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Memory B-cell dysfunctions and inefficient antibody response suggest germinal center (GC) impairments during HIV/SIV infection with possible contribution of overproduced B-cell activating factor (BAFF). To address this question, we compared proportions and functions of various B-cell subsets and follicular helper T-cells (TFH) in untreated (Placebo) and BR3-Fc treated (Treated) SIV-infected macaques. From day 2 post-infection (dpi), Treated macaques received one weekly injection of BR3-Fc molecule, a soluble BAFF antagonist, for 4 weeks. Whereas, the kinetics of CD4+ T-cell loss and plasma viral loads were comparable in both groups, BAFF blockade delayed the peak of inflammatory cytokines (CXCL10, IFNα), impaired the renewal of plasmacytoid dendritic cells and fostered the decline of plasma CXCL13 titers after 14 dpi. In Treated macaques, proportions of total and naïve B-cells were reduced in blood and spleen whereas SIV-induced loss of marginal zone (MZ) B-cells was only accentuated in blood and terminal ileum. Proportions of spleen GC B-cells and TFH were similar in both groups, with CD8+ T-cells and rare Foxp3+ being present in spleen GC. Regardless of treatment, sorted TFH produced similar levels of IL21, CXCL13, and IFNγ but no IL2, IL4, or BAFF and exhibited similar capacities to support IgG production by autologous or heterologous B-cells. Consistently, most TFH were negative for BAFF-R and TACI. Higher proportions of resting and atypical (CD21lo) memory B-cells were present in Treated macaques compared to Placebo. In both groups, we found higher levels of BAFF-R expression on MZ and resting memory B-cells but low levels on atypical memory B-cells. TACI was present on 20-30% of MZ, resting and atypical memory B-cells in Placebo macaques. BAFF blockade decreased TACI expression on these B-cell subsets as well as titers of SIV-specific and vaccine-specific antibodies arguing for BAFF being mandatory for plasma cell survival. Irrespective of treatment, GC B-cells expressed BAFF-R at low level and were negative for TACI. In addition to key information on spleen BAFF-R and TACI expression, our data argue for BAFF contributing to the GC reaction in terminal ileum but being dispensable for the generation of atypical memory B-cells and GC reaction in spleen during T-dependent response against SIV.
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INTRODUCTION

Optimal protection against numerous pathogens requires humoral memory response with the rapid development of neutralizing antibodies (Abs) and the generation of pathogen-specific effector B cells (long-lived plasma blasts and memory B-cells) in germinal centers (GC). Whereas, GC hyperplasia is the first sign of ongoing B-cell response described in HIV-infected patients (1), HIV-specific Ab production is globally inefficient in containing virus replication and in preventing the establishment of viral reservoirs (2, 3). Cross-neutralizing Abs with narrow breadth are present during the 1st year of infection in high numbers of HIV-infected individuals (4), but only a minority of individuals develops potent broadly neutralizing Abs after years of infection. These Abs generally harbor features of self/poly-reactivity and high levels of somatic hyper-mutations in immunoglobulin (Ig) genes, arguing for their T-dependent (TD) affinity maturation and selection in GC (5–7). Emergence and breadth of such Abs rely on a dynamic combination of factors including viral load and fitness, CD4 T-cell counts, inflammation and B-cell changes. In particular, increased proportions of atypical (CD21lo) memory B-cells and loss in conventional, Resting Memory (RM, CD21+CD27+) B-cells are hallmark features of chronic infection by HIV or Simian Immunodeficiency virus (SIV) (8). Among atypical memory B-cells, two subsets have been characterized: Tissue-like memory B-cells (TLM, CD21loCD27lo) enriched in Envelope-specific B-cells (9, 10) and Activated Memory B-cells (AM, CD21loCD27+). Rapid loss in AM B-cells at the acute phase of infection predicts accelerated progression toward the chronic phase (11). First considered as exhausted B-cells due to the expression of FcRL5/4 and PD1 (12), TLM B-cells are now thought to be short-lived, early plasma blasts or recent GC emigrants that are maintained by repetitive antigen exposure during chronic infection but also physiologically during vaccination (13). Both TLM and AM highly express FcRL4 and overproduce IL6 in chronically HIV-infected individuals, with FcRL4hiIL6hi AM acting as potent pro-inflammatory B-cells (14). During chronic infection, TLM B-cells produce poly-reactive IgG, part of them being protective/neutralizing Abs. Functional HIV-specific memory B-cells are associated with efficient viral neutralization in Elite controllers (10, 15), and significant recovery of HIV-specific RM B-cells requires initiation of anti-retroviral therapy as soon as the acute phase of infection (16).

HIV-specific memory B-cells and plasma blasts are generated during a multistep process in GC (17), thus identification of key impairments occurring in GC during natural infection would provide important clues to improve their generation and efficiency in terms of neutralization. Mandatory for B-cell selection in GC, follicular helper T-cells (TFH) are present at elevated frequencies in GC during HIV/SIV infection but frequently exhibit impaired helper functions and cytokine production during the chronic phase (18–22) and possibly during the acute phase (23). Preserved helper functions during early phases of infection are determinant for the development of broadly neutralizing Abs at the chronic phase (24–26). Elevated level of circulating CXCL13, thought to be a reliable marker of GC activity during vaccination (27), was shown to predict the emergence of early cross-neutralizing HIV Abs (28).

Whereas, BAFF (B-cell-activating factor belonging to the tumor necrosis factor superfamily) and its receptors BAFF-R/BR3 (BLys receptor 3) and TACI (transmembrane activator and CAML interactor) are dispensable for GC initiation, physiological levels of BAFF are optimal for the development of high-affinity Abs (29–32). Addition of BAFF multi-trimers into DNA vaccines encoding HIV envelope proteins strongly enhances the neutralizing activity of anti-HIV Abs in mice (33). This adjuvant activity is thought to result from the enhanced BAFF-mediated survival of Envelope-specific B-cells. In addition, BAFF might amplify response to TD antigens by regulating TFH expansion as shown in mice (34) and recently suggested in healthy individuals (35). Through its production by follicular dendritic cells (FDC) and TFH in GC, BAFF might thus exert a physiological role on TFH during response to natural or vaccine TD antigens (36, 37). During the acute phase of HIV infection, a cytokine storm develops (38, 39) that could favor abnormal survival of low affinity B-cells as well as early differentiation of marginal zone (MZ) B-cells into plasma cells. Elevated levels of blood BAFF were found in pathogenic HIV/SIV infection (40–43). In primary HIV-infected individuals, intermediate and non-classical monocytes as well as conventional dendritic cells (DC) substantially contribute to high levels of blood BAFF (41, 42). In contrast, plasmacytoid DC (pDC) do not release BAFF upon exposure to TLR7/8 or TLR9 ligands, infectious rotavirus and either infectious or AT2-inactivated HIV-1 (41, 44). BAFF excess has been frequently associated with expansion/survival of self/poly-reactive B-cells during GC reaction (45–47) and more recently at the immature-transitional stage in mice (45). Therefore, BAFF overproduction during early HIV/SIV infection might be beneficial to B-cells producing broadly neutralizing Abs against HIV, a substantial fraction of them bearing self-/poly-reactive B-cell receptor (BCR) (48, 49). However, recent studies failed to demonstrate a beneficial effect of BAFF overexpression in their development. First, in a cohort of women followed pre- and post-infection by subtype C HIV-1, elevated plasma BAFF levels found at the hyper-acute phase of infection failed to predict the emergence of neutralizing Abs at 1 year post-infection (28). Second, in a cohort of vertically HIV-1 infected children, high levels of BAFF in progressors correlate with poor viral neutralizing activity (50).

The purpose of the present study has been to evaluate the effect of early BAFF blockade on SIV-induced changes in memory and GC B-cells, release of inflammatory cytokines, proportions and functions of TFH and viral control. For this goal, we favored a soluble form of BAFF-R, BR3-Fc, as BAFF antagonist. This molecule binds to membrane and soluble BAFF in humans and in macaques but is devoid of antibody-mediated cell cytotoxicity. Thus, B-cell reduction in healthy macaques is slower and less severe with BR3-Fc than with anti-BAFF antibody, with protection of the memory B-cell compartment during the 1st month of treatment (51, 52). Our present results in SIV-infected macaques show that treatment with BR3-Fc affects the kinetics of inflammatory cytokine production and pDC renewal toward tissues. Despite similar proportions of plasma blasts in GC, lower levels of circulating SIV-specific Ig and anti-Tetanus Toxoid IgG were observed in Treated macaques, suggesting that BAFF blockade impairs the survival of plasma cells. This study also details expression of BAFF-R and TACI on various spleen B-cell subsets, in particular on atypical memory B-cells, during acute SIV infection and describes for the first time the consequences of BAFF blocking during the early steps of blood, spleen, and intestinal antiviral B-cell response in a macaque model of SIV infection.



MATERIALS AND METHODS

Animals, Infection, and BR3-Fc Treatment

Sixteen adult male cynomolgus macaques (Macaca fascicularis), each weighing about 4 kg and aged about 34–45 months, were imported from Mauritius (SILABE, France) and housed in the accredited animal facilities of the Infectious Disease Models and Innovative Therapies (IDMIT) Infrastructure, Fontenay-aux-Roses, France. Non-human primates were handled in accordance with national regulations (Commisariat à l'Energie Atomique et aux Energies Alternatives (CEA) Permit Number A 92-32-02), in compliance with Standards for Human Care and Use of Laboratory of the Office for Laboratory Animal Welfare under Office for Laboratory Animal Welfare Assurance number A5826-01, and the European Directive (2010/63, recommendation N°9). The study was approved by the Ministère de l'Education Nationale, de l'Enseignement Supérieur et de la Recherche (France) and the Comité d'Ethique en Expérimentation Animale n°44 under the reference 2015121509045664 (APAFIS#3178). Animals were fed standard monkey chow diet supplemented daily with fruit and vegetables and water ad-libitum. Overall animal health was monitored daily by care staff and veterinary personnel. The MHC haplotype was determined as previously described (53), and animals negative for H6 haplotypes were distributed into two experimental groups in a balanced way (Table S1). All animals were immunized by intramuscular injection (0.5 mL per injection, pre-filled syringe) with the commercial Tetanus Toxoid (TT) vaccine from Sanofi Pasteur (Sanofi Pasteur SA, Lyon, France), 60 and 30 days before infection. All animals were then intravenously inoculated with 5000 AID50 of a SIVmac251 stock (54) for 28–30 days. The Treated group (n = 6, Treated) received 20 mg/kg of BR3-Fc molecule, an antagonist of soluble and membrane BAFF (Biogen Idec, USA) on days 2, 9, 16, and 23 post-infection (dpi) by slow intravenous infusion as recommended (52). Six Placebo macaques were concurrently treated by vehicle after infection. Four additional untreated SIV-infected macaques were then considered in the Placebo group. All animals were sacrificed between 28 and 30 dpi. The experimental protocol is detailed in Figure 1A. All animals were sedated with ketamine chlorhydrate (Merial SAS, Villeurbanne, France) before immunization, sample collection and necropsy. Samples from spleen and terminal ileum from healthy non-infected macaques previously enrolled in vaccine trials and necropsied at least 6 months after the last injection were used as controls for flow cytometry (FCM) and immunohistochemistry (IHC) experiments.
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FIGURE 1. BR3-Fc treatment impairs kinetics of inflammatory cytokine production but not that of plasma viral load. (A) All macaques were vaccinated with Tetanus Toxoid (TT) vaccine 60 and 30 days before infection and then intravenously infected with 5000 AID50 SIVmac251. Six macaques were treated by soluble BR3-Fc (20 mg/kg/week) for 4 weeks (BR3-Fc treated group). Ten vehicle-treated or untreated SIV-infected macaques constituted the Placebo group. Blood and serum were collected before infection, every 3 dpi (dotted arrows) and at euthanasia. Spleen and terminal ileum were taken at necropsy from all macaques (gray arrow). (B) Plasma BAFF levels were quantified by ELISA prior to infection (baseline value, D0) and at different time points after infection. Symbols represent the Mean ± SEM value for Placebo (open circle, plain line) or Treated (black circle; dotted line) groups. For Placebo, statistical comparison between values at D0 and at every time point post-infection was carried using the Wilcoxon t-test *p < 0.05, **p < 0.001 (asterisks above the plain line). Statistical comparison between Placebo and Treated groups at each time point was carried out using the Mann Whitney non-parametric test *p < 0.05, **p < 0.001 (asterisks above the dotted line). (C) Plasma viral loads were measured at different time points for both groups. No statistical difference between groups was observed. (D) Pro-viral loads in PBMC were quantified at 10, 21, and 28 dpi. Statistics were carried out using the Mann Whitney non-parametric test, **p < 0.001. (E,F) ELISA was used to quantify plasma levels of IFNα2 (E) and CXCL10 (F) prior to infection and every 3 dpi for both groups. Statistical comparison between groups at every time point was carried out using the Mann Whitney non-parametric test, *p < 0.05. For (B,C,E,F) symbols represent the Mean (±SEM) value at each time point. For (D), each dot represents one macaque of either Placebo (open circle, plain line) or Treated (black circle; dotted line) group. Bars represent Mean values ±SEM. (G,H) Correlations between the pro-viral load and levels of plasma IFNα2 (G) and CXCL10 (H) at 10 dpi are shown. Each dot on the graphs represents one macaque from Placebo (open circle) or Treated (black circle) group. Spearman rank test was used for statistical analysis. rho and p-values are given.




