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Editorial on the Research Topic
 HIV-Associated Immune Activation and Persistent Inflammation



While modern antiretroviral therapy (ART) improves health, prolongs survival, and reduces HIV transmission, successfully treated HIV infection remains associated with persistent inflammation and immune dysfunction (1–3). Persistent systemic inflammation is a major contributing factor to HIV-associated morbidity, including neurocognitive impairment (Yu et al.) and non-AIDS events, which result in devastating outcomes and loss of quality of life during aging with HIV infection (4, 5).

The current Research Topic includes in total 11 high-quality manuscripts, ranging from host-response activation during HIV infection (Tjitro et al.), the role of toll-like receptor (TLR)-10 ligand during HIV replication (Henrick et al.), microRNA-19b as a regulator of CD8+ T cell functions during HIV infection (Yin et al.), to potentiating the immune response via PD1 checkpoint inhibition (Filaci et al.).

While it is known that HIV infection is characterized by a dramatic depletion of CD4+ T cells, a study comparing people with HIV (PWH) with age-matched uninfected controls identified specifically gamma delta (γδ)-T cells as an inflammatory driver in ART-suppressed PWH and provided evidence of distinct “inflamm-aging” processes with and without active HIV replication (Belkina et al.). Depletion of CD4+ T cells together with impaired polarization of Th17 cells in the gastrointestinal tract and a massive expansion of activated CD8+ T cells causes CD8+ T cell-mediated enteropathy (6). In another study of this Research Topic authors also reported dysbiosis and translocation of microbial products in the study participants, which persisted despite long term ART mediated viral suppression (Rhoades et al.). Specifically, the gut microbiome of long term suppressed PWH was enriched in bacterial taxa typically found in the oral cavity suggestive of loss of compartmentalization, while levels of beneficial butyrate producing taxa were reduced. Additionally, prevalence of Prevotella negatively correlated with CD4+ T-cells numbers, indicating that despite long-term adherence and undetectable viral loads, HIV infection results in significant shifts in gut microbial communities (Rhoades et al.).

Bacteria and fungi are the two most abundant populations of the gut microbiome. While bacterial translocation has been a focus of HIV research for a number of years, fungal translocation recently came into focus as a driver of immune activation, persistent inflammation, and non-AIDS events (7–12). A review included in this supplement evaluated recent literature to untangle the respective roles of circulating lipopolysaccharide (LPS) and (1–>3)-B-D-Glucan (BDG), which are major components of bacterial and fungal cell walls respectively and established biomarker of bacterial and fungal translocation (Ramendra et al.). While LPS is a well-known inducer of innate immune activation, BDG is emerging as a significant source of monocyte and natural killer (NK) cell activation that contributes to immune dysfunction, and both may serve as biomarkers of disease progression and immune activation during ART (Ramendra et al.). Further studies are needed to enhance our understanding of the consequences of elevated LPS and BDG on immune activation, which may inform novel therapeutic strategies against the occurrence of AIDS and non-AIDS events.

Another proposed marker of systemic immune activation during early and chronic HIV infection is plasma CXCL13, which is preferentially secreted by Follicular Helper T cells to attract B cells to germinal centers ( Mehraj et al.). A study included in this supplement found that in 114 PWH plasma CXCL13 levels correlated with BDG levels, were higher in those with CMV infection and increased with HIV disease progression (Mehraj et al.). In contrast, early initiation of ART reduced plasma CXCL13 and B cell activation but without normalization. Future studies are needed to compare CXCL13 with more established biomarkers such as soluble urokinase plasminogen activator receptor (suPAR), or sTNFrI, and sTNFrII (2, 4) for prediction of the development of non-AIDS events.

Another study included in this supplement elucidated the role of the immunomodulatory carbohydrate-binding protein Galectin-9 in HIV transcription and in maintaining chronic immune activation during ART-suppressed HIV infection (Colomb et al.). Interactions between cell-surface glycans and glycan-binding proteins (lectins) are key regulators of immunological functions and are involved in several cellular processes. Galectins are a class of lectins that play critical roles in T cell function, and Galectin-9 specifically has recently been recognized to play an essential role in regulating both adaptive and innate defense mechanisms (Colomb et al.). Interestingly, the study found that uncoupling Galectin-9-mediated viral reactivation from undesirable pro-inflammatory effects, using rapamycin, may increase the potential utility of recombinant Galectin-9 within the reversal of HIV latency eradication framework (Colomb et al.).

Finally, this Research Topic includes a paper reporting on a randomized, placebo-controlled, double-blinded trial of the TLR-3 agonist Poly-ICLC in aviremic, ART-treated PWH (Saxena et al.). Poly-ICLC can activate immune cells and induce HIV replication in pre-clinical experiments, but this study for the first time investigated its effect in disrupting HIV latency in vivo while simultaneously enhancing innate immune responses. The study found that poly-ICLC was overall safe and well-tolerated (Saxena et al.). Transcriptional analyses revealed upregulation of innate immune pathways in peripheral blood mononuclear cells (PBMCs) following Poly-ICLC treatment, including strong interferon signaling accompanied by transient increases in circulating Interferon gamma-induced protein (IP)-10 (CXCL10) levels (Saxena et al.). These responses generally peaked by 24–48 h after the first injection and returned to baseline by day 8. Overall, CD4+ T cell number and phenotype were unchanged, plasma viral control was maintained and no significant effect on HIV reservoirs was observed (Saxena et al.). These finding suggest that Poly-ICLC may be used for inducing transient innate immune responses in treated PWH indicating promise as an adjuvant for HIV therapeutic vaccines (Saxena et al.).

Collectively, the studies described in original research and review articles in this topic describe recent advances and provide optimism for the future of treating HIV-associated inflammation. We hope these articles will stimulate further research with the ultimate goal of improving outcomes for patients with HIV infection.
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The pathogenesis of HIV immunodeficiency is mainly dependent on the cytopatic effects exerted by the virus against infected CD4+ T cells. However, CD4+ T cell loss cannot be the only pathogenic factor since severe opportunistic infections may develop in HIV infected patients with normal CD4+ T cell counts and since the recent START study indicated that absolute CD4+ T cell counts are not predictive for AIDS and non-AIDS events. Recently our group demonstrated that CD8+CD28-CD127lowCD39+ regulatory T lymphocytes, previously found highly concentrated within tumor microenvironment, circulate with elevated frequency in the peripheral blood of HIV infected patients. Here, we show that these cells, that at least in part are HIV specific, express the PD1 immune checkpoint. Based on these evidences and considerations, in this Perspective article we speculate on the opportunity to treat HIV infected patients with anti-PD1 immune checkpoint inhibitors as a way to counteract the T regulatory cell compartment and to unleash virus-specific immune responses. In order to potentiate the immune responses against HIV we also propose the potential utility to associate immune checkpoint inhibition with HIV-specific therapeutic vaccination, reminiscent of what currently applied in oncologic protocols. We suggest that such an innovative strategy could permit drug-sparing regimens and, perhaps, lead to eradication of the infection in some patients.

Keywords: HIV, Treg, immune checkpoints, HIV vaccine, PD1

The pathogenesis of HIV immunodeficiency is dependent on the cytopatic effects exerted by the virus against infected CD4+ T cells and to subsequent CD4+ T cell loss (1, 2). Some aspects of the disease remain unexplained as the case of HIV infected patients with normal CD4+ T cell counts after anti-retroviral therapy (ART) initiation who develop severe opportunistic infections (3, 4), or that of HIV infected patients with reduced CD4+ T cell counts who do not show immunodeficiency manifestations (5). Accordingly, the results of the recent START study indicated that absolute CD4+ T cell counts are not predictive for AIDS and non-AIDS events since these events may occur in ART treated patients with absolute CD4 counts >500 cells/μl (6). Searching for other pathogenic mechanisms, we focused our attention on regulatory T lymphocytes (Treg). The role of these cells in HIV immunodeficiency pathogenesis is still unclear since studies on alterations of CD4+ Treg in HIV infected patients led to controversial results (7–17). Hence, we took into consideration a different subset of Treg constituted by CD8+ Treg (18). CD8+ Treg, in particular those expressing the CD8+CD28-CD127lowCD39+ phenotype, are regulatory T lymphocytes found highly concentrated within tumor microenvironment, where they can exert remarkable immunosuppressive activity due to their capacity to target T cell proliferation and cytotoxicity (19–21). We investigated on the presence of these cells in the circulation of HIV-infected patients, and on possible correlations between their frequency and markers of disease activity. The results of this study demonstrated that HIV-infected patients have elevated circulating levels of functional CD8+CD28-CD127lowCD39+ Treg, the majority of which is antigen-specific for HIV proteins. This observation is remarkable since these cells are virtually absent from the circulation of healthy subjects (19, 21). In HIV patients, their frequency post-ART correlates with HIV-RNA, CD4+ T cell count, and immune activation markers, suggesting their pathogenic involvement in AIDS or non-AIDS related complications. Moreover, their increase after initiation of ART heralds a lack of virological or clinical response (i.e., appearance of co-morbidity): hence their monitoring is clinically relevant (22).

Further studies from our group show that CD8+CD28-CD127lowCD39+ Treg stably and consistently express PD1 (Figure 1 and Supplemental Material). PD1 is a member of immune checkpoints (23–26). These are molecules expressed by immune cells in order to control the immune responses. In particular, PD1 is mainly expressed by T lymphocytes at advanced stage of maturation, i.e., effector memory and terminally-differentiated effector memory cells. Hence, it is involved in the control of the effector phase of the immune response. Indeed, PD1+ T cells are present within tumor infiltrating lymphocytes, suggesting that PD1 expression contributes to tumor immune evasion (24, 27). In HIV-infected patients CD4+PD1+ T cells constitute the major HIV cell reservoir (28, 29). Interestingly, PD1+ T cell frequency is elevated in HIV-infected patients and reduces after beginning of the treatment, a behavior reminiscent of what occurs to circulating CD8+CD28-CD127loCD39+ Treg frequency (30, 31). In HIV-infected patients, the presence of increased frequency of PD1+ T cells, including abnormally expanded CD8+CD28-CD127loCD39+PD1+ Treg, could be involved in generating immunodeficiency and hampering anti-virus immune responses. Hence, the fact that expansion of CD8+ Treg and of PD1+ T lymphocytes co-exist in both tumors and HIV infection envisages a pathogenic crossing between the two pathologic conditions. This suggests that targeting PD1+ T cells through a specific checkpoint inhibitor could be a useful therapeutic strategy for HIV infection borrowed from anti-cancer protocols, based that recent trials support the safety of this approach (32, 33). The potential efficacy of this strategy is further supported by previous studies in which a PD1 inhibitor was administered to non-human primates. In these studies, anti-PD1 treatment of uninfected animals co-immunized with a SIV-gag adenovirus vector vaccine enhanced the frequency of gag-specific T cells (34), while treatment of SIV infected macaques increased SIV-specific immune response, decreased viral load and prolonged survival (35). Accordingly, administration of anti-PD-L1 monoclonal antibodies to ART-treated SIV infected macaques allowed the maintenance of a lower viral load after ART suspension than in non-administered animals (36).


[image: image]

FIGURE 1. CD8+CD28−CD127loCD39+PD1+ Treg frequency in the peripheral blood of naïve HIV-infected patients. (A) The gating strategy for the analysis of CD8+CD28−CD127loCD39+PD1+ Treg frequency in the circulation of two representative naïve HIV-infected patients is shown. (B) Comparison between the mean frequency of CD8+CD28−CD127loCD39+ Treg as well as that of CD8+CD28−CD127loCD39+PD1+ Treg in the circulation of 22 naïve HIV-infected patients and those of 22 healthy controls. Detailed information on patient population and methods is provided in the Supplementary File—Patients and Methods.



However, in the majority of cancer patients the activity of the sole checkpoint inhibitor is not sufficient to provide a robust therapeutic effect. Hence, association of checkpoint inhibitors with therapeutic vaccination is currently proposed as optimal way for inducing/reinforcing anti-tumor immune responses in the absence of abnormal and detrimental regulatory mechanisms (37, 38). Interestingly, the development of a vaccine against HIV has been recently evoked as urgent medical need, notwithstanding the efficacy of ART. In fact, HIV pandemia is so wide (more than 36 million infected people, about 1.8 million people newly infected each year) that the costs for life-long ART are huge for government health care systems. Hence, therapeutic vaccination has been proposed as a preferential therapeutic tool for corroborating ART activity possibly through the eradication of HIV-1 latent reservoirs (39, 40). Indeed, an optimal vaccine against HIV should elicit both virus-specific cytotoxic CD8+ T cells and neutralizing antibodies in order to kill virus-infected cells, that constitute the viral reservoir, and to avoid spreading of infection by viral particles released by already infected cells. Among HIV antigens, gag has been considered a useful immunogen for vaccine preparation since the presence of elevated titers of antibodies against gag, but not against other HIV antigens, correlated with reduced viremia in HIV infected patients (41). Disappointingly, all vaccination trials so far performed in prophylactic or therapeutic settings, including those using gag as immunogen, did not achieve brilliant clinical results (42). Now, the finding of an abnormal expansion of CD8+CD28-CD127loCD39+PD1+ Treg in these patients suggests that such defective activity of HIV vaccines could have a bi-faceted origin, related to inner deficiency of vaccine immunogenicity and/or to the generalized immunosuppressive effect exerted by CD8+ Treg. Accordingly, a DNA vaccine based on a chimeric gene product fusing PD1 and gag moieties induced high frequency of gag-specific cytotoxic CD8+ T cells associated with high titers of virus-specific antibodies, conferring remarkable protection against mucosal challenge with vaccinia gag viruses in experimental animals (43).

These considerations may constitute a robust rationale for a combination therapy associating anti-PD1 checkpoint inhibition and therapeutic vaccination in ART treated HIV-infected patients. Our hypothesis is that early co-administration of ART, checkpoint inhibition, and vaccination in recently HIV-infected patients could allow to take advantage of the synergic effect of the three-faceted approach when the HIV latent reservoir is not yet consolidated. We expect that such an innovative strategy could lead to the onset of HIV specific immune responses more effective than those spontaneously developed in the absence of Treg inhibition, since unleashed by the regulatory control of PD1+ Treg. Hopefully, this strategy could permit drug-sparing regimens and, perhaps, lead to eradicate the infection in some patients.
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Even with effective viral control, HIV-infected individuals are at a higher risk for morbidities associated with older age than the general population, and these serious non-AIDS events (SNAEs) track with plasma inflammatory and coagulation markers. The cell subsets driving inflammation in aviremic HIV infection are not yet elucidated. Also, whether ART-suppressed HIV infection causes premature induction of the inflammatory events found in uninfected elderly or if a novel inflammatory network ensues when HIV and older age co-exist is unclear. In this study we measured combinational expression of five inhibitory receptors (IRs) on seven immune cell subsets and 16 plasma markers from peripheral blood mononuclear cells (PBMC) and plasma samples, respectively, from a HIV and Aging cohort comprised of ART-suppressed HIV-infected and uninfected controls stratified by age (≤35 or ≥50 years old). For data analysis, multiple multivariate computational algorithms [cluster identification, characterization, and regression (CITRUS), partial least squares regression (PLSR), and partial least squares-discriminant analysis (PLS-DA)] were used to determine if immune parameter disparities can distinguish the subject groups and to investigate if there is a cross-impact of aviremic HIV and age on immune signatures. IR expression on gamma delta (γδ) T cells exclusively separated HIV+ subjects from controls in CITRUS analyses and secretion of inflammatory cytokines and cytotoxic mediators from γδ T cells tracked with TIGIT expression among HIV+ subjects. Also, plasma markers predicted the percentages of TIGIT+ γδ T cells in subjects with and without HIV in PSLR models, and a PLS-DA model of γδ T cell IR signatures and plasma markers significantly stratified all four of the subject groups (uninfected younger, uninfected older, HIV+ younger, and HIV+ older). These data implicate γδ T cells as an inflammatory driver in ART-suppressed HIV infection and provide evidence of distinct “inflamm-aging” processes with and without ART-suppressed HIV infection.
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INTRODUCTION

Although anti-retroviral therapy (ART) has dramatically reduced the rates of HIV-associated morbidity and mortality, HIV+ individuals have a shorter lifespan than uninfected counterparts (1–3) due in part to the onset and progression of co-morbidities associated with older age, including cardiovascular disease, stroke, neurocognitive impairment, diabetes mellitus, impaired renal function, non-AIDS malignancies, and osteoporosis (4–6). These conditions, sometimes referred to as serious non-AIDS events (SNAEs), afflict older HIV+ individuals more frequently than both younger counterparts (4, 6) and the uninfected elderly (6) and SNAE disease onset is reported to occur at younger ages in aviremic HIV+ individuals as compared with uninfected controls (5, 7), with the latter observations supporting the concept of HIV+ persons undergoing early or accelerated aging (8). Mortality and age-associated co-morbidities among HIV+ individuals track with plasma inflammatory and coagulation markers, such as C-reactive protein (CRP), IL-6, D-dimer, and fibrinogen (9–14), similar to the general population (15–21). These findings strongly implicate the general inflammation associated with aging, sometimes referred to as “inflamm-aging” (22, 23), as an integral link to SNAE occurrence in aviremic HIV infection.

Gamma delta (γδ) T cells are a unique T cell lineage that is typically <10% of T cells in the circulation yet are present in considerably higher proportions in the intestinal epithelium (24–27). With a limited T cell receptor repertoire and evidence indicating that a predominant mode of cell activation is in response to non-peptidic ligands, cytokines, and signaling via NKG2D and similar receptors (28–35), γδ T cells are implicated as early responders in immune responses and/or as innate-adaptive bridging cells, responding to innate signals to then direct the development of the adaptive immune response via secretion of cytokines and other factors. As a population, γδ T cells can exert inflammatory/cytotoxic (36, 37) or immuno-regulatory effector functions (38, 39), are integral to the control of infections (40, 41), and can exhibit potent anti-tumor activity (42–44). The role of γδ T cells in HIV viral pathogenesis is unclear to date; shifts in γδ T cell subsets defined by T cell receptor usage (Vδ1 and Vδ2) occur early in infection (45) due to a substantial loss of the Vγ2-Jγ1.2/Vδ2+ subset that is not always recovered with viral suppression (46). However, functional differences between γδ T cell subsets that differ in γ and δ chain usage are not well-established and therefore the significance of this subset shift in relation to disease pathogenesis is uncertain. Also, circulating γδ T cells serve as a reservoir for latent HIV infection (47) and thus may have relevance in cure strategies. To date, the role of γδ T cells in the inflammation observed in aviremic HIV infection is unknown.

To understand the cellular network that drives the onset and progression of age-associated morbidities in both ART-suppressed (aviremic) HIV and healthy aging, we conducted a study that measured a large number of immune parameters from a well-characterized HIV and Aging cohort, comprised of both ART-suppressed HIV+ and age-matched uninfected controls with similar exposures and demographics, stratified by age in younger and older groups. Our results from multivariate computational analyses of high parameter single cell cytometry, plasma markers, and ex vivo culture supernatant cytokine data identify γδ T cells as a putative key player in the immune cell network driving “inflamm-aging” in aviremic HIV infection. Also, our bioinformatic analyses revealed an novel combined impact of both virally suppressed HIV and aging on immune networks, thereby indicating that aviremic HIV+ persons do not simply prematurely age but undergo a novel inflammatory course when these two conditions collide.



RESULTS


Inhibitory Receptor (IR) Expression on γδ T Cells Distinguishes ART-Suppressed HIV+ Subjects From Uninfected Controls

Expression of IRs has been linked to altered functionality of immune cells (48–51). While increased IR expression on T cell populations has been reported with aging in mice and humans (52–56), and separately with HIV infection (49, 57–59), a more comprehensive investigation of IR signatures on circulating immune cells from matched younger and older subjects with and without ART-suppressed HIV infection had not been performed to our knowledge. Therefore, in this study we analyzed PBMC from our HIV and Aging Cohort, comprised of ART-suppressed HIV+ younger (≤35 yo), and older (≥50 yo) subjects age-matched with uninfected counterparts (Table 1). We measured five inhibitory receptors (PD-1, TIGIT, TIM-3, CD160, LAG-3) on seven immune cell subsets [CD4+ T, CD8+ T, T regulatory (Treg), CD56bright and CD56dim natural killer (NK), gamma delta T (γδ T), and invariant natural killer T (iNKT) cells] using the 16-color flow cytometry panel we developed and previously described (60). Using the CITRUS algorithm (61) we determined whether IR expression on any of the immune subsets (Supplementary Figure 1) could be used to distinguish ART-suppressed HIV+ subjects from uninfected controls. Using 10-fold cross-validation (CV) to select the model with the minimum number of features necessary to predict these two groups, only TIGIT expression in four cellular clusters comprised of γδ T cells (Figure 1A, clusters 1–4 in red circles), was necessary to differentiate the two subject groups with 88.6% CV accuracy (Supplementary Figure 1). In all four clusters, TIGIT expression was higher in the ART-suppressed HIV+ subjects compared to the uninfected controls (Figure 1B). Expression of other surface antigens on the cells in clusters 1–4 was similar for CD4 and CD127 (all negative), CD56 (all clusters intermediate) and varied for other antigens, such as CD8 (low in cluster 1, intermediate in clusters 2–4), CD16 (intermediate in clusters 1, 2, and 4, and low in cluster 3), and CD3 (all four clusters positive, with cluster 3 intermediate) (Figure 1C). Next, a false discovery rate (FDR) threshold of 1% was used to identify all clusters that were significantly different between the two subject groups using IR expression differences. Using this method, seven clusters were significant and they all contained γδ T cells (Figure 1D); all seven clusters differed in TIGIT expression between the HIV+ subjects and uninfected controls, one (cluster 3) differed in CD160 expression, and one (cluster 4) differed in TIM-3 expression between the two subject groups. Six of the seven TIGIT expression clusters contain only or predominantly γδ T cells (Supplementary Figure 1, Figure 1F), with one cluster (cluster 5) containing both NK and γδ T cells; however, it is likely that γδ T cells are the sole driver of this finding given the γδ T predominance in all other clusters. Similar to the 10-fold CV results (Figure 1B), the expression of the defining IR for clusters 3–7 was consistently higher in the HIV+ subject group compared to uninfected controls (Figure 1E). Further phenotypic analysis of the three additional clusters that emerged from the FDR-constrained analysis (clusters 5, 6, and 7) show the presence of NK cells in cluster 5 (CD3-, CD16/56+), while clusters 6 and 7 are predominantly CD16-, CD56-, CD4-, CD8-, and γδ TcRlo (Figure 1F). Together, these data demonstrate that the IR expression on circulating γδ T cells distinguishes ART-suppressed HIV+ subjects from uninfected controls. Also, the γδ T cell subsets that predict these two subject groups are diverse, including populations that differ in CD8, CD16, CD56, and CD127 expression.



Table 1. Cohort characteristics.
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FIGURE 1. TIGIT, CD160, and TIM-3 on γδ T cells distinguish ART-suppressed HIV+ subjects from uninfected controls. CITRUS analysis of a 16-parameter flow cytometry dataset from PBMC of ART-suppressed HIV+ subjects and uninfected controls. (A) Model selected by minimum cross-validated error rate yielded four clusters necessary to differentiate the groups, numbered 1–4 and highlighted in red. (B) TIGIT expression of cells in clusters 1–4 in the ART-suppressed HIV+ (red) and uninfected control (blue) groups, log-transformed Mean Fluorescence Intensity (MFI) is shown, and each dot represents one subject, (C) expression of other measured antigens on cells from clusters 1–4 as compared to all other (background) cells; (D) Model constrained to include all significant clusters below a FDR threshold of 1% reveals seven clusters with significantly different expression of TIGIT, CD160, and/or TIM-3 between the groups, (E) log-transformed MFI of CD160, TIM-3, and TIGIT expression per subject for clusters 3, 4, and 5–7, respectively, and (F) expression of other measured antigens on cells from clusters 5, 6, and 7. All scales in (B,C,E,F) are log-transformed. CITRUS clustering data per lineage channel are shown in Supplementary Figure 1.





γδ T Cell IR Expression Increases With Age and HIV Infection

We next investigated γδ T cells in more detail by performing traditional expert-driven gating and analysis. We first determined the frequencies and absolute counts of γδ T cells (gating strategy shown in Supplementary Figure 2A) and found overall similar γδ T cell levels within the HIV+ and uninfected control groups (Supplementary Figures 2B–E). We next measured Vδ1+ and Vδ2+ γδ T cell frequencies from a subset of samples and found an inversion of the Vδ1:Vδ2 ratio in the HIV+ subjects compared to the uninfected group, confirming that the findings in our cohort are consistent with previous reports (45, 62) (Supplementary Figures 2F–I). Next, we compared the percentages of IR+ γδ T cells between the ART-suppressed HIV+ and control groups and found that the HIV+ subjects expressed significantly higher frequencies of TIGIT+, CD160+, and TIM-3+ cells than age-matched controls (Figure 2A). As TIM-3 and LAG-3 are not bimodally expressed, setting flow cytometry gates to determine the percentage of positive cells is difficult; therefore, we also calculated the median expression of each IR and found significantly higher levels of TIM-3 but not LAG-3 on the γδ T cells from the HIV+ subjects compared with controls (Figure 2B). As expression of more than one IR on individual γδ T cells could reflect distinct states of activation or an advanced stage of immune exhaustion (63), we compared the expression of ≥2, ≥3, or ≥4 IRs per γδ T cell between our HIV+ and uninfected control subjects and found significantly higher levels in the HIV+ subjects for all comparisons (Figure 2C). To control for bias due to manual gating, γδ T cell events were extracted from the flow cytometry data using SPADE clustering (64) and γδ T cell IR median expression was assessed (LAG-3 not shown due to negligible results), confirming our manual gating findings (data not shown) and allowing visualization of IR expression from individual subjects (Figure 2D). Overall patterns indicate higher IR expression of the ART-suppressed HIV+ subjects compared with controls and also seemingly independent regulation of each of the four IRs within individual subjects. Next, subjects were further stratified into the younger and older groups as defined in Table 1 and the percentages of IR+ γδ T cells were compared (Figure 2E). TIGIT+ γδ T cells were significantly higher in: (1) older vs. younger uninfected subjects, (2) HIV+ younger vs. uninfected younger subjects, (3) HIV+ older vs. uninfected older subjects, and (4) HIV older vs. uninfected younger subjects (Figure 2E). Analysis of the other IRs did not result in significant differences between the groups, with the exception of TIM-3 expression of the uninfected younger vs. HIV+ younger subjects (Figure 2E). Comparison of multi-IR expression with subjects stratified by both age and HIV status shows higher percentages of ≥2IR per cell with advancing age and with HIV infection. Notably, for all analyses in Figures 2E,F, no significant differences were found between the HIV+ younger and HIV+ older groups, indicating a lack of a definitive additive or multiplicative effect of both age and HIV on γδ T cell IR expression found with univariate analysis. Also, HIV infection and not aging appears to drive γδ T cells to express ≥3 or ≥4 IR per cell (Figure 2F). Taken together, these results suggest that healthy aging and HIV infection independently drive TIGIT and multi-IR expression on γδ T cells, that IR expression does not change significantly as aviremic HIV+ individuals age, and HIV and not aging drives γδ T cells to a ≥3 or ≥4 IR per cell phenotype.
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FIGURE 2. IR expression on γδ T cells from ART-suppressed HIV+ subjects and uninfected controls stratified into younger and older groups. (A) The total percentages of IR+ γδ T cells in ART-suppressed HIV+ subjects and uninfected control groups; (B) the average fluorescence intensity of γδ T cell TIM-3 and LAG-3 expression for HIV+ and uninfected subjects, determined by median intensity divided by FM5 control results; (C) the percentage of γδ T cells expressing ≥2, ≥3, or ≥4 IRs, in any combination, of CD160, TIGIT, TIM-3, LAG-3, and PD-1 in HIV+ subjects and controls, (D) median intensity of IR expression on SPADE-identified γδ T cells per individual (one subject per column), including FM5 uninfected control samples from each batch run; (E) total percentages of IR+ γδ T cells and (F) percentages of γδ T cells expressing ≥2, ≥3, or ≥4 IRs, in any combination, of TIGIT, PD-1, CD160, TIM-3, and LAG-3, with subjects stratified by both HIV status and age. For (A–C), two-tailed t-tests were performed for each comparison. For graphs with multiple comparisons (E,F) only significant results after Bonferroni correction (p < 0.008) are shown. *p > 0.05, **p > 0.01, ***p > 0.001, ****p > 0.0001.





γδ T Cells Expressing Distinct Combinations of PD-1, TIGIT, and CD160 Vary With Aging and Aviremic HIV Infection

We next investigated how the combinational expression of PD-1, TIGIT, and CD160 on γδ T cells differed with healthy aging and ART-suppressed HIV infection. Due to the non-bimodal expression of TIM-3 and LAG-3 on the γδ T cells in our cohort, it was not possible to accurately define positive and negative cells for the multi-expression analysis shown in Figure 3. First, the percentage of γδ T cells expressing each of the eight possible combinations of these three IRs were compared across the four subject groups using beta regression of abundance on HIV status and age and correcting for multiple hypotheses testing with a family-wise error rate of 0.05. Both aging and HIV infection were significantly associated with lower percentages of PD-1- TIGIT- CD160- (“triple negative”) and PD-1- TIGIT- CD160+ (“CD160 only”) cells. HIV infection was also associated with a lower percentage of PD-1+ TIGIT- CD160- (“PD-1 only”) cells and a higher percentage of three populations: PD-1- TIGIT+ CD160- (“TIGIT+ only”), PD1-, TIGIT+ CD160+ (“TIGIT and CD160 double positive”) and PD-1+ TIGIT+ CD160+ (“triple positive”) cells (Figure 3A). Similar to the results for HIV infection, there were higher average frequencies of TIGIT only and TIGIT and CD160 double positive cells in older compared with younger uninfected subjects (albeit not statistically significant). To further assess the potential relationships between γδ T cells bearing different IR combinations, Pearson correlation coefficients were generated for the percentages of all eight possible IR combinations with one another in a pair-wise manner separately for the uninfected controls (Figure 3B) and ART-suppressed HIV+ subjects (Figure 3C). Within the uninfected group, strong inverse correlations were found that agree with the results in Figure 3A, specifically, the triple negative and CD160 only populations with the TIGIT single positive and the TIGIT CD160 double positive cells (Figure 3B, asterisks). Within the HIV+ group, there were also strong inverse correlations of the triple negative/CD160 only populations, in this case with the TIGIT CD160 double positive cells as well as the triple positive cells (Figure 3C, asterisks). These data suggest that both aging and HIV infection skew the circulating γδ T cell compartment from predominantly triple negative and CD160 only expressing cells to TIGIT only and CD160 TIGIT double positive cells (Figure 3D). The triple positive γδ T cell population, while inversely associated with no IR expressing cells in both uninfected controls and HIV+ subjects, is higher in frequency only of the HIV+ subjects compared with controls, and not between the uninfected younger and older groups. Taken together, these data suggest that the triple negative and CD160 only γδ T cell populations are a resting/precursor population to the subsets expressing TIGIT alone, TIGIT with CD160, and TIGIT, CD160, and PD-1, and such IR expression is suggestive of an activated or exhausted state (63, 65).
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FIGURE 3. Inhibitory receptor signatures of γδ T cells vary with aging, ART-suppressed HIV infection. (A) γδ T cell IR signature analysis of TIGIT, CD160, and PD-1 comparing younger and older subjects and ART-suppressed HIV+ and matched uninfected control groups. Positivity of PD-1, TIGIT, and CD160 is noted above each graph, with the white and colored boxes representing negative and positive expression, respectively. Abundance for each subset of γδ T cells expressing specific IRs was compared across the four groups using beta regression of abundance on HIV status and age group. Significance of age and HIV infection was determined after correcting for multiple hypotheses testing as described in the Materials and Methods section. (B) Correlation analysis of the abundances of each IR expressing subset of γδ T cells in uninfected controls and (C) ART-suppressed HIV+ subjects. Heatmaps are colored based on strength of the Pearson correlation coefficient between each IR subset (orange: positive, blue: negative). Both age groups are included in each heatmap. The Pearson correlation coefficients and p-values for these analyses are shown in Supplementary Figure 3. Asterisks indicate biologically interesting correlations used to inform (D) diagram depicting the hypothesized differential progression of IR expression due to healthy aging vs. ART-suppressed HIV infection.





