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            Abstract
Human immunodeficiency virus (HIV)-1 is able to replicate in primary human macrophages without stimulating innate immunity despite reverse transcription of genomic RNA into double-stranded DNA, an activity that might be expected to trigger innate pattern recognition receptors. We reasoned that if correctly orchestrated HIV-1 uncoating and nuclear entry is important for evasion of innate sensors then manipulation of specific interactions between HIV-1 capsid and host factors that putatively regulate these processes should trigger pattern recognition receptors and stimulate type 1 interferon (IFN) secretion. Here we show that HIV-1 capsid mutants N74D and P90A, which are impaired for interaction with cofactors cleavage and polyadenylation specificity factor subunit 6 (CPSF6) and cyclophilins (Nup358 and CypA), respectively1,2, cannot replicate in primary human monocyte-derived macrophages because they trigger innate sensors leading to nuclear translocation of NF-ÎºB and IRF3, the production of soluble type 1 IFN and induction of an antiviral state. Depletion of CPSF6 with short hairpin RNA expression allows wild-type virus to trigger innate sensors and IFN production. In each case, suppressed replication is rescued by IFN-receptor blockade, demonstrating a role for IFN in restriction. IFN production is dependent on viral reverse transcription but not integration, indicating that a viral reverse transcription product comprises the HIV-1 pathogen-associated molecular pattern. Finally, we show that we can pharmacologically induce wild-type HIV-1 infection to stimulate IFN secretion and an antiviral state using a non-immunosuppressive cyclosporine analogue. We conclude that HIV-1 has evolved to use CPSF6 and cyclophilins to cloak its replication, allowing evasion of innate immune sensors and induction of a cell-autonomous innate immune response in primary human macrophages.
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                    Figure 1: HIV-1 CPSF6 binding mutant CA N74D is restricted in MDM due to induction of type 1 IFN.[image: ]


Figure 2: HIV-1 elicits a type 1 IFN response that restricts replication in CPSF6 depleted MDM.[image: ]


Figure 3: HIV-1 CypA-binding mutant CA(P90A) is restricted in MDM owing to induction of type 1 IFN.[image: ]


Figure 4: NF-ÎºB/IRF3 are activated by mutant HIV-1 and SmBz-CsA treatment causes WT HIV-1 to trigger innate responses.[image: ]
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Extended data figures and tables

Extended Data Figure 1 A model for HIV-1 core behaviour and innate sensing.
a, Intact capsids recruit CypA and CPSF6 which direct the virus to the nucleus. CPSF6 interaction prevents premature DNA synthesis. Excess cytoplasmic DNA is degraded by TREX1. At the nuclear pore CPSF6 NLS-dependent dissociation from the virus allows reverse transcription to proceed. Reverse-transcribed DNA crosses the nuclear membrane and integrates. b, c, Disruption of CypAâ€“CA interactions with either CA(P90A) mutation or cyclosporine treatment leads to detection of DNA reverse transcription product by cGAS initiating cGAMP production, STING activation, NF-ÎºB/IRF3 nuclear localization, type I interferon secretion and initiation of an antiviral state. d, e, Disruption of CPSF6-CA interactions by N74D CA mutation, or depletion of CPSF6, leads to activation of a cryptic innate DNA sensor which also activates NF-ÎºB/IRF3 nuclear localization. f, Disruption of CPSF6 engagement with the nuclear transport machinery by mutating its NLS prevents reverse transcription because the CPSF6 does not dissociate from the capsid at the nuclear pore. (g) PF74 mimics CPSF6 by inserting a phenyl ring into a CA pocket in the same position as CPSF6 and also prevents reverse transcription. Like CPSF6Î”NLS PF74 has no NLS and thus does not disengage from the core and therefore terminally prevents reverse transcription.


