

[image: Expansion of Immature Neutrophils During SIV Infection Is Associated With Their Capacity to Modulate T-Cell Function]
Expansion of Immature Neutrophils During SIV Infection Is Associated With Their Capacity to Modulate T-Cell Function





ORIGINAL RESEARCH

published: 03 February 2022

doi: 10.3389/fimmu.2022.781356

[image: image2]


Expansion of Immature Neutrophils During SIV Infection Is Associated With Their Capacity to Modulate T-Cell Function


Julien Lemaitre 1, Delphine Desjardins 1, Anne-Sophie Gallouët 1, Mario Gomez-Pacheco 1, Christine Bourgeois 1,2, Benoit Favier 1, Asier Sáez-Cirión 3, Roger Le Grand 1† and Olivier Lambotte 1,2*†


1 Université Paris-Saclay, Inserm, CEA, Center for Immunology of Viral and Autoimmune, Hematological and Bacterial diseases (IMVA-HB/IDMIT), Paris, France, 2 Assistance Publique - Hôpitaux de Paris, Université Paris Saclay, Hôspital Bicétre, Service de Médecine Interne et Immunologie Clinique, Paris, France, 3 Institut Pasteur, Unité HIV inflammation and persistance, Paris, France




Edited by: 

Cristian Apetrei, University of Pittsburgh, United States

Reviewed by: 

Enrique Martin-Gayo, Fundación de la Universidad Autónoma de Madrid, Spain

Petru Cianga, Grigore T. Popa University of Medicine and Pharmacy, Romania

*Correspondence: 

Olivier Lambotte
 olivier.lambotte@aphp.fr




†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Viral Immunology, a section of the journal Frontiers in Immunology


Received: 22 September 2021

Accepted: 14 January 2022

Published: 03 February 2022

Citation:
Lemaitre J, Desjardins D, Gallouët A-S, Gomez-Pacheco M, Bourgeois C, Favier B, Sáez-Cirión A, Le Grand R and Lambotte O (2022) Expansion of Immature Neutrophils During SIV Infection Is Associated With Their Capacity to Modulate T-Cell Function. Front. Immunol. 13:781356. doi: 10.3389/fimmu.2022.781356



In spite of the efficacy of combinational antiretroviral treatment (cART), HIV-1 persists in the host and infection is associated with chronic inflammation, leading to an increased risk of comorbidities, such as cardiovascular diseases, neurocognitive disorders, and cancer. Myeloid cells, mainly monocytes and macrophages, have been shown to be involved in the immune activation observed in HIV-1 infection. However, less attention has been paid to neutrophils, the most abundant circulating myeloid cell, even though neutrophils are strongly involved in tissue damage and inflammation in several chronic diseases, in particular, autoimmune diseases. Herein, we performed a longitudinal characterization of neutrophil phenotype and we evaluated the interplay between neutrophils and T cells in the model of pathogenic SIVmac251 experimental infection of cynomolgus macaques. We report that circulating granulocytes consists mainly of immature CD10- neutrophils exhibiting a prime phenotype during primary and chronic infection. We found that neutrophil priming correlates with CD8+ T cell activation. Moreover, we provide the evidence that neutrophils are capable of modulating CD4+ and CD8+ T-cell proliferation and IFN-γ production in different ways depending on the time of infection. Thus, our study emphasizes the role of primed immature neutrophils in the modulation of T-cell responses in SIV infection.
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Introduction

In the absence of a cure for HIV infection, lifelong antiretroviral treatment is necessary to control replication of the virus because of the inability of combinational antiretroviral treatment (cART) and host defenses to eradicate it. cART has increased life expectancy and the quality of life of HIV-infected patients, but is still far from being a cure (1, 2). Despite cART, non-AIDS related co-morbidities (metabolic, neurodegenerative, and cardiovascular diseases) normally associated with aging have been shown to be more frequent and occur earlier in the HIV-infected than aged-matched general population (3). Such an increased frequency of co-morbidities was suggested to contribute to the persistence of chronic inflammation (4). Even under long-term cART, HIV-infected patients have a higher level of soluble inflammatory (ex. IL-6) and gut epithelial dysfunction markers (ex. I-FABP) (5).

Nevertheless, the exact mechanisms and cells involved in the persistence of low-grade chronic inflammation in cART patients are still not clear. Residual HIV replication and microbial translocation potently activate monocytes, dendritic cells, and macrophages, leading to chronic inflammation (6–8). However, one of the most potent pro-inflammatory myeloid cells subset, neutrophils, have been overlooked in HIV-infection (9). In spite of being considered as short-lived phagocytic cells, new studies have demonstrated an increased neutrophil life expectancy in certain conditions and diseases, reaching 5.4 days, with a capacity to exert immunomodulatory functions (10–13). Neutrophils have been shown to be involved in the pathogenesis of metabolic, cardiovascular, and neurological diseases, which are also non–AIDS related comorbidities (14). Neutrophil infiltration in the gut has been recently shown in HIV-infected patients under cART and has been reported to be associated with colonic epithelial cell apoptosis and microbial translocation in SIV-infected macaques (15–17). Neutrophil survival in the gut has been shown to be increased in chronic HIV infection, a feature that is associated with the pro-inflammatory function in inflammatory bowel disease (18, 19).

Circulating neutrophils with increased spontaneous reactive oxygen production (ROS), CD62L shedding, and CD11b upregulation have been described in chronically HIV-infected patients (20, 21). This mechanism, called priming, refers to a process in which neutrophil exposure to inflammatory mediators increases responsiveness to subsequent agonist stimuli (22, 23). First shown by increased ROS production prior to any stimulation, priming also affects neutrophil longevity, phenotype, shape, and deformability. This mechanism, driven by soluble factors (cytokines, microbial products, and chemo-attractants), relies on assembly of the NAPDH complex and is also accompanied by granule release, phenotypic changes, cytokine production, transmigration, and delayed apoptosis (23). Thus, depending on the inflammatory environment, primed neutrophils are armed to respond more efficiently against invasive pathogens.

Neutrophils have long been considered to be a homogeneous population but there is increasing evidence of neutrophil diversification under inflammatory conditions (11, 24). Neutrophil subpopulations can be distinguished by physical, phenotypic, and functional changes that can have a beneficial or detrimental impact on disease (24). Only a few studies have reported neutrophil diversification in HIV/SIV infection (21, 25–27). During chronic HIV infection, a subset of neutrophils expressing PD-L1 were shown to suppress specific T cell-mediated IFN-γ production via PD-1/PD-L1 and ROS-dependent mechanisms (25).

We previously observed neutrophil diversification in chronically SIV infected macaques with evidence of increase frequency of immature neutrophils (28). In this study, we hypothesized that neutrophil diversification occurs early in SIV infection and is associated with changes of bone marrow neutrophil. We used flow cytometry approach to investigate neutrophil dynamic in non-human primates (NHPs) infected with pathogenic SIVmac251 during the primary and chronic stages of infection, and also, in ART controlled SIV infection. We report that circulating neutrophils in primary and chronic SIV infection are mostly comprised of primed (CD62Llow) and immature (CD10-) neutrophils. Associated with neutrophils diversification, we also previously identified an impairment of Gram-negative bacteria phagocytosis by neutrophil, but less is known about their capacities to modulate T cells responses (28). We further hypothesized that neutrophil diversification is associated with immunomodulatory functions against T cells. This prime immature phenotype was associated with the capacity of neutrophils to modulate T-cells proliferation and cytokines production. Thus, our results suggest the involvement of primed immature neutrophils in the modulation of T-cell response in SIV infection.



