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            Abstract
The pathway causing CD4 T-cell death in HIV-infected hosts remains poorly understood although apoptosis has been proposed as a key mechanism. We now show that caspase-3-mediated apoptosis accounts for the death of only a small fraction of CD4 T cells corresponding to those that are both activated and productively infected. The remaining over 95% of quiescent lymphoid CD4 T cells die by caspase-1-mediated pyroptosis triggered by abortive viral infection. Pyroptosis corresponds to an intensely inflammatory form of programmed cell death in which cytoplasmic contents and pro-inflammatory cytokines, including IL-1β, are released. This death pathway thus links the two signature events in HIV infection—CD4 T-cell depletion and chronic inflammation—and creates a pathogenic vicious cycle in which dying CD4 T cells release inflammatory signals that attract more cells to die. This cycle can be broken by caspase 1 inhibitors shown to be safe in humans, raising the possibility of a new class of ‘anti-AIDS’ therapeutics targeting the host rather than the virus.
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                    Figure 1: Host permissivity determines the CD4 T-cell death pathway employed following HIV infection.[image: ]


Figure 2: Lymphoid CD4 T cells are primed to mount an inflammatory response and constitutively express high levels of pro-IL-1β.[image: ]


Figure 3: Death of HIV-infected lymphoid CD4 T cells and release of bioactive IL-1β are controlled by caspase 1.[image: ]


Figure 4: Distinct regions of caspase 1 and caspase 3 activity in lymph node of a patient chronically infected with R5-tropic HIV.[image: ]


Figure 5: Targeting caspase 1 via an orally bioavailable and safe drug prevents lymphoid CD4 T-cell death by HIV-1.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Extensive caspase 1 activation in dying lymphoid CD4 T cells infected with either NL4-3 or a primary HIV-1 isolate.
a, Dying CD4 T cells activate caspase 1. HLACs were infected with NL4-3 or with a primary HIV-1 isolate 89.6 obtained from a mixed PBMC culture from an AIDS patient. The 89.6 viral isolate replicates to high titres in primary human cells such as macrophages and lymphocytes. It is highly cytopathic and utilizes both CCR5 and CXCR4 as co-receptors (dual-tropic)18,54. Infected cells were treated either with no drugs or with AMD3100 (250 nM) entry inhibitor, as indicated. Caspase 1 activity was determined by flow cytometry using FLICA 12 h after treatment with nigericin (10 μM) or 3 days after infection with HIV. Notably, equivalent levels of caspase 1 activation were observed in CD4 T cells infected with NL4-3 or 89.6 HIV-1 isolate. AMD3100 prevented caspase 1 activity with both viruses, indicating the abundant presence of CXCR4-expressing target CD4 T cells in these cultures. b, Low levels of caspase 3 activity in dying CD4 T cells. The same cultures as in (a) were tested for caspase 3 activity using FLICA. Compared to caspase 1, infections with NL4-3 and 89.6 HIV-1 isolate induced low levels of caspase 3 activation in dying CD4 T cells. No caspase 3 activation was observed in cells treated with nigericin, which signals the NLRP3 inflammasome to activate caspase 1 (ref. 19), indicating a specific recognition of caspase 1 and caspase 3 activity by the FLICA probes. These data are the representative results of four independent experiments performed in tonsil cells isolated from four different donors.


