A) intracellular p24gag and B) IL-1𝛽 secretion by flow 
cytometry and IL-1R reporter assay, respectively. C) Schematic illustrating experimental setup 
for SUPT1/THP1 cell coculture in D and E. THP-1 cells were primed overnight with Pam3CSK4 
prior to coculture. SUPT1 cell were either mock infected or infected with HIV-1LAI then 
cocultured with primed WT THP-1 cells 24 hours post infection. Mock- or HIV-1LAI-infected 
SUPT1 cells were either mixed with the THP-1s cells or put in a transwell with a virus-
permeable membrane in the presence or absence of DEAE-dextran. DEAE-dextran was added 
to the mock but not the mixed condition. Supernatant from the cocultures were harvested 3 days 
after starting the coculture and assayed for D) IL-1𝛽 secretion as in B) and E) cell-free infectious 
HIV virions via reverse transcriptase assay. Dotted line indicates limit of detection (LoD). 
Datasets represent mean ± SD (A-B: n=2; D-E: n=4 biological replicates). A-B: Two-way 
ANOVA with Sidak’s test D-E: One-way ANOVA with Dunnett’s test using GraphPad Prism 10. 
ns = not significant, *p<0.05,**p<0.01, ***p<0.001, ****p<0.0001. 
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CARD8-dependent activation from HIV-1 is mostly ASC-independent 

Since NLRP3 and IFI16 had previously been implicated in HIV-dependent inflammasome 

activation, we next asked whether or not other inflammasomes contribute to CARD8-dependent 

inflammasome activation in response to HIV-1 in both modes of infection. ASC, which is 

encoded by PYCARD and will be referred to as ASC from this point forward, is a key adaptor 

protein necessary for formation of various inflammasomes including the NLRP3 and IFI16, but 

not the CARD8 inflammasome. Thus, we assessed inflammasome activation using WT THP-1 

cells or CRISPR/Cas9-generated clonal CARD8 KO, ASC KO, or CARD8/ASC double KO 

(DKO) THP-1 cells during cell-free and cell-to-cell HIV-1 infection.  

 

To functionally validate the THP-1 KO cell lines, we treated WT, CARD8 KO, ASC KO , and 

CARD8/ASC DKO THP-1 cells with either Valboro-Pro (VbP), which is a known CARD8 

activator, or the ionophore nigericin, which specifically induces NLRP3 inflammasome 

activation. As expected, in response to VbP treatment, CARD8 KO and CARD8/ASC DKO did 

not respond while WT and ASC KO lines induced dramatic cell death, as measured by 

propidium iodide dye uptake (Figure 3.3A). Similarly, VbP treatment did not elicit IL-1𝛽 

secretion from CARD8 KO or CARD8/ASC DKO lines but induced IL-1b secretion from WT and 

ASC KO lines; however, IL-1b secretion in the ASC KOs was reduced relative to WT, 

suggesting that potassium influx induced by CARD8-dependent pyroptosis may secondarily 

activate the ASC-dependent NLRP3 inflammasome and contribute to overall activation (Figure 

3.3B). Moreover, WT and CARD8 KO lines responded to nigericin, inducing cell death and IL-1b 

secretion, while ASC KO and CARD8/ASC DKO did not respond, indicating that these KO lines 

are specific and maintain responsiveness to other inflammasome agonists (Figure 3.3A-B). 
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We next infected WT, CARD8 KO, ASC KO, or CARD8/ASC DKO THP-1 cells with VSV-G 

pseudotyped HIV-1LAI (HIV-1LAI-VSVG) in our cell-free infection system and probed for 

inflammasome activation 24 hours post-infection. Both WT and ASC KO exhibited high levels of 

cell death in response to HIV-1LAI-VSVG  with no significant difference in cell death while the 

CARD8 KO and CARD8/ASC DKO both exhibited minimal cell death with no significant 

difference between the two lines, indicating that HIV-dependent cell death is ASC-independent 

(Figure 3.3A). Along with cell death, as an additional proxy for inflammasome activation, we 

looked for corresponding IL-1b secretion in WT versus KO lines in response to HIV-1LAI-VSVG 

infection. While only minimal IL-1b secretion was measured from CARD8 KO and CARD8/ASC 

DKO, we observed significant IL-1b secretion in the WT and ASC KOs lines; however, like 

during VbP treatment, the IL-1b secretion was reduced in the ASC KOs relative to WT to the 

same level as VbP treated ASC KOs (Figure 3.3B). Taken together, these data suggest that 

cell death associated with HIV-1LAI-VSVG infection is solely CARD8-dependent and ASC-

independent whereas cytokine release is mostly CARD8-dependent, but ASC-dependent 

inflammasomes may amplify or facilitate IL-1b secretion in our cell-free infection model. 

 

We next assessed the relative contribution of ASC-containing inflammasomes in HIV-1 cell-to-

cell infection, using SUPT1 cells as viral producer cells and THP-1 cells as target cells. We 

infected SUPT1 cells with HIV-1LAI then after 24 hours, cocultured them with either WT, CARD8 

KO, ASC KO, or CARD8/ASC DKO THP1s. Supernatants were harvested 48 hours after the 

coculture was started to probe for secreted IL-1b. We observed inflammasome activation from 

cocultures with WT and ASC KO but not CARD8 KO or CARD8/ASC DKO THP-1 cells, 

suggesting that activation is CARD8-dependent (Figure 3.3C). Similar to our cell-free infection, 

we observed reduced levels of inflammasome activation in the ASC KO relative to WT THP-1 

cells (Figure 3.3C). These findings are consistent with CARD8-dependent cytokine release from 
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HIV-1 infection being amplified by secondary activation of an ASC-containing inflammasome in 

both cell-free and cell-to-cell infection models.  

 

 

Fig. 3.3: CARD8-dependent activation from HIV-1 is mostly ASC-independent 
(A) Wildtype (WT), CARD8 knockout (KO), ASC KO, or CARD8/ASC double knockout (DKO) 
THP-1 cells were primed with Pam3CSK4 then challenged either HIV-1LAI-VSVG or treated with 
VbP (5µM) or nigericin (5µg/mL). Inflammasome activation was assessed after 24 hours for VbP 
treated and HIV-1LAI-VSVG infected cells and after 4 hours for nigericin treated cells. Cell death is 
reported as percent of propidium iodide (PI) positive cells. (B) IL-1b secretion was assessed 
from the supernatant using IL-1R reporter assay. (C) SUPT1 cells were infected for 24 hours 
prior to coculturing with target THP-1 cells. The coculture was harvested 48 hours later to probe 
for IL-1b secretion in the coculture supernatant via IL-1R reporter assay. Wildtype (WT), CARD8 
KO, ASC KO or CARD8/ASC double KO (DKO) THP-1 cells were cocultured with SUPT1 cells 
either mock-infected or infected with HIV-1LAI. THP-1 cells were primed with Pam3CSK4 
(500ng/mL) for 16 hours prior to coculture. SUPT1 cells were infected with HIV-1LAI such that 
20% of the cells were positive for intracellular p24gag after 24 hours. Dotted line indicates limit of 
detection (LoD). Datasets represent mean ± SD (A-B) (n=3 biological replicates) or (C) (n=4 
biological replicates). p-Values were determined by two-way ANOVA with Tukey’s (A&C) and 
Dunnett’s (B) test using GraphPad Prism 10. ns = not significant, *p<0.05,**p<0.01, ***p<0.001, 
****p<0.0001. 
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Protease inhibitor resistant strains of HIV-1 differentially cleave and activate CARD8 

HIV-1PR inhibitors prevent CARD8-dependent inflammasome activation; however, they also 

inhibit viral replication due to the essential role of HIV-1PR in viral replication. To decouple 

CARD8 inflammasome activation from viral replication, we reasoned that naturally occurring 

HIV-1PR mutants may affect CARD8 cleavage and activation while remaining replication 

competent. Thus, we assayed a clinically-derived panel of multi-protease inhibitor (PRi)-

resistant infectious molecular clones of HIV-1, possessing 4-10 PRi-resistance mutations in 

HIVPR and one compensatory HIVgag mutation at the junction between nucleocapsid (NC) and p1 

(Table 3.1) (207). This panel exhibits varying resistance to assorted protease inhibitors as 

previously determined (207) and summarized in Table 3.1. 

