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HIV Infection Is Associated With Downregulation of BTLA Expression on Mycobacterium tuberculosis-Specific CD4 T Cells in Active Tuberculosis Disease
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Nearly a quarter of the global population is infected with Mycobacterium tuberculosis (Mtb), with 10 million people developing active tuberculosis (TB) annually. Co-infection with human immunodeficiency virus (HIV) has long been recognized as a significant risk factor for progression to TB disease, yet the mechanisms whereby HIV impairs T cell-mediated control of Mtb infection remain poorly defined. We hypothesized that HIV infection may promote upregulation of inhibitory receptors on Mtb-specific CD4 T cells, a mechanism that has been associated with antigen-specific T cell dysfunction in chronic infections. Using cohorts of HIV-infected and HIV-uninfected individuals with latent Mtb infection (LTBI) and with active TB disease, we stimulated peripheral blood mononuclear cells (PBMC) for 6 hours with Mtb peptide pools and evaluated co-expression profiles of the inhibitory receptors BTLA, CTLA-4, and PD-1 on IFN-γ+/TNF-α+ Mtb-specific CD4 T cells. Mtb-specific CD4 T cells in all participant groups expressed predominately either one or no inhibitory receptors, unlike cytomegalovirus- and HIV-specific CD4 T cells circulating in the same individuals, which were predominately CTLA-4+PD-1+. There were no significant differences in inhibitory receptor expression profiles of Mtb-specific CD4 T cells between HIV-uninfected and HIV-infected individuals with LTBI. Surprisingly, BTLA expression, both alone and in combination with CTLA-4 and PD-1, was markedly downregulated on Mtb-specific CD4 T cells in HIV-infected individuals with active TB. Together, these data provide novel evidence that the majority of Mtb-specific CD4 T cells do not co-express multiple inhibitory receptors, regardless of HIV infection status; moreover, they highlight a previously unrecognized role of BTLA expression on Mtb-specific CD4 T cells that could be further explored as a potential biomarker of Mtb infection status, particularly in people living with HIV, the population at greatest risk for development of active TB disease.
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INTRODUCTION

Mycobacterium tuberculosis (Mtb) is the infectious agent that causes tuberculosis (TB) disease (1). TB is the leading cause of death due to a single infectious agent and has remained one of the top 10 causes of death worldwide for decades (1). In 2017, 10 million new cases of TB disease were reported, resulting in 1.6 million deaths (1). An estimated 1.7 billion people, representing nearly a quarter of the world's population, are latently infected with Mtb and therefore at risk for developing active TB disease (2). Although the precise immune correlates of protection against TB have not been defined, co-infection with human immunodeficiency virus (HIV) is the single greatest risk factor for reactivation from latent Mtb infection (LTBI) to active TB disease (1, 3). Worldwide, ~9% of new reported TB cases occur in people living with HIV, of which 72% live in Africa (1).

Infection with HIV induces immune suppression and depletion of CD4 T cells, which play a critical role in limiting Mtb bacterial growth and reducing progression to active TB disease (4). Mtb-specific CD4 T cells in HIV-infected individuals exhibit elements of immune dysfunction, including impaired proliferative capacity, heightened immune activation and cell death (5), and intermediate differentiated effector memory profiles (6). IL-2 producing Mtb-specific CD4 T cells have been inversely correlated with HIV viral load in individuals with LTBI (6), and decreased frequencies of cytokine-producing Mtb-specific CD4 T cell subsets in HIV-infected individuals (5, 7–10). Other studies have demonstrated that Mtb-specific CD4 T cells are depleted early after HIV seroconversion (11) and that Mtb-specific CD4 T cells may be preferentially infected by HIV (12). Although HIV co-infection clearly disrupts protective immunity to Mtb, the precise mechanisms whereby HIV impairs Mtb-specific T cell immunity and accelerates progression to TB disease have not been fully elucidated.

Ag-specific T cell dysfunction is a well-described feature of chronic infections, including HIV, with upregulation of negative regulatory receptors on Ag-specific T cells described as one mechanism contributing to inhibition of T cell activation and effector functions such as cytokine production, cytotoxicity, and proliferation (13). In mice with chronic lymphocytic choriomeningitis virus (LCMV) infection, transcriptional profiling of dysfunctional or “exhausted” LCMV-specific CD8 T cells identified inhibitory receptors with sustained expression at high levels on dysfunctional T cells, including PD-1, CTLA-4, 2B4, CD160, and LAG-3 (14, 15). While T cell dysfunction in chronic infections was initially described in Ag-specific CD8 T cells, Ag-specific CD4 T cells also exhibit functional impairment and high expression of inhibitory receptors in the setting of persistent Ag stimulation (16). Similar to CD8 T cells, Ag-specific CD4 T cell in chronic infections express high levels of PD-1 and CTLA-4, as well as B and T lymphocyte attenuator (BTLA), which is upregulated on Ag-specific CD4 T cells but not Ag-specific CD8 T cells in chronic infection (17, 18). Moreover, co-expression of multiple inhibitory receptors is associated with greater severity of Ag-specific T cell dysfunction (17), thus providing evidence of the additive and detrimental effect of co-expression of multiple inhibitory receptors on Ag-specific T cell function.

T cell dysfunction associated with increased expression of inhibitory receptors has been well-described in chronic HIV infection (19), and expression of inhibitory receptors, including PD-1 and CTLA-4, on HIV-specific T cells correlates with viral load and absolute CD4 T cell count (20, 21), important parameters of HIV disease progression. Moreover, HIV-specific CD4 T cells co-express combinations of PD-1, CTLA-4 and LAG-3 (21–23), which correlates with viral load and decreases after suppression of HIV viremia by antiretroviral therapy (22). Blockade of PD-1 and CTLA-4 signaling in HIV-specific CD4 T cells enhances cytokine production and proliferation (20, 21, 23, 24), thus providing further evidence of the relationship between inhibitory receptor expression and HIV-specific CD4 T cell dysfunction. Although systemic immune activation and upregulation of inhibitory receptors on HIV-specific CD4 T cells are well-described in HIV-infected individuals, it is currently unclear whether HIV infection is also associated with increased expression of inhibitory receptors on CD4 T cells specific for other co-infections, such as Mtb, which may subsequently impair T cell-mediated control of infection.

Given that HIV infection is associated with upregulation of inhibitory receptors on CD4 T cells, and that the risk of developing active TB disease is more than 20-fold higher in HIV-infected individuals, compared with HIV-uninfected individuals (1, 3), we sought to determine if inhibitory receptors are upregulated on Mtb-specific CD4 T cells in individuals co-infected with Mtb and HIV, which may ultimately contribute to impairment of Mtb-specific CD4 T cell functional capacity and progression to active TB disease. Using cohorts of HIV-infected and HIV-uninfected individuals with LTBI and active TB in South Africa and Kenya, two high TB burden countries (1), we conducted a thorough examination of inhibitory receptor expression on Ag-specific CD4 T cells. We evaluated expression patterns of BTLA, CTLA-4, and PD-1, three inhibitory receptors on T cells that are members of the immunoglobuin (Ig) superfamily and have reported to be upregulated on Ag-specific CD4 T cells in chronic infections (18, 21–23). Furthermore, we compared inhibitory receptor expression profiles of Mtb-specific CD4 T cells to that of human cytomegalovirus (HCMV)- and HIV-specific CD4 T cells within the same individual.

MATERIALS AND METHODS

Study Participants and Sample Collection

Blood samples were collected from individuals ≥18 years of age living in Western Kenya and in the Western Cape province of South Africa. Study participants included HIV-uninfected and HIV-infected adults with LTBI or active TB disease (5, 25). Individuals with LTBI included in the study had a positive QuantiFERON-TB Gold (QFT) test result and no previous history of active TB; LTBI participants were asymptomatic for TB, with no cough, weight loss, night sweats, or fever. Participants with active TB disease were acid-fast bacilli (AFB) sputum smear-positive or Xpert MTB/RIF assay-positive, with pulmonary TB disease confirmed by a positive mycobacterial sputum culture. Blood was collected from patients with TB disease within the first 7 days of starting the standard 6-month course of TB treatment. Serologic testing for HIV antibodies was done for all individuals using the Alere Determine HIV-1/2 Ag/Ab Combo test. Plasma HIV viral load and CD4 T cell counts were measured for HIV-infected individuals; viral load results were not available from three HIV-infected participants with active TB. All HIV-infected individuals with LTBI had >200 CD4 T cells/μl. With the exception of 4 individuals with active TB disease, all HIV-infected participants were antiretroviral therapy-naïve at the time of analysis. Blood samples from all participants were collected in sodium heparin tubes for isolation of peripheral blood mononuclear cells (PBMC) for analysis of Ag-specific CD4 T cells, as described below.