Extended Data Figure 2 Resting CD4 T cells from tonsil include both naive and memory subsets.
a, CD4 T lymphocytes in lymphoid tissues contain a large population of central memory cells. To identify the sub-populations of CD4 T cells in human tonsil histocultures, we examined the expression pattern of CCR5, CD45RA, CD45RO, CD62L and CD27. Central memory CD4 T cells (TCM) are characterized by expression of CD45RO+/CD62L+ or CD45RO+/CD27+ 29,31,55,56. TCM lack effector function and constantly travel through the lymph nodes in large quantities for antigen sampling, whereas effector memory cell (TEM) mainly migrate to peripheral tissues29,30,31. Analysis of these surface markers revealed at least three distinct maturation phenotypes. The majority of CD4 T lymphocytes exhibit a memory phenotype as determined by surface expression of CD45RO, among them more than two-thirds were found to be central memory cells (CD45RO+/CD62L+ and CD45RO+/CD27+). Similarly, a large population of CCR5-expressing CD4 T cells was found to have central memory phenotype (CCR5+/CD62L+ and CCR5+/CD27+). These findings are in accordance with previous studies in primary human lymphoid cultures12,57,58. b, c, Memory lymphoid CD4 T cells represent preferential targets for productive infection by both the R5- and X4-tropic strains of HIV-1. To determine whether cell maturation influences susceptibility for productive infection, we measured the levels of productive infection using GFP reporter viruses harbouring either an X4-tropic or R5-tropic Env of HIV-1. Except for their select V3 loop envelope determinants, both reporters were derived from the same bicistronic Nef-IRES-GFP clone which produces fully replication-competent viruses16. Interestingly, productive infection of both X4-tropic or R5-tropic viral strains was detected in CXCR4-expressing cells, indicating that the CXCR4 co-receptor is equally present on CCR5-expressing cells, as was previously shown12,57,58,59. Memory CD4 T cells (CD45RO+) were selectively productively infected in cultures infected with either X4-tropic or R5-tropic reporter virus. Similar findings were found in infected cultures activated with CD3/CD38 beads to achieve higher rates of infection. Among the memory CD4 T cells, TEM cells became productively infected in higher quantities than TCM (not shown). These data are the representative results of six independent analyses performed in tonsil cells isolated from six different donors.


Extended Data Figure 3 Necrostatin-1 does not prevent lymphoid CD4 T-cell death and cell lysis in HIV-infected cultures.
a, b, Necrostatin was tested at 1 or 5 μM, a concentration that yields maximal inhibition without inducing toxicity (not shown). Pyroptosis shares cell death features with necroptosis which similarly leads to the release of intracellular contents into the extracellular space9. To test whether cell death involves necrotic signalling, we treated HIV-infected CD4 T cells with necrostatin, a specific inhibitor of RIP1, whose kinase activity is essential for programmed necroptosis to occur60. Concentrations of necrostatin that block necroptotic signalling (not shown) did not inhibit CD4 T-cell depletion in HIV-infected cultures (a), and did not prevent the release of intracellular contents into the culture medium, as indicated by LDH activity in the supernatants (b). Thus, although pyroptosis shares features with necroptosis, these data demonstrate that the signalling pathways linking caspase 1 activation to CD4 T-cell death are specific. Together, these findings indicate that the CD4 T-cell depletion and release of cytoplasmic contents in HIV-infected lymphoid cultures reflects pyroptosis rather than apoptosis or necroptosis. Error bars represent s.e.m. of at least three independent experiments using tonsil cells from at least three different donors. c, Caspase 1 inhibitors prevent CD4 T-cell death in HIV-infected splenic tissues. Splenic HLACs were cultured with no virus or were infected with HIV-1. The HIV-infected cultures were treated as indicated, either with no drugs, efavirenz (100 nM), the caspase 1 inhibitor Ac-YVAD-CMK (50 μM), or the caspases-3 inhibitor Z-DEVD-FMK (50 μM). After 4 days, viable CD4 T cells were counted by flow cytometry. Viable CD4 T cells are presented as the percentage remaining live CD4 T cells using CD8 T cells to normalize each HIV-infected or uninfected culture. Error bars represent s.e.m. from four independent experiments using tonsil cells isolated from four different donors.


Extended Data Figure 4 Induction of type-I interferon is not required to trigger a death response in HIV-infected lymphoid CD4 T cells.
HIV-1 infections induce type-I interferon in vitro and in vivo61. To test the involvement of this antiviral response in modulating CD4 T-cell death, isolated CD4 T cells were infected with HIV-1 in the presence of neutralizing antibodies against the human interferon alpha receptor (IFNAR2), which blocks biological action of type I interferons. To determine the state of interferon signalling, cells were analysed in parallel for the presence of tyrosine-phosphorylated STAT1, which plays a central role in mediating type-I IFN-dependent biological responses, including induction of an antiviral state62. Phosphorylated STAT1 readily appeared in HIV-infected CD4 T cells, but not in HIV-infected cells treated with efavirenz (100 nM), AMD3100 (250 nM) or anti-IFNAR2 neutralizing antibodies (1–5 μg ml−1). Notably, blocking interferon signalling with anti-IFNAR2 neutralizing antibodies did not prevent the death of CD4 T cells by HIV-1, although tyrosine phosphorylation of STAT1 was inhibited indicating effectiveness of the antibody blockade. The data suggest that this antiviral IFN induction is not critical to the onset of the innate immune death response leading to caspase 1 activation and pyroptosis. Error bars represent s.e.m. from three independent experiments using tonsil cells from three different donors.