Spontaneous Secretion of Inflammatory Cytokines and Cytotoxic Mediators From γδ T Cells Differentially Tracks With TIGIT Expression During Aging +/- Aviremic HIV Infection

As an indirect measurement of the potential in vivo functional activity of the γδ T cells, cells were sorted and cultured overnight without stimulation and the secretion of 33 analytes was measured in the supernatants. The spontaneous release of sCD137, a marker of cell activation that correlates with circulating C-reactive protein (CRP) in plasma (66) and is positively associated with both acute coronary syndromes (66) and stroke (67), was significantly higher from the γδ T cells of HIV+ older subjects compared with the other three groups (Figure 4A, results from the other detected analytes are shown in Supplementary Figure 4). As each sample stained with the 16-color panel was run through the FACSARIA cell sorter, the percentages of TIGIT+ γδ T cells were determined and the γδ T cells were sorted for cell culture simultaneously. Ten analytes significantly correlated with percentages of defined IR-expressing γδ T cell subsets (Figure 3D) from either the HIV+ and/or the uninfected subject group (Figure 4B). Of the HIV+ data, 14 of the 15 significant results included negative correlations with “resting” and positive correlations with “activated/exhausted” populations as defined in Figure 3D; this suggests progression from a resting to an activated state with HIV infection. Next, we used linear regression to relate levels of eleven analytes detected in the supernatants of a substantial percentage (≥45%) of the subjects with the percentage of TIGIT+ γδ T cells (eight are shown in Figure 4C, three in Supplementary Figure 4). Of the analytes that were produced by <45% of the subjects, the average number of subjects whose γδ T cells produced the cytokine was only nine per cent. Therefore, we set 45% as the cutoff of “positive” responses by the cohort. All data where a detectable amount of analyte was found from at least one subject is included in Supplementary Figure 4B). Overall, of γδ T cells from the uninfected controls, the TIGIT+ percentages did not associate with cytokine release (Figures 4B,C), with the exception of MIP1-β, which showed a negative correlation. Conversely, the percentage of TIGIT+ γδ T cells from the ART-suppressed HIV+ subjects positively and significantly correlated with the secretion of five analytes: sCD137, Granzyme A, Granzyme B, MIP1-β, and CCL20/MIP3-α and showed a positive trend for others such as perforin, TNF-α, and IFN-γ (Figures 4B,C). Also, there is a notable trend of lower analyte release of γδ T cells from the older compared with younger uninfected subjects, and a converse trend of increased analyte secretion with older age within the HIV+ subject group. These data suggest unlike the uninfected controls, the γδ T cells from ART-suppressed HIV+ subjects are activated, secreting inflammatory factors in vivo, and possibly contributing to the inflammatory milieu linked to SNAEs in this population, and that TIGIT expression marks inflammatory activity of γδ T cells from aviremic HIV+ subjects. To further explore the relationships between TIGIT expression and ex vivo analyte production by γδ T cells in the HIV+ subjects vs. controls, two partial least square regression (PLSR) models (one for uninfected controls, one for HIV+ subjects) were generated to specifically ask if cytokine measurements in the supernatants can predict the percentage of TIGIT+ cells in the PBMC samples. In PLSR modeling, linear combinations of analytes are used to predict the variance in the dependent variables (68, 69), in this case the percentage of TIGIT+ cells. PLSR analysis is more potent than simple regression analyses when the behavior of multiple analytes of interest is known to be interdependent, since it enables determination of the combinations of analytes that maximally correlate with TIGIT expression. Analyte measurements were compressed in low-dimensional latent variable (LV) space; notably, the younger and older subjects separated into distinct groups for each model without the models being trained on age parameter (Figures 4D,E left panels). Both models significantly linked spontaneous analyte production with TIGIT expression by γδ T cells. VIP (variable importance of projection) calculation was then used to assess the importance of each analyte variable with values >1 considered influential above average in the model. Notably, the VIP (statistically significant) analytes within each model were different (Figures 4D,E right panels, light blue bars), confirming that there are distinct associations between TIGIT expression and the cytokines produced from γδ T cells of both HIV+ subjects and uninfected controls. These findings indicate that relationships between γδ T cell TIGIT expression and spontaneous cytokine release change with both normal aging and aging with aviremic HIV infection.
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FIGURE 4. γδ T cell ex vivo spontaneous cytokine secretion profiles reveal differential associations with IR expression and age in ART-suppressed HIV infection and uninfected controls. (A) sCD137 (pg) secreted per cultured γδ T cell from all HIV+ subjects compared with uninfected controls, and with data also stratified into younger and older sub-groups. (B) Tables showing the linear regression analysis results for the 10 analytes that significantly correlated with an IR signature-expressing γδ T cell subset in either subject group as defined in Figure 3D. Positive and negative expression of each IR is depicted with black bold and gray lettering, respectively, at the top of each table. (C) Linear regression plots of the percentage of TIGIT+ γδ T cells and cytokine concentration (average per cell) for uninfected controls and ART-suppressed HIV+ subjects for the 8 analytes that highlight the opposite trends between the subject groups (results from the other 3 analytes with >45% subject cells responding are shown in Supplementary Figure 3). Subjects within the younger and older groups are noted with open and solid triangles, respectively. Units for secreted analytes are as follows: sCD137, Granzyme A, Granzyme B, perforin, MIP-1β; pg/cell; TNF-α, IFN-γ, CCL20/MIP-3 α; pg × 104/cell. Scores plot and LV1 derived from a PLSR model of supernatant cytokines regressed against the percentage of TIGIT+ γδ T cells for each donor for uninfected controls (D) and ART-suppressed HIV+ subjects (E). Dotted lines in (D) and (E) show the 95% confidence interval. *p > 0.05, **p > 0.01, ***p > 0.001, ****p > 0.0001.





Plasma Markers of Inflammation and Coagulation Differentially Track With TIGIT Expression During Aging With and Without ART-Suppressed HIV Infection

We measured the concentrations of 16 analytes in plasma, many of which are well-defined markers of inflammation and have been strongly associated with the onset of co-morbid conditions and/or mortality in HIV-infected populations (10, 13, 70–73) as well as with disease in normal aging (15–21). We found significantly higher levels of sCD14, alpha-2 macroglobulin (A2M), fibrinogen, serum amyloid P (SAP), adipsin, and von Willebrand factor (vWF) in the plasma from HIV+ subjects compared to uninfected controls (Supplementary Figure 5A). When the subjects were further stratified by age, we found significant differences among subject groups for D-dimer, C-reactive protein (CRP), fibrinogen, SAP, adipsin, and vWF (Supplementary Figure 5B) that seem to be driven by age in uninfected subjects or by HIV infection, with no significant differences found between HIV+ younger and HIV+ older subjects. To determine if there are associations between IR expressing γδ T cell subsets and plasma marker levels, we performed linear regression analysis of the plasma marker data against the percentages of our “resting” or “activated/exhausted” γδ subsets (as defined in Figure 3D). Of the 16 analytes measured, nine were significantly associated with one or more γδ T cell IR-defined subset(s) in the uninfected controls and/or the ART-suppressed HIV+ groups (Figure 5A). For both the HIV+ and uninfected subject groups, there was a predominant trend of negative association with the “resting” and positive association with the “activated/exhausted” γδ T cell populations with plasma markers (Figures 5A–E). Also, it is notable that the younger and older age groups are clearly separated in these analyses among the controls but not the HIV-infected subjects (Figures 5B–E). These results indicate that TIGIT and multi-IR expression on γδ T cells is linked with the elevated general inflammation found in both healthy aging and ART-suppressed HIV infection, and that HIV appears to generate a new inflammatory status as defined by these plasma markers that is independent of aging. Next, we asked how the concentrations of plasma markers were connected to the percentage of TIGIT+ γδ T cells by training two orthogonalized PLSR models using plasma marker levels to predict the percentage of TIGIT positive cells in the uninfected and HIV+ subject groups (Figures 5F,G). We note that the models have differing contributions attributed to each marker (as determined by loadings on LV1), and that different markers emerged as the most important to the correlation of inflammatory state to percent TIGIT positive cells (as determined by VIP score); together, these results indicate that the connections between TIGIT+ γδ T cells and the immune network driving systemic inflammation are fundamentally different between aviremic HIV infection and healthy aging. Notably, this conclusion is based on the multivariate analysis of cytokine profiles that allow analysis of the co-varying multifactorial nature of the data that is characteristic of biological systems (74). Also, similar to the results in Figures 4D,E, subjects in the younger and older sub-groups for both uninfected and HIV+ subjects separated without age being added to either model; this indicates that the multivariate analyses (Figures 5F,G) reveal age-induced changes in the inflammatory network of ART-suppressed HIV+ subjects that are not apparent in the univariate (linear regression) dataset (Figures 5A–E, Supplementary Figure 5B). Overall, our data show that γδ T cells are integral components of distinct inflammatory processes that occur during aging both with and without ART-suppressed HIV infection.


[image: image]

FIGURE 5. γδ T cell IR signatures correlate with inflammatory plasma markers in both healthy aging and ART-suppressed HIV infection. Sixteen plasma analytes were measured and linear regression analysis was performed with the percentages of IR expressing γδ T cell subsets defined in Figure 3D (positive and negative expression of each IR is depicted with black bold and gray lettering, respectively, at the top of each table) and total percent TIGIT+; all statistically significant results (p < 0.05) are shown in the tables in (A) for uninfected controls and ART-suppressed HIV+ subjects. Examples of correlation plots with a fitted linear regression line comparing “Resting” or “Activated/Exhausted” γδ T cell subsets from uninfected controls with plasma inflammatory/coagulation markers (B,C) and analogous graphs for the ART-suppressed HIV+ subjects (D,E). Subjects within the younger and older groups are noted with open and solid triangles, respectively, in (B–E). Units for plasma analytes are as follows: D-Dimer, fibrinogen, CXCL4, L-selectin; ng/ml; IL-6, IL-1β, TNF-α; pg/ml. Scores plot and loadings on LV1 derived from a PLSR model of plasma markers vs. the percentage of TIGIT+ γδ T cells for uninfected controls (F) and ART-suppressed HIV+ subjects (G).





Partial Least Squares Determinant Analysis (PLS-DA) Reveals That γδ IR Signatures Selectively Distinguish the Younger and Older Subject Groups Within Both the Uninfected Control and ART Suppressed HIV+ Subject Groups

To further confirm that the aging process is distinct in uninfected controls and aviremic HIV+ subjects, we used the percentages of γδ T cells expressing all possible combinations of the IRs PD-1, CD160, TIGIT, and TIM-3 and the 16 plasma marker datasets to train a PLS-DA model that determined if a combination of these variables can separate subjects into four groups based on age and HIV status. In the input data, PLS-DA finds which measurements from each subject would “fit” that subject into its clinical group and verifies if such classification is statistically significant. The chosen biological measurements were sufficient to significantly differentiate all four groups in our dataset (Figure 6A). In these models, LV1 separated mostly based on HIV status, while LV2 captured the remaining variance attributed mainly to age group. Notably, we trained an alternative model with CD8+ T cell IR signatures used in place of the γδ T cell data and the groups did not separate with significance (data not shown). This analysis indicates that γδ T cells are integral to the inflammatory networks underlying the divergent processes of healthy aging and aging with ART-suppressed HIV infection and we propose that IR expression marks different functional and/or activation/exhaustion states of the γδ T cells in these conditions.
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FIGURE 6. γδ T cell IR signatures and plasma inflammatory cytokines define the divergent aging processes in ART-suppressed HIV+ individuals and uninfected controls. (A) A two-dimensional PLS-DA model constructed using the percentages of all possible combinations of the IRs PD-1, TIGIT, CD160, and TIM-3 and 16 markers of inflammation and coagulation in plasma. Each data point represents scores generated by the model, composed of all measurements for a given subject mapped onto the two-dimensional latent variable space. The percentages on the axes show the percent variance in the dataset captured by a particular LV. Dotted line shows the 95% confidence interval. (B) Bar plot showing the loadings on LV1 of all parameters used to train the PLS-DA model, which included all possible combinations of the IRs PD-1, TIGIT, CD160, and TIM-3 and the concentrations of all 16 plasma markers measured. LV1 is the latent variable that separated the scores predominantly based on presence or absence of HIV infection. The Y-axis quantifies the positive or negative contribution of a particular parameter to the indicated LV. (C) Bar plot as in (B), showing the loadings on LV2, the latent variable that separates the scores affected by patient age, of all parameters used to train the model. The colored dots in (B,C) mark the parameters (IR signatures of γδ T cells and plasma markers) with a VIP score >1 (statistically significant) for each subject group in the model.






DISCUSSION

In this study, we present evidence that γδ T cells are linked to and may help instigate and perpetuate the elevated inflammation found in aviremic HIV+ individuals, and our multivariate analyses indicate that a distinct inflammatory course occurs during ART-suppressed HIV+ aging. Currently, more than 50% of the HIV-infected population in the U.S. is older than 50 years (75) and the world population over the ages of 65 and 80 is predicted to double and nearly quadruple, respectively, by 2050 (76). Elucidating the cell populations and precise immune networks that drive “inflamm-aging” both with and without HIV infection is a preeminent global health priority.

There are multiple proposed triggers of the aberrant inflammation found in HIV+ persons with successful viral suppression, including the latent HIV viral reservoir itself (77), co-infections such as cytomegalovirus (CMV) (78), and translocation of microbial products across the epithelial barrier of the gastrointestinal tract into the systemic circulation (79). There is a reported connection between harboring latent HIV and IR expression on T cells: CD4+ T cells from virally suppressed HIV+ subjects that express at least one of the IRs TIGIT, PD-1, or LAG-3 contained the majority, on average, of CD4+ T cells with inducible HIV genomes, with multi-IR+ CD4+ T cells particularly enriched for integrated HIV DNA (80); also, TIGIT+ CD4+ T cell frequencies positively correlate with CD4+ T cell HIV DNA content (49), and TIGIT transcription is elevated in cells bearing replication competent latent HIV (81). Our recent studies indicate that sensing of HIV viral intron-containing RNA by infected macrophages leads to type I interferon secretion and induction of IRs on co-cultured T cells (82). Circulating γδ T cells are known to harbor latent virus at a high frequency (47), therefore it is worth investigating if IR+ γδ T cells, particularly TIGIT+ and multi-IR+ subsets, are selectively harboring inducible HIV genomes. Further studies investigating the mechanistic relationship(s) between intracellular HIV, γδ T cell IR expression, and the secretion of inflammatory cytokines and cytotoxic mediators could lead to novel targets for selective therapeutic γδ T cell ablation to help purge the latent HIV pool and reduce general inflammation.

The integrity of the gastrointestinal epithelial barrier is compromised in HIV and SIV infection (79, 83) and does not sufficiently recover with effective ART (84). This “gut leakiness” is connected to the movement of microbial products such as LPS into the systemic circulation and this likely contributes to general inflammation (85). γδ T cells are a predominant immune cell subset in intestinal epithelia (24, 25), and the majority of human mucosal intraepithelial lymphocytes (IELs) are Vδ1+ T cells (86, 87), the subset found to predominate the circulation of aviremic HIV+ subjects but not uninfected controls in this study (Supplementary Figures 2G–I) and others (45, 62). Measuring the IR signatures and resident memory markers on Vδ1+ and Vδ2+ γδ T cell subsets from our HIV and Aging cohort is an important next step to help elucidate if the IR differences noted between subject groups are impacted by Vδ1+ and Vδ2+ subset shifts in the circulation and if such shifts indicate emigration from the GI tract. Also, murine intestinal γδ T cells described as “activated yet resting” expressed very high levels of mRNA for Granzymes A and B (88). In light of our functional results showing that spontaneous production of cytolytic machinery tracked with TIGIT expression in HIV+ subjects, this is further evidence that the circulating TIGIT+ γδ T cells, activated and armed with cytolytic machinery, are from the GI tract. It should be noted that cytokine production in response to in vitro stimulation was not performed, due to the challenges of stimulating purified γδ T cell cultures efficiently. Functional profiles post-ex vivo re-stimulation would provide additional information about the γδ T cells activation/exhaustion status, as rested and not exhausted cells would likely produce higher numbers of analytes and at higher amounts than cells in an activated or exhausted state. Immune cell composition in the blood has reflected what is found in the GALT in aviremic HIV+ subjects (89). Future work examining mucosal resident γδ T cells in SIV-infected animals and HIV+ individuals could provide new insight into how immune changes in the gut direct general inflammation in aviremic HIV infection.

Unlike traditional (adaptive) T cells, a principal means of γδ T cell activation is via cytokine and NK receptors (34), mechanisms easily triggered by activated monocyte/macrophage populations, an immune cell subset strongly linked to inflammation in aviremic HIV+ infection. Markers of monocyte/macrophage activation in the circulation, such as sCD14, sCD163, and tissue factor (TF), have been linked with mortality, atherosclerosis, and other markers of inflammation and coagulation (90–92). Furthermore, TF-expressing monocytes, present with successful HIV viral suppression, produce multiple inflammatory cytokines upon exposure to LPS and induce a coagulation cascade and treatment of SIV-infected macaques with an anti-coagulant that blocks the TF pathway led to a decrease in circulating D-dimer levels as well as markers of immune activation (93). The effect of TF+ monocytes on γδ T cells is unknown to date. It is of interest to investigate the potential cross-activation of monocytes/macrophages and γδ T cells in aviremic HIV infection.

Inhibitory receptors, such as PD-1, TIM-3, and TIGIT, negatively regulate T cell activation and are believed to be critical for limiting immunopathology during immune responses. Expression of IRs is often associated with diminished functional capacity, frequently called immune exhaustion, in HIV, aging and other chronic diseases (50, 53, 59). TIGIT (T cell immuno-receptor with immunoglobulin and ITIM domains) is a more recently described inhibitory receptor that is a member of the CD28 family of signaling molecules (94). It is expressed on NK cells, CD8+ T cells, and CD4+ T cells (94), is induced upon activation in multiple immune cell subsets (95–97), and its expression marks exhausted CD8+ T cells in HIV and SIV infection (49). Publications investigating IR expression on γδ T cells are scarce to date and include a report of PD-1 expression on γδlo T cells in mouse skin (98) another of TIGIT expression on γδ T cells in the epidermis of stem cell transplant recipients (99), and a recent study reporting higher percentages of IR+ γδ T cells with Plasmodium vivax infection (100). γδ T cells are also implicated as pro-tumorigenic with the PD-1:PDL-1 pathway one proposed mechanism of action (101). Here, TIGIT expression tracked with ex vivo secretion of inflammatory cytokines and cytotoxic mediators without re-stimulation from the γδ T cells of aviremic HIV+ subjects. These findings suggest that TIGIT+ γδ T cells are activated in ART-suppressed HIV+ subjects and secrete inflammatory mediators in vivo. This association was not found in the uninfected control subjects (Figure 4). However, it is important to note that while the percentage of TIGIT+ γδ T cells sorted into the individual culture wells significantly correlates with the amount of inflammatory analyte measured, the functional profiles of actual TIGIT+ vs. TIGIT- γδ T cells were not directly measured in this study. From these results it can be concluded that the same immune cell subset with an identical IR signature may have different functionality in different disease states or other conditions. Therefore, we contend that IR expression analysis should be consistently paired with functional readouts to determine the true status of a given immune cell population. As IRs have been referred to as “exhaustion markers” (102, 103) our data support arguments by others to not limit IR definitions in this manner (65).

It has been postulated that multi-IR expression by individual T cells reflects more advanced immune exhaustion (104) in agreement with reports of T cells in virally infected mice (63, 105). In our study, the percentages of γδ T cells expressing ≥2IR per cell were higher with both healthy aging and HIV infection, yet the ≥3IR and ≥4IR per cell levels were elevated only with HIV infection (Figures 2C,F) possibly suggesting a more progressed immune exhaustion status of these cells. However, our measurements of analyte secretion indicate that the HIV+ subjects' γδ T cells expressing IRs are activated and not exhausted (Figure 4B). When we performed more detailed IR signature analysis to parse out potential lineage trajectories of γδ T cell subsets bearing combinations of PD-1, TIGIT, and CD160 in ART-suppressed HIV infection and/or aging, interesting findings emerged; firstly, our results show that a substantial proportion of the circulating γδ T cell compartment in healthy younger subjects express CD160 (Figure 3A) that is not elevated with HIV- or age-associated activation or exhaustion (Figures 3A–C). CD160 recognizes class 1a and 1b molecules (106) and serves as a co-receptor for activation of γδ T cells (107) yet its expression has been linked to immune exhaustion on CD8+ T cells in HIV and other chronic diseases (108, 109). These results underscore the importance of evaluating IR expression in a cell type and disease-specific manner. Also, our data indicate that TIGIT and PD-1 are up-regulated on what we cautiously define as “activated/exhausted” cell subsets, and the PD-1+ TIGIT+ CD160+ (triple positive) T cells are elevated with aviremic HIV infection and not healthy aging, suggesting that HIV drives further progression of γδ T cell populations along activation/exhaustion routes. Taken together, our data suggest that multi-IR expression per cell may not always signify advanced immune exhaustion and that combinational IR signature analysis could provide new insight into the progression of changes in immune cell functional activity and capacity (activation vs. exhaustion) in chronic conditions. Future work measuring the functional profiles of sorted γδ T populations with distinct IR signatures from our cohort will help elucidate how functions change with IR expression during aging with and without aviremic HIV infection.

There is debate in the literature as to whether aviremic HIV infection leads to a distinct inflammatory signature that exists regardless of age (110–112). If so, we would expect similarities in immune signatures between the younger HIV+ and healthy older subjects, as well as between the HIV+ younger and HIV+ older individuals. Our univariate analyses agree with this concept, for comparisons of γδ T cell IR expression, spontaneous ex vivo cytokine production, and γδ T cell links with and the total levels of inflammatory plasma analytes are not significantly different between HIV+ younger and older subject groups (Figures 2E,F, 3A, 4C, 5D,E, and Supplementary Figure 5B). Therefore, this data suggests that aviremic HIV infection and aging are not impacting immune cell phenotypes in an additive or multiplicative manner, consistent with a report of CD8+ T cells (113). However, γδ T cell secretion of sCD137 is significantly higher from the cells from the HIV older group compared to all other three subject groups (HIV younger, uninfected younger, and uninfected older) (Figure 4A), indicating a synergistic impact of age and HIV on the activation of γδ T cells. sCD137 is a pro-inflammatory molecule that can be produced as an alternatively spliced variant or by proteolytic cleavage of CD137 (4-1BB) (114), a member of TNF superfamily, and a marker associated with multiple inflammatory diseases. sCD137 plasma levels positively associate with acute coronary syndromes (66) and atherothrombotic stroke (67), and we hypothesize that in vivo, γδ T cells produce sCD137 which is also known to trigger pro-inflammatory networks that involve macrophages and DCs (115) Also, our multivariate PSLR results (Figures 4D,E, and Figures 5F,G) show that the relationships between γδ IR signatures and both the cytokines they produce and plasma markers with which they co-vary are different in the younger vs. older subjects in both the uninfected control and HIV+ groups, since the younger and older subjects separated in all four PLSR models without age being added as a variable. These results show that there are distinct aging courses in relation to immune network changes with and without HIV infection. Finally and perhaps most importantly, in our PLS-DA model all four subject groups separated with significance (Figure 6) demonstrating separate aging processes with and without HIV infection. Our multivariate results underscore the importance of performing this type of analyses to gain novel insights into immune networks in relation to inflammation and other states.

Altogether, our findings indicate that γδ T cells are a possible source of inflammation in aviremic HIV infection and potentially other inflammatory diseases. IR expression on circulating γδ T cells, and TIGIT in particular, should be investigated for biomarker utility to effectively diagnose, predict, and/or treat both general inflammation and propensity to age-associated morbidities and mortality with and without HIV infection.



MATERIALS AND METHODS


Participants

The subjects were part of the HIV and aging cohort which enrolled HIV+ subjects with ART effective viral suppression (undetectable HIV-1 RNA <50 copies/ml) for a minimum of 6 months and were age-stratified into ≤35 years and ≥50 years age groups from the infectious disease clinics at Brigham and Women's Hospital, Beth Israel Deaconess Hospital, Massachusetts General Hospital, and Boston Medical Center, all located in Boston, MA. Study protocols were approved by the institutional review boards at each institution and all subjects provided written informed consent. The committee that approved the research protocol was the Boston University Institutional Review Board, IRB# H-33095. Uninfected controls were recruited from the same clinics in Boston and had similar demographic and socioeconomic status as HIV+ subjects. HIV negative status was verified with both a negative HIV antibody test and HIV-1 viral load test. Exclusion criteria included active hepatitis B or C, recent active infection within past 6 months, recent immunomodulatory therapy, and receipt of an HIV vaccine. HIV+ subjects in different age groups are matched by duration of ART (Table 1). Detailed information about the study subject characteristics can be found in Table 1 and Supplemental Table 2. All subjects were recruited with detailed clinical history and socio-demographic data, and information of other common confounders, such as gender, co-infections, and other pro-inflammatory exposures (i.e., STDs, obesity, and drug/tobacco use).



Peripheral Blood Processing

Peripheral blood mononuclear cells (PBMC) were isolated from blood originally drawn into EDTA tubes by Ficoll-Hypaque and cryopreserved in liquid nitrogen until use. Plasma was acquired from whole blood and stored at −80°C until use. All paired plasma and PBMC samples used in this study are from the same blood draw.



Flow Cytometry Panels and Reagents

Two flow cytometry panels were used in the study. Panel 1 was a modified version of the previously published panel (60) where 3 markers were moved to different detection channels and one replaced. Panel 2 was a modification of Panel 1 constructed to allow detection of γδ T cell Vδ1 and Vδ2 subsets. All reagents used in both panels are listed in Supplementary Table 1. Buffers and blocking reagents were used as described (60). All fluorescent reagents were titrated and Fluorescence Minus One (FMO) controls were performed to verify the validity of the modified panels. Ultracomp capture beads (Thermo Fisher) were used to establish the compensation matrix. Ultra Rainbow Beads (Spherotech) were used to establish target values for running the instrument. CS&T beads (BD) were used for daily QC of the instruments.



Flow Cytometry Protocol

1 × 107 PBMC per donor were thawed and immediately stained with a 16-color antibody/reagent cocktail developed for the BUMC FACSARIA (BD Biosciences) cell sorter as previously described (60). Briefly, cells were washed, stained with live/dead reagent (Biolegend's Zombie NIR) in DPBS for 20 min, washed again with FACS buffer (DPBS/0.5% BSA/2 mM EDTA), and pre-blocked with human Fc-blocking reagent (Biolegend) for 10 min. The antibody cocktail was prepared by combining antibody stocks with BD Brilliant Buffer and adding the master mixes to the pre-blocked cells that were then incubated for 20 min at room temperature. After staining, cells were washed twice with FACS buffer (PBS 0.5% BSA 2 mM EDTA), resuspended in FACS buffer and run on the BUMC FACSARIA cell sorter (BD Biosciences). Samples were divided into 11 different runs and a mix of subjects from the four groups (uninfected younger, uninfected older, ART Suppressed HIV+ younger, ART-suppressed HIV+ older) were included in each run to control for potential alterations in machine performance and batch effects. For each run, a mixture containing 5% of each individual sample was prepared and stained with the reagent mix that did not include IR-specific fluorescent antibodies (Fluorescence Minus Five, or FM5). For Panel 2, anti-Vδ2-biotin and anti-Vδ1-PE added were added to cells for 20 min then cells were washed prior to the addition of other reagents that were then added and incubated for 20 min. For each batch run, Ultracomp capture beads (Thermo Fisher) were stained with same reagents and acquired prior to the samples. PDGFRα-APC antibody (Biolegend) was used for the APC single stain.

γδ T cell cultures: During data acquisition and sample running on the BD FACSARIA, γδ T cells (LIVE/DEAD–, CD14–, CD19–, CD3+, γδTCR+) were sorted into tubes and cultured in 25 μl of RPMI1640 10% FBS/1% pen-strep in half-area 96-well flat-bottom plates (Greiner) for 20 h. The number of cells cultured per well-varied from 2,000 to 26,000, with a comparable range in numbers across each of the four subject groups. At the end of the culture period, supernatants were frozen into multiple aliquots and later thawed to perform analyte measurements.



Milliplex Bead Assays of Culture Supernatants

Supernatant samples were thawed, centrifuged for 30 seconds to remove debris, and added to a 384-well plate for analyte measurement via use of the Milliplex human Th17 25-plex kit (Millipore Sigma) and a modified Milliplex human CD8 9-plex kit (Millipore Sigma). Antibodies and magnetic beads were diluted 1:1 with assay buffer and utilized at half-volume to adjust the manufacturer's protocol to the 384-well plate format. Plates were washed in between incubations using a BioTek 406 Touch plate washer (BioTek) and read using the Luminex FlexMap 3D system (Luminex). Observed concentration values were adjusted to cell counts per well.



