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            Abstract
Inflammation in HIV infection is predictive of non-AIDS morbidity and death1, higher set point plasma virus load2 and virus acquisition3; thus, therapeutic agents are in development to reduce its causes and consequences. However, inflammation may simultaneously confer both detrimental and beneficial effects. This dichotomy is particularly applicable to type I interferons (IFN-I) which, while contributing to innate control of infection4,5,6,7,8,9,10, also provide target cells for the virus during acute infection, impair CD4 T-cell recovery, and are associated with disease progression6,7,11,12,13,14,15,16,17,18,19. Here we manipulated IFN-I signalling in rhesus macaques (Macaca mulatta) during simian immunodeficiency virus (SIV) transmission and acute infection with two complementary in vivo interventions. We show that blockade of the IFN-I receptor caused reduced antiviral gene expression, increased SIV reservoir size and accelerated CD4 T-cell depletion with progression to AIDS despite decreased T-cell activation. In contrast, IFN-Î±2a administration initially upregulated expression of antiviral genes and prevented systemic infection. However, continued IFN-Î±2a treatment induced IFN-I desensitization and decreased antiviral gene expression, enabling infection with increased SIV reservoir size and accelerated CD4 T-cell loss. Thus, the timing of IFN-induced innate responses in acute SIV infection profoundly affects overall disease course and outweighs the detrimental consequences of increased immune activation. Yet, the clinical consequences of manipulation of IFN signalling are difficult to predict in vivo and therapeutic interventions in human studies should be approached with caution.
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                    Figure 1: IFN-1ant suppresses early antiviral responses.[image: ]


Figure 2: IFN-1ant accelerates disease progression in SIV-infected rhesus macaques.[image: ]


Figure 3: IFN-Î±2a treatment transiently prevents systemic infection but results in an IFN-tolerant state.[image: ]


Figure 4: IFN-Î±2a accelerates disease progression.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Dose escalation study for IFN-1ant and experimental schema.
aâ€“d, Effects of three times weekly IFN-1ant dosing on the frequency of CD4 T cells (a), CCR5+ CD4 T cells (b), CCR5+ CD8 T cells (c) and Ki67+ CD8 T cells (d) in 2 rhesus macaques. Dose was 50Â Î¼g in weekÂ 1, 200Â Î¼g in weekÂ 2, 500Â Î¼g in weekÂ 3 and 800Â Î¼g in weekÂ 4. Vertical dotted lines indicate the days a new dose was started. Black lines connect time points 4Â days after the first dose. Grey shading indicates treatment period. e, Six macaques received 4Â weeks of IFN-1ant intramuscularly starting at dayÂ 0 and were challenged intrarectally with 1Â ml of a 1:25 dilution of SIVMAC251 (stock concentration 3Â Ã—Â 108 SIV RNAÂ copiesÂ mlâˆ’1) at dayÂ 0 and followed until developing end-stage AIDS. Nine macaques were treated with 4Â weeks of placebo saline intramuscularly starting at dayÂ 0 and challenged intrarectally with SIVMAC251 at dayÂ 0 and followed. Six macaques were injected weekly with IFN-Î±2a starting 1Â week before the first challenge and through 4Â w.p.i. Macaques required 2, 3 or 5 challenges to acquire systemic infection. Thus, macaques received 6, 7 or 9 doses of IFN-Î±2a. Macaques were necropsied at 12Â w.p.i. per protocol.


Extended Data Figure 2 Effects of IFN-1ant on IFN-stimulated genes and virus burden.
a, b, MX1 (a) and OAS2 (b) expression by qRTâ€“PCR during acute SIV infection in IFN-1ant (red, n = 6) and placebo (blue, n = 9) macaques. PÂ values were calculated by Mannâ€“Whitney U test. c, ISGs in PBMCs in IFN-1ant and placebo macaques. P values represent the comparison between IFN-1ant (n = 6) and placebo (n = 9) macaque FPKMs at 7Â d.p.i. d, e, SAMHD1 (d) and APOBEC3G (e) expression in the lymph nodes in IFN-1ant (n = 6) and placebo (n = 9) macaques. PÂ values were calculated by Mannâ€“Whitney U test. f, g, Plasma SIV RNA levels at 12Â w.p.i. (f) or at peak (g) stratified by the day that MX1 or OAS2 expression peaked in PBMCs in IFN-1ant (n = 6) and placebo (n = 9) macaques. VL, viral load. PÂ values were calculated by Mannâ€“Whitney U test. h, SIV gag levels in PBMCs stratified by the day that MX1 or OAS2 expression peaked in PBMCs in IFN-1ant (n = 6) and placebo (n = 6) macaques. PÂ values were calculated by Mannâ€“Whitney U test. For all panels, IFN-1ant-treated macaques are represented in red, placebo-treated macaques in blue.


