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The Role of the Inhibitory Ligand HVEM and Its Receptors CD160 and BTLA in the Regulation of Anti-retroviral T Cell Responses
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Specific CD8+ T cells are crucial for the control of viruses. However, during many chronic viral infections these cells become dysfunctional. Immune checkpoint receptors, like PD-1 expressed on CD8+ T cells, contribute to this functional suppression during chronic infection. However, during the acute phase of infection virus-specific CD8+ T cells express high levels of PD-1 but are fully competent in killing virus-infected cells and there is increasing evidence that the biological activity of inhibitory receptors is strongly influenced by the availability of their respective ligands. We determined the expression of ligands for inhibitory receptors on infected myeloid cells during the acute phase of Friend retroviral (FV) infection. FV infection of granulocytes, monocytes, and macrophages strongly increased the cell surface expression of PD-L1 and the recently described ligand HVEM for inhibitory receptors BTLA and CD160. In addition, the infection of human myeloid cells in vitro with HIV also enhanced the expression of PD-L1 and HVEM. In infected mice, the upregulation of inhibitory ligands on infected cells was accompanied by enhanced frequencies of FV-specific CD8+ T cells that express PD-1, and the inhibitory receptors CD160 and BTLA. To define the functional effects of HVEM on activated CD8+ T cells, FV-infected mice were treated with blocking antibodies that prevented the interaction of HVEM with its two receptors, CD160 or BTLA, alone or in combination with anti-PD-L1 antibodies. Blocking the interaction of HVEM with CD160 and BTLA improved the production of cytotoxic molecules and the elimination of FV-infected cells. This effect was augmented when the therapy was combined with anti-PD-L1 antibodies, resulting in an additional expansion of cytotoxic CD8+ T cells. Thus, the ligand HVEM for the inhibitory receptors CD160 and BTLA downregulates the functionality of CD8+ T cells during retroviral infection and are potential targets for the immunomodulatory therapy of chronic viral infections.

Keywords: immunoregulation, retrovirus, CD160, BTLA, HVEM, PD-L1, PD-1, CD8


INTRODUCTION

Cytotoxic CD8+ T lymphocytes (CTL) are crucial for controlling viruses and tumors. However, in several chronic viral infections, such as the human immunodeficiency virus (HIV) and hepatitis C virus (HCV) infection of humans or lymphocytic choriomeningitis virus (LCMV) and Friend virus (FV) infection of mice, virus-specific CD8+ T cells become functionally impaired or “exhausted.” There is compelling evidence that this T cell exhaustion contributes significantly to the reduced control of viruses between the acute and chronic phase and the establishment of viral chronicity. The functional impairment of CTLs is associated with the expression of inhibitory checkpoint receptors and is a result of signaling from these receptors after binding to their ligands (1).

Expanded virus-specific cytotoxic T cells express a high level of programmed death-1 (PD-1) (2) and other inhibitory receptors during acute FV infection but maintain their cytotoxicity and reduce the level of virus infection (3). The expansion of PD-1 expressing CD8+ T cells with full effector functions has also been reported during acute infections of humans with Epstein Barr virus (EBV) (4), hepatitis C virus (HCV) (5), or hepatitis B virus (HBV) (6) as well as in monkeys infected with simian immunodeficiency virus (SIV) (7), or SIV-HIV hybrid virus (SHIV) (8). In previous studies, we started analyzing how effector cells expressing PD-1 convert to the exhausted condition (9, 10). Erythroblast precursor cells (Ter119+), B cells, and myeloid cells are the main targets for FV during acute infection (2). Infected B cells and myeloid cells upregulated PD-L1 expression on the cell surface upon infection whereas infected Ter119+ did not change the expression levels of inhibitory ligands. The PD-1 expressing FV-specific cytotoxic CD8+ T cells preferentially eliminate cells with a low expression of PD-L1 whereas B cells, and myeloid cells with a high expression of PD-L1 become a reservoir of the virus during chronic infection. Upon repeated contacts of PD-1+ CD8+ T cells with PD-L1high virus-infected cells, T cells progressively lose their functional properties. Also during chronic HIV-1 and HTLV-1 infections, myeloid cells become a reservoir for human retroviruses (11, 12) and participation of PD-L1 in immune escape has been described for different viruses and tumors (13, 14). We hypothesize that the direct contact of infected myeloid cells with effector T cells strongly modulates effector cell responses.

In the current study, we focused on characterizing subpopulations of myeloid cells and defined their susceptibility to infection with FV in vivo or with HIV-1 in vitro. The infected cells were analyzed for the expression of the regulatory ligands PD-L1 and HVEM (Herpes Virus Entry Mediator, CD270, TNFRSF14), a member of the tumor necrosis factor receptor superfamily. The engagement of B and T lymphocyte attenuator (BTLA, CD272) or CD160 by HVEM initiates an inhibitory signal whereas the binding of HVEM to LIGHT induces the activation of T cells (15). Despite the co-stimulatory function of HVEM upon interaction with LIGHT on T cells, the predominant function of HVEM appears to be co-inhibitory after the engagement of BTLA or CD160 on T cells (16). Thus, HVEM deficient mice are susceptible to autoimmune disorders and T cells from these animals show an increased response to stimulation (16). An increased expression of HVEM has been detected on melanoma, hepatocellular carcinoma and some other tumors and this has been associated with poor disease prognosis (17, 18). The co-expression of PD-1 and CD160 inhibitory receptors on HIV-specific CD8+ T cells was associated with an advanced dysfunction of these cells (19). The in vitro stimulation of HIV-specific CD8+ T cells with anti-PD-1 antibodies combined with anti-BTLA was more efficient than the stimulation with anti-PD-1 alone (20). Thus, both receptors for HVEM are involved in the regulation of virus-specific CD8+ T cells during HIV infection. In the present study, we performed a detailed characterization of myeloid subpopulations and analyzed HVEM expression prior and post FV infection. An enhanced expression of HVEM on infected granulocytes, monocytes, macrophages and mDCs was observed. Antibody therapy preventing the interaction of HVEM with BTLA and CD160 enhanced the production of cytotoxic molecules in effector CD8+ T cells. Thus, a treatment directed to HVEM and their inhibitory receptors may be a possible therapeutic target for immunoregulation in chronic infection.