Milliplex and ELISA Assays of Plasma Samples

Frozen plasma samples were thawed and analyzed using (1) the 11-plex Human Cardiovascular Disease (Acute Phase) Milliplex kit (MilliporeSigma, HCVD3MAG-67K), (2) a custom 3-plex Milliplex kit for TNF-α, IL-6, and IL-1β (HCYTOMAG-3K) sCD14 and D-dimer ELISA kits (from RD Systems and Abcam, respectively). For (1), samples were pre-diluted 1:40,000 and the kit was run according to manufacturer's instructions and similar to the culture supernatants described above.



Flow Cytometry Data Analysis

Data were recorded with BD FACSDIVA 6.1.2 and automatically compensated with compensation matrix recorded within the sample files according to FCS 3.0 standards. Manual gating (expert-guided analysis) was performed in FlowJo v.10.2-10.3 (FlowJo, Inc) while blinded to sample identifier. Inhibitory receptor (IR) gating was guided using the FM5 sample from each run as described above. Numeric values from FlowJo data analysis were exported to Prism 7.0 (Graphpad) for statistical analysis. Flow cytometry data files were also uploaded to Cytobank, a cloud-based computational platform, and arcsin-transformed. Doublets, dead cells, debris, CD14+ cells, and CD19+ cells were excluded by manual gating and remaining live single non-CD14, non-CD19 events (downsampled to 10,000 events/subject) were input into the CITRUS algorithm (61). After hierarchical clustering based on lineage markers (CD3, CD4, CD8, γδ TCR, CD127, CD16, CD56) shown in Supplementary Figure 1, median fluorescence of TIGIT, TIM-3, PD-1, CD160, and LAG-3 expression was measured and a supervised comparison between HIV- and HIV+ individuals was carried out and assessed via Nearest Shrunken Centroid (PAMR) association modeling (Supplementary Figure 1). Additionally, live, single, non-CD14, non-CD19 events were input to the SPADE clustering algorithm, and the nodes containing cells with higher γδ TCR expression were exported from each sample file and used for IR median fluorescence intensity representation (Figure 2D). Beta regression of abundance on HIV status and age group was performed in Figure 3A. To correct for multiple hypothesis testing, a significance threshold was set for each regression term using a family-wise error rate of 0.05. The significance threshold was established in the following manner. First, 100 permuted abundance datasets were created by randomly resampling without replacement the abundance of each of the eight IR subsets within each subject, so that the inter-dependency of the IR subset abundances for an individual was maintained. Then, for each of the 100 permuted abundances, the beta regression for each IR subset was performed and the minimum p-value across all IR subsets was recorded for each model term. Finally, the 5th percentile of this distribution of minimum p-values was set as the significance threshold for each model term (HIV threshold: 0.0047; age group threshold: 0.0068).



PLS Analysis

Partial least squares discriminant analysis (PLSDA) and partial least squares regression (PLSR) were performed using the MATLAB PLS Toolbox (Eigenvector Research, Inc.). Data were normalized along each X and Y parameter by Z-score before application of the algorithm. Cross-validation was performed with one-third of the relevant dataset. The number of latent variables (LVs) was chosen so as to minimize cumulative error over all predictions. We orthogonally rotated the models so that maximal separation was achieved across LV1 where noted. We calculated model confidence by randomly permuting Y 100 times and rebuilding the model to form a distribution of error for these randomly generated models. We compared our model to this distribution with the Mann–Whitney U-test to determine the significance of our model. The importance of each parameter to the overall model prediction was quantified using variable importance in projection (VIP) score. A VIP score >1 (above average contribution) was considered important for model performance and prediction.
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Human immunodeficiency virus (HIV)-infected long-term non-progressors (LTNPs) are of particular importance because of their unique disease progression characteristics. Defined by the maintenance of normal CD4+T cells after more than 8 years of infection, these LTNPs are heterogeneous. Some LTNPs exhibit ongoing viral production, while others do not and are able to control viral production. The underlying basis for this heterogeneity has not been clearly elucidated. In this study, the miRNA expression profiles of LTNPs were assessed. The levels of microRNA-19b (miR-19b) were found to be significantly increased in peripheral blood mononuclear cells of LTNPs with lower rather than higher viral load. We made clear that miR-19b may regulate CD8+T cell functions in HIV infection, which has not been addressed before. Overexpression of miR-19b promoted CD8+T cell proliferation, as well as interferon-γ and granzyme B expression, while inhibiting CD8+T cells apoptosis induced by anti-CD3/CD28 stimulation. The target of miR-19b was found to be the “phosphatase and tensin homolog”, which regulates CD8+T cells function during HIV infections. Furthermore, we found that miR-19b can directly inhibit viral production in in-vitro HIV infected T cells. These results highlight the importance of miR-19b to control viral levels, which facilitate an understanding of human immunodeficiency virus pathogenesis and provide potential targets for improved immune intervention.
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INTRODUCTION

Human immunodeficiency virus (HIV) infected patients with atypical disease progression are of particular importance because they can provide important information regarding HIV pathogenesis and therapy. The first evidence of long-term non-progressors (LTNPs) was reported in 1993, showing that 15% of individuals infected with HIV maintain a CD4 count >500 cells/μl (1, 2). In 2005, study showed that ~1/300 HIV-infected patients had undetectable plasma HIV RNA loads without antiretroviral therapy (ART) (3). Described as “Elite Controllers” (ECs) in 2007, these patients maintained HIV RNA levels below 50 copies/ml for at least 1 year in the absence of ART (4–8). Although there is overlap between LTNPs and ECs, they are not identical. Most ECs exhibit minimal reductions in CD4+ T cells over time, although reductions are observed in some ECs. Furthermore, some LTNPs have ongoing viral production, while others do not (3, 5, 7, 9–11). Transcriptomic analysis showed that ECs with higher CD4+T cell numbers were indistinguishable from HIV-1-negative individuals. In contrast, ECs with lower CD4+ T cell numbers were similar to ART-treated patients, but different from HIV-1-negative individuals (12). Alterations in T cell homeostasis predict the loss of immunological control in ECs (13)4. However, viral control differs among LTNPs and the reason for this difference is currently unknown. LTNPs maintaining high viral loads are prone to long-term disease progression, with reduced life expectancy compared to HIV negative individuals (14, 15). Analysis of the underlying reason for the differing levels of viral control in LTNPs may facilitate an understanding of HIV pathogenesis and may provide for new approaches to immune intervention.

The level of virus control is affected by immunologic and virologic factors. MicroRNAs (miRNAs) may be a potential mechanistic factor involved in this process. It has been shown that miRNAs play important roles in the regulation of immune responses and viral production. In HIV infection, miRNAs can directly modulate viral production by targeting the HIV-1 genome or by indirectly modulating cellular genes that influence viral propagation (16–20). Dramatic advances have been made in understanding how miRNAs regulate the development and function of immune cells (21, 22), including CD8+T cells which are key players in the antiviral immune response (23, 24). It is established that miRNAs modulate the expression of numerous regulatory proteins required for the development, differentiation, and function of CD8+T cells (25). Studies have shown that, in HIV infection, miRNAs modulate the expression of key markers associated with T cell exhaustion or dysfunction, such as interleukin 10 and B lymphocyte-induced maturation protein-1 (26). We postulated that differential miRNA profiles may contribute to the divergent control of viral load in LTNPs by affecting viral production and/or CD8+T cell function. Although previous studies have identified miRNA profiles in HIV-infected ECs and LTNPs (16, 27–30), the role of miRNAs in the differential control of viral load in LTNPs has not been addressed.

In this study, miRNA expression profiles of LTNPs were assessed. The expression of miR-19b was found to be significantly increased in the peripheral blood mononuclear cells (PBMCs) of LTNPs with low (LTNP-Ls) compared to high levels (LTNP-Hs) of virus production. In addition, miR-19b promoted proliferation, and expression of interferon gamma (IFN-γ) and granzyme B, while inhibiting CD8+T apoptosis induced by anti-CD3/CD28 stimulation. The phosphatase and tensin homolog (PTEN) is a target of miR-19b regulating CD8+T cell function in HIV infection. Furthermore, we found that miR-19b directly inhibits viral production in HIV-infected T cells in vitro. Our results revealed a previously unknown mechanism of sustained viral control by miR-19b in a subtype of LTNPs, suggesting that miR-19b may be a novel target for immune intervention in HIV infection.



MATERIALS AND METHODS


Study Population

In total, samples obtained from 27 LTNPs, six typical progressors (TPs), and four healthy controls (HCs) were analyzed. The LTNPs were HIV positive patients who maintained normal CD4+ T cell counts (CD4 >500 cells/μl) for >10 years (mean ± SD: 14.72 ± 1.79 years at the time of sample collection) without receiving ART (Supplemental Table 1). The TPs were ART naive HIV positive patients who progressed to CD4 counts < 500 cells/μl at 2.53 ± 0.95 years (Supplemental Table 2). The initial 347-miRNA array was performed in a training cohort, including nine LTNPs (age, mean ± SD: 41 ± 6 years; gender, eight males and one female), six TPs (age, mean ± SD: 30 ± 15 years; gender, six males) and four HCs (age, mean ± SD: 37 ± 6 years; gender, four males). From the training cohort, miRNAs differentially expressed in LTNPs with differing viral loads were detected in a subsequent validation group that included 18 LTNPs. Ethical approval was obtained from the First Hospital of China Medical University, Shenyang, China and written informed consent was provided by all participants.



miRNA Array Analysis

Quantitative real-time polymerase chain reaction (qRT-PCR)-based high-throughput miRNA profiling was performed at QuantoBio Biotechnology Co. Ltd. (Beijing, China). Briefly, total RNA extracted from peripheral blood mononuclear cells (PBMCs) was isolated using TRIzol® (Invitrogen, Carlsbad, USA). Escherichia coli poly (A) polymerase was used to add adenines to the 3′ end of RNA molecules lacking a poly (A) tail. After oligo dT annealing, a universal tag was attached to the 3′ end of cDNAs during cDNA synthesis using retrotranscriptase Superscript III (Invitrogen). With this universal tag, a SYBR®-based qRT-PCR was performed using miRNA-specific forward primers and a reverse universal primer mix. Of note, U1 and U6 were used in the training cohort for normalization. The variation of change in the threshold cycle (CT, target-CT, and control) was evaluated and used as a relative qualitative value.



RT-PCR Quantification of miRNA and mRNA

We extracted miRNAs from cells using the miRNeasy Micro kit (Qiagen, Hilden, Germany). The RNA was reverse transcribed using a Primpscript® RT reagent kit (TAKARA, Dalian, China) according to the instructions provided by the manufacturer. Subsequently, RT-PCR was performed using a SYBR® Premix Ex Taq™ II (TAKARA). The levels of miRNA were normalized to the U6 small nucleolar RNA and quantified through the relative quantification method (2−ΔΔCt), as previously described (31). Cellular total mRNA was isolated using the RNeasy Micro kit (Qiagen). The cDNA was generated using the Primpscript® RT reagent kit (TAKARA). The levels of mRNA were quantified through the SYBR® Premix Ex Taq™ II (TAKARA), normalized to GAPDH transcripts, and expressed using the relative quantification method (2−ΔΔCt). All primer sequences for the quantification of miRNA and mRNA are listed in Supplemental Table 3.



Isolation of Cells

PBMCs were obtained by Ficoll–Hypaque density gradient centrifugation. If indicated, CD8+ or CD4+ T cells were further purified from isolated PBMCs by negative selection with magnetic beads using a CD8+ or CD4+ T cell Enrichment Kit (Cell purity >95%, Stem Cell Technologies, Vancouver, Canada). The following antibodies were used for immunostaining to isolate cell subtypes: FITC-CD3, APC-cy7-CD8, APC-CD4, PE-cy7-CD14 and 7-AAD (Biolegend, San Diego, CA, USA). CD4+ T cells (CD3+CD4+), CD8+ T cells (CD3+CD8+), and monocytes (CD3−CD14+) were selected from 7-AAD-negative live PBMCs using a FACSAria™ flow cytometer (BD Biosciences, Franklin Lake, NJ, USA).



Cell Culture

The Jurkat human leukemia T cells, Clone-X cells, and primary cells were maintained in RPMI1640 media (HyClone, Logan, UT, USA) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. The 293T cells were maintained in DMEM media (HyClone) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin.



Transfection

Transfection of miRNAs to cell lines was achieved using Lipofectamine® 2000 (Invitrogen). Briefly, 20 μM miR-19b mimics or controls (GenePharma, Shanghai, China) were transfected to 293T cells, Jurkat cells, or Clone-X cells according to the protocol provided by the manufacturer. In primary cells, Lipofectamine® RNAiMAX (Invitrogen) was used for the transfection according to the protocol provided by the manufacturer. Briefly, 20 μM miR-19b mimics, inhibitors (GenePharma), or controls were transfected to isolated CD8+T or CD4+T cell-depleted PBMCs. In addition, isolated primary CD4+ T cells from healthy controls were transfected with 20 μM miR-19b mimics or controls. The forced reduction of phosphatase and tensin homolog (PTEN) was achieved by introducing 20 μM PTEN siRNA (Invitrogen) to isolated CD8+T cells. The siRNA control used in this experiment was non-specific Stealth RNAi® Negative Control Duplexes. The sequences of the mimics and inhibitors are listed in Supplemental Table 3.



Proliferation Assays

After transfection (24 h), Jurkat cells and primary CD8+T cells were labeled with Cell Trace™ Violet (Thermo Fisher Scientific, Waltham, USA) for 15 min at 37°C according to the instructions provided by the manufacturer, washed with complete medium, and cultured (1 × 106 cells/ml). Primary CD8+T cells were cultured in the presence of anti-CD3/CD28 (3 μg/ml; Gibco, New York, NY, USA). After incubation for 5 days, the dividing cells were analyzed using a BD LSR II flow cytometer and the FlowJo software.



Detection of Apoptosis

After transfection (72 h), Jurkat cells were stained with PE-conjugated anti-Annexin V and 7-AAD (Biolegend). After transfection (24 h), primary CD8+T cells were stimulated using anti-CD3/CD28 (3 μg/ml). After stimulation (48 h), CD8+T cells were stained with PE-cy7-conjugated anti-CD3, APC-cy7-conjugated anti-CD8, PE-conjugated anti-Annexin V, and 7-AAD (Biolegend). The cells were analyzed using a BD LSR II flow cytometer and the FlowJo software.



Cell Cycle Assay

Cell cycle phases were determined using the BD Cycletest™ Plus DNA Reagent Kit (BD Biosciences) according to the instructions provided by the manufacturer. In brief, Jurkat cells were cultured for 72 h after transfection. After transfection (24 h), primary CD8+T cells were cultured for 48 h under stimulation using anti-CD3/CD28 (3 μg/ml). The distribution of DNA content was determined using a BD LSR II flow cytometer and analyzed using the FlowJo software.



Intracellular Staining of IFN-γ and Granzyme B

After transfection (24 h), primary CD8+T cells were stimulated using anti-CD3/CD28 (3 μg/ml) for 24 h. The protein transport inhibitor (GolgiStop; 1 μl/ml, BD Biosciences) was added to the culture for the last 6 h. The cells were stained with PE-cy7-conjugated anti-CD3 and APC-cy7-conjugated anti-CD8 (Biolegend). Subsequently, intracellular staining was performed by incubating the cells in 1X Perm/Wash Buffer for 15 min in the dark, followed by incubation with APC-conjugated anti-IFN-γ and FITC-conjugated anti-granzyme B for 30 min at 4°C. After staining, the cells were fixed in 1% formaldehyde. The intracellular expression of IFN-γ and granzyme B was determined using a BD LSR II flow cytometer and data were analyzed using the FlowJo software.



IFN-γ ELISpot Assay

CD4+ T cells were depleted from PBMCs using anti-CD4 MAb-coated magnetic beads (Biolegend) as described in the instructions provided by the manufacturer. The Human IFN-γ ELISpot Kit (Mabtech, Nacka, Sweden) was used to detect the secretion of IFN-γ according to the instruction manual. After transfection (24 h), 2 × 105 CD4+ T cell-depleted PBMCs were added per well (in duplicates) in a volume of 200 μl. The HIV-1 gag peptide pools (10 μg/ml, Sigma) were added for 20 h. Anti-CD3/CD28 (3 μg/ml) were used as a positive control, and negative controls consisted of cells without stimuli. The number of IFN-γ-secreting cells was calculated by subtracting the negative control (medium only) values. A positive response was defined as >50 spot-forming units/106 PBMC.



In-vitro Infection

Viral particles were produced by transfecting 293T cells with HIV-1 pNL4-3 plasmids and vesicular stomatitis virus glycoprotein (VSV-G) plasmids. Transfection of miR-19b mimics, pNL4-3 plasmids, and VSV-G plasmids into 293T cells was performed to detect the effects of miR-19 on HIV production. The levels of p24 in the supernatants were measured by ELISA (Biomedical Engineering Center of Hebei Medical University, Hebei, China) 2 days later. For the infection of Clone-X cells, the cells were transfected with miR-19b mimics for 24 h and subsequently infected with VSV-G pseudotyped HIV-1 (NL4-3) virus. GFP+ cells were detected by flow cytometry 48 h after infection.

Replication-competent HIV-1 isolate was used to test the effects of miR-19b in primary CD4+ T cells. Isolated primary CD4+ T cells from healthy controls were transfected with miR-19b mimics or controls. After transfection (24 h), the cells were stimulated using anti-CD3/CD28 (3 μg/ml). A cryopreserved primary HIV-1 isolate—obtained by a co-culture using mixed PBMCs from an HIV-1-infected patient and a healthy donor—was thawed and added to the cells. The supernatant was collected after 3 days of infection and the levels of p24 in the supernatants were measured by ELISA.



Statistical Analysis

Principal component analysis (PCA) was used (Origin 9.1 software) to analyze the distribution of miRNAs in HIV-infected patients with differing disease progression. The non-parametric Mann–Whitney test was used to determine differences between LTNPs with a relatively high viral load (>1,000 copies/ml) (LTNP-Hs) and LTNPs with relative control of viral load (< 1,000 copies/ml) (LTNP-Ls). A paired t-test was used to analyze differences in CD8+T cell function between groups. Data analysis was performed using the SPSS 21.0 and GraphPad Prism Version 5.0 software packages. A P < 0.05 was considered statistically significant.




RESULTS


miRNA Profiles Distinguish LTNPs With Different Virus Levels

A training cohort was formed including nine LTNPs, six TPs, and four HCs to identify the miRNA profiles of LTNPs. Using qRT-PCR-based arrays, the expression levels of 347 miRNAs were quantified. Based on an unsupervised PCA of all array data, the six TPs, nine LTNPs and four HCs were segregated into two groups (Figure 1A). All the HCs were clustered in one group. Most of the TPs were clustered in the other group, except one TP with a relatively low viral load (< 1,000 copies/ml), indicating that HIV infection alters miRNAs. This finding was consistent with those reported in previous studies (30, 32, 33). Interestingly, the nine LTNPs were divided into two groups, one of which was very close to the TPs (Group A, n = 6) and another that was intertwined with the HCs (Group B, n = 3) (Figure 1A). We subsequently sought to identify differences between the two groups of LTNPs. By comparison of clinical characteristics (i.e., age, number of CD4+T cells, and viral loads), we found that viral load was the only significantly different parameter between the two groups of LTNPs (P = 0.024, Figure 1B). Six LTNPs in Group A, whose miRNA profiles were similar to those of TPs, had a relatively high level of viral load (>1,000 copies/ml, hereinafter referred to as “LTNP-Hs”). Three LTNPs in Group B, whose miRNA profiles were similar to those of HCs, had relative control of viral load (VL < 1,000 copies/ml, hereinafter referred to as “LTNP-Ls,” Supplemental Table 1). The results of the unsupervised PCA suggest that the expression of miRNAs can distinguish LTNP-Hs and LTNP-Ls, and may account for the differing viral loads observed in LTNPs.
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FIGURE 1. miRNA profiles distinguish LTNPs with different levels of virus. (A) Principal component analysis (PCA) plot of miRNA expression data from LTNPs, TPs, and HCs in the training cohort. Nine LTNPs were divided into two groups, one of which was very close to the TPs (Group A, n = 6) and another that was intertwined with the HCs (Group B, n = 3). (B) Comparison of age, CD4 counts, and viral load between Group A and Group B of LTNPs. *P < 0.05.





Expression of miR-19b Is High in LTNP-Ls in Comparison With That in LTNP-Hs

Subsequently, the differential expression of miRNAs in LTNP-Hs and LTNP-Ls was assessed. The miRNAs were determined to be significantly differentially expressed in LTNP-Hs and LTNP-Ls with a Benjamini–Hochberg false discovery rate-adjusted P < 0.05. We found that 78 miRNAs were differentially expressed with >2-fold change between the three LTNP-Ls and six LTNP-Hs in the training cohort (adj. P < 0.05, Supplemental Table 4). Among those, 55 miRNAs were upregulated and 23 were downregulated in LTNP-Ls compared with that in LTNP-Hs. Using an unsupervised clustering method, 78 miRNAs accurately distinguished and clustered LTNP-Hs and LTNP-Ls (Figure 2A). A total of 75 miRNAs with differential expression levels between LTNP-Hs or LTNP-Ls and HCs or TPs (P < 0.05) were excluded to identify miRNAs that can uniquely differentiate LTNP-Hs from LTNP-Ls (Figure 2B; Supplemental Table 4). This exclusion was carried out because these miRNAs may reflect differences caused by HIV infection or the stages of infection. Only three miRNAs which were differentially expressed between LTNP-Hs and LTNP-Ls in the training cohort were selected, including miR-15a (P = 0.024), miR-19b (P = 0.048), and miR-33 (P = 0.024, Figure 2C).
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FIGURE 2. Expression of miR-19b is high in LTNP-Ls compared with that observed in LTNP-Hs. (A) Heatmap demonstrating 78 miRNAs differentially expressed between LTNP-Hs (n = 6) and LTNP-Ls (n = 3) in the training cohort (Benjamini–Hochberg false discovery rate-adjusted P < 0.05 and fold change >2). Hierarchical clustering of change in the threshold cycle (ΔCT) was performed using the complete linkage method and Pearson correlation coefficient. (B) The protocol for the selection of candidate miRNA from the training cohort. Among the 78 miRNAs differentially expressed between LTNP-Hs (n = 6) and LTNP-Ls (n = 3), 70 miRNAs differentially expressed between LTNPs and HCs (P < 0.05) were excluded. Subsequently, five differentially expressed miRNAs between LTNPs and TPs were excluded. Three candidate miRNAs, namely miR-15a, miR-19b, and miR-33 were selected. (C) Comparison of the three candidate miRNAs between LTNP-Ls (n = 3) and LTNP-Hs (n = 6) in the training cohort. (D,F) Relative expression of miR-19b (D), miR-15a (E) and miR-33 (F) in PBMCs obtained from LTNP-Ls (n = 8) and LTNP-Hs (n = 10) in the subsequent validation group. (G,H) CD4+ and CD8+T cells from LTNPs were sorted through flow cytometry. The expression of miR19b in CD4+ (G) and CD8+ T (H) cells was compared between LTNP-Ls (n = 9, one from training cohort, eight from validation cohort) and LTNP-Hs (n = 10, two from training cohort, eight from validation cohort) using qRT-PCR. *P < 0.05.



The expression levels of these three miRNAs were assessed in a subsequent validation group, including ten LTNP-Hs and eight LTNP-Ls (Supplemental Table 1). In the validation cohort, only miR-19b was verified to be highly expressed in LTNP-Ls compared with LTNP-Hs (P = 0.034, Figures 2D–F). Subsequently, CD8+, CD4+ T cells, and monocytes from LTNPs were sorted to identify the cell subtypes in which the expression of miR-19b was altered. We found that the expression of miR-19b decreased in CD4+T cells and CD8+ T cells in LTNP-Hs (n = 10) compared with that observed in LTNP-Ls (n = 9) (P = 0.041, Figure 2G; P = 0.028, Figure 2H). There were no differences observed in the expression of miR-19b in monocytes between the two groups (data not shown).



miR-19b Promotes Proliferation and Expression IFN-γ, and Inhibits the Apoptosis of Primary CD8+T Cells

As the most important immune effector cell population, CD8+T cells play a key role in anti-HIV immune responses. We hypothesized that miR-19b may contribute to the control of the virus in LTNP-Ls by regulating CD8+T cell function. This was the first study addressing this question. Initially, we overexpressed miR-19b in Jurkat cells by transfection with miRNA mimics to investigate the effect of miR-19b on lymphocyte proliferation and apoptosis. After transfection (48 h), miR-19b was highly expressed (Supplemental Figure 1). After 5 days, the proliferation of miR-19b-overexpressing cells was significantly increased compared with that observed in the control group, suggesting that miR-19b promotes cell proliferation (P = 0.013, Figure 3A). Overexpression of miR-19b significantly accelerated the cell cycle (P = 0.033, Figure 3B). Furthermore, the percentage of Annexin V+ 7-AAD− apoptotic cells was lower following the overexpression of miR-19b (P = 0.005, Figure 3C). These data indicate that miR-19b promotes proliferation and inhibits apoptosis of T cell lines.
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FIGURE 3. Overexpression of miR-19b regulates the function of CD8+ T cells from healthy controls. Jurkat cells were transfected with miR-19b mimics using Lipofectamine® 2000. (A) After transfection (24 h), Jurkat cells were labeled with Cell Trace™ Violet. After incubation for 5 days, the dividing cells were analyzed. (B) After transfection (72 h), the cell cycle of Jurkat cells was determined. (C) After transfection (72 h), Jurkat cells were stained with Annexin V and 7-AAD and the apoptosis of the cells was determined. (D–G) CD8+ T cells from healthy controls were sorted and transfected with miR-19b mimics or controls using Lipofectamine® RNAiMAX. (D) After transfection (24 h), CD8+T cells were labeled with Cell Trace™ Violet and stimulated with anti-CD3/CD28 (3 μg/ml) for 5 days, the proliferation of CD8+T cells was determined. (E) After transfection (24 h), CD8+T cells were stimulated using anti-CD3/CD28 (3 μg/ml) for 48 h and the rate of apoptosis were determined. (F,G) After transfection (24 h), CD8+ T cells were stimulated using anti-CD3/CD28 (3 μg/ml) for 24 h and expression of intracellular IFN-γ (F) and granzyme B (G) was determined. In each part, representative flow cytometry data and comparisons of the parameters between miR-19b-overexpressing cells and controls are shown. n = 7 for each group in (D), n = 8 for each group in (E), n = 6 for each group in (F,G). *P < 0.05. **P < 0.01, ***P < 0.001, respectively.



We subsequently assessed the role of miR-19b in regulating the function of primary CD8+T cells by transfection of miR-19b mimics into CD8+T cells obtained from HCs. We found that overexpression of miR-19b significantly promoted the proliferation of CD8+T cells after anti-CD3/CD28 stimulation (P = 0.010, Figure 3D). Similarly, forced expression of miR-19b significantly inhibited apoptosis of CD8+T cells after stimulation of the anti-CD3/CD28 (P = 0.009, Figure 3E). CD8+T cells were sorted using magnetic beads to study the effect of miR-19b on the cytotoxic function of CD8+T cells. Overexpression of miR-19b in CD8+T cells significantly increased the intracellular levels of IFN-γ and granzyme B after stimulation of the anti-CD3/CD28 (P = 0.006, Figure 3F; P = 0.002, Figure 3G, respectively). These results demonstrate that miR-19b promotes cell proliferation, and the expression of IFN-γ and granzyme B in CD8+T cells. Moreover, it inhibits the apoptosis of CD8+T cells after stimulation of the anti-CD3/CD28.



miR-19b Regulates CD8+ T Cell Function via Expression of PTEN

Cell signaling pathways involving miR-19b target genes were assessed through a bioinformatics analysis (http://diana.imis.athena-innovation.gr/) to further explore the molecular mechanistic basis of miR-19b regulation (Figure 4A). The FOXO signaling pathway plays critical roles in cell cycle regulation and is the main cell signaling pathway in which miR-19b target genes are involved. Through the detection of several key molecules in the FOXO pathway using qRT-PCR, we found that overexpression of miR-19b in Jurkat cells significantly reduced the expression level of PTEN (P < 0.001, Figure 4B). The direct regulation of PTEN by miR-19b was demonstrated using a Luciferase reporter assay, qRT-PCR, and western blotting (34–38). Considering that PTEN is closely associated with cell proliferation and cell cycle (39), we sought to determine the effect of miR19b on the function of CD8+T cells by regulating the expression of the target gene PTEN.


[image: image]

FIGURE 4. PTEN is a potential target of miR-19b. (A) Cell signaling pathways involving miR-19b target genes were assessed through a bioinformatics analysis (http://diana.imis.athena-innovation.gr/). The FOXO signaling pathway (Red) is a major cellular signaling pathway playing a key role in cell cycle regulation. (B) The expression of miR-19b was enhanced by mimics in Jurkat cells. Four genes in the FOXO pathway were detected through qRT-PCR. (C–F) The expression of PTEN was inhibited by introducing 20 μM PTEN siRNA to isolated CD8+T cells. (C) After transfection (24 h), CD8+T cells were labeled with Cell Trace™ Violet and stimulated using anti-CD3/CD28 (3 μg/ml) for 5 days. The proliferation of CD8+T cells was determined. (D) After transfection (24 h), CD8+ T cells were stimulated using anti-CD3/CD28 (3 μg/ml) for 48 h and the rate of apoptosis of CD8+ T cells was determined. (E,F) After transfection (24 h), CD8+ T cells were stimulated using anti-CD3/CD28 (3 μg/ml) for 24 h and the intracellular expression of IFN-γ (E) and granzyme B (F) was determined. n = 6 for each group in (C), n = 7 for each group in (D), n = 6 for each group in (E,F). *P < 0.05. **P < 0.01. ***P < 0.001, respectively.