 

Clone 
name 

PRi-resistance  
mutations in HIVPR 

HIVgag 
mutation Fold resistance 

   NFV FPV SQV IDV ATV LPV TPV DRV 

CA122805 10F, 33F, 43T, 46L, 54V, 
82A, 84V, 90M 

A431V 
(NC/p1) 64 62 >200 63 59 127 24 14 

CA96458 10F, 30N, 33F, 43T, 84V, 
88D, 90M 

A431V 
(NC/p1) >200 20 >200 15 99 30 3.1 7.2 

CA96451 32I, 33F, 43T, 46I, 47V, 
54M, 73S, 82A, 89V, 90M 

A431V 
(NC/p1) 76 >200 12 88 88 >200 12 112 

CA20392-1 24I, 46L, 54V, 82A A431V 
(NC/p1) 27 3.4 7.6 20 19 35 0.8 3.4 

Table 3.1: Protease inhibitor resistance mutations and fold resistance 
Table shows the protease inhibitor (PRi) resistant clones assayed with corresponding mutations 
in HIV protease (HIVPR) and HIVgag along with fold resistance to clinically used protease 
inhibitors. The HIVgag mutation is at the junction between nucleocapsid (NC) and p1. Fold 
resistance was previously determined in (207) by Monogram PhenoSenseTM assay. NFV-
nelfinavir; FPV- fosamprenavir; SQV- saquinavir; IDV- indinavir; ATV- atazanir; LPV- lopinavir; 
TPV- tipranavir; DRV- darunavir. The consensus subtype B sequence can be found on the 
Stanford HIV Drug Resistance Database (HIVDB) (208).  
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To assess CARD8 cleavage, we co-expressed CARD8 with an N-terminal mCherry tag and 

either wildtype HIV-1LAI or PRi-resistant HIV-1 proviruses. HIV-1LAI protease cleaves CARD8 

between phenylalanine (F) 59 and F60 (127), resulting in a ~33kDa product (Figure 3.4A). We 

identified two PRi-resistant clones, CA122805 and CA96458, that were markedly less efficient 

at cleaving CARD8 than HIV-1LAI, and two PRi-resistant clones, CA96451 and CA20392-1, that 

cleave CARD8 more efficiently than HIV-1LAI (Figure 3.4A). To assess inflammasome activation 

downstream of CARD8 cleavage in these PRi-resistant clones, we used HEK293T cells that 

endogenously express CARD8, but lack the entire inflammasome pathway. We reconstituted 

the inflammasome pathway into HEK293T cells by transfecting them with human caspase 1 and 

human IL-1b and then challenged with either empty vector, HIV-1LAI or the PRi-resistant 

proviruses. Consistent with the observed CARD8 cleavage by each HIV-1 strain, the clones 

CA122805 and CA96458, which exhibited less CARD8 cleavage than HIV-1LAI, also induced 

less IL-1b secretion than HIV-1LAI (Figure 3.4B). Similarly, CA96451 and CA20392-1, which 

demonstrated enhanced CARD8 cleavage correspondingly elicited more IL-1b secretion than 

HIV-1LAI (Figure 3.4B). Thus, PRi-resistant HIV-1 clones differentially cleave and activate the 

CARD8 inflammasome, providing a powerful tool for future studies to establish the relative 

effects of CARD8 inflammasome activation on viral replication.  
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Fig. 3.4: Protease inhibitor resistant strains of HIV-1 differentially cleave and activate 
CARD8 
(A) HEK293T cells were transfected with a construct encoding CARD8 with an N-terminal 
mCherry tag (mCherry-CARD8) and indicated HIV-1 proviral constructs. Protease inhibitor (PRi) 
resistant clones of HIV-1 are a subset of a panel expressing prototypical multidrug resistant 
HIV-1 protease (HIVPR) in an NL4.3 backbone. Top: Immunoblotting using anti-mCherry 
antibody to detect mCherry-CARD8. The full-length (CARD8-FL) and FIIND-processed 
(CARD8-N) bands are indicated as well as the HIVPR cleavage product. The band at ~45 kDa is 
the result of cleavage by the 20S proteasome. Bottom: Immunoblotting with an anti-p24gag 
antibody showing HIV-1gag cleavage products p41gag and p24gag, and/or full-length HIV-1gag, 
p55gag. (B) HEK293T cells were transfected with human caspase 1 and human IL-1b, and either 
carrier vector or indicated HIV-1 proviruses then probed for IL-1b secretion 24 hours post-
transfection via IL-1R reporter assay. Dotted line indicates limit of detection (LoD). Datasets 
represent mean ± SD (n=4 biological replicates). p-Values were determined by two-way ANOVA 
with Dunnett’s test using GraphPad Prism 10. ns = not significant, *p<0.05,**p<0.01, 
***p<0.001, ****p<0.0001. 
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Protease inhibitor resistant clones exhibit variable protease activation efficiency for 

CARD8 cleavage but not altered specificity 

We next investigated the molecular basis for the differential CARD8 activation capacity of PRi-

resistant clones. PRi-resistant mutations in HIVPR occur predominantly around the active site of 

HIVPR, and thus, sometimes modify the proteolytic processing capacity of HIVPR. To compensate 

for mutations in HIVPR that change its substrate specificity, mutations in HIVgag that permit proper 

polyprotein processing are selected for. Thus, since PRi-resistant HIVPR exhibit differences in 

specificity for its own viral polyproteins, we next interrogated whether or not mutant HIVPRs also 

display altered specificity for host proteins like CARD8.  

 

Mutations at the P1’ site of CARD8 immediately flanking the HIVPR cleavage site can alter 

protease recognition such that an F60A mutation within CARD8 can abrogate HIVPR’s ability to 

cleave and activate CARD8 (127,149). In addition, we previously demonstrated that HIVPR 

cannot cleave and activate chimpanzee (cpz) CARD8 (149). Thus, to evaluate differences in 

CARD8 specificity, we examined whether or not PRi-resistant clones could cleave F60A and 

cpz CARD8 by co-expressing different CARD8 variants with either HIV-1LAI or PRi-resistant 

clones. Like HIVLAI, none of the PRi-resistant clones could cleave the F60A or cpz CARD8 

variants (Figure 3.5A). Similarly, cleavage assays with F60L and F60S CARD8 variants also 

did not reveal any differences in altered specificity (data not shown). These data suggest that 

these PRi-resistant clones seem to not have altered specificity for CARD8 at the HIVPR cleavage 

site though more comprehensive mutagenesis studies are necessary to strengthen this 

hypothesis.  

 

As we did not see a notable difference in CARD8 cleavage specificity, we next assessed 

whether or not differential CARD8 activation between strains could be explained by variations in 

HIVPR activity, which is activated upon HIVgagpol dimerization. Certain nonnucleoside reverse 
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transcriptase inhibitors (NNRTIs) have been reported to enforce HIVgagpol dimerization and 

artificially induce HIVPR activation including efavirenz and rilpivirine (RPV) (152,209–211). Thus, 

we tested whether or not RPV treatment, which stimulates more HIVPR activation, could rescue 

CARD8 activation in the PRi-resistant clones that were less efficient at cleaving CARD8, 

CA122805 and CA96458. We first assayed differential CARD8 cleavage by co-expressing an 

mCherry-CARD8 construct with either HIV-1LAI or PRi-resistant clones identified in Figure 3.4 

then either treated with DMSO or RPV. With RPV treatment, we observed an enhancement in 

CARD8 cleavage to wildtype HIV-1LAI levels in CA122805 and CA96458 which previously 

exhibited attenuated CARD8 cleavage (Figure 3.5B). If RPV treatment had been unable to 

rescue CARD8 cleavage in the mutant HIVPRs, it may have implied that CA122805 and 

CA96458 have an inherent difference in specificity for CARD8. However, since RPV enhanced 

CARD8 cleavage in these mutant HIVPRs, it demonstrates that CA122805 and CA96458 may 

have the capacity to recognize and cleave CARD8 with similar specificity to wildtype HIV-1LAI 

and CA96451 and CA20392-1, as suggested in Figure 3.5A, but do not exhibit comparable 

CARD8 cleavage because they do not dimerize as efficiently in vitro.  

