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            Abstract
Despite antiretroviral therapy (ART), human immunodeficiency virus (HIV)-1 persists in a stable latent reservoir1,2, primarily in resting memory CD4+ T cells3,4. This reservoir presents a major barrier to the cure of HIV-1 infection. To purge the reservoir, pharmacological reactivation of latent HIV-1 has been proposed5 and tested both in vitro and in vivo6,7,8. A key remaining question is whether virus-specific immune mechanisms, including cytotoxic T lymphocytes (CTLs), can clear infected cells in ART-treated patients after latency is reversed. Here we show that there is a striking all or none pattern for CTL escape mutations in HIV-1 Gag epitopes. Unless ART is started early, the vast majority (>98%) of latent viruses carry CTL escape mutations that render infected cells insensitive to CTLs directed at common epitopes. To solve this problem, we identified CTLs that could recognize epitopes from latent HIV-1 that were unmutated in every chronically infected patient tested. Upon stimulation, these CTLs eliminated target cells infected with autologous virus derived from the latent reservoir, both in vitro and in patient-derived humanized mice. The predominance of CTL-resistant viruses in the latent reservoir poses a major challenge to viral eradication. Our results demonstrate that chronically infected patients retain a broad-spectrum viral-specific CTL response and that appropriate boosting of this response may be required for the elimination of the latent reservoir.
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                    Figure 1: CTL escape variants dominate the latent reservoir of CP-treated but not AP-treated patients.[image: ]


Figure 2: CD8+ T cells pre-stimulated with a mixture of Gag peptides eliminate autologous CD4+ T cells infected with autologous HIV-1 from resting CD4+ T cells.[image: ]


Figure 3: CD8+ T cells targeting unmutated epitopes, not epitopes with identified escape mutations, eliminate CTL escape variants.[image: ]


Figure 4: Broad-spectrum CTLs suppress in vivo replication of HIV-1 from the latent reservoir of the same patients in patient-derived humanized mice.[image: ]
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Extended data figures and tables

Extended Data Figure 1 CTL escape variants dominate the latent reservoir of CP-treated HIV-1-positive individuals, but not AP-treated individuals.
Frequency of variants in Gag CTL epitopes in proviruses from resting CD4+ T cells. Results of all 25 patients tested are shown. Only optimal CTL epitopes relevant to each patientâ€™s HLA type are listed in linear positional order on the x-axis. Results from both PacBio (left bar) and MiSeq (right bar) sequencing platforms are shown for each epitope. The absence of bars above a listed epitope indicates that only wild-type sequences were detected. For each mutation in a CTL epitope, information regarding the effect of the mutation on CTL recognition from the Los Alamos National Laboratory (LANL) HIV Molecular Immunology Database or from ELISpot assays described in Methods was used to assign the mutation to one of the categories indicated at the bottom. See Methods for definitions of these categories.


Extended Data Figure 2 Characterization of CTL responses against HIV-1 Gag epitopes by interferon-Î³ ELISpot.
Results of seven patients tested are shown. The peptides tested are listed for each patient in each graph. Error bars represent s.e.m., n = 3.


Extended Data Figure 3 Partial Gag sequences from proviral DNA and outgrowth virus from resting CD4+ T cells from eight CP-treated patients.
CTL epitopes with no observed variation are highlighted in blue. Documented escape mutations (red shading), inferred escape mutations (yellow shading), diminished response (pink shading), susceptible form (green shading) or undetermined variations (grey shading) in relevant optimal epitopes are indicated. See Methods for definitions of these types of mutations. This figure supplements Fig. 1e, as a total of nine CP-treated patients were tested.


Extended Data Figure 4 CD8+ T cells pre-stimulated with a mixture of consensus B Gag peptides eliminate autologous CD4+ T cells infected with autologous HIV-1 from resting CD4+ T cells.
a, HIV-1 isolated from ART-treated individuals replicates as well as the laboratory strain virus BaL. p24 values represent mean of three replicates. Error bars represent s.e.m., n = 3. b, CD8+ T cells are not stimulated after co-culture with PHA-activated CD4+ T cells. c, A representative flow cytometric analysis of CTL-mediated killing after co-culture of infected CD4+ T cells with autologous CD8+ T cells. CTL activity is measured by the percentage of Gag-positive, CD8-negative cells after 3 days of co-culture relative to cultures without CD8+ T cells. d, Pre-stimulated CD8+ T cells eliminate autologous infected CD4+ T cells more efficiently than non-stimulated CD8+ T cells. All results were normalized to the CD4 only control group. Error bars represent s.e.m., n = 3. *PÂ <Â 0.05, **PÂ <Â 0.01, ***PÂ <Â 0.001, NS, not significant (PÂ >Â 0.05), paired t-test.