Extended Data Figure 2 HIV-1 mutants CA N74D and P90A, or WT HIV-1 on CPSF6 depletion, induce Type I IFN secretion in human macrophages that limits propagation.
a, MDM were infected with HIV-1 WT, CA N74D or CA(P90A) at low multiplicity. Cells were stained for Gag p24 at specific time points after infection and infected colonies counted. b, MDM transduced to express shRNA targeting CPSF6, or a scrambled control hairpin, were infected with wild-type NL4.3 (Ba-L Env) at low multiplicity. Cells were stained for Gag p24 at specific time points after infection and infected colonies counted. (a-b) P = 0.001, two-way ANOVA, for the effect of CA mutation or CPSF6 depletion. Data represent mean and nonlinear regression over time for 3 biological replicates. c, Individual experiments from two additional donors performed as experiments shown in Fig. 1a and b, and one additional donor performed as experiments in Fig. 2c and d. Each HIV-1 mutant is shown compared to wild-type virus data (WT) for comparison.


Extended Data Figure 3 Suppression of HIV-1 by type 1 interferon and rescue of infectivity with anti-IFN receptor (IFNAR2) antibody.
a, In order to demonstrate that IFN is able suppress wild type HIV-1 replication, MDM were pretreated with 1â€‰ngâ€‰mlâˆ’1 of recombinant IFN-Î² for 2 h then infected with HIV-1 WT NL4.3 (BaL-Env) infection. Cells were stained for Gag p24 at specific time points post infection (p.i). b, In order to determine how much IFN-Î±/Î² receptor (IFNAR2) neutralizing antibody is required to neutralize an IFN response, MDM were pretreated with varying concentrations of anti-IFNAR2 antibody for 2â€‰h then stimulated with 1â€‰ngâ€‰mlâˆ’1 of recombinant IFN-Î² for 24â€‰h. IP10 gene expression levels were measured by qRTâ€“PCR and normalized to GAPDH. Results are expressed as fold change of expression over untreated cells. 1â€‰Î¼gâ€‰mlâˆ’1 of IFNAR2 antibody effectively neutralized 1â€‰ngâ€‰mlâˆ’1 recombinant IFN-Î², and this dose was used in subsequent experiments. c, MDM were infected with WT or WT and CA mutants at low multiplicity in the presence of anti-IFNAR2 antibody. Cells were stained for Gag at specific time points after infection and infected colonies counted (P values are given for two-way ANOVA for the effect of IFNAR blockade). Data represent mean and nonlinear regression of biological replicate experiments over time. d, Infectious titres of WT and CA mutant viruses were determined on MDM measured by assay of p24 positive cells 48â€‰h post infection. Cells were infected in the presence of anti-IFNAR2 antibody or isotype control antibody (cAb). Titres are expressed as infectious units per nanogram of reverse transcriptase activity determined by ELISA. Meanâ€‰Â±â€‰s.e.m. of titre determined at 3 doses (technical replicates).


Extended Data Figure 4 Stimulation of gene expression by HIV-1 CA mutants in MDM.
a, b, Selected IFN-stimulated genes significantly upregulated by HIV-1 CA mutant infection, as well as by IFN-Î² and poly(I:C) measured at 24â€‰h shown as fold change in expression (Stim/Control) measured by qRTâ€“PCR and normalized to GAPDH mRNA levels. c, The same RNA samples as a, b were subjected to expression array and are presented in an expression matrix illustrating fold change in gene expression. d, Upregulation of gene expression (mean >2 fold in 2 independent biological replicates) after infection of MDM by HIV-1 wild-type and mutants HIV-1 CA N74D and HIV-1 CA(P90A) as shown. 24â€‰h after infection (MOI 2), total RNA was isolated and subject to expression array, see methods. Results were subject to pathway analysis using the online bioinformatics tool- InnateDB (http://www.innatedb.com). Type 1 IFN signalling was the most significantly over-represented pathway with IFN-Î², PolyIC and both HIV-1 mutants, but not WT virus, based on the Reactome database (http://www.reactome.org). The proportion of genes in each list that map to this pathway and the p-value following Benjamini-Hochberg correction for multiple biological replicates are indicated.