Sample Collection and Processing

Before infection and at 2, 7, 10, 14, 17, 21, and 28/30 dpi, blood was collected into serum clot activator tubes or into K3-EDTA tubes (both from Greiner Bio-One, Frickenhausen, Germany) for plasma/serum sampling and complete blood count. Aliquots of serum and plasma samples were kept frozen at −80°C until use. PBMC were obtained from peripheral blood, collected into K3-EDTA tubes, before infection and at days 7, 10, 14, 21, and 28/30 pi and kept frozen in liquid nitrogen until use. Two dry pellets of PBMC (3 × 106 cells/pellet) were prepared at every time point. Spleen, peripheral lymph nodes (axillary and inguinal) and terminal ileum were immediately collected at necropsy under the supervision of veterinarians. Spleen biopsies were formalin-fixed and paraffin-embedded as previously described (40, 55). Splenic and nodular mononuclear cells were obtained by mechanical disruption in complete medium (RMPI 1640-glutamax medium with 1 mM sodium pyruvate, 100 μg/ml streptomycin, 100 UI/ml penicillin, 10 mM HEPES buffer, 2 mM non-essential amino acids and 10% heat-inactivated FCS (all from Invitrogen, Life Technologies SAS, Saint Aubin, France), filtered through a 70 μm-pore-size cell strainer and further purified by Ficoll gradient centrifugation. After washes in complete medium, two dry pellets of 3 × 106 cells were prepared for each tissue and kept at−80°C. The remaining cells were kept frozen in 90% FCS/10% DMSO in liquid nitrogen until use. Biopsied terminal ileum was cut into small pieces prior to incubation under agitation with 1 mM DTT and 20 mM HEPES in PBS 1X (two-times for 20 min at 20°C) and next with 20 mM EDTA and 20 mM HEPES in PBS 1X (two-times for 20 min at 20°C). After two washes with PBS 1X, biopsy fragments were submitted to two sequential incubations in complete medium with 0.5 mg/ml collagenase (from Clostridium histolyticum) and 0.1 mg/ml DNAse I (both from Sigma, France) for 30 min under permanent agitation at 37°C. After final tissue disruption, cell suspension was passed through a 70 μm-pore-size cell strainer and washed before preparing dry pellets (3 × 106 cells) and frozen cells as described above for the spleen.

One inguinal lymph node was collected on 8 dpi from 8 macaques (4 Placebo and 4 BR3-Fc Treated) to determine pDC counts and follow mobilization (Ki67 staining). After having eliminated fat and connective tissues, cell suspensions were prepared by mechanical disruption in complete medium and immediately used for FCM.


Hematology Analyses and Viral Load Determination

Blood cell formula and count as well as hemoglobin concentration and hematocrit were determined on K3-EDTA collected blood using a HMX A/L (Beckman Coulter, Villepinte, France). The SIV copy number in plasma was determined using quantitative real-time PCR, as previously described (56). For pro-viral load determinations in PBMC or tissues, total DNA was extracted from dry pellets. PCR was performed in duplicates with a limit of detection of 60 copies/ml for plasma viral load (pVL) (56) and 10 DNA copies per million cells for pro-viral loads (57).


Quantification of Plasma Cytokine, Immunoglobulins, and Antigen-Specific Antibodies

Plasma BAFF, CXCL13, and CXCL10 were detected using Quantikine® ELISA kits (Bio-Techne, Lille, France). Plasma IFNα2 was detected using the Cynomolgus/Rhesus IFNα ELISA kit from PBL Assay Science (Bio-Techne). Prior to BAFF quantification, residual BR3-Fc molecules (free or bound to BAFF) were depleted from plasma using Pierce Protein A/G Plus agarose (Pierce, Life Technologies) according to the manufacturer's instructions. Anti-SIV Abs were detected in plasma using Genscreen HIV1/2 ELISA kit, version 2 (Bio-Rad Laboratories, Redmond, WA). Total IgM and IgG were quantified in plasma or culture supernatants by ELISA as previously described (55). Homemade ELISA was used to quantify plasma anti-TT IgG. In brief, plates were coated with 5 μg/ml Tetanus Toxoid (Clostridium tetani, Calbiochem, Merck Millipore), and 1 μg/ml goat anti-monkey IgG HRP conjugated Ab (Abd Serotec, Bio-rad) was used as detection antibody. For each macaque, plasmas collected before and at different dpi were tested simultaneously and run in duplicates. Results are expressed as mean OD value (SIV or TT-specific Abs) or as mean concentration (cytokines, total IgM/G).


Flow Cytometry Analyses

Panels of Abs used for multi-parameter FCM are listed in Tables S2, S3. Optimized concentrations were predetermined for each Ab. For the detection of transcription factors (Bcl-6, Ki67), CD1c or surface receptors of BAFF (BAFF-R, TACI) and intracellular detection of IFNγ, relevant isotype controls used were indicated in gray. After rapid thawing at 37°C and two washes in complete medium, different staining procedures were used. For surface staining: 1 to 2 × 106 cells in staining buffer (PBS 1X plus 0.5% BSA and 2 mM EDTA) were incubated with Live/Dead fixable blue stain (Invitrogen) for 30 min at 4°C before addition of 5% (vol/vol) heat-inactivated human AB serum for an extra 15 min at 4°C. After washing, cells were labeled with appropriate Abs diluted in staining buffer for 30 min at 4°C then washed and fixed with 0.5% paraformaldehyde. For the detection of transcription factors, cells were first surface stained as above, and then fixed and permeabilized with the eBiosciences™ FoxP3/Transcription Factor staining buffer set (Thermo Fischer Scientific) before intracellular staining with appropriate monoclonal Abs for 45 min at 4°C. Cells were washed twice and fixed in 0.5% paraformaldehyde. For the detection of intracellular cytokines, cells (2 × 106/ml) were stimulated for 5 h at 37°C in 5% CO2 with PMA (50 ng/ml) and ionomycin (1 μg/ml) in the presence of Brefeldin A (BFA, 10 μg/ml) during the last 4 h before staining. After surface staining as above, cells were fixed with 2% PFA and treated with the BD cytofix/cytoperm kit before intracellular staining with anti-cytokine Abs. Events were acquired on a BD LSRII and data were analyzed using the Kaluza® Flow Analysis Software (v1.5, Beckman Coulter, Inc). Sphero™ Rainbow calibration particles (BD Biosciences) were used for daily calibration of the flow cytometer. Unstained cells and single-color beads were used for calculating the compensation matrix. Regarding PBMC, the absolute number of cells per blood microliter was calculated by multiplying the complete blood count of mononuclear cells (assessed independently on whole blood) by the percentage of cells among CD45+ events. The various leukocyte populations were identified according to Panel 1, Table S2.


In vitro Production of Immunoglobulins by Purified Spleen B-Cells

B-cells were purified from spleen cell suspension using non-human primate CD20 Microbeads (Miltenyi Biotech, MACS, Paris, France) according to the manufacturer's instructions. Only B-cell fractions containing >95% CD20+ cells were used. Splenic B-cells (2 × 106cells/ml) were cultured for 10 days at 37°C with complete medium, 20 ng/ml IL2 plus 50 ng/ml IL10 (both cytokines from Bio-Techne), or 50 ng/ml IL-21 (MACS), with or without 100 ng/ml CD40MegaLigand (CD40ML, Coger, Paris, France) and 10μg/ml CpG-B (ODN2006, InvivoGen, France). IgM and IgG concentrations were determined in cell-free culture supernatants by specific ELISA as previously described (55). Results are expressed as mean concentration (ng/ml) of duplicate values.


Immunohistochemistry and Digital Image Analysis

Sections (4 μm-thick) were cut from formalin-fixed paraffin-embedded spleen blocks. Sections were subject to dewaxing, antigen retrieval, saturation and staining with various monoclonal and polyclonal antibodies (Table S4) on a Leica-Bond III/Max autostainer platform (Leica Biosystems Nanterre, France). Detection of primary Ab binding was performed with either bond compact polymer Refine detection (DAB, brown) or red Refine detection (Fat Red, red) kits. For double staining (Red/brown), Leica Chromoplex dual detection kit was used. All these kits contain substrate chromogen and hematoxylin counterstain.

Images of full section were generated on a Lamina Multilabel Slide Scanner (PerkinElmer, Gif s/Yvette, France), using the brightfield scan mode. Digital images were opened in Pannoramic Viewer software (v1.11.4, 3DHistech, Budapest, Hungary), and areas of interest were manually annotated using the drawing tools. For each section, all or at least 10 random areas were extracted from the main scan for quantitative analysis. The software automatically calculated the sizes of the whole tissue and of the various selected areas (in μm2). Quantification of positively labeled cells was performed with computer assisted image analysis using Inform (v2.3, 3DHistech) or manually with Photoshop CS6 (Adobe Systems Inc.) software by two independent investigators. Mean values of positive cells per area or per mm2 of tissue were calculated for each section and each macaque.


Sorting of TFH and Memory CD4+ T-Cell Subsets

According to the availability of total spleen cells and frequencies of TFH, sorting experiments have been performed on 4 Placebo and 4 Treated macaques. After thawing, total CD4+ cells were purified with CD4 magnetic beads (MACS) from 250 to 300 × 106 spleen cells. CD4+ cells were then stained with the TFH sorting panel (Panel 9, Table S3). Using a bio-contained ARIA III equipped with a 100 μm nozzle, naïve T-cells (CD45RA+CD3+CD4+) and three memory (CD45RAlo) CD4+ T-cell subsets (mCD4+) were sorted according to the intensity of PD1 and CXCR5 expression: TFH (PD1hiCXCR5hi), CXCR5int (PD1intCXCR5int), and CXCR5lo (PD1lo CXCR5lo). The purity of each sorted subset was higher than 95%.


Cytokine Production, T-Cell Proliferation, and Survival

Sorted T-cell subsets were labeled with 2.5 μM Cell Trace CFSE cell proliferation kit (Invitrogen) for 10 min at 20°C and washed before culture. For each subset, 2 × 105 cells were cultured with medium or CD2/CD3/CD28 stimulating beads (MACS, 1:1 ratio) in a final volume of 200 μl. On day 5, supernatants were harvested for cytokine detection, and proportions of live and proliferating CD4+ T-cells were determined after staining with Live/Dead Fixable Dead cell stain kit (Invitrogen) and CD4 antibody.


B- and T-Cell Co-cultures

Total B-cells were sorted from spleen cell suspensions from the 8 SIV-infected macaques (autologous) and from two healthy non-infected macaques (heterologous). B-cells (5 × 104/well) were cultured with 5 × 104 cells of each sorted mCD4+ T-cell subset in 200 μl final medium in the presence of 250 ng/ml staphylococcal enterotoxin B (SEB, Sigma). Cultures of autologous or heterologous B-cells with medium or SEB alone were performed as controls. Each culture condition was run in duplicates or triplicates according to T-cell recovery after sorting. On day 7, supernatants were harvested and analyzed for total IgG by ELISA. Each culture condition was tested in duplicates and results are expressed as mean concentration. Results were further expressed in Fold Increase (FI), calculated as the ratio between IgG concentrations in culture of B-cells plus SEB, with and without CD4+ T-cells.