Ethics Statement

This study was conducted in accordance with the principles expressed in the Declaration of Helsinki. All subjects provided written informed consent for participation in the study, which was approved by the Human Research Ethics Committee at the University of Cape Town, the Western Cape Province Department of Health, the Kenya Medical Research Institute Scientific and Ethics Review Unit, and the Emory University Institutional Review Board.

PBMC Isolation and Antigen Stimulation

Within 4 h of blood collection, PBMC were isolated from heparinized whole blood via density gradient centrifugation using Ficoll-Hypaque (Sigma-Aldrich) and then cryopreserved and stored in LN2 until use. Cryopreserved PBMC were thawed in a 37°C water bath and immediately added to RPMI 1640 (Cellgro) containing deoxyribonuclease I (DNase, 10 μg/ml, Sigma-Aldrich). Cells were centrifuged at 2,000 RPM for 5 min at 25°C, resuspended in RPMI, and centrifuged again under the same conditions. Cells were suspended in R10 media (RPMI 1640 supplemented with 10% heat-inactivated fetal calf serum [FCS], 100 U/ml penicillin, 100 μg/ml streptomycin, and 2 mM L-glutamine) and rested for a minimum of 4 h 37°C and 5% CO2. After resting, cells were stimulated with the following antigens: pooled, overlapping 15-mer peptides corresponding to the sequences of CFP-10 (22 peptides, 1 μg/ml/peptide), ESAT-6 (21 peptides, 1 μg/ml/peptide), and human CMV (HCMV) pp65 (138 peptides, 1 μg/ml/peptide). Pooled, overlapping 15-mer peptides comprising HIV-1 consensus A Gag (122 peptides, 1 μg/ml/peptide) and HIV-1 consensus C Gag (121 peptides, 1 μg/ml/peptide) were used to stimulate PBMC from Kenyan and South African HIV-infected individuals, respectively. The CFP-10 and ESAT-6 peptide pools were obtained through BEI Resources, NIAID, NIH (catalog numbers NR-50712 and NR-50711, respectively). The HCMV pp65 peptide pool was obtained from the National Institutes of Health AIDS Reagent Program, Division of AIDS, NIAID, NIH (26–28). The HIV Gag peptide pools were obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: HIV-1 Subtype C (DU422) Gag Peptide Set and HIV-1 Consensus A Gag Peptides—Complete Set. PBMC were stimulated with staphylococcal enterotoxin B (SEB; 1 μg/ml; Sigma-Aldrich) as a positive control. PBMC incubated with no Ag were used as a negative control. Brefeldin A (10 μg/ml; Sigma-Aldrich) was added after a 1-h incubation at 37°C and the incubation continued for an additional 5 h at 37°C.

Antibodies and Intracellular Cytokine Staining (ICS) Assay

Stimulated cells were washed with PBS and stained for 20 min at room temperature with Zombie NIR? Fixable Viability Dye (BioLegend). Cells were surface stained for 30 min at room temperature with anti-CD3 Brilliant Violet 711 (UCHT1; BD Horizon), anti-CD4 Brilliant Violet 570 (RPA-T4; BioLegend), anti-CD8 PerCP-Cy5.5 (SK1; BioLegend), anti-PD-1 PE (EH12.2H7; BioLegend), and anti-BTLA APC (MIH26; BioLegend). Cells were washed with PBS containing 1% FCS and fixed with FACS Lysing Solution (BD Biosciences), then washed with Perm/Wash Buffer (BD Biosciences). Cells were stained intracellularly for 30 min at room temperature with anti-IFN-γ FITC (B27; BD Pharmingen), anti-TNF-α Brilliant Violet 421 (Mab11; BioLegend), and anti-CD152 PE-CF594 (BNI3; BD Horizon), washed with Perm/Wash Buffer (BD Biosciences) and suspended in PBS prior to acquisition.

Flow Cytometry and Data Analysis

Cells were acquired on a BD LSRII flow cytometer with BD FACSDiva software (v8.0) and analyzed using FlowJo software (v9.7.6; Tree Star). Compensation was calculated using single-stained anti-mouse Ig, κ beads (BD Biosciences). Doublet cell populations were excluded by plotting forward scatter area vs. forward scatter height. Viable lymphocytes were defined as Zombie NearIR-low cells. Combinations of cytokine-producing cells were determined using Boolean gating in FlowJo. The flow cytometry gating strategy is indicated in Figure S1.

Data Analysis and Statistics

Only individuals with a positive response to a given Ag were included in the phenotypic analyses of Ag-specific CD4 T cells. CD4 T cells producing TNF-α and/or IFN-γ were used to determine Ag-specific responses via the Bayesian mathematical model, MIMOSA (Mixture Models for Single Cell Assays) (29) to account for cell counts and background cytokine secretion. TNF-α- and IFN-γ-producing CD4 T cells with a positive response rate >75% and a false discover rate (fdr/q-value) < 3% were considered positive responses. R programming software was used to perform statistical analyses of frequencies and phenotype of Ag-specific CD4 T cells (30). Differences between two groups were evaluated using a non-parametric Mann-Whitney test. Differences between three or more groups were first evaluated using a non-parametric Kruskal-Wallis test, with p-values adjusted for multiple comparisons using Dunn's post-test. P-values of < 0.05 was considered to be statistically significant.

RESULTS

Study Participants

Blood samples were collected from 32 HIV-uninfected and 22 HIV-infected participants with LTBI, and from 37 HIV-uninfected and 19 HIV-infected participants with pulmonary TB disease enrolled in Western Kenya and in the Western Cape Province of South Africa (Table 1). The median CD4 T cell count of HIV-infected participants with LTBI was 562 cells/μl; the median viral load was 11,710 HIV RNA copies/ml plasma. The median CD4 T cell count of HIV-infected participants with active TB disease was 420 cells/μl; the median viral load was 6,350 HIV RNA copies/ml plasma.


Table 1. Characteristics of study participants.
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Frequencies of Mtb-Specific CD4 T Cells Producing IFN-γ and/or TNF-α Are Similar in HIV-Infected and HIV-Uninfected Individuals

Infection with HIV is associated with CD4 T cell depletion and dysfunction. To further characterize the effect of HIV infection on the frequency of Mtb-specific CD4 T cells, we used a flow cytometry-based ICS assay to measure Ag-specific CD4 T cell responses in HIV-infected and HIV-uninfected individuals with LTBI and with active TB disease. PBMC were stimulated for 6 h with the immunodominant Mtb Ags CFP-10 and ESAT-6 and viral Ags (HCMV pp65 and HIV Gag peptide pools); Ag-specific CD4 T cells were identified by production of IFN-γ and TNF-α (Figure 1A). No significant differences in the frequency of CFP-10/ESAT-6-specific CD4 T cells producing IFN-γ and/or TNF-α were observed between HIV-uninfected and HIV-infected individuals with LTBI (Figures 1B,C) or active TB disease (Figures 1D,E). The frequencies of CD4 T cells producing IFN-γ and/or TNF-α following stimulation with HCMV pp65 and SEB were also similar between HIV-infected and HIV-uninfected individuals with latent and active TB (Figure S2). These data indicate that circulating CFP-10/ESAT-6-specific CD4 T cells with the capacity to produce the Th1 effector cytokines IFN-γ and TNF-α are not significantly depleted in HIV-infected individuals with either LTBI or active TB, compared with HIV-uninfected individuals.
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FIGURE 1. Similar frequencies of Mtb-specific T cells producing IFN-γ and TNF-α in HIV-infected and HIV-uninfected individuals with latent and active TB. PBMC from HIV-uninfected (n = 32) and HIV-infected (n = 22) individuals with LTBI and HIV-uninfected (n = 37) and HIV-infected (n = 19) individuals with active TB were incubated for 6 h in media alone (negative control) or stimulated with Ags (CFP-10/ESAT-6 peptide pools, HCMV pp65 peptide pool, HIV Gag peptide pool, and SEB). Intracellular expression of IFN-γ and TNF-α was measured by flow cytometry. (A) Representative flow cytometry data from an HIV-uninfected individual with LTBI (top row), and an HIV-infected individual with LTBI (bottom row). Plots are shown gated on live CD3+CD4+ lymphocytes. (B) Total frequency of cytokine+ Mtb-specific CD4 T cells from HIV-uninfected and HIV-infected individuals with LTBI. (C) Frequencies of the indicated cytokine+ subsets of Mtb-specific CD4 T cells from HIV-uninfected and HIV-infected individuals with LTBI. (D) Total frequency of cytokine+ Mtb-specific CD4 T cells from HIV-uninfected and HIV-infected individuals with active TB. (E) Frequencies of the indicated cytokine+ subsets of Mtb-specific CD4 T cells in HIV-uninfected and HIV-infected individuals with active TB. Horizontal lines represent the median. Data are shown after subtraction of background cytokine production in the unstimulated negative control condition. Differences in the frequencies of each cytokine+ T cell population between HIV-uninfected and HIV-infected individuals were assessed using a Mann Whitney U test.