 

We also assessed the effects of RPV-treatment on subsequent inflammasome activation in HIV-

1LAI and PRi-resistant clones using HEK293T cells reconstituted with functional inflammasome 

pathways as performed in Figure 3.4B. RPV treatment significantly enhanced inflammasome 

activation, as measured by IL-1b secretion, with all tested HIV-1 proviruses (Figure 3.5C). 

However, CA122805 and CA96458, which display minimal inflammasome activation on their 

own, exhibited the most dramatic fold change in IL-1b secretion upon RPV treatment, rescuing 

IL-1b secretion to the same levels as the more efficient PRI-resistant clones, CA96451 and 

CA20392-1 (Figure 3.5D). These results suggest that differential CARD8 cleavage displayed by 

the PRI-resistant clones is due to the capacity for these proteases to dimerize and activate 
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rather than a difference in specificity for CARD8. However, even upon NNRTI treatment 

inflammasome activation of HIV-1LAI and CA122805 is markedly lower than the NNRTI-treated 

CA96458, CA96451, and CA20392.1 HIVPRs, indicating that there may still be uncharacterized 

alterations in HIVPR specificity for CARD8 or additional variables that confer this differential 

activation (Figure 3.5C).  

 

   

Fig 3.5: Protease inhibitor resistant clones exhibit variable protease activation efficiency 
(A) HEK293T cells were transfected with either wildtype human mCherry-CARD8 (mC-CARD8), 
human mC-CARD8 F60A, or mC-chimpanzee (cpz) CARD8 and indicated HIV-1 proviral 
constructs. Top: Immunoblotting using anti-mCherry antibody to detect mCherry-CARD8. The 
full-length (CARD8-FL) and FIIND-processed (CARD8-N) bands are indicated as well as the 
HIVPR cleavage product. Bottom: Immunoblotting with an anti-p24gag antibody showing HIV-1gag 
cleavage products p41gag and p24gag, and/or full-length HIV-1gag, p55gag.  
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Fig 3.5: Protease inhibitor resistant clones exhibit variable protease activation efficiency 
(continued) (B) HEK293T cells were transfected and immunoblotted as in (A) with mCherry-
CARD8 and indicated HIV-1 proviral constructs and either mock treated with DMSO or treated 
with the nonnucleoside reverse transcriptase inhibitor (NNRTI) rilpivirine (RPV) at 5µM 18 hours 
post-transfection. Lysates were harvested 6 hours after RPV was added. (C) HEK293T cells 
were transfected with human caspase 1 and human IL-1b, and either carrier vector or indicated 
HIV-1 proviruses then treated with RPV as in (B) and probed for IL-1b secretion 6 hours post-
treatment via IL-1R reporter assay. Dotted line indicates limit of detection (LoD). Datasets 
represent mean ± SD (n=4 biological replicates). p-Values were determined by two-way ANOVA 
with Tukey’s test using GraphPad Prism 10. ns = not significant, *p<0.05,**p<0.01, ***p<0.001, 
****p<0.0001. (D) Relative fold change in IL-1b secretion between untreated and RPV-treated 
conditions calculated from C. Dotted line indicates vector only control fold change.   
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DISCUSSION 

While the mechanisms governing HIV-dependent CD4+ T cell depletion is extensively studied 

and debated, innate sensing of HIV-1 in other HIV-1 target cell types is less appreciated. We 

demonstrate that cell-to-cell transmission of HIV-1 to myeloid cells yields CARD8-dependent 

inflammasome activation via the HIV-1PR. This activation occurs in a largely ASC-independent 

manner, suggesting that neither NLRP3 nor IFI16 are necessary for activation in these cell 

types despite being previously implicated as innate HIV sensors activators in CD4+ T cells 

(131,133). We postulate that under certain physiological conditions, cell-to-cell transmission can 

cause HIVPR activation of the CARD8 inflammasome when sufficiently high HIVgagpol 

concentrations are achieved during the influx of HIVPR across the viral synapse. In addition, we 

identified protease inhibitor resistant strains of HIV-1 that differentially cleave and activate the 

CARD8 inflammasome. Using this resource, our data suggest that differential CARD8 sensing is 

incurred by a difference in the ability of HIVgagpol to dimerize rather than an alteration in 

specificity for CARD8. Thus, HIVPR mutants selected for their resistance to different inhibitors 

also affect their ability to cleave host proteins including the inflammasome-forming sensor 

CARD8.  

 

T cell to macrophage cell-to-cell transmission and implications for HIV-1 pathogenesis 

Two major hallmarks of HIV-1 pathogenesis are CD4+ T cell depletion and chronic immune 

activation, ultimately resulting in immune destruction and susceptibility to opportunistic 

infections. CD4+ T cell depletion is thought to be driven primarily by inflammasome-dependent 

pyroptosis of bystander resting CD4+ T cells facilitated by IFI16 and NLRP3 in lymphoid- and 

blood-derived CD4+ T cells, respectively (131,133). However, CARD8, which is expressed and 

functional in naïve and memory CD4+ and CD8+ T cells, has recently been implicated as a 

driver of resting CD4+ T cell depletion during HIV-1 infection in primary human blood- and 

lymphoid-derived CD4+ T cells and humanized mouse models (125,160). Chronic immune 
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activation, the other major source of HIV-1 pathogenesis, is primarily caused by microbial 

translocation induced by depletion of specialized Th17 CD4+ T cell subsets in the gut mucosa, 

resulting in circulating microbial ligands that can prime inflammasome responses (4,54). Here, 

we investigated the potential role of CARD8 inflammasome activation in contributing to HIV-

dependent chronic immune activation in primary monocyte-derived macrophages.  

 

Cell-free infection of macrophages is inefficient; thus, macrophages are thought to be primarily 

infected through phagocytosis of infected CD4+ T cells or cell-to-cell transmission 

(194,212,213). We demonstrate that unlike CD4+ T cells, which are rapidly depleted by HIV-1 

infection and do not release pro-inflammatory IL-1𝛽 or IL-18 (125), primary macrophages can 

sense and induce pro-inflammatory cytokine release in response to HIVPR during cell-to-cell 

infection (Figure 3.1C), thus representing a potential source of sustained IL-1𝛽 and subsequent 

chronic immune activation. In addition to promoting chronic immune activation, HIV-dependent 

IL-1𝛽 release from macrophages may further contribute to HIV-1 pathogenesis by activating 

nearby CD4+ T cells, rendering them susceptible to becoming infected with HIV-1, and thus 

promoting CD4+ T cell depletion. Collectively with our prior work demonstrating that human 

CARD8 and not chimpanzee CARD8 has the unique propensity to respond to HIVPR, our 

findings provide further evidence that CARD8 inflammasome activation may be a potential 

driver of HIV-1 pathogenesis.  

 
Inflammasome activation from HIV-1 is largely ASC-independent 

In prior work, both IFI16 and NLRP3 have been associated with promoting CD4+ T cell 

depletion via inflammasome-driven pyroptosis using lymphoid-derived and blood-derived CD4+ 

T cells, respectively (131,133). IFI16 has been reported to induce inflammasome activation 

upon sensing abortive HIV transcripts in the cytoplasm of CD4+ T cells (131). However, HIV-1 

reverse transcription is now thought to occur largely in the capsid and completed in the nucleus, 
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rather the cytoplasm. Thus, IFI16 cytoplasmic sensing of HIV-1 transcripts is likely a low 

frequency event (27). Furthermore, IFI16 has been reported to not be an inflammasome-forming 

sensor (75), and instead a nuclear transcriptional regulator of antiviral genes including type I 

interferons and RIG-I (134,135). Here, we observed that HIV-dependent inflammasome 

activation in our myeloid cell infection models occurs largely independent of ASC-forming 

inflammasomes, including IFI16 and NLRP3. Instead, we find that IL-1𝛽 release is dampened in 

ASC KO compared to WT THP-1 cells (Figure 3.3), suggesting a secondary amplification role 

for the NLRP3 inflammasome downstream of CARD8. NLRP3 is well known to be activated 

upon GSDMD pore formation (214,215), thus we reason that NLRP3 amplifies pro-inflammatory 

cytokine levels after CARD8-dependent pyroptosis induced by the HIVPR (94). In addition, we 

noticed that CARD8 KO THP-1 cells respond to the NLRP3 agonist nigericin more dramatically 

than WT THP-1 cells (Figure 3.3A), which is consistent with prior reports that CARD8 may 

negatively regulate NLRP3 or rather NLRP3 may guard the function of CARD8 (81,216) .  