Extended Data Figure 5 Lymphoid CD4 T cells express detectable levels of ASC and NLRP3 relative to blood-derived monocytes.
The bipartite adaptor protein ASC (PYCARD) plays a central role in the interaction between (NOD)-like receptor and caspase 1 in inflammasome complexes63. Lymphoid CD4 T cells are primed to mount such inflammatory responses, and constitutively express high levels of cytoplasmic pro-IL-1β, but also ASC and NLRP3, compared to blood-derived monocytes. CD4 T lymphocytes express constitutive levels of NLRP3. In contrast to lymphocytes, monocytes require stimulation with TLR ligands such as LPS to induce NLRP3 expression21. Thus, the release of intracellular 5′-ATP by pyroptotic CD4 T cells may provide a second inflammatory stimulus to induce activation of caspase 1 by the NLRP3 inflammasome in nearby CD4 T cells that are already primed as reflected by their high levels of ASC, NLRP3 and pro-IL-1β expression. Thus, pyroptosis activated initially by HIV may result in cascade of new rounds of pyroptosis in primed CD4 T cells by the repeated release of intracellular ATP in a virus-independent manner. Such an ‘auto-inflammation’ scenario could result in persistent rounds of pyroptosis, chronic inflammation and loss of CD4 T cells even when viral loads are reduced by antiretroviral therapy (ART).


Extended Data Figure 6 Low levels of caspase 3 activation in HIV-infected lymphoid CD4 T-cell cultures.
Although the endogenous levels of pro-caspase 3 and pro-caspase 1 expression are similar in lymphoid CD4 T cells, caspase 3 activation in these cells was markedly less abundant after infection with HIV-1, compared to caspase 1. These data are in accord with our findings using fluorescently labelled inhibitor of caspases (FLICA) probes in cultures infected with a GFP reporter HIV-1. In these cultures, the majority of CD4 T cells were abortively infected and showed activation of intracellular caspase 1. No caspase 1 activity was observed in productively infected cells (Fig. 1b). In sharp contrast, caspase 3 activity in these cultures was markedly less abundant, and specifically occurred in productively infected, but not in non-productively infected cells (Fig. 1c). These data are the representative results of three independent experiments performed in tonsillar CD4 T cells isolated from three different donors.


Extended Data Figure 7 Inhibitors of caspase 1, but not of NLRP3, prevent CD4 T-cell death by HIV-1.
a, Quantitative evaluation of bioactive IL-1β secreted in HIV-infected CD4 T-cell cultures using ELISA. Isolated tonsillar CD4 T cells were left uninfected or infected with HIV in the presence of the indicated drugs. Four days after infection, supernatants were filtered through 0.22-μm filter plates and subjected to IL-1β ELISA analysis. A total of 200 μl of supernatant from 2 million isolated CD4 T cells was used for each condition. The assay was performed as described by the manufacturer’s instructions (R&D Systems). Bioactive IL-1β was detected in supernatants of HIV-infected cultures, at levels comparable to those in uninfected cells treated with nigericin. Treatments of HIV-infected cultures with viral or caspase 1 inhibitors, but not caspase 3 inhibitor, reduced accumulation of IL-1β in the supernatants to levels comparable to those detected in uninfected cultures. These finding demonstrate that caspase 1 activation is specifically required for the release of bioactive IL-1β in lymphoid CD4 T cells infected with HIV-1. Error bars represent s.e.m. of three independent experiments using tonsil cells from at least three different donors. b, Inhibitors of caspase 1 and the NLRP3 inflammasome prevent release of mature IL-1β induced by nigericin, but not CD4 T-cell death by HIV-1. Because nigericin engages the NLRP3 inflammasome to activate caspase 1 in lymphoid CD4 T cells, we sought to determine if NLRP3 also similarly controls caspase 1 activity in response to HIV-1 infection. Cell cultures were treated with four separate NLRP3 inhibitors including CRID364, parthenolide65, and the sulfonylureas glyburide66 and glimepiride. Treatments with CRID3, parthenolide or sulfonylureas (not shown) completely inhibited NLRP3-dependent release of mature IL-1β by nigericin, but had no effect on IL-1β release triggered by HIV infection of lymphoid CD4 T-cell cultures (Fig. 3f). c, Treatments with CRID3, parthenolide or sulfonylureas did not prevent HIV-1-mediated CD4 T-cell death. These results suggest that the NLRP3 inflammasome does not control the caspase-1-mediated death responses in lymphoid CD4 T cells abortively infected with HIV-1. Cell death results are represented as ratios of viable CD4 versus CD8 T cells in each HIV-infected or uninfected culture. Error bars represent s.e.m. of four independent experiments using tonsil cells from four different donors.