Extended Data Figure 3 Effects of IFN-1ant on CD4 T cells and on immune activation.
a, b, CD4/CD8 T-cell ratio in peripheral blood (a) and lymph node (LN) (b) in IFN-1ant (Ant, n = 6) and placebo (Plac, n = 9) macaques. Shading indicates treatment period. Error bars indicate range. Red vertical line indicates day 0 of systemic SIV infection. For all panels, horizontal bars indicate median values, and PÂ values at different time points within treatment groups were calculated by Wilcoxon matched pairs signed rank test and between groups by Mannâ€“Whitney U test. câ€“f, T-cell activation in lymph nodes (câ€“f) in CD4 (c, d) and CD8 (e, f) T cells as represented by the frequency of Ki67+ (c, e) or HLA-DR+ (d, f) cells in IFN-1ant (n = 6) and placebo (n = 9) macaques. g, Frequency of circulating CD16+ or CD56+CD3âˆ’CD14âˆ’ NK cells in IFN-1ant (n = 6) and placebo (n = 9) macaques. h, Frequency of circulating CD16+ NK cells in IFN-1ant (n = 6) and placebo (n = 9) macaques. i, Frequency of circulating CD56+ NK cells in IFN-1ant (n = 6) and placebo (n = 9) macaques. For all panels, IFN-1ant-treated macaques are represented in red, placebo-treated macaques in blue.


Extended Data Figure 4 IFN-1ant alters innate and adaptive immune signalling.
a, Selected pathways significantly affected by IFN-I blockade. PÂ values were calculated by Fisherâ€™s exact test with the Benjaminiâ€“Hochberg multiple testing correction. b, Expression of genes involved in pattern recognition receptor signalling of IFN-1ant-treated macaques (n = 6) compared to placebo (n = 9) at 7Â d.p.i. Upregulation compared to pre-infection is represented by red, no change by white, downregulation by blue. PÂ values represent the comparison between IFN-1ant and placebo macaques at 7Â d.p.i. c, Selected genes in pattern recognition receptor signalling pathways. Upregulation at 7Â d.p.i. is represented by red, downregulation by green.


Extended Data Figure 5 Effects of IFN-1ant on T-cell function and phenotype.
aâ€“e, SIV-specific responses in peripheral blood at 4 and >12Â w.p.i. in IFN-1ant (Ant, n = 6) and placebo (Plac, n = 6) macaques by frequency of IFN-Î³+ (a), TNF+ (b), perforin+ (c), granzyme B+ (d) and CD107+ (e) CD8 T cells. T-cell exhaustion in peripheral blood and lymph nodes (LN) at >16Â w.p.i. based on frequency of PD-1+ CD4 (f) and CD8 (h) T cells and ICOS+ (g) CD8 T cells. For all panels, PÂ values at different time points within treatment groups were calculated by Wilcoxon matched pairs signed rank test and between groups by Mannâ€“Whitney U test. IFN-1ant-treated macaques are represented in red, placebo-treated macaques in blue.


Extended Data Figure 6 IFN-Î±2a treatment transiently induces ISGs and subsequently induces the IFN-repressor FOXO3a but does not induce neutralizing anti-IFN antibodies.
aâ€“d, MX1 (a, c) and OAS2 (b, d) expression during the duration of IFN-Î±2a treatment in the IFN-Î±2a group alone (a, b) and during infection in the IFN-Î±2a (n = 6) and placebo (n = 9) groups (c, d). PÂ values were calculated by Wilcoxon matched pairs signed rank test. e, Percentage of in vitro IFN antiviral activity inhibited by plasma from IFN-Î±2a (n = 6) and placebo (n = 3) macaques. f, Expression of FOXO3a and FOXO3a-bound genes in SIV-uninfected macaques (n = 3) treated with 21Â days of IFN-Î±2a. Large circles indicate statistically significant (P<0.05) changes from pre-IFN-Î±2a treatment calculated by Wilcoxon matched pairs signed rank test. Small circles indicate no statistically significant change from pre-IFN-Î±2a treatment. g, Expression of IFN-Î±-regulatory genes in IFN-Î±2a (n = 6) and placebo (n = 9) macaques. PÂ values represent the comparison between FPKMs of IFN-Î±2a (n = 6) and placebo (n = 9) macaques at 7Â d.p.i. h, Expression of FOXO3a-bound genes in IFN-Î±2a (green, n = 6) and placebo (blue, n = 9) macaques at 7Â d.p.i.