We reduced the expression of PTEN in primary HCs CD8+T cells using specific siRNAs (Supplemental Figure 1). Cell proliferation was promoted and apoptosis was inhibited via the knockdown of PTEN in comparison with the negative control group (P = 0.040 Figure 4C; P = 0.047, Figure 4D, respectively). Moreover, the secretion of granzyme B by CD8+ T cells was significantly increased (P = 0.006, Figure 4E) and that of IFN-γ showed an increasing trend (P = 0.094, Figure 4F) after stimulation of the anti-CD3/CD28, in response to the suppression of PTEN. These findings demonstrate that inhibition of PTEN, which is a potential target of miR-19b, exerts similar effects on CD8+T cell function to those observed following the overexpression of miR-19b.



miR-19b Regulates the Function of CD8+ T Cells From HIV-Infected Patients

The function of miR-19b in CD8+T cells from 7 HIV-infected patients (Supplemental Table 5) was also studied. Primary CD8+T cells from HIV-infected patients were sorted. Following the overexpression of miR-19b (Supplemental Figure 1), CD8+T cells showed a significant increase in proliferation (P = 0.010), and secretion of IFN-γ (P = 0.010) and granzyme B (P = 0.003) after stimulation of the anti-CD3/CD28 (Figure 5A). Apoptosis of CD8+T cells was significantly reduced in comparison with the controls (P = 0.040, Figure 5A). Furthermore, the expression of miR-19b was inhibited by transfection of miR-19b inhibitors into CD8+ T cells from HIV patients (Supplemental Figure 1). Contrary to the miRNA overexpression results, the proliferation of CD8+ T cells was reduced (P = 0.043, Figure 5B), the secretions of IFN-γ (P = 0.023) and granzyme B (P = 0.049) were reduced, and the apoptosis of CD8+T cells was increased (P = 0.035, Figure 5B).
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FIGURE 5. miR-19b regulates CD8+T cell function in HIV-infected patients. CD8+ T cells from HIV-infected treatment-naive patients were sorted. (A) CD8+ T cells were transfected with miR-19b mimics using Lipofectamine® RNAiMAX. After transfection (24 h), CD8+ T cells were stimulated using anti-CD3/CD28 (3 μg/ml). Proliferation (day 5), intracellular expression of IFN-γ and granzyme B (day 1), and apoptosis (day 2) were compared between miR-19b-overexpressing CD8+ T cells and controls. (B) CD8+ T cells were transfected with miR-19b inhibitors using Lipofectamine® RNAiMAX. After transfection (24 h), CD8+ T cells were stimulated using anti-CD3/CD28 (3 μg/ml). Proliferation (day 5), intracellular expression of IFN-γ and granzyme B (day 1), and apoptosis (day 2) were compared between miR-19b-overexpressing CD8+T cells and controls. (C) The expression of PTEN was inhibited by introducing 20 μM PTEN siRNA to isolated CD8+ T cells. Proliferation (day 5), intracellular expression of IFN-γ and granzyme B (day 1), and apoptosis (day 2) were compared between PTEN-inhibited CD8+ T cells and controls. (D–G) CD8+ T cells were transfected with a miR-19b inhibitor and PTEN siRNAs simultaneously. After transfection (24 h), CD8+ T cells were stimulated using anti-CD3/CD28 (3 μg/ml). Proliferation (D), apoptosis (G), and intracellular expression of granzyme B (E) and IFN-γ (F) were compared. (H) CD4+ T cells were depleted from PBMCs and transfected with miR-19b mimics or inhibitors. An IFN-γ ELISPOT assay was performed 24 h after transfection. Spot-forming units were compared between miR-19b-overexpressing/inhibited cells and controls. n = 7 for each group in (A–G), n = 6 for each group in (H). *P < 0.05. **P < 0.01. ***P < 0.001, respectively.



Subsequently, the expression of PTEN in primary CD8+T cells was inhibited using siRNA to verify that PTEN was a miR-19b target gene involved in the regulation of CD8+T cell function in HIV infection. Consistent with the findings reported in healthy patients, inhibition of PTEN resulted in an increase in proliferation (P = 0.005) and secretion of IFN-γ (P < 0.001) and granzyme B (P = 0.012), as well as a decrease in CD8+T cell apoptosis (P = 0.006) in HIV-infected patients (Figure 5C). Furthermore, siRNA was used to suppress the expression of PTEN in miR-19b-low-expressing CD8+ T cells to verify that miR-19b affects CD8+ T cell function through regulation of PTEN. Following the downregulation of PTEN, there was no statistical difference detected in proliferation, expression of IFN-γ and granzyme B, or apoptosis compared with controls. These data suggest that downregulation of PTEN antagonizes the effect of miR-19b inhibitors on the function of CD8+T cells in HIV patients (Figures 5D–G).

An IFN-γ ELISPOT assay was performed to further confirm the effect of miR-19b on HIV specific CD8+T cells. We found that overexpression of miR-19b significantly increased the secretion of IFN-γ by gag peptide-stimulated CD8+T cells (P = 0.041). Of note, the secretion of IFN-γ was significantly reduced in response to suppression of the expression of miR-19b by inhibitors (P = 0.020, Figure 5H). These data suggested that miR-19b augments the function of HIV specific CD8+T cells.



miR-19b Inhibits Viral Replication in in-vitro HIV-Infected T Cells

Lastly, we hypothesized that miR-19b may play a role in the direct inhibition of HIV replication, besides its regulation of CD8+T cells. The levels of miR-19b in the plasma have been reported to be associated with CD4+ T cell counts, indicating that miR-19b may be a biomarker for the monitoring of the HIV immune status (40). However, its direct effects on HIV viral production have not been reported. We found that overexpression of miR-19b by mimics reduced the production of HIV. Following the co-transfection of miR-19b mimics and the pNL4-3 plasmid into 293T cells, the expression level of P24 in supernatants was lower than that in the control group after 48 h of culture (P = 0.040, Figure 6A). Furthermore, Clone-X cells were infected with the same titer of HIV pseudovirus, the percentage of HIV-positive cells overexpressing miR-19b was lower compared with that in the control group (P = 0.007, Figure 6B). Finally, we infected primary CD4+ T cells from normal controls using replication-competent HIV-1 virus isolates and found that overexpression of miR-19b inhibited the production of HIV (P = 0.001, Figure 6C). These data demonstrated that, besides its role in the regulation of CD8+T cells, miR-19b inhibits viral production, leading to lower viral levels.
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FIGURE 6. miR-19b inhibits viral replication in in-vitro HIV-infected T cells. (A) Mimics of miR-19b and the pseudoviral plasmid NL4-3 were co-transfected into 293T cells and the level of P24 in the supernatants was measured through ELISA. (B) Clone-X cells were transfected with miR-19b mimics for 24 h and subsequently infected with vesicular stomatitis virus glycoprotein (VSV-G) pseudotyped HIV-1 (NL4-3) virus. GFP+ cells were detected through flow cytometry 48 h after infection. (C) Primary CD4+ T cells isolated from healthy controls were transfected with miR-19b mimics or controls. After transfection (24 h), the cells were stimulated using anti-CD3/CD28 (3 μg/ml). A cryopreserved primary HIV-1 isolate was added to the cells and the levels of p24 in the supernatants were measured after 3 days of infection through ELISA. n = 12 for each group in (C) *P < 0.05. **P < 0.01.






DISCUSSION

LTNPs are defined by the maintenance of normal CD4+T cells counts for more than 8 years after infection. However, LTNPs exhibit heterogeneity in their viral loads. LTNPs maintaining high viral loads are prone to long-term progression, with reduced overall life expectancy vs. healthy individuals. However, the factors involved in the differential control of viral levels in LTNPs have not been identified. In this study, we found that miR-19b is highly expressed in LTNP-Ls vs. LTNP-Hs. It was shown that miR-19b influences the low viral load of LTNP-Ls by promoting the function of CD8+T cells in HIV infection and directly inhibiting viral production of HIV.

Factors contributing to the different levels of CD4+T cells in ECs have already been studied (12, 13). However, thus far, the underlying mechanistic basis for the differing levels of viral control in LTNPs has not been investigated. Considering the important role of miRNAs in regulating immune responses and viral replication, we performed a miRNA profiling analysis of HIV-infected individuals. The miRNA profiles distinguished LTNPs with differing viral loads. LTNPs whose miRNA profiles were similar to those of TPs exhibited a relatively high viral load. In contrast, LTNPs with miRNA profiles similar to those of HCs showed relatively well-controlled viral loads. Based on the results of the miRNA array analysis and subsequent validation, miR-19b was verified to be highly expressed in LTNP-Ls compared with LTNP-Hs. In HIV infection, plasma miR-19b was associated with CD4+ T cell counts and may be a useful biomarker for monitoring the HIV immune status (40). Our study showed that the expression of miR-19b is significantly different between LTNP-Hs and LTNP-Ls. We speculated that miR-19b contributes to the control of viral load in LTNP-Ls by affecting viral production and/or regulating immune cell function.

CD8+T cells play a crucial role in the control of HIV replication by direct cytolysis of infected cells and production of secreted factors (41, 42). We assessed the role of miR-19b in maintaining low levels of virus through the regulation of CD8+T cell function. Studies based on a lymphocytic choriomeningitis virus mouse model showed that knockout of the entire miR-17-92 cluster (miR-17, miR-18a, miR-19a, miR-20a, miR-19b, and miR-92a) impairs effector CD8+ T cell proliferation. In contrast, overexpression of the entire cluster promotes effector CD8+ T cell expansion and skews the differentiation of effector CD8+T cells to terminal effector cells (43, 44). The function of miR-19b in human primary CD8+T cells has not been determined. In this study, the data revealed the pro-proliferative and anti-apoptotic role of miR-19b in CD8+T cells from both HCs and HIV-infected patients. These findings are consistent with data reported in mice (43, 44). In addition, we found that miR-19b significantly enhances the antiviral responses of CD8+T cells (i.e., secretion of IFN-γ and granzyme B after stimulation of the anti-CD3/CD28). It is evident that miR-19b plays an important role in the regulation of CD8+T cell responses against HIV. Through a bioinformatics analysis, we analyzed the cell signaling pathways involving miR-19b target genes and assessed the effect of PTEN downregulation on the function of miR-19b in CD8+T cells. Previous studies have shown that miR-19b downregulates the expression of the target gene PTEN. However, the involvement of PTEN in the regulation of CD8+T cell functions by miR-19b in HIV infection had not been investigated. This study confirmed that downregulation of PTEN antagonizes the effect of miR-19b inhibition on the function of CD8+T cells in HIV patients, suggesting that PTEN is one of the targets of miR-19b in CD8+T cells. Our results indicate that miR-19b influences the low viral loads in LTNP-Ls through the regulation of CD8+T cells in HIV infection. Furthermore, we found that miR-19b directly inhibits viral production in in-vitro HIV-infected T cell lines and primary CD4+T cells. Previous studies have shown that miR-19b inhibits the replication of hepatitis B virus (45, 46). However, its effect on the viral production of HIV has not been reported. Our study demonstrated that miR-19b inhibits the production of HIV in T cells. Previous study showed that overexpressing PTEN enhanced HIV-1 expression by inhibiting PI3K (47). We found that miR-19b was increased in LTNPs with sustained viral control. Because overexpression of miR-19b inhibits PTEN expression, we postulated that PTEN might be involved in the viral control by miR-19b in LNTP-Ls. Our study emphasized the need to further examine the mechanism of direct inhibition of HIV in detail. We found that the expression of miR-19b was decreased in sorted CD8+T cells and CD4+T cells in LTNP-Hs compared with that in LTNP-Ls. The current data highlighted the importance of miR-19b in HIV infection, promoting CD8+T cell function and inhibiting viral production. These results provide potential targets for improved immune intervention.

In summary, this study provided the first comprehensive overview of the expression of miRNA in LTNP-Hs and LTNP-Ls. The investigation identified miR-19b as a highly expressed miRNA in LTNP-Ls, contributing to low viral load in LTNPs through promotion of CD8+T cell function and inhibition of viral production. This study provides useful information for the exploration of new intervention paths in HIV infection.
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Innate immune cells are targets of HIV-1 infection in the Central Nervous System (CNS), generating neurological deficits. Infected individuals with substance use disorders as co-morbidities, are more likely to have aggravated neurological disorders, higher CNS viral load and inflammation. Methamphetamine (Meth) is an addictive stimulant drug, commonly among HIV+ individuals. The molecular basis of HIV direct effects and its interactions with Meth in host response, at the gene promoter level, are not well understood. The main HIV-1 peptide acting on transcription is the transactivator of transcription (Tat), which promotes replication by recruiting a Tata-box binding protein (TBP) to the virus long-terminal repeat (LTR). We tested the hypothesis that Tat can stimulate host gene expression through its ability to increase TBP, and thus promoting its binding to promoters that bear Tata-box binding motifs. Genes with Tata-box domains are mainly inducible, early response, and involved in inflammation, regulation and metabolism, relevant in HIV pathogenesis. We also tested whether Tat and Meth interact to trigger the expression of Tata-box bearing genes. The THP1 macrophage cell line is a well characterized innate immune cell system for studying signal transduction in inflammation. These cells are responsive to Tat, as well as to Meth, by recruiting RNA Polymerase (RNA Pol) to inflammatory gene promoters, within 15 min of stimulation (1). THP-1 cells, including their genetically engineered derivatives, represent valuable tools for investigating monocyte structure and function in both health and disease, as a consistent system (2). When differentiated, they mimic several aspects of the response of macrophages, and innate immune cells that are the main HIV-1 targets within the Central Nervous System (CNS). THP1 cells have been used to characterize the impact of Meth and resulting neurotransmitters on HIV entry (1), mimicking the CNS micro-environment. Integrative consensus sequence analysis in genes with enriched RNA Pol, revealed that TBP was a major transcription factor in Tat stimulation, while the co-incubation with Meth shifted usage to a distinct and diversified pattern. For validating these findings, we engineered a THP1 clone to be deficient in the expression of all major TBP splice variants, and tested its response to Tat stimulation, in the presence or absence of Meth. Transcriptional patterns in TBP-sufficient and deficient clones confirmed TBP as a dominant transcription factor in Tat stimulation, capable of inducing genes with no constitutive expression. However, in the presence of Meth, TBP was no longer necessary to activate the same genes, suggesting promoter plasticity. These findings demonstrate TBP as mechanism of host-response activation by HIV-1 Tat, and suggest that promoter plasticity is a challenge imposed by co-morbid factors such as stimulant drug addiction. This may be one mechanism responsible for limited efficacy of therapeutic approaches in HIV+ Meth abusers.
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INTRODUCTION

The infection with the Human Immunodeficiency Virus (HIV) triggers inflammatory pathogeneses in several tissues (3), including in the Central Nervous System (CNS) (4). Inflammation in the brain and cognitive deficits can be significantly aggravated upon the co-morbid use of addictive substances, such as Methamphetamine (Meth), which impair the success of antiretroviral therapies and increase viral load specifically in the brain (5, 6). The Meth-induced aggravation of HIV—induced CNS deficits, inflammatory response, and brain viral load, have been replicated in non-human primate models of neuroHIV (5, 7, 8). Of the HIV-1 peptides, the trans-activator of transcription (Tat) is the only one that is secreted across the plasma membrane (9–12), affecting neighboring cell types. In vivo, HIV-Tat is linked to impaired learning and memory, and gray matter deficits (13, 14), suggesting its involvement in HIV-associated neurological disorders (HAND). In a mouse model of neuroHIV, the induction of Tat in CNS glial cells enhances behaviors associated with Meth exposure, while contributing to changes in microglial activation and in the expression of neurotransmitter receptors (15).

In the brain, innate immune cells, microglia and macrophages, are targets of HIV infection. The main role of the HIV Tat peptide is maintaining viral transcription by activating the viral promoter, located within the 5′ long terminal repeat (LTR) of the integrated viral genome. In that process, the virus gains the ability to hijack the host cell RNA polymerase II (RNA Pol II) machinery for initiating viral transcription. In previous experiments, we observed that the SIV infection in rhesus macaques, which is a model of neuroHIV, causes a strong upregulation of TATA-box binding peptide (TBP) and components of the transcription initiation complex in brain microglia, suggesting that a mechanism of gene transcription that involves TATA box may be stimulated by the infection.

HIV-1 proviral transcription starts with the binding of cellular factors, such as NF-κB and Sp1, as well as the TATA box binding protein (TBP), which is a key component for recruiting RNA Pol II to the LTR. This complex allows the production of viral transcripts, which are then spliced and translated. Epigenetic and other limiting host factors, as well as the level of cellular activation, can potentially regulate such process. Tat binds to the trans-activator response (TAR) element hairpin at the 5′ end of viral RNA transcripts (16–19), and to the apical loop, to which the transcriptional elongation factor pTEFb binds in a Tat-dependent manner (20, 21). Upon TAR binding, the kinase component of pTEFb, cyclin-dependent kinase 9 (CDK9), can phosphorylate the C-terminal domain of RNA Pol II (21, 22). The pTEFb also directs the recruitment of TATA box binding protein (TBP) to the LTR, stimulating the assembly of new transcription complexes (23). Core promoter elements participate in the initiation factor TFIID complex, where TBP works as an anchor for TBP-associated factors (TAFs) 4–12 (24). The TFIID complex then makes contact with acidic activator proteins such as Sp1 and the initiator, while TBP recognizes the TATA box. Thus, TBP is a key element in the ability of Tat to recruit the host transcriptional machinery in favor of viral transcription.

The activation of the LTR-directed gene expression by Tat has been observed in CNS-derived cells, and in astrocytic glial cell lines (25). Importantly, it has been demonstrated that this can happen in the absence of a TAR element (25), suggesting that alternative mechanisms may exist. Importantly, HIV Tat can strongly upregulate inflammatory cytokines in the brain, per se mimicking aspects of the inflammatory outcomes observed in HIV infection (26, 27). In addition, it has been demonstrated that the ability of Tat to initiate transcription of heterologous genes through the TATA-box element can happen in the absence of any HIV-1 sequence, through mechanisms that are similar to DNA sequence-specific transcription factors (28, 29). This suggests that HIV-1 Tat may have the ability to enhance genes that present a TATA-box promoter element. While the HIV Tat peptide per se has the ability to stimulate a diversity of genes, both in vivo (15, 26, 27, 30), and in vitro (31–37), the contribution of the TATA-box promoter element to upregulated heterologous transcripts has not been examined.

The TATA box is the most well-studied core promoter element. The canonical TATA-box sequence, TATAAAA, may be variable in natural promoters (38, 39). Methodologies to estimate the frequency of TATA box-containing promoters also vary. As a result, there is a wide-range of estimates of how many genes have a Tata-box promoter motif [revised by (40)]. It is most accepted that the TATA-containing promoters make up only 10–16% of the genes read by RNA Pol II, of which only 30% contain the canonical TATA box (41). Systematic analysis of genes that bear this promoter element has pointed to specific biological processes, associated to organogenesis and morphogenesis, with an impact in early development, but also has found a second largest contribution to responses to stimulus and to stress, as well as to defense, supporting the role of TATA-box mediated transcription in the elevation of early-response, immune and inflammatory genes. TATA-less promoters, on the other hand, tend to be involved in basic biological maintenance processes, or be constitutively expressed (40, 42).

Here, we have examined the hypothesis that the HIV-1 Tat protein has the property of increasing inflammatory cytokines in innate immune cells through favoring a TATA box-supported mechanism, and that this mechanism may be enhanced by Meth exposure. Using the THP1 innate immune cell line system, we show evidence that the TATA box-binding transcription factor TBP is increased by HIV-1 Tat, along with the recruitment of RNA PolII to promoters of genes that bear the TATA-box promoter. We also show that this effect is enhanced when HIV-1 Tat is combined with Meth.

The lack of TAR in host gene promoters argues against a direct interaction between TBP and Tat. Yet, binding of HIV Tat to the host chromatin has been described in T cells (43), where it functions through master transcriptional regulators bound at promoters and enhancers, rather than through cellular “TAR-like” motifs, to both activate and repress gene sets sharing common functional annotations (44). The functional interaction between HIV-1 Tat and TBP has been proposed in different models (29, 45, 46). In our system, we have not tested whether Tat plays a role at bridging TBP and its binding motifs, or whether Tat just activates TBP as major transcription factor in the innate immune environment. However, we have found evidence that Tat is able to translocate to the nucleus soon after cell exposure.

We have developed a strategy to test the hypothesis of TBP as a major transcription factor in the activation of TATA-box-bearing inflammatory genes by HIV Tat in vitro, by engineering a THP1 cell line with impaired transcription of TBP dominant splice variants. As a result, we produced a human innate immune cell line with a deficient expression of TBP protein. In that cell line, we have found that TBP was critical for the upregulation of genes stimulated by HIV Tat, including inflammatory molecules. Yet, in the presence of Meth, alternative transcriptional factors positively enhanced a significant fraction of genes with TATA box motifs, bypassing the TBP disruption.

Our findings demonstrate that TBP is indeed a critical transcription factor in Tat-induced host responses that can result in pathogenesis, but co-morbidities such as the stimulant drug Meth, can increase the transcriptional complexity and promoter plasticity, downgrading the central role of TBP in inflammation.



MATERIALS AND METHODS


THP1 Cell Culture

THP-1 cells were obtained from ATCC (TIB-202). They were maintained in RPMI 1640 containing 2 mM glutamine; 10 mM HEPES; 1 mM sodium pyruvate; 4.5 g/L glucose; 1.5 g/L sodium bicarbonate; 0.05 mM beta2 mercaptoethanol, as well as 10% heat inactivated fetal bovine serum (Hyclone), and 100 ug/ml Pen/Strep.



In vitro Treatments With HIV-1 Tat and With Meth

For treatments, the THP1 cells were plated at 2 × 106 cells/well in 12 well plates, containing 2 ml per well. The HIV-1 IIIB Tat Recombinant Protein (MW: 14,000) was obtained from the NIH AIDS Reagent Program. The doses used were 1–100 ng/ml for Western Blots, and 10 ng/ml for all the other assays. Meth was used at 60 μM, following previously optimized protocols, and for mimicking abuse concentrations in plasma (47). The cells were treated with either Vehicle, HIV-1 Tat, Meth, or HIV-1 Tat and Meth. The concentrations of Tat in culture were 1, 10, and 100 ng/ml. The concentrations of Meth were 30 μM, 60 μM (shown in Figures), and 120 μM, which produced similar results regarding the lack of TBP induction. The cells were then harvested 15 min after exposure for ChIP assays, and 2 h for Western blots, RNA-seq and validations. These time points were selected following a time-course that demonstrated that epigenetic events that result directly from Tat and/or Meth, and not from factors produced by the cells as a result from the stimulation, are detectable in 15 min. Yet, a 2 h period is necessary for confirming productive events at the transcriptional and protein level. All experiments were performed at least 3 times, in triplicate, otherwise stated in the figure legend.



Western Blots

The cells treated as described were centrifuged at 2,500 g for 5 min, and the pellets were washed twice in PBS, and in 0.5% Triton X buffer, for isolation of nuclear fraction, before being resuspended in RIPA buffer (Thermofisher), added 1 mini tablet Complete (Roche protease inhibitors) for protein extraction. Western blots for detection of TBP and TAF9 were performed by loading 20 μg of whole cell lysates and 5 μl of PageRuler Plus Prestained Protein Ladder (Thermofisher) per well, onto a Mini-Protean TGX 4–20% pre-cast gel (Biorad). Proteins were transferred to a nitrocellulose membrane using a G2 Blotter, and blocked with 5% Casein in TBST for 1 h at room temperature. The N-terminus of the TATA binding protein (TBP) was detected at 36–38 kD using a TBP monoclonal antibody (1TBP18/ MA1-189) at a dilution of 1:1,000. TATA box associated factor 9 (TAF9) was detected at~20 kD using a polyclonal antibody (PA5-40919), at 1:1,000. Both antibodies were incubated overnight at 4oC on a rocking platform, followed by a Goat anti-Mouse IgG (H+L) HRP conjugate (Cell Signaling) for 1 h at room temperature. Chemiluminescent detection was performed using SuperSignal Pico substrate (Thermofisher).



TBP and Tat Nuclear Translocation

The THP1 cells were brought to the concentration of 106/ml and stimulated with 50 nM of phorbol-12-myristate-13-acetate (PMA) for 24 h for differentiation, prior to the stimulation with Meth (30 or 60 μM), and/or HIV Tat (10 ng/ml). The cells were fixed with 4% paraformaldehyde, 5, 15, 30, and 60 min following stimulation, and then were washed with PBS. The wells were then treated with PBS containing 0.1% Triton X-100 for 20 min at room temperature, rinsed 3 times with PBS, and then blocked with 5 g/l Casein (Sigma Aldrich) in PBS, containing 0.5 g/l Thimerosal (Sigma Aldrich) for 1 h at room temperature. The primary antibody against TBP was a rabbit polyclonal (HPA049805, Sigma Aldrich), and the antibody anti-Tat peptide was obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: Anti-HIV-1 Tat Monoclonal (15.1) from NIAID, DAIDS (cat# 1974). Both antibodies were diluted in blocking solution, and then placed overnight, at 4°C, with gentle rotation. Then cells were rinsed 3 times for 10 min with 1% blocking solution in PBS, containing 0.1% Triton-X, followed by incubation with a secondary AlexaFluor 647-labeled anti-rabbit or anti-mouse IgG (Thermo Fisher Scientific), for 2 h at room temperature, in the dark. After rinsing, 4′, 6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) was diluted to 300 ng/ml in 1% blocking solution for 2 min, in the dark. Cells were rinsed and maintained in PBS, and observed in a Nikon A1R laser-scanning confocal mounted onto a Nikon inverted Ti-E scope (Nikon, Melville, NY), and with a 20x PlanApo objective, 0.8NA (Nikon) and Images were acquired using a NIS-Elements C software (Nikon). Fluorescence intensity was normalized against background (secondary antibody only). Image analysis was performed in Fiji/ImageJ (National Institute of Health, USA). For that, tiff image files from separate channels were opened, transformed into 32-bit images, and manually thresholded to identify DAPI nuclei, and stained cells. A binary mask was obtained from the negative thresholded DAPI image and subtrated from the total transcription factor stained area. The translocation index was calculated as percentage of the total transcription factor stained measurement values that is co-localized within the nuclear area, and derived from the difference between total and nuclear staining. The colocalization was further confirmed in calculated images where 32-bit thresholded channels were averaged.



Fixation for Chromatin Immunoprecipitation

The cells were fixed with a 1.1% Formaldehyde (Sigma Aldrich F-8775), and molecular grade 0.01 M NaCl, 0.1 mM EDTA pH 8, 50 mM HEPES pH 7.9, in H2O. The plate was then agitated on a titer plate shaker for exactly 15 min at room temperature. The fixation was then interrupted with 125 mM Glycine (Sigma Aldrich G-7403). The samples were let set at room temperature for 5 min. After the glycine incubation, the cells were transferred to conical 15 ml tubes and kept on ice for the remainder of the procedure. The tubes were centrifuge at 800 × g at 4°C for 10 min, the supernatants were removed and the cells were resuspended in 10 ml ice-cold PBS-Igepal (PBS containing 0.5% Igepal CA-630 (Sigma Aldrich I-8896) per tube, by pipetting up and down. The tubes were centrifuged again as before, and pellets were again resuspended in 10 ml PBS-Igepal. Then, 100 μl from a PMSF stock (100 mM in ethanol) was added to each tube for a final concentration of 1 mM. The tubes were centrifuged a third time to pellet the cells, and the supernatant was completely removed from cell pellets. The pellets were snap-frozen on dry ice and store at −80°C, until further procedures. The pellets were sonicated and the DNA sheared to an average length of 300–500 bp. Genomic DNA (input) was prepared by treating aliquots of chromatin with RNase, proteinase K, and heat (65°C) to reverse cross-linking, followed by phenol and chloroform extractions and ethanol precipitation. Pellets were resuspended in 10 mM Tris, 1 mM EDTA, and the resulting DNA was quantified on a Nanodrop spectrophotometer (Thermo Fisher Scientific, Chicago, IL). Results were used to calculate the total chromatin yield.



Chromatin Immunoprecipitation (ChIP) of RNA Pol II

RNA Pol II ChIP reactions were performed using 30 μg of human THP1 cell chromatin and 4 μg of antibody anti-RNA Pol II (Abcam, ab5095). Positive control primers (b-Actin and GAPDH) as well as negative control primer pairs were used to amplify regions in a gene desert on chromosome 12 and 4 (Untr12, Untr4) by qRT-PCR. Signals for RNA Pol II were strong, with enrichments of the best positive control signal over background up to 99-fold. For the library generation and sequencing, 50-nt sequence reads identified using Illumina's Hi-Seq, were mapped to the genome using the BWA algorithm with default settings. Alignment information to Human Hg19 for each read was stored in BAM format. Only reads that passed the purity filter, aligned with no more than 2 mismatches, and mapped uniquely to the genome were used in the subsequent analysis. Duplicate reads were removed. Since the 5′-ends of the aligned reads (= “tags”) represent the end of ChIP/IP-fragments, the tags were extended in silico (using Active Motif software) at their 3′- ends to a length of 150–250 bp. To estimate the density, the genome was divided into 32-nt bins and the number of fragments in each bin was determined, to provide a “signal map”; histograms of fragment densities were stored in both a BAR file, for viewing in Integrated Genome Browser (IGB), and bigWig file, uploaded to the UCSC Genome Browser. BAR/bigWig files also provide the peak metrics in the Active Motif analysis program as described below. Intervals, describing genomic regions with local enrichments in tag numbers, were defined by the chromosome number, a start and end coordinates. SICER (48) was used to study RNA polymerase II binding to extended regions in the genome, by looking for significant enrichments in the ChIP/IP data file when compared to the Input data file (random background), and also for examining transcription factor binding sites using TRANSFAC Match weight matrix (49, 50). Peaks and false positives were estimated by thresholding of the BAR files. In the default analysis, the tag number of all samples is reduced (by random sampling) to the number of tags present in the smallest sample. Only Input/IgG control peaks that overlapped with Intervals in the ChIP/IP data were used in the analysis. After defining the Intervals and Active Regions, their genomic locations, their proximities to gene annotations, and other genomic features, were determined.