Active TB Disease Is Associated With Reduced Inhibitory Receptor Co-expression on Total CD4 T Cells

In addition to the frequency of cytokine-producing T cells, expression profiles of multiple types of receptors are indicative of functional status of Ag-specific T cells. Given that infection with HIV has been shown to lead to modulation of T cell phenotypic profiles (31), we next determined the effect of HIV infection on the total CD4 T cell expression profiles of BTLA, CTLA-4, and PD-1 in individuals with LTBI and with active TB, using a Boolean gating strategy (Figure 2). In individuals with LTBI, the predominant population consisted of CD4 T cells expressing BTLA alone, regardless of HIV infection status (Figure 2A). In individuals with active TB, CD4 T cells predominately express either BTLA alone or PD-1 alone (Figure 2B).
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FIGURE 2. Active TB disease is associated with reduced inhibitory receptor co-expression on total CD4 T cells. PBMC from HIV-uninfected and HIV-infected individuals with LTBI (n = 32 and n = 22, respectively) and active TB (n = 37 and n = 19, respectively) were analyzed by flow cytometry for expression of the inhibitory receptors BTLA, CTLA-4, and PD-1 on total CD4 T cells. (A,B) The frequencies of total CD4 T cells expressing each combination of BTLA, CTLA-4, and PD-1 are shown for individuals with LTBI (A) and active TB (B). (C) Summary data representing the proportion of total CD4 T cells expressing three, two, one, or no inhibitory receptors from HIV-uninfected and HIV-infected individuals with LTBI and active TB. Boxes represent the median and interquartile ranges; whiskers represent the 5th and 95th percentiles. Differences in the proportion of CD4 T cells expressing each inhibitory receptor population between HIV-uninfected and HIV-infected individuals (A,B) were assessed using a Mann-Whitney U test. Differences among groups in the number of inhibitory receptors expressed by CD4 T cells in panel C were assessed using a Kruskal-Wallis test, with p-values adjusted for multiple comparisons using Dunn's post-test. *p < 0.05; ***p < 0.001; ****p < 0.0001.



Although there were no significant differences in the frequency of CD4 T cell subsets expressing each combination of BTLA, CTLA-4, and PD-1 between HIV-infected and HIV-uninfected individuals (Figures 2A,B), we did observe significant differences in the overall total number of inhibitory receptors expressed by CD4 T cells in individuals with LTBI and active TB (Figure 2C). Individuals with active TB had significantly lower frequencies of CD4 T cells expressing three inhibitory receptors, compared with individuals with LTBI. The decrease in CD4 T cells expressing three inhibitory receptors in individuals with active TB corresponded to a significant increase in their proportion of CD4 T cells lacking co-expression of the three inhibitory receptors measured (Figure 2C). Importantly, the expansion of CD4 T cells expressing no inhibitory receptors in active TB, compared with LTBI, was evident in both HIV-infected and HIV-uninfected individuals. Taken together, these data suggest that TB disease status impacts CD4 T cell inhibitory receptor expression profiles and is associated with expansion of circulating CD4 T cells that lack co-expression of BTLA, CTLA-4, and PD-1.

Mtb-Specific CD4 T Cell Inhibitory Receptor Expression Profiles Are Modulated in HIV-Infected Individuals With Active TB

Next, we sought to determine whether co-infection with HIV significantly modifies inhibitory receptor expression profiles of Mtb-specific CD4 T cells. To do so, we used our ICS assay to analyze expression of BTLA, CTLA-4, and PD-1 on CD4 T cells producing IFN-γ and/or TNF-α following stimulation with CFP-10 and ESAT-6 peptide pools (Figures 3A,D). MIMOSA was used to define cytokine-positive Mtb-specific CD4 T cell responses for further phenotypic analysis of BTLA, CTLA-4, and PD-1 expression (29).
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FIGURE 3. Modulation of Mtb-specific CD4 T cell inhibitory receptor expression profiles in HIV-infected individuals with active TB. PBMC from HIV-uninfected and HIV-infected individuals were stimulated with CFP-10 and ESAT-6 peptide pools and evaluated for expression of IFN-γ and TNF-α by flow cytometry, as described in Figure 1. Mtb-specific CD4 T cells meeting the criteria for a positive response (see Materials and Methods) were evaluated for expression of BTLA, CTLA-4, and PD-1. (A,D) Representative flow cytometry data of BTLA, CTLA-4, and PD-1 expression are shown from an HIV-uninfected and HIV-infected individual with LTBI (A) and active TB (D). Flow plots are shown gated on live CD3+CD4+ lymphocytes. Gray dots represent the total cytokine-negative CD4 T cell population; blue and red dots represent IFN-γ and/or TNF-α producing CD4 T cells from individuals with LTBI and TB, respectively. (B,E) Composite data from individuals with LTBI (B) and TB (E) indicating the proportion of CFP-10/ESAT-6-specific CD4 T cells expressing three, two, one or no inhibitory receptors. (C,F) Composite data from individuals with LTBI (C) and TB (F) indicating the proportion of CFP-10/ESAT-6-specific CD4 T cells expressing the indicated combinations of BTLA, PD-1, and CTLA-4 (LTBI/HIV−, n = 27; LTBI/HIV+, n = 17; TB/HIV−, n = 35; TB/HIV+, n = 16). Boxes represent the median and interquartile ranges; whiskers represent the 5th and 95th percentiles. Differences in the proportions of Mtb-specific CD4 T cells expressing the indicated inhibitory receptors between HIV-uninfected and HIV-infected individuals were assessed using a Mann-Whitney U test. ***p < 0.001.



We first determined the total number of inhibitory receptors expressed by Mtb-specific CD4 T cells in individuals with LTBI. In both groups of individuals with LTBI, the majority of Mtb-specific CD4 T cells expressed either no inhibitory receptors or only one inhibitory receptor (Figure 3B). There were no significant differences in the proportion of Mtb-specific CD4 T cells expressing three, two, one, or no inhibitory receptors in HIV-infected individuals, compared with HIV-uninfected individuals with LTBI (Figure 3B). Similar to individuals with LTBI, the majority of Mtb-specific CD4 T cells in individuals with active TB disease expressed either no or only one inhibitory receptor (Figure 3E). However, HIV-infected individuals with active TB disease had a significantly lower proportion of Mtb-specific CD4 T cells co-expressing all three inhibitory receptors, compared with HIV-uninfected patients with active TB.

We next evaluated the proportion of Mtb-specific CD4 T cells expressing each combination of BTLA, CTLA-4, and PD-1. Among Mtb-specific CD4 T cells that expressed between one and three inhibitory receptors, there was no single dominant subset represented in either HIV-infected or HIV-uninfected individuals with LTBI; moreover, there was no significant difference in the proportion of Mtb-specific CD4 T cells expressing each combination of inhibitory receptors between HIV-infected and HIV-uninfected individuals with LTBI (Figure 3C). By contrast, HIV infection of individuals with active TB disease was associated with a significant decrease in three subsets of Mtb-specific CD4 T cells, compared with HIV-uninfected individuals: BTLA+CTLA-4+PD-1+, BTLA+CTLA-4+PD-1−, and BTLA+CTLA-4−PD-1− cells (Figure 3F). Together, these data indicate that Mtb-specific CD4 T cell inhibitory receptor expression profiles are significantly modified in the setting of HIV co-infection with active TB, but not LTBI.