Materials and Methods


Nonhuman Primates and Sampling

Twelve cynomolgus macaques (Macaca fascicularis), imported from Mauritius, were housed at the IDMIT animal facility at the CEA (Fontenay-aux-Roses, France). Animals expressing the H6 MHC haplotype were excluded because of their natural capacity to spontaneously control SIVmac251 viremia and disease progression (29). All animals were infected by intravenous inoculation with 1,000 times the animal infectious dose 50% (AID50) of a pathogenic SIVmac251 isolate and followed for more than 12 months (30). Six SIV-infected animals (Group 1) were subcutaneously treated daily, starting from 28 days post infection (dpi), with a combination of two nucleoside reverse-transcriptase inhibitors, emtricitabine (40 mg/kg) and tenofovir disoproxil fumarate (5.1 mg/kg), and one integrase inhibitor, dolutegravir (2.5 mg/kg) (31). The six remaining animals (Group 2) were treated by the same route and posology but at month 6 of the infection. Following SIV infection, two animals reached humane euthanasia endpoint in Group 1. The first one animal was euthanized at 48 dpi for weight loss and diarrhea, and the second was euthanized at 527 dpi for weight loss and peripheral neuropathy.

Blood was drawn and bone marrow aspirates collected under anesthesia, which consisted of an intramuscular injection of 10 mg/kg zolazepam/tiletamine (Virbac, Carros, France). Blood was collected into lithium-heparin tubes (Vacutainer BD, USA) and bone marrow aspirates from the iliac crest or humeral head using a 10-ml 18G-syringe containing citrate -dextrose (10 mg/ml).

The macaque study was approved by the « Ministère de l’Education Nationale, de l’Enseignement Supérieur et de la Recherche » (France) and the ethics committee « Comité d’éthique en expérimentation animale n°44 » under reference APAFIS#2453-2015102713323361; Animals were handled in accordance with national regulations (CEA accreditation number D92-032-02) and European Directives (2010/63, recommendation N°9) and in compliance with the Standards for Human Care of the Office for Laboratory Animal Welfare (OLAW, USA) under OLAW Assurance number #A5826-01.



Reagent and Cell Preparation for Flow Cytometry

Briefly, heparinized whole blood and citrated bone marrow were processed within 1 h following blood draw to preserve neutrophils. Phenotypic analysis were performed with two different panels based on the same core panel but markers were adapted to priming or maturation status of neutrophils. Viability staining was first performed for 15 min at room temperature, according to the manufacturer’s protocol (Live Dead, Thermofisher). Then, antibody staining was performed with the following antibodies for 15 min at room temperature: Core panel: CD11b (ICRF144, BD Bioscience), CD45 (D058-1283, BD Bioscience) CD3 (SP34.2, BD Bioscience), CD8a (RPAT8, BD Bioscience), HLADR (L234, Biolegend), and CD66abce (TET2, Myltenyi Biotec), CD20 (2H7, BD Bioscience); CD32a (FLI8.26, BD Bioscience), CD14 (M5E2, BD Bioscience), CD16 (3G8, BD Bioscience), CDw125 (A14, BD Bioscience); Priming panel: CD64 (10.1, BD Bioscience), CD62L (SK11, BD Bioscience), CD89 (A59, Biolegend); Maturation panel: CD49d (9F10, Biolegend), CD10 (HI10a, Biolegend), CD101 (BB27, Biolegend). For MDSC analysis, PBMC were stained using the same protocol and the same core panel and following additional antibodies were added: CD10 (HI10a, Biolegend), CD101 (BB27, Biolegend), CD33 (AC104 3E3, Miltenyi Biotec).

Samples were then lysed and fixed using BD FACS Lysing (BD Bioscience) for 15 min. After an additional wash with PBS, acquisition was performed on a BD FORTESSA flow cytometer (BD Bioscience) and analyzed using FlowJo software. Gating strategies are detailed in Supplementary Figures S1, S2.



Cell Isolation

Mononuclear cells and granulocytes were isolated by density gradient centrifugation (Ficoll-Paque; GE Healthcare Life Sciences) of blood. Using this technique, we obtained 95.6% (± 3) neutrophil purity in the globular fraction. The isolation procedure was further shown to not induce PMN activation based on CD62L and CD11b expression.



Neutrophil Cells Sorting and Cytology

For cell sorting by flow cytometry, whole blood or bone marrow from two uninfected animals were first lysed using NH4Cl, then, FcRs were blocked using cynomolgus macaque serum. Cells were counted and incubated for 30 min with the following antibodies: CD11b (ICRF44), CD45 (D058-1283), CDw125 (REA705), CD123 (7G3), CD3 (REA994), CD20 (LT20), CD8a (BW135/80), CD16 (REA423), CD10 (HI10a), CD14 (TUK4) CD32a (IV.3), and CD66 (TET2). Cell sorting was performed using a FACSAria I flow cytometer (Becton Dickinson). The sorted population was smeared with a cytocentrifuge (Cytospin 2, Thermo Scientific) and then stained using May-Grünwald Giemsa. Images were acquired using a Nikon Eclipse 80i with Dxm 1200C digital camera at 60x magnification. Cells were identified by morphological criteria by a cytologist. Promyelocytes and myelocytes were considered to be pre-neutrophils (PreN), metamyelocytes and band cells immature neutrophils, and segmented neutrophils mature cells.



Neutrophil/PBMC Co-Culture for Cytokine and Proliferation Assay

TCR-stimulated (Cytostim NHP, Miltenyi) T-cells were cultured with or without autologous PMNs at a 1:1 or 5:1 PMN to PBMC ratio (Supplementary Figure S3). For the measurement of intracellular cytokines, brefeldin A (Sigma) was added after 1 h of stimulation to block protein transport to the Golgi. For the proliferation assay, PBMCs were stained with 1 µM CFSE (Cell Trace, Invitrogen) for 5 min and the reaction stopped using cold FCS. Co-cultures were maintained for 16 h for the cytokine assay and 96 h for the proliferation assay at 37°C and 5% CO2 before flow cytometry analyses.

For both assays, viability staining (Live Dead, Thermofisher) was performed at 4°C for 20 min, and for the cytokine assay, cells were permeabilized and fixed (Cytofix/cytoperm, BD Biosecience). Then, cell staining was performed for 30 min at 4°C with the following antibodies: IFN-γ (B27), TNF-α (Mab11), IL-2 (MQ1 17H12), CD4 (L200), CD8 (RPA-T8), CD69 (FN50), IL-17A (N46-653), and CD3 (SP34-2).



Statistical Analysis

Statistical analyses were carried out using GraphPad Prism 8 software (GraphPad Software Inc.). We used the Friedman test with Dunn’s multiple comparison for statistical analyses of multiple timepoints from the same animal. A Mann-Whitney non-parametric test was used to compare data from Group 1 and Group 2. We performed a Wilcoxon matched-pair signed-rank test to analyze the impact of PMNs on T-cell proliferation and cytokine production. In graphs, the thresholds for statistical significance are indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001.




Results


Neutrophil Priming in Acute and Chronic SIV Infection

Neutrophil priming has been identified in chronic SIV and HIV infections (20, 21, 28) but the dynamics of neutrophils during the course of infection are still poorly defined. Because persistence of neutrophils priming could be associated with differences in functionality, we characterized these changes in SIV-infected cynomolgus macaques from acute to chronic phases and under cART. We evaluated the impact of early cART on neutrophil priming by separating the animals into two groups according to the time of treatment initiation (Group 1: cART initiated at 28 dpi, Group 2: cART initiated at 180 dpi). We characterized SSChigh CD45+ CD66+ Lin- CD14- CDw125- neutrophils by multiparameter flow cytometry approach in both fresh blood and bone marrow samples (Supplementary Figure S1A). CD62L shedding has been previously associated with neutrophil priming in HIV-1 infection (21). We therefore considered the CD62Llow population as of primed neutrophils. We also used the expression of other surface markers, such as CD11b and CD64, as surrogates of priming, along with PD-L1 and HLA-DR for activation (32, 33). First, there were no significant differences in overall neutrophil blood counts between groups or timepoints (p = 0.915) (Supplementary Figure S1B). Nonetheless, all animals showed a significant increase in the frequency of primed CD62Llow neutrophils (42.9% in average of blood neutrophils (p < 0.05) at 7 dpi, reaching an average of 74.6% of blood neutrophils (p < 0.01) by 14 dpi concomitant with increase in viremia, during primary infection (Figures 1A, B). After primary infection, in Group 2 (cART initiated at 6 months pi) the frequency of CD62Llow neutrophils transiently decreased at 42 dpi (26.45%) prior a rebound at 60 dpi (53.18%), reaching to 55.7% by six months pi (p < 0.01). Thus, SIV infection induced neutrophil priming, shown by changes in the distribution between CD62Llow and CD62Lhigh neutrophil populations after SIV-infection, but did not affect total neutrophil blood counts.