MATERIALS AND METHODS


Ethics Statement

Animal experiments were performed in strict accordance with the German Regulations of the Society for Laboratory Animal Science (GV-SOLAS) and of the Federation of European Laboratory Animal Science Associations (FELASA). The protocol was approved by the North Rhine-Westphalia State Agency for Nature, Environment and Consumer Protection (LANUV). All efforts were made to minimize suffering.



C57BL6 Mice and CD160 Deficient Mice

Inbred C57BL/6 (B6) mice were maintained under pathogen-free conditions. Experiments were performed using female 6-10 week old C57BL/6 (B6) mice. The relevant FV resistance genotype of B6 mice is H-2b/b, Fv1b/b, Fv2r/r, Rfv3r/r. The B6 mice were obtained from Envigo.

For the generation of CD160 deficient mice, the CRISPR/Cas9 strategy was used to target exon 2 (encodes for the signal peptide) of the CD160 gene, resulting in a deletion of 47 bp (46 bp at the end of exon 2 plus the deletion of the first base pair of exon 3). The consequence of this mutation was the introduction of several premature stop codons within exon 3 and the subsequent inactivation of all possible isoforms of the CD160 gene (21).

C57BL/6 CD160 deficient mice were immunized at day 0 and day 45 with 100 micrograms of mouse CD160 extracellular region bound to mouse IgG2a Ig (Fc fragment) fusion protein emulsified in incomplete Freund Adjuvant. One month after the second immunization, the mice received a final intravenous booster injection of 100 micrograms of soluble antigen with 20 μg of poly I:C and 3 days later, B cells were immortalized by fusing them with X63 Ag8.653 myeloma cells in the presence of PEG 1500, following a procedure previously described (22). Hybridoma cell lines secreting anti-CD160 antibodies were screened by flow cytometry against mouse CD160 transfected HEK293T cell line and mock-transduced control cells.



Generation of Antagonist Mouse Anti-mouse CD160 Monoclonal Antibody

The set of anti-CD160 antibodies obtained was further characterized to identify antibodies with blocking functions by screening for their ability to prevent the binding of mouse HVEM.Ig (a gift from Genentech) to mouse CD160 transfected HEK293 cells. A hybridoma cell line secreting a partially blocking anti-CD160 mAb designated as a clone 6E7a (mouse IgG1, kappa light chain) was selected and cloned by limiting dilution twice. Then, the hybridoma cell line clone 6E7a was adapted to grow in serum-free medium (SFM) (Thermo Fisher Scientific) supplemented with IgG-depleted fetal calf serum (FCS, Hyclone) (<0.25%) in spinner flasks. Cell culture supernatants were pre-filtered and purified by protein G-sepharose affinity chromatography. The eluted fraction of purified antibody was dialyzed against phosphate-buffered saline (PBS) and finally the purified antibody was passed through a 0.45 μm filter. Purified antibodies for in vivo use were stored frozen at −80°C in endotoxin-free Dulbecco's PBS at a concentration of 1–5 mg/ml containing <2 EU/ml of endotoxin (Pierce™ LAL Chromogenic Endotoxin Quantitation Kit, ThermoFisher).



Virus and Viral Infection

The FV stock used in these experiments was an uncloned FV complex containing B-tropic Friend murine leukemia helper virus (F-MuLV) and polycythemia-inducing spleen focus-forming virus free of lactate dehydrogenase-elevating virus (23, 24). The FV stocks were prepared as a 10% spleen cell homogenate from BALB/c mice infected 14 days previously with 3 000 spleen focus-forming units of non-cloned virus stock. FV-mWasabi is a recombinant FV complex based on F-MuLV clone FB29 encoding the fluorescent protein mWasabi fused to the Env open reading frame of F-MuLV via a self-cleaving peptide (25). The FV-mWasabi stocks were prepared as a 15% spleen cell homogenate from BALB/c mice infected 15 days previously with 3,000 spleen focus-forming units of stock. Experimental mice were injected intravenously with 0.2 ml of PBS containing 20 000 spleen focus-forming units of FV or FV-mWasabi stocks.



Phenotypic Analysis of PD-L1 and CD270 During HIV Infection of Human PBMCs

PBMC collection was approved by the Ethics Committee (No.:15-6310) of the medical faculty at the University of Duisburg-Essen. Blood was collected from healthy male and female donors between the ages of 26 and 53 under an approved Institutional Review Board protocol. For this, peripheral blood mononuclear cells (PBMC) were purified by Ficoll-Hypaque density gradient separation as previously described (26). 1 × 107 PBMCs were cultured in RPMI 1640 (Invitrogen, Gaithersburg, MD) containing 10% fetal bovine serum (Hyclone, Logan, UT) and 1% Pen-Strep-Glut (Invitrogen) in a 6-well plate. Cells were resuspended in a complete medium in the presence of 2 μg/ml PHA (Sigma) and IL-2. After 2 days, cells were infected with cell-free HIV-1 NL4.3 (MOI 0.1) via spinoculation at 1,000 g. Viral input was removed following spinoculation and cells were cultivated in fresh media with 1 ×106 cells/ml. Cells were collected at days 3, 5, and 7 and were stained with fluorescent antibodies against CD3 (SK7, BD Bioscience), CD11b (M1/70 BioLegend), CD14 (BV510, BioLegend), CD19 (H1B19, BD Biosciences), CD56 (NCAM16.2, BD Biosciences) CD270 (122, BioLegend) and PD-L1 (29E.2A3, BioLegend) before fixation. Dead cells were detected by staining with Fixable Viability Dyes (FVD) (ThermoFisher). Cells were then permeabilized (BD Cytoperm) and stained for intracellular p24 antigen (KC57-RD1, Beckman Coulter). The cells were analyzed by flow cytometry. Live CD3– CD19– CD56– CD14+ cells (monocytes) and CD3– CD19– CD56– CD11b+ cells (macrophages) were gated to identify p24 positive and negative populations and the expression levels of PD-L1 and CD270 were measured on myeloid populations.