BTLA Expression Is Downregulated on Mtb-Specific CD4 T Cells HIV-Infected Individuals With Active TB

A common feature of the three phenotypic subsets of Mtb-specific CD4 T cells that are significantly decreased in HIV-infected individuals with active TB is expression of BTLA, which has previously been reported to be downregulated on T cells in HIV-infected individuals, compared with HIV-uninfected individuals (32). Therefore, we next evaluated whether CD4 T cell expression of BTLA expression alone, independent of PD-1 and CTLA-4 expression, was different between HIV-infected and HIV-uninfected individuals (Figure 4A). We found that BTLA expression was downregulated on total CD4 T cells from HIV-infected individuals with active TB, compared with HIV-uninfected individuals with active TB and with HIV-infected individuals with LTBI (Figure 4B). Although BTLA expression on Mtb-specific CD4 T cells was similar in HIV-infected and HIV-uninfected individuals with LTBI (Figures 4C,D), it was significantly downregulated on Mtb-specific CD4 T cells in HIV-infected individuals with active TB, compared with HIV-uninfected individuals with active TB (Figure 4D). Furthermore, BTLA expression on Mtb-specific CD4 T cells in HIV-infected individuals with active TB was significantly lower than Mtb-specific CD4 T cells in HIV-infected individuals with LTBI (Figure 4D). By contrast, evaluation of CTLA-4 alone and PD-1 alone did not indicate any significant differences in expression levels on either total or Mtb-specific CD4 T cells in HIV-infected and uninfected individuals with either LTBI or active TB (Figure S3). Together, these data provide further evidence that HIV infection is associated with downregulation of BTLA expression on CD4 T cells; moreover, they identify BTLA as a phenotypic marker on Mtb-specific CD4 T cells that is specifically downregulated in HIV-infected individuals with active TB disease, but not LTBI.
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FIGURE 4. HIV infection is associated with downregulation of BTLA expression on total CD4 T cells and Mtb-specific CD4 T cells in active TB. PBMC from HIV-uninfected and HIV-infected individuals with LTBI and TB were evaluated for BTLA expression by flow cytometry. (A) Flow plots are shown gated on live CD3+CD4+ lymphocytes. (B) Summary of BTLA expression on total unstimulated CD4 T cells from HIV-uninfected and HIV-infected individuals with LTBI and active TB. (C) Representative flow data of PBMC following stimulation with CFP-10/ESAT-6 peptide pools, as described in Figure 1. Cells were gated on live CD3+CD4+IFN-γ+ T cells, then evaluated for BTLA expression. (D) Summary of BTLA expression on CFP-10/ESAT-6-specific CD4 T cells from HIV-uninfected and HIV-infected individuals with LTBI and active TB. Boxes in panels B and D represent the median and interquartile ranges; whiskers represent the 5th and 95th percentiles. Differences in BTLA expression among groups in (B,D) were assessed using a Kruskal-Wallis test, with p-values adjusted for multiple comparisons using Dunn's post-test. *p < 0.05, ****p < 0.0001.



To determine whether CD4 T cell expression of BTLA is associated with parameters of HIV disease progression, we analyzed the relationship between CD4 T cell BTLA expression and HIV viral load (Figure S4) and absolute CD4 T cell count in individuals with LTBI and with active TB (Figure S5). We found no significant correlation between HIV viral load and the proportion of either total CD4 or Mtb-specific CD4 T cells expressing BTLA (Figure S4). Additionally, we found no significant correlation between absolute CD4 T cell count and BTLA expression on either total CD4 or Mtb-specific CD4 T cells (Figure S5). These data indicate that CD4 T cell downregulation of BTLA expression in HIV-infected individuals is not directly related to HIV disease progression. Moreover, they suggest that marked downregulation of BTLA expression on Mtb-specific CD4 T cells occurs particularly in the setting of concurrent active TB disease and HIV infection.

Inhibitory Receptor Expression on Mtb-Specific CD4 T Cells Differs From HCMV- and HIV-Specific CD4 T Cells

Previous studies have indicated that expression of PD-1 and CTLA-4 is upregulated on HIV-specific CD4 T cells (21), yet we did not find evidence that HIV co-infection is associated with upregulation of PD-1 and CTLA-4 expression on Mtb-specific CD4 T cells, compared with HIV-uninfected individuals. To further define inhibitory receptor profiles of Mtb-specific CD4 T cells in the setting of HIV infection, we directly compared expression of BTLA, CTLA-4, and PD-1 on circulating Mtb-, HCMV-, and HIV-specific CD4 T cells within the same individual (Figure 5A). HCMV- and HIV-specific CD4 T cells predominately co-expressed CTLA-4 and PD-1 (Figure 5B). By contrast, Mtb-specific CD4 T cells from the same individuals consistently exhibited markedly lower proportions of CTLA-4+PD-1+ cells and PD-1 single-positive cells, compared with virus-specific CD4 T cells in both HIV-infected and HIV-uninfected individuals with LTBI and active TB (Figures 5B,D). A significantly higher proportion of Mtb-specific CD4 T cells from all four participant groups were CTLA-4 single-positive, compared with HCMV-specific CD4 T cells in the same individuals (Figures 5B,D). With the exception of HIV-infected individuals with active TB disease, in who BTLA is downregulated (Figure 4D), a significantly higher proportion of Mtb-specific CD4 T cells were also BTLA single-positive, compared with HCMV- and HIV-specific CD4 T cells (Figures 5B,D).
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FIGURE 5. Differential inhibitory receptor expression profiles on Mtb-specific CD4 T cells, compared with HCMV- and HIV-specific CD4 T cells within the same individuals. PBMC were stimulated with CFP-10 and ESAT-6 peptide pools as described in Figure 1, as well as HCMV pp65 peptide pool and HIV Gag peptide pool. Ag-specific CD4 T cells meeting the criteria for a positive response (see Materials and Methods) were evaluated for expression of BTLA, CTLA-4, and PD-1. (A) Representative intracellular cytokine staining flow cytometry data from an HIV-infected individual with LTBI. Plots are shown gated on live CD3+CD4+ lymphocytes. Gray dots represent cytokine-negative CD4 T cells; blue dots represent IFN-γ+ and/or TNF-α+ CD4 T cells. (B,C) Summary data of the proportion of Ag-specific CD4 T cells expressing the indicated subsets of inhibitory receptors (B) and the proportion of Ag-specific CD4 T cells expressing three, two, one, or no inhibitory receptors (C) in individuals with LTBI (top row, HIV-uninfected LTBI; bottom row, HIV-infected LTBI). (D,E) Summary data of the proportion of Ag-specific CD4 T cells expressing the indicated subsets of inhibitory receptors (D) and the proportion of Ag-specific CD4 T cells expressing three, two, one, or no inhibitory receptors (E) in individuals with active TB (top row, HIV-uninfected TB; bottom row, HIV-infected TB). Boxes represent the median and interquartile ranges; whiskers represent the 5th and 95th percentiles. Differences between Mtb- and HCMV-specific CD4 T cells in HIV-uninfected individuals (B,D) were assessed using a Mann-Whitney U test. Differences between Mtb-specific and HCMV- and HIV-specific CD4 T cells in HIV-infected individuals (B,D) were assessed using a Kruskal-Wallis test, with p-values adjusted for multiple comparisons using Dunn's post-test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p <0.0001.



Since expression of multiple inhibitory receptors on HIV-specific CD4 T cells has been associated with HIV disease progression (22), we also evaluated the proportion of Mtb-, HCMV- and HIV-specific CD4 T cells expressing three, two, one, or no inhibitory receptors in individuals with LTBI and active TB (Figures 5C,E). In all 4 participant groups, the majority of Mtb-specific CD4 T cells expressed either no or one inhibitory receptor, whereas the majority of HCMV- and HIV-specific CD4 T cells co-expressed two inhibitory receptors (predominately CTLA-4 and PD-1). Overall, HCMV- and HIV-specific CD4 T cells exhibit similar inhibitory receptor expression profiles, which differ considerably from Mtb-specific CD4 T cells, regardless of HIV infection status (Figure 5).

In addition to our analysis of inhibitory receptor co-expression profiles, we also considered the differential expression of total BTLA, CTLA-4, and PD-1 on Mtb-, HCMV- and HIV-specific T cells (Figure S6). With the exception of HIV-infected individuals with active TB disease, Mtb-specific CD4 T cells from all groups expressed significantly higher levels of BTLA, compared to HCMV-specific CD4 T cells. By contrast, HCMV- and HIV-specific CD4 T cells were consistently characterized by significantly higher expression of PD-1, compared with Mtb-specific CD4 T cells, regardless of Mtb or HIV infection status (Figure S6). Taken together, these data indicate that while virus-specific CD4 T cells co-express high levels of CTLA-4 and PD-1, Mtb-specific CD4 T cells within the same individuals do not upregulate expression of multiple inhibitory receptors simultaneously.