Figure 1 | Neutrophil priming during the course of SIV infection and cART. (A) Follow-up of blood CD62L-low neutrophil frequency and plasma viral loads in both groups. Values shown in the graphs indicate the mean with the SD of the CD62L-low frequency and the mean, with the range, of plasma viral load. The black curve represents the data points of the 12 animals from both groups before cART initiation. *p < 0.05, **p < 0.01 by the paired Friedman test with Dunn’s multiple comparison of the CD62L-low frequency compared to baseline values for the 6 animals studied in each group. The blue (upper graph) and orange (lower graph) curves represent the data in the early cART and late cART treated animals. The red curve shows the plasma viral load for the 12 animals till 28 dpi and for the 6 animals included in each group for the latter time point. (B) Representative flow cytometry data plots displaying CD62L and CD32a expression in CD66+ Lin- CD14- CDw125- neutrophils from one macaque before cART. (C, D) Frequency of CD62L-low PMNs in blood (C) and bone marrow (D) during different stages of infection and cART. The values in the graphs indicate the mean with the SD of each neutrophil population. *p < 0.05, **p < 0.01 by the paired Friedman test with Dunn’s multiple comparison and Mann Whitney tests for unpaired comparisons. (E, F) Frequency of CD64-high and HLADR+ PMNs in the blood for both groups. Before cART initiation for Group 1, both groups are represented together in the black line and then separated. The values in the graphs indicate the mean with the SD of the CD64-high or HLADR+ PMN frequency. *p < 0.05, **p < 0.01 by the paired Friedman test with Dunn’s multiple comparison.



We next evaluated the impact of cART on the CD62Llow/high neutrophil distribution in blood and for some time-points in BM. The initiation of cART 28 dpi (Group 1) was associated with a progressive reduction in the frequency of CD62Llow neutrophils, reaching basal levels after six months of cART (Figure 1C). Unfortunately, one animal from the Group 1 reached human endpoint criteria (weight loss >20%, persistent diarrhea and dehydration) and was euthanized at 48 dpi. After six months on ART, the frequency of primed neutrophils in Group 1 was significantly lower than that in the untreated controls after 6 months of infection (Group 2 before treatment initiation) (p < 0.05) (Figure 1C). In group 2, when cART was initiated at six months pi, the frequency of primed neutrophils transiently decreased after one month of treatment (Figure 1A) but increased thereafter, and was still significantly higher than baseline after 12 months of cART (19 months pi: baseline = 9.6% vs 12M ART = 34.1%, p < 0.05) (Figure 1C).

In Group 1, after 19 months under cART (20 months pi), the frequency of primed neutrophils significantly increased to 51.1% of blood neutrophils (baseline = 5.3%, p < 0.05). To note, although cART transiently restored the CD62Llow/high distribution when initiated early but long term alterations were observed in both groups. Similarly, the percentage of CD62Llow neutrophils in the bone marrow was significantly higher at 6 months pi in non-treated macaques than at baseline (baseline = 35.2%, Group 2 = 97.8%, p < 0.01) (Figure 1D) or than in early treated macaques (Group 1 = 39.9%, p < 0.01). The CD62Llow neutrophil frequencies were significantly higher in the bone marrow after long-term cART in both groups of treated animals (12 months of cART for Group 2 (p < 0.05) and 18 months of cART for Group 1 (P < 0.01)). However, early-treated animals (Group 1) still exhibited lower frequencies of CD62Llow neutrophil than late-treated Group 2 (p < 0.05) (Figure 1D).

To better characterize the activation profile of neutrophil, CD64 and HLADR surface expression were evaluated. Both markers were significantly elevated on neutrophils at the peak of viral replication (p < 0.01 and p < 0.05, respectively) and showed non-significant fluctuations during the follow-up, independently of the time of initiation of cART (Figures 1E, F). In addition, PDL1 expression have been shown to be elevated in PLWH, so we follow this marker expression on neutrophil and this marker did not increase during the entire follow-up period of the study (Supplementary Figure S1C).

These results show that significant changes in the neutrophil priming occur during pathogenic SIV infection of macaques, which are not fully corrected by cART treatment, even when cART is initiated very early (28 dpi). Nevertheless, there is a significant impact of cART on bone marrow neutrophils where CD62L expression is improved.



SIV Infection Influences Blood Neutrophil Maturation

The circulation of CD62Llow neutrophils upon SIV infection is associated with the viremia. In other infectious diseases this phenotype has been associated with emergency granulopoiesis and the liberation of immature neutrophils from bone marrow (34). Indeed, we previously reported circulation of immature neutrophils in late stages of chronic SIV infection by mass cytometry (28). Recent publications have differentiated between maturation stages of neutrophils using CD101 and CD10 expression (35), allowing the segregation of pre-neutrophils (CD101- CD10-) from immature (CD101+ CD10-) and segmented neutrophils (CD101+ CD10+). We showed that these markers, combined with CD32a expression, can delineate equivalent neutrophil subpopulations in the blood and bone marrow of healthy cynomolgus macaques using cell sorting by flow cytometry associated with the evaluation of cell morphology (Figures 2A–C). In bone marrow, the CD101- population consisted of a mixed population showing promyelocyte and myelocyte morphology and the CD101+ CD10- population was composed of metamyelocytes and band cells (Figure 2C). As low-density neutrophils have been observed in chronic inflammatory diseases, we also analyzed the kinetic of low-density neutrophils in the PBMC fraction. Nonetheless, there was no significant difference between early treated and late treated animals (Supplementary Figures S2A–D).




Figure 2 | Circulation of immature neutrophils in primary and chronic SIV infection. (A) Gating strategy used to identify neutrophils in blood and bone marrow from cynomolgus macaques. Neutrophils were identified as CD45+ SSC-A+ CD66+ lin- CD14- and CDw125-. (B) Gating strategy with representative plots of different neutrophil maturations stages obtained in blood and bone marrow from a healthy cynomolgus macaque. Briefly, pre-neutrophils were gated on CD101- neutrophil population and mature CD10+ and immature CD10- neutrophils were then gated on CD101+ cells. Full minus one (FMO) staining of bone marrow for CD10 is also shown. Pie charts representing the distribution of different neutrophil maturation stages in bone marrow and blood from healthy cynomolgus macaques. (C) Representative cytology of corresponding cells obtained after FACS sorting on blood and bone marrow. CD101- pre-neutrophils were composed of promyelocytes (+) and myelocytes (*). The CD101+ fraction was composed of immature CD10- (#: metamyelocytes, o: band cells) and mature CD10+ (arrow: segmented PMNs) PMNs. (D) Frequency of immature PMNs in the blood during SIV infection and treatment in Group 1 and Group 2. Before cART initiation for Group 1, both groups are represented together in a black line during the first month and then separated. The values in the graphs indicate the mean with the SD for both groups, p-value indicates a significant difference to baseline, with *p < 0.05, **p < 0.01, ***p < 0.001 by the paired Friedman test with Dunn’s multiple comparison. (E, F) Frequency of each PMN maturation stage in the blood and bone marrow during SIV infection. Symbol * indicates a significant difference to baseline in the same group and the bar represent a significant difference between two groups, with *p < 0.05, **p <0.01, ***p < 0.001 by the paired Friedman test with Dunn’s multiple comparison and Mann Whitney tests for unpaired comparisons.