ChIP Analysis

Genes with RNA Pol II peaks found within 10 kb of start/end were compared in the ChIP samples. Overlap between the samples was high (70–90% in pairwise comparisons), reflecting the fact that the majority of gene transcription does not change. There were 4,865 active genomic regions that presented overlapping intervals from all conditions. Active regions were identified for the comparison of all samples, and the peak metrics was used in combination with the present/absent peak call information to find genomic regions with RNA Pol II occupancy patterns of interest. Ratios of treated samples compared to their respective controls were used to average signal values (>1.5-fold change) and to perform transcription factor and pathway analysis using TRANSFAC, iRegulon and Genemania in Cytoscape, and iPathwayGuide. Regions of Pol II enrichment in ChIP-Seq data often did not correlate perfectly with the gene annotations. Typically, a stronger peak was seen at the transcription start site (TSS/promoter), and high enrichments were often seen extending into downstream regions. Therefore, the average fragment densities for 25,143 human genes (from TSS to termination site) and the corresponding promoters (from −1,000 to+1,000 nt relative to TSS) were determined. The values between different gene promoters were comparable because they were based on a 2,000 bp segment. Peak values that were found in gene bodies were corrected by length. Table 1 shows the total number of reads sequenced and their alignment to the human genome (hg19). For the analysis, the data files were normalized to the same number of unique alignments without duplicate reads, which was 16 million. Intervals were determined using the SICER algorithm at a cutoff of FDR1E-10 and a Gap parameter of 600 bp (which merges peaks located within 600 bp of each other). Gene intervals (peaks) were determined using the SICER algorithm at a cutoff of FDR1E-10 and a Gap parameter of 600 bp (which merges peaks located within 600 bp of each other into a single “island”). The number of intervals identified ranged from 9,775 in Meth-treated cells to 14,124 in cells treated with both Meth and Tat, within 10 kb of start/end. The overlap between the samples was high (70–90% in pairwise comparisons), reflecting the fact that the majority of gene transcription does not change. At 4,865 genomic regions, all conditions showed overlapping intervals. Because RNA Pol II- enriched regions are not typical bell- shaped, symmetrical peaks, average signal values were used in the analysis, and for estimating the ratios between each treatment condition and controls, and in additional pairwise comparisons. Regions of RNA Pol II enrichment in ChIP-Seq data did not correlate perfectly with the gene annotations, but as expected, stronger peaks were typically seen at the transcription start site (TSS/promoter), and high enrichments are often seen extending into the downstream region. Thus, the tag densities/signal metrics relative to the known gene annotation were examined. In this analysis, the average fragment densities for 25,143 human genes (from TSS to termination site) and the corresponding 25,143 human promoters (from −1,000 to +1,000, relative to TSS) were determined. The values between different gene promoters were comparable since they were based on a 2,000 bp segment.



Table 1. Number of sequenced reads and their alignment to the human genome (hg19).
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Production of TBP-Knock Out THP1 Clone by CRISPR/Cas9

A template for disruption of the TBP gene (ENST00000412512, NM001172085) was established following described methods (51–54), and based on the conserved protein coding sequence in 8 detected splice variants (ENST00000423353.1, 703 bp). Primers for detection of human TBP and GAPDH by SyBrGreen qRT-PCR were purchased from Qiagen (Germantown, MD). A guide sequence was designed in http://crispr.mit.edu/guides, by introducing the FASTA sequence of the TBP coding region onto the target human genome (h19). Twenty-six high score guide sequences targeting exon 1 coding region mapped to the correct transcript, from which one was selected for oligo synthesis (sgTBP#1.1 AGCCTGCCACCTTACGCTCA), by Integrated DNA Technologies (San Diego, CA). For nickase Cas9, gRNA left GATAGGGATTCCGGGAGTCA, and gRNA right CCAATGATGCCTTATGGCAC were selected. Using the protein coding sequence data from ENSEMBLE and the designed gRNAs from the CRISPR database, the guide binding pattern was mapped out, identifying 5 out of 7 total wild-type gRNA targets transcripts, and 6 out of 7 nickase gRNA targets, with 0 off targets. The gRNAs and the Cas 9 protein were put into a plasmid for expression, using a GFP tag for assessing efficiency and selecting positively transfected cells by flow cytometry. For that, we used the CRISPR/Cas9 gesicle technology (55), with Guide-It CRISPR/Cas9 gesicle system (Clontech, Mountain View, CA). First, the oligos were annealed and cloned into pGuide-it-sgRNA1 vector, following manufacturer's protocols. Positive colonies were picked and expanded in LB, and plasmid DNA was isoladed using NucleoBond Xtra Midi (Clontech), and sequencing analysis was performed by Eton Bioscience Inc (San Diego, CA), using provided Guide-it sequencing primer 1. The gesicle-producing 293T cell line (Clontech) was expanded in DMEM with high glucose (4.5 g/l) (Genesee, San Diego, CA), 4 mM L-glutamine, and sodium bicarbonate, 10% fetal bovine serum Hyclone (GE Healthcare Lifesciences, Pittsburgh, PA), and 1% Penicilin/Streptomycin (Genesee), and split using Trypsine-EDTA (Sigma-Aldrich). These cells were seeded in 10-cm tissue culture dishes treated with poly-L-Lysine (Corning). Then 10 μg of plasmids encoding for sgRNA mixed to a plasmid containing Cherry picker red fluorescence, and the Cas9 enzyme were applied to the 293T cells, following manufacture's protocols. The A/C heterodimerizer ligand was added to the cultures for driving active loading of the Cas9/sgRNA complex into gesicles. A similar procedure, using Cas9 without the sgRNA was performed for producing “empty” gesicles, used for control conditions. Seventy-two hours after that, transfected cells were visualized due to Cherry picker red fluorescence. The cell media was harvested, and centrifuged overnight at 8,000 × g in a Beckman J2-HS centrifuge, with a JS 7.5 swinging rotor, and the pellet was concentrated to ~100 μl final volume in PBS. The gesicles were placed at 4°C on a rocking platform for 2 h, and stored in aliquots at −80°C until ready for treating THP1 cells. The cells were resuspended in protamine medium (containing 8 μg/ml protamine sulfate, Sigma), plated at 2 × 105 cells/ well in 500 μl, in 24 well plates, and 30 μl of gesicles were added. The plates were centrifuged at 1,150 × g for 30 min at room temperature. The plates were incubated at 37°C overnight, and then positively transfected cells were visualized under a fluorescence-microscope for detection of intracellular red fluorescence signal originated from the Cherry Picker reporter on the gesicle surface. The Cherry Picker-positive cells from each positive well were washed in HBSS without phenol red, containing 10% fetal bovine serum, 1% penicillin/streptomycin, and resuspended in this buffer for sorting using a BD FACSJazz (BD Biosciences, San Diego, CA). Sorted positive cells were expanded into clones (1A, 1B, 2A, 2B, 2C, and 8), for at least 7 days before testing the TBP mutation. The detection of the TBP mutation was tested using DNA hybridization with Guide-It Resolvase (Clontech), on the gel-purified TBP band, amplified from QIAmp-extracted genomic DNA (Qiagen), and following manufacturers' protocols. The TBP gene was amplified with primers 5′ GAGTTCCAGCGCAAGGGTT forward, and 5′ TTTTGCAGCTGCGGTACAAT, using Phusion High Fidelity DNA Polymerase (New England Biolabs, Ipswich, MA), following manufacture's protocol, to generate two fragments, one 63 bp and one 465 bp, visualized on 2% agarose gel. Clone 2A presented efficient TBP mutagenesis and was used for the comparison with control clone C, which was generated as above, but with empty gesicles. Clone 1A had poor mutagenesis, and was used in some experiments as a control in addition to clone C. The TBP gene disruption was further tested at the mRNA level, which was extracted from cell pellets using RNeasy Mini kit (Qiagen), and reverse-transcribed with Superscript II (Thermo Fisher). The presence or absence of the TBP transcript confirmed the efficacy of CRISPR/Cas9 to disrupt the TBP gene (Figure 4).



Treatment of TBP-Mutant Clone 2A and TBP-Sufficient Clone C

The TBP-deficient clone 2A and control clone C were expanded in RMPI 1640, containing 10% fetal bovine serum (Hyclone), 1% penicillin/streptomycin, and 25 mM HEPES (Invitrogen). The cells were plated in 24-well plates at 2 × 106 cell/ml, and then stimulated with 10 ng/ml of HIV-1 IIIB Tat Recombinant Protein (NIH AIDS Reagent Program), 30 or 60 μM of Meth, or both HIV-1 Tat and Meth together. The cells were then harvested 2 h after stimulation, and RNA-seq was performed.



RNA-Seq Protocol

RNA was isolated from TBP-deficient THP1 clone 2A, and TBP-sufficient control clone C using the RNeasy Mini Kit (Qiagen) with on-column DNAse I treatment. quantified using Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA). The eluted RNA had a 260/280 of greater than 1.8. RNA integrity was checked with Agilent TapeStation (Agilent Technologies, Palo Alto, CA, USA). RNA samples were quantified using Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA) and RNA integrity was checked with Agilent TapeStation (Agilent Technologies, Palo Alto, CA, USA). RNA library preparation, sequencing reaction, and bioinformatics analysis were conducted at GENEWIZ, LLC. (South Plainfield, NJ, USA). RNA sequencing library preparations used the NEBNext Ultra RNA Library Prep Kit for Illumina by following manufacturer's recommendations (NEB, Ipswich, MA, USA). Briefly, mRNA was first enriched with Oligod(T) beads. Enriched mRNAs were fragmented for 15 min at 94°C. First strand and second strand cDNA were subsequently synthesized. cDNA fragments were end repaired and adenylated at 3′ends, and universal adapter was ligated to cDNA fragments, followed by index addition and library enrichment with limited cycle PCR. The sequencing libraries were validated on the Agilent TapeStation (Agilent Technologies, Palo Alto, CA, USA), and quantified by using Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA) as well as by quantitative PCR (Applied Biosystems, Carlsbad, CA, USA). The sequencing libraries were clustered on one lane of a flowcell. After clustering, the flow-cell was loaded on the Illumina HiSeq instrument according to manufacturer's instructions. The samples were sequenced using a 2 × 150 Paired End (PE) configuration. Image analysis and base calling were conducted by the HiSeq Control Software (HCS). Raw sequence data (.bcl files) generated from Illumina HiSeq was converted into fastq files and de-multiplexed using Illumina's bcl2fastq 2.17 software. One mis-match was allowed for index sequence identification. After investigating the quality of the raw data, sequence reads were trimmed to remove possible adapter sequences and nucleotides with poor quality using Trim Sequences Module in CLC Genomics Workbench 9.0.1. The trimmed reads were mapped to the Homo sapiens GRCh38 reference genome available on ENSEMBL using the RNA-Seq Analysis Module in CLC Genomics Workbench 9.0.1. BAM files, Unique gene hit counts and Unique transcript hit counts were generated as a result of this step. After extraction of gene and transcript hit counts, the hit counts tables were used for downstream differential expression analysis. Using Kal's test, a comparison of gene expression between the groups of samples was performed. The Kal's test was used to generate p-values and Log2 fold changes. Genes and transcripts with adjusted p-values < 0.05 and absolute log2 fold changes > 1 were called as differentially expressed genes and transcripts, respectively, for each comparison. A gene ontology analysis was performed on the statistically significant set of genes by implementing the Hyoergeometric tests in CLC Genomics Workbench 9.0.1. The goa human GO list was used to cluster the set of genes based on their biological process and determine their statistical significance. Sequencing performance was assessed for total number of aligned reads, total number of uniquely aligned reads, and genes detected. All gene counts were then imported into the R/Bioconductor package EdgeR and TMM normalization size factors were calculated to adjust for samples for differences in library size, and then imported into R/Bioconductor package Limma. Performance of the samples was assessed with a Spearman correlation matrix. Weighted likelihoods based on the observed mean-variance relationship of every gene and sample were calculated with the voom WithQualityWeights function and gene performance was assessed with plots of residual standard deviation of every gene to their average log-count with a robustly fitted trend line of the residuals. Generalized linear models were created to test for gene level differential expression, and the results were displayed with FDR p-values ≤ 0.05 and log 2-fold-changes greater than an absolute value of 2, in each given comparison.



Expression Data Analysis

Using the Cytoscape interface platform, Mentha and Biogrid were used for building a network, using transformed fold change and FDR corrected p-values as attributes to visualize the effects of TBP deficiency in changes caused by 2 h of stimulation with HIV Tat, in the presence or absence of Meth. BinGO was used to estimate pathways affected in cells that were engineered to lack TBP expression, following stimulation.




RESULTS


TBP Is Activated and Translocated by HIV-1 Tat in Human THP1 Macrophages

In order to test the hypothesis that the HIV-1 Tat may utilize a TATA-box mediated mechanism, which may be involved in the ability of that protein to activate transcription of inflammatory genes that have a TATA-box promoter domain, we used a human macrophage cell line, THP1. These cells can activate the TBP protein when treated with 10 and 100 ng of the HIV-1 Tat peptide for 2 h, but not with 1 ng (Figure 1). Meth alone did not activate TBP at any concentration, but when combined with Tat, there was a detectable increase (Figure 1). The optimal concentration of Tat for activation of TBP was 10 ng/ml, which was the concentration maintained throughout the experiments. Other components of the TFIID complex, such as TAF9, were increased by Tat, with or without Meth, but not by Meth alone (Figure 1).
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FIGURE 1. Levels of TBP and TAF9 in the nuclear fraction of THP1 cells stimulated with HIV-1 Tat and with Meth. THP1 cells were incubated with different concentrations of HIV-1 Tat peptide (1, 10, and 100 ng/ml), and with Meth (60 μM). Protein was extracted from nuclear pellets 2 h after stimulation.



We tested the ability of Tat and Meth to translocate TBP by immunocytochemistry, using image analysis strategies illustrated in Figures 2A,B, and described in Methods. Representative original images are in of Supplementary Figure 1. The treatment of THP1 cells with Tat was able to translocate TBP into the nucleus, detectable since 5 min following the exposure (Figure 2C), and maintained TBP translocation throughout the analysis period, with a peak at 15 min (Figure 2D). On the other hand, Tat together with Meth induced a stronger translocation at 5 min, but that was gradually decreased. Meth alone also induced TBP translocation at 5 min, but this was quickly decreased and returned to baseline levels at 60 min (Figures 2E,F).
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FIGURE 2. TBP translocation patterns by Tat and by Meth. Translocation was estimated by immunocytochemistry on differentiated THP1 cells that were treated with HIV-1 Tat (10 ng/ml), and/or Meth (60 μM), over 5, 15, 30, and 60 min. Acquired images of cells stained with anti-TBP (rabbit polyclonal), and anti-rabbit AlexaFluor 647, and counterstained with DAPI are in Supplementary Materials. The images were digitalized as described in Methods. DAPI staining was converted into a binary mask and subtracted from the total TBP staining (A), to produce an image of cytoplasmatic staining (B). The average of overlapped binary masks confirmed the co-localization of TBP and DAPI upon Tat stimulation at 5 min (C), and with a peak at 15 min (D). After measurements, the translocation index was calculated as the percentage of the total staining that was co-localized with DAPI. (E) Bar graph showing translocation indexes for baseline untreated cells, and cells treated with all stimulants over time. (F) Line graph for visualization of the effect of time on TBP translocation with the different stimuli. The assays were performed in triplicate, and in three independent experiments. Results represent the average and standard deviation of 3 experiments performed in duplicate. *p < 0.05 in two-way ANOVA, followed by Bonferroni's test.



We have also tested whether Tat is able to translocate to the nucleus. Figure 3A shows that Tat enters the cellular nucleus soon after exposure and over time. The acute translocation of Tat was enhanced by Meth at 5 min, but this was followed by a gradual extinction effect. Figures 3B,C show the channel average overlap confirming the entry of Tat (black) into the nuclear structure (gray).


[image: image]

FIGURE 3. Tat translocation patterns in the presence of Meth. Translocation was estimated by immunocytochemistry on differentiated THP1 cells that were treated with HIV-1 Tat (10 ng/ml), or Tat together with Meth (60 μM), over 5, 15, 30, and 60 min. The cells were stained with anti-Tat (Monoclonal 15.1), and anti-mouse AlexaFluor 647, and counterstained with DAPI. The images were digitalized as described in Methods. DAPI staining was converted into a binary mask and subtracted from the total Tat staining. (A) Measurements were used for calculating the percentage of the total Tat staining that was co-localized to DAPI. Results represent the average standard deviation of 3 experiments performed in duplicate. (B) Representative image of the averaged overlapped binary masks, which confirmed the co-localization of Tat and DAPI upon Tat stimulation at 5 min), and (C) enhancement by Meth simultaneous stimulation. *p < 0.05 2-way ANOVA, followed by Bonferroni's post hoc test.





RNA Pol II Recruitment to Promoters Containing the TATA-Box Element Is Increased by HIV-1 Tat, and Further Enhanced by Meth

In order to examine the effects of Tat, and of the interactions with Meth on early transcriptional modifications in innate immune cells, we have used ChIP-seq to estimate changes in RNA Pol II recruitment to gene promoter regions, and to determine commonalities in transcription factor regulation. For that, THP1 macrophages were stimulated with 10 ng/ml of HIV Tat and/or 60 μM of Meth. The cell pellets were examined 15 min after stimulation, for identification of changes that are immediately due, and specific to, the provided stimuli, rather than due to secondary autocrine cytokine stimulation.

The examination of active promoter regions revealed that the majority of the differences in RNA Pol II signal enrichment between conditions were not above 2-fold, except for cells treated with Meth, which showed strongest signals (Supplementary Materials—Active Regions).

Visualization of Changes in RNA Pol II Recruitment Patterns

Using Cytoscape interface platform, Mentha and Biogrid interactomes were imported from the Proteomics Standard Initiative Common QUery InterfaCe (PSICQUIC) (www.bioconductor.org). These two databases were used for building a network from RNA Pol II recruitment data, ratio between experimental and controls' peaks signal average, and FDR-corrected p-values as node attributes, for visualizing changes.

The network was filtered for eliminating genes that were not represented in our data set. Gene networks were 63.73% due to co-expression, followed by 15.84% due to physical interactions. The organic layouts were restricted to selected default pathway database attributes (combined Wu-Stein-2010, PathwayCommons NCI Nature, IMID, Reactome and Cell_Map), which connected 5.27% of the genes (Figure 4). The application of attributes and visualization in Cytoscape suggested that Meth had a stronger effect on RNA Pol II recruitment when compared to HIV-1 Tat (Figure 4). Pathway perturbation and over-representation analysis by iPathwayGuide, showed that RNA Pol II recruitment was disturbed by Tat, mainly on genes involved in metabolism, activation and response to stimulus, such as cell adhesion molecules (p = 0.023), fatty acid elongation (p = 0.024), sulfur-relay system (p = 0.026), hematopoietic lineage (p = 0.034), Notch-signaling pathway (p = 0.04), purine metabolism (p = 0.043), systemic lupus erythematous (p = 0.046), and tryptophan metabolism (p = 0.049). Meth promoted RNA Pol recruitment to genes involved in metabolic pathways, such as fatty acid elongation (p = 0.007), glycan degradation (p = 0.007), DNA replication (p = 0.022), endocrine and other factor-regulated calcium reabsorption (p = 0.028), ribosome biogenesis (p = 0.039), NOD-like receptor signaling pathway (p = 0.048) and synaptic vesicle (p = 0.048).
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FIGURE 4. Venn's diagram showing transcription factors with frequent binding motifs among genes with significant changes in RNA Pol II recruitment, immediately following the stimulation of THP1 cells with HIV-1 Tat, Meth, or both together. Matrices for transcription factor binding motifs were generated from ChIP-seq data. For that, SICER raw data in BED format was loaded into TRANSFAC, and the Match-algorithm, was applied as binding factor identifier. Transcription factors with highest frequency of binding motifs in gene promoters affected by HIV-1 Tat, Meth, or both together were estimated. The transcription factors listed in each segment of the Venn's diagram are all significantly increased in comparison to control conditions, and are ranked in order according to frequency matrices, from highest on top to lowest at the bottom of the segregated lists.



We investigated whether promoters where RNA Pol II recruitment was changed by HIV-1 Tat, or Meth, or by both factors together, displayed critical promoter sequence commonalities, based on alignment and frequency of transcription factor binding motifs. This was examined using a combination of strategies, aiming at identifying common transcription master regulators potentially orchestrating the observed effects. First, SICER BED files were analyzed using MATCH tool algorithm (50) with h19 genome as a template, and using a library of mononucleotide weight matrices from TRANSFAC database (Wolfenbuttel, Germany). This tool created nucleotide matrices that calculated frequency of promoter binding motifs among genes exhibiting significant changes in RNA Pol II recruitment. Figure 4 shows the identified condition-specific transcription factors, in order of importance, in a Venn diagram. The attributed matrix score identified TBP (V$TATA_01, V$TATA_C, V$TBP_Q6, V$TBP_01, V$TBP_06), as the main transcription factor regulating changes upon HIV-1 Tat exposure, as determined by a consensus sequence matrix (Table 2). TBP was followed by other exclusive factors, cJun, Irf2, cFos and POU6F1, which were also statistically significant, but occurred at lower frequency when compared to TBP. Meth stimulation drastically shifted RNA Pol recruitment patterns to genes with high frequency of Egr-3, Sp-1, Tst-1, cMaf, and Ebox binding motifs. Of these, the Ebox (CACGTG/CAGCTG) binding motif aligned exclusively in Meth alone, while the other factors were common to Meth+Tat stimulation. E47, HTF4, NFAT, Olf-1, cETS-1, and p50/Rel were the transcription factors exclusively associated to Meth+Tat stimulation.



Table 2. TATA box promoter element matrices obtained from THP1 cells stimulated with Tat or with Meth+Tat.
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The finding that TBP binding motifs were the most frequent in genes affected by Tat alone is in agreement with the initial finding of increase of TBP at the protein level. It suggests a key role for the TATA-box promoter element in innate immune responses to HIV. Table 2 shows the frequency of nucleotides comprising the TATA box element matrix compiled from individual genomic sites upon HIV-1 Tat stimulation, in the absence or presence of Meth. The matrices estimating the frequency of nucleotides at the correct positions, suggest that upon Tat stimulation 31.5% of the genes showing enriched RNA Pol recruitment have the TATA box promoter element sequence. In contrast, in Meth+Tat stimulated cells, the average was decreased to 12%. In those cells stimulated with both Meth and Tat, the predominant transcription factor sequence domain (30.6%) identified by TRANSFAC was Egr-1 (GCGCATGCG), followed by Egr-3 (GTGGGT/C), and Sp-1 (GGGGCGGGG), all classified as C2H2 zink finger proteins.

Interestingly, many genes affected by Tat alone and by Meth+Tat were the same. Yet, estimated master regulators differed in those conditions, with Egr-1 and Irf4 in common. These two factors were also identified in genes affected by Meth alone, in addition to Egr-3, Sp-1, Tst-1, and cMaf, which were shared with Meth+Tat. On the other hand, Tat alone and Meth+Tat had no common regulators (Figure 4).

The prediction of TBP as a master regulator of changes caused by Tat stimulation was further examined in iRegulon within the Cytoscape platform, using a targeted approach. This method identified all the genes displaying a TATA box element within ± 500 bp from the transcription starting site within the dataset. A table with predicted TBP-controlled genes and attributes was generated, and then utilized to produce a network in Genemania, for comparative analysis and visualization of critical differences between Tat and Meth stimulation (Figure 5). Overall, in Tat –stimulated THP1 cells there was a significantly higher number of genes with decreased RNA Pol II recruitment, while in Meth-stimulated cells, more genes were increased. However, upon the generation of a sub-network through targeting TBP and its first neighbors linked through physical interactions, most genes associated with that transcription factor had increased recruitment of RNA Pol II with all treatments (Figure 6).
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FIGURE 5. Pathway-based network association of genes with promoter activity changes due to HIV-1 Tat or Meth, compared to vehicle treatment. Ratio between RNA Pol normalized peak values between treated conditions and controls were used for designing a color-coded visualization. Genes were filtered to display only significantly decreased (blue), and increased (yellow) RNA Pol II recruitment patterns. (A) Visual representation of ratio of Tat over Control and (B) Meth over Control.
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FIGURE 6. TBP-centered genomic neighborhood derived from pathway-based network association of genes with RNA Pol recruitment patterns affected by HIV-1 Tat or Meth. A sub-network was generated from the pathway-based association study through targeting and selecting the TBP gene and its first neighbors, through physical interaction edges. Colors designate significantly decreased (blue), and increased (yellow) RNA Pol II recruitment patterns, based on the ratio between (A) Tat over Control, (B) Meth over Control, and (C) Meth+Tat over Control.



The predicted significance of TBP as a transcription factor in Tat stimulated cells but not in Meth, or Meth+Tat, was challenged by the similarities in RNA Pol II recruitment found in all three conditions. Thus, we developed a strategy to test whether TBP is indeed important for the changes caused by HIV Tat, as well as by Meth, and their interactions. Our strategy consisted on impairing the expression of the TBP gene, using CRISPR/Cas9 guides delivered into THP1 cells by using exosomic gesicles. The efficient transfection of guide sequences was monitored using mCherryPicker reporter (Figure 7A). One representative high efficiency clone (2A), was compared to a low efficiency clone (1A) and to a control clone (C) that was treated with empty gesicles. Cells that were positive to mCherryPicker, indicating efficient delivery of guide sequences were sorted using flow cytometry procedures, and placed in culture for expansion and testings (Figure 7B). The disruption of the TBP gene was confirmed using Resolvase and visualized in a 2% gel (Figure 7C). The significantly decreased baseline expression of the TBP gene was confirmed using qRT-PCR (Figure 7D).
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FIGURE 7. Generation of a TBP-deficient THP1 clone. (A) Seventy-two hours after exposure to gesicles containing the TBP guide sequence and Cas9, positively transfected cells were visualized under a fluorescence-microscope for detection of intracellular red fluorescence signal originated from the Cherry Picker reporter on the gesicles' surface. Positive control provided by the manufacturer was compared with a negative control performed with empty gesicles, and two clones that received the guide sequence. Clone 1A showed low efficiency, and clone 2A was highly positive. (B) The Cherry Picker-positive cells were gated based on fluorescence intensity, and sorted using a BD FACSJazz (BD Biosciences, San Diego, CA). (C) The TBP mutation was confirmed in clone 2A using DNA hybridization with Guide-It Resolvase on a gel-purified genomic TBP sequence, and with (D) qRT-PCR. Results are the average ± standard error of 2 experiments performed in triplicate.



The confirmation of the disruption in TBP expression included the examination of potentially remaining splice variants (Table 3), where we observed only residual expression of TBP_4, but complete clearance of TBP_7 splice variant.



Table 3. TBP splice variant reads in Control and 2A clones.
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In order to estimate the impact of TBP depletion on the response to HIV-1 Tat, alone and in the context of Meth exposure, a TBP-regulated gene network was identified in the RNA Pol II gene list, with Biogrid Homo sapiens 3.4 gene network. We then used iRegulon (56) in Cytoscape environment, to reverse-engineer the TBP transcriptional regulatory network through the detection of enriched TATA box motifs and their optimal sets of targets in the RNA Pol II data, pooled from all experimental conditions performed in TBP-sufficient clones (Figure 8 and Supplementary Table 1). The resulting TBP targetome contained 1,811 genes identified in THP1 cells. The expression levels of these genes was estimated by RNA seq performed in the control THP1 clones (C), and in the clone that was depleted of TBP gene expression using Crispr/Cas9, upon the stimulation with HIV-1 Tat, or with Tat plus Meth. Figure 8A shows that control C clones stimulated with Tat had a global upregulation of the genes in that network (gene nodes with yellow color), suggesting a significant effect orchestrated through TBP. In Figure 8B, the TBP targetome gene network in the TBP-deficient clone 2A that has either similar (white nodes) or lower baseline expression (blue nodes) when compared to control clone C. Interestingly, the genes in the TBP targetome were significantly suppressed in Tat-stimulated TBP-deficient clone 2A compared to clone C, as revealed by the higher number and intensity of blue colored nodes in the network, and confirming that these genes, under Tat stimulation, were predominantly transcribed via Tata box promoter element, and in a TBP-dependent manner (Figure 8C). However, when Tat was incubated together with Meth, the genes in the TBP targetome were upregulated even in clone 2A, bypassing the TBP deficiency, as shown by the higher number of yellow colored nodes, and suggesting that in the context of Meth exposure, a diversification of transcriptional factors plays a role in activating the same promoters (Figure 8D), as a potential mechanism of exacerbated consequences in HIV and drug abuse.
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FIGURE 8. Impact of TBP deficiency on the expression of genes in the TBP targetome following stimulation with Tat, in the presence and in the absence of Meth. The genes that contain Tata box promoter elements and their relationship was estimated in Homo sapiens 3.4 Biogrid default network using iRegulon, with TBP as a factor, and filtered to contain genes that were significantly represented in THP1 cells based on RNA Pol II recruitment capacity at any given experimental condition. The produced mega-network containing 1811 genes was denominated TBP targetome, and used to determine the effect of TBP depletion on Tat stimulation, alone or in the context of Meth. For that, RNA seq was performed in the control clone C and in the TBP-deficient clone 2A, stimulated with 10 μg/ml of HIV Tat, alone or together with 60 μM of Meth. The expression changes were estimated 24 h after stimulation. Yellow tones represent upregulation, and blue tones represent downregulation. (A) Clone C treated with Tat was compared to clone C treated with vehicle, showing that the majority of the genes in this network are yellow, indicating that Tat upregulates genes with a TBP binding domain. (B) Vehicle-treated clones 2A and C were compared, showing little or no change in color, indicating that they do not differ at baseline. (C) Clone 2A stimulated with Tat was compared to clone C stimulated with Tat, showing that most genes are in blue nodes indicating that clone 2A had a lower expression than clone C, upon Tat stimulation. (D) Clone 2A treated with Tat+Meth was compared with clone C also treateated with Tat+Meth, where nodes with no color change or yellow indicate that in the presence of Meth, the TBP deficient clone 2A either does not differ from clone C or further increases the expression of genes with a TBP binding promoter domain.



In order to further estimate the impact of TBP in Tat stimulation and the effect of Meth, global changes in the TBP targetome genes were calculated by the sum of fold changes in all 1811 genes, in clones C and 2A, upon Tat, plus and minus Meth stimulation (Figure 9). The strategy showns that Tat globally increased TATA-box bearing genes by an average of 8.6%, in the control clone (CT/CPhi), but failed to do it so in the clone 2A (2AT/2APhi). However, Tat in combination with Meth increased the same genes in the TBP-defficient clone 2A by an average of 29% (2AMT/2APhi).
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FIGURE 9. Global changes in the TBP targetome in TBP-sufficient and –deficient monocyte clones after Tat stimulation with or without Meth. The sum of all fold changes in genes that have a Tata box promoter element upon designated stimulations. C is Control clone and 2A is the TBP-defficient clone. T refers to Tat stimulation, M to Meth stimulation, and MT is their combination. Phi refers to control function. Results represent the average ± standard deviation of expression of 1,811 genes included in the TBP megatargetome identified in iRegulon. *p < 0.05 in assigned comparisons, using ANOVA and Bonferroni's post hoc test.