DISCUSSION

A state of T cell dysfunction, including dampened effector functions, upregulated inhibitory receptor expression, and decreased proliferation has been described during chronic infections (33), yet the relationship between HIV infection and the phenotype and function of Mtb-specific CD4 T cell responses has not been fully elucidated. This study was conducted to evaluate the effect of HIV on the concurrent expression of the Ig superfamily T cell inhibitory receptors BTLA, CTLA-4, and PD-1 on total and Ag-specific CD4 T cells from individuals with LTBI and active TB disease. We demonstrated that active TB disease in both HIV-uninfected and HIV-infected individuals is associated with reduced proportions of total CD4 T cells co-expressing three inhibitory receptors, compared with LTBI. Surprisingly, we found no evidence of increased expression of BTLA, CTLA-4, or PD-1, either alone or in combination, on Mtb-specific CD4 T cells in HIV-infected individuals, compared with HIV-uninfected individuals. Moreover, expression of BTLA was significantly lower on Mtb-specific CD4 T cells from HIV-infected individuals with active TB, compared with the other three participant groups. By directly comparing inhibitory receptor phenotypes of Mtb-, HCMV-, and HIV-specific CD4 T cells circulating concurrently within the same individual, we provide compelling evidence that, by contrast with virus-specific CD4 T cells, Mtb-specific CD4 do not co-express inhibitory receptors at high levels, regardless of HIV infection status.

Mtb-specific CD4 T cell production of the Th1 cytokines IFN-γ and TNF-α is important for activating macrophages and promoting formation of granulomas in the lung for containment of Mtb (34). By stimulating whole blood with PPD, we have previously found that HIV-infected individuals with LTBI had lower frequencies of Th1 cytokine-producing CD4 T cells than HIV-uninfected individuals with LTBI (5), consistent with previous reports (11, 12). While PPD contains >150 Ags (35, 36), in this study we used peptide pools spanning two immunodominant Ags to identify Mtb-specific CD4 T cells. By focusing on CFP-10/ESAT-6-specific CD4 T cells, we found similar frequencies of IFN-γ and/or TNF-α-producing CD4 T cells in HIV-infected and HIV-uninfected individuals with either LTBI or active TB disease, consistent with previous studies (37–39). In addition to Ag specificity, another important consideration in determining whether or not Mtb-specific CD4 T cells are depleted in HIV-infected individuals is the number and type of cytokines measured. While production of Th1 cytokines, including IFN-γ, TNF- α, and IL-2 are commonly evaluated in studies of Ag-specific CD4 T cells, we did not include IL-2 in this study to identify Mtb-specific CD4 T cells for phenotypic analysis. IL-2 is important for T cell survival and is one of the first cytokines that is lost by dysfunctional Ag-specific T cells in chronic infections (33). A recent study of individuals with LTBI and active TB in Tanzania revealed that HIV infection is associated with reduced proportions of Th2 and IL-2-producing Mtb-specific CD4 T cells (10), thus highlighting the importance of evaluating multiple different cytokines to more comprehensively evaluate the effect of HIV co-infection on Mtb-specific T cell immune function. It is possible that future studies measuring CD4 T cells specific for Ags other than CFP-10 and ESAT-6, and that include measurement of additional cytokines, such as additional Th1 cytokines as well as Th2 and Th17 cytokines, may reveal additional information on the frequency and phenotype of Mtb-specific CD4 T cells that differentiate HIV-infected and HIV-uninfected individuals.

Although we did not find evidence of preferential depletion of CFP-10/ESAT-6-specific CD4 T cells in HIV-infected individuals, evaluation of phenotypic markers, such as the inhibitory receptors BTLA, CTLA-4, and PD-1, provide additional insight into the functional nature of Ag-specific T cells. Multiple inhibitory receptors have been implicated as key contributors to the loss of immune control in cancer and chronic viral infections (19, 40), yet the role of inhibitory receptors immune control of Mtb is less clear. Given that HIV-infected individuals are at substantially higher risk of developing active TB, compared with HIV-uninfected individuals, we initially hypothesized that inhibitory receptors may be upregulated on Mtb-specific CD4 T cells in HIV-infected individuals, thus identifying a possible mechanism contributing to Mtb-specific CD4 T cell dysfunction in HIV infection. We were specifically interested in determining whether Mtb-specific CD4 T cells co-expressed multiple inhibitory receptors in HIV-infected individuals, as concurrent expression of multiple inhibitory receptors on the same Ag-specific T cell has been previously associated with greater T cell dysfunction (17, 22). While previous studies have reported co-expression of up to three inhibitory receptors on HIV-specific CD4 T cells (21–23), co-expression of multiple inhibitory receptors has not been thoroughly investigated on Mtb-specific CD4 T cells. Contrary to our initial hypothesis, we found that co-expression of all three inhibitory receptors was significantly lower on Mtb-specific CD4 T cells in HIV-infected individuals with active TB disease, compared with HIV-uninfected individuals with active TB. Interestingly, HIV infection did not have a significant impact on inhibitory receptor expression profiles of Mtb-specific CD4 T cells among individuals with LTBI. These data suggest that the combination of active TB disease and HIV infection together modify the phenotypic profiles of Mtb-specific CD4 T cells. However, it is important to note that we defined Mtb-specific CD4 T cells as those cells producing IFN-γ and/or TNF-α following short-term peptide stimulation, and it is possible that other approaches to defining Mtb-specific T cells (i.e., different Ag specificity, different effector functions, or direct MHC tetramer staining without peptide stimulation) may reveal differences in inhibitory receptor expression by Mtb-specific T cells than we observed in this study. Furthermore, increasing evidence indicates that age, sex, and genetics contribute significantly to heterogeneity in immune response profiles in humans (41, 42), thus additional differences in Mtb-specific T cell responses may emerge in studies utilizing cohorts from diverse geographical regions.

Through Boolean analysis of BTLA, CTLA-4, and PD-1 expression on Mtb-specific CD4 T cells, we identified three distinct BTLA-expressing subsets that are significantly lower in HIV-infected active TB patients, compared with HIV-uninfected TB patients: BTLA+CTLA-4+PD-1+, BTLA+CTLA-4+PD-1−, and BTLA+CTLA-4−PD-1− cells. We found that BTLA expression is downregulated on bulk CD4 T cells in HIV-uninfected and HIV-infected individuals with active TB, a finding that is consistent with a previous report that BTLA expression is progressively downregulated on CD4 and CD8 T cells in chronic HIV infection (32). However, when evaluating Mtb-specific CD4 T cells, we found that BTLA was markedly downregulated only in HIV-infected patients with active TB, compared with all three other study groups. Thus, these data identify a novel phenotype of Mtb-specific CD4 T cells that is particular to the dual combination of active TB and HIV infection. The identification of potential biomarkers that can distinguish individuals with latent and active TB is particularly important in the setting of HIV infection, where HIV-infected individuals are less likely to have cavitary TB disease and less likely to be smear-positive for Mtb, compared with HIV-uninfected individuals (43), thus making microbiologically confirmed diagnosis of active TB disease particularly challenging in people living with HIV. Larger prospective, longitudinal studies of HIV-infected individuals are warranted to determine whether downregulation of BTLA expression on Mtb-specific CD4 T cells is a prognostic indicator of active TB disease, or whether BTLA expression is downregulated only after exposure to high levels of Mtb Ag in the context of HIV infection.