In the blood, the frequency of immature neutrophils significantly increased during the primary infection in all animals, reaching 69% of total neutrophils by 14 dpi (p < 0.001, Figure 2D). In the absence of cART, the frequency of immature neutrophils transiently decreased after primary infection but then rebound to reach 60% of circulating neutrophils by 6 months pi (p < 0.01, Figure 2D and Supplementary Figure S2E). Upon six months of early cART (Group 1), the frequency of immature neutrophils was significantly lower than that in untreated animals (Group 2 before cART initiation) at 6 months pi (p < 0.01, Figure 2E). Upon late cART (Group 2), immature PMNs represented 56.2% of blood PMNs, significantly higher than the baseline value (p < 0.05) and that of under early cART (p < 0.05) (Figure 2E). Early initiation of cART restored the frequency of immature PMNs relative to the delayed treatment received by Group 2. Nevertheless, the frequency of immature PMNs in both groups was not significantly different from their respective baseline values after long-term cART (19 months for Group 1 and 12 months for Group 2).

Interestingly, primary infection was associated with an enrichment of pre-neutrophils (p < 0.05) and a depletion of mature PMNs (p < 0.05) in the bone marrow of both groups, in agreement with an acute response to infection (Figure 2F). At 6 months pi, immature PMNs of non-treated macaques (Group 2) were significantly enriched, representing 79.9% of bone-marrow PMNs (p < 0.01) and mature PMNs were still depleted (p < 0.01) (Figure 2F). The initiation of early treatment (initiation at 28 dpi) prevented mature PMN depletion in the bone marrow, while the frequency of mature PMNs in late cART (Group 2) was still lower than the baseline values (p < 0.01) after one year of cART (Figure 2F). These results show that, similarly to PMN priming, pathogenic SIV infection induces an imbalance between mature and immature PMN in both blood and bone marrow.



Neutrophil Priming Correlates With CD8 T-Cell Activation During SIV Infection

In order to examine the potential link between neutrophil phenotype changes and immune activation, we assessed the association between the frequency of primed neutrophil and T-cells activation. As expected, flow cytometry showed a depletion of CD4+ T cells and expansion of CD8+ T cells during primary infection and early cART (Group 1) preserved CD4 T cells count during chronic phase (Supplementary Figures S4A, B). In addition, during the chronic phase in group 2, there was a positive correlation between viral load and activated CD8+ T cells count (Supplementary Figure S4C). Interestingly, the frequency of primed CD62Llow neutrophil correlated with CD8+ T-cell activation (r = 0.611, p < 0.001), but not with CD4+ T-cell activation, as measured by HLADR expression (Figures 3A, B). Nevertheless, at 42 dpi frequency of CD62Llow neutrophil almost correlated with CD4 T cells count (p=0.591) (S4 FigD).Viral replication plays a critical role because cART significantly reduced both neutrophil priming (p < 0.05) and CD8+ T-cell activation (p < 0.05) (Figures 3C, D). After six months of cART (Group 1, 7 months pi), there was an average of 0.8% activated CD8+HLADR+ T cells versus 2.4% in untreated macaques (Group 2 before treatment initiation, 6 months pi). This confirms that neutrophil priming occurs in association with CD8+ T-cell activation and suggests neutrophil priming could be a marker of immune activation in patients.




Figure 3 | Correlation between neutrophil priming and CD4+ T cells and CD8+ T cells during SIV infection. (A) Correlation between the frequency of CD62L-low PMNs and that of HLADR+ CD8+ T cells (p < 0.0001). (B) Correlation between the frequency of CD62L-low PMNs and that of HLADR+ CD4+ T cells. The colors correspond to chronically SIV-infected animals (red; 57dpi, 3 months pi and 6 months pi), animals treated early with cART (purple; 6 months pi and 9 months pi), and baseline (gray). (C, D) Comparison of PMN subpopulation frequencies and activated CD8+ T-cell frequencies between chronically infected (6 months pi) and treated animals (7 months pi, 6 months pART). Mann Whitney test for unpaired comparisons with *p < 0.05, ****p < 0.0001. ns, non-significant.





Neutrophils Stimulate T-Cell Cytokine Production and Modulate T-Cell Proliferation in Acute and Chronic SIV Infection

As reported for several distinct diseases in humans, neutrophils can have pro-inflammatory or immunosuppressive functions, especially by modulating CD4+ and CD8+ T-cells responses (12, 36, 37). Therefore, we further explored if the functional properties of T cells may be affected by the fluctuation in the dynamics of PMNs upon SIV infection and early or late cART initiation. We evaluated T-cell immunomodulation by neutrophils in SIV infection by analyzing cytokine production and proliferation by flow cytometry of TCR-activated T cells in the presence or absence of fresh and autologous neutrophils (5:1 PBMC to neutrophil ratio) (Supplementary Figure S3A). PBMC to neutrophil ratio 1:5 was chosen based on the immunomodulatory properties observed in uninfected animals (Supplementary Figures S3B–E). In the co-culture, without any TCR-stimulation, neutrophils did not induce activation or proliferation of T cells from PBMCs.

Before infection, neutrophils had no effect on the production of IL-2, IL-17A, or TNF-α by TCR-activated CD4+ or CD8+ T cells but were able to significantly increase IFN-γ production by CD8+ T cells (p < 0.01, Figures 4A–F). In contrast, during primary infection (days 7-10 pi), Neutrophils strongly enhance the capacity of CD4+ and CD8+ T cells to produce IL-2 and IFN-γ (remarkably, twice as much IL-2 when compare to cultures in absence of neutrophils (p < 0.001 and p < 0.01, for CD4+ and CD8+ T-cells respectively) (Figures 4A–D). Interestingly, the presence of neutrophils isolated during primary infection also enhanced by two fold the capacity of CD4+ T-cells to produce IL-17A (p < 0.001, Figure 4E). In the chronic phase, neutrophils did not significantly modulate IL-2, IFN-γ or IL17A production by T cells (Figures 4A–E). Instead, neutrophils from the chronic phase enhance TNF-α production by CD4+ T-cells when compared to the cells cultured in the absence of neutrophils (p < 0.05, Figure 4F). After three months of cART, the immunostimulatory properties of neutrophils returned to basal levels. This suggests an evolution in neutrophil immunomodulatory functions from the acute to chronic phase, with an overall stimulatory effect on CD4+ and CD8+ T-cell cytokine production.




Figure 4 | T-cell immunomodulation by neutrophils during SIV infection. (A–F) PBMC were cultured for 16 h with a TCR stimulation, with or without PMNs at a 5:1 PMN to T-cell ratio. T-cell cytokine production was measured by intracellular cytokine staining of IL-2, IFN-g, TNF-a, and IL-17A after co-culture. Graphs represent the frequency of CD4+ or CD8+ T cells positive for each cytokine in the absence (black) or presence of PMNs (purple). (G, H) PBMC were cultured for 96 h with or without PMNs at a 5:1 PMN to T-cell ratio and T cell stimulation. T-cell proliferation was measured by CFSE dilution and the populations identified by flow cytometry. Graphs represent the frequency of CD69+ CD4+ T cells and CD8+ T cells with CFSE dilution. *p < 0.05, **p < 0.01, ***p < 0.001 by Wilcoxon or Mann-Whitney tests depending on pairing. Baseline: Groups 1&2, Acute week 2: Groups 1&2, Chronic: Group 2 (6 M p.i.), Chronic cART: Group 1 (7 M p.i., 6M pART).



We also measured the proliferation of T-cells in the presence or absence of neutrophils using CFSE dilution after 96 h of TCR activation. Neutrophils from acute infection, but not from baseline, the chronic phase or under cART favored CD4+ T cell proliferation (Figures 4G, H). In contrast, neutrophils from baseline favored CD8+ T-cell proliferation (p < 0.01) while neutrophils from acute phase had a suppressive effect on CD8+ T-cell proliferation (p < 0.01, Figure 4H). This immunosupressive effect was lost with neutrophils from non-treated animals during chronic infection (6 months pi), but was still observed in cART-treated animals after eight months of cART, although the low number of animals studied may have been insufficient to reach statistical significance (p = 0.0625). These results show that the immunomodulatory function of neutrophils evolves during the course of infection and that has a differential effect on CD4+ and CD8+ T cells.