 

Protease inhibitor resistant mutants of HIVPR may cleave CARD8 with different 

efficiencies than wildtype HIVPR  

RNA viruses have a remarkable capacity to adapt to selective pressures, including antiviral 

drugs. Here, we used HIV-1 strains that are resistant to multiple protease inhibitors and 

assessed the consequences of these adaptations on HIVgagpol dimerization and CARD8 

cleavage specificity. We demonstrate that PRI-resistance mutations in HIVPRs can either 

enhance or diminish HIVgagpol dimerization efficiency relative to WT HIV-1LAI while maintaining 

similar specificity for CARD8 (Figure 3.5). To our knowledge, this is the first demonstration that 

HIVPR mutants that arose in response to resistance to protease inhibitors also exhibit differences 

in cleavage activity towards a host protein. 
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Proper timing and order of HIVgag and HIVgagpol polyprotein processing by HIVPR is crucial to 

achieve successful viral maturation (30). In addition, along with processing its own genome, 

HIVPR has been reported to cleave host translation initiation factors to inhibit cap-dependent 

translation and coopt host translation machinery for IRES-mediated HIV-1 translation (217–

220). Thus, variations in HIVgagpol dimerization and subsequent HIVPR activation could have 

significant impacts on viral replication. For example, hypoactive HIVPR strains that cannot 

efficiently dimerize may evade innate detection of HIVPR but may consequently exhibit inefficient 

viral maturation, irregular virion morphology (221), reduced viral infectivity (222,223) and viral 

protein production. Similarly, HIVPR is also known to cleave regulators of other cell death 

pathways including Bcl-2 (224), procaspase 8 (225), and RIPK1 and RIPK2 (226) to modulate 

apoptosis and necroptosis (219,220,227). Thus, enhanced HIVgagpol dimerization could be 

disadvantageous for HIV-1 by triggering CARD8-dependent pyroptosis or other cell death 

pathways and clearing HIV’s replicative niche.  

 

Ongoing work 

Since there are no known inhibitors of the CARD8 inflammasome, a limitation of our study is the 

inference that cell-to-cell transmission of HIV-1 in MDMs was CARD8-dependent based on 

HIVPR and CASP1 inhibitors but not reverse transcriptase or NLRP3 inhibitors abrogating 

inflammasome activation along with complementary data from CARD8 and ASC genetic 

knockouts in THP-1 cells. However, genetic editing of MDMs to knockout CARD8 and ASC 

(228) would offer further evidence that this cell-to-cell transmission within myeloid cells is 

CARD8-dependent. Similarly, we hope to further illustrate that cell-to-cell contact is necessary 

for CARD8-dependent activation by disrupting viral synapse formation via blocking antibodies, 

targeting actin-mediated adhesion molecules, including integrin LFA-1 and its cognate ligand 

ICAM-1 (129,188,229,230). In future studies, we plan to advance our coculture system to utilize 

CD4+ T cells as the viral producer line rather than SUPT1 cells and investigate subsequent 
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CARD8-dependent responses in both MDMs and tissue resident macrophages. Lastly, the PRi-

resistant mutant strains identified in this study provide a unique opportunity to decouple viral 

replication from CARD8 inflammasome activation and establish whether or not CARD8 

inflammasome activation restricts HIV-1 replication in future studies. Regardless of whether or 

not CARD8 inflammasome activation restricts HIV-1 at the cellular level, we posit that CARD8 

sensing of HIVPR in myeloid cells contributes to HIV-1 pathogenesis by promoting chronic 

immune activation. 
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METHODS 

Plasmids and Reagents 

pMD2.G used for HIV-1LAI-VSVG production was a gift from Didier Trono (Addgene). HIV-1LAI has 

been previously described (179). The following reagents were obtained through the NIH HIV 

Reagent Program, Division of AIDS, NIAID, NIH: rilpivirine (RPV), lopinavir (LPV), nevirapine 

(NVP), Human Immunodeficiency Virus 1 (HIV-1) NL4-3 BaL Infectious Molecular Clone (p20-

36) (HIV-1NL4.3-BaL), ARP-11442, contributed by Dr. Bruce Chesebro (231–234), and Panel of 

Multi-Protease Inhibitor Resistant Infectious Molecular Clones, HRP-12740, contributed by Dr. 

Robert Shafer (207). Mutant HIVPR sequences were amplified from clinically-derived viral cDNA 

encoding protease genes with resistance to multiple PRis then cloned into an NL4.3 backbone 

with overhangs including the 3’ end of gag with the gag cleavage site and the 5’ end of RT as 

previously described (207).  CARD8 variant constructs were cloned as previously described 

(149). VX765 was sourced from Invivogen (cat: inh-vx765i-1). 

 

Cell culture 

SUPT1 (ATCC) and THP-1 cells (ATCC) were cultured in RPMI (Invitrogen) with 10% FBS, 1% 

penicillin/streptomycin antibiotics, 10 mM HEPES, 0.11 g/L sodium pyruvate, 4.5 g/L D-glucose 

and 1% Glutamax. Primary monocytes were cultured in RPMI (Invitrogen) with 10% FBS, and 

1% penicillin/streptomycin antibiotics and differentiated in the presence of 20ng/mL GM-CSF 

(Peprotech cat: 300-03) and 10ng/mL M-CSF (Peprotech cat: 300-25). HEK293T (ATCC) lines 

were cultured in DMEM (Invitrogen) with 10% FBS and 1% penicillin/streptomycin antibiotics. All 

lines routinely tested negative for mycoplasma bacteria (Fred Hutch Specimen Processing & 

Research Cell Bank). 
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HIV-1LAI, HIV-1LAI-VSVG, and HIV-1NL4.3-BaL production 

293T cells were seeded at 2-3×105 cells/well in six-well plates the day before transfection using 

TransIT-LT1 reagent (Mirus Bio LLC) at 3 µL transfection reagent/well as previously described 

(185). For HIV-1 production, 293Ts were transfected with 1 µg/well HIVLAI or HIV-1NL4.3-BaL 

proviral DNA or 1 µg/well HIVLAI Δenv DNA and 500 ng/well pMD2.G for HIV-1LAI, HIV-1NL4.3-BaL, 

and HIV-1LAI-VSVG, respectively. One day post-transfection, media was replaced. Two days post-

transfection, viral supernatants were collected and filtered through a 20 μm filter and aliquots 

were frozen at –80°C. HIV-1LAI and HIV-1LAI-VSVG proviruses were previously described 

(179,186,187).  

 

Cell-free and cell-to-cell coculture HIV-1 infection 

Cell-free infections with HIV-1LAI-VSVG was done as previously described (149). Subsequent cell 

death was assessed by incubating in media containing propidium iodide dye, diluted 1:100, for 5 

minutes at room temperature then washed once with PBS before fixing with BD 

CytoFix/Cytoperm (cat:BDB554714) for flow cytometry. In the HIV-1 cell-to-cell transmission 

system, SUPT1 cells were spinoculated at 1100g for 30min with either HIV-1LAI or HIV-1NL4.3-BaL 

in the presence of 20µg/mL DEAE-dextran. After 24 hours, mock or HIV-1 infected SUPT1 cells 

were washed three times in PBS such that DEAE-dextran and cell-free virus were washed away 

before starting coculture with THP-1 cells or MDMs. THP-1 cells and MDMs were seeded at 5 x 

105 cells/well and primed with 500ng/mL Pam3CSK4 (Invivogen) for 16-24 hours before 

coculture. Mock or infected SUPT1 cells were seeded at 5 x 105 cells/well. Cultured 

supernatants from coculture were harvested for IL-1R reporter assay 48 hours after starting the 

coculture.  
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Transwell coculture HIV-1 infection 

SUPT1 cells were spinoculated at 1100g for 30min with HIV-1LAI in the presence of 20ug/mL 

DEAE-dextran. After 24 hours, mock or HIV-1 infected SUPT1 cells were washed 3 times in 

PBS and either mixed in a 24-well with THP-1 cells or placed in a transwell insert above target 

THP-1 cells at a concentration of 5 x 105 infected SUPT1 cells and 2.5 x 105 THP-1 cells per 

well. THP-1 cells were primed overnight with 500ng/mL Pam3CSK4 before starting coculture. 