Extended Data Figure 8 Distinct regions of caspase 1 and caspase 3 activity in lymph node of a chronically infected HIV patient.
Inguinal lymph node was collected from a 41-year-old African-American male, infected with an R5-tropic strain of HIV-1. The patient had been on intermittent anti-retroviral therapy between 2004–2009, and stopped anti-retroviral therapy in 2009. This individual exhibited a viral load of 30,173 RNA copies per ml, and CD4 T-cell count of 259 cells per μl. The fresh specimen was immediately subjected to immunostaining in parallel with fresh uninfected human tonsil. Note the immunostain against CD3 highlights the paracortical region, which is almost entirely composed of resting T cells. Note also the sparse presence of CD3-positive T cells in the mantle zones and germinal centres, where lymphocytes become activated (Ki-67) and differentiate into memory and plasma cells. These CD4 T cells are responsible for antigen-dependent activation of B cells in the follicle. Staining for CD11c reveals scattered dendritic cells67,68 in the germinal centre and largely in the mantle zone. HIV p24 Gag expression is located between the mantle zone and germinal centres, where activated CD4 T cells reside. Remarkably, caspase 3 activity also occurs in this anatomical region, which is separated from the majority of non-productively infected T cells in the paracortical zone and exhibit caspase 1 activation, IL-1β processing and pyroptosis. The anti-caspase 1 antibody was raised against a peptide mapping to the C terminus of caspase 1 p20 of human origin and detects both the cleaved p20 subunit and the precursor of caspase 1. Therefore, in the absence of an equivalent uninfected lymph node it is hard to absolutely determine whether abortive HIV-1 infection affects pro-caspase expression. However, staining of uninfected tonsil or spleen (not shown) tissue revealed no positive HIV p24 Gag, active or pro-caspase 1, bioactive IL-1β or annexin V signals. These data closely correlate with the findings in HIV-infected HLACs where the 95% of the CD4 T cells are non-productively infected CD4 T cells and show activation of intracellular caspase 1, whereas caspase 3 activity is markedly less abundant and specifically occurs in productively infected CD4 T cells. GC, germinal centre; MZ, mantle zone; PC, paracortical zone.


Extended Data Figure 9 Targeting caspase 1 via an orally bioavailable small molecule inhibitor prevents lymphoid CD4 T-cell death by HIV-1.
a, VX-765 is a cell permeable pro-drug (1) that requires intracellular esterase cleavage in the cell to yield the aldehyde functionality (green) of the drug VRT-043298 (2b), which acts as a potent caspase 1 inhibitor. Adapted from ref. 38 with permission. b, VX-765 prevents CD4 T-cell death in a dose-dependent manner in HIV-infected lymphoid tissues. HLACs were either not infected or infected with HIV-1 in the absence of drugs or in the presence of efavirenz (100 nM), AMD3100 (250 nM) or VX-765 (0.05, 0.5 or 5 μM) as indicated. VX-765 was added to the cultures 4 hours before infection to allow absorption and processing by the cells. Flow cytometry plots depict gating on live cells based on the forward-scatter versus side-scatter profile of the complete culture. These results are representative of three independent experiments performed using tonsil cells from three different donors.


Extended Data Figure 10 Treatment with a caspase1 inhibitor does not increase productive HIV-1 infection.
To determine whether inhibition of caspase-1-mediated pyroptosis would result in higher levels of productive HIV-1 infection, tonsillar HLACs were treated with AMD3100 or with the caspase 1 inhibitor Ac-YVAD-CMK before infection with a GFP reporter virus (NLENG1). After 5 days, flow cytometry analysis of the infected cultures revealed no increase in GFP-positive cells in the infected cultures treated with the caspase 1 inhibitor Ac-YVAD-CMK. This result likely reflects the continued function of the host restriction factor SAMHD1 (refs 35, 69). These findings argue against the possibility that pyroptosis functions as a defence against productive infection. Instead, pyroptosis appears to represent an overall harmful response that centrally contributes to HIV pathogenesis. These results also argue that interdiction of the pyroptosis pathway with caspase 1 inhibitors would produce beneficial rather than harmful therapeutic effects.
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