Discussion

The diversity of neutrophils in peripheral blood, notably associated with differing maturation and activation status, has been described in cancer and autoimmune diseases (11, 24, 38). New neutrophil functions, such as the modulation of T-cell responses have been described in these chronic inflammatory diseases. Neutrophils are also equipped with potent mediators (ROS and NETs for example) that induce tissue damage and maintain chronic inflammation (14). Chronic HIV-1 infection, even under cART, can be considered in most cases as a chronic inflammatory disease for which neutrophils have received little attention. A recent study demonstrated the link between survival of neutrophils in the gut and microbial translocation, a source of HIV-associated chronic inflammation (18). Thus, the characterization of neutrophil heterogeneity and immunomodulatory functions in HIV-1 infection would help to gain a better understanding of their roles in the maintenance of inflammation.

Here, we provide the first description of neutrophil diversity associated with T-cell immunomodulatory functions during SIV infection. We were able to distinguish between precursors and immature and mature neutrophils in the blood and bone marrow from SIV-infected macaques using the association of CD101, CD10, and CD32a expression. In primary infection, circulating neutrophils were predominantly composed of immature cells. This immature phenotype was accompanied with an increased level of HLADR, CD64, and CD62L shedding, suggesting neutrophil priming. Mitsumoto-Kaseida F. et al. previously correlated expression level of CD64 on neutrophils with CRP level in ART naïve PLWH (27). We did not observed such elevation in chronically SIV infected macaques probably because of the relative short duration of chronic phase compare to PLWH. Activation levels of CD8+ T cells, but not CD4+ T cells, correlated with the frequency of primed neutrophils. This might be due to the level of activation of CD8+ T cells, which is more elevated compare to CD4+ T cells in our model. Here, we show for the first time that neutrophils can differentially modulate CD4+ and CD8+ T-cell functions in primary infection in the macaque model. During primary infection, neutrophils were able to boost IL-2 and IFN-γ production by CD4+ and CD8+ T cells and IL-17A production by CD4+ T cells. Such immunomodulatory profile differed from the one observed at baseline: Neutrophil enriched in CD62Lhight cells provided positive modulation of IFNγ secretion for CD8 but not CD4 T cells. PMNs differentially modulated the capacity of T-cell proliferation in early infection by increasing CD4+ T-cell proliferation while decreasing it in CD8+ T cells.

The striking changes seen in peripheral blood neutrophil populations in primary infection partially resolved during the early chronic phase with the decrease of viremia, but the frequency of prime CD62Llow and immature CD10- neutrophils increased in the late chronic phase. These results are consistent with bone marrow neutrophil analysis, in which primed and immature neutrophils increased during chronic SIV infection. The persistence of antigenic stimulation and inflammation may durably impair neutrophil production and phenotype. Early initiation of cART (four weeks post-infection) protected against the long-term neutrophil changes observed in untreated chronic SIV infection. Indeed, by six months under cART, the frequency of immature and primed neutrophils returned to basal levels. In contrast, the levels of immature and CD62Llow neutrophils did not normalize in animals treated at 24 weeks, despite undetectable viral loads in the plasma. This may be related to the persistence of chronic inflammation and the mechanisms that lead to chronic neutrophil activation, such as microbial translocation (39).

We show that neutrophils can differentially modulate CD4+ and CD8+ T cells. Primed CD62Llow and immature CD10- neutrophils were largely predominant in the blood early during the primary infection and showed an immunostimulatory function on T cells. This could be related to a physiological function of this neutrophil subset, capable to increase the anti-viral capacity of T cells by increasing IL-2 and IFN-γ production by CD4+ and CD8+ T cells and IL-17A production by CD4+ T cells in the setting of gut barrier damage. The mechanisms responsible for this differential impact of neutrophil on CD4 and CD8 T cells remain elusive and will need further investigation. Intrinsic difference between CD4 and CD8 T cells to the direct neutrophil signals (different responses to cytokines, different metabolic pathways, different reactivity depending on the infection phase), but also the indirect effect of neutrophil on other immunomodulatory factors need to be evaluated. In parallel, we observed that neutrophils could have opposite effects on CD4+ and CD8+ T-cell proliferation. The negative aspect of such immunomodulatory properties, which could be largely beneficial in many viral infections, could be the increase in the frequency of proliferating activated CD4+ T cells, ideal “prey” for HIV. During chronic infection, alteration of neutrophils may contribute to chronic T-cell activation, as suggested by both the positive correlation between immature neutrophils and the percentage of activated CD8+ T cells, and the capacity of neutrophils to enhance of TNF-α production by CD4 T cells. Unfortunately, in the present study we did not evaluated the link between SIV reservoirs or residual replication in tissues and neutrophil phenotype or function.

It would be necessary to evaluate the impact of neutrophils on SIV-specific CD8+ T-cell function in this setting, considering that neutrophils could impair the antiviral response. PD-L1 has been reported to be expressed on neutrophils in humans and may be a way to impair the antiviral capacity of CD8+ T cells (25). In our study, we did not observe PD-L1 expression on neutrophils. We followed SIV infection without cART for only six months and PD-L1 expression by neutrophils may necessitate a longer time of infection to be up regulated. Under cART, neutrophils did not shown significant immunomodulatory properties against T cells, which included the absence of any impact on INFγ production by CD8+ T cells at baseline. We hypothesize that early cART could have a significant impact on neutrophils by reducing systemic inflammation, but exposure to ART may have a direct action on neutrophil. Indeed, various neutrophil subsets can produce several cytokines under stimulation (40). As immune cells are involved in chronic inflammation, it will be informative to evaluate the capacity of neutrophil cytokine production during the course of SIV-infection and under cART.

Acute bacterial and viral infections or LPS and G-CSF administration have been show to induce the circulation of immature neutrophils, known as a “left shift”, and neutrophil priming (12, 34, 41, 42). Primary SIV infection may also induce emergency granulopoiesis, with the mobilization of immature neutrophils from the bone marrow (34). However, persistent inflammation in chronic SIV infection has been shown to alter hematopoiesis (43, 44) and may lead to neutrophil impairment. Marini O. et al. showed opposite immunomodulatory functions of immature CD10- and mature CD10+ neutrophils, which were immunostimulatory and immunosuppressive, respectively, in G-CSF-treated patients (12). In accordance with results of Marini et al., we identified significant neutrophil immunostimulatory function in primary and chronic SIV infection when the frequencies of immature CD10- and primed CD62L-low neutrophils were significantly elevated. Confirmation that the observed immunostimulatory function is restricted to immature CD10- neutrophil in SIV infection would require separate evaluation of the function of immature CD10- and mature CD10+ neutrophils. The rarity of mature CD10+ neutrophils would be a major obstacle for such an experiment.

This study had other limitations. The definition of neutrophil priming relies on partial activation of NADPH-oxidase, associated with increased responsiveness to stimuli. We evaluated neutrophil priming using CD62L shedding, as it has been shown to be associated with NADPH-oxidase activation (23, 45), but we did not directly evaluate NADPH-oxidase function like ROS production. The NETosis is another neutrophil function, which was not evaluated in the present study, but its implication in chronic inflammation and T cells modulation remains to be explored. In peripheral blood, CD62L shedding is classically associated with primed hyper-segmented neutrophils, notably in acute bacterial infection (46). Here, immature neutrophils had similar dynamics as CD62Llow neutrophils suggesting a different pathophysiological process.

We used density gradient centrifugation to isolate neutrophils from the blood. Indeed, there are no available sorting methods to obtain neutrophils from cynomolgus macaques. This approach did not allow us to retain low-density neutrophils (LDNs), which remained in the mononuclear fraction. Nevertheless, we did not observe any significant changes in LDN frequency in the PBMC fraction of SIV-infected macaques. The impact of LDNs on T-cell function should be more investigated.