The transwell insert has a 0.4𝜇m membrane at the bottom of the well (ThinCert™ Tissue 

Culture Inserts, Sterile, Greiner Bio-One cat:665640), allowing virus to pass out of the transwell 

but not the infected cell. Reverse transcriptase activity in viral supernatants was measured 

using the RT activity assay as described (235,236). A stock of HIV-1LAI virus was titered multiple 

times, aliquoted at −80°C and used as the standard curve in all assays. 

 

Monocyte-derived macrophage isolation/differentiation 

Primary monocytes were isolated via positive selection using the EasySep™ Human CD14 

Positive Selection Kit II (Easy Sep, 1x10^9) (Stem Cell Technologies) according to the 

manufacturers protocols from PBMCs collected from healthy donors. Upon isolation, monocytes 

were seeded at 5 x 105 cell/well in 24-well plates and differentiated for 5 days in the presence of 

media containing 20ng/mL GM-CSF (Peprotech cat: 300-03) and 10ng/mL M-CSF (Peprotech 

cat: 300-25), refreshing media every other day.  

 

IL-1R reporter assay 

IL-1b secretion was assayed using HEK-Blue-1b reporter cells (Invivogen) as previously 

described (149). In brief, HEK-Blue-1b reporter cells are engineered such that binding of IL-1β 

to the surface receptor IL-1R1 results in the downstream activation of NF-kB and subsequent 

production of secreted embryonic alkaline phosphatase (SEAP) in a dose-dependent manner 
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(104). Culture supernatant from infected/treated cells was transferred to HEK-Blue 1b reporter 

cells, and on the same plate, serial dilutions of recombinant human IL-1β (Peprotech) were 

added to generate a standard curve for each assay. After overnight incubation, SEAP levels 

were assayed using QUANTI-Blue colorimetric substrate via absorbance at OD655. 

 

ASC KO and CARD8/ASC DKO generation 

ASC knockout (KO) and CARD8/ASC double KO (DKO) were generated similarly to NLRP1 KO 

described in (104). CARD8/ASC DKO were made using previously generated CARD8 KO cells 

as the parental line (149). 

 

CARD8 cleavage assay 

HEK293T cells were seeded at 1–1.5 × 105 cells/well in 24-well plates the day before 

transfection using TransIT-LT1 reagent at 1.5 µL transfection reagent/well (Mirus Bio LLC). One 

hundred ng of indicated constructs encoding an N-terminal mCherry-tagged CARD8 were co-

transfected into HEK293T cells with empty vector (‘–’), HIVLAI or PRi-resistant provirus. To 

normalize HIVgag expression between HIV-1LAI and the PRi-resistant clones, which are in a 

different vector backbone, 400ng of HIV-1LAI and 200ng of all PRi-resistant clones were 

transfected. All conditions were normalized with empty vector to contain the same amount of 

DNA. Cytoplasmic lysates were harvested 24 hr post-transfection and immunoblotted as 

previously described (149). For cleavage blots with NNRTI treatment, NNRTI was added 18 

hours post-transfection and then harvested at 24 hours post-transfection or 6 hours post-NNRTI 

treatment. 
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HEK reconstitution assay 

HEK293T cells, which endogenously express CARD8, were seeded at 2.25 x 105 cell/well in 24-

well plates the day before transfection using TransIT-LT1 reagent at 1.5uL transfection 

reagent/well (Mirus Bio LLC). Functional inflammasomes were reconstituted by transfecting in 

5ng human CASP1 and 100ng human IL-1b. To assess the effects of different viral proteases 

on inflammasome activation, HIV-1LAI or PRi-resistant clones were co-transfected in with CASP1 

and IL-1b. As with the CARD8 cleavage assay, a higher amount of 250ng HIV-1LAI was added 

relative to the PRi-resistant clones, which were all added at 125ng, to normalize HIVgag 

expression between the different vector backbones. All conditions were normalized with empty 

vector to contain the same amount of DNA. Cultured supernatant was harvested 24 hours post-

transfection to assay for IL-1b secretion via IL-1R reporter assay. The NNRTI-treated HEK293T 

reconstitution experiment was treated as described above in the CARD8 cleavage assay.  
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CHAPTER 4: CONCLUSIONS, PERSPECTIVES, AND FUTURE DIRECTIONS 

SUMMARY 

In this thesis, I demonstrate that human CARD8, but not chimpanzee CARD8, can sense a 

range of lentiviral proteases including HIV-1 protease (HIVPR). Additionally, I identified various 

mutant HIVPRs, selected for resistance to protease inhibitors, that can differentially cleave and 

activate the CARD8 inflammasome. CARD8 inflammasome activation during acute HIV-1 

infection in myeloid cells results in pyroptotic cell death and release of pro-inflammatory 

cytokines. My work suggests a model whereby human-specific sensing of HIVPR by CARD8 and 

subsequent inflammatory activation in myeloid cells may contribute to HIV-1 pathogenesis by 

promoting chronic immune activation. Here, I speculate on the implications and potential 

applications of CARD8-dependent sensing of HIVPR along with possible areas that warrant 

further investigation and possible experiments.  

 

CARD8 SENSING OF INCOMING HIV PROTEASE  

The majority of the literature characterizing HIVPR function focuses on its vital role in proteolytic 

processing of HIVgag and HIVgagpol during viral maturation in the final stage of viral replication. 

Proper spatiotemporal proteolytic processing of HIVgagpol by HIVPR is crucial to producing mature 

infectious virions such that incomplete processing results in defective capsid formation and 

unprocessed HIVgag intermediates, which can trans-dominantly inhibit viral infectivity (237,238). 

HIVPR activation requires HIVgagpol dimerization to form its active site, and the resulting HIVPR 

dimers are highly stable (239–241). Nascent virions consist of approximately 2400 HIVgag 

molecules and 120 HIVgagpol molecules (30). Thus, since HIVPR requires two HIVgagpol molecules, 

there are only about 60 functional units of HIVPR dimers in the virion, which limits but does not 

eliminate the possibility of delivery of active HIVPR dimers into the host cytosol following viral 

fusion, which I refer to as “incoming” HIVPR. However, early HIVPR characterization studies 
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report conflicting conclusions on the potential activity and effects of incoming HIVPR dimers 

(242–246). In this work, I establish that CARD8 can sense incoming HIVPR during acute HIV-1 

infection, providing some of the first direct evidence of cytosolic active incoming HIVPR. 

 

In addition to incoming HIVPR activity, the localization of HIVPR after viral maturation is also 

enigmatic. The HIV capsid core, formed during viral maturation, consists of the RNA genome 

associated with nucleocapsid and viral enzymes including reverse transcriptase and integrase. 

In illustrations of HIV replication, HIVPR is typically depicted either as within the matrix shell but 

excluded from the capsid core or completely omitted from mature virion illustrations 

(238,247,248); however, to my knowledge, HIVPR localization after viral maturation has never 

experimentally been shown. Since HIV capsid uncoating occurs primarily in the nucleus and I 

observed CARD8 sensing of incoming HIVPR in the cytosol, active HIVPR dimers are likely 

localized outside the capsid and can be immediately sensed upon viral fusion and entry. 