Extended Data Figure 5 Inhibition of HIV-1 with PF74 in MDM does not trigger IFN production.
a, Infection of human MDM with WT NL4.3 (Ba-L Env) in the presence or absence of 10â€‰Î¼M PF74. Cells were stained for p24 at specific time points after infection and infected colonies counted. b, Supernatants collected from MDMs in a were assayed for soluble IFN-Î² levels by ELISA. c, MDM were infected at low multiplicity with WT HIV-1 in the presence of PF74 and IFNAR2 antibody or isotype cAb. d, Measurement of HIV-1 late reverse transcription product (LRT) in MDM infected for 9â€‰h with two concentrations of WT HIV-1, in the presence or absence of 10â€‰ÂµM PF74. Cells infected with boiled virus served as a negative control for DNA contamination. e, A sample parallel to those in d was used to determine the number of infected cells by staining for p24 48â€‰h post infection. f, Measurement of HIV-1 LRT product in HeLa cells that express CPSF6Î”NLS or empty vector (EV), infected for 9â€‰h with VSV-G pseudotyped HIV-1 GFP. g, A parallel sample was used to determine the number of infected cells by flow cytometry 48â€‰h post infection. h, Infectious titres of WT and CA mutant viruses were determined on MDM in the presence and absence of SIVmac-VLPs encoding the SAMHD1 antagonist Vpx. Titres are expressed as infectious units per nanogram of reverse transcriptase activity determined by ELISA. Meanâ€‰Â±â€‰s.e.m. of titre determined at 3 doses. Experiments represent 3 independent biological replicates.


Extended Data Figure 6 HIV-1 P90A CA mutant infected MDM contained a benzonase and heat resistant component that activated an interferon sensitive promoter.
a, Immunoblot of extracts from L929 cells stably expressing Firefly Luciferase-driven by an interferon sensitive response element depleted of STING by siRNA or expressing control siRNA. b, L929 cells, control or STING depleted as in a, were treated with various concentrations of STING agonist cyclic GMP-AMP (cGAMP), and Luciferase activity was read after 16 h. c, MDM were infected with HIV-1 wild-type (WT) or mutant HIV-1 CA N74D or HIV-1 CA(P90A) for 18 h (MOI of 2), total cell extracts were isolated and were heat and benzonase treated and were applied to L929 cells as in a and Luciferase activity measured at 16 h (Mean of 4â€‰Â±â€‰s.e.m. of biological replicates). d, As c except RNA was extracted from the cell extracts and were transfected into 293T cells to measure IFN-Î² promoter driven Luciferase activity after 16 h. Sendai virus infection served as positive control for immuno-stimulatory RNA (Meanâ€‰Â±â€‰s.e.m. of biological replicates). c, * represents statistically significant difference between data sets (Pâ€‰<â€‰0.05, t-test), NS represents non-significant differences.


Extended Data Figure 7 Nuclear translocation of NF-ÎºB and IRF3 after HIV-1 capsid mutant infection in MDM.
a, Confocal immunofluorescence microscopy was used to quantify nuclear translocation of NF-ÎºB Rel A (green) and IRF3 (red) as a consequence of activation. Nuclear:cytoplasmic ratios of immunostaining were measured at single cell level by quantitation of NF-ÎºB or IRF3 signal intensities inside and outside the nucleus (blue DAPI) as described in methods. b, Data for 500 single cell measurements are shown for unstimulated MDM and MDM stimulated for 2 h with lipopolysaccharide (LPS) (100â€‰ngâ€‰mlâˆ’1), or infected with wild-type (WT) HIV-1 or N74D or P90A CA mutants. Red lines represent the mean of each data set. * represent statistically significant differences between data sets (Pâ€‰<â€‰0.01, t-test), ns represents non-significant differences (Pâ€‰>â€‰0.05, t-test).