In summary, we show neutrophil diversity in SIV infection and its impact on T-cell functions. Primed CD62Llow and immature CD10- neutrophils were elevated in primary and chronic SIV infection. This phenotype was associated with an increase in immunostimulatory function, resulting in T-cell proliferation and cytokine production. In turn, PMNs may contribute to chronic inflammation by modulating T-cell responses. But extensive functional characterization is needed in both macaque models and PLWH to better understand the role of immature neutrophils in HIV-1 infection. If certain neutrophil subsets are shown to act as pro-inflammatory cells, treatment aiming to modulate neutrophils could lead to new avenues of strategy aiming to reduce chronic inflammation in PLWH.
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Supplementary Figure S1 | Neutrophil counts and gating strategies used to identify neutrophils in cynomolgus macaques. (A) Gating strategy used in conventional flow cytometry to identify neutrophils in cynomolgus macaques for activation markers depicted in. (B) Follow-up of neutrophil blood counts in both groups of SIV-infected macaques. cART was initiated four weeks post-infection for Group 1 (N = 6) and 24 weeks post-infection for Group 2 (N = 6). The Friedman test was not significant for either group, irrespective of the timepoint or cART status (C) Frequency of PDL1+ PMNs during SIV infection in both groups.

Supplementary Figure S2 | Phenotyping of neutrophil and MDSC populations in PBMC fractions. (A) Gating strategy used to identify low-density neutrophils (LDNs) (Lin- CD11b+ CD66+ HLADR- CD14-), PMN-MDSCs (CD33+ LDNs) and M-MDSCs (Lin- CD11b+ CD66+ HLADR- CD14+) in the mononuclear fraction. (B–D) Frequency of LDNs, PMN-MDSCs, and M-MDSCs in CD45+ PBMCs from Groups 1&2 (black) during primary infection and the separate groups during the chronic phase. There were no statistical differences using the paired Kruskal-Wallis test with Dunn’s multiple comparison. (C, E, F) Frequency of mature PMNs in blood with the plasma viral load for Group1 and Group 2.

Supplementary Figure S3 | Gating strategy for co-culture assay and selection of the neutrophil to PBMC ratio. (A) Gating strategy used to evaluate T-cell proliferation and cytokine production after co-culture with PMNs. (B, C) Frequency of activated CD4+ and CD8+ T cells according to the neutrophil ratio and stimulation. (D, E) Frequency of proliferating T cells according to the neutrophil ratio and stimulation.

Supplementary Figure S4 | T cells analyses during the course of SIV infection. (A, B) CD4+ and CD8+ T cells counts in blood during SIV infection in both groups (C) Correlation between frequency of activated CD8+ T cells and Log10 plasma viral load from 57 to 181 dpi in group 2. (D) Correlation between CD4 T cells count and frequency of primed PMN at 41 dpi. Spearman correlation p-value < 0,0001.

  

References

1. Cory, TJ, Schacker, TW, Stevenson, M, and Fletcher, CV. Overcoming Pharmacologic Sanctuaries. Curr Opin HIV AIDS (2013) 8:190–5. doi: 10.1097/COH.0b013e32835fc68a

2. Deeks, SG, Autran, B, Berkhout, B, Benkirane, M, Cairns, S, Chomont, N, et al. Towards an HIV Cure: A Global Scientific Strategy. Nat Rev Immunol (2012) 12:607–14. doi: 10.1038/nri3262

3. Lagathu, C, Cossarizza, A, Béréziat, V, Nasi, M, Capeau, J, and Pinti, M. Basic Science and Pathogenesis of Ageing With HIV. AIDS (2017) 31:S105–19. doi: 10.1097/QAD.0000000000001441

4. Hunt, PW, Lee, SA, and Siedner, MJ. Immunologic Biomarkers, Morbidity, and Mortality in Treated HIV Infection. J Infect Dis (2016) 214:S44–50. doi: 10.1093/infdis/jiw275

5. Ploquin, MJ, Silvestri, G, and Müller-Trutwin, M. Immune Activation in HIV Infection: What can the Natural Hosts of Simian Immunodeficiency Virus Teach Us? Curr Opin HIV AIDS (2016) 11:201–8. doi: 10.1097/COH.0000000000000238

6. Herbein, G, Coaquette, A, Perez-Bercoff, D, and Pancino, G. Macrophage Activation and HIV Infection: Can the Trojan Horse Turn Into a Fortress? Curr Mol Med (2002) 2:723–38. doi: 10.2174/1566524023361844

7. Burdo, TH, Lentz, MR, Autissier, P, Krishnan, A, Halpern, E, Letendre, S, et al. Soluble CD163 Made by Monocyte/Macrophages Is a Novel Marker of HIV Activity in Early and Chronic Infection Prior to and After Anti-Retroviral Therapy. J Infect Dis (2011) 204:154–63. doi: 10.1093/infdis/jir214

8. Almeida, M, Cordero, M, Almeida, J, and Orfao, A. Different Subsets of Peripheral Blood Dendritic Cells Show Distinct Phenotypic and Functional Abnormalities in HIV-1 Infection. AIDS (2005) 19:261–71.

9. Hensley-McBain, T, and Klatt, NR. The Dual Role of Neutrophils in HIV Infection. Curr HIV/AIDS Rep (2018) 15:1–10. doi: 10.1007/s11904-018-0370-7

10. Pillay, J, den Braber, I, Vrisekoop, N, Kwast, LM, de Boer, RJ, Borghans, JAM, et al. In Vivo Labeling With 2H2O Reveals a Human Neutrophil Lifespan of 5.4 Days. Blood (2010) 116:625–7. doi: 10.1182/blood-2010-01-259028

11. Ng, LG, Ostuni, R, and Hidalgo, A. Heterogeneity of Neutrophils. Nat Rev Immunol (2019) 19:255–65. doi: 10.1038/s41577-019-0141-8

12. Marini, O, Costa, S, Bevilacqua, D, Calzetti, F, Tamassia, N, Spina, C, et al. Mature CD10+ and Immature CD10- Neutrophils Present in G-CSF-Treated Donors Display Opposite Effects on T Cells. Blood (2017) 129:1343–56. doi: 10.1182/blood-2016-04-713206

13. Borregaard, N. Neutrophils, From Marrow to Microbes. Immunity (2010) 33:657–70. doi: 10.1016/j.immuni.2010.11.011

14. Soehnlein, O, Steffens, S, Hidalgo, A, and Weber, C. Neutrophils as Protagonists and Targets in Chronic Inflammation. Nat Rev Immunol (2017) 17:248–61. doi: 10.1038/nri.2017.10

15. Estes, JD, Harris, LD, Klatt, NR, Tabb, B, Pittaluga, S, Paiardini, M, et al. Damaged Intestinal Epithelial Integrity Linked to Microbial Translocation in Pathogenic Simian Immunodeficiency Virus Infections. PloS Pathog (2010) 6:e1001052. doi: 10.1371/journal.ppat.1001052

16. Somsouk, M, Estes, JD, Deleage, C, Dunham, RM, Albright, R, Inadomi, JM, et al. Gut Epithelial Barrier and Systemic Inflammation During Chronic HIV Infection. AIDS (2015) 29:43–51. doi: 10.1097/QAD.0000000000000511

17. Sereti, I, Estes, JD, Thompson, WL, Morcock, DR, Fischl, MA, Croughs, T, et al. Decreases in Colonic and Systemic Inflammation in Chronic HIV Infection After IL-7 Administration. PloS Pathog (2014) 10:e1003890. doi: 10.1371/journal.ppat.1003890

18. Hensley-McBain, T, Wu, MC, Manuzak, JA, Cheu, RK, Gustin, A, Driscoll, CB, et al. Increased Mucosal Neutrophil Survival Is Associated With Altered Microbiota in HIV Infection. PloS Pathog (2019) 15:e1007672. doi: 10.1371/journal.ppat.1007672