Extended Data Figure 5 The elimination of infected CD4+ T cells is mediated by direct killing by autologous CD8+ T cells.
a, Killing of infected CD4+ T cells is enhanced by increased effector to target ratios for both pre-stimulated and non-stimulated CD8+ T cells. b, Killing of the infected CD4+ T cells depends on direct cellâ€“cell contact between CD4+ T cells and CTLs. All results were normalized to the CD4+ only control group. Error bars represent s.e.m., n = 3. *PÂ <Â 0.05, **PÂ <Â 0.01, ***PÂ <Â 0.001, NS, not significant (PÂ >Â 0.05), paired t-test.


Extended Data Figure 6 Viral dynamics and depletion of CD4+ T cells in humanized mice.
a, Viral dynamics in CP18-infected MIS(KI)TRG mice. CP18-derived MIS(KI)TRG mice were infected with autologous HIV-1. Plasma HIV-1 RNA levels were measured from day 0 to day 56. b, Depletion of CD4+ T cells in peripheral blood of HIV-1 BaL-infected mice. MIS(KI)TRG mice engrafted with fetal liver CD34+ cells were infected with HIV-1 BaL. The CD4 to CD8 ratio in peripheral blood was measured by fluorescence-activated cell sorting (FACS) from day 0 to day 29 after infection. Error bars represent s.e.m., n = 5. c, Depletion of CD4+ T cells in spleen of HIV-1 BaL-infected mice. MIS(KI)TRG mice engrafted with fetal liver CD34+ cells were infected with HIV-1 BaL. The CD4 to CD8 ratio in spleen was measured by FACS 20 days after infection. Medians and P values from Mannâ€“Whitney test are shown. d, Detection of cell-associated HIV-1 RNA in T cells and macrophages/monocytes. CD3+ and CD14+ human cells from HIV-1-infected MIS(KI)TRG mice from spleen and lung were purified by FACS. CD3âˆ’CD14âˆ’ cells were also collected as controls. Cell-associated HIV-1 RNA was quantified by gag-specific quantitative polymerase chain reaction (qPCR). Error bars represent s.e.m., n = 3. *PÂ <Â 0.05, unpaired t-test.


Extended Data Figure 7 HIV-1 infection occurs in peripheral blood and tissues in humanized mice.
a, Engraftment levels of MIS(KI)TRG mice with fetal liver or patient CD34+ cells. b, Memory CD4+ T cells are detected in MIS(KI)TRG mice after infection. MIS(KI)TRG mice were infected with HIV-1 BaL. Peripheral blood and indicated tissues from infected mice were collected at 20Â days post-infection. Memory CD4+ T cells were determined by CD45RO staining. c, Total number of cell-associated HIV-1 DNA in blood and tissues. DNA from peripheral blood or indicated tissues was isolated for the measurement of total amount of cell-associated HIV-1 DNA by real-time PCR. b, c, Medians and P values from Mannâ€“Whitney test are shown.


Extended Data Figure 8 Broad-spectrum CTLs suppress in vivo infection of patient-derived humanized mice with autologous latent HIV-1.
The generation of patient CP36-derived humanized mice is described in Fig. 4. Mice were infected with autologous viruses at 6 weeks old. CD8+ T cells from patient CP36 were pre-stimulated with the mixture of Gag peptides or left untreated for 6 days in vitro, and were injected into mice intravenously 9 days after infection. Plasma HIV-1 RNA (a) and HIV-1 DNA (b) in peripheral blood were measured by real-time PCR.


Extended Data Table 1 Characteristics of study subjectsFull size table
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        Editorial Summary
HIV-1 reservoirs analysed
Antiretroviral therapy does not cure HIV-1 infection: despite drug treatment, most patients still have latent reservoirs of the virus. This study of immune cells isolated from 30 HIV-1-infected patients who had been on antiretroviral therapy for at least two years and had maintained undetectable plasma HIV-1 RNA levels, shows that these viral reservoirs are dominated by viruses with cytotoxic T lymphocyte escape mutations. This finding implies that future directions in therapeutic vaccine design may need to focus on boosting broad cytotoxic T lymphocyte responses.
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