Extended Data Figure 8 Inhibition of HIV-1 with cyclosporine or by TREX depletion triggers IFN production.
a, Infection of human MDM with WT NL4.3 (Ba-L Env) in the presence or absence of 5â€‰Î¼M cyclosporine. Cells were stained for p24 at specific time points after infection and infected colonies counted. b, Supernatants isolated from MDMs in a were assayed for soluble IFN-Î² levels by ELISA. c, MDM were infected at low multiplicity with WT HIV in the presence of cyclosporine and IFNAR2 antibody or isotype cAb. d, Infectious titre of WT HIV was determined on MDM in the presence of DMSO or cyclosporine at 48h post infection. The data are presented as infectious units (iu) per nanogram (ng) of reverse transcriptase (RT) measured by ELISA. e, To confirm that SmBz-CsA inhibits recruitment of cyclophilin A (CypA), but not Nup358 Cyp, to HIV-1 CA, we used the TRIMCyp restriction assay. HIV-1 GFP vector titer on CRFK cells expressing empty vector (EV), HA-tagged owl monkey TRIMCyp RBCC domain fused to human CypA (TRIMCypA) or human Nup358Cyp (TRIMNup358) in either DMSO, or 5â€‰ÂµM cyclosporine or 10 ÂµM SmBz-CsA. Protein levels were measured by immunoblot detecting the HA tag with Î²-Actin as a loading control. In this assay both cyclosporine and SmBz-CsA inhibited CypA recruitment to CA and rescued VSV-G pseudotyped HIV-1 GFP infectivity from restriction by TRIMCypA. However, neither drug rescued HIV-1 infectivity from TRIMNup358, confirming cyclosporine specificity for CypA and not Nup358. f, TREX-1 expression was determined in MDM expressing TREX-1 specific shRNA or control shRNA by qRTPCR, normalized to GAPDH at the time of HIV-1 infection in g. g, Cells were stained for p24 at specific time points after WT HIV-1 infection of TREX-1 depleted and control shRNA expressing MDM and infected colonies counted. h, Supernatants isolated from MDM in g were assayed for soluble IFN-Î² by ELISA. i, Infection of TREX-1 depleted MDM with WT HIV-1 at low multiplicity in the presence of either IFNAR2 antibody or isotype cAb. Cells were stained for p24 at specific time points after infection and infected colonies counted. j, Hairpin transduced MDM were assayed for the production of soluble IFN-Î² levels before HIV-1 infection. Data are representative of 3 independent biological replicates. For HIV-1 replication assays in MDM data points and nonlinear regression lines over time are shown.


Extended Data Figure 9 HIV-1 CA mutants replicate without triggering IFN production in cell lines.
GHOST (aâ€“c) or HeLa TZM bl (dâ€“f) indicator cell lines were infected with WT NL4.3 (Ba-L Env) or NL4.3 (Ba-L Env) bearing CA mutations N74D or P90A at low multiplicity (0.04). Replication was monitored by GFP expression (GHOST) or staining LacZ positive cells (HeLa TZM bl). Both mutants replicated well, slightly behind wild-type virus. Replication in GHOST (b) or HeLa TZM bl (e) was performed in the presence of IFNAR2 antibody or isotype cAb. Neither antibody had any effect on WT or mutant HIV-1 replication in GHOST or HeLa TZM bl indicator cell lines. c, f, Induction of ISGs IP10 and IFIT1 expression were measured by quantitative RT PCR after high multiplicity infection (MOI 2) by WT or CA mutant HIV-1 on GHOST (c) or HeLa TZM bl (f). 10â€‰ngâ€‰mlâˆ’1 of IFN-Î² treatment acted as a positive control. ISG expression levels were normalized to GAPDH and are expressed as fold change in expression over unstimulated cells (Mean of 3 replicatesâ€‰Â±â€‰s.e.m.). Neither WT or CA mutant HIV-1 induced ISG expression in either cell line. g, HeLa TZM bl were infected WT or CA G89V at low multiplicity (0.04). Replication was monitored by staining LacZ positive cells. h, HIV-1 CA G89V replication in HeLa TZM bl was defective and not rescued by anti-IFNAR2 or isotype control antibodies. All results are representative of 2 biological replicates.


Extended Data Table 1 Structure data collection and refinement statisticsFull size table
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