However, it is also possible that some active HIVPR is also included in the HIV capsid core. To 

test this, I reasoned that destabilizing the capsid with the capsid inhibitor lenacapavir would 

expose the contents of the capsid to innate proteins in the cytosol including CARD8. Thus, if 

there was active HIVPR in the core, I would observe enhanced CARD8-dependent 

inflammasome activation in lenacapvir-treated cells at early timepoints of HIV infection. In 

unpublished preliminary work, I did not observe enhanced CARD8 activation upon lenacapavir 

treatment (data not shown), suggesting that incoming HIVPR dimers are excluded from the HIV 

capsid which is consistent with the fact that there are no reported host targets of HIVPR in the 

nucleus. Similarly, future studies leveraging HIV strains with destabilizing capsid mutations 

(249–251) could provide further evidence of HIVPR presence or absence from the HIV capsid 

core.  
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CARD8 SENSING OF DE NOVO SYNTHESIZED HIV PROTEASE 

HIVPR proteolytic processing is canonically thought to occur only during viral maturation after 

viral egress; however, some studies report HIVgag processing in cytoplasmic lysates of HIV-1 

infected cells and recent studies using highly sensitive technology, including nanoscale flow 

cytometry and instant structured illumination microscopy, have indicated that HIVPR activation 

occurs within infected cells before viral budding (32,37). Though these studies suggest the 

presence of cytosolic active HIVPR, it is unclear if cytoplasmic HIVPR  exists in only its precursor 

form or in both its precursor and mature form. The immature precursor HIVPR embedded within 

HIVgagpol is activated in cis and accomplishes the initial cleavage events of HIVgag and HIVgagpol 

processing when high HIVgagpol concentrations are achieved to allow for dimerization. Eventually, 

the HIVgagpol polyprotein is rapidly processed in trans to free the mature HIVPR dimer. In this 

work, I report that CARD8 senses active cytoplasmic HIVPR originating from both incoming and 

de novo synthesized HIVPR early and late in viral replication. While the incoming HIVPR is 

already in its mature form, it is not known whether the de novo translated HIVPR  sensed by 

CARD8 is in its immature precursor form or if both forms are present in the cytosol.  

 

Despite having identical amino acid sequences, precursor and mature HIVPR exhibit differential 

proteolytic function, hypothesized to be driven by allosteric regulations (252). My findings 

regarding CARD8 sensing of incoming HIVPR indicate that the mature form of HIVPR has the 

capacity to cleave and activate CARD8, but precursor HIVPR has a more limited cleavage 

capacity relative to mature HIVPR such that precursor HIVPR can efficiently cleave only four of 

the ten HIVgagpol proteolytic processing sites (253,254). Thus, the reduced proteolytic activity 

exhibited in precursor HIVPR may extend beyond the viral polyprotein such that precursor HIVPR 

also demonstrates altered cleavage function toward host proteins including CARD8. Despite 

hundreds of available crystal structures of mature HIVPR in complex with many different 

protease inhibitors, much less is known about the structure and substrate specificity of 
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precursor HIVPR due to its poor solubility and structural heterogeneity. To evaluate whether or 

not precursor HIVPR is able to cleave CARD8, I could co-transfect HEK293T cells with mCherry-

CARD8 and a mutant HIV construct that locks HIVPR into its precursor state by preventing HIVPR 

processing (32) and assess subsequent CARD8 cleavage by western blot.  

 

An orthogonal approach to determine whether or not CARD8 senses the precursor and/or 

mature de novo synthesized HIVPR during infection is to utilize selective protease inhibitors 

targeting either precursor or mature HIVPR. Multiple groups have reported that precursor HIVPR 

is significantly less sensitive to catalytic site protease inhibitors than mature HIVPR and may 

contribute to protease inhibitor resistance (35,255–259). Thus, high-throughput compound 

screening identified protease inhibitors that inhibit both precursor and mature HIVPR along with 

protease inhibitors that selectively inhibit the mature but not the precursor form of HIVPR (260). 

Since the mature HIVPR is a product of processed precursor HIVPR, there are no inhibitors that 

can selectively inhibit the precursor HIVPR without also inhibiting mature HIVPR. Thus, I could 

leverage the protease inhibitors that selectively inhibit mature HIVPR and assess if HIV-

dependent CARD8 inflammasome activation persists in the presence of these inhibitors 

(256,260,261). If inflammasome activation is abrogated by treatment with a mature HIVPR 

inhibitor, it would suggest that cytoplasmic precursor HIVPR is unable to cleave CARD8, but 

there is cytoplasmic mature HIVPR, which CARD8 can sense. In contrast, if inflammasome 

activation persists in the presence of the mature HIVPR inhibitor to the same level as untreated 

conditions, it would suggest that there is no mature cytoplasmic HIVPR and CARD8 exclusively 

senses precursor HIVPR. Reduced levels of inflammasome activation upon selective mature 

HIVPR inhibitor treatment would indicate that both precursor and mature HIVPR are present and 

active in the cytosol and both forms can contribute to CARD8 activation during acute HIV-1 

infection. Therefore, these follow-up studies could elucidate not only additional viral 
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determinants of CARD8 activation but also clarify an unclear aspect of HIVPR dynamics during 

HIV-1 replication.   

 

DIFFERENTIAL CLEAVAGE OF OTHER HOST TARGETS OF HIV PROTEASE 

In addition to cleaving CARD8, there is increasing evidence that HIVPR modulates other host 

proteins during viral replication. One class of host proteins implicated as targets of HIVPR are 

proteins involved in host translation initiation and regulation including eIF4D, eIF4G, PABP, and 

GCN2 such that cleavage of these host factors shut down host translation and may assist in 

viral protein translation (217,219,262,263). Similarly, HIVPR is also known to cleave regulators of 

other programmed cell death pathways including Bcl-2 (224), procaspase 8 (225), and RIPK1 

and RIPK2 (226), which control apoptosis and necroptosis (219,220,227). In addition, HIVPR has 

also been reported to cleave virion-associated host antiviral proteins incorporated into nascent 

virions. These host antiviral proteins include a unique splice variant of cytidine deaminase 

APOBEC3H known as A3H haplotype II SV200 (264), which hypermutates the viral genome, 

and the m6A RNA modification reader YTHDF3 (265), which detects m6A modifications that are 

abundant on HIV RNA. These additional host targets suggest that HIVPR may possess functions 

other than viral maturation to facilitate viral replication. 

 

In Chapter 3, I identified various mutant HIVPRs that could differentially cleave and activate 

CARD8. Preliminary follow-up studies characterizing the mechanism responsible for these 

differences suggest that there is no obvious difference in the specificity of these mutant HIVPRs 

for CARD8 at the HIVPR cleavage site, but rather differences are conferred by its capacity to 

dimerize and activate HIVPR (Figure 3.4, 3.5). However, I tested only a small number of CARD8 

variants for differential cleavage by the mutant HIVPRs. Thus, I could more thoroughly assess the 

specificity of the mutant HIVPRs by screening peptide libraries fused to a fluorescently quenched 

reporter that is activated upon proteolytic cleavage (266). Additionally, I would also be interested 
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in assessing whether or not mutant HIVPRs also exhibit differential cleavage of known host cell 

protein targets of HIVPR other than CARD8 with a particular focus on those involved in cell death 

pathways. For example, I could assess differential HIVPR-mediated cleavage of Bcl-2 or 

procaspase 8, which both induce apoptosis, with mutant strains that were hypo- or hyperactive 

for cleaving CARD8 using the HEK293T cell overexpression and western blot pipeline I 

optimized for evaluating CARD8 cleavage by SIV/HIVPR (Figure 2.1B-C). If the mutant HIVPRs 

exhibit similar preferences for Bcl-2 and procaspase 8 as CARD8, it would provide further 

evidence that the mutant HIVPRs have similar substrate specificity and that differences are 

instead rendered by its ability to activate HIVPR. However, if the mutant HIVPRs  preferences for 

Bcl-2 and procaspase 8 do not phenocopy its CARD8 preferences, it could suggest a difference 

in substrate specificity between mutant HIVPRs and could inform future CARD8 mutagenesis 

studies.  