19. Ohayon, D, De Chiara, A, Dang, PMC, Thieblemont, N, Chatfield, S, Marzaioli, V, et al. Cytosolic PCNA Interacts With P47phox and Controls NADPH Oxidase NOX2 Activation in Neutrophils. J Exp Med (2019) 216:2669–87. doi: 10.1084/jem.20180371

20. Campillo-Gimenez, L, Casulli, S, Dudoit, Y, Seang, S, Carcelain, G, Lambert-Niclot, S, et al. Neutrophils in Antiretroviral Therapy-Controlled HIV Demonstrate Hyperactivation Associated With a Specific IL-17/IL-22 Environment. J Allergy Clin Immunol (2014) 134:1142–52.e5. doi: 10.1016/j.jaci.2014.05.040

21. Elbim, C, Prevot, MH, Bouscarat, F, Franzini, E, Chollet-Martin, S, Hakim, J, et al. Polymorphonuclear Neutrophils From Human Immunodeficiency Virus-Infected Patients Show Enhanced Activation, Diminished fMLP-Induced L-Selectin Shedding, and an Impaired Oxidative Burst After Cytokine Priming. Blood (1994) 84:2759–66. doi: 10.1182/blood.V84.8.2759.2759

22. Vogt, KL, Summers, C, and Condliffe, AM. The Clinical Consequences of Neutrophil Priming. Curr Opin Hematol (2019) 26:22–7. doi: 10.1097/MOH.0000000000000471

23. Miralda, I, Uriarte, SM, and McLeish, KR. Multiple Phenotypic Changes Define Neutrophil Priming. Front Cell Infect Microbiol (2017) 7:217. doi: 10.3389/fcimb.2017.00217

24. Silvestre-Roig, C, Fridlender, ZG, Glogauer, M, and Scapini, P. Neutrophil Diversity in Health and Disease. Trends Immunol (2019) 40:565–83. doi: 10.1016/j.it.2019.04.012

25. Bowers, NL, Helton, ES, Huijbregts, RPH, Goepfert, PA, Heath, SL, and Hel, Z. Immune Suppression by Neutrophils in HIV-1 Infection: Role of PD-L1/PD-1 Pathway. PloS Pathog (2014) 10(3):e1003993. doi: 10.1371/journal.ppat.1003993

26. Cloke, T, Munder, M, Bergin, P, Herath, S, Modolell, M, Taylor, G, et al. Phenotypic Alteration of Neutrophils in the Blood of HIV Seropositive Patients. PloS One (2013) 8:1–7. doi: 10.1371/journal.pone.0072034

27. Mitsumoto-Kaseida, F, Murata, M, Ura, K, Takayama, K, Hiramine, S, Shimizu, M, et al. The Expression Level of Neutrophil CD64 Is a Useful Marker of Systemic Inflammation Associated With HIV Infection. AIDS Res Hum Retrovir (2017) 33:147–56. doi: 10.1089/aid.2016.0107

28. Lemaitre, J, Cosma, A, Desjardins, D, Lambotte, O, and Le Grand, R. Mass Cytometry Reveals the Immaturity of Circulating Neutrophils During SIV Infection. J Innate Immun (2019) 12:1–12. doi: 10.1159/000499841

29. International HIV Controllers Study, Pereyra, F, Jia, X, McLaren, PJ, Telenti, A, de Bakker, PIW, et al. The Major Genetic Determinants of HIV-1 Control Affect HLA Class I Peptide Presentation. Science (2010) 330:1551–7. doi: 10.1126/science.1195271

30. Karlsson, I, Malleret, B, Brochard, P, Delache, B, Calvo, J, Le Grand, R, et al. Dynamics of T-Cell Responses and Memory T Cells During Primary Simian Immunodeficiency Virus Infection in Cynomolgus Macaques. J Virol (2007) 81:13456–68. doi: 10.1128/JVI.01619-07

31. Del Prete, GQ, Smedley, J, Macallister, R, Jones, GS, Li, B, Hattersley, J, et al. Short Communication: Comparative Evaluation of Coformulated Injectable Combination Antiretroviral Therapy Regimens in Simian Immunodeficiency Virus-Infected Rhesus Macaques. AIDS Res Hum Retroviruses (2016) 32:163–8. doi: 10.1089/aid.2015.0130

32. Van Spriel, AB, Van Den Herik-Oudijk, IE, Van Sorge, NM, Vilé, HA, Van Strijp, JAG, and Van De Winkel, JGJ. Effective Phagocytosis and Killing of Candida Albicans via Targeting Fcγ/RI (CD64) or Fcαri (CD89) on Neutrophils. J Infect Dis (1999) 179:661–9. doi: 10.1086/314643

33. Condliffe, AM, Chilvers, ER, Haslett, C, and Dransfield, I. Priming Differentially Regulates Neutrophil Adhesion Molecule Expression/Function. Immunology (1996) 89:105–11. doi: 10.1046/j.1365-2567.1996.d01-711.x

34. Manz, MG, and Boettcher, S. Emergency Granulopoiesis. Nat Rev Immunol (2014) 14:302–14. doi: 10.1038/nri3660

35. Evrard, M, Kwok, IWH, Chong, SZ, Teng, KWW, Becht, E, Chen, J, et al. Developmental Analysis of Bone Marrow Neutrophils Reveals Populations Specialized in Expansion, Trafficking, and Effector Functions. Immunity (2018) 48:364–79.e8. doi: 10.1016/j.immuni.2018.02.002

36. de Kleijn, S, Langereis, JD, Leentjens, J, Kox, M, Netea, MG, Koenderman, L, et al. IFN-γ-Stimulated Neutrophils Suppress Lymphocyte Proliferation Through Expression of PD-L1. PloS One (2013) 8. doi: 10.1371/journal.pone.0072249

37. Sabbione, F, Gabelloni, ML, Ernst, G, Gori, MS, Salamone, G, Oleastro, M, et al. Neutrophils Suppress γδ T-Cell Function. Eur J Immunol (2014) 44:819–30. doi: 10.1002/eji.201343664

38. Hidalgo, A, Chilvers, ER, Summers, C, and Koenderman, L. The Neutrophil Life Cycle. Trends Immunol (2019) 40:584–97. doi: 10.1016/j.it.2019.04.013

39. Zhang, D, and Frenette, PS. Cross Talk Between Neutrophils and the Microbiota. Blood (2019) 133:2168–77. doi: 10.1182/blood-2018-11-844555

40. Tecchio, C, Micheletti, A, and Cassatella, MA. Neutrophil-Derived Cytokines: Facts Beyond Expression. Front Immunol (2014) 5:508. doi: 10.3389/fimmu.2014.00508

41. Pillay, J, Ramakers, BP, Kamp, VM, Loi, ALT, Lam, SW, Hietbrink, F, et al. Functional Heterogeneity and Differential Priming of Circulating Neutrophils in Human Experimental Endotoxemia. J Leukoc Biol (2010) 88:211–20. doi: 10.1189/jlb.1209793

42. Cortjens, B, Ingelse, SA, Calis, JC, Vlaar, AP, Koenderman, L, Bem, RA, et al. Neutrophil Subset Responses in Infants With Severe Viral Respiratory Infection. Clin Immunol (2017) 176:100–6. doi: 10.1016/j.clim.2016.12.012

43. Thiebot, H, Vaslin, B, Derdouch, S, Bertho, J-M, Mouthon, F, Prost, S, et al. Impact of Bone Marrow Hematopoiesis Failure on T-Cell Generation During Pathogenic Simian Immunodeficiency Virus Infection in Macaques. Blood (2005) 105:2403–9. doi: 10.1182/blood-2004-01-0025

44. Prost, S, Le Dantec, M, Augé, S, Le Grand, R, Derdouch, S, Auregan, G, et al. Human and Simian Immunodeficiency Viruses Deregulate Early Hematopoiesis Through a Nef/Pparγ/STAT5 Signaling Pathway in Macaques. J Clin Invest (2008) 118:1765–75. doi: 10.1172/JCI33037