ELISA and Multiplex Cytokine Assay

Monkey IL21 and IFNγ were detected in 5 days supernatants from T-cell cultures using ELISA kits (Mabtech AB, Nacka Strand, Sweden). CXCL13, IL2, IL4, IL6, IL17A, IL10, and BAFF were measured in T-cell supernatants using a magnetic Luminex Kit (Bio-Techne). Data were acquired using a Bioplex-200 and analyzed with the Bioplex Manager Software (Bio-rad). Results are expressed as mean concentration (pg/ml) of duplicates.


Statistical Analysis

All data were graphed and analyzed using Graphpad Prism (GraphPad Software, San Diego, CA). Bar graphs represent mean and SEM, whereas boxes in plots show the median values and 5th and 95th percentiles. For pairwise comparisons, data were analyzed using Mann-Whitney U-test (unpaired, 2-tailed unless otherwise indicated) or Wilcoxon matched pairs test. Two-way ANOVA was used for multiple comparisons. Correlation coefficients were calculated using the Spearman rank test. Statistical significance is denoted on each figure by asterisk as *p < 0.05; **p < 0.01, ***p < 0.001 and ****p < 0.0001.




RESULTS

BAFF Blockade Delayed the Peak of SIV-Induced Circulating Inflammatory Cytokines

To assess the impact of BAFF blockade during acute SIV infection, we compared 2 groups of SIV-infected macaques, a first group of 6 SIV-infected macaques (Treated group) receiving, every week for 4 weeks, the BR3-Fc molecule according to the experimental protocol depicted in Figure 1A. The second group, hereafter referred to as the Placebo group, comprised 10 macaques that were treated by vehicle (n = 6) or left untreated post-infection (n = 4).

Consistent with our previous data (40), plasma BAFF level increased after 2 dpi in the Placebo group and peaked at 10 dpi with a 3.3-fold increase compared to baseline values (942 ± 60 vs. 284 ± 37 pg/ml) (Figure 1B). From 17 to 28 dpi, the average BAFF level remained significantly higher than the baseline value. As expected, concentrations of free plasma BAFF were in the range of baseline values in BR3-Fc treated animals at any time. Except at 14 dpi, BAFF levels significantly differed between Placebo and Treated groups. However, BAFF blockade did not change the kinetics of plasma viral load (pVL) (Figure 1C), which peaked at 10 dpi in both groups (7.46 ± 1.93 × 106 and 9.71 ± 1.67 × 106 RNA copies/ml in Placebo and Treated macaques, respectively). In contrast, the pro-viral load at 10 dpi was significantly higher in the Treated than in the Placebo group (2.4-fold, 13,932 ± 1,670 vs. 5,836 ± 1,382 copies/106 PBMC) but similar afterwards (Figure 1D). Similar average counts of CD4+ T-cells (321 ± 76 cells/μl and 306 ± 41 cells/μl, respectively) and proportions of activated CD4+ T-cells (3.4 ± 1.2% and 3 ± 0.8% Ki67+ cells, respectively) were observed in PBMC of Placebo and Treated groups at 10 dpi (Figure S1). Due to the key role of inflammation in disease progression, levels of plasma IFNα2 and CXCL10 were also compared between the two groups. In the Placebo group, IFNα2 level peaked at 7 dpi (1,454 ± 302 pg/ml) and rapidly decreased at 10 dpi (223 ± 94 pg/ml) (Figure 1E). The kinetics was slightly different in the Treated group where the peak was reached at 10 dpi only (1,149 ± 505 pg/ml). For both groups, levels returned to baseline values at 14 dpi. Similar results were observed for CXCL10 level, which peaked at 7 dpi in the Placebo group and was still significantly higher at 10 dpi than before infection (76.3 ± 7.1 and 16 ± 2.4 pg/ml, respectively) (Figure 1F). Compared to Placebo, plasma CXCL10 in the Treated group was reduced by 23% at 7 dpi (112.4 ± 10.4 vs. 146.6 ± 23.2 pg/ml) but significantly increased by 54% at 10 dpi (117.8 ± 18.2 vs. 76.4 ± 3 pg/ml) (Figure 1F). Pro-viral load in PBMC at 10 dpi correlated with levels of IFNα2 (Figure 1G) and CXCL10 (Figure 1H).


BAFF Blockade Alters pDC Turnover

Plasmacytoid DC being key actors of SIV/HIV-induced inflammation at the acute phase, we evaluated the numbers of circulating pDC in both groups of macaques (Table S2, Panels 2 and 3). Compared to baseline, the average counts of circulating pDC in Treated and Placebo groups decreased by 89 and 82% at 10 dpi, respectively (Figure 2A, left panel). At 28 dpi, counts of pDC were significantly lower in Treated compared to Placebo group, and represented 35 and 45% of baseline values, respectively (Figure 2A). However, similar percentages of Ki67+ cells in pDC were present in both groups at 10 or 28 dpi (Figure 2A, right panel), indicating comparable pDC mobilization into blood (58–60). Considering that BAFF deprivation might alter pDC recruitment into lymphoid organs, we next compared the proportions of pDC in Lin−DR+ nodular cells from 4 macaques of each group at 8 dpi (Figure 2B, left panel). Compared to Placebo, we found a trend toward decreased pDC proportions (21.9 ± 6.1 vs. 34.5 ± 6.4%) but more Ki67+ pDC in Treated macaques (21.5 ± 4 vs. 14.4 ± 1.5%) (Figure 2B, right panel). However, these differences did not reach statistical significance and were no longer observed at 28 dpi (Figure 2C). Compared to uninfected macaques, the average proportions of spleen pDC in Lin−DR+ cells at 28 dpi tended to be lower in both groups of SIV-infected macaques with significantly more Ki67+ pDC being present (Figure 2D, right panels). Compared to Placebo, a trend toward higher proportions of Ki67+pDC was observed in spleen of Treated macaques. Thus, we infer that blocking BAFF enhances SIV-induced pDC loss in lymphoid organs that is partially compensated by sustained recruitment.
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FIGURE 2. Blockade of BAFF changes early pDC renewal in tissue. (A, left panel) Change in blood pDC counts in Lin−DR+ lymphocytes, expressed as the percentage of baseline value, was calculated as the ratio between the numbers of pDC at 10 or 28 dpi and that prior to infection (D0) for each animal. Statistics were carried out using the Mann Whitney non-parametric test, *p < 0.05. (A, right panel) The percentage of pDC expressing Ki67 was determined prior to infection (D0), at 10 dpi (D10) and at 28 dpi (D28). For each group, statistics were carried out using the Wilcoxon matched-pairs signed rank test, *p < 0.05, **p < 0.01, ****p < 0.0001. (B) Percentages of pDC in Lin−DR+ cells (left panel) and of Ki67+cells in pDC (right panel) were determined in cell suspensions from inguinal lymph nodes collected at 8 dpi from 4 Placebo and 4 Treated macaques. Similar quantifications were performed in cell suspensions from peripheral lymph nodes (C) or spleen (D) collected at 28 dpi from Placebo and Treated groups. Each dot represents one macaque of either Placebo (open circle) or Treated (black circle) group. Bars represent Mean values ± SEM. Statistics were carried out using the Mann Whitney non-parametric test, *p < 0.05.




BAFF Blockade Changes the Composition of the Circulating B-Cell Pool

Using polychromatic staining (Table S2, Panel 4) and the gating strategy depicted in Figure S2, we identified various circulating B-cell subsets. SIV infection induced a substantial leukopenia at the peak of viral load due to rapid relocation of leukocytes at sites of virus replication and inflammation. In particular, we have previously established that decrease in total B-cells (CD19+CD20+) at the peak of viral load is followed by a progressive, but frequently incomplete, reconstitution at 1 month post-infection (55). Thus, we compared changes in absolute numbers of total B-cells and various B-cell subsets in both groups of macaques. Treatment by BR3-Fc did not modify the SIV-induced decrease in total B-cells at 10 dpi (87 vs. 93% in Placebo) or at 28 dpi (64 vs. 62% in Placebo) (Figure 3A). Consistent with BAFF being mandatory for optimal B-cell differentiation into mature B-cells (61, 62), numbers of naïve (sIgD+CD21+CD27−) and MZ (sIgD+CD21+CD27+) B-cells were further decreased in Treated macaques (Figures 3B,C). Meanwhile, total memory B-cells were significantly more numerous in Treated macaques compared to Placebo (41 vs. 65% of baseline values) at 28 dpi (Figure 3D). Consistently, loss in RM B-cells (sIgD−CD21+CD27+) (Figure 3E), AM B-cells (sIgD−CD21−CD27+) (Figure 3F) and TLM B-cells (sIgD−CD21−CD27−) (Figure 3G) was reduced by 20, 27, and 10% in Treated group compared to Placebo group. However, these changes did not reach statistical significance.
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FIGURE 3. BR3-Fc treatment reduces SIV-induced loss in blood memory B-cells. Blood B-cell phenotype was determined by Flow cytometry and absolute numbers of every B-cell subset were calculated according to the whole blood cell count. Samples from 6 Placebos and 6 Treated macaques were compared. (A) Absolute numbers of total B-cells were plotted for each macaque before infection (D0) at 10 dpi (D10) and 28 dpi (D28). For (B–G), only absolute numbers at D0 and D28 were plotted. Each dot on the graphs represents one macaque of Placebo (open circle) or Treated (black circle) group. Bars represent Mean values ± SEM. Statistics were first carried out to compare values at 10 (D10) and 28 (D28) dpi with those prior to infection (D0) for each macaque using the Wilcoxon matched-pairs signed rank test. Significant statistical values are indicted (plain line, *p < 0.05). B-cell loss corresponding to difference between absolute numbers at D10 and D0 (A) and D28 and D0 (all panels) was also compared between groups using the Mann Whitney non-parametric test. Statistical values are indicated for each panel (dotted line and p-value, *p < 0.05). ns: not significant.




Impact of BAFF Blockade on Spleen and Terminal Ileum B-Cells

As viral replication, inflammation and adaptive antiviral B-cell response mainly occur in lymphoid organs, we next compared the B-cell compartment at 28 dpi in spleen from Placebo or Treated macaques. CD20 staining of spleen sections (Figure 4A) showed that the average number of follicles was similar in the two groups of animals (1.29 ± 0.2 and 1.37 ± 0.3 follicles/mm2, not shown). However, their average size was significantly reduced in Treated animals (1.9-fold, 85,163 vs. 159,830 μm2 in Placebo; Figure 4A), likely because follicular mantle zones were dwindled in BR3-Fc Treated macaques compared to Placebo. Consistently, lower proportions of total B-cells (CD19+CD20+) were found among total CD45+ cells in Treated macaques compared to Placebo (Figure 4B). Using polychromatic staining (Table S2, Panel 5) and the gating strategy depicted in Figure S3, we identified various spleen B-cell subsets. Consistent with thinner follicular mantle zones, proportions of naïve B-cells were significantly lower in Treated than in Placebo macaques (Figure 4C) Staining of spleen sections with Ki67 mAb showed that 84.2 ± 2.5 and 75.8 ± 5.3% of follicles contained active GC in Placebo and Treated animals, respectively, with GC having comparable average size (47,549 and 41,999 μm2) (Figure 4D). By FCM, we identified GC B-cells by their expression of BCL6 and showed that these cells were SIgD− and expressed intermediate levels of CD21 and CD27 (Figure S3). Proportions of GC B-cells among total B-cells were similar in both groups (7.8 ± 1.6 vs. 7.8 ± 1.4%; Figure 4E). But a trend toward lower proportions of proliferating B-cells (Ki67+) was observed in Treated macaques compared to Placebo (33.7 ± 5.7 vs. 47.6 ± 7.7%, 29% of decrease). No difference in the intensity of BCL6 or Ki67 expression (geometric MFI) was concurrently observed (data not shown). Within the BCL6− B-cells, MZ B-cells were CD21hi but express intermediate levels of sIgD and CD27 (CD21hiCD27intsIgDint), and their average proportions did not vary between the two groups (5.5 ± 1.5 and 4.5 ± 1.5% in Placebo and Treated macaques, respectively) (Figure 4F). However, these proportions in SIV-infected macaques were significantly reduced compared to those in non-infected macaques (25.7 ± 5.3%, n = 6, p < 0.001 for Placebo and p < 0.004 for Treated macaques; Table S5). Meanwhile, average proportions of total memory B-cells were 2-fold higher in Treated macaques than in Placebo (53.9 ± 4.3 vs. 25.7 ± 5.2%, respectively) (Figure 4G). Among total memory B-cells, this change particularly benefits AM B-cells (Figure 4H). In terminal ileum of uninfected macaques, RM B-cells predominate over naïve and MZ B-cells (Table S6). SIV infection (Placebo group) was associated with reduced proportions of RM B-cells but increase in those of naïve and GC B-cells. These changes were not observed in Treated macaques while average proportions of proliferating (Ki67+) GC B-cells were 28% lower in Treated than Placebo macaques. Thus, BAFF blockade tends to dampen SIV-induced GC proliferation in spleen and terminal ileum.
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FIGURE 4. Higher proportions of activated memory B-cells in spleen and changes in BAFF receptor expression after BR3-Fc treatment. (A) Representative CD20 staining (left) on sections of spleen from one Placebo macaque. For each section, the size of all follicles was determined using Pannoramic Viewer software. Average size of follicles for each macaque was shown (right panel). (B) Proportions of total spleen B-cells (CD19+CD20+) in CD45+ cells were determined by multi-parameter FCM for each macaque. (C) Proportions of naïve B-cells among total B-cells were determined by multi-parameter FCM for each macaque according to the gating strategy shown in Figure S3. (D) Representative Ki67 staining (left) on sections of spleen from one Placebo. The average size of GC was determined using Pannoramic Viewer software for each macaque (right panel). (E) Proportions of GC B-cells in total B-cells (left panel) and of Ki67+ cells among GC B-cells (right panel) in spleen cell suspensions. (F) Proportions of MZ B-cells in total B-cells from spleen cell suspensions; (G) proportions of total, RM, AM, TLM memory B-cells in total B-cells from spleen cell suspensions; (H) graphs represent the relative frequencies of RM (black), AM (hatched) and TLM (white) B-cell subsets among total memory B-cells for each group of macaques. For (A–G), each dot represents one macaque of Placebo (open circle) or Treated (black circle) group. Bars represent Mean ± SEM. Statistical comparison between groups was performed using Mann Whitney non-parametric test. Significant statistical values are indicated: *p < 0.05, **p < 0.01, and ***p < 0.001.