 

Interestingly, altered mutant HIVPR substrate preference for Bcl-2 and procaspase 8 relative to 

CARD8 could also hint at an innate host failsafe for sensing HIV-1 infection via HIVPR such that 

HIVPR specificity could skew an infected cell toward either pyroptosis or apoptosis. For example, 

mutant HIVPRs that exhibit reduced cleavage for CARD8 may exhibit increased cleavage for 

other host cell targets like Bcl-2 or procaspase 8 to induce apoptosis instead. Since both 

pyroptosis and apoptosis result in removal of HIV’s replicative niche, it suggests that 

programmed cell death is antiviral. However, further studies assessing relative viral load in cells 

that can or cannot readily undergo pyroptosis and/or apoptosis (i.e., GSDMD KO or caspase 1 

KO to inhibit pyroptosis and caspase 3 KO to inhibit apoptosis) are necessary to strengthen that 

hypothesis. Taken together, these musings and speculations highlight the largely 

underappreciated but potentially pivotal role of HIVPR may play in host regulation during HIV-1 

infection. 
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EFFECTS OF TISSUE MICROENVIRONMENT ON CARD8 ACTIVATION 

There have been conflicting reports in the literature as to whether or not CD4+ T cells can 

pyroptose and induce IL-1b secretion in response to HIV-1 infection. Blood-derived resting 

CD4+ T cells infected with HIV-1 seem resistant to pyroptosis (132) whereas lymphoid-derived 

resting CD4+ T cells readily undergo pyroptosis (128). Some of this discrepancy may be due to 

differences in cytokine exposure in blood-derived versus lymphoid-derived cells. Cytokines can 

drastically alter the gene expression profile of a cell. For example, exposure to interferon can 

upregulate hundreds of antiviral genes and transcriptionally reprogram the cell into an antiviral 

state. Similarly, transcriptional ‘priming’ is a known prerequisite for inflammasome activation, 

inducing the expression of IL-1b and/or inflammasome components before challenge with an 

inflammasome activator. Indeed, in Chapter 2, I demonstrate that toll-like receptor (TLR) priming 

of target myeloid cells is essential to elicit IL-1b release in response to CARD8 inflammasome 

activation by HIVPR and Val-boroPro, a known CARD8 agonist (Figure 2.4B). In addition, in 

Chapter 3, I observed inflammasome activation, as measured by IL-1b secretion, upon cell-to-

cell transmission of HIV-1 from SUPT1 T cell lymphoma cells to primary blood monocyte-

derived macrophages when the macrophages were TLR-primed (Figure 3.1C).  

 

Given the importance of cytokines in defining innate responses, I would be intrigued to explore 

the importance of cellular microenvironments in altering CARD8 responses when using CD4+ T 

cells and macrophages from different cellular compartments. To test this, I could assess CARD8 

activation in cell-to-cell transmission cocultures using either blood- or lymphoid-derived CD4+ T 

cells as the viral producer line and either monocyte-derived or tissue-resident macrophages as 

the target cells. When used as the viral producer line, I would anticipate that blood- and 

lymphoid- derived CD4+ T cells should behave similar to one another, unless the cytokine cues 

of the tissue microenvironment alter the cell’s ability to form a viral synapse to deliver virions 
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into the target cell. In contrast, monocyte-derived macrophages and tissue resident 

macrophages may vary widely in propensity to activate and elicit inflammatory cytokines. In fact, 

macrophages are so heavily influenced by tissue microenvironment that I would anticipate that 

tissue-resident macrophages originating from different organs, including Kupffer cells in the 

liver, alveolar macrophages in the lungs, and macrophages localized at mucosal barriers like 

the vagina, urethra, and intestine, would likely exhibit differential responses to cell-to-cell 

transmission of HIV. In this way, macrophages from the blood and tissues may differentially 

contribute to HIV-associated chronic inflammation and immune activation. 

 

CARD8 INFLAMMASOME ACTIVATION AS A DRIVER OF HIV-1 PATHOGENESIS 

Although SIVcpz infection of chimpanzees causes AIDS-like immunopathogenesis (59), HIV-1 

infection of humans is markedly more pathogenic and inflammatory than SIVcpz-infected 

chimpanzees. In this work, I posit that this differential pathogenesis is driven by CARD8 sensing 

of HIVPR, conferred by the human-specific FF motif within CARD8. I demonstrate that CARD8 

inflammasome activation readily occurs in HIV-1 infected myeloid cells upon both cell-free and 

cell-to-cell infection. In Chapter 3, I propose multiple mechanisms by which CARD8 

inflammasome activation in myeloid cells may be contributing to HIV-1 pathogenesis. To recap, 

HIV-dependent CARD8 inflammasome activation induces pro-inflammatory cytokine release in 

myeloid cells, which may promote chronic immune activation. Additionally, these pro-

inflammatory cytokines may activate nearby CD4+ T cells, rendering them susceptible to HIV-1 

infection and thus may also contribute to viral dissemination.  

 

Since the entirety of this work was accomplished in in vitro systems of infection, in vivo animal 

studies are necessary to provide more concrete evidence of CARD8-dependent HIV 

pathogenesis. Indeed, recent work using humanized mouse models suggests that CARD8 

activation drives CD4+ T cell depletion (160). Non-human primate studies demonstrating 
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CARD8-driven HIV pathogenesis could be pivotal to bolstering interest in leveraging HIV-

dependent CARD8 activation for developing novel HIV therapeutics. However, currently, there 

are no known selective CARD8 inflammasome inhibitors or potent selective CARD8 activators, 

which may make designing non-human primate studies challenging. In addition to animal 

models, data mining early clinical outcomes and inflammatory biomarkers from people living 

with HIV (PLWH) harboring protease inhibitor resistant strains of HIVPRs that differentially 

activate CARD8 may also provide insights into the pathogenic potential of HIV-dependent 

CARD8 inflammasome activation. For example, given the model for CARD8-driven 

pathogenesis, I would anticipate that PLWH harboring HIVPRs with hyperactivity toward CARD8 

would present with enhanced chronic immune activation as measured by elevated serum pro-

inflammatory cytokines and other inflammatory cytokines. Conversely, I might expect that 

PLWH harboring HIVPRs with hypoactivity toward CARD8 would have reduced chronic immune 

activation relative to the hyperactive HIVPRs. 

 

EXPLORING OTHER NON-HUMAN PRIMATE CARD8  

In this work, I characterize human and chimpanzee CARD8 responsiveness to HIV/SIVPR and 

speculate on potential consequences of this activation on HIV-1 and SIVcpz pathogenesis. 

However, other non-human primates that exhibit both pathogenic and nonpathogenic SIV 

infection also express CARD8 in varying degrees. Thus, I would be interested in determining 

whether or not the proposed model of CARD8 activation driving pathogenesis may extend to 

nonpathogenic and pathogenic SIV infections. SIVagm and SIVsmm infection of African green 

monkeys and sooty mangabeys, respectively, are the best studied examples of SIVs that yield 

nonpathogenic infection in their natural host despite reaching high viral loads. Therefore, future 

characterization of CARD8 variants from African green monkeys and sooty mangabeys are of 

particular interest in characterizing the potential role of CARD8 activation or suppression in 

allowing for tolerance of SIV infection. Similarly, rhesus macaques develop pathogenic SIV 
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infection, characterized by CD4+ T cell depletion, high viremia, and progression to AIDS-like 

immunopathology (267–270). Thus, assessing rhesus macaque CARD8 activation to SIV 

infection could provide further insights into CARD8 sensing’s pathogenetic potential.  

 

Multiple non-human primates, including rhesus macaques, sooty mangabeys, and African green 

monkeys possess CARD8 gene duplications with various truncations and indels that remain to 

be fully characterized. However, at the time of writing this dissertation, a new published study 

reported that one copy of rhesus CARD8 can induce inflammasome activation in response to 

HIV/SIVPR while the other copy possesses a large N-terminal truncation that ablates FIIND auto-

processing, which is necessary for oligomerization, and thus cannot form an inflammasome 

(160).  As rhesus macaques exhibit pathogenic SIV infection, the finding that rhesus CARD8 

can sense and activate in response to HIV/SIVPR is consistent with the hypothesis that CARD8 

inflammasome activation promotes HIV/SIV pathogenesis. Similarly, while the N-terminus could 

be cleaved by HIV/SIVPR, African green monkey and sooty mangabey CARD8 could not form an 

inflammasome due to deletions or large truncations in the C-terminal CARD necessary for 

caspase 1 recruitment, once more consistent with CARD8 activation mediating SIV 

pathogenesis. Additionally, chimeras fusing the nonpathogenic sooty mangabey or African 

green monkey N-terminus with the functional rhesus CARD8 C-terminal CARD was sufficient to 

rescue inflammasome activation in vitro, suggesting that sooty mangabeys and African green 

monkeys evolved away from possessing a functional CARD8 inflammasome (160). Taken 

together, these findings are consistent with the working model that CARD8 inflammasome 

activation is a driving factor in conferring inflammatory pathogenesis in HIV and SIV infections. 