Antibody Treatments

C57BL/6 mice were infected with FV, and 250 μg of anti-PD-L1 antibody (10F.9G2; BioXCell) was administered i.p. at days 6, 8, and 10 after infection. 500 μg anti-HVEM antibody preventing interaction with BTLA (clone 6C9/2E10/2B8) (27, 28) and/or anti-CD160 (clone 6E7a) and isotype control rat IgG (IgG2a and IgG2b 500 μg, BioXCell) were administered i.p. at day 6 and day 9 after infection. Mice were sacrificed at day 12 after infection.



Cell Surface and Intracellular Staining and Analysis by Flow Cytometry

Cell surface staining was performed using Becton Dickinson or eBioscience reagents. The following antibodies were used: anti-CD3 (17A2), anti-CD4 (RM4-5), anti-CD11b (M1/70), anti-CD8 (53-6.7), anti-CD19 (6D5), anti-CD43 (1B11), anti-CD160 (7H1), anti-CD270 (HVEM) (LH1), anti-F4/80 (BM8), anti-Ly6G (1A8), anti-NK1.1 (PK136), anti-PD-1(J43), anti-PD-L1 (10F.9G2) anti-Ter-119 (TER-119), and IgG fluorochrome-conjugates as isotype controls. Dead cells were detected by staining with Fixable Viability Dyes (FVD) (ThermoFisher).

Intracellular granzyme B (GB11, Invitrogen, Darmstadt, Germany) staining was performed as described (29). Data were acquired on a LSR II flow cytometer (Becton Dickinson) from 200,000–300,000 lymphocyte-gated events per sample. FVD positive cells were excluded from the analyses. Analyses were conducted using FlowJo (Treestar) and FACSDiva software (Becton Dickinson).



Tetramers and Tetramer Staining

For the detection of Db-GagL-specific CD8+ T cells, spleen cells were stained with PE-labeled MHC class I H2-Db (Beckman Coulter, Marseille, France) tetramers specific for FV GagL peptide (30, 31) as described previously (29).



Statistical Analysis

Statistics comparing the two groups were done using the unpaired non-parametric t-test or Mann-Whitney t-test. When more than two groups were compared, a one-way ANOVA was used with a Tukey post-test (GraphPad Prism software; GraphPad Software Inc., San Diego, USA).




RESULTS


Frequencies of Myeloid Subpopulations in the Spleen During Acute FV Infection

Myeloid cells originate from hematopoietic stem cells in the bone marrow and are comprised of functionally and morphologically different cell populations. A kinetic analysis of myeloid cells during FV infection was performed by multicolor flow cytometry according to previous studies (32, 33). Alive and lineage negative (CD3−CD19−NK1.1−Ter119−) myeloid CD11b+ cells (Supplementary Figure 1) were further divided into granulocytes (CD11b+ Ly6Clow Ly6Ghigh) and monocytes (CD11b+ Ly6Chigh Ly6Glow). CD11b+ cells, which were double negative for Ly6G and Ly6C but expressed CD11c, were defined as myeloid dendritic cells (mDCs) (CD11b+ Ly6C− Ly6G− CD11c+) or as macrophages (CD11b+ Ly6C− Ly6G− F4/80+ CD11c−). Granulocytes and monocytes were the most abundant myeloid cell populations in the spleens of naïve (day 0) mice (Figures 1A,B, Supplementary Figures 2A,B). FV infection led to a reduction in the frequency of all myeloid cell subpopulations in the spleen. A decline in the number of granulocytes was seen 10 and 12 days after infection, but this did not reach statistical significance in comparison to the naïve mice (day 0) (Figure 1A). Monocyte counts were significantly reduced on day 8 (Figure 1B) and later. A significant drop in the frequencies of macrophages was also seen on days 10 and 12 after infection in comparison to the naïve mice (Figure 1C, Supplementary Figure 2C). Frequencies of mDCs showed a statistically significant decline on days 6, 8, 10, and 12 after FV infection in comparison to the naïve animals (Figure 1D, Supplementary Figure 2D). The data suggests that FV infection resulted in a reduction of all subpopulations of myeloid cells in the spleen especially at days 10 and 12 after infection. The reduction of myeloid cells during FV infection suggest that these cells might be possible targets for the virus. In order to define the frequencies of infected subpopulations of myeloid cells, we used FV expressing the green fluorescent dye mWasabi (25). Cells which expressed mWasabi were defined as FV infected and the remaining cells as non-infected. High numbers of infected cells were observed for granulocytes (Figure 2A, Supplementary Figure 3A) and monocytes (Figure 2B, Supplementary Figure 3B) on day 6 post infection (3,000 and 1,900 infected cells per million nucleated cells in the spleen, respectively), whereas a strong reduction in infected granulocytes and monocytes number was observed on days 10 and 12 post infection. The kinetics of infected macrophages and mDCs were similar. However, the numbers (Figures 2C,D) of infected macrophages and mDCs on day 6 after infection were much lower (197 and 27 mWasabi+ cells per million, respectively) than the numbers of infected granulocytes or monocytes. Thus, in the spleen, granulocytes and monocytes were the main target of FV in the myeloid compartment during the acute phase of infection. Later at day 12 after infection, granulocytes and macrophages became the reservoir for the virus (17 and 25 mWasabi+ cells per million, respectively) (Figures 2A,C).