These findings may have profound implications to the character of the inflammatory pathogenesis in HIV-infected Meth abusers. A prediction of the involvement of TBP-regulated genes in molecular pathways was examined using BinGO (57, 58) (Figure 10 and Supplementary Table 2). TBP-regulated genes are predominantly involved in immune and inflammatory pathways, but also in epigenetic, regulatory and metabolic pathways. In Figure 10, large circles report overrepresentation, and orange color report higher perturbation, to allow the visualization of stronger effects on innate immune and epigenetic function, as well as regulation (adjusted p = 0.00136, p = 0.000601, respectively). Within the whole TBP targetome, genes that failed to be upregulated in clone 2A upon Tat stimulation were functionally associated to the nucleus, DNA-binding, transcription, nucleotide binding, developmental protein and cytoskeleton (Benjamini p < 0.01), but genes involved in tyrosine-protein kinase, Wnt-signaling, ATP binding, methylation and tight junction were also represented (Benjamini p < 0.05). Main identified TBP-controlled pathways using this strategy were assessed in KEGG, and are shown in Table 4.
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FIGURE 10. Mapping of functional categories identified in genes of the TBP targetome. Gene Ontology (GO) analysis was performed using BinGO. The circles' size show overrepresentation, and colors report perturbation, orange being high, and yellow, low.





Table 4. KEGG pathway analysis of genes that failed to upregulate in response to Tat in TBP-deficient 2A clones.
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Genes that play a role in inflammatory pathology, and that have been described to have an involvement in HIV pathogenesis, in the brain and elsewhere, were selected for a closer validation of the role of TBP in Tat stimulation, and of the ability of Meth as a co-morbidity to enhance those same genes through other transcription factors. A detailed examination of genes that have a TATA box promoter element and their changes in response to Tat in the TBP-sufficient (C) and deficient (2A) clones reveals two classes of genes, which seem to segregate based on their expression levels in unstimulated controls (Figure 11). The genes in Figure 11A, which are not detectable in the unstimulated clone C or clone 2A, are highly induced by Tat in clone C, but not in clone 2A, suggesting that the transcription of these genes upon HIV-1 Tat stimulation is primarily triggered via the TATA box promoter domain, under TBP control. On the other hand, the stimulation with Tat in the presence of Meth, or Meth alone, was able to increase these transcripts in both clones, and bypassing the TBP deficiency in clone 2A, confirming a diversification of transcription factor usage by the drug, alone or in the context of HIV Tat. Examples include genes involved in blood brain barrier permeability, inflammation and immune regulation, neuroprotection and metabolic outcomes, such as CD163, Claudins 5 and 9 (CLDN5 and CLDN9), FoxP3, Brain-derived neurotrophic factor (BDNF), Insulin growth factor 1 Receptor (IGF1R), Retinoic acid receptor alpha (RARA), and the important kinase CDK9. The genes in Figure 10B also present TATA box promoter element, and were detected in the TBP targetome, but differed from the genes represented in Figure 11A by being constitutively expressed in unstimulated cells, regardless of the TBP expression. Interestingly, these genes were not responsive to Tat, or to Meth. This was the case for instance of CXCL2, Tumor necrosis factor receptor superfamily member 25 (TNFRsF25), and the T-box 2 transcription factor (TBX2).
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FIGURE 11. Effect of TBP transcription factor in the upregulation of gene transcripts in response to Tat and Meth. Gene transcript counts are represented in log10 of transcripts per million (TPM). The axis in log allows the appreciation of genes that are increased with different intensities for comparison of their behaviors in response to stimulation. (A) Representative TBP targets illustrating the changes in genes that are undetectable in unstimulated cells and responsive to Tat and/or Meth. (B) Representative hits illustrating the behavior of genes that are constitutively transcribed in unstimulated cells, and not responsive to Tat and/or Meth. ND, Not detectable.



Overall, our results indicate that the HIV-1 Tat peptide acts through the usage of TBP as a transcription factor that engages in the Tata-box binding motif in the promoter of promptly inducible genes, which are expressed at low or undetectable levels in unstimulated resting states. These genes include a large collection of inflammatory genes, regulatory elements and metabolic components. In the presence of Meth, which is a common comorbidity of HIV infection, a larger number of transcription factors may increase the probability of transcription, and increase the number of transcribed early response genes, explaining the exacerbation of pathogenic hallmarks, particularly in the brain of HIV+ drug users.




DISCUSSION

The role of the Tata-box promoter domain in HIV transcription has been suggested (23). In addition, single nucleotide polymorphisms in its sequence located in the long-terminal repeat (LTR) in the viral transcription complex, which confers a low affinity to TBP, the Tata-box binding transcription factor, results in significantly slower replication (59). The main HIV-1 peptide that is responsible for the transactivation of viral transcription, Tat, performs its task by directly inducing and recruiting TBP to the LTR, via its ability to directly interact with the cellular cofactor positive transcription elongation factor b (P-TEFb), which bridges TBP binding to the promoter without the need of other TBP-associated factors (23). While this is a mechanism that is relevant to promote viral replication, here we investigated the hypothesis that HIV-1 Tat is able to activate transcription of thousands of host genes through a TBP-dependent strategy, producing hyper-inflammatory phenotypes that are further beneficial to the viral propagation.

By engineering a macrophage cell line that is deficient on the expression of dominant TBP splice variants, we demonstrated that transcriptional changes induced by the incubation with HIV-1 Tat favor inducible genes that have the Tata-box promoter sequence in their promoters. We also showed that such effect is achieved through the dominant usage of TBP as a transcription factor. Other transcription factors that may be triggered, cJun, interferon regulatory factor 2 (IRF2), cFos and POU6F1, also appear to be triggered, as their binding motifs are identified in the promoters of genes with increased RNA Pol recruitment, and can be controlling different sets of genes. These findings may have important implications for understanding mechanisms of pathogenesis in HIV infection, and potentially for therapy. We also showed that the exposure of macrophages to a stimulant drug, Meth, together with HIV-1 Tat, is able to activate the same gene promoters, which is revealed by the efficient recruitment of RNA Pol. However, this happens through a distinctive and more diversified usage of transcriptional factors. The absence of TAF9 in Meth-stimulated cells, and the results of the analysis of consensus promoter sequences in TBP-sufficient cells stimulated with Tat plus Meth, support that an alternative to TBP is triggered by Meth, it can potentially co-exist with TBP in the context of HIV-1 Tat, but ultimately support promoter activation through different motifs. This may suggest that co-morbidities represent a factor of complexity in therapies that target transcriptional machineries.

We have shown that TBP and Tat are translocated within 5 min into the cell nucleus, when in the presence of Meth, which may have important implications to the viral transcription. However, we did not test the effects of TBP disruption on viral transcription or replication, but exclusively on the effects of Tat as a factor that enhances transcription of host genes. The identification of TBP as a the most frequently aligned promoter motif in genes with RNA Pol efficiently recruited, suggested that TBP played an important role. Yet, it does not explain the basis for the interaction between Tat and TBP. Further experiments are necessary to establish the molecular basis for that interaction in the context of absence of TAR, or on the effects over the LTR. Although TBP was the most frequent transcription factor motif, other transcription motifs were also significant, such as cJun/cFos, IRF2, and POU6F1. In other systems, Sp-1 has been suggested as a Tat molecular partner, bridged by Cyclin T1/CDK9 complexes, which can promote transcription of the virus in a TAR-independent fashion (60–62), and likely also of host gene promoters. Sp-1 did not appear as a binding motif in Tat-enhanced promoters, but it was one of the factors associated with Meth-induced activation. Thus, in the presence of Meth, or in the absence of TBP, transcription factor redundancy and promoter plasticity may perpetuate and broaden gene transcription, including of HIV.

Two transcription factors appeared to be common between HIV-1 Tat and Meth, which were Egr-1, and IRF4. Further studies are necessary to examine which common genes can be controlled by these transcription factors, to estimate their value as targets of intervention. In the non-human primate model of neuroHIV, we have previously demonstrated that a decrease in Egr-1 expression in neurons is associated with neurological deficits in the context of inflammation (63). Its role in cell transcriptional regulation has been described (64). IRF4, on the other hand, is a positive regulator of inflammation (65, 66), converge as a common epigenetic switch.

Our results suggest that the occurrence of additional cellular stimulus in HIV-1 may deviate transcription factor usage, by promoting diversity. However, a role for TBP inhibitors should not be ruled out as a strategy to ameliorate stimulant drug users. For instance, it has been suggested that although the Tata-box promoter domain sequences are selectively used by TBP in vivo, the binding can be modulated by TBP inhibitors such as TBA-associated factor 1 (TAF1) (67–69). In addition, Tat in combination with Meth enhanced the acute translocation of Tat into the cellular nucleus, which may have implications to the viral transcription, not examined here.

Overall, we have found a key role for TBP in the induction of genes containing the TATA-box core promoter element by the HIV Tat peptide, characterized by early response, inflammatory and metabolic genes. We have also determined the effect of the interactions between Tat and Meth, a common co-morbidity of HIV infection, on diversifying the collection of transcription factors able to redundantly act on the activation of promoters, RNA Pol recruitment and ultimately transcription of genes with important implications in inflammatory pathology. Our findings help explain aggravated phenotypes associated to inflammation and to metabolic disorders that are commonly observed in HIV+ individuals with substance use disorders, but also suggest that in these individuals, targeting elements of the transcriptional machinery posits the risk of failure, while dealing with additional molecular complexities.
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Supplementary Table 1. TBP megatargetome-RNA Pol ChIP average peak values in genes that have a TATA-box binding motif in the core promoter element. Cross linking for RNA Pol II ChIP was performed 15 min after stimulation with HIV Tat (10 ng/ml), Meth (60 μM), or Tat+Meth, for determination of gene intervals, and average peak ratios.

Supplementary Table 2. The effect of TBP disruption in the response to Tat and/or Meth. RNA-seq was performed in TBP-defficient clone 2A and compared to TBP-sufficient clone C. T = Tat stimulation, M = Meth stimulation, MT = Meth+Tat. Gene IDs, Transcript ID, chromosomes and gene intervals are provided. This experiment was performed in triplicate.

Supplementary Figure S1. TBP nuclear translocation. The PMA-differentiated THP1 cells were stimulated with Meth (60 μM), and/or HIV Tat (10 ng/ml) for examination of TBP nuclear translocation 5, 15, 30, and 60 min following stimulation, by immunocytochemistry. TBP was stained in red, and nuclei were visualized with DAPI (blue). Confocal images were used for the determination of a translocation index, as the percentage of total TBP staining that was co-localized with DAPI. Representative images of (A) Controls and Tat stimulation, (B) Tat+Meth stimulation. This experiment was performed three times in triplicate.
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Endogenous plasma levels of the immunomodulatory carbohydrate-binding protein galectin-9 (Gal-9) are elevated during HIV infection and remain elevated after antiretroviral therapy (ART) suppression. We recently reported that Gal-9 regulates HIV transcription and potently reactivates latent HIV. However, the signaling mechanisms underlying Gal-9-mediated viral transcription remain unclear. Given that galectins are known to modulate T cell receptor (TCR)-signaling, we hypothesized that Gal-9 modulates HIV transcriptional activity, at least in part, through inducing TCR signaling pathways. Gal-9 induced T cell receptor ζ chain (CD3ζ) phosphorylation (11.2 to 32.1%; P = 0.008) in the J-Lat HIV latency model. Lck inhibition reduced Gal-9-mediated viral reactivation in the J-Lat HIV latency model (16.8–0.9%; P < 0.0001) and reduced both Gal-9-mediated CD4+ T cell activation (10.3 to 1.65% CD69 and CD25 co-expression; P = 0.0006), and IL-2/TNFα secretion (P < 0.004) in primary CD4+ T cells from HIV-infected individuals on suppressive ART. Using phospho-kinase antibody arrays, we found that Gal-9 increased the phosphorylation of the TCR-downstream signaling molecules ERK1/2 (26.7-fold) and CREB (6.6-fold). ERK and CREB inhibitors significantly reduced Gal-9-mediated viral reactivation (16.8 to 2.6 or 12.6%, respectively; P < 0.0007). Given that the immunosuppressive rapamycin uncouples HIV latency reversal from cytokine-associated toxicity, we also investigated whether rapamycin could uncouple Gal-9-mediated latency reactivation from its concurrent pro-inflammatory cytokine production. Rapamycin reduced Gal-9-mediated secretion of IL-2 (4.4-fold, P=0.001) and TNF (4-fold, P=0.02) without impacting viral reactivation (16.8% compared to 16.1%; P = 0.2). In conclusion, Gal-9 modulates HIV transcription by activating the TCR-downstream ERK and CREB signaling pathways in an Lck-dependent manner. Our findings could have implications for understanding the role of endogenous galectin interactions in modulating TCR signaling and maintaining chronic immune activation during ART-suppressed HIV infection. In addition, uncoupling Gal-9-mediated viral reactivation from undesirable pro-inflammatory effects, using rapamycin, may increase the potential utility of recombinant Gal-9 within the reversal of HIV latency eradication framework.
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INTRODUCTION

Antiretroviral therapy (ART) effectively suppresses HIV replication but does not achieve viral eradication due to the persistence of latently-infected, long-lived CD4+ T cells (1, 2). This persistent infection leads to continued immune activation, chronic inflammation, and ongoing damage to multiple organ systems (3, 4). Many studies indicate that HIV persistence is regulated, at least in part, by the immune system (5–8). Thus, understanding the host immune factors driving and maintaining HIV persistence is needed to develop new strategies to cure HIV and/or prevent the development of HIV-associated co-morbidities, which remain prevalent despite suppressive therapy.

One key regulator of immunological functions, and several cellular processes, is interactions between cell-surface glycans and glycan-binding proteins (lectins) (9–12). One class of lectins that play critical roles in T cell function are galectins, a family of β-galactoside-binding, soluble lectins (13–17). Among galectins, galectin-9 (Gal-9) has recently been recognized to play an essential role in regulating both adaptive and innate defense mechanisms and thus may be involved in HIV pathogenesis (18–20). Our prior work showed that endogenous secretion of Gal-9 is rapidly increased after HIV infection, and that elevated levels of Gal-9 do not return to normal after suppressive ART (20). More recently, we reported that the endogenous levels of Gal-9 are associated with HIV transcription in vivo, in plasma of HIV-infected, ART-suppressed individuals (8). We also demonstrated that treating CD4+ T cells with recombinant Gal-9 (rGal-9) induces HIV transcription and reverses HIV latency in vitro and ex vivo (8). However, the signaling pathways by which Gal-9 modulates HIV transcriptional activity remain unclear.

The goal of this work was to identify the signaling mechanisms underlying Gal-9-mediated HIV transcription. We hypothesized that Gal-9 modulates HIV transcriptional activity through T cell receptor (TCR) signaling transduction, based on results in non-HIV contexts showing that galectins, including Gal-9, modulate TCR-signaling (21–23), and that Gal-9 interacts with various cell-surface proteins known to induce TCR signaling, including CD44 (24) and 41-BB (25–27). We show that Gal-9 modulates HIV transcription through activating the TCR-downstream ERK and CREB signaling pathways in a lymphocyte-specific protein tyrosine kinase (Lck)-dependent manner. This signaling pathway also induces an undesirable, pro-inflammatory response, namely secretion of IL-2 and TNF-α, and activating CD4+ T cells. This pro-inflammatory response can be inhibited using the mTOR pathway inhibitor, rapamycin, without impacting Gal-9-mediated viral reactivation. Our results could have implications for understanding the role of endogenous galectin-9 in modulating TCR signaling in vivo and maintaining chronic immune activation during ART-suppressed HIV infection. In addition, uncoupling Gal-9-mediated viral reactivation from undesirable pro-inflammatory effects, using rapamycin, may increase the potential utility of rGal-9 within the reversal of HIV latency eradication framework.



MATERIALS AND METHODS


Cell Lines

As a model of HIV latency, we used “J-Lat” cells, which harbor latent, transcriptionally competent HIV provirus that encodes green fluorescent protein (GFP) as an indicator of viral reactivation (28, 29). We have shown in our previous work (8) that this latency model mimics the impact of Gal-9 on HIV transcription ex vivo using CD4+ T cells from HIV-infected ART-suppressed individuals. Therefore, it can be used to investigate the signaling mechanisms underlying Gal-9-mediated viral transcription. J-Lat 5A8 clone was kindly provided by Dr. Warner Greene (The Gladstone Institute of Virology and Immunology). J-Lat 15.4 (catalog number 9850), 10.6 (catalog number 9849), and Jurkat E6-1 (catalog number 177) clones were provided by the NIH AIDS Reagent Program (Germantown, MD). J.CaM1.6 clone, a derivative mutant of Jurkat cells, which is deficient in Lck activity (30), was purchased from American Type Culture Collection (ATCC; Manassas, VA; catalog number CRL-2063). Cell lines were maintained in Roswell Park Memorial Institute (RPMI) medium with L-glutamine (Corning Cellgro, Tewksbury, MA, United States), supplemented with 10% Fetal Bovine Serum (Gibco, Thermo Fisher Scientific, Waltham, MA, United States), and 1% Penicillin/Streptomycin (Thermo Fisher Scientific, Waltham, MA, United States).



Primary Cells

Cryopreserved peripheral blood mononuclear cells (PBMCs) were retrospectively collected from five HIV-infected individuals on suppressive ART, enrolled in the Philadelphia FIGHT cohort. Research protocols were approved by Wistar Institute and Philadelphia FIGHT Committees on Human Research. Written informed consent was obtained for all participants, and all data and specimens were coded to protect confidentiality. Subject characteristics are documented in Supplementary Table 1.



Reagents

A stable form of recombinant galectin-9 was obtained through our collaborators at GalPharma Co., Ltd. (Kagawa, Japan). A natural form of recombinant galectin-9 was purchased from R&D Systems (Minneapolis, MN; catalog # 2045-GA-050). Lck inhibitor A770041 was purchased from Axon Med Chem (Reston, VA). ERK inhibitor LY3214996 was purchased from Selleck Chemicals (Houston, TX). CREB inhibitor 666-15 and InSolution Rapamycin were purchased from Millipore Sigma (Burlington, MA). SMARTpool Accell Lck siRNA was purchased from Dharmacon (Lafayette, CO; cat # E-003151-00-0005) and Silencer™ Select Negative Control No. 1 siRNA was purchased from Thermo Fisher (Waltham, MA; cat# 4390843). ImmunoCult Human CD3/CD28 T Cell Activator was purchased from STEMCELL (Vancouver, BC, Canada).



Phosphorylated CD3ζ-Chain Quantification

J-Lat 5A8, Jurkat, or J.CaM1.6 cells were cultured at 1 × 106 cells/ml and treated with stable form of rGal-9 (200 nM), natural form of rGal-9 (200 nM), or an equivalent volume of phosphate buffered saline (PBS), in the presence of Lck inhibitor (1 μM) or an equivalent volume of dimethyl sulfoxide (DMSO). After 15 min, cells were collected, washed twice in ice-cold PBS, fixed, and permeabilized using the BD Cytofix/Cytoperm kit according to the manufacturer's instructions. Fixed cells were stained with PE anti-CD247 (TCRζ, CD3ζ) antibody (Clone 6B10.2, Biolegend), washed, and analyzed for PE fluorescence using LSR II flow cytometer and FACSDiva software (Becton Dickinson, Mountain View, CA, United States). Data were analyzed using FlowJo (TreeStar Inc., Ashland, OR, United States).



Human Phospho-Kinase Antibody Array

Proteome profiler human phospho-kinase arrays were purchased from R&D Systems, Inc. (Minneapolis, MN, United States). Ten million J-Lat 5A8 cells were treated for 30 min with 200 nM rGal-9 or an equivalent volume of PBS. Cells were washed twice in cold PBS and processed according to the manufacturer's instructions. Briefly, the cells were lysed for 30 min on a rotating shaker at 4°C. Lysates were centrifuged at 14,000 g for 5 min, and supernatants were incubated on the array membrane overnight on an orbital shaker at 4°C. Membranes were washed three times and incubated for 2 h at room temperature with anti-horseradish peroxidase antibody. After another three washes, membranes were incubated for 1 min with Chemi Reagent. Membrane images were captured using ImageQuant LAS 4010 (GE Healthcare Bio-Sciences, Pittsburg, PA, United States) and densitometry analysis was performed with Image Studio Lite Version 5.2 (LI-COR Biotechnology, Lincoln, NE, United States).



Measurement of HIV Latency Reversal

J-Lat 5A8, 10.6, and 15.4 cells were pre-incubated for 1 h with 1 μM for Lck inhibitor, 1 μM for ERK1/2 inhibitor, 1 μM for CREB inhibitor, 5 μM for rapamycin, or an equivalent volume of PBS. Cells were then treated with rGal-9 (multiple concentrations), 25 μl of ImmunoCult human CD3/CD28 T Cell Activator, or an equivalent volume of PBS, for 24 h. Mean fluorescence intensity of HIV-encoded GFP expression was assessed using LSR II flow cytometer and FACSDiva software. Data were analyzed with FlowJo.



Lck Silencing Using Small Interfering RNA (siRNA)

J-Lat 5A8 were resuspended in Nucleofector solution (Lonza) at 1 × 106 cells/100 μL, in the presence of 1.5 μM of Silencer™ Select (non-target) negative control No. 1 siRNA (Thermo Fisher, Cat# 4390843) or SMARTpool Accell Lck siRNA (Dharmacon, Cat # E-003151-00-0005). Cells were nucleofected using Amaxa Nucleofector4D (Lonza), according to manufacturer protocol for Jurkat clone E6.1 nucleofection. Cells were then plated in 1 ml of RPMI supplemented with 10% FBS. After 48 h, cells were resuspended in fresh medium at 1 × 106 cells/ml, plated in 96-well plates, and treated with rGal-9 (200 nM), or an equivalent volume of PBS, for 24 h. Mean fluorescence intensity of HIV-encoded GFP expression was assessed using LSR II flow cytometer and FACSDiva software. Data were analyzed with FlowJo.



Isolation and Treatment of Primary CD4+ T Cells

CD4+ T cells were enriched from the cryopreserved PBMCs by negative selection using the EasySep Human CD4+ T Cell Enrichment Kit (Stemcell Technologies), according to the manufacturer's instructions. Primary CD4+ T cells were maintained in RPMI with L-glutamine supplemented with 20% FBS. Primary CD4+ T cells were pre-incubated with 1 μM for Lck inhibitor or 5 μM for rapamycin. Cells were then treated with 500 nM of rGal-9, ImmunoCult human CD3/CD28 T Cell Activator, or an equivalent volume of PBS, for 24 h. Cells were centrifuged for 5 min at 250 g, and cells and supernatants were collected separately.



Measurement of CD4+ T Cells Viability and Activation

The surface expression of CD69 and CD25 markers of T-cell activation were measured using flow cytometry. Cells were stained with Zombie Aqua Fixable Viability Kit (Biolegend) and then stained with the following fluorescently-conjugated monoclonal antibodies: APC mouse anti-human CD3 (Clone UCHT1, Biolegend), V450 mouse anti-human CD4 (Clone RPA-T4, Biolegend), PE mouse anti-human CD69 (Clone FN50, Biolegend), PerCP-Cy5.5 mouse anti-human CD25 (Clone M-A251, Biolegend). Apoptosis was determined using Propidium iodide and Annexin V Pacific blue (Biolegend). anti-CD95 (1 ug/ml; clone E0S9.1; Biolegend) stimulation for 6 h was used as positive control for apoptosis. Cells were analyzed using LSR II flow cytometer and FACSDiva software. Data were analyzed with FlowJo software.



Measurement of TNF-α and IL-2 Levels Using ELISA

Supernatants from J-Lat 5A8 and primary CD4+ T cells cultures treated or not with rGal-9, αCD3/αCD28, and inhibitors were collected. Levels of TNFα and IL-2 cytokines were quantified using human TNF and IL-2 DuoSet Elisa kits (R&D Systems, Inc., Minneapolis, MN) according to the manufacturer's instructions. Optical density was measured at 450 and 540 nm using Versa Max microplate reader. Data were analyzed using GraphPad Prism.



Measurement of Cytokine Secretion Using Multiplex Luminex

Isolated CD4+ T cells from three HIV-infected ART-suppressed individuals were treated with 200 nM Gal-9, 500 nM Gal-9, or 0.5% DMSO as control for 4 h, 24 h, or 3 days. Culture supernatants were collected after 3 days and were processed according to recommended manufacture procedure with a Milliplex MAP Human High Sensitivity T Cell Panel (EMD Millipore, Billerica, Massachusetts) for GM-CSF, TNF-α, IL-13, IL-12 (p70), IL-10, IL-8, IL-7, IL-6, IL-5, IL-4, IL-2, IL-1b, and IFN-γ. Samples were acquired on a Luminex 200 (EMD Millipore). Samples were run in duplicate. The intra-assay CV% for analytes measured was <7%. The inter-assay CV% was <11%.



Statistical Analysis

Two-tailed paired and unpaired t-tests were used for comparisons. All statistical analyses were conducted using GraphPad Prism release 7.0 (GraphPad Software, San Diego, CA, United States) and statistical significance was set at a p-value of 0.05.




RESULTS


Gal-9 Induces Lck-Dependent T Cell Receptor ζ Chain (CD3ζ) Phosphorylation

The T cell receptor ζ chain (CD3ζ) is the principal signal transduction component of TCR signaling (31–33). Lck activity is required for the phosphorylation of signaling motifs in CD3-ζ and this phosphorylation is the initial step in the TCR signaling cascade (34, 35). To begin to test our hypothesis that Gal-9-mediates HIV transcriptional activity by activating TCR signaling, we examined the impact of rGal-9 on the phosphorylation of CD3ζ in the J-Lat 5A8 latency model. rGal-9 significantly induced the percentage of cells expressing phosphorylated CD3ζ [from 11.2 ± 1.8% to 32.1 ± 7.0% (mean ± SD); P = 0.0076] (Figure 1A). This induction was completely inhibited by preincubation with an Lck inhibitor (from 32.1 ± 7.0% to 2.8 ± 0.2%; P = 0.002) (Figure 1A). To confirm that Gal-9-mediated CD3ζ phosphorylation is Lck-dependent, we used the J.CaM1.6 clone (a derivative mutant of Jurkat cells, which is deficient in Lck activity). rGal-9 induced CD3ζ phosphorylation in wild type Jurkat cells [from 8.2 ± 2.2% to 44.4 ± 6.2% (mean ± SD); P = 0.0007], but had no effect on J.CaM1.6 (from 2.1 ± 0.6% to 1.6 ± 0.02%; P = 0.23) (Supplementary Figure 1). Confirming dose-dependent relationship, we found that rGal-9 is able to phosphorylate CD3ζ starting from 25 nM in the J-Lat 5A8 HIV latency model (Supplementary Figure 2). These data demonstrate that Gal-9 induces TCR-signaling in HIV latently-infected cells through Lck-mediated CD3ζ phosphorylation.
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FIGURE 1. Gal-9 induces the phosphorylation of TCR complex CD3ζ chain, ERK, and CREB. (A) J-Lat 5A8 cells were treated with Gal-9 (200 nM, blue bars) or αCD3/αCD28 antibodies (red bars) for 15 min in the presence or absence of Lck inhibitor (1 μM) and stained with PE-conjugated anti-phospho-CD3ζ antibody. Cell staining/phosphorylation was quantified by flow cytometry. Mean ± SD is displayed, and statistical comparisons were performed using two-tailed unpaired t-tests. *p < 0.05, and **p < 0.01. (B,C) J-Lat 5A8 cells were treated with Gal-9 (200 nM) or an equivalent volume of PBS for 30 min and analyzed using Proteome Profiler Human Phospho-Kinase Array Kit. (B) Array images were captured using ImageQuant™ LAS 4,000 and (C) phosphorylation signal intensity was analyzed by pixel density quantification using Image Studio Lite.





Gal-9 Induces Phosphorylation of ERK and CREB Signaling Molecules

To identify components of the TCR signaling cascade that are induced by Gal-9 downstream of CD3ζ phosphorylation, we used Proteome Profiler Human Phospho-Kinase arrays to assess the phosphorylation levels of 43 kinases and related transcription factors. rGal-9 treatment of J-Lat 5A8 cells induced the phosphorylation of several downstream effectors of TCR signaling, including ERK1/2 (26.7-fold) and CREB (6.6-fold) (Figures 1B,C). These data demonstrate that Gal-9-mediated induction of CD3ζ phosphorylation results in activation of ERK1/2 and CREB signaling pathways.



Gal-9 Modulates HIV Transcription Through Activating the TCR Downstream Signaling, ERK and CREB, in an Lck Dependent Manner

To evaluate whether TCR/Lck-dependent ERK1/2-CREB phosphorylation modulate the reactivation of latent HIV by Gal-9, we assessed the impact of Lck, ERK, and CREB inhibitors on rGal-9-mediated HIV latency reactivation in three J-Lat HIV latency model clones, 5A8, 10.6, and 15.4. Lck inhibition strongly reduced rGal-9-mediated HIV latency reactivation in the J-Lat 5A8 clone [from 16.8 ± 0.7% to 0.9 ± 0.03% (mean ± SD); P < 0.0001], the J-Lat 10.6 clone (from 41.9 ± 4.9% to 9.9 ± 0.44%; P = 0.0004), and the J-Lat 15.4 clone (from 2.5 ± 0.64% to 0.1 ± 0.06%; P = 0.0027). ERK inhibition showed a similar strong reduction of rGal-9-mediated HIV latency reactivation in the J-Lat 5A8 clone [from 16.8 ± 0.7% to 2.6 ± 0.3% (mean ± SD); P < 0.0001], the J-Lat 10.6 clone (from 41.9 ± 4.9% to 21.23 ± 1.29%; P = 0.002), and the J-Lat 15.4 clone (from 2.5 ± 0.64% to 0.1 ± 0.1%; P = 0.0029). Last, CREB inhibition showed a modest, yet significant, reduction in rGal-9-mediated HIV latency reactivation in the J-Lat 5A8 clone [from 16.8 ± 0.7% to 12.6 ± 0.3% (mean ± SD); P = 0.0007], and the J-Lat 15.4 clone (from 2.5 ± 0.64% to 0.4 ± 0.1%; P = 0.0047) (Figures 2A–C). As expected, Lck/ERK/CREB inhibition had a similar impact on αCD3/αCD28-mediated HIV latency reactivation (Figures 2A–C). To confirm the role of Lck in Gal-9-mediated HIV latency reactivation, we used siRNA to silence Lck in the J-Lat 5A8 HIV latency model. Lck siRNA significantly reduced Gal-9-mediated HIV latency reactivation compared to non-target siRNA control [from 13.4 ± 0.3% to 6.8 ± 0.2% (mean ± SD); P < 0.0001] (Supplementary Figure 3). Confirming a dose-dependent relationship, we found that rGal-9 is able to reactivate a fraction of latent HIV at 10 nM in the J-Lat 5A8 HIV latency model (Supplementary Figure 4). Together, these data indicate that Gal-9 modulates HIV transcriptional activity through induction of TCR/Lck-mediated ERK1/2 signaling and to a lesser extent CREB signaling.
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FIGURE 2. Gal-9 induces HIV transcription through TCR-dependent ERK/CREB signaling. Levels of latent HIV reactivation in three J-Lat clones 24 h after in vitro stimulation with Gal-9 (200 nM) in the presence or absence of 1 μM of Lck inhibitor, ERK inhibitor, or CREB inhibitor. HIV-encoded GFP expression was detected by flow cytometry. (A) J-Lat 5A8, (B) J-Lat 10.6, (C) J-Lat 15.4 cells. αCD3 /αCD28 antibodies (red bars) were used as a positive control. Mean ± SD is displayed, and statistical comparisons were performed using two-tailed unpaired t-tests. *p < 0.05; **p < 0.01, ***p < 0.001, and ****p < 0.0001.