The role of BTLA expression in T cell-mediated immune control of Mtb infection has not been investigated and requires further study. BTLA was defined as an inhibitory receptor containing two immunoreceptor tyrosine-based inhibition motifs (ITIMs) in its cytoplasmic tail that is functionally and structurally similar to CTLA-4 and PD-1 (44). BTLA is expressed on multiple immune cell types and interacts with the costimulatory molecule herpes virus entry mediator (HVEM) (45, 46), which is also widely expressed on immune cells. Increasing evidence indicates bidirectional signaling occurs through the interaction between BTLA and HVEM, with HVEM ligation of BTLA leading to inhibitory signals through phosphorylation of ITIMs and recruitment of the tyrosine phosphatases SHP1 and SHP2 (44, 47), and BTLA ligation of HVEM leading to proinflammatory signals through activation of NF-κB (48), thus providing a unique opportunity for BLTA and HVEM engagement to balance resulting immune responses. Studies in mice indicate that BTLA expression is necessary to prevent prolonged inflammation in the lung (49) and that BTLA-deficient CD4 T cells have altered expression of genes involved in effector function and memory differentiation, including decreased expression of CD127, granzyme B, MIP-1α, and MIP-1β (50). Moreover, generation of protective memory Ag-specific CD8 T cell responses was significantly impaired in vaccinia virus-infected mice deficient in either BTLA or HVEM (51). Taken together, these data suggest co-signaling of BTLA and HVEM may regulate inflammatory responses in tissues and may also be necessary for generation of long-lived Ag-specific memory T cell responses. Further studies are thus warranted to determine whether lack of BTLA expression on Mtb-specific CD4 T cells in HIV-infected individuals with active TB disease is associated with a sustained state of inflammation in these individuals, and/or with impaired ability to generate robust Mtb-specific memory CD4 T cell responses in HIV-infected individuals. Future studies are also necessary to determine whether modulation of BTLA/HVEM co-signaling can fine tune the immune response to Mtb to promote durable control of infection and prevent progression to TB disease.

While we found compelling evidence that BTLA expression is downregulated on Mtb-specific CD4 T cells in HIV-infected patients with active TB, we found no evidence that CTLA-4 and PD-1 are upregulated in Mtb-specific CD4 T cells in HIV-infected individuals, unlike previous studies that have reported upregulation of CTLA-4 and PD-1 on HIV-specific CD4 T cells in HIV-infected individuals (52). To further substantiate our Mtb-specific CD4 T cell inhibitory receptor profiles in the context of the literature on inhibitory receptor profiles in HIV infection, we directly compared expression profiles of BTLA, CTLA-4, and PD-1 on Mtb-, HIV-, and HCMV-specific CD4 T cells within the same individual. Consistent with previous reports (21–23), HIV- and HCMV-specific CD4 T cells co-express CTLA-4 and PD-1, in both groups of LTBI and active TB, at significantly higher levels than Mtb-specific CD4 T cells. The direct comparison of inhibitory receptor profiles across multiple Ag-specific CD4 T cells circulating in peripheral blood provides compelling and novel evidence that the majority of Mtb-specific CD4 T cells do not upregulate co-expression of multiple inhibitory receptors, regardless of HIV infection status, and that Ag-specific CD4 T cells circulating in HIV-infected individuals display markedly different phenotypic profiles, depending on the Ag specificity.

A limitation to our study was the use of overlapping peptide pools to stimulate IFN-γ and/or TNF-α production to identify Ag-specific CD4 T cells, which precludes our ability to detect Mtb-specific cells that do not produce these cytokines and thus may display different inhibitory receptor profiles than Ag-specific CD4 T cells that maintain Th1 cytokine production capacity. Nonetheless, our findings are consistent with a previous study using MHC class II tetramers bearing CFP-10 and ESAT-6 peptides, which demonstrate low levels of PD-1 expression on tetramer+ Mtb-specific CD4 T cells in HIV-infected and HIV-uninfected individuals with LTBI and with active TB (39). An additional limitation was evaluation of inhibitory receptor expression on Mtb-specific CD4 T cells circulating in peripheral blood, and not at the site of Mtb infection in the lung. While analysis of lung-resident T cells is technically challenging in humans, a recent study has evaluated expression of inhibitory receptors on T cells isolated from granulomas of Mtb-infected macaques. Consistent with our findings in peripheral blood of humans, expression of the inhibitory receptors CTLA-4, PD-1, and LAG-3 was very low on T cells isolated from granulomas of Mtb-infected macaques and did not correlate with Mtb bacterial load (53). Furthermore, while we evaluated expression of BTLA, CTLA-4, and PD-1 in this study, there are additional inhibitory receptors, such as T cell immunoglobulin and mucin domain-containing molecule 3 (TIM-3) and Lag-3, that could be differentially expressed on Mtb-specific CD4 T cells in HIV-infected and HIV-uninfected individuals. Interestingly, expression of TIM-3 on CD4 and CD8 T cells in the lungs of Mtb-infected mice has been associated with T cell exhaustion (54), whereas TIM-3 expression on CD4 and CD8 T cells in PBMCs from patients with active TB disease exhibited greater Th1 cytokine production capacity and cytotoxic molecule production, compared with T cells lacking TIM-3 expression (55). These studies thus highlight the variability in the functional significance of inhibitory receptor expression in Mtb infection, which can differ depending on the particular inhibitory receptor, cell populations evaluated, and the model system used. Future studies employing RNA sequencing of Mtb-specific CD4 T will be necessary to more comprehensively define CD4 T cell signatures of latent and active TB, and further define how co-infection with HIV impairs protective T cell immunity to Mtb infection. An additional important consideration in evaluating the effect of HIV co-infection on Mtb-specific T cell immunity is HIV disease state. While the HIV-infected participants in our cohorts had relatively preserved CD4 T cell counts, it is possible that more substantial differences in inhibitory receptor expression on Mtb-specific CD4 T cells would be apparent in HIV-infected individuals with CD4 T cell counts <200 cells/μl and more advanced HIV disease.

In summary, by evaluating concurrent expression of the Ig superfamily inhibitory receptors BTLA, CTLA-4, and PD-1, we determined that these inhibitory receptors are not upregulated on Mtb-specific CD4 T cells in peripheral blood of HIV-infected individuals, compared with HIV-uninfected individuals, in the context of either LTBI or pulmonary TB disease. These data suggest that the increased risk of developing active TB disease in HIV-infected individuals is not due solely to upregulation of inhibitory receptors and subsequent immune exhaustion of Mtb-specific CD4 T cells, a mechanism of Ag-specific T cell dysfunction that has been well-described in other persistent infections (19, 40). Moreover, we provide evidence that BTLA is markedly downregulated on Mtb-specific CD4 T cells in HIV-infected individuals with active TB, thus highlighting a previously unrecognized role of BTLA expression levels on Mtb-specific CD4 T cells as a potential biomarker of active TB disease, particularly in people living with HIV. Together these data provide new insights into the phenotype of Mtb-specific CD4 T cells in the setting of co-infection with Mtb and HIV and provide rationale for future studies to evaluate the utility of targeting BTLA and HVEM signaling pathways to enhance protective immunity to Mtb.

DATA AVAILABILITY

All datasets analyzed for this study are included in the manuscript/Supplementary Files.

AUTHOR CONTRIBUTIONS

CD and MB contributed conception and design of the study and data interpretation, statistical analyses, and drafted the manuscript. MB, DA, JK, JO, and JT performed experimental work. CD, MB, SO, FO, MdK, AC, NG, and WH contributed to execution and oversight of experimental work, participant recruitment and enrollment, and study database management. All authors approved the final manuscript.

FUNDING

This study was supported by grants to CD from the National Institute of Allergy and Infectious Diseases at the National Institutes of Health (5R01AI083156, 5R01AI111948, U19AI111211). MB was supported by a Research Supplement to Promote Diversity in Health-Related Research from the National Institute of Allergy and Infectious Diseases at the National Institutes of Health (3R01AI111948-03S1). NG was supported by grants from the National Institute of Allergy and Infectious Diseases at the National Institutes of Health (K24AI114444, U19AI111211).

ACKNOWLEDGMENTS

We thank many additional members of the South African Tuberculosis Vaccine Initiative (SATVI) team and the Kenya Medical Research Institute (KEMRI)/Centers for Disease Control and Prevention (CDC) team who helped with enrollment and evaluation of participants, and the participants themselves.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2019.01983/full#supplementary-material

REFERENCES

 1. WHO Publication. Global Tuberculosis Report 2018. (2018). Available online at: http://www.who.int/tb/publications/global_report/en/ (accessed February 5, 2019).