[image: Figure 1]
FIGURE 1. Frequencies of myeloid subpopulations during acute FV infection in the spleen. C57BL/6 mice were infected with FV and splenocytes were isolated at different time points after infection. Multi-parameter flow cytometry analysis was used to determine the numbers of granulocytes (CD11b+ Ly6Clow Ly6Ghigh) (A), monocytes (CD11b+ Ly6Chigh Ly6Glow) (B), macrophages (CD11b+ Ly6G− Ly6C− F4/80+ CD11clow) (C), and mDC (CD11b+ Ly6C− Ly6G− CD11c+) (D) per one million of nucleated cells in the spleen at different time points after infection. Each bar represents the mean number plus SEM per one million nucleated cells for a group of 5–9 mice. Data were pooled from three independent experiments with similar results. Differences between naïve (day 0) and 6, 8, 10, and 12 days infected mice were analyzed using one-way ANOVA with a Tukey post-test (*p < 0.05, **p < 0.005, ***p < 0.0005).



[image: Figure 2]
FIGURE 2. Frequencies of FV infected subpopulations of myeloid cells. C57BL/6 mice were infected with FV encoding m-Wasabi and splenocytes were isolated at different time points after infection. Multi-parameter flow cytometry analysis was used to analyze the kinetics of different infected (mWasabi+) myeloid subpopulations. A box plot showing the frequencies per one million cells of infected granulocytes (CD11b+ Ly6Clow Ly6Ghigh mWasabi+) (A), monocytes (CD11b+ Ly6Chigh Ly6Glow m-Wasabi+) (B), macrophages (CD11b+ Ly6G− Ly6C− F4/80+ CD11clow mWasabi+) (C), and mDC (CD11b+ Ly6C− Ly6G− CD11c+ mWasabi+) (D). Each bar represents the mean number plus SEM per one million nucleated cells for a group of 5–9 mice. Data were pooled from three independent experiments with similar results.


In the next experiment, a kinetic analysis of the mean fluorescence intensity (MFI) of the inhibitory ligands PD-L1 and HVEM was performed. We determined their surface expression on infected myeloid cells (mWasabi+), on non-infected myeloid cells (mWasabi-), and on myeloid cells from naïve mice (day 0) and from FV-mWasabi infected mice. The expression of PD-L1 on infected granulocytes was significantly increased on days 10 (MFI 4150) and 12 (MFI 3299) after infection, whereas no such differences were observed on days 6 and 8 after infection in comparison to the expression of PD-L1 on granulocytes from naïve mice (MFI 1718) (Figure 3A, Supplementary Figure 4A). The expression of PD-L1 on infected granulocytes was also significantly enhanced compared to non-infected granulocytes from the same infected mice on days 10 (MFI 1495) and 12 (MFI 1030) post infection. No differences were observed between the granulocytes from naïve mice and non-infected granulocytes from infected mice.
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FIGURE 3. Expression of PD-L1 on myeloid subpopulations after FV infection. C57BL/6 mice were infected with FV-mWasabi and splenocytes were isolated at different time points after infection. Multi-parameter flow cytometry analysis was used to compare the mean fluorescence intensity (MFI) of PD-L1 on the surface of infected (mWasabi+; green), non-infected (mWasabi−; red) and naive (day 0; blue) granulocytes (CD11b+ Ly6Clow Ly6Ghigh) (A), monocytes (CD11b+ Ly6Chigh Ly6Glow) (B), macrophages (CD11b+ Ly6G− Ly6C− F4/80+ CD11clow) (C), and mDC (CD11b+ Ly6C− Ly6G− CD11c+) (D). Each dot represents an individual mouse, the mean MFI of PD-L1 are indicated. Data were pooled from three independent experiments with similar results. Differences between 0 and 6, 8, 10, and 12 days were analyzed using one-way ANOVA with a Tukey post-test (*p < 0.05, **p < 0.005, ***p < 0.0005). Differences between infected and non-infected cells were analyzed using unpaired t-test and are indicated in the figure (#p < 0.05, ##p < 0.005, ###p < 0.0005).


PD-L1 expression on infected monocytes was significantly increased on days 6 (MFI 3226), 10 (MFI 4099) and 12 (MFI 3234) after infection in comparison to the monocytes from naïve mice (MFI 1573) and when compared to the non-infected monocytes from infected mice on days 10 (MFI 1822) and 12 (MFI 1434) (Figure 3B, Supplementary Figure 4A). No differences were observed between the non-infected monocytes from infected mice and monocytes from naïve mice. The expression of PD-L1 on infected macrophages and mDCs was significantly increased at all analyzed time points after infection in comparison to the macrophages and mDCs from naïve mice. The expression of PD-L1 was significantly increased on infected macrophages on days 10 and 12 post infection and on infected mDCs on days 6, 10, and 12 post infection in comparison to the non-infected cells with the same phenotype from infected mice. No significant differences were observed between the non-infected macrophages and mDCs from infected mice and macrophages and mDCs from naive mice (Figures 3C,D, Supplementary Figure 4A). Thus, all analyzed subpopulations of infected myeloid cells strongly enhanced the expression of PD-L1 on their cell surface upon FV infection. The highest values of PD-L1 MFI for infected myeloid cells were seen on day 10 and day 12 after FV infection. The expression levels of PD-L1 on different subpopulations of non-infected myeloid cells from infected mice showed only a slight enhancement. Thus, mainly virus infection drives the upregulation of PD-L1 on myeloid cells.