Extended Data Figure 7 Effects of IFN-Î±2a on IFN-stimulated and antiviral genes.
a, ISGs in PBMCs in IFN-Î±2a (n = 6) and placebo (n = 9) macaques. Red indicates upregulation, yellow indicates no change and blue indicates downregulation relative to pre-infection. b, Expression of ISGs in macaques treated with IFN-Î±2a (n = 6) or placebo (n = 9). PÂ values indicate differentially expressed genes at 10 d.p.i. câ€“h, Expression of TRIM22 (c, d), MX2 (e, f) and IRF7 (g, h) in SIV-uninfected macaques (n = 3) treated with weekly IFN-Î±2a for 3Â weeks in PBMCs (c, e, g) and lymph nodes and rectum (d, f, h). DayÂ 0 reflects baseline. Numbers indicate days since first IFN-Î±2a administration. Error bars indicate range. PÂ values were calculated by Wilcoxon matched pairs signed rank test.


Extended Data Figure 8 Effects of IFN-Î±2a on SIV control.
a, Number of transmitted/founder (T/F) variants in placebo (n = 9), IFN-1ant (n = 6) and IFN-Î±2a (n = 6) macaques. PÂ value was calculated by Mannâ€“Whitney U test. b, Antiviral protein production in lymph nodes (LN) by immunohistochemistry at 4Â w.p.i. in IFN-Î±2a (n = 6) and placebo (n = 6) macaques. PÂ value was calculated by Mannâ€“Whitney U test. c, CD56+ NK-cell frequency on the day of challenge stratified by whether the macaque resisted or was susceptible to systemic infection that day. Each IFN-Î±2a macaque (n = 6) is indicated by a different colour. Circles indicate that the macaque was resistant to infection with the next challenge and triangles indicate that the macaque was susceptible to infection with the next challenge. PÂ value was calculated by Mannâ€“Whitney U test. d, Correlation between the number of challenges required to achieve systemic infection and rectal CD16+ NK-cell frequency in each macaque (n = 6) at 4Â w.p.i. r indicates the Spearmanâ€™s rank correlation coefficient. PÂ value indicates the significance of the correlation. e, Plasma SIV RNA levels in macaques treated with IFN-Î±2a (n = 6) or placebo (n = 9) saline. Shading reflects treatment period. Red vertical line indicates day 0 of systemic SIV infection. fâ€“i, Frequency of IFN-Î³+ (f), TNF+ (g), granzyme B+ (h) and perforin+ (i) CD8 T cells at 4 andÂ â‰¥12Â w.p.i. in IFN-Î±2a (n = 6) and placebo (n = 6) macaques. j, Frequency of circulating CD16+CD56âˆ’ NK cells in IFN-Î±2a (n = 6) and placebo (n = 9) macaques. PÂ values at different time points within treatment groups were calculated by Wilcoxon matched pairs signed rank test and between groups by Mannâ€“Whitney U test.


Extended Data Figure 9 Effects of IFN-Î±2a on T-cell activation.
aâ€“h, Frequency of peripheral blood (aâ€“d) and lymph node (LN) (eâ€“h) CD4 (a, c, e, g) and CD8 (b, d, f, h) memory T cells expressing HLA-DR (a, b, e, f) or Ki67 (c, d, g, h) in IFN-Î±2a (IFN, n = 6) and placebo (Plac, n = 9) macaques. Shading indicates treatment period. Error bars indicate range. aâ€“d, Red vertical line indicates day 0 of systemic SIV infection. PÂ values represent the comparison between groups of the AUC (0-4 w.p.i.). eâ€“h, Horizontal bars indicate median values. PÂ values were calculated by Mannâ€“Whitney U test.


Extended Data Figure 10 Effects of IFN-Î±2a on gene expression.
a, Selected pathways significantly affected by IFN-Î±2a treatment. PÂ values were calculated by Fisherâ€™s exact test with the Benjaminiâ€“Hochberg multiple testing correction. b, Expression of genes downstream of IL-6 signalling. Upregulation relative to before IFN-Î±2a or placebo treatment and SIV infection is represented by red, no change by white, downregulation by blue. PÂ values represent the comparison between IFN-Î±2a (n = 6) and placebo (n = 9) macaques at 7Â d.p.i. c, Selected genes in apoptosis signalling pathways. Significant upregulation at 7Â d.p.i. is represented by red, downregulation by green.
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Type I interferon (IFN-I) is shown here to have dual effects in rhesus macaques exposed to simian immunodeficiency virus (SIV): it is beneficial at the onset of infection but as infection progresses it becomes detrimental. IFN signaling was manipulated in two ways. IFN-I receptor blockade results in increased plasma viraemia, accelerated CD4 T cell loss and progression to AIDS. In contrast, IFN-Î±2a administration prior to high-dose intrarectal SIV challenge increases resistance to systemic infection. However, continued IFN-Î±2a treatment induces IFN-I desensitization and facilitates SIV infection. Overall, the benefits of early antiviral activity appear to outweigh the detrimental effects of immune activation during acute SIV infection.
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