45. Ivetic, A. A Head-to-Tail View of L-Selectin and its Impact on Neutrophil Behaviour. Cell Tissue Res (2018) 371:437–53. doi: 10.1007/s00441-017-2774-x

46. Tak, T, Wijten, P, Heeres, M, Pickkers, P, Scholten, A, Heck, AJR, et al. Human CD62L Dim Neutrophils Identi Fi Ed as a Separate Subset by Proteome Pro Fi Ling and In Vivo Pulse-Chase Labeling. Blood (2019) 129:3476–86. doi: 10.1182/blood-2016-07-727669.The




Conflict of Interest: OL paid expert testimony and consultancy fees from BMS France, MSD, Astra Zeneca; consultancy fees from Incyte, expert testimony for Janssen, grant from Gilead.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Lemaitre, Desjardins, Gallouët, Gomez-Pacheco, Bourgeois, Favier, Sáez-Cirión, Le Grand and Lambotte. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-13-781356-g004.jpg
% of proliferating cells

20 o PBMC B 20
*kk
| o PBMC/PMN (1/5) o PBMC/PMN (1/5)
@ 2
3 815
- -
< o«
a a
o [3)
s b
+ +
o~ o~
o 2
ES B
D
® 2
3 8
- -
3 a
[3) [3)
k3 k]
+ +
> >
£ £
B 2
20 F
® ®
@ °
P 15 — ° .
b ok ° 3
o o
"6 10 '5
£
& a :
5 B wa £
= ] =
Baseline 7-10dpi 6 M pi 9 M pi Baseline 7-10dpi 6 M pi 9 M pi
(G1-G2) (G1-G2) (G2) 8 M ART (G1-G2) (G1-G2) (G2) 8 M ART
(G1) (G1)
CD4 T cells 6 PEMC H CD8 T cells
— o PBMC/PMN (1/5) —_
* * *%
100 100
[ ; ° % 2
2 o
[*]
80 ? % % % 2 80 g o|o ¥ ?
) a o < o o
o o = o
604 o© S 60 o ° &,
Q.
] s o
40 x 40 © o e
20 20
0 0
Baseline 7-10 dpi 6 M pi 9 M pi Baseline 7-10 dpi 6 M pi 9 M pi
(G1-G2) (G1-G2) (G2) 8 M ART (G1-G2) (G1-G2) (G2) 8 M ART

(G1)

(G1)





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Expansion of Immature Neutrophils During SIV Infection Is Associated With Their Capacity to Modulate T-Cell Function

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Nonhuman Primates and Sampling

          



          		

            Reagent and Cell Preparation for Flow Cytometry

          



          		

            Cell Isolation

          



          		

            Neutrophil Cells Sorting and Cytology

          



          		

            Neutrophil/PBMC Co-Culture for Cytokine and Proliferation Assay

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Neutrophil Priming in Acute and Chronic SIV Infection

          



          		

            SIV Infection Influences Blood Neutrophil Maturation

          



          		

            Neutrophil Priming Correlates With CD8 T-Cell Activation During SIV Infection

          



          		

            Neutrophils Stimulate T-Cell Cytokine Production and Modulate T-Cell Proliferation in Acute and Chronic SIV Infection

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-781356-g002.jpg
4 . Eosinophil:

ﬂ’)
i 103
fa)
O+ INeut
FSC-A Viability ’ FscA T T 7 Coé6 " Lin:CD3/CD20/CD8a Cbw125
|
B o Neutrophils c
| Fmocpi1o
o
E ? Freq. of Total neutrophils 4
. Il cD10+ 2o,
. segmented PMN 7‘;’
B CD10- immature PMN M
e e TR T [E CD101- PreNeutrophils —
CD32a =
o
| Neutrophils 16% Mature
Blood o’ n Blood
o [a )
(<] &}
. LS [
[OF o
CD101 CD32a
+{ Neutrophils
Bone Bone
Marrow Marrow
PreNeutrophils
D E B CD10+ segmented PMN
B CD10- Immature PMN
10 *k 31 CD101- PreNeutrophils
T 100 *
g * *
§ zw 2 80 *k
a= s
= S
f=2 -] = 17}
% 8% S § Z 60
g S 2 7 g
=] o -]
= 40 8 %3
g B g @ w
=E &
20 5 20¢
s
0 o
G182 G2 G1 G2 G2 61
F Baseline 6 M pi 7Mpi 10 M pi 19 M pi 20 M pi
100 6MART 4MART 12MART 19 MART
z
s
zgw <
iz s 5
s 3
£s 3 :E
= oo B S .‘g
22 & og
RE g S
o
20 10 o =

VPRSP SES OO PO 1O D O O O 4O (DD OO D S S S
R R Rt QN

Days post-infection

101

G182 G182 G2 G2 G1
Baseline 2Wpi 6Mpi 19 M pi 20 M pi
129MART 19 M ART





OEBPS/Images/fimmu-13-781356-g003.jpg
A @ Chronic 51V Infection (Group 2 before CART) B
® Under cART (Group 1)

= 100 » Baseline (Group 1 & 2) >
s =
= o
5 80 °
2 @
£ r=0,611 (****) E
s &0 Spearman ’5_
5 5
> 40 5
2 Q
§ g
3 20 g
g T
2 [
T S
-0 —_— =
0 1 2 3 4 5
Frequency of activated CD8+ T cells
c D
100
*

Zz

=Z 80 °

o= _

T Qo

o c s ®

£3 60

0 =

we= ) n

oN

T8 40 J—

g3 e

)

25

28 2 =T

Chronic ART

Frequency of activated CD8+ T cells
(% of HLADR+ in CD8+ T cells)

ns
Spearman

2 4 6 8
Frequency of activated CD4+ T cells

Chronic ART





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu.2022.781356_cover.jpg
’ frontiers

in Immunology

Expansion of Immature Neutrophils
During SIV Infection Is Associated
With Their Capacity to Modulate
T-Cell Function





OEBPS/Images/fimmu-13-781356-g001.jpg
SIVmac251

00

@
3

Total neutrophils
3 3

% CD62L-low of

20

g
; =
88
=]
-1 5 60
a2
a <
[S]
= '§ 40:
20
0
D 0P LS ELRESSIPEALESORL SN OSSO PSS
Days post-infection
Cc *
- * o Group1
© Group 2
100
2 *
s
e 80 o [e]
E"* 60 o
°
£ o
a8 4 o
N
8 Q 9 % [a]
%’ 20 o
I
G1&2 G2 G1 G2 G2 G1
Baseline 6Mpi 7Mpi 10Mpi 19Mpi 20 Mpi
6 MART 4 MART 12MART 19 M ART
E

- Common
-+ Group 1:ART initiation 1M pi
== Group 2:ART initiation 6M pi

SlVmac251
50 T

M 5
] 8

% CD64-high of
Total neutrophils

10;

B O SO SKBESSIRIPIAPPASORRSSRRS

Days post-infection

B Blood Neutrophils
CD66+ Lin- CD14- CDw125-

W1 [99%

Baseline T i‘;

a* 0.95%
N
©-d
a
O
CD32a —»

g 57.6%

(cu:u:/sa!do:)) peoj |elIA ewse|d

10 days pi T
-l
5
a
)

(tunu/sa!doa) peo| [eliA ewse|d

6 months pi T
]
3
o
Q

% of CD62L-low neutrophils
(Bone marrow)

G182 G2 G1 G2 G1
Baseline 6 M pi 7 M pi 19 M pi 20 M pi
6MART 12MART 19 MART

F SIVmac251

50
-+ Common

-+ Group 1:ART initiation 1M pi
-= Group 2:ART initiation 6M pi

N © s
8 H 8

% HLADR-high
of Total neutrophils

3

:

S 00 S O S S © SO D OO $ D AN
D 0P LS SSANESINNS ISP SSNOS S SRS

Days post-infection