HVEM is a ligand expressed on both hematopoietic and non-hematopoietic cells that interacts with two inhibitory receptors, BTLA and CD160, which are both expressed on T cells, but B cells only express BTLA since CD160 expression is restricted to a subpopulation of NKT cells and to a less extent NK cells and memory T cells (34). The expression of HVEM on infected granulocytes (Figure 4A, Supplementary Figure 4B) and monocytes (Figure 4B) was significantly increased on days 10 (MFI 2,837 and 2,755, respectively) and 12 (MFI 3,619 and 2,911, respectively) after infection, whereas no differences were observed on days 6 and 8 after infection between the infected granulocytes and granulocytes from naïve mice (MFI 1,211). The expression of HVEM on infected granulocytes and monocytes was significantly increased in comparison to the non-infected cells from infected mice on days 10 (MFI 1,392) and 12 (MFI 1,159) post-infection. No differences were observed between the non-infected granulocytes and monocytes from infected mice and naïve mice. On macrophages and mDCs, the expression of HVEM on infected cells was significantly increased at every analyzed time point in comparison to cells from naive mice. The expression of HVEM on infected macrophages and mDCs was significantly increased in comparison to the non-infected macrophages and mDCs on days 10 and 12 after infection. No changes were observed between the macrophages and mDCs from naïve mice and non-infected macrophages and mDCs from infected mice (Figures 4C,D). Thus, virus infection enhanced to a similar extent the expression of both inhibitory ligands PD-L1 and HVEM on the cell surface of myeloid cells.
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FIGURE 4. Expression of HVEM on myeloid subpopulations after FV infection. C57BL/6 mice were infected with FV-mWasabi and splenocytes were isolated at different time points after infection. Multi-parameter flow cytometry analysis was used to compare the mean fluorescence intensity (MFI) of HVEM on the surface of infected (mWasabi+; green), non-infected (mWasabi−; red) and naive (day 0; blue) granulocytes (CD11b+ Ly6Clow Ly6Ghigh) (A), monocytes (CD11b+ Ly6Chigh Ly6Glow) (B), macrophages (CD11b+ Ly6G− Ly6C− F4/80+ CD11clow) (C), and mDC (CD11b+ Ly6C− Ly6G− CD11c+) (D). Each dot represents an individual mouse, the mean MFI of HVEM are indicated. Data were pooled from three independent experiments with similar results. Differences between 0 and 6, 8, 10, and 12 days were analyzed using one-way ANOVA with a Tukey post-test (*p < 0.05, **p < 0.005, ***p < 0.0005,). Differences between infected and non-infected cells were analyzed using unpaired t-test and are indicated in the figure (#p < 0.05, ##p < 0.005, ###p < 0.0005).




Expression of Inhibitory Receptors on FV-Specific CD8+ T Cells

In the experiments described above, an enhanced expression of immunoregulatory ligands on different populations of infected myeloid cells was observed during FV infection. The objective of the following experiments was to analyze FV-specific effector CD8+ T cells for the expression of the corresponding inhibitory receptors.

Kinetic analysis of the inhibitory receptors PD-1, CD272 (BTLA), and CD160 on CD8+ T cells specific for the immundominant H-2Db-restricted Friend murine leukemia virus glyco-gag derived epitope GagL85−93 (tetramer+) (30) was performed. CD8+ T cells from naïve mice (day 0) were used as the reference cell population. Nearly all FV-specific CD8+ T cells express PD-1 at every analyzed time point post infection (Figure 5A, Supplementary Figure 5). In contrast, only 21% of the expanded FV-specific CD8+ T cells expressed BTLA (Figure 5B) on day 8 after FV infection. The frequency of virus-specific CD8+ T cells expressing CD272 reached 41% on day 10 and 35% on day 12 after infection. CD160 (Figure 5C) was expressed on 24% of the virus-specific CD8+ T cells on day 8 and increased to 31% on day 10. Thereafter, it decreased to 20% on day 12 after infection. Thus, we found a simultaneous increase in the frequency of virus-specific CD8+ T cells expressing the inhibitory receptors BTLA and CD160 with an enhanced expression of CD270 (HVEM) on infected myeloid cells during acute FV infection.
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FIGURE 5. Expression of inhibitory receptors on virus-specific CD8+ T cells. C57BL/6 mice were infected with FV complex and splenocytes were isolated at different time points after infection. Multi-parameter flow cytometry analysis was used to compare the percentage of cells positive for the inhibitory receptors PD-1 (A), BTLA (B), and CD160 (C) on CD8+ T cells specific for the H-2Db–restricted Friend murine leukemia virus glyco-gag derived epitope GagL85−93 (tetramer+) with the percentage of CD8+ T cells in naïve mice (day 0). Data were pooled from three independent experiments with similar results. Each dot represents an individual mouse and the mean for percentage of PD-1+, BTLA+, and CD160+ Tetramer+ CD8+ T cells with SD is indicated. Differences between 0 and 8, 10, and 12 days were analyzed using one-way ANOVA with a Tukey post-test (*p < 0.05, **p < 0.005, ***p < 0.0005).




Expression of Inhibitory Ligands on HIV-1 Infected Cells

In previous experiments, we demonstrated that the murine FV enhanced the expression of the inhibitory ligands PD-L1 and HVEM on infected myeloid cells. In the next step, we decided to investigate whether HIV-1 infection also enhances the expression of inhibitory ligands on target cells. Human PBMCs were stimulated in vitro with PHA and IL-2 and infected with HIV-1. The percentage of infected (p24+) monocytes (CD14+) (Figure 6A) and macrophages (CD11b+) (Figure 6B) was analyzed on days 3 (1 and 0.8%, respectively), 5 (1.4 and 0.82%, respectively) and 7 (7.45 and 4.5%, respectively) after infection. The expression of the inhibitory ligands PD-L1 and HVEM on the surface of infected (p24+) cells was compared with the expression on the non-infected myeloid subpopulation (p24-) from the same cell culture, and both infected and non-infected cells were compared with the corresponding subpopulation of cells from stimulated but mock-infected cells (control). The expression of PD-L1 was significantly higher on infected p24+ monocytes (Figure 6C, Supplementary Figure 6) and macrophages (Figure 6D, Supplementary Figure 6) in comparison to non-infected p24-cells from the same myeloid compartment and mock-infected control cells on days 3, 5, and 7 after infection (Figures 6C,D). Non-infected cells from HIV-1-infected cell culture were always indistinguishable in their expression levels of both inhibitory ligands from control cultures without HIV-1 (Figures 6C–F).
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FIGURE 6. Expression of PD-L1 and HVEM on HIV-1 infected human myeloid cells. Human PBMCs were stimulated with PHA and IL-2 prior to infection with HIV-1 and were analyzed on day 3, 5, 7 after infection. Multi-parameter flow cytometry analysis was used to compare the percentage of p24 on different subpopulations of infected cells. Percentages of infected CD14+ p24+ monocytes (A) and infected CD11b+ p24+ macrophages (B) are shown. Expression levels of PD-L1 on monocytes (C), macrophages (D) and the expression levels of HVEM on monocytes (E), macrophages (F) are shown as mean fluorescence intensity (MFI). Data were pooled from two independent experiments. Differences between day 3, 5, and 7 were analyzed using one-way ANOVA with a Tukey post-test and are indicated in the figure (*p < 0.05, **p < 0.005, ***p < 0.005).