 

Despite this latest evidence of CARD8-dependent pathogenesis, non-human primate in vivo 

studies inhibiting HIV/SIV-dependent CARD8 inflammasome activation are necessary to draw 

stronger conclusions about the pathogenic implications of CARD8 activation. Additionally, 
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though microbial translocation and immune activation can be recapitulated in African green 

monkeys during acute SIVagm infection when the gut mucosa is chemically damaged by 

dextran sulfate sodium, AIDS-like immunopathology has never been recapitulated in non-

pathogenic hosts (65). Thus, since the sooty/rhesus and African green monkey/rhesus chimeras 

were sufficient to confer HIV/SIV-dependent CARD8 activation in vitro, it would be interesting to 

test whether or not genetically engineered expression of rhesus CARD8 or Old World 

monkey/rhesus chimeras in an SIV-infected but nonpathogenic host like African green monkeys 

or sooty mangabeys can also confer AIDS-like immunopathogenesis.  

 

Recently, owl monkeys, which are New World monkeys, have garnered interest in potentially 

being an alternative non-human primate animal model for pathogenic SIV/HIV infection 

(271,272). CARD8 variants from neither prosimians nor New World monkeys like owl monkeys 

have been characterized for capacity to form inflammasomes or respond to lentiviral proteases. 

Thus, if CARD8 activation is necessary for conferring HIV/SIV pathogenesis, characterizing 

whether or not owl monkey CARD8 exhibits HIV/SIV-dependent inflammasome activation like 

humans could provide further evidence in favor of or against using owl monkeys as an 

alternative HIV/SIV animal model. 

 

THE ORIGINS OF CARD8 INFLAMMASOME ACTIVATION BY HIV-1 PROTEASE 

Since the FF motif at the HIVPR cleavage site in CARD8 is conserved across all humans and 

Neanderthals but not chimpanzees, there was likely a selective sweep in favor for F60 before 

the species divergence between Neanderthals and Homo sapiens but after divergence of 

humans and chimpanzees (between approximately 800,000 and 7 million years ago) (273). As 

HIV only arose in the past hundred years (48), it is too young of a virus to have driven evolution 

of the HIVPR cleavage site in human CARD8. Nonetheless, despite conservation at position 60, 

human CARD8 is highly polymorphic, and multiple residues within the N-terminal tripwire of 
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CARD8, including those that allow CARD8 sensing of extant human pathogenic viruses like 

coronaviruses and picornaviruses, show strong evidence of positive selection, an evolutionary 

signature consistent with a history of host-pathogen conflict (121,136). In fact, the HIVPR 

cleavage site in CARD8 overlaps with a site that is cleaved by the coronavirus 3CL protease, 

and a single amino acid polymorphism around this site is sufficient to switch the host specificity 

from sensing coronavirus to preferentially sensing picornavirus instead. These seemingly minor 

alterations conferring drastic changes in host sensing specificity highlights the plasticity and 

capacity of the N-terminus CARD8 to harbor a wide range of viral protease or general pathogen 

effector substrates (121). Although it is possible that the human-specific F60 was fixed 

stochastically or as a passenger mutation, I favor a scenario in which human CARD8 sensing of 

HIVPR arose as a consequence of CARD8 adaptation to an ancient virus such that F60 rendered 

humans more fit for survival (121,124).    

 

First reported as an inflammasome-forming sensor in 2018, CARD8 is a relatively newly 

discovered inflammasome and thus, the breadth of its activators is incomplete. Further 

characterization of the pathogens CARD8 can sense within its N-terminal tripwire may reveal 

the pathogen or its modern descendant that drove the selective sweep for the FF motif in 

CARD8. Though CARD8 has been reported to sense only viral proteases thus far, it is possible 

that CARD8 can also detect other pathogen effectors like bacterial or fungal toxins. To identify 

additional CARD8 activators to follow-up on, one could develop a library of human pathogenic 

effector proteins to conduct a high-throughput screen for capacity to activate CARD8. This could 

provide a powerful unbiased approach to identify novel CARD8 agonists and with some 

modifications, potentially classify other inflammasome agonists. Alternatively, as many 

computational tools exist for predicting protease-specific target substrate, including PoPS (274), 

SitePrediction (275), PROSPERous (276), and Procleave (277), one could consider a 

computational approach and utilize these protease cleavage site algorithms to predict other viral 
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proteases that may cleave CARD8 to help guide future hypothesis-driven experimental studies 

in the wet lab (278). Whether it be through high-throughput or individual studies, I anticipate that 

more CARD8 inflammasome agonists will be identified in the years to come and perhaps hint at 

the pathogenic effector, or effector family if the actual pathogen no longer exists in our modern 

world, that drove the FF motif in CARD8.  

 

CARD8 ACTIVATION FOR HIV CURE  

Though combination antiretroviral (cART) therapy can control HIV replication and disease 

progression, there is no absolute cure for HIV infection. The primary barrier to HIV cure is the 

presence of a latent HIV reservoir persisting in long-lived memory CD4+ T cells (7,9,279), 

introduced during integration into the host genome in the course of initial viral replication. These 

latently infected cells often remain dormant and hidden from the immune system but can 

become reactivated upon encountering its cognate antigen (280,281) or through other 

mechanisms, resulting in productive HIV infection and infectious virion release in a process 

known as viral rebound (282). Thus, people living with HIV (PLWH) must remain on cART 

indefinitely to prevent disease progression associated with viral rebound. 

 

One strategy proposed to clear the latent reservoir is known as “shock and kill” whereby a 

latency reversal agent (LRA) is administered to “shock” the provirus out of latency to reveal to 

the host immune system which cells are harboring HIV then “killed” presumably through 

immune-mediated clearance mechanisms. Currently, most kill approaches involve targeting 

HIV-infected cells though delivery of an extrinsic executioner like engineered CAR-T cells or 

broadly neutralizing antibodies. However, application of CARD8-dependent inflammasome 

activation by HIVPR may provide an intriguing intrinsic “kill” strategy for shock and kill that does 

not require recognition of a HIV-specific epitope on the cell surface.  
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Indeed, by facilitating intracellular HIVPR activation through artificial HIVgagpol dimerization, non-

nucleoside reverse transcriptase inhibitors (NNRTIs) treatment at high concentrations can 

induce pyroptotic lytic cell death in HIV-infected cells in a CARD8-dependent manner (127,153). 

Follow-up studies revealed that the NNRTI concentration required for NNRTI-induced cell killing 

could be lowered to more physiologically relevant concentrations similar to those measured in 

plasma of PLWH on cART if cells were first sensitized to CARD8 inflammasome activation with 

Valboro-Pro (VbP), a known CARD8 agonist. In this way, researchers demonstrated improved 

clearance of latently infected CD4+ T cells isolated from PLWH through co-treatment with VbP 

and NNRTIs relative to NNRTIs alone (142). As a result of these promising results, industry 

researchers at Merck & Co. conducted studies to identify and develop new NNRTIs that 

dimerize HIVgagpol more efficiently to further enhance CARD8-dependent killing of HIV-1-infected 

cells, highlighting the importance of basic science research in providing a basis for translational 

solutions to disease (141).  

 

Similarly, as VbP can activate both the NLRP1 and CARD8 inflammasome in certain cell types, 

selectively CARD8-specific activators should be assessed for sensitization to NNRTI-induced 

killing to avoid off-target effects. Recently, CQ31 was identified as the first CARD8-specific 

inflammasome activator; however, it requires high micromolar concentrations (122,123). Thus, 

there is a clear need for development of more potent and specific CARD8 inflammasome 

activators in order for NNRTI-induced killing to become more therapeutically viable. 

Nonetheless, CARD8 inflammasome activation by HIV-1 protease may prove to be a powerful 

tool for immune-mediated clearance of HIV-1. In addition to HIV-1, I also demonstrated that 

HIV-2 protease has the capacity to cleave CARD8, suggesting that NNRTI-induced cell killing 

may also be a viable strategy for HIV-2 elimination. Similarly, identification of additional viral 

proteases that can be sensed by CARD8 may provide additional candidates for CARD8-

mediated viral clearance.  
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CONCLUDING REMARKS 

The work outlined in this dissertation underscores the power of using evolution guided 

approaches to understand host/pathogen interactions. I have speculated on a few of the many 

implications of CARD8 sensing of HIVPR, ranging from driving HIV-1 pathogenesis to curing  

HIV-1. As CARD8 research is a burgeoning field, future studies continuing my initial 

characterization of CARD8 sensing of HIVPR may uncover additional mechanisms of CARD8 

inflammasome activation and inspire therapeutic strategies for controlling other pathogenic 

infections. 
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