 2. Houben RM, Dodd PJ. The global burden of latent tuberculosis infection: a re-estimation using mathematical modelling. PLoS Med. (2016) 13:e1002152. doi: 10.1371/journal.pmed.1002152

 3. Lawn SD, Zumla AI. Tuberculosis. Lancet. (2011) 378:57–72. doi: 10.1016/S0140-6736(10)62173-3

 4. Ernst JD. The immunological life cycle of tuberculosis. Nat Rev Immunol. (2012) 12:581–91. doi: 10.1038/nri3259

 5. Day CL, Abrahams DA, Harris LD, van Rooyen M, Stone L, de Kock M, et al. HIV-1 infection is associated with depletion and functional impairment of Mycobacterium tuberculosis-specific CD4 T cells in individuals with latent tuberculosis infection. J Immunol. (2017) 199:2069–80. doi: 10.4049/jimmunol.1700558

 6. Day CL, Mkhwanazi N, Reddy S, Mncube Z, van der Stok M, Klenerman P, et al. Detection of polyfunctional Mycobacterium tuberculosis-specific T cells and association with viral load in HIV-1-infected persons. J Infect Dis. (2008) 197:990–9. doi: 10.1086/529048

 7. Bunjun R, Riou C, Soares AP, Thawer N, Muller TL, Kiravu A, et al. Effect of HIV on the frequency and number of Mycobacterium tuberculosis-specific CD4+ T cells in blood and airways during latent M. tuberculosis infection. J Infect Dis. (2017) 216:1550–60. doi: 10.1093/infdis/jix529

 8. Pollock KM, Montamat-Sicotte DJ, Grass L, Cooke GS, Kapembwa MS, Kon OM, et al. PD-1 expression and cytokine secretion profiles of Mycobacterium tuberculosis-specific CD4+ T-cell subsets; potential correlates of containment in HIV-TB co-infection. PLoS ONE. (2016) 11:e0146905. doi: 10.1371/journal.pone.0146905

 9. Riou C, Bunjun R, Muller TL, Kiravu A, Ginbot Z, Oni T, et al. Selective reduction of IFN-gamma single positive mycobacteria-specific CD4+ T cells in HIV-1 infected individuals with latent tuberculosis infection. Tuberculosis. (2016) 101:25–30. doi: 10.1016/j.tube.2016.07.018

 10. Amelio P, Portevin D, Hella J, Reither K, Kamwela L, Lweno O, et al. HIV infection functionally impairs Mycobacterium tuberculosis-specific CD4 and CD8 T-cell responses. J Virol. (2019) 93:e01728–18. doi: 10.1128/JVI.01728-18

 11. Geldmacher C, Schuetz A, Ngwenyama N, Casazza JP, Sanga E, Saathoff E, et al. Early depletion of Mycobacterium tuberculosis-specific T helper 1 cell responses after HIV-1 infection. J Infect Dis. (2008) 198:1590–8. doi: 10.1086/593017

 12. Geldmacher C, Ngwenyama N, Schuetz A, Petrovas C, Reither K, Heeregrave EJ, et al. Preferential infection and depletion of Mycobacterium tuberculosis-specific CD4 T cells after HIV-1 infection. J Exp Med. (2010) 207:2869–81. doi: 10.1084/jem.20100090

 13. Attanasio J, Wherry EJ. Costimulatory and coinhibitory receptor pathways in infectious disease. Immunity. (2016) 44:1052–68. doi: 10.1016/j.immuni.2016.04.022

 14. Doering TA, Crawford A, Angelosanto JM, Paley MA, Ziegler CG, Wherry EJ. Network analysis reveals centrally connected genes and pathways involved in CD8+ T cell exhaustion versus memory. Immunity. (2012) 37:1130–44. doi: 10.1016/j.immuni.2012.08.021

 15. Wherry EJ, Ha SJ, Kaech SM, Haining WN, Sarkar S, Kalia V, et al. Molecular signature of CD8+ T cell exhaustion during chronic viral infection. Immunity. (2007) 27:670–84. doi: 10.1016/j.immuni.2007.09.006

 16. Odorizzi PM, Wherry EJ. Inhibitory receptors on lymphocytes: insights from infections. J Immunol. (2012) 188:2957–65. doi: 10.4049/jimmunol.1100038

 17. Blackburn SD, Shin H, Haining WN, Zou T, Workman CJ, Polley A, et al. Coregulation of CD8+ T cell exhaustion by multiple inhibitory receptors during chronic viral infection. Nat Immunol. (2009) 10:29–37. doi: 10.1038/ni.1679

 18. Crawford A, Angelosanto JM, Kao C, Doering TA, Odorizzi PM, Barnett BE, et al. Molecular and transcriptional basis of CD4(+) T cell dysfunction during chronic infection. Immunity. (2014) 40:289–302. doi: 10.1016/j.immuni.2014.01.005

 19. Wykes MN, Lewin SR. Immune checkpoint blockade in infectious diseases. Nat Rev Immunol. (2018) 18:91–104. doi: 10.1038/nri.2017.112

 20. Day CL, Kaufmann DE, Kiepiela P, Brown JA, Moodley ES, Reddy S, et al. PD-1 expression on HIV-specific T cells is associated with T-cell exhaustion and disease progression. Nature. (2006) 443:350–4. doi: 10.1038/nature05115

 21. Kaufmann DE, Kavanagh DG, Pereyra F, Zaunders JJ, Mackey EW, Miura T, et al. Upregulation of CTLA-4 by HIV-specific CD4+ T cells correlates with disease progression and defines a reversible immune dysfunction. Nat Immunol. (2007) 8:1246–54. doi: 10.1038/ni1515

 22. Kassu A, Marcus RA, D'Souza MB, Kelly-McKnight EA, Golden-Mason L, Akkina R, et al. Regulation of virus-specific CD4+ T cell function by multiple costimulatory receptors during chronic HIV infection. J Immunol. (2010) 185:3007–18. doi: 10.4049/jimmunol.1000156

 23. Teigler JE, Zelinskyy G, Eller MA, Bolton DL, Marovich M, Gordon AD, et al. Differential inhibitory receptor expression on T cells delineates functional capacities in chronic viral infection. J Virol. (2017) 91:e01263–17. doi: 10.1128/JVI.01263-17

 24. Porichis F, Kwon DS, Zupkosky J, Tighe DP, McMullen A, Brockman MA, et al. Responsiveness of HIV-specific CD4 T cells to PD-1 blockade. Blood. (2011) 118:965–74. doi: 10.1182/blood-2010-12-328070

 25. Day CL, Abrahams DA, Lerumo L, Janse van Rensburg E, Stone L, O'Rie T, et al. Functional capacity of Mycobacterium tuberculosis-specific T cell responses in humans is associated with mycobacterial load. J Immunol. (2011) 187:2222–32. doi: 10.4049/jimmunol.1101122

 26. Kern F, Bunde T, Faulhaber N, Kiecker F, Khatamzas E, Rudawski IM, et al. Cytomegalovirus (CMV) phosphoprotein 65 makes a large contribution to shaping the T cell repertoire in CMV-exposed individuals. J Infect Dis. (2002) 185:1709–16. doi: 10.1086/340637

 27. Kern F, Faulhaber N, Frommel C, Khatamzas E, Prosch S, Schonemann C, et al. Analysis of CD8 T cell reactivity to cytomegalovirus using protein-spanning pools of overlapping pentadecapeptides. Eur J Immunol. (2000) 30:1676–82. doi: 10.1002/1521-4141(200006)30:6<1676::AID-IMMU1676>3.0.CO;2-V

 28. Maecker HT, Dunn HS, Suni MA, Khatamzas E, Pitcher CJ, Bunde T, et al. Use of overlapping peptide mixtures as antigens for cytokine flow cytometry. J Immunol Methods. (2001) 255:27–40. doi: 10.1016/S0022-1759(01)00416-1

 29. Finak G, McDavid A, Chattopadhyay P, Dominguez M, De Rosa S, Roederer M, et al. Mixture models for single-cell assays with applications to vaccine studies. Biostatistics. (2014) 15:87–101. doi: 10.1093/biostatistics/kxt024

 30. R Development Core Team. R: A Language and Environment for Statistical Computing. Vienna: R Foundation for Statistical Computing (2010).