The expression of HVEM was significantly higher on the surface of infected monocytes (p24+) in comparison to non-infected (p24–) and mock-infected monocytes (Figure 6E, Supplementary Figure 6). On macrophages, the expression of HVEM was also significantly higher in infected cells (p24+) in comparison to the non-infected (p24–) and mock-infected monocytes (Figure 6F, Supplementary Figure 6). Taken together, HIV-1 infection of human myeloid cells enhanced the expression of PD-L1 and HVEM on their cell surface in vitro.



Blocking HVEM Interaction With Its Receptors CD160 and BTLA and a Combination of This Treatment With the Anti-PD-L1 Blockade in FV-Infected Mice

The interaction of inhibitory receptors expressed on effector T cells with their ligands on target cells can lead to a reduction of their functionality and subsequent exhaustion. In order to determine whether blocking the interactions between PD-1, CD160, and BTLA and their ligands PD-L1 and HVEM influences the functionality of cytotoxic CD8+ T cells, a treatment with blocking antibodies was performed. A well-known anti-PD-L1 antibody and an anti-HVEM antibody that both prevent the interaction of HVEM with its inhibitory receptor BTLA (27, 35), and the newly developed anti-CD160 antibody described above (Material and methods, Supplementary Figure 7) were used for these treatments. Treatments with single antibodies or a combination of anti-HVEM/CD160 or anti-PD-L1/HVEM/CD160 were performed and CD8+ T cell responses and viral loads were characterized. Thus, two independent checkpoint pathways of CD8+ T cell regulation were blocked in this experiment individually or in combination. As a control group, infected mice treated with isotype IgG were used.

All treatments except that with anti-CD160 slightly enhanced the frequency of CD8+ T cells with effector phenotype (CD43+) (Figure 7A). However, the differences to the control group were not significant. In contrast, all treatments except the single CD160 blocking treatment showed significantly increased frequencies of FV-specific Tetramer+ CD8+ T cells (Figure 7B) in comparison to the control animals. To study the functionality of these cells, we stained them for the cytotoxic effector molecule Granzyme B (GzmB). For effector CD8+ T cells, the frequency of GzmB positive cells was only significantly increased after the two combination therapies with anti-HVEM/CD160 or anti-PD-L1/HVEM/CD160. The frequencies of GzmB+ virus-specific cells and MFI of GzmB in these cells were significantly enhanced after treatments with single anti-PD-L1 and anti-HVEM antibodies and after both combination treatments (Figures 7D,E). One additional important question was necessary to answer—does the blocking of inhibitory signals mediated by HVEM contribute to an additional effect to the extensively used anti-PD-L1 treatment? Combining the anti-PD-L1 therapy with an additional blockade of HVEM and CD160 further enhanced T cell functions significantly (Figures 7C–E). The expansion of cytotoxic T cells was associated with an improved elimination of FV in the spleens of mice receiving combination therapy in comparison to control mice (Figure 7F). The viral loads in mice that received anti-HVEM/CD160 or anti-PD-L1/HVEM/CD160 combination therapy were significantly reduced in comparison to non-treated mice, but no significant effect was seen in any single treatment. The control of FV was improved after combination therapy directed on PD-L1 and HVEM/CD160 in comparison to treatment with anti-PD-L1 alone. Thus, an enhanced number of GzmB producing CD8+ T cells was associated with a reduced number of FV-infected cells after combination treatment, and the blocking of PD-L1/PD-1/CD80 and HVEM/BTLA interaction was found to be a promising therapy approach in viral infection.


[image: Figure 7]
FIGURE 7. Influence of blocking PD-L1 interaction with PD-1 and HVEM interaction with CD160 and BTLA on effector CD8+ T cells. C57BL/6 mice were infected with FV and treated with anti-PD-L1 antibody blocking the interaction with PD-1 on day 6, 8 and 10 after infection, and/or with anti-HVEM antibody blocking the interaction with BTLA, and/or with anti-CD160 antibody blocking the interaction with HVEM at day 6 and day 9 after infection. Splenocytes were isolated 12 days after infection and used for multi-parameter flow cytometry and analysis of viral loads. The percentages of effector CD43+ CD8+ T cells (A), and virus-specific tetramer+ CD8+ T cells (B), the percentage of effector CD43+ CD8+ T cells producing GzmB (C), and virus-specific tetramer+ CD8+ T cells producing GzmB (D), GzmB MFI of tetramer+ CD8+ T cells (all CD8+ T cells were used from naïve mice) (E), and frequencies of FV infected centers (IC) per one million cells in the spleen (F) are shown. Each dot represents an individual mouse, the mean and SD are indicated. Data were pooled from two independent experiments with similar results. Differences between control (isotype IgG treatment) and all treated groups were analyzed using one-way ANOVA (solid line) with a Tukey post-test. Differences between anti-PD-L1 treated group and group of mice treated with all three antibodies (dashed line) were analyzed using unpaired t-test and are indicated in the figure (*p < 0.05, **p < 0.005, ***p < 0.0005).