Throughout this study, we are using a stable form of galectin-9 (8, 22, 26, 36–39). To confirm that the natural form of Gal-9 functions in a similar way as the stable form in phosphorylating CD3ζ and reactivating HIV latency, we repeated some of the above experiments using a natural form of recombinant Gal-9 (R&D systems). The natural form of recombinant Gal-9 induced CD3ζ phosphorylation [from 8.2 ± 2.2% to 44.4 ± 6.2% (mean ± SD); P = 0.0007], and HIV latency reactivation [from 0.1 ± 00.6% to 20.2 ± 0.8% (mean ± SD); P < 0.0001] in the J-Lat 5A8 HIV latency model, and these effects were significantly inhibited by Lck inhibitor (Supplementary Figures 5A,B).



Gal-9-Mediated CD4+ T Cell Activation Is Lck-Dependent

Next, to determine whether Gal-9-mediated T cell activation is dependent on the same mechanism as Gal-9-mediated viral activation, we examined the impact of Lck inhibition of Gal-9-mediated CD4+ T cell activation in primary cells from HIV-infected ART-suppressed individuals. Cell viability was determined using Zombie Aqua Fixable Viability and apoptosis was determined using Propidium iodide and Annexin V staining (Supplementary Figure 6). T cell activation was measured by co-expression of the T cell-surface activation markers CD69 and CD25. rGal-9 induced CD4+ T cell activation [from 0.14 ± 0.03% to 10.34 ± 1.1% (mean ± SEM)]. This effect was significantly reduced by Lck inhibition (from 10.34 ± 1.1% to 1.65 ± 0.5%; P = 0.0006) (Figure 3). Lck inhibition did not fully inhibit Gal-9-mediated T cell activation, suggesting that while TCR signaling plays a major role in Gal-9-mediated T cell activation, other signaling pathways may contribute to this effect.
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FIGURE 3. Gal-9-mediated CD4+ T cell activation is Lck-dependent. CD4+ T cells isolated from 5 HIV-infected ART-suppressed individuals were treated for 24 h with Gal-9 (500 nM) or the equivalent volume of PBS (Control) in the presence of 1 μM of Lck inhibitor or the equivalent volume of DMSO. Cells were analyzed by flow cytometry for expression of CD69 and CD25 activation markers. (A) % of CD4+ T cells expressing CD69, (B) % of CD4+ T cells expressing CD25, (C) % of CD4+ T cells co-expressing CD69 and CD25. (D) A representative flow cytometry plot of one individual. αCD3/αCD28 antibodies were used as a positive control. Mean ± SEM is displayed, and statistical comparisons were performed using two-tailed paired t-tests. **p < 0.01, and ***p < 0.001.





Gal-9 Induces IL2 and TNF-α Secretion by Inducing Lck-Dependent ERK and CREB Signaling

Given that Gal-9 induces TCR signaling and activates T cells, we posited that the Gal-9-mediated reactivation of HIV latency would be accompanied by secretion of pro-inflammatory cytokines. Indeed, rGal-9 treatment of J-Lat 5A8 cells was associated with a significant induction of IL2 [from < 15.6 pg/ml to 375.6 ± 28.1 pg/ml (mean ± SD)] and TNFα (from <15.6 pg/ml to 208.8 ± 9.7 pg/ml). This effect was significantly reduced by inhibiting Lck, ERK, or CREB activity (P < 0.001; Figures 4A,B). Similar results were obtained using primary CD4+ T cells from HIV-infected, ART-suppressed individuals: rGal-9 significantly induced the production of IL2 (from <15.6 pg/ml to 700.2 ± 93.1 pg/ml (mean ± SEM)] and TNFα (from <15.6 pg/ml to 1372.68 ± 240.75 pg/ml); Lck inhibition significantly reduced IL2 (from 700.2 ± 93.1 pg/ml to 47.9 ± 47.9 pg/ml; P = 0.0006) and TNFα secretion (from 1372.68 ± 240.75 pg/ml to 37.8 ± 37.8 pg/ml; P = 0.0035) (Figures 4C,D). Further, we examined the impact of rGal-9 on the secretion of a panel of pro and anti-inflammatory cytokines. Supplementary Figure 7 shows that rGal-9 induces the secretion of several pro- and anti- inflammatory cytokines. Together the data in Figures 3, 4 demonstrate that Gal-9-mediated T cell activation and pro-inflammatory cytokine secretion are dependent on the same mechanism that induces HIV transcriptional activity, namely Lck-mediated induction of the TCR downstream ERK/CREB signaling. These undesirable, pro-inflammatory effects of Gal-9 limit its potential to be used as an HIV latency reversal agent. Thus, we asked whether it would be possible to separate the desirable (HIV latency reversal) from the undesirable (T cell activation and cytokine secretion) effects of Gal-9.
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FIGURE 4. Gal-9 induces IL2 and TNF-α secretion by the same mechanism as viral reactivation. (A) IL2 and (B) TNF-α concentrations quantified by ELISA, in J-LAT 5A8 cell culture supernatants, after 24 h of Gal-9 treatment (200 mM) in presence or absence of 1 μM of Lck inhibitor, ERK inhibitor, or CREB inhibitor. Mean ± SD is displayed, and statistical comparisons were performed using two-tailed unpaired t-tests. ***p < 0.001. (C) IL2 and (D) TNF concentrations quantified by ELISA, in supernatants from CD4+ T cells from five HIV-infected, ART-suppressed individuals, after 24 h treatment with Gal-9 (500 nM) or the equivalent volume of PBS (Control) in the presence of 1 μM of Lck inhibitor or the equivalent volume of DMSO. αCD3/αCD28 antibodies were used as a positive control. Mean ± SEM is displayed, and statistical comparisons were performed using two-tailed paired t-tests. **p < 0.01, and ***p < 0.001.





Rapamycin Reduces Gal-9-Mediated Cytokine-Secretion Without Impacting the Ability of Gal-9 to Reactivate HIV

A recent study demonstrated that the immunosuppressive mTOR inhibitor rapamycin can uncouple HIV latency reversal from cytokine-associated toxicity (40). Furthermore, it has been shown that rapamycin can inhibit the proinflammatory effects of Gal-9 (41). We, therefore, investigated whether rapamycin could uncouple Gal-9-mediated latency reactivation from its concurrent effect on pro-inflammatory cytokine production. Co-treatment with rapamycin (5 μM) did not reduce the ability of Gal-9 to reactivate latent HIV (5 μM) [16.8 ± 0.7% compared to 16.1 ± 0.3% (mean ± SD); P = 0.2] (Figure 5A). However, rapamycin did significantly reduce Gal-9-mediated secretion of IL-2 [from 375.6 ± 28.13 pg/ml to 194.8 ± 12.43 pg/ml (mean ± SD); P < 0.001] and TNF (from 208.8 ± 9.7 pg/ml to 107.2 ± 5 pg/ml; P < 0.001) in the J-Lat 5A8 latency model (Figures 5B,C). Similarly, Rapamycin reduced Gal-9-mediated secretion of IL-2 [from 700.23 ± 91.1 pg/ml to 160.36 ± 105.9 pg/ml (mean ± SEM); P = 0.0006] and TNF (from 1372.68 ± 240.75 pg/ml to 340.13 ± 120.6 pg/ml; P = 0.0015) in primary CD4+ T cells from HIV-infected individuals on suppressive ART (Figures 5D,E). These data demonstrate that mTOR signaling inhibition may be used to uncouple Gal-9-mediated viral reactivation from undesirable pro-inflammatory effects.
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FIGURE 5. Rapamycin reduces Gal-9-mediated cytokine-secretion without impacting the ability of Gal-9 to reactivate HIV. (A) Viral reactivation in J-Lat 5A8 cells by Gal-9 (200 nM) in the presence or absence of 5 μM of rapamycin. Concentration of (B) IL2, and (C) TNF-α quantified by ELISA in cell culture supernatants. Mean ± SD is displayed, and statistical comparisons were performed using two-tailed unpaired t-tests. ***p < 0.001. Concentration of IL2 (D) and TNF-α (E) secretion quantified by ELISA in culture supernatants of CD4+ T cells isolated from five HIV+ ART-suppressed individuals after 24 h of Gal-9 stimulation (500 mM) in the presence of absence of 5 μM rapamycin. Mean ± SEM are displayed, and statistical comparisons were performed using two-tailed paired t-tests. **p < 0.01, and ***p < 0.001.






DISCUSSION

Gal-9 promotes HIV transcription by a previously unidentified mechanism (8). Given that Gal-9 is known to cross-link several surface proteins, some of which are involved in TCR signaling and that Gal-9 can induce TCR signaling (22), we hypothesized that Gal-9 promotes HIV transcriptional activity through TCR signaling transduction. In this study, we demonstrate that Gal-9 modulates HIV transcription through activating the TCR-downstream ERK and CREB signaling pathways, in an Lck-dependent manner. We also show that this same signaling pathway that induces HIV transcription also induces an undesirable pro-inflammatory response, namely secretion of IL-2 and TNFα as a consequence of T cell activation. These undesirable, Gal-9-mediated pro-inflammatory responses can be inhibited using the mTOR pathway inhibitor, rapamycin, without blunting Gal-9-mediated viral reactivation.

Gal-9 has several effects on T cells during HIV infection. It renders CD4+ T cells less susceptible to HIV infection via induction of the host restriction factor cyclin-dependent kinase inhibitor 1 (p 21) (42). It can also increase HIV entry by inducing the CD4+ T cell-surface concentration of protein disulfide isomerase (PDI) (43). We have previously shown that the endogenous levels of Gal-9 are induced after HIV infection and that these levels do not return to normal levels after ART suppression (20). We also found a positive correlation between endogenous levels of Gal-9 and levels of HIV transcription in CD4+ T cells during ART suppression (8). The impact of this chronically elevated levels of Gal-9 on immune functions during ART-suppressed HIV infection is not clear. Our current study demonstrates that Gal-9 induces Lck-dependent ERK/CREB signaling in HIV-infected latently infected cells, which may explain the correlation between Gal-9 and HIV transcriptional activity in vivo. However, this induction of TCR signaling by Gal-9 raises an important question of whether elevated endogenous Gal-9 levels contribute to the state of chronic inflammation and chronic immune activation during suppressive ART. Elevated T cell activation persists during suppressive ART (44) and is associated with the development of HIV-associated co-morbidities and premature mortality (44–47); it may also contribute to HIV persistence (48–51). This chronic immune activation involves multifactorial mechanisms (52–59), and the persistent induction of TCR signaling by the elevated levels of endogenous Gal-9 may be playing an important, unrecognized, role in sustaining it. Interventions that target Gal-9 may prove useful in inhibiting chronic immune activation, which might ultimately reduce the development of HIV-associated co-morbidities and levels of HIV persistence during suppressive ART.

Gal-9 is a multifaceted lectin, with opposing roles in modulating innate and adaptive immune responses. Gal-9 was mainly described to exhibit immunosuppressive activities (24, 60–67). Gal-9 can also increase the function of regulatory T cells (T-regs) through interaction with CD44 (24) and may impair Natural Killer cells (NK) cytotoxicity and cytokine production through a Tim-3 independent mechanism (68). Along the same line, two recent studies demonstrated that Gal-9 suppresses B cell receptor signaling and B cell activation through interaction with CD45 and IgM-BCR complex (69, 70). However, other studies showed that Gal-9 exhibits immunopotentiating activity in the setting of immunosuppression (71) and induces TCR signaling (22), similar to our current study. Also, the endogenous levels of Gal-9 are induced during many inflammatory conditions (66, 72–74). Together, it is likely that Gal-9 effects are context-dependent and cell-type-dependent. The effect of Gal-9 on cell-mediated immunity in different subsets of T cells and other immune cells, during ART-suppressed HIV infection, warrants a broader investigation. Clarifying the signaling pathways induced or inhibited by Gal-9 in different cell-population, during HIV infection, may provide insights that may lead to the development of novel therapies to improve immune functionality, and reduce inflammation-associated co-morbidities, in the setting of viral suppression by ART.

The ability of Gal-9 to potently induce latent HIV transcription suggested that it could be considered within the “shock and kill” HIV eradication framework (8). However, the adverse Gal-9-mediated induction of pro-inflammatory cytokines, by the same pathway, limits the potential use of Gal-9 as a shock and kill agent. The recent study by Martin et al. (40) raised the possibility of using rapamycin, an immunosuppressive agent that does not affect TCR signaling, to prevent the adverse effects of T cell activation without impacting HIV transcription. Unlike several immunosuppressive agents that impact TCR signaling, rapamycin suppresses IL-2 downstream signaling (75, 76). Our data show that rapamycin is able to inhibit the pro-inflammatory impact of Gal-9 without affecting its ability to reactivate latent infection. That is in agreement with a previous study that used rapamycin to inhibit the proinflammatory effects of galectin-9 on dendritic cells and promote allograft tolerance in mice (41). Uncoupling Gal-9-mediated viral reactivation from undesirable pro-inflammatory effects, using rapamycin, may increase the potential utility of recombinant Gal-9 within the “reversal of HIV latency” eradication framework.

In summary, we identified TCR/Lck-dependent ERK1/2-CREB as the signaling pathways underlying Gal-9 modulation of HIV transcriptional activity. We also found that rapamycin can uncouple the Gal-9 impact on HIV transcription from the undesirable, pro-inflammatory secretions associated with inducing TCR signaling. Our data highlight the further investigations needed to comprehensively understand the immunologic consequences of Gal-9 in vivo, during ART-suppressed HIV infection. Our findings could have implications for understanding the role of endogenous galectin interactions in modulating TCR signaling and maintaining chronic immune activation, that persists during ART-suppressed HIV infection. Finally, uncoupling Gal-9-mediated viral reactivation from undesirable pro-inflammatory effects, using rapamycin, may increase the potential utility of recombinant Gal-9 within the reversal of HIV latency eradication framework.



AUTHOR CONTRIBUTIONS

FC, LG, TP, BM, EP, LM, LN, and MA-M designed and carried out experiments. EP and LM selected study subjects and provided samples. TN contributed reagents. FC, LG, TP, EP, TN, LM, LN, and MA-M analyzed and interpreted data. FC and MA-M wrote the manuscript, and all authors edited it.



FUNDING

This work was supported by NIH (R21 AI129636, R21 NS106970, and P30CA010815-49S2), W.W. Smith Charitable Trust (grant # A1701), Campbell Foundation award, Penn Center for AIDS Research (P30 AI 045008), and The Foundation for AIDS Research (amfAR) Impact Grant # 109840-65-RGRL. Additional support was provided by the NIH-funded BEAT-HIV Martin Delaney Collaboratory to cure HIV-1 infection (1UM1Al126620) and the Philadelphia Foundation.



ACKNOWLEDGMENTS

We would like to thank Rachel E. Locke, Ph.D. for providing comments and editing.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2019.00267/full#supplementary-material

Supplementary Figure 1. Gal-9-mediated CD3ζ phosphorylation is Lck-dependent. Jurkat E6-1 and J.CaM1.6 (a derivative mutant of Jurkat cells, which are deficient in Lck activity) cells were treated with Gal-9 (200 nM), or an equivalent volume of PBS, for 15 min and stained with PE-conjugated anti-phospho-CD3ζ antibody. Cell staining/phosphorylation was quantified by flow cytometry. Mean ± SD is displayed, and statistical comparisons were performed using two-tailed unpaired t-tests. ***p < 0.001.

Supplementary Figure 2. Low concentrations of Gal-9 induce CD3ζ phosphorylation. J-Lat 5A8 cells were treated with escalating doses of Gal-9 (0–200 nM) for 15 min and stained with PE-conjugated anti-phospho-CD3ζ antibody. Cell staining/phosphorylation was quantified by flow cytometry. Mean ± SD is displayed, and statistical comparisons were performed using two-tailed unpaired t-tests comparing each concentration to the 0 nM control. *p < 0.05, and **p < 0.01.

Supplementary Figure 3. Gal-9-mediated HIV latency reactivation is Lck-dependent. J-Lat 5A8 were transfected with Lck siRNA or non-target siRNA control using Amaxa Nucleofector4D. After 48 h, cells were treated with rGal-9 (200 nM), or an equivalent volume of PBS, for 24 h. HIV-encoded GFP expression was detected by flow cytometry. Mean ± SD is displayed, and statistical comparisons were performed using two-tailed unpaired t-tests. ***p < 0.001, and ****p < 0.0001.

Supplementary Figure 4. Low concentrations of Gal-9 reactivate latent HIV in the J-Lat HIV latency model. J-Lat 5A8 cells were treated with escalating doses of Gal-9 (0–200 nM) for 24 h. HIV-encoded GFP expression was detected by flow cytometry. Mean ± SD is displayed, and statistical comparisons were performed using two-tailed unpaired t-tests comparing each concentration to the 0 nM control. *p < 0.05, ***p < 0.001, and ****p < 0.0001.

Supplementary Figure 5. The natural form of Gal-9 phosphorylates CD3ζ and reactivates latent HIV in Lck dependent. (A) J-Lat 5A8 cells were treated with the natural form of Gal-9 (200 nM) or an equivalent volume of PBS for 15 min and stained with PE-conjugated anti-phospho-CD3ζ antibody. Cell staining/phosphorylation was quantified by flow cytometry. (B) J-Lat 5A8 cells were treated with the natural form of Gal-9 (200 nM) or an equavelent volume of PBS for 24 h. HIV-encoded GFP expression was detected by flow cytometry. Mean ± SD is displayed, and statistical comparisons were performed using two-tailed unpaired t-tests. ****p < 0.0001.

Supplementary Figure 6. Impact of Gal-9 on CD4+ T cell viability and apoptosis. (A) CD4+ T cells isolated from 5 HIV-infected ART-suppressed individuals were treated for 24 h with Gal-9 (500 nM) or DMSO Control in the presence of 1 μM of Lck inhibitor or the equivalent volume of DMSO. Cell viability was determined using Zombie Aqua Fixable Viability staining. (B) A representative flow cytometry plot from one individual. (C) CD4+ T cells isolated from one HIV-infected ART-suppressed individual were treated for 24 h with Gal-9 (500 nM) or DMSO Control. Apoptosis was determined using Propidium iodide and Annexin V Pacific blue (Biolegend). anti-CD95 (1 ug/ml) stimulation for 6 h was used as positive control. Experiment was performed in duplicates. Mean ± SD is displayed (D) A representative flow cytometry plot of one replicate.

Supplementary Figure 7. Gal-9 induces the secretion of several pro- and anti-inflammatory cytokines. CD4+ T cells isolated from 3 HIV-infected ART-suppressed individuals were treated for 24 h with Gal-9 (200 nM), rGal-9 (500 nM), or DMSO Control for 4 h, 24 h, or 3 days. Culture supernatants were collected on day 3 and levels the 13 indicated pro- and anti-inflammatory cytokines were determined using Luminex assay.

Supplementary Table 1. Subject characteristics.
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Background: CXCL13 is preferentially secreted by Follicular Helper T cells (TFH) to attract B cells to germinal centers. Plasma levels of CXCL13 have been reported to be elevated during chronic HIV-infection, however there is limited data on such elevation during early phases of infection and on the effect of ART. Moreover, the contribution of CXCL13 to disease progression and systemic immune activation have been partially defined. Herein, we assessed the relationship between plasma levels of CXCL13 and systemic immune activation.

Methods: Study samples were collected in 114 people living with HIV (PLWH) who were in early (EHI) or chronic (CHI) HIV infection and 35 elite controllers (EC) compared to 17 uninfected controls (UC). A subgroup of 11 EHI who initiated ART and 14 who did not were followed prospectively. Plasma levels of CXCL13 were correlated with CD4 T cell count, CD4/CD8 ratio, plasma viral load (VL), markers of microbial translocation [LPS, sCD14, and (1→3)-β-D-Glucan], markers of B cell activation (total IgG, IgM, IgA, and IgG1-4), and inflammatory/activation markers like IL-6, IL-8, IL-1β, TNF-α, IDO-1 activity, and frequency of CD38+HLA-DR+ T cells on CD4+ and CD8+ T cells.

Results: Plasma levels of CXCL13 were elevated in EHI (127.9 ± 64.9 pg/mL) and CHI (229.4 ± 28.5 pg/mL) compared to EC (71.3 ± 20.11 pg/mL), and UC (33.4 ± 14.9 pg/mL). Longitudinal analysis demonstrated that CXCL13 remains significantly elevated after 14 months without ART (p < 0.001) and was reduced without normalization after 24 months on ART (p = 0.002). Correlations were observed with VL, CD4 T cell count, CD4/CD8 ratio, LPS, sCD14, (1→3)-β-D-Glucan, total IgG, TNF-α, Kynurenine/Tryptophan ratio, and frequency of CD38+HLA-DR+ CD4 and CD8 T cells. In addition, CMV+ PLWH presented with higher levels of plasma CXCL13 than CMV- PLWH (p = 0.005).

Conclusion: Plasma CXCL13 levels increased with HIV disease progression. Early initiation of ART reduces plasma CXCL13 and B cell activation without normalization. CXCL13 represents a novel marker of systemic immune activation during early and chronic HIV infection and may be used to predict the development of non-AIDS events.

Keywords: CXCL13, humoral immune response, microbial translocation, inflammation, immune activation, CMV


INTRODUCTION

Despite the success of antiretroviral therapy (ART), people living with HIV (PLWH) still suffer from chronic immune activation and the development of non-AIDS events (1). Progressive CD4 T cell decline, elevated CD8 T cell counts, early damage to the intestinal mucosa, microbial translocation, CMV co-infection, and persistence of HIV in cellular reservoirs all contribute to systemic immune activation (2–6). Chronic immune activation and inflammation among PLWH on ART have been linked with increased risk for mortality and development of non-AIDS events such as cardiovascular dysfunction, renal failure, hepatic steatosis, neurocognitive degeneration, accelerated aging, and cancer (7, 8). Therefore, therapeutic strategies are needed to tackle residual immune activation to improve the quality of life of PLWH.

Apart from the virus itself or its proteins, factors contributing to immune activation among PLWH include elevated circulation of microbial products leaking from the gut and CMV infection (9, 10). It has been reported that epithelial gut damage, leading to microbial translocation, precedes systemic immune activation in a SIV-infected rhesus macaque model of the disease (11). Circulation of gram-negative bacterial cell wall antigen, lipopolysaccharide (LPS), and major component of fungal cell walls, (1→3)-β-D-Glucan (βDG), have been reported to be elevated in the plasma of PLWH (12–16). These markers of microbial translocation have been previously associated with activated CD4 and CD8 T cells, indoleamine 2,3-dioxygenase 1 (IDO-1) activity, and plasma levels of inflammatory cytokines. Thus, the optimal marker of systemic immune activation in PLWH should account for the contribution of circulating microbial products LPS and βDG.

Several cellular and soluble markers of immune activation/inflammation have been identified (17). Frequencies of HLA-DR and CD38 expressing CD4 and CD8 T cells are used to measure lymphoid cell activation (18). Inflammatory myeloid cells including monocytes, macrophages, and dendritic cells (DC) are reported to induce IDO-1 enzyme activity upon antigen stimulation (19). IDO-1 converts essential amino acid tryptophan into immune suppressive kynurenines. Frequency of activated CD4 and CD8 T cells as well as IDO-1 activity of myeloid cells have been associated with the degree of epithelial gut damage, microbial translocation, and size of HIV reservoir (1, 20–22). Plasma level markers of inflammation/immune activation include marker of monocyte activation soluble CD14 (sCD14) as well as inflammatory cytokines such as IL-6, IL-1β, IL-8, and TNF-α which are secreted by activated immune cells (23–25). While there are several validated markers of immune activation/inflammation in PLWH, there is currently no single marker that can account for both lymphoid and myeloid cell activation during early and chronic stages of HIV infection.

B cells play a crucial role in mounting an antiviral humoral immune response. Upon maturation in germinal centers (GCs), they are mainly localized in secondary lymphoid tissues where they present antigens, secrete cytokines, and produce antigen-specific antibodies (26). PLWH have been reported to have humoral immune dysfunction that is regulated by GCs, which have been linked to HIV-associated immune activation (27–29). Both structural and functional impairment of lymph node GCs lead to B cell dysfunction. Subsequent B cell activation results in hypergammaglobulinemia, impaired antibody response, and loss of B cell memory (27). B cell activation and trafficking to lymph node GCs is controlled by secretion of chemokine CXCL13 [(C-X-C motif) ligand 13] that is recognized by leukocytes, which express CXCR5. As such, CXCL13 is considered as a marker of GC activity as it is secreted by follicular DC and helper T (TFH) cells. Furthermore, myeloid cells such as macrophages have also been reported to secrete CXCL13 upon activation (30). It has been previously reported that PLWH have elevated plasma levels of CXCL13 during chronic infection (31). However, plasma levels of CXCL13 during early infection, the effect of ART on CXCL13 secretion, and the contribution of CXCL13 to HIV disease progression and systemic immune activation are poorly understood. Herein, we assessed the validity of plasma levels of CXCL13 as a biomarker of systemic immune activation in a well-defined cohort of early and chronic, untreated and treated PLWH.



METHODS


Study Design and Population

114 adult PLWH were cross-sectionally grouped into those in early HIV-infection (EHI) (n = 37), defined as being within 6 months of the estimated date of infection, and those with chronic HIV-infection (CHI) who were either untreated (n = 13) or ART treated (n = 64). EHI participants were enrolled from the Montreal Primary HIV Infection Study (32); while CHI participants were enrolled from the Chronic Viral Illness Service at the McGill University Health Centre and Canadian HIV and Aging Cohort Study (33). In addition, 35 elite controllers (EC)s, defined as PLWH who control plasma viral loads below 50 copies per mL and maintain CD4 T-cell counts above 500 cells per mm3 in the absence of ART were included from the Canadian Cohort of HIV-infected Slow Progressors (34). Within the EHI group, 24 participants were prospectively followed-up for about 2 years. During the follow-up, 10 EHI participants were on ART for at least 1 year while the remaining participants were ART naïve during the time of longitudinal assessment. A group of 17 HIV-uninfected controls (UC) were assessed for comparison with EHI and CHI groups.



Laboratory Measurements

Participants were diagnosed with HIV by measuring plasma HIV-1 p24 antigen/antibody and were further confirmed by Western blot as previously reported (32, 35). HIV viral load (VL) in plasma was quantified by the Abbott RealTime HIV-1 assay (Abbott Laboratories, Abbott Park, Illinois, U.S.A). Assessment of CD4 and CD8 T cell counts was done by 4-color flow cytometry. For further research measurements blood samples of study participants were collected to isolate plasma and peripheral blood mononuclear cells (PBMC) samples and stored at −80°C and in liquid nitrogen, respectively. All participants were fasting at the time of blood collection.



Quantification of Plasma Levels of CXCL13

Plasma CXCL13 levels were measured in duplicate by using the Human CXCL13/BLC/BCA-1 Quantikine ELISA Kit (R&D Systems, Minneapolis, MN), a 4.5-h solid phase enzyme linked immunosorbent assay (ELISA).



Quantification of Markers of B-Cell Activity (Total IgG, IgM, IgA, IgG1-4, BAFF, sCD40L)

Total IgG, IgM, and IgA were measured using the Olympus AU5800 (Beckman Coulter). Further subclasses of IgG (IgG1, IgG2, IgG3, and IgG4) were measured by using ELISA kits (eBiosciences, Saint Laurent, QC, Canada) as per manufacturer's instructions. B cell activating factor (BAFF) and soluble CD40L (sCD40L) were measured in duplicate using an ELISA (R&D Systems, Minneapolis, MN, USA).



Quantification of Markers of Epithelial Gut Damage and Microbial Translocation

Intestinal-fatty acid binding protein (I-FABP) was measured using an ELISA kit (Hycult Biotech, Uden, Netherlands). Soluble suppressor of tumorigenicity 2 (sST2) was measured by ELISA as described before (21). LPS was measured using a human lipopolysaccharide ELISA kit (Cusabio, Wuhan, China). sCD14 was measured by immunoassay (Quantikine, R&D Systems, Minneapolis, MN, USA). (1→3)-β-D-Glucan (βDG) was measured by the Fungitell® Limulus Amebocyte Lysate assay (Associates of Cape Cod, Inc., East Falmouth, MA, USA). All the analytes were measured in duplicate as per manufacturer's instructions.



Multiplex Quantification of Soluble Inflammatory Markers

Plasma levels of IL-1β, Tumor Necrosis Factor α (TNF-α), IL-6, and IL-8 were measured in duplicate using the Meso Scale Discovery (MSD) U-Plex Pro-Inflammatory Combo 4 kit (MSD, Rockville, Maryland, USA).



Measurement of Kynurenine and Tryptophan Plasma Levels

Kynurenine and Tryptophan were measured using an automated on-line solid-phase extraction-liquid chromatographic-tandem mass spectrometric method (36, 37). Ratio of kynurenine to tryptophan was calculated as a measure of IDO-1 enzyme activity.



Flow Cytometry Analyses

Frozen PBMC samples were rapidly thawed and stained for 20 min at 4°C using fluorochrome conjugated antibody panels from BD Biosciences (Mississauga, ON, Canada) or BioLegend (San Diego, CA, USA) using anti-CD56-FITC, anti-CD11c BV711, anti-CD3 PE-Dazzle594, anti-CD4 BUV395, anti-CD8 BUV737, anti-CD38 BV605, anti-HLADR APC-Cy7. Cells were then washed and fixed in 2% paraformaldehyde before acquisition. CD38 and HLA-DR expression were analyzed on CD4 and CD8 T cells. Dead cells were excluded as Live/dead positive (ThermoFisher, Saint Laurent QC, Canada). Fluorescence minus one color controls were used to discriminate auto-fluorescence from positive signals. BD Fortessa X20 flow cytometer was used for FACS and the data was analyzed using FlowJo 10.0.7 (FLOWJO, LLC, Ashland, OR, USA).