BAFF Blockade Differently Modulates BAFF-R and TACI Expression in Various Spleen B-Cell Subsets

We next compared the surface expression of BAFF-R and TACI in the various spleen B-cell subsets (Table S3, panels 6 and 7). More than 90% B-cells in total and every spleen subset were BAFF-R positive in Placebo and Treated macaques (data not shown). However, the intensity of BAFF-R expression varied among subsets in Placebo macaques, the lowest intensities (gMFI) being observed in naïve, GC, AM, and TLM B-cells and the highest in MZ and RM B-cells (Figure 5A). A similar pattern of BAFF-R expression was observed in BR3-Fc treated macaques with the exception of BAFF-R expression being significantly increased in MZ B-cells (1.57-fold) and tending to be higher in RM B-cells (1.4-fold) compared to Placebo. Consistent with data in humans, TACI positive cells were more frequent in RM (38%) and MZ B-cells (26%) compared to naïve B-cells (3%) (Figure 5B). Moreover, we showed for the first time that 32% of AM and 16.5% of TLM B-cells were TACI+ in Placebo macaques, respectively. Treatment by BR3-Fc decreased TACI expression in all subsets, but this decrease was significant only in RM, AM, and TLM (71, 80, and 84% of decrease, respectively). Irrespective of BAFF blockade, <5% GC B-cells expressed TACI at their surface. Thus, most GC B-cells express low levels of BAFF-R and TACI in these SIV-infected macaques.
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FIGURE 5. Treatment by BR3-Fc modifies the expression of BAFF-R and TACI by spleen B-cells. Surface expression of BAFF-R (A, gMFI) and TACI (B, % of positive cells) were analyzed in every B-cell subset from 7 Placebos (white bar) and 5 Treated macaques (hatched bar). Results are presented in box-and-whiskers (5–95 percentile) plots with horizontal bars indicating median values. Statistical comparison between groups was performed using Mann Whitney non-parametric test. Significant statistical values are indicated: *p < 0.05 and **p < 0.01.




Circulating Antibodies and Functional Response of B-Cells

We also evaluated the frequency of plasma blasts/cells in spleen by IHC using IRF4 and IgG/M staining as previously described (40, 55) (Figure 6A). We found similar frequency of IRF4+ plasma blasts per GC in Placebo and Treated macaques (36 ± 5.3 cells vs. 39 ± 6.7 cells, respectively) (Figure 6B). Moreover, GC plasma blasts more frequently expressed IgG than IgM (Figure 6C), with IgG/IgM ratios of 5.6 ± 1.2 and 4.8 ± 1.7 in Placebo and Treated macaques, respectively.
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FIGURE 6. Higher production of IgG/M by spleen B-cells from Treated macaques than Placebo. (A) Representative IRF4, IgG and IgM staining on sections of one Placebo macaque. For IgG and IgM staining, a dotted white line surrounds the GC area. (B) Graph represents the mean number of IRF4+ cells per GC for each macaque as quantified using InFORM software. Each dot represents one macaque of Placebo (open circle) or Treated (black circle) group. Bars represent mean ± SEM. (C) For each macaque in Placebo (n = 10) or BR3-Fc Treated (n = 6) groups, mean number of IgG+ (open square or triangle) and IgM+ (black square or triangle) plasma blasts per GC was quantified using InFORM software. Bars represent mean value. Statistical comparison between groups was performed using the Mann Whitney non-parametric test (p = ns). ELISA was used to quantify anti-SIV antibodies (D) and anti-TT IgG (E) in plasma of Placebo (white bars) and Treated (hatched bars) macaques. Change in anti-TT IgG concentration was expressed as the percentage of baseline value (D0) for each animal. A dotted line indicates the cut off (D) or the 100% (E) value. Box-and-whiskers (5–95 percentile) plots with horizontal bars indicating median values are shown for each group. Statistical comparison between groups was performed using the Mann Whitney non-parametric test. Significant statistical values are indicated *p < 0.05. (F,G) B-cells purified from spleen cell suspensions of 10 Placebo (open bars) and 6 Treated (hatched bars) macaques were cultured for 7 days in the presence of medium, IL2+IL10 (F) or IL21 (G) with or without CD40ML or CD40ML and CpG-B. ELISA was used to quantify the concentrations of IgG and IgM (ng/ml) in cell-free supernatants. Results are expressed in fold increase (FI) that was calculated as the ratio between concentrations in the presence of each stimulus and medium. Box-and-whiskers (5–95 percentile) plots with horizontal bars indicating median values are shown. Statistical comparison between groups was performed using the Mann Whitney non-parametric test. Significant statistical values are indicated *p < 0.05.


In agreement with our previous observation (55), anti-SIV antibodies were detectable in plasma from 17 dpi in SIV-infected macaques but their levels increased more in Placebo than in Treated animals. Compared to Placebo these levels were 35 and 45% lower in Treated macaques on 21 and 28 dpi, respectively (Figure 6D) but these differences did not reach significance. Levels of plasma anti-TT IgG were concurrently decreased by 31 and 28% at 21 and 28 dpi in Treated macaques compared to Placebo, but only the difference at 21 dpi reached significance (Figure 6E). In contrast, proportions of plasma blasts were comparable in both groups. We thus infer that reduced amounts of BAFF impair the survival of TT and SIV-specific plasma cells. According to our previous data showing that human BAFF preferentially potentiates CXCL13-mediated chemotaxis of memory B-cells (63), SIV-specific memory B-cells might also have limited capacity to reenter into GC in the absence of BAFF.

With the aim to compare intrinsic functional capacities of spleen B-cells from the two groups of SIV-infected animals, isolated B-cells were cultured in the presence of cytokines with or without CD40ML and/or CpG-B for 7 days before measuring Ig production in cell culture supernatants. Culture with IL2 plus IL10 similarly enhanced IgM concentrations in both groups of SIV-infected macaques (Figure 6F), whereas the addition of CD40ML/CpG to IL2+IL10 increased IgM and IgG levels by 1.7-fold and 2.7-fold in Treated macaques compared to Placebo. Similarly, IgG production in the presence of IL21 and IL21 plus CD40ML was 1.7-fold and 2.7-fold higher in Treated macaques than Placebo (Figure 6G). Enhanced IgG/M production in response to CD40ML in Treated animals is consistent with higher proportions of memory B-cells in spleen, with IL21 being a more potent IgG inducer than IL2 plus IL10 (64).


Plasma Levels of CXCL13 and TFH in Spleen

CXCL13 is thought to be a reliable marker of GC reaction (27) and elevated levels of plasma CXCL13 have been reported in HIV-infected adults and children (25, 28, 65, 66). We thus compared serum CXCL13 levels in the two groups of SIV-infected macaques. In the Placebo group, CXCL13 level increased after 2 dpi and reached a plateau at 14 dpi before slowly decreasing thereafter (Figure 7A). Levels of CXCL13 thus peaked later than those of IFNα2, CXCL10 (7 dpi) and even BAFF (10 dpi) in the Placebo group (Figure 1). Whereas, CXCL13 level similarly increased until 10 dpi in Treated macaques, it more rapidly waned thereafter. The peak level was 15% lower at 14 dpi (88.7 ± 12 vs. 101.7 ± 14.4 pg/ml) in the Treated group than in the Placebo group. At 28 dpi, a 27% reduction (47.8 ± 12.7 vs. 65.3 ± 6.8 pg/ml) was observed. Neither of these differences reached statistical significance. Therefore, a faster contraction of GC might occur after 2 weeks of SIV infection when BAFF amounts are limited.
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FIGURE 7. CXCL13 and TFH in spleen of SIV-infected macaques. (A) Serum CXCL13 levels were quantified by ELISA prior to infection (baseline value, D0) and at different time points after infection. Symbols represent the mean value (±SEM) for Placebo (open circle, plain line) or Treated (orange circle and line) group. For every group, statistical comparison between values at D0 and at every time point post-infection was carried using the Dunn's multiple comparison test **p < 0.01, ***p < 0.001 and ****p < 0.0001. Statistical comparison between Placebo and Treated groups at each time point was carried out using the Mann Whitney non-parametric test (p = ns for all, not shown). (B) Proportions of TFH in memory CD4+ T-cells (mCD4 T-cells) from spleen cell suspensions were determined by FCM. Each dot represents one macaque of Placebo (open circle) or Treated (black circle) group. Bars represent Mean ± SEM. Statistical comparison between groups was performed using the Mann Whitney non-parametric test (p = ns). (C) Correlations between the percentages of spleen GC B-cells and TFH for all SIV-infected macaques are shown. Each dot represents one macaque of Placebo (open circle) or Treated (black circle) group. Spearman rank test was used for statistical analyses. rho and p-values are given. (D–G) Representative staining with PD1 (D), FoxP3 (E), CD8 (F), and active Caspase-3 (aCas-3) (G) antibodies on sections from Placebo macaques are shown on the left part. For each marker, positive cells per GC were count by computer-assisted analysis, all GC being considered for every section. Each dot represents the mean percentage per GC for one Placebo (open circle) or Treated (black circle) macaque (right part of panels). Bars represent Mean values (± SEM). Statistical comparison between groups was performed using the Mann Whitney non-parametric test (p = ns for all). (H) Correlation between the numbers of aCas3+ cells and PD1+ cells per GC is shown. (I) Correlation between the number of aCas3+ cells per mm2 of GC and the percentage of TFH in mCD4+ T-cells is shown. (H,I) Each dot represents one macaque of Placebo (open circle) or Treated (black circle) group. Spearman rank test was used for statistical analyses. rho and p-values are given.