DISCUSSION

The direct interaction of ligands expressed on infected cells or on tumor cells with receptors expressed on antigen specific T lymphocytes is the key checkpoint mechanism for the regulation of the adaptive immunity. The chronic inhibition of CTLs leads to the development of T cell dysfunction and enables the escape of infected or malignant cells from elimination. The accumulation of FV-infected B cells and infected myeloid cells expressing high levels of PD-L1 was associated with the development of dysfunctional CD8+ effector T cells bearing multiple inhibitory receptors (2, 9). The combination treatment of FV-infected mice with blocking anti-PD-1 and anti-Tim-3 (T cell Ig domain and mucin domain 3) antibodies during the acute phase rescued FV-specific CD8+ T cells from dysfunction (2). In the absence of an anti-viral response able to clear the infection, myeloid cells became the reservoir for persistent viral replication. Growing evidence highlights that upregulation of PD-L1 expression is a common feature of viral infected cells in response to the cytolytic activity of CD8+ effector T cells. Thus, the enhanced expression of PD-L1 was previously observed in in vitro HIV-1 infected human macrophages (36). This induction of PD-L1 expression on HIV-1 infected cells has been attributed to the HIV-1 Tat protein (37). An enhanced expression of PD-L1 on the surface of infected cells was also observed after infection with mouse cytomegalovirus (MCMV) (38), influenza virus (39), Theiler's murine encephalomyelitis virus (40), and human rhinovirus (41).

HVEM, member 14 of the TNF receptor superfamily interacts with two co-inhibitory receptors on T cells, BTLA and CD160 (34, 42). To gain insight into the role of the HVEM/BTLA/CD160 pathway in anti-viral responses, we characterized the expression of HVEM on subpopulations of infected and non-infected myeloid cells during acute FV infection in vivo (Figure 4) and HIV infection in vitro (Figure 6). Besides, the expression levels of the inhibitory receptors BTLA and CD160 were also monitored on virus-specific CD8 T cells to address the implication of this pathway in T cell anti-viral responses. Most of the data currently available about the functional effect of HVEM and its receptors have been gathered from different tumor models. Thus, enhanced expression of HVEM was observed on colorectal cancer (CRC) cells and inversely correlated with numbers of tumor infiltrating T cells (43). The increase of the HVEM expression has been reported in melanoma and correlated with poor overall survival (44). It was reported that the engagement of BTLA by HVEM led to a reduction of T cell activation and proliferation (45). HVEM expressed on tumor cells during chronic lymphocytic leukemia (CLL) in cooperation with other inhibitory ligands dysregulated the polarization of effector T cells (46). The expression of inhibitory ligands impairs the formation of cytotoxic synapses between CTLs and tumor and, as a consequence, malignant cells escaped elimination by the anti-tumor response. Despite the compelling evidence gained in tumor models, the role of HVEM during viral infections is not completely understood, although some evidence suggests that HVEM is involved in the regulation of virus-specific CD8+ T cells. The expression of CD160 was previously observed on FV-specific cytotoxic CD8+ PD-1+ T cells (3). CD8+ T cells specific for influenza virus, Epstein–Barr virus (EBV), and cytomegalovirus increase the expression of CD160 (47). Moreover, the co-expression of PD-1 and CD160 on populations of HIV-specific CD8+ T cells has been associated with advanced T cell dysfunction (19). However, this finding is debatable because elite controllers have significantly higher frequencies of virus-specific CD8+ CD160+ T cells in comparison to HAART-treated HIV-1 patients (48). In line with this controversy, using the mouse lymphocytic choriomeningitis virus (LCMV) infection, exhausted LCMV-specific CD8+ T cells upregulate CD160 (49), whereas CD160 deficiency was associated with a reduced functionality of CD8+ T cells and with impaired virus control (50). Overall, these observations claimed that the expression of CD160 on antigen-specific CD8+ T cells may be associated with both dysfunction or enhanced responses in patients suffering from malignancies or chronic viral infections.

The second inhibitory receptor of HVEM, BTLA, has been shown to be upregulated on CD8+ T cells during malignancy and viral infections. Tumor antigen specific CD8+ T cells from melanoma patients with spontaneous anti-tumor immune responses upregulate the expression of BTLA (44) and this expression was associated with a reduced functionality of these CD8+ T cells. The increased BTLA and HVEM expression levels in gastric cancer correlate with the tumor progression and poor prognosis (51). Similarly, BTLA expression was also observed upregulated on CMV-specific CD8+ T cells that induced a suppressive effect, inhibiting their function (52). Liver CD8+ T cells from HBV-infected patients express high levels of BTLA and have an impaired response to antigen-stimulation (53). All this evidence suggests that BTLA expressed on CD8+ T cells exhibits an inhibitory role modulating CTL responses.

The detailed analysis of HVEM expression on different myeloid subpopulations of FV infected cells and the parallel follow up of co-inhibitory receptors BTLA and CD160 on the part of the effector CD8+ T cells described in this work contribute to a better understanding of these regulatory mechanisms occurring during the course of an adaptive immune response against retroviral pathogens. FV infected granulocytes and monocytes enhanced the expression of HVEM at days 10 and 12 after infection (Figures 4A,B). This enhanced expression of HVEM on infected macrophages and myeloid DCs was also observed at every time point during the course of infection (Figures 4C,D). Similar upregulation of HVEM was observed in in vitro HIV infected myeloid cells (Figures 6E,F). Friend virus-specific CD8+ T cells expanding in response to retroviral infection expressed inhibitory receptors BTLA (Figure 5B) and CD160 (Figure 5C). The kinetic expression pattern of the inhibitory ligand HVEM on infected myeloid subpopulation was very similar to that of PD-L1 expression. Moreover, the expression of inhibitory receptors on virus-specific CD8+ T cells strongly suggests that HVEM has similar effects on the elimination of infected cells and on the development of T cell dysfunction like PD-L1 (Figures 5A–C). Interestingly, CMV produces the protein UL144 which expresses a BTLA binding region homolog to HVEM (54). The interaction of UL144 with BTLA mimics the inhibitory effect of HVEM and reduces T cell proliferation. Our experiments with blocking antibodies provide further relevant information on the in vivo role of HVEM and its receptors for the control of a retroviral infection. Combination treatment with antagonist antibodies that prevented the interaction of HVEM/BTLA (27, 35) and the interaction of HVEM/CD160 enhanced production of GzmB in virus-specific effector CD8+ T cells (Figures 7D,E) and reduced the viral loads in treated mice (Figure 7F). This effect was potentiated by dual blockade of HVEM and PD-L1. Globally, our in vivo FV infection data confirm in vitro results obtained with human HIV-specific T cells: the production of IFN-γ after peptide stimulation was enhanced in the presence of a cocktail of blocking antibodies directed against both HVEM receptors (CD160 and BTLA) and blockade of PD-L1/PD-1 interaction in comparison to control samples treated with each individual antibody (19). A similar outcome was observed for CD8+ T cells specific to CMV and EBV upon in vitro treatment with anti-CD160 antibodies (47).