In vitro Stimulations

One million PBMC from uninfected donors were stimulated for 18 h in 1 mL complete medium [RPMI (Wisent) + 10% FBS (Wisent) + 1% Penicillin/Streptomycin (ThermoFisher)] with 1 μg/ml of LPS (Sigma), βDG (Sigma) or both. Supernatants were collected and CXCL13 was measured as previously described.



Statistical Analyses

Descriptive and inferential analyses were conducted using SPSS 24.0 (Chicago, IL, USA) and GraphPad Prism 6.0 (La Jolla, CA, USA). Data were summarized using means and standard deviations calculated for the variables with normal distribution and using median with interquartile range (IQR) calculated for variables with a non-normal distribution. Percentages were calculated for categorical variables. Subsequently, both parametric and non-parametric tests including student t, chi-square, Mann-Whitney U, χ2, and ANOVA with LSD test were used for comparisons. Paired t-test was used for before-after comparisons. Pearson correlation test was conducted to assess association between two quantitative variables. Statistical significance was determined at p < 0.05. Multivariate linear regression analysis was conducted to determine the independent association of CXCL13 with HIV-infection adjusting for the confounding factors such as age, sex, CD4 T cell count and inflammatory markers.




RESULTS


Clinical Characteristics of Study Participants

Eighty one percent of the participating PLWH were male and the median (IQR) age was 47 (37–51). CD4 T-cell count was lower in untreated EHI and CHI vs. controls, which increased amongst those receiving antiretroviral therapy (ART). In contrast, CD8 T-cell count among untreated PLWH was higher than those receiving ART. Untreated EHI and CHI groups had a median log10 plasma viral loads of 4.4 (3.7–5.0) and 5.1 (4.6–5.3) copies per mL, respectively. All the participants on ART and all ECs had plasma viral loads <50 copies/mL (Table 1).



Table 1. Descriptive characteristics of study participants (n = 166).
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Elevation of Plasma CXCL13 Levels During Early and Chronic HIV Infection and Impact of Antiretroviral Therapy

Plasma levels of CXCL13 were significantly elevated in ART-naive EHI (137.3 ± 67.4 pg/mL) and ART-naive CHI (385.91 ± 76.8 pg/mL) compared to EC (71.3119.0 pg/mL) and UC (33.414.9 pg/mL) (Figure 1A). EC had lower levels of plasma CXCL13 than EHI and CHI but still had nearly two-fold more CXCL13 than UC. However, this difference was not statistically significant. This is likely because EC are known to have a comparatively preserved immune system compared to progressors (38). We observed PLWH with CMV co-infection to have higher plasma levels of CXCL13 than PLWH without CMV co-infection (p = 0.005) (Figure 1B). Of note, CMV co-infection has been reported to be linked to HIV-associated immune activation (39). In cross-sectional analysis, both EHI and CHI groups on ART compared to their untreated counterparts showed a significant decrease in their CXCL13 levels without normalization. Longitudinal analysis of the EHI participants that remained without ART for a median of 24 months demonstrated that their plasma CXCL13 levels increased from 133.2 ± 17.3 to 260.5 ± 30.4 pg/mL (p < 0.001). On the other hand, EHI participants who received ART for a median of 24 months showed a decrease in their CXCL13 levels without normalization (81.6 ± 10.3 pg/mL, p = 0.002) (Figure 2). It is important to note that while there is an overall trend of reduced plasma levels of CXCL13 after 24 months of ART, such reduction is pronounced in two participants.
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FIGURE 1. Plasma levels of CXCL13 over the course of HIV-infection. (A) Circulating CXCL13 during early and chronic infection compared to elite controllers and uninfected controls. EHI ART– (n = 37), CHI ART– (n = 13), EC (n = 35), UC (n = 17). (B) Comparison of plasma levels of CXCL13 in CMV+ and CMV– HIV-infected progressors with similar CD4 T cell count. EHI, early HIV infection; CHI, chronic HIV infection; EC, elite controllers; UC, uninfected controls; ART, antiretroviral therapy. **p < 0.01; ****p < 0.0001.
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FIGURE 2. Effect of ART on plasma levels of CXCL13. (A) Cross-sectional analysis on the effect of ART on plasma levels of CXCL13 (EHI ART+ n = 11; CHI ART+ n = 64; UC n = 17). (B) Longitudinal analysis on the change of plasma levels of CXCL13 over 24 months in PLWH without ART (n = 14). (C) Longitudinal analysis on the change of plasma levels of CXCL13 in PLWH after 24 months on ART (n = 10). EHI, early HIV infection; CHI, chronic HIV infection; UC, uninfected controls; ART, antiretroviral therapy. **p < 0.01.



These results suggest that plasma levels of CXCL13 progressively increases with HIV disease progression and is decreased without normalization upon initiation of ART. This is in line with previous findings that ART results in a decrease without normalization of systemic immune activation (40). Multivariate analysis confirmed that elevated CXCL13 levels among PLWH were independent of the effect of age, sex, HIV viral load, CD4 T cell count, and inflammatory markers.



Correlation of Plasma CXCL13 Levels With CD4 and CD8 T-Cell Counts, CD4/CD8 T Cell Ratio and Plasma Viral Load

Among PLWH, CXCL13 levels correlated negatively with both CD4 T-cell count (r = −0.359; p < 0.001) and CD4/CD8 T cell ratio (r = −0.303; p < 0.001) but not with CD8 T-cell count (r = 0.107; p = 0.232, data not shown). Elevated CXCL13 levels among untreated participants (both EHI and CHI) positively correlated with viral load (r = 0.382; p < 0.001) (Figures 3A–C) (41).
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FIGURE 3. Association of plasma levels of CXCL13 with markers of HIV disease progression. (A) Plasma levels of CXCL13 are correlated with CD4 T cell count in HIV-infected progressors (n = 144). (B) Plasma levels of CXCL13 are correlated with CD4/CD8 T cell ratio in HIV-infected progressors (n = 144). (C) Plasma levels of CXCL13 are correlated with plasma viral load in untreated PLWH (n = 72).





Correlation of Plasma CXCL13 Levels With B-Cell Activation Markers

CXCL13 levels correlated with total IgG (r = 0.649; p < 0.001), and IgG1 (r = 0.338; p = 0.02) in circulation (Figures 4A,B), while no correlation was observed with IgG2, IgG3, nor IgG4 (data not shown). Similarly, despite a positive trend, the correlation of plasma CXCL13 was not significant with plasma BAFF and sCD40L levels, two other indicators of B-cell activity (data not shown). These results highlight the distinctive contribution of CXCL13 in B-cell activation and humoral immune response.
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FIGURE 4. Plasma levels of CXCL13 are associated with immunoglobulin production. (A) Plasma levels of CXCL13 are correlated with plasma levels of non-specific IgG in a subset of EHI and CHI PLWH, including participants on and off ART (n = 49). (B) Plasma levels of CXCL13 are correlated with plasma levels of non-specific IgG1 in a subset of EHI and CHI PLWH, including participants on and off ART (n = 51).





Correlation of Plasma CXCL13 Levels With Soluble Markers of Gut Damage and/or Microbial Translocation

Plasma CXCL13 did not correlate with marker of epithelial gut damage, I-FABP (data not shown). We also assessed sST2 as an emerging marker of gut damage (21). CXCL13 levels did not show any correlation with sST2 (data not shown). However, plasma levels of gram-negative bacterial cell wall endotoxin LPS and monocyte activation marker sCD14 positively correlated with systemic CXCL13 levels (r = 0.332; p < 0.001 and r = 0.322; p = 0.005, respectively) (Figures 5A,B). Both LPS and sCD14 are considered as markers of bacterial translocation. In addition, we also measured fungal translocation using a major fungal cell wall polysaccharide antigen, βDG (42). Plasma levels of βDG correlated significantly with plasma CXCL13 (r = 0.257; p = 0.03) (Figure 5C). Of note, βDG has been used as a diagnostic marker for invasive fungal infections and its role is emerging in HIV-associated fungal translocation as we and others have previously reported (13, 15, 43). In vitro, both LPS and βDG induced CXCL13 secretion by PBMC from uninfected donors. Combination of both LPS and βDG did not show an additive effect on CXCL13 secretion compared to LPS or βDG alone (data not shown).
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FIGURE 5. Plasma levels of CXCL13 are associated with markers of microbial translocation. (A) Plasma levels of CXCL13 are correlated with plasma levels of LPS (n = 144). (B) Plasma levels of CXCL13 are correlated with plasma levels of soluble CD14 (sCD14), in a subset of EHI and CHI PLWH, including those on and off ART (n = 74). (C) Plasma levels of CXCL13 are correlated with plasma levels of (1→3)-β-D-Glucan (βDG), in a subset of EHI and CHI PLWH, including those on and off ART (n = 68).





Correlation of Plasma CXCL13 Levels With Soluble Markers of Inflammation and/or Immune Activation

Plasma TNF-α levels were observed to have a significant positive correlation with circulating CXCL13 levels (r = 0.316; p < 0.001, Figure 6A), while no correlation of CXCL13 was observed with other inflammatory markers IL-1β, IL-6, and IL-8 (data not shown). We also quantified plasma Tryptophan and Kynurenine levels to measure IDO-1 enzyme activity as a marker of myeloid cell inflammation and/or immune activation. Plasma CXCL13 levels had a significant positive correlation with plasma kynurenine (r = 0.569; p < 0.001, Figure 6B). We computed ratio of kynurenine to tryptophan as a measure of IDO-1 enzyme activity. This ratio further significantly correlated (r = 0.653; p < 0.001, Figure 6C) with plasma CXCL13 levels. Taken together, these results portray the involvement of CXCL13 in HIV-associated myeloid cell activation and inflammation.
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FIGURE 6. Plasma levels of CXCL13 are associated with markers of myeloid and lymphoid activation. (A) Plasma levels of CXCL13 are correlated with plasma levels of TNF-α (n = 139). (B) Plasma levels of CXCL13 are correlated with plasma levels of Kynurenine, in a subset of PLWH in early and chronic stages of infection, including those on and off ART (n = 84). (C) Plasma levels of CXCL13 are correlated with IDO-1 metabolism (Kynurenine/Tryptophan), in a subset of EHI and CHI participants including those on and off ART (n = 84). (D) Plasma levels of CXCL13 are correlated with frequency of HLA-DR+CD38+ CD4 T cells, in a random subset of PLWH from early and chronic HIV-infection (n = 13). (E) Plasma levels of CXCL13 are correlated with frequency of HLA-DR+CD38+ CD8 T cells, in a random subset of PLWH from early and chronic HIV-infection (n = 18).





Correlation of Plasma CXCL13 Levels With Lymphocyte Activation Markers

We analyzed PBMC by FACS for whom samples were available. Frequency of CD38+HLA-DR+ CD4 T cells (r = 0.561; p = 0.04, Figure 6D) and frequency of CD38+HLA-DR+ CD8 T cells (r = 0.527; p = 0.02, Figure 6E) correlated with plasma levels of CXCL13. These findings highlight CXCL13 as a plasma level biomarker of lymphoid cell activation.




DISCUSSION

We report significant elevation of plasma CXCL13 levels during early and chronic HIV infection that reduced without normalization in PLWH receiving antiretroviral therapy. To our knowledge, this is the first observation reporting a correlation of CXCL13 levels with markers of microbial translocation, inflammatory cytokines, IDO-1 enzyme activity and markers of myeloid and lymphoid cell activation in PLWH. In addition, we also showed a significant correlation of plasma CXCL13 levels with markers of B cell activation in the context of HIV infection. Interestingly, plasma levels of CXCL13 were also associated with CMV co-infection which was reported to be a contributor to HIV-associated systemic inflammation (39). Immune activation is considered as a major factor contributing to the size of HIV reservoirs and development of non-AIDS events despite long-term ART (1, 4, 7). Therefore, therapeutic strategies targeting immune activation remains a priority for curing HIV infection.

Our results are in line with the first report of elevated CXCL13 levels in PLWH. Widney et al. observed a positive correlation of plasma CXCL13 with inflammatory markers and with CD4 T cell count in chronically infected patients (31). In contrast, we observed a negative correlation of CXCL13 with CD4 T cell counts and CD4/CD8 T cell ratio. Progressive decline in the CD4 T cell numbers and CD4/CD8 T cell ratio is a hallmark of HIV-infection (44, 45). Therefore, their negative correlation with CXCL13 levels explains a role of the later in HIV-disease progression via immune activation. Furthermore, in untreated participants, we observed a correlation of plasma CXCL13 with viral load. In untreated participants, the associations of plasma CXCL13 with CD4 T cell count, CD4/CD8 ratio, LPS, sCD14, βDG, and IDO-1 metabolism were independent of HIV viral load.

Moreover, Widney et al. did not observe an association of CXCL13 levels and immunoglobulins. On the other hand, we found a correlation of CXCL13 with IgG and more specifically with its predominant subclass IgG1. This observation shows concordance of plasma CXCL13 levels with B cell activation, which is mediated via CXCR5 expression (46).

Chronic immune activation and inflammation are understood to be the driving factors of HIV disease progression and a significant underlying cause of non-AIDS events in PLWH on long-term ART. As such, it is of clinical interest to validate a biomarker that can monitor myeloid and lymphoid cell activation/inflammation in early and chronic stages of infection in both progressors and non-progressors. In these lines, TFH cells are reported to secrete CXCL13 (47). Cohen et al. have shown that HIV-1 ssRNA induces the production of CXCL13 by DC (48). Furthermore, Carlsen et al. showed that LPS stimulates macrophages to produce CXCL13 in vitro (30). We show plasma levels of CXCL13, measured by ELISA, to be a valid marker of HIV disease progression (CD4 T cell count and plasma viral load), microbial translocation (circulation of LPS and βDG), myeloid cell activation (IDO-1 activity and plasma sCD14 levels), lymphoid cell activation (frequency of CD38+ HLA-DR+ CD4 and CD8 T cells), and general inflammation (plasma levels of TNF-α). Thus, we propose plasma levels of CXCL13 as a marker of systemic myeloid and lymphoid cell activation and inflammation in PLWH. Future studies should investigate the contribution of CXCL13 to the development of non-AIDS events and assess if plasma levels of CXCL13 can be used as a prognostic marker for the development of certain non-AIDS events including lymphoma.

TFH cells in GCs and follicular DC in B cell follicles are major producers of CXCL13 owing to their expression of CXCL13 receptor CXCR5 (41, 46, 49). CXCL13 overexpression has been associated with immune activation in chronic conditions such as infection with HIV and systemic sclerosis (31, 50). Havenar-Daughton et al. studied a large longitudinal cohort of PLWH and reported a significant elevation of plasma CXCL13 with the generation of broad neutralizing antibodies (bnAbs) against HIV (41). They further correlated plasma CXCL13 levels with the magnitude of Ab responses and the frequency of TFH-like cells expressing ICOS in the blood of individuals' post-vaccination. Similarly, we observed an association of plasma CXCL13 with Abs such as total IgG and its subtype IgG1 in PLWH. Taken together, such findings display CXCL13 not only as another marker but also as an indicator of GC activity, which is influenced by non-specific and specific stimuli, inflammation, and vaccine response.

Our study has certain limitations that need to be considered while interpreting these findings. Causality cannot be determined as an inherent bias in observational studies like ours despite being conducted on well-defined clinical cohorts. Therefore, this study could not rule out the possibility that the dysfunction caused by chronic immune activation contributes to an increase in plasma CXCL13. Furthermore, limited sample availability did not allow us to assess whether plasma levels of CXCL13 is a marker of immune activation in known HIV reservoirs such as the gut (51). Our multivariate model did not account for potential confounding factors such as risk behaviors, economic status, smoking, alcohol, and drug abuse. Future studies should consider these limitations to further highlight the role of CXCL13 as a biomarker of immune activation among PLWH. Nevertheless, our study represents a novel and comprehensive assessment of plasma CXCL3 in the context of immune activation among PLWH with early HIV infection, before initiation of ART and while being on ART.



CONCLUSION

Globally, our results suggest that elevated plasma levels of CXCL13 in PLWH are partially restored on ART and remains associated with markers of microbial translocation and systemic immune activation. Elevated CXCL13 levels can be used to monitor HIV disease progression and inflammation. Furthermore, it has potential to be used to predict the development of non-AIDS events and residual immune activation after long-term ART.
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The introduction of highly active antiretroviral therapy (HAART) resulted in a significant increase in life expectancy for HIV patients. Indeed, in 2015, 45% of the HIV+ individuals in the United States were ≥55 years of age. Despite improvements in diagnosis and treatment of HIV infection, geriatric HIV+ patients suffer from higher incidence of comorbidities compared to age-matched HIV- individuals. Both chronic inflammation and dysbiosis of the gut microbiome are believed to be major contributors to this phenomenon, however carefully controlled studies investigating the impact of long-term (>10 years) controlled HIV (LTC-HIV) infection are lacking. To address this question, we profiled circulating immune cells, immune mediators, and the gut microbiome from elderly (≥55 years old) LTC-HIV+ and HIV- gay men living in the Palm Springs area. LTC-HIV+ individuals had lower frequency of circulating monocytes and CD4+ T-cells, and increased frequency CD8+ T-cells. Moreover, levels of systemic INFγ and several growth factors were increased while levels of IL-2 and several chemokines were reduced. Upon stimulation, immune cells from LTC-HIV+ individuals produced higher levels of pro-inflammatory cytokines. Last but not least, the gut microbiome of LTC-HIV+ individuals was enriched in bacterial taxa typically found in the oral cavity suggestive of loss of compartmentalization, while levels of beneficial butyrate producing taxa were reduced. Additionally, prevalence of Prevotella negatively correlated with CD4+ T-cells numbers in LTC-HIV+ individuals. These results indicate that despite long-term adherence and undetectable viral loads, LTC-HIV infection results in significant shifts in immune cell frequencies and gut microbial communities.
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INTRODUCTION

Advances in the diagnosis and treatment of HIV infection has transformed what used to be a fatal diagnosis into a long-term chronic disease with individuals living up to 50 years after diagnosis (1, 2). In the United States, 450,000 of those living with HIV are ≥50 years of age, and this number is expected to grow over the coming decade (3). Highly active anti-retroviral therapy (HAART) must be taken continuously to maintain viral loads below detection (4, 5). However, low levels of viral replication can be detected in virtually all patients receiving HAART (6). Moreover, mortality rates among individuals living with long-term controlled HIV infection (LTC-HIV) remains higher than those seen in age-matched HIV- individuals due to HIV-associated non-AIDS (HANA) co-morbidities (7–9). HANA co-morbidities include neurocognitive disorders, cardiovascular disease, cancer, liver cirrhosis, kidney, and lung disease (10–16). The average number of comorbid conditions is higher in older HIV+ patients compared to age-matched HIV- subjects, indicative of accelerated aging (10, 17). The mechanisms underlying this increase in comorbidities and resulting mortality remain unclear. Consequently, very few interventions are available to counteract these adverse outcomes.

Some of these comorbidities could be explained by the high rates of co-infection among LTC-HIV patients, notably with Hepatitis C (18, 19). Moreover, HAART toxicity itself increases the risk of cardiovascular disease and metabolic dysfunction via mitochondrial dysfunction, but this does not fully explain the increase in neurocognitive disorders (20–23). Another potential factor is the increased systemic inflammation reported in LTC- HIV infection (24–27). While the initiation of HAART has been shown to reduce immune activation, the levels remain higher than those observed in HIV- individuals even after 2 years of treatment (28–31). The sources of this systemic inflammation are poorly understood. Some studies have suggested an association between shifts in the gut microbiome and systemic inflammation (32, 33). HIV-induced loss of Th17 CD4+ T cells in the gut is thought to disrupt the microbial community and impair the gut barrier resulting in the translocation of microbial products (34, 35). Indeed, increased levels of sCD14, LPS, IgM, iFABP, and endotoxin-bound IgM have been reported in HIV+ individuals at various stages of infection (36, 37). Some studies have reported an increase in the abundance of Prevotella in untreated, and HAART treated HIV+ individuals while others reported no changes (33, 38). Furthermore, disruption in tryptophan metabolism, reduction in short chain fatty acid (SCFA) production, and an increase in trimethylamine-n-oxide (TMAO) production have all been linked to increased HANA co-morbidities (39–41).

Our understanding of the role of circulating immune cells in the development and exacerbation of systemic inflammation also remains incomplete. While many have reported some recovery of CD4+ T cells upon initiation of HAART, this finding has only has been explored through the first 5 years of treatment (42–44). An increase in terminally differentiated T cells has also been listed as a potential source of aberrant immune activation (45). CD4+ T cells are not the only immune cells affected by HIV infection. Monocytes in particular are activated directly during initial infection by circulating viral proteins such as gp120 and Nef (45) and indirectly at later stages due to an increase in bacterial products such as LPS in circulation (46–48). Activated monocytes can release multiple immune mediators such as TNFα, IL-1β, IL-6 that can contribute to systemic inflammation (49). Natural Killer (NK) cells also play an important role in controlling HIV through the production of INFγ which suppresses infection, but can also contribute to excessive inflammation (50). HAART has been shown to restore NK populations over the first couple of years of treatment, but the durability of this recovery is not well-understood (51).

The lack of clear understanding of the impact of LTC-HIV infection on immune status, systemic inflammation, and microbiome communities is likely due to the paucity of well-controlled studies. Researchers often compare HIV+ and HIV- groups of differing socioeconomic status, sexual orientation, and geographic location. These factors can affect immunological status and the gut microbiome. To address this limitation, we obtained blood and rectal swabs from older (≥55 years of age) LTC-HIV+ gay men (>10 years post-infection) and HIV- participants residing in the Palm Springs area. Our analysis shows that despite adherence to HAART treatment, HIV status is associated with a reduction in circulating CD4+ T-cells and monocytes, an increase in CD8+ T-cells, and greater activation/differentiation of NK cells. We also detected signs of heightened systemic inflammation and induced inflammatory response to polyclonal stimulation. Surprisingly, we detected a limited number of shifts in the gut microbial community with an increase in Fusobacteria, Bifidobacteriales, and Lactobacillales in LTC-HIV+ men. Prevotella was negatively correlated with CD4+ T-cell count in LTC-HIV+ but not HIV- individuals. Together these data suggest that significant differences in immunological and microbial communities persist in LTC-HIV infection.



METHODS


Study Population and Sample Collection

The Institutional Review Board of the University of California, Riverside reviewed and approved this study, and the University of California, Irvine obtained a reliance registry.

A total of 105 men ≥55 years of age (HIV- n = 47, LTC-HIV+ n = 58) were recruited from Palm Springs, CA. All LTC-HIV+ individuals have been on HAART therapy for >10 years with undetectable viral loads. Median CD4+ cell counts in the LTC-HIV cohort were 689 cells/mm3 with only two individuals having CD4+ T cell count <200 cells/mm3 while CD4+ cell counts in the HIV- cohort were 1198 cells/mm3. Each participant submitted a blood sample, a rectal swab, and completed a paper demographics/co-morbidities survey (Table 1). Complete blood cell counts (CBC) were determined using a hematology analyzer (Beckman Coulter). Peripheral blood mononuclear cells (PBMC) and plasma were obtained by standard density gradient centrifugation over the blood separation polymer Ficoll (GE Healthcare Life Sciences, Pittsburg, PA, United States). PBMC were frozen in 10% DMSO/FBS and stored in liquid nitrogen while plasma was stored at 80°C until analysis.



Table 1. Demographics and co-morbidities.
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Flow Cytometry

1–2 × 106 PBMC were stained using antibodies against: CD4, CD8b, CD95, CD28, CCR7, CD20, CD27, IgD, PD-1, KLRG1, and Ki-67 to delineate naïve and memory T and B cell populations, as well as measure activation and proliferation (Supplementary Figure 1). A second tube of 1–2 × 106 PBMC was stained using antibodies against: CD3, CD20, HLA-DR, CD14, CD11c, CD123, CD56, CD16, granzymeB, and CD57 to delineate monocytes, myeloid dendritic cells (mDC), plasmacytoid dendritic cells (pDC), and natural killer (NK) cell subsets, respectively (Supplementary Figure 2). All flow cytometry samples were acquired with Attune NxT (Life Technologies, Carlsbad, CA, United States) and analyzed using FlowJo (TreeStar, Ashland, OR, United States).



PBMC Stimulation

5 × 105 PBMC were incubated for 16 h in the absence (unstimulated) or presence (stimulated) of 5 ng/ml PMA and 1 μg/ml Ionomycin at 37°C in a humidified incubator (5% CO2). At the end of the incubation, cells were spun down for 5 min at 2,000 rpm. Supernatants were collected to measure production of immune mediators and cell pellets were used for RNA extraction.



Analysis of Immune Mediator Production

Plasma levels of immune mediators were assessed using a human 45-plex assay (Thermo Fisher Scientific, Waltham, MA, United States). Immune mediators produced by PBMC in response to PMA/ionomycin stimulation were measured using Magnetic 33-plex assay (R&D Systems, Minneapolis, MN, United States). All samples were analyzed using a MAGPIX instrument (Luminex, Austin, TX, United States).



RNAseq Library Prep

Total RNA was isolated from PBMC pellets obtained from control and stimulated wells using the Qiagen mRNAeasy kit (Qiagen, Valencia, CA, United States). RNA concentration and integrity was verified using Agilent 2,100 Bioanalyzer. Total RNA was depleted of ribosomal fraction using Ribo-Gone rRNA removal kit. Libraries were then constructed using SMARTer Stranded RNA-Seq Kit (Clontech, Mountain View, CA, United States). Following assessment of size, quality, and concentrations, libraries were multiplexed and subject to sequencing (75 bp single end) on the NextSeq platform (Illumina, San Diego, CA, United States).



RNAseq Data Analysis

Quality control of raw reads was performed retaining bases with quality scores of 20 and reads at least 50 base pair long. Reads were aligned to human genome (hg38) using splice aware aligner TopHat as previously described (52) using annotations available from Ensembl (GRCh38.85) database. Quantification and statistical validation of differentially expressed genes (DEGs) was performed using edgeR (https://bioconductor.org/packages/release/bioc/html/edgeR.html), with candidate genes defined by at least two-fold change in expression with multiple hypothesis corrected (Benjamini-Hochberg procedure) FDR < 0.05. Functional enrichment of DEGs was performed using open source functional enrichment tool Metascape (53) and disease associations analyzed using MetaCore™. Heatmaps were generated in R. Gene expression data have been deposited in NCBI's Sequence Read Archive BioProject (PRJNA518909).



16S rRNA Gene Library Construction and Sequencing

Total DNA was extracted from rectal swabs using the PowerSoil DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA, USA), and a 30-s bead-beating step using a Mini-Beadbeater-16 (BioSpec Products, Bartlesville, OK, USA). This genomic DNA was used as the template to amplify the hypervariable V4 region of the 16S rRNA gene using PCR primers (515F/806R with the reverse primers including a 12-bp barcode) and reactions containing: 50 mM Tris (pH 8.3), 500 μg/ml bovine serum albumin (BSA), 2.5 mM MgCl2, 250 μM of each deoxynucleotide triphosphate (dNTP), 400 nM of each primer, 5 μl of DNA template, and 0.25 units of JumpStart Taq DNA polymerase (Sigma-Aldrich, St Louis, MO, USA). Thermal cycling parameters were 94°C for 5 min; 35 cycles of 94°C for 20 s, 50°C for 20 s, 72°C for 30 s, followed by 72°C for 5 min. PCR products were purified using a MinElute 96 UF PCR Purification Kit (Qiagen, Valencia, CA, USA). Libraries were sequenced (1 × 300 bases) using an Illumina MiSeq.



16S rRNA Gene Sequence Processing

Raw FASTQ sequence files of 16S rRNA genes were processed with the UPARSE pipeline (54). We used a custom Python script to demultiplex and prepare sequence files for clustering. Sequences were then filtered at a maxee value of 1.0 (allowing only one nucleotide per sequence to be incorrect) to remove low-quality sequences. The remaining sequences were dereplicated and singletons were removed. Operational taxonomic units (OTUs) were assigned with UPARSE at a 97% sequence identity threshold. Taxonomy was assigned to sequences for each OTU using the Ribosomal Database Project (RDP) classifier with a confidence threshold of 0.5 against the Greengenes 13_8 database using Quantitative Insights Into Microbial Ecology (QIIME) version 1.9.1 (55). To eliminate any bias due to sequencing depth, all samples were rarefied to 13,000 sequences per sample before calculating diversity metrics. 16S amplicon sequencing data have been deposited in NCBI's Sequence Read Archive BioProject (PRJNA518910).




RESULTS


Long-Term HIV Infection Is Associated With Significant Shifts in Circulating Immune Cell Populations.

It has been well-established that HIV infection is associated with alterations of lymphocyte subsets both in circulation and lymphoid tissues (56). This can be partially remediated using HAART (57), but the long-term outcomes of HAART (>10 years) on immune cell frequencies has not been addressed. To this end, we compared frequencies of circulating lymphocyte and myeloid populations within peripheral blood mononuclear cells (PBMC) between HIV- and LTC-HIV+ older men (≥55 years of age). As previously reported, our CBC data showed a reduced number of total lymphocytes in the blood with LTC-HIV infection (Supplementary Figure 3C) with no additional changes in total leukocytes, granulocytes or monocyte numbers (Supplementary Figures 3A,B,D). Since CBC data is based on cell size and granularity rather than specific cell markers, we next investigated the impact of LTC-HIV infection on circulating immune population via flow cytometry.

Total T and B cell numbers (CD3+ and CD19+, respectively) did not differ significantly between the two groups (Figures 1A,B). However, a significant reduction in the number of CD4+ helper T cells was detected in LTC-HIV+ individuals (Figure 1C). Conversely, the number of circulating CD8+ cytotoxic T cells was increased in the LTC-HIV+ group (Figure 1D). We next determined the effect of LTC-HIV infection on the relative frequencies of naïve, transitional effector memory (TEMRA), central memory (TCM), and effector memory (TEM) (Supplementary Figure 1). This analysis showed that the frequency of CD4+TCM cells was significantly reduced, while the frequency of CD4+TEM cells was significantly increased (Figure 1E). No changes in frequency of naïve and memory CD8+ T cell subsets were detected (Figure 1F). Moreover, no changes in the frequency of naïve and memory B cell subsets were noted (Supplementary Figures 3E–G). In terms of homeostatic proliferation, we detected an increase in the TEM CD8+ cells subset but none of the other subsets (Supplementary Figures 4A–D). No differences in homeostatic proliferation of CD4+ subsets were detected (Supplementary Figures 4E–H). Interestingly, we found no differences in T cell activation measured via KLRG1 expression levels, or exhaustion measured via PD-1 expression levels, in either CD4+ (Supplementary Figures 