 31. Harari A, Dutoit V, Cellerai C, Bart PA, Du Pasquier RA, Pantaleo G. Functional signatures of protective antiviral T-cell immunity in human virus infections. Immunol Rev. (2006) 211:236–54. doi: 10.1111/j.0105-2896.2006.00395.x

 32. Zhang Z, Xu X, Lu J, Zhang S, Gu L, Fu J, et al. B and T lymphocyte attenuator down-regulation by HIV-1 depends on type I interferon and contributes to T-cell hyperactivation. J Infect Dis. (2011) 203:1668–78. doi: 10.1093/infdis/jir165

 33. Wherry EJ. T cell exhaustion. Nat Immunol. (2011) 12:492–9. doi: 10.1038/ni.2035

 34. Lewinsohn DA, Lewinsohn DM, Scriba TJ. Polyfunctional CD4(+) T cells as targets for tuberculosis vaccination. Front Immunol. (2017) 8:1262. doi: 10.3389/fimmu.2017.01262

 35. Borsuk S, Newcombe J, Mendum TA, Dellagostin OA, McFadden J. Identification of proteins from tuberculin purified protein derivative (PPD) by LC-MS/MS. Tuberculosis. (2009) 89:423–30. doi: 10.1016/j.tube.2009.07.003

 36. Cho YS, Dobos KM, Prenni J, Yang H, Hess A, Rosenkrands I, et al. Deciphering the proteome of the in vivo diagnostic reagent “purified protein derivative” from Mycobacterium tuberculosis. Proteomics. (2012) 12:979–91. doi: 10.1002/pmic.201100544

 37. Pollock KM, Whitworth HS, Montamat-Sicotte DJ, Grass L, Cooke GS, Kapembwa MS, et al. T-cell immunophenotyping distinguishes active from latent tuberculosis. J Infect Dis. (2013) 208:952–68. doi: 10.1093/infdis/jit265

 38. Riou C, Berkowitz N, Goliath R, Burgers WA, Wilkinson RJ. Analysis of the phenotype of Mycobacterium tuberculosis-specific CD4+ T cells to discriminate latent from active tuberculosis in HIV-uninfected and HIV-infected individuals. Front Immunol. (2017) 8:968. doi: 10.3389/fimmu.2017.00968

 39. Strickland N, Muller TL, Berkowitz N, Goliath R, Carrington MN, Wilkinson RJ, et al. Characterization of Mycobacterium tuberculosis-specific cells using MHC class II tetramers reveals phenotypic differences related to HIV infection and tuberculosis disease. J Immunol. (2017) 199:2440–50. doi: 10.4049/jimmunol.1700849

 40. Wherry EJ, Kurachi M. Molecular and cellular insights into T cell exhaustion. Nat Rev Immunol. (2015) 15:486–99. doi: 10.1038/nri3862

 41. Piasecka B, Duffy D, Urrutia A, Quach H, Patin E, Posseme C, et al. Distinctive roles of age, sex, and genetics in shaping transcriptional variation of human immune responses to microbial challenges. Proc Natl Acad Sci USA. (2018) 115:E488–97. doi: 10.1073/pnas.1714765115

 42. Schmiedel BJ, Singh D, Madrigal A, Valdovino-Gonzalez AG, White BM, Zapardiel-Gonzalo J, et al. Impact of genetic polymorphisms on human immune cell gene expression. Cell. (2018) 175:1701–15 e16. doi: 10.1016/j.cell.2018.10.022

 43. Sterling TR, Pham PA, Chaisson RE. HIV infection-related tuberculosis: clinical manifestations and treatment. Clin Infect Dis. (2010) 50(Suppl. 3):S223–30. doi: 10.1086/651495

 44. Watanabe N, Gavrieli M, Sedy JR, Yang J, Fallarino F, Loftin SK, et al. BTLA is a lymphocyte inhibitory receptor with similarities to CTLA-4 and PD-1. Nat Immunol. (2003) 4:670–9. doi: 10.1038/ni944

 45. Gonzalez LC, Loyet KM, Calemine-Fenaux J, Chauhan V, Wranik B, Ouyang W, et al. A coreceptor interaction between the CD28 and TNF receptor family members B and T lymphocyte attenuator and herpesvirus entry mediator. Proc Natl Acad Sci USA. (2005) 102:1116–21. doi: 10.1073/pnas.0409071102

 46. Sedy JR, Gavrieli M, Potter KG, Hurchla MA, Lindsley RC, Hildner K, et al. B and T lymphocyte attenuator regulates T cell activation through interaction with herpesvirus entry mediator. Nat Immunol. (2005) 6:90–8. doi: 10.1038/ni1144

 47. Han P, Goularte OD, Rufner K, Wilkinson B, Kaye J. An inhibitory Ig superfamily protein expressed by lymphocytes and APCs is also an early marker of thymocyte positive selection. J Immunol. (2004) 172:5931–9. doi: 10.4049/jimmunol.172.10.5931

 48. Murphy TL, Murphy KM. Slow down and survive: enigmatic immunoregulation by BTLA and HVEM. Annu Rev Immunol. (2010) 28:389–411. doi: 10.1146/annurev-immunol-030409-101202

 49. Deppong C, Juehne TI, Hurchla M, Friend LD, Shah DD, Rose CM, et al. Cutting edge: B and T lymphocyte attenuator and programmed death receptor-1 inhibitory receptors are required for termination of acute allergic airway inflammation. J Immunol. (2006) 176:3909–13. doi: 10.4049/jimmunol.176.7.3909

 50. Hurchla MA, Sedy JR, Murphy KM. Unexpected role of B and T lymphocyte attenuator in sustaining cell survival during chronic allostimulation. J Immunol. (2007) 178:6073–82. doi: 10.4049/jimmunol.178.10.6073

 51. Flynn R, Hutchinson T, Murphy KM, Ware CF, Croft M, Salek-Ardakani S. CD8 T cell memory to a viral pathogen requires trans cosignaling between HVEM and BTLA. PLoS ONE. (2013) 8:e77991. doi: 10.1371/journal.pone.0077991

 52. Kaufmann DE, Walker BD. PD-1 and CTLA-4 inhibitory cosignaling pathways in HIV infection and the potential for therapeutic intervention. J Immunol. (2009) 182:5891–7. doi: 10.4049/jimmunol.0803771

 53. Wong EA, Joslyn L, Grant NL, Klein E, Lin PL, Kirschner DE, et al. Low levels of T cell exhaustion in tuberculous lung granulomas. Infect Immun. (2018) 86:e00426–18. doi: 10.1128/IAI.00426-18

 54. Jayaraman P, Jacques MK, Zhu C, Steblenko KM, Stowell BL, Madi A, et al. TIM3 mediates T cell exhaustion during Mycobacterium tuberculosis infection. PLoS Pathog. (2016) 12:e1005490. doi: 10.1371/journal.ppat.1005490

 55. Qiu Y, Chen J, Liao H, Zhang Y, Wang H, Li S, et al. Tim-3-expressing CD4+ and CD8+ T cells in human tuberculosis (TB) exhibit polarized effector memory phenotypes and stronger anti-TB effector functions. PLoS Pathog. (2012) 8:e1002984. doi: 10.1371/journal.ppat.1002984 

Conflict of Interest Statement: 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 © 2019 Barham, Abrahams, Khayumbi, Ongalo, Tonui, Campbell, de Kock, Ouma, Odhiambo, Hanekom, Gandhi and Day. 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-10-01983-g005.gif
dhe ot ‘fg etk éé

e B Eoon






OPS/images/fimmu-10-01983-t001.jpg
Participant group n Age, y* (IQR) Sex
(% male)
LTBV/HIN- 32 32 (20-41) 38
LTBIHIVA 22 35 (28-44) 18
TB/MHIV- 37 31 (22-37) 68
TB/HIV+ 19 36 (29-42° 42

2Value denotes median age in years

PValues denote median.

©p < 0.05, compared with TB/HIV-.

9Viral load not available for 3 TB/HIV+ participants.
IQR, interquartile range; N/A, not applicable.

CD4 count, cells/pl®
(IQR)

NA

562 (432-505)
NA

420 (261-614)

HIV viral load, copies RNA/ml
plasma® (IQR)

NA

11,710 (2,855-30,586)
N/A

6,350 (256-36,3681¢





OPS/images/fimmu-10-01983-g003.gif
!a “*w gié‘éingméi

S ———
e






OPS/images/fimmu-10-01983-g004.gif
g

BTLA+ CD4 T colls (%)
sz

- -
8 | & &) iy
o
% *
[ -y
e

5w
P

E3 e

P

BTLAY
Mib-specific CDA4 T cels (%)






OPS/images/fimmu-10-01983-g001.gif





OPS/images/fimmu-10-01983-g002.gif





OPS/images/cover.jpg
’ frontiers
in Immunology

HIV Infection Is Associated With
Downregulation of BTLA Expression
on Mycobacterium tuberculosis-
Specific CD4 T Cells in Active
Tuberculosis Disease









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