Production of highly specific B-cell clones is dependent on proper interactions between GC B-cells and TFH. Despite a strong decrease in splenic CD4+ T-cells in Placebo and Treated groups compared to uninfected controls (Figure S1C), the proportions of memory CD4+ T-cells (mCD4, CD45RA−) were not statistically different between the 2 groups of SIV-infected animals (71.3 ± 2.3% in the Placebo group and 71.4 ± 1.7% in the Treated group). Based on the combined expression of PD1, ICOS and BCL6 (Table S3, panel 8), TFH were first characterized as PD1hiICOShi mCD4 T-cells. Two other subsets of mCD4 T-cells expressed PD1 and ICOS at intermediate or low levels, respectively (Figure S4A). Accordingly, these three subsets were referred hereafter as to TFH, PD1int and PD1lo. According to these criteria, we found 37.7 ± 5.3 and 34.5 ± 7.9% TFH within mCD4 T-cells in Placebo and Treated macaques, respectively (Figure 7B). Irrespective of treatment, most TFH expressed BCL6 (78 ± 5 and 89 ± 1.6% in Placebo and Treated groups, respectively) whereas only a proportion of PD1intICOSint were BCL6+ (21.6 ± 3.0 and 21.4 ± 2.6% in Placebo and Treated groups, respectively). Proportions of TFH correlated with those of GC B-cells when all SIV-infected animals were considered (Figure 7C). To directly quantify TFH within GC, we additionally used an IHC approach on spleen sections from all macaques using PD1 staining. In GC, TFH preferentially accumulated in the light zone (Figure 7D). Quantification of these PD1+ cells was performed in all GC from one or two sections per animal, and an average number of PD1+ cells/GC was calculated and plotted in Figure 7D (right panel). When all animals were considered, the average number of PD1+ cells per GC did not differ between the two groups (78.8 ± 11.3 vs. 71.2 ± 19.1 cells/GC). Similar results were obtained when the number of PD1+ cells per mm2 of GC was considered (1,555 ± 142 vs. 1,730 ± 131 cells/mm2) (data not shown).

Expression of FoxP3, a reliable marker of regulatory (Treg) and follicular regulatory (TFR) T-cells, was also studied on spleen sections (Figure 7E). In contrast to PD1+ cells, FoxP3+ cells were essentially present in T-cell areas in all animals and rare in GC. Accordingly, the mean numbers of FoxP3+ cells per GC were 2.6 ± 0.52 and 2.7 ± 0.61 in Placebo and Treated groups, respectively (Figure 7E). A similar result was observed when mean numbers of FoxP3+ cells per mm2 of GC were considered (not shown). These data are in favor PD1+ cells in GC being TFH and not TFR. While 3- to 4-fold less numerous than TFH, substantial numbers of follicular CD8 T-cells (fCD8 T-cells) infiltrated GC in acutely SIV-infected macaques, regardless BAFF blockade (Figure 7F). The extent of GC apoptosis was also comparable in both groups of macaques as shown by the quantification of active caspase-3 (aCasp-3) positive cells (Figure 7G). The number of apoptotic cells in GC correlated with that of PD1+ cells in IHC (Figure 7H) and a positive correlation was also found between the percentages of TFH in mCD4 T-cells (in FCM) and the proportions of aCasp-3+ cells/mm2 of GC (Figure 7I). Thus, BAFF blockade does not impair the survival of T-cells or change the composition of the T-cell pool in GC.


Functional Capacities of TFH and Other mCD4 T-Cell Subsets in SIV-Infected Macaques

To assess the functional properties of TFH and other mCD4 T-cell subsets in our 2 groups of SIV-infected macaques, we sorted mCD4 T-cells into three subsets according to the expression level of PD1 and CXCR5 [(Table S3, Panel 9) and Figure 8A]. As determined in preliminary experiments, similar distribution and proportions of TFH and other mCD4 T-cell subsets were observed using Panels 8 and 9 (Figure S4). After sorting, functional features of mCD4 T-cell subsets were subsequently compared. Proliferation (Figure 8B) and survival (Figure 8C) in response to CD3/CD2/CD28 beads were similar for TFH and the two other mCD4 T-cell subsets in both groups (Figures 8B,C). Addition of BAFF did not improve the survival of TFH from Placebo or Treated macaques (data not shown).
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FIGURE 8. Sorting strategy and Functional responses of TFH from Placebo and BR3-Fc treated macaques. (A) After gating on live CD3+CD4+CD45RA− T-cells, mCD4 T-cells were sorted according to the intensity of PD1 and CXCR5 expression into three populations: TFH (PD1hiCXCR5hi), CXCR5int (PD1intCXCR5int), and CXCR5lo (PD1loCXCR5lo). Sorting was performed on spleen from 4 macaques of each group. Cells from each sorted subset were labeled with CSFE prior to culture with medium or CD3/2/28 stimulatory beads. On day 5, cell proliferation (B) and viability (C) were compared between groups. (D) Concentrations of IL21 and IFNγ in cell-free culture supernatants are shown. (E) Intracellular expression of IFNγ in spleen cells. Graph shows cumulative data obtained on 7 Placebo and 5 Treated animals. Each dot corresponds to one macaque of Placebo (open circle) and Treated (black circle) group. Bars represent mean ± SEM. (F) Concentrations of CXCL13, IL17A and IL2 in culture supernatants were quantified by Multiplex assay. (G–I) Sorted T-cells (104/well) were cultured with heterologous or autologous B-cells (104/well) in the presence of SEB for 7 days before quantifying IgG production in cell-free culture supernatant. Cultures of B-cells plus SEB were used as controls. Results are shown in fold increase (FI) calculated as the ratio between IgG value in co-culture with T-cells and SEB and IgG value in culture without T-cells (B-cells plus SEB). (B–D,F–I) Mean ± SEM are shown for Placebo (open bar) and Treated (hatched bar) group. For all panels, statistical comparison between groups was performed using the Mann Whitney non-parametric test. Significant statistical values are indicated *p < 0.05.


We next measured IL21 and IFNγ concentration in supernatants and showed that TFH from Placebo and Treated macaques released comparable amounts of IL21 (197 ± 29 vs. 216 ± 53 pg/ml, Figure 8D, left). Surprisingly, we also found consistent levels of IL21 produced by the other mCD4 T-cell subsets. In particular, IL21 concentration in the supernatants of CXCR5int T-cells was 1.8-fold higher in Placebo than in Treated group (308 ± 100 vs. 167 ± 25 pg/ml). Consistent with type 1 helper T-cells being CXCR5 negative, IFNγ concentration was high in the supernatants of CXCR5lo and CXCR5int T-cell subsets. For this latter subset, IFNγ concentration tended to be higher in the supernatants from Placebo than from Treated macaques (5,424 ± 1,29 1pg/ml vs. 3,493 ± 1,796 pg/ml). IFNγ concentration was low in supernatants of TFH with a slight increase in Treated macaques compared to Placebo (583 ± 349 vs. 420 ± 194 pg/ml). To further evaluate potential difference in IFNγ expression by TFH between the two groups, we performed staining using ICOS and PD1 as surface markers to define the three subsets (Table S3, Panel 10). Compared to other fractions, the PD1lo fraction contained elevated percentages of IFNγ+ cells (Figure 8E). Lower but comparable percentages of IFNγ+ cells were present in TFH from both groups, with 11.9 ± 2.8 and 10.2 ± 3.3% positive cells in Placebo and Treated macaques, respectively (Figure 8E). Thus, BR3-Fc treatment did not alter IFNγ expression in TFH of SIV-infected macaques.

By using Multiplex analysis, we also quantified CXCL13, BAFF, IL4, IL10, IL6, IL2, and IL17A in supernatants of various T-cell cultures (Figure 8F). In contrast to BAFF, IL4, IL6, and IL10 levels which remained lower than 20 pg/ml in all supernatants (data not shown), levels of CXCL13 were higher in supernatants of TFH and CXCR5int T-cells with no difference between the two groups of macaques. Concentrations of IL17A were below 10 pg/ml in supernatants of stimulated TFH but expressed at higher but similar levels by CXCR5int and CXCR5lo supernatants from both groups. IL2 was highly produced by CXCR5lo subsets and to a lesser extent by CXCR5int subsets with similar levels in both groups. In TFH, average IL2 concentrations were lower than 30 pg/ml in both groups. Therefore, TFH essentially produce CXCL13, IL21, and low levels of IFNγ at 28dpi but negligible levels of BAFF, IL17A, IL2, IL4, IL6, and IL10.

Finally, we compared the capacity of the various mCD4 T-cell subsets to sustain SEB-induced IgG production by autologous and/or heterologous B-cells purified from two healthy non-infected macaques. IgG production by heterologous and autologous B-cells was not significantly different in the presence of TFH from both groups (Figure 8G). Surprisingly, IgG concentrations in cultures with CXCR5int T-cells were higher or at least comparable (autologous B-cells, Treated group) to those observed in the presence of TFH (Figure 8H) despite similar levels of IL21 and no IL6 and IL10 produced by those cells. Higher concentrations of IFNγ and IL2 might contribute to this difference. The reduced IgG production of autologous B-cells in the presence of CXCR5int T-cells of Treated group compared to Placebo group might be a consequence of the combined reduction of IFNγ and IL21 concentrations as mentioned above. CXCR5lo T-cells from Placebo group tended to be more efficient than those from Treated group at supporting IgG production by heterologous (2-fold, p = ns) and autologous (2.5-fold, p = 0.012) B-cells (Figure 8I).




DISCUSSION

During pathogenic HIV/SIV infection, GC concentrate infectious virus in TFH, TFR and in long-lived immune complexes bound to FDC (67). To improve the early production of potent neutralizing Abs by reshaping the effector B-cell response, a better understanding of the GC reaction is required. Given that BAFF is a key cytokine for GC maintenance in mice (31, 32) but its excess favors autoimmunity (46, 47), we hypothesized that blockade of the BAFF excess reported during the acute phase of SIV infection (40) might “reset” the GC reaction and initiate a more effective virus-specific response. We therefore compared changes in GC and effector B-cells as well as in TFH occurring in acutely SIV-infected macaques, treated or not by BR3-Fc, a BAFF antagonist. To the best of our knowledge, this is the first study to examine the role of BAFF in GC reaction and B-cell response in the context of viral infection.

Despite efficient BAFF blockade, counts (blood) and proportions (spleen and terminal ileum) of total CD4+ T-cells at 28 dpi as well as the dynamics of pVL over the 1st month of infection were comparable in BR3-Fc-treated and Placebo macaques. However, pro-viral load in PBMC was significantly higher at 10 dpi in BR3-Fc treated macaques than in Placebo but tended to be lower at 28 dpi in spleen and terminal ileum. The transient increase in pro-viral load in Treated macaques inversely correlated with levels of plasma IFNα and CXCL10. Regarding the potent antiviral effect of type I IFN, its transient decrease might facilitate SIV infection and/or replication at 10 dpi. No difference was otherwise observed in circulating CD4+ T-cell counts or activation at 10 dpi. Decrease in pDC counts (blood) and proportions (lymphoid organs) despite their sustained recruitment into lymphoid organs argues for BAFF blockade reinforcing SIV-induced pDC apoptosis in lymphoid organs during the acute phase of infection. It seems unlikely that BR3-Fc interferes with the binding of BAFF and the function of pDC since they do not express BAFF-R and TACI (68). Moreover, we found that CpG-A-induced IFNα production by isolated human pDC was similar regardless of the addition of BR3-Fc in culture (data not shown). Given that exaggerated monocyte activation occurs when TACI signaling is suppressed in murine (69) and human monocytes (70), BAFF blockade might potentiate the release of pro-apoptotic cytokines by SIV-activated myeloid cells in macaques, impairing pDC survival in tissues. This point deserves further investigation.

Consistent with BAFF being a key survival factor of B-cells (62, 71), BR3-Fc treatment aggravated the SIV-induced decrease of circulating naïve and MZ B-cells at 28 dpi compared to baseline values. Compared to Placebo, loss in spleen naïve B-cells was more pronounced in Treated macaques (59%, p = 0.007), possibly contributing to lower levels of plasma IgM from 14 dpi (Figure S5). In contrast to blood, proportions of spleen MZ B-cells were moderately affected by BAFF blockade, which is unexpected regarding their profound loss observed in mice deficient for BAFF or BAFF-R (72) and in healthy cynomolgus macaques treated with 20 mg/kg BR3-Fc for 18 weeks with an average of 37% loss of MZ B-cells (52). Considering that the proportions of spleen MZ B-cells are drastically reduced by SIV infection [(55) and this current work], we suggest that BAFF increase fails to counteract such loss during the acute phase of infection.