Our study provides new insights on the regulatory role of the HVEM/BTLA/CD160 pathway during the acute phase of the immune response against retroviruses. Moreover, our results show that blocking the interactions between the ligand HVEM and its inhibitory receptors BTLA and CD160 represent an innovative immunotherapeutic strategy to reinvigorate the branch of the host adaptive immune response against viral infections and cancers. The blockade of HVEM/BTLA/CD160 alone or in combination with currently approved treatments directed on PD-L1/PD-1 is a promising therapy worth testing in clinical settings of chronic infections.
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Supplementary Figure 1. Gating strategy for the definition of myeloid subpopulations. Multi-parameter flow cytometry analysis was used to determine the myeloid subpopulations in a mouse spleen. Dot plots of a representative mouse are shown for the gating strategy to define the main myeloid subpopulations. The gating of whole leucocytes (FSC/SSC) (A), singlets (FSC-H/FSC-A) (B), and CD11b-positive/lineage negative cells (CD3, CD19, NK1.1, and Ter119) was performed for the detection of live myeloid cells (C). Myeloid CD11b-positive cells were divided into granulocytes (Ly6ClowLy6Ghigh) and monocytes (Ly6ChighLy6Glow) (D). The population of Ly6C-negative Ly6G-negative cells was defined as mDC (CD11chigh) or macrophages (F4/80high CD11clow) (E).

Supplementary Figure 2. Numbers of myeloid subpopulations per spleen during acute FV infection. C57BL/6 mice were infected with FV and splenocytes were isolated at different time points after infection. Multi-parameter flow cytometry analysis was used to determine the numbers of granulocytes (CD11b+ Ly6Clow Ly6Ghigh) (A), monocytes (CD11b+ Ly6Chigh Ly6Glow) (B), macrophages (CD11b+ Ly6G− Ly6C− F4/80+ CD11clow) (C), and mDC (CD11b+ Ly6C− Ly6G− CD11c+) (D) per spleen at different time points after infection were calculated. Each box represents the mean number plus SEM for a group of 5–9 mice. Data were pooled from three independent experiments with similar results. Differences between naïve (day 0) and 6, 8, 10, and 12 days infected mice were analyzed using one-way ANOVA with a Tukey post-test (*p < 0.05, **p < 0.005, ***p < 0.0005).

Supplementary Figure 3. Numbers of FV infected subpopulations of myeloid cells per spleen. C57BL/6 mice were infected with FV encoding mWasabi and splenocytes were isolated at different time points after infection. Multi-parameter flow cytometry analysis was used to analyze the kinetics of different infected (mWasabi+) myeloid subpopulations. Each box represents absolute numbers plus SEM of infected granulocytes (CD11b+ Ly6Clow Ly6Ghigh mWasabi+) (A), monocytes (CD11b+ Ly6Chigh Ly6Glow mWasabi+) (B), macrophages (CD11b+ Ly6G− Ly6C− F4/80+ CD11clow mWasabi+) (C), and mDC (CD11b+ Ly6C− Ly6G− CD11c+ mWasabi+) (D) per spleen. Data were pooled from three independent experiments with similar results.

Supplementary Figure 4. Expression of PD-L1 and HVEM on myeloid subpopulations after FV infection. C57BL/6 mice were infected with FV-mWasabi and splenocytes were isolated at day 10 after infection. Multi-parameter flow cytometry analysis was used to compare representative histograms for the MFI of PD-L1 (A) and HVEM (B) expression on the surface of infected (mWasabi+; green), non-infected (mWasabi−; red) and naive (day 0; blue) granulocytes (CD11b+ Ly6Clow Ly6Ghigh) monocytes (CD11b+ Ly6Chigh Ly6Glow), macrophages (CD11b+ Ly6G− Ly6C− F4/80+ CD11clow), and mDC (CD11b+ Ly6C− Ly6G− CD11c+).

Supplementary Figure 5. Expression of inhibitory receptors on virus-specific CD8+ T cells. C57BL/6 mice were infected with FV complex and splenocytes were isolated at different time points after infection. Representative contour plots show CD8+ T cells specific for the H-2Db–restricted Friend murine leukemia virus glyco-gag derived epitope GagL85−93 (tetramer+). Gated cells show the expression of the inhibitory receptors PD-1, BTLA, and CD160.

Supplementary Figure 6. Expression of PD-L1 and HVEM on HIV-1 infected human myeloid cells. Human PBMCs were stimulated with PHA and IL-2 prior to infection with HIV-1 and were analyzed on day 3, 5, and 7 after infection. Representative histograms show the expression of PD-L1 and HVEM on monocytes (A) and macrophages (B).

Supplementary Figure 7. Mouse to mouse CD160 antibody (clone 6E7a) exhibits partial blocking activity of the HVEM/CD160 interaction. (A) Mouse CD160 transfected HEK293T cells were first incubated with anti-mouse CD160 mAbs, then unbound antibody was washed out and an optimal concentration of either mouse HVEM.Ig (1 mg/ml) or isotype-matched control (mouse IgG2a) was added to the reaction and incubated for 1 h at room temperature. The reaction was developed using a biotinylated rat anti-mouse IgG2a monoclonal antibody for 1 h at room temperature and streptavidin-PE. (B) The fluorescence histograms and MFI values show the partial inhibition of HVEM.Ig binding to CD160 transfected HEK293T cells in the presence of anti-mouse CD160 mAbs.
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