However, MZ B-cells are potentially responsive to BAFF since they expressed high levels of BAFF-R in Placebo and Treated macaques. In Placebo macaques, TACI concurrently expressed by MZ B-cells might mitigate ligand-induced BAFF-R signaling according to previous data in humans and mice (73, 74). As a consequence of BR3-Fc treatment, percentages of TACI+ cells were reduced in all B-cell subsets, and particularly in MZ B-cells and the three subsets of memory B-cells. In contrast, BAFF-R expression was preferentially increased on MZ and RM B-cells, suggesting that BAFF deprivation limits BAFF-R internalization or its TACI-dependent cleavage in these two subsets (75). Our data reveal that AM B-cells, and to a lesser extent TLM B-cells, expressed TACI in Placebo macaques while BAFF-R expression was lower in AM and TLM than in RM B-cells. This result agrees with previous data showing increased proportions of circulating CD21lo mature B-cells in HIV viremic patients (76). Increased proportions of circulating B-cells being BAFF-Rlo and TACI+ are also present in atypical (CD21lo) memory B-cells of HIV-infected children compared to non-infected children (77). Whether TACI expression on AM and TLM B-cells is also observed in other infection or vaccine settings remains to be studied. Because TACI interacts with TLR9, its expression might potentiate the activation of atypical memory B cells (73).

Compared to Placebo, we did not observe major changes in splenic GC in BR3-Fc Treated macaques. Both the average size of GC and the proportions of GC B-cells among total B-cells were roughly comparable in both groups. However, a trend to lower proportions of proliferating cells was observed in spleen and terminal ileum of Treated macaques compared to Placebo, possibly indicating recycling defaults of GC B-cells between dark and light zones (78). BAFF neutralization failed to increase the recruitment of TFR (FoxP3+ cells in GC), thought to ameliorate selection of virus-specific B-cells and affinity maturation (79) as well as to decrease fCD8 influx. However, these fCD8 cells endowed with regulatory functions during chronic infection (80) did not change IL21 release by TFH during acute SIV infection. Similar proportions of TFH among mCD4 T-cells and average numbers of spleen TFH per GC in both groups of macaques argue for unchanged recruitment of TFH despite BAFF deprivation. Of note, <2% of spleen TFH (or either mCD4 T-cell subset) express BAFF-R or TACI in either group of SIV-infected macaques (Figure S6) and GC B-cells express BAFF-R at low level, with <5% GC B-cells being TACI+. Thus, it seems unlikely that BAFF directly affects spleen TFH or GC B-cell expansion, at least in this setting. However, proportions of GC B-cells and TFH concomitantly decreased by 4- and 2-fold in terminal ileum in the Treated group compared to Placebo, neither of these differences reaching statistical significance (Table S6). Thus, BAFF deprivation might have a more pronounced impact on mucosal than splenic GC reaction.

Contrasting with data of Goenka et al. in mice (36), sorted TFH did not produce BAFF at 28 dpi, irrespective of BR3-Fc treatment. According to the kinetics of plasma BAFF in SIV-infected macaques, TFH might only release BAFF transiently around 10 dpi (i.e., : at the peak of pVL). Release of IFNγ by sorted TFH was 10-fold lower than that observed in other sorted mCD4+ T-cell subsets but remained comparable in both groups of SIV-infected macaques. This later result contrasts with those of Coquery et al. showing that BAFF enhances IFNγ production by human blood TFH (35). In addition to IFNγ and IL21, we observed similar production of CXCL13 by sorted TFH of both groups. However, PD1int CXCR5int CD4+ T-cells also released substantial levels of CXCL13 in both groups. IgG production by autologous and heterologous B-cells was similarly supported by TFH of both groups but even more strongly by CXCR5int T-cells. CXCL13 production and BCL6 expression by a fraction (21% in both groups) of CXCR5int T-cells suggest that a fraction of them is TFH-related and possibly more efficient at supporting B-cell response than CXCR5hi TFH.

Whereas CXCL13 was produced at similar levels by TFH in both groups, SIV-induced CXCL13 plasma levels waned more rapidly in the BR3-Fc Treated group from 14 dpi (i.e., after the peak of pVL). This suggests that functions of FDC, key producers of CXCL13 and BAFF in GC (36, 81), are altered by BAFF blockade in SIV infection setting. Prior studies have consistently shown that maintenance of the GC reaction is reduced over time in BAFF deficient mice with a reduced network of mature FDC bearing less immune-complexes during response to TD antigen (31, 32). More recent data showing that human FDC lacks receptors for BAFF and that HIV does not directly bind to or signal in FDC (82) suggest an indirect impact of BAFF deprivation on FDC. One possibility is that BAFF deprivation in SIV-infected macaques reduces expression of membrane LTα1β2 on GC B-cells, limiting in turn FDC maturation. Alternatively, CXCL13 expression has been found in monocyte and immature DC of chronically HIV-infected patients (65) and can be induced in monocytes by pDC-released type I IFN upon HIV/SIV exposure (83). Regarding previous discussion on altered pDC renewal in BR3-Fc Treated macaques, decrease in circulating CXCL13 levels might be associated with this pDC loss in tissues.

Whereas, total circulating memory B-cells were 24% more numerous in Treated macaques than in Placebo at 28 dpi, the relative proportions of RM, AM, and TLM B-cell subsets remain unchanged (data not shown). In spleen and terminal ileum, increased proportions of total memory B-cells were observed in Treated macaques that preferentially benefit AM B-cells in spleen and RM B-cells in ileum. Consistent with more functional memory B-cells among spleen B-cells from Treated macaques, IgG production by spleen B-cells was significantly increased in culture with ligands of CD40 and TLR9 (CpG-B) and cytokines. These data clearly establish that BAFF blockade does not prevent the generation or survival of AM and TLM B-cells in GC during acute SIV infection. However, BAFF deprivation drastically reduces the surface expression of TACI on all memory B-cell subsets, possibly contributing to higher BAFF-R responsiveness in RM B-cells. Because a crosstalk between BAFF-R and BCR exists in mature B-cells (84), low BAFF-R expression in atypical memory B-cells might dampen their BCR signaling in SIV/HIV infection setting.

Despite similar frequencies of plasma blasts in GC, irrespective of treatment, plasma levels of SIV-specific Abs decreased in Treated macaques. Concurrently, plasma levels of anti-TT IgG also decreased while response against TT has been established prior to SIV infection. Collectively, these data suggest that BAFF deprivation reduces the survival of plasma cells. Given the reduced proportions of CD4+ T-cells during acute SIV infection, additional BAFF blockade might foster the destruction of plasma cells in niches according to Thai et al. (85). BAFF blockade might also reduce TACI expression on plasma blasts/cells, as it does on other B-cell subsets. Consistently, increased proportions of TACI+ BAFF-Rlo plasma blasts have been reported in blood of HIV-infected children compared to healthy children (77).

In conclusion, our work suggests that BAFF neutralization mainly affects B-cells and pDC during SIV infection. On one hand, BAFF neutralization might aggravate the SIV-induced death of pDC after their early recruitment into lymphoid organs. During the first 2 weeks of SIV infection where plasma viral load rapidly increases, reduced numbers of tissue pDC might participate in lower titers of type I IFN, contributing in turn to higher pro-viral load in PBMC and likely in tissues. On the other hand, BAFF neutralization impaired the survival of naïve and MZ B-cells to the benefit of memory B-cells without preventing the SIV-induced generation of atypical memory B-cells. Despite similar size of GC and frequency of GC B-cells, reduced frequency of proliferating GC B-cells was observed. This decrease could be due to either abnormal recycling of GC B-cells between the dark and light zones or to reduced number of naïve B-cells entering GC. This later hypothesis is consistent with reduced CXCL13 levels produced by FDC following cognate interactions with B-cells. Moreover, BAFF blockade impaired the survival of plasma cells as shown by decreased titers of both SIV- and TT-specific antibodies. Lastly, this work described the expression of BAFF receptors in spleen B-cells and TFH during SIV infection.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/Supplementary Material.



ETHICS STATEMENT

The animal study was reviewed and approved by the Ministère de l'Education Nationale, de l'Enseignement Supérieur et de la Recherche (France) and the Comité d'Ethique en Expérimentation Animale n°44 under the reference 2015121509045664 (APAFIS#3178).



AUTHOR CONTRIBUTIONS

GB, MT, HI, and SI performed experiments, acquired data, and contributed to data analysis. NB and RL supervised animal study management and viral load quantification. GB, MT, HI, SI, and YR discussed results and contributed to the writing of the manuscript. YR designed the study, obtained funding, provided study oversight, analyzed data, and drafted this manuscript. All authors contributed to manuscript revision and approved it.



FUNDING

This work was supported by grants to YR from the Agence Nationale de Recherches sur le SIDA et les Hépatites Virales (ANRS). GB and MT were supported by postdoctoral fellowships from ANRS. HI was a visiting researcher supported by a fellowship from the French Institute in Egypt. This work was also supported by the Investissements d'Avenir programs managed by the ANR under reference ANR-11-INBS-0008, funding the Infectious Disease Models and Innovative Therapies (IDMIT, Fontenay-aux-Roses, France) infrastructure, and ANR-10-EQPX-02-01, funding the FlowCyTech facility (IDMIT, Fontenay-aux-Roses, France).



ACKNOWLEDGMENTS

The authors are grateful to Susan L. Kalled and Biogen Idec for providing BR3-Fc fusion protein for macaque treatment. The authors would like to thank all members of the ASW and L2I groups of IDMIT. The authors also thank K. Bailly (Multiplex analysis) and P. Vallin (expression of BAFF receptors) from the CYBIO core facility as well as M. Favier, R. Onifarasoaniaina and F. Ely-Marius of the HisTIM core facility for their skillful technical assistance. Special thanks to A. Lubin and B. Morin (Bachelors in Biomedical Research, ESTBA, Paris) for their contribution to FCM and ELISA experiments.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.00252/full#supplementary-material



REFERENCES

 1. Amadori A, Chieco-Bianchi L. B-cell activation and HIV-1 infection: deeds and misdeeds. Immunol Today. (1990) 11:374–9. doi: 10.1016/0167-5699(90)90144-X

 2. Cohen MS, Shaw GM, McMichael AJ, Haynes BF. Acute HIV-1 infection. N Engl J Med. (2011) 364:1943–54. doi: 10.1056/NEJMra1011874

 3. Chiodi F, Scarlatti G. Editorial: HIV-induced damage of B cells and production of HIV neutralizing antibodies. Front Immunol. (2018) 9:297. doi: 10.3389/fimmu.2018.00297

 4. Sanchez-Merino V, Fabra-Garcia A, Gonzalez N, Nicolas D, Merino-Mansilla A, Manzardo C, et al. Detection of broadly neutralizing activity within the first months of HIV-1 infection. J Virol. (2016) 90:5231–45. doi: 10.1128/JVI.00049-16

 5. Borrow P, Moody MA. Immunologic characteristics of HIV-infected individuals who make broadly neutralizing antibodies. Immunol Rev. (2017) 275:62–78. doi: 10.1111/imr.12504

 6. Burton DR, Mascola JR. Antibody responses to envelope glycoproteins in HIV-1 infection. Nat Immunol. (2015) 16:571–6. doi: 10.1038/ni.3158

 7. Schroeder KMS, Agazio A, Strauch PJ, Jones ST, Thompson SB, Harper MS, et al. Breaching peripheral tolerance promotes the production of HIV-1-neutralizing antibodies. J Exp Med. (2017) 214:2283–302. doi: 10.1084/jem.20161190

 8. Moir S, Fauci AS. B-cell responses to HIV infection. Immunol Rev. (2017) 275:33–48. doi: 10.1111/imr.12502

 9. Kardava L, Moir S, Shah N, Wang W, Wilson R, Buckner CM, et al. Abnormal B cell memory subsets dominate HIV-specific responses in infected individuals. J Clin Invest. (2014) 124:3252–62. doi: 10.1172/JCI74351

 10. Buckner CM, Kardava L, Zhang X, Gittens K, Justement JS, Kovacs C, et al. Maintenance of HIV-specific memory B-cell responses in elite controllers despite low viral burdens. J Infect Dis. (2016) 214:390–8. doi: 10.1093/infdis/jiw163

 11. Titanji K, Velu V, Chennareddi L, Vijay-Kumar M, Gewirtz AT, Freeman GJ, et al. Acute depletion of activated memory B cells involves the PD-1 pathway in rapidly progressing SIV-infected macaques. J Clin Invest. (2010) 120:3878–90. doi: 10.1172/JCI43271

 12. Knox JJ, Buggert M, Kardava L, Seaton KE, Eller MA, Canaday DH, et al. T-bet+ B cells are induced by human viral infections and dominate the HIV gp140 response. JCI Insight. (2017) 2:92943. doi: 10.1172/jci.insight.92943

 13. Perez-Mazliah D, Gardner PJ, Schweighoffer E, McLaughlin S, Hosking C, Tumwine I, et al. Plasmodium-specific atypical memory B cells are short-lived activated B cells. Elife. (2018) 7:39800. doi: 10.7554/eLife.39800

 14. Siewe B, Nipper AJ, Sohn H, Stapleton JT, Landay A. FcRL4 expression identifies a pro-inflammatory B cell subset in viremic HIV-infected subjects. Front Immunol. (2017) 8:1339. doi: 10.3389/fimmu.2017.01339

 15. Rouers A, Klingler J, Su B, Samri A, Laumond G, Even S, et al. HIV-specific B cell frequency correlates with neutralization breadth in patients naturally controlling HIV-infection. EBioMedicine. (2017) 21:158–69. doi: 10.1016/j.ebiom.2017.05.029

 16. Moir S, Buckner CM, Ho J, Wang W, Chen J, Waldner AJ, et al. B cells in early and chronic HIV infection: evidence for preservation of immune function associated with early initiation of antiretroviral therapy. Blood. (2010) 116:5571–9. doi: 10.1182/blood-2010-05-285528

 17. Bannard O, Cyster JG. Germinal centers: programmed for affinity maturation and antibody diversification. Curr Opin Immunol. (2017) 45:21–30. doi: 10.1016/j.coi.2016.12.004

 18. Petrovas C, Yamamoto T, Gerner MY, Boswell KL, Wloka K, Smith EC, et al. CD4 T follicular helper cell dynamics during SIV infection. J Clin Invest. (2012) 122:3281–94. doi: 10.1172/JCI63039

 19. Lindqvist M, van Lunzen J, Soghoian DZ, Kuhl BD, Ranasinghe S, Kranias G, et al. Expansion of HIV-specific T follicular helper cells in chronic HIV infection. J Clin Invest. (2012) 122:3271–80. doi: 10.1172/JCI64314

 20. Cubas RA, Mudd JC, Savoye AL, Perreau M, van Grevenynghe J, Metcalf T, et al. Inadequate T follicular cell help impairs B cell immunity during HIV infection. Nat Med. (2013) 19:494–9. doi: 10.1038/nm.3109

 21. Perreau M, Savoye AL, De Crignis E, Corpataux JM, Cubas R, Haddad EK, et al. Follicular helper T cells serve as the major CD4 T cell compartment for HIV-1 infection, replication, and production. J Exp Med. (2013) 210:143–56. doi: 10.1084/jem.20121932

 22. Hong JJ, Chang KT, Villinger F. The dynamics of T and B cells in lymph node during chronic HIV infection: TFH and HIV, unhappy dance partners? Front Immunol. (2016) 7:522. doi: 10.3389/fimmu.2016.00522

 23. Muir R, Metcalf T, Tardif V, Takata H, Phanuphak N, Kroon E, et al. Altered memory circulating T follicular helper-B cell interaction in early acute HIV infection. PLoS Pathog. (2016) 12:e1005777. doi: 10.1371/journal.ppat.1005777

 24. Locci M, Havenar-Daughton C, Landais E, Wu J, Kroenke MA, Arlehamn CL, et al. Human circulating PD-1+CXCR3-CXCR5+ memory Tfh cells are highly functional and correlate with broadly neutralizing HIV antibody responses. Immunity. (2013) 39:758–69. doi: 10.1016/j.immuni.2013.08.031

 25. Cohen K, Altfeld M, Alter G, Stamatatos L. Early preservation of CXCR5+ PD-1+ helper T cells and B cell activation predict the breadth of neutralizing antibody responses in chronic HIV-1 infection. J Virol. (2014) 88:13310–21. doi: 10.1128/JVI.02186-14

 26. Velu V, Mylvaganam GH, Gangadhara S, Hong JJ, Iyer SS, Gumber S, et al. Induction of Th1-biased T follicular helper (Tfh) cells in lymphoid tissues during chronic simian immunodeficiency virus infection defines functionally distinct germinal center Tfh cells. J Immunol. (2016) 197:1832–42. doi: 10.4049/jimmunol.1600143

 27. Havenar-Daughton C, Lindqvist M, Heit A, Wu JE, Reiss SM, Kendric K, et al. CXCL13 is a plasma biomarker of germinal center activity. Proc Natl Acad Sci USA. (2016) 113:2702–7. doi: 10.1073/pnas.1520112113

 28. Mabuka JM, Dugast AS, Muema DM, Reddy T, Ramlakhan Y, Euler Z, et al. Plasma CXCL13 but not B cell frequencies in acute HIV infection predicts emergence of cross-neutralizing antibodies. Front Immunol. (2017) 8:1104. doi: 10.3389/fimmu.2017.01104

 29. Yan M, Marsters SA, Grewal IS, Wang H, Ashkenazi A, Dixit VM. Identification of a receptor for BLyS demonstrates a crucial role in humoral immunity. Nat Immunol. (2000) 1:37–41. doi: 10.1038/76889

 30. Schiemann B, Gommerman JL, Vora K, Cachero TG, Shulga-Morskaya S, Dobles M, et al. An essential role for BAFF in the normal development of B cells through a BCMA-independent pathway. Science. (2001) 293:2111–4. doi: 10.1126/science.1061964

 31. Vora KA, Wang LC, Rao SP, Liu ZY, Majeau GR, Cutler AH, et al. Cutting edge: germinal centers formed in the absence of B cell-activating factor belonging to the TNF family exhibit impaired maturation and function. J Immunol. (2003) 171:547–51. doi: 10.4049/jimmunol.171.2.547

 32. Rahman ZS, Rao SP, Kalled SL, Manser T. Normal induction but attenuated progression of germinal center responses in BAFF and BAFF-R signaling-deficient mice. J Exp Med. (2003) 198:1157–69. doi: 10.1084/jem.20030495

 33. Gupta S, Clark ES, Termini JM, Boucher J, Kanagavelu S, LeBranche CC, et al. DNA vaccine molecular adjuvants SP-D-BAFF and SP-D-APRIL enhance anti-gp120 immune response and increase HIV-1 neutralizing antibody titers. J Virol. (2015) 89:4158–69. doi: 10.1128/JVI.02904-14

 34. Ou X, Xu S, Lam KP. Deficiency in TNFRSF13B (TACI) expands T-follicular helper and germinal center B cells via increased ICOS-ligand expression but impairs plasma cell survival. Proc Natl Acad Sci USA. (2012) 109:15401–6. doi: 10.1073/pnas.1200386109

 35. Coquery CM, Loo WM, Wade NS, Bederman AG, Tung KS, Lewis JE, et al. BAFF regulates follicular helper t cells and affects their accumulation and interferon-gamma production in autoimmunity. Arthritis Rheumatol. (2015) 67:773–84. doi: 10.1002/art.38950

 36. Goenka R, Matthews AH, Zhang B, O'Neill PJ, Scholz JL, Migone TS, et al. Local BLyS production by T follicular cells mediates retention of high affinity B cells during affinity maturation. J Exp Med. (2014) 211:45–56. doi: 10.1084/jem.20130505

 37. Zhang X, Park CS, Yoon SO, Li L, Hsu YM, Ambrose C, et al. BAFF supports human B cell differentiation in the lymphoid follicles through distinct receptors. Int Immunol. (2005) 17:779–88. doi: 10.1093/intimm/dxh259

 38. Liovat AS, Rey-Cuille MA, Lecuroux C, Jacquelin B, Girault I, Petitjean G, et al. Acute plasma biomarkers of T cell activation set-point levels and of disease progression in HIV-1 infection. PLoS ONE. (2012) 7:e46143. doi: 10.1371/journal.pone.0046143

 39. Stacey AR, Norris PJ, Qin L, Haygreen EA, Taylor E, Heitman J, et al. Induction of a striking systemic cytokine cascade prior to peak viremia in acute human immunodeficiency virus type 1 infection, in contrast to more modest and delayed responses in acute hepatitis B and C virus infections. J Virol. (2009) 83:3719–33. doi: 10.1128/JVI.01844-08

 40. Chaoul N, Burelout C, Peruchon S, van Buu BN, Laurent P, Proust A, et al. Default in plasma and intestinal IgA responses during acute infection by simian immunodeficiency virus. Retrovirology. (2012) 9:43. doi: 10.1186/1742-4690-9-43

 41. Borhis G, Burelout C, Chaoul N, Smith N, Goujard C, Meyer L, et al. Plasmacytoid dendritic cells and myeloid cells differently contribute to B-cell-activating factor belonging to the tumor necrosis factor superfamily overexpression during primary HIV infection. AIDS. (2016) 30:365–76. doi: 10.1097/QAD.0000000000000965

 42. Fontaine J, Chagnon-Choquet J, Valcke HS, Poudrier J, Roger M, Montreal Primary HIVI, et al. High expression levels of B lymphocyte stimulator (BLyS) by dendritic cells correlate with HIV-related B-cell disease progression in humans. Blood. (2011) 117:145–55. doi: 10.1182/blood-2010-08-301887

 43. Poudrier J, Soulas C, Chagnon-Choquet J, Burdo T, Autissier P, Oskar K, et al. High expression levels of BLyS/BAFF by blood dendritic cells and granulocytes are associated with B-cell dysregulation in SIV-infected rhesus macaques. PLoS ONE. (2015) 10:e0131513. doi: 10.1371/journal.pone.0131513

 44. Deal EM, Lahl K, Narvaez CF, Butcher EC, Greenberg HB. Plasmacytoid dendritic cells promote rotavirus-induced human and murine B cell responses. J Clin Invest. (2013) 123:2464–74. doi: 10.1172/JCI60945

 45. Jacobs HM, Thouvenel CD, Leach S, Arkatkar T, Metzler G, Scharping NE, et al. Cutting Edge: BAFF promotes autoantibody production via TACI-dependent activation of transitional B cells. J Immunol. (2016) 196:3525–31. doi: 10.4049/jimmunol.1600017

 46. Thien M, Phan TG, Gardam S, Amesbury M, Basten A, Mackay F, et al. Excess BAFF rescues self-reactive B cells from peripheral deletion and allows them to enter forbidden follicular and marginal zone niches. Immunity. (2004) 20:785–98. doi: 10.1016/j.immuni.2004.05.010

 47. Lesley R, Xu Y, Kalled SL, Hess DM, Schwab SR, Shu HB, et al. Reduced competitiveness of autoantigen-engaged B cells due to increased dependence on BAFF. Immunity. (2004) 20:441–53. doi: 10.1016/S1074-7613(04)00079-2

 48. Verkoczy L, Diaz M. Autoreactivity in HIV-1 broadly neutralizing antibodies: implications for their function and induction by vaccination. Curr Opin HIV AIDS. (2014) 9:224–34. doi: 10.1097/COH.0000000000000049

 49. Borhis G, Trovato M, Chaoul N, Ibrahim HM, Richard Y. B-cell-activating factor and the B-cell compartment in HIV/SIV infection. Front Immunol. (2017) 8:1338. doi: 10.3389/fimmu.2017.01338

 50. Aggarwal H, Khan L, Chaudhary O, Kumar S, Makhdoomi MA, Singh R, et al. Alterations in B cell compartment correlate with poor neutralization response and disease progression in HIV-1 infected children. Front Immunol. (2017) 8:1697. doi: 10.3389/fimmu.2017.01697

 51. Lin WY, Gong Q, Seshasayee D, Lin Z, Ou Q, Ye S, et al. Anti-BR3 antibodies: a new class of B-cell immunotherapy combining cellular depletion and survival blockade. Blood. (2007) 110:3959–67. doi: 10.1182/blood-2007-04-088088

 52. Vugmeyster Y, Seshasayee D, Chang W, Storn A, Howell K, Sa S, et al. A soluble BAFF antagonist, BR3-Fc, decreases peripheral blood B cells and lymphoid tissue marginal zone and follicular B cells in cynomolgus monkeys. Am J Pathol. (2006) 168:476–89. doi: 10.2353/ajpath.2006.050600

 53. Aarnink A, Dereuddre-Bosquet N, Vaslin B, Le Grand R, Winterton P, Apoil PA, et al. Influence of the MHC genotype on the progression of experimental SIV infection in the Mauritian cynomolgus macaque. Immunogenetics. (2011) 63:267–74. doi: 10.1007/s00251-010-0504-6

 54. Le Grand R, Clayette P, Noack O, Vaslin B, Theodoro F, Michel G, et al. An animal model for antilentiviral therapy: effect of zidovudine on viral load during acute infection after exposure of macaques to simian immunodeficiency virus. AIDS Res Hum Retroviruses. (1994) 10:1279–87. doi: 10.1089/aid.1994.10.1279

 55. Peruchon S, Chaoul N, Burelout C, Delache B, Brochard P, Laurent P, et al. Tissue-specific B-cell dysfunction and generalized memory B-cell loss during acute SIV infection. PLoS ONE. (2009) 4:e5966. doi: 10.1371/journal.pone.0005966

 56. 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

 57. Mannioui A, Bourry O, Sellier P, Delache B, Brochard P, Andrieu T, et al. Dynamics of viral replication in blood and lymphoid tissues during SIVmac251 infection of macaques. Retrovirology. (2009) 6:106. doi: 10.1186/1742-4690-6-106

 58. Brown KN, Wijewardana V, Liu X, Barratt-Boyes SM. Rapid influx and death of plasmacytoid dendritic cells in lymph nodes mediate depletion in acute simian immunodeficiency virus infection. PLoS Pathog. (2009) 5:e1000413. doi: 10.1371/journal.ppat.1000413

 59. Malleret B, Maneglier B, Karlsson I, Lebon P, Nascimbeni M, Perie L, et al. Primary infection with simian immunodeficiency virus: plasmacytoid dendritic cell homing to lymph nodes, type I interferon, and immune suppression. Blood. (2008) 112:4598–608. doi: 10.1182/blood-2008-06-162651

 60. Bruel T, Dupuy S, Demoulins T, Rogez-Kreuz C, Dutrieux J, Corneau A, et al. Plasmacytoid dendritic cell dynamics tune interferon-alfa production in SIV-infected cynomolgus macaques. PLoS Pathog. (2014) 10:e1003915. doi: 10.1371/journal.ppat.1003915

 61. Kalled SL. The role of BAFF in immune function and implications for autoimmunity. Immunol Rev. (2005) 204:43–54. doi: 10.1111/j.0105-2896.2005.00219.x

 62. Mackay F, Schneider P. Cracking the BAFF code. Nat Rev Immunol. (2009) 9:491–502. doi: 10.1038/nri2572

 63. Badr G, Borhis G, Lefevre EA, Chaoul N, Deshayes F, Dessirier V, et al. BAFF enhances chemotaxis of primary human B cells: a particular synergy between BAFF and CXCL13 on memory B cells. Blood. (2008) 111:2744–54. doi: 10.1182/blood-2007-03-081232

 64. Moens L, Tangye SG. Cytokine-mediated regulation of plasma cell generation: IL-21 takes center stage. Front Immunol. (2014) 5:65. doi: 10.3389/fimmu.2014.00065

 65. Cagigi A, Mowafi F, Phuong Dang LV, Tenner-Racz K, Atlas A, Grutzmeier S, et al. Altered expression of the receptor-ligand pair CXCR5/CXCL13 in B-cells during chronic HIV-1 infection. Blood. (2008) 112:4401–10. doi: 10.1182/blood-2008-02-140426

 66. Mehraj V, Ramendra R, Isnard S, Dupuy FP, Lebouche B, Costiniuk C, et al. CXCL13 as a biomarker of immune activation during early and chronic HIV infection. Front Immunol. (2019) 10:289. doi: 10.3389/fimmu.2019.00289

 67. Bronnimann MP, Skinner PJ, Connick E. The B-cell follicle in HIV infection: barrier to a cure. Front Immunol. (2018) 9:20. doi: 10.3389/fimmu.2018.00020

 68. Schuh E, Musumeci A, Thaler FS, Laurent S, Ellwart JW, Hohlfeld R, et al. Human plasmacytoid dendritic cells display and shed B cell maturation antigen upon TLR engagement. J Immunol. (2017) 198:3081–8. doi: 10.4049/jimmunol.1601746

 69. Allman WR, Dey R, Liu L, Siddiqui S, Coleman AS, Bhattacharya P, et al. TACI deficiency leads to alternatively activated macrophage phenotype and susceptibility to Leishmania infection. Proc Natl Acad Sci USA. (2015) 112:E4094–103. doi: 10.1073/pnas.1421580112

 70. Tsiantoulas D, Sage AP, Goderle L, Ozsvar-Kozma M, Murphy D, Porsch F, et al. BAFF neutralization aggravates atherosclerosis. Circulation. (2018) 138:2263–73. doi: 10.1161/CIRCULATIONAHA.117.032790

 71. Kalled SL, Ambrose C, Hsu YM. The biochemistry and biology of BAFF, APRIL and their receptors. Curr Dir Autoimmun. (2005) 8:206–42. doi: 10.1159/000082105

 72. Mackay F, Schneider P, Rennert P, Browning J. BAFF AND APRIL: a tutorial on B cell survival. Annu Rev Immunol. (2003) 21:231–64. doi: 10.1146/annurev.immunol.21.120601.141152

 73. Garcia-Carmona Y, Ting AT, Radigan L, Athuluri Divakar SK, Chavez J, Meffre E, et al. TACI isoforms regulate ligand binding and receptor function. Front Immunol. (2018) 9:2125. doi: 10.3389/fimmu.2018.02125

 74. Garcia-Carmona Y, Cols M, Ting AT, Radigan L, Yuk FJ, Zhang L, et al. Differential induction of plasma cells by isoforms of human TACI. Blood. (2015) 125:1749–58. doi: 10.1182/blood-2014-05-575845

 75. Smulski CR, Kury P, Seidel LM, Staiger HS, Edinger AK, Willen L, et al. BAFF- and TACI-dependent processing of BAFFR by ADAM proteases regulates the survival of B cells. Cell Rep. (2017) 18:2189–202. doi: 10.1016/j.celrep.2017.02.005

 76. Moir S, Malaspina A, Pickeral OK, Donoghue ET, Vasquez J, Miller NJ, et al. Decreased survival of B cells of HIV-viremic patients mediated by altered expression of receptors of the TNF superfamily. J Exp Med. (2004) 200:587–99. doi: 10.1084/jem.20032236

 77. Muema DM, Macharia GN, Hassan AS, Mwaringa SM, Fegan GW, Berkley JA, et al. Control of viremia enables acquisition of resting memory B cells with age and normalization of activated B cell phenotypes in HIV-infected children. J Immunol. (2015) 195:1082–91. doi: 10.4049/jimmunol.1500491

 78. Binder SC, Meyer-Hermann M. Implications of intravital imaging of murine germinal centers on the control of B cell selection and division. Front Immunol. (2016) 7:593. doi: 10.3389/fimmu.2016.00593

 79. Leon B, Bradley JE, Lund FE, Randall TD, Ballesteros-Tato A. FoxP3+ regulatory T cells promote influenza-specific Tfh responses by controlling IL-2 availability. Nat Commun. (2014) 5:3495. doi: 10.1038/ncomms4495

 80. Miles B, Miller SM, Connick E. CD4 T follicular helper and regulatory cell dynamics and function in HIV infection. Front Immunol. (2016) 7:659. doi: 10.3389/fimmu.2016.00659

 81. Hase H, Kanno Y, Kojima M, Hasegawa K, Sakurai D, Kojima H, et al. BAFF/BLyS can potentiate B-cell selection with the B-cell coreceptor complex. Blood. (2004) 103:2257–65. doi: 10.1182/blood-2003-08-2694

 82. Sabri F, Prados A, Munoz-Fernandez R, Lantto R, Fernandez-Rubio P, Nasi A, et al. Impaired B cells survival upon production of inflammatory cytokines by HIV-1 exposed follicular dendritic cells. Retrovirology. (2016) 13:61. doi: 10.1186/s12977-016-0295-4

 83. Cohen KW, Dugast AS, Alter G, McElrath MJ, Stamatatos L. HIV-1 single-stranded RNA induces CXCL13 secretion in human monocytes via TLR7 activation and plasmacytoid dendritic cell-derived type I IFN. J Immunol. (2015) 194:2769–75. doi: 10.4049/jimmunol.1400952

 84. Schweighoffer E, Vanes L, Nys J, Cantrell D, McCleary S, Smithers N, et al. The BAFF receptor transduces survival signals by co-opting the B cell receptor signaling pathway. Immunity. (2013) 38:475–88. doi: 10.1016/j.immuni.2012.11.015

 85. Thai LH, Le Gallou S, Robbins A, Crickx E, Fadeev T, Zhou Z, et al. BAFF and CD4(+) T cells are major survival factors for long-lived splenic plasma cells in a B-cell-depletion context. Blood. (2018) 131:1545–55. doi: 10.1182/blood-2017-06-789578

Conflict of Interest: The 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.

Copyright © 2020 Borhis, Trovato, Ibrahim, Isnard, Le Grand, Bosquet and Richard. 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.



OPS/images/fimmu-11-00252-g005.gif
Surfaco BAFF-R (gMFI)

Surface TACI

(% of positive cells)

fis Té %@ gl

ToulNaive NZ RM_AM TLM GC
Bcollsubsots

ﬂéa;, égiﬂ_m

ToulNalve Mz RM AM TLM GC
Becoll subsets






OPS/images/fimmu-11-00252-g006.gif
T 7 % owa &
Dayspostitecton
o

s — LE A
N o Nmm. —
.m ¥
AT L T
RIS R ——
de ¥ i mm
2 e EREN






OPS/images/fimmu-11-00252-g003.gif
no) © oy
[]

MzBcats (bsolts o)

’EEEE]

ToutomaryB<ls o

hbsouta o)
s $ 88 8

RM Bcolls (Absolute no) ™ Naive B-cells (Absolute

LM Bcalls (Absclteno)
o 8 § 88






OPS/images/fimmu-11-00252-g004.gif





OPS/images/fimmu-11-00252-g007.gif





OPS/images/fimmu-11-00252-g008.gif
s q N )
H am g T
. = N
- HY
A = |
IR 13 ]
PRREE Y * G ommanson
=, -, R o
e - g mi |
T s} ——] 4
b § i =}
M= eml; © o
08 —
JEERD mOET At | r
—ENNN , ' .
" va ’M« O\
s I i
=i § ¢ £
N :
TR aEn IO AR






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Impact of BAFF Blockade on Inflammation, Germinal Center Reaction and Effector B-Cells During Acute SIV Infection



		Introduction



		Materials and Methods



		Animals, Infection, and BR3-Fc Treatment



		Sample Collection and Processing



		Hematology Analyses and Viral Load Determination



		Quantification of Plasma Cytokine, Immunoglobulins, and Antigen-Specific Antibodies



		Flow Cytometry Analyses



		In vitro Production of Immunoglobulins by Purified Spleen B-Cells



		Immunohistochemistry and Digital Image Analysis



		Sorting of TFH and Memory CD4+ T-Cell Subsets



		Cytokine Production, T-Cell Proliferation, and Survival



		B- and T-Cell Co-cultures



		ELISA and Multiplex Cytokine Assay



		Statistical Analysis







		Results



		BAFF Blockade Delayed the Peak of SIV-Induced Circulating Inflammatory Cytokines



		BAFF Blockade Alters pDC Turnover



		BAFF Blockade Changes the Composition of the Circulating B-Cell Pool



		Impact of BAFF Blockade on Spleen and Terminal Ileum B-Cells



		BAFF Blockade Differently Modulates BAFF-R and TACI Expression in Various Spleen B-Cell Subsets



		Circulating Antibodies and Functional Response of B-Cells



		Plasma Levels of CXCL13 and TFH in Spleen



		Functional Capacities of TFH and Other mCD4 T-Cell Subsets in SIV-Infected Macaques







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers
in Immunology

Impact of BAFF Blockade on
Inflammation, Germinal Center
Reaction and Effector B-Cells
During Acute SIV Infection





OPS/images/fimmu-11-00252-g001.gif





OPS/images/fimmu-11-00252-g002.gif
LRI

® Inguinal lymph nodes at & dpi

[ S
E| =
z ° 3
g ¢ H

 Peripheral lymph nodes at 28 dpi

e

060400y
]
s (g

B3

+ ¥

o Spleen at 28 dpi

K7 ot i o1500)

o] &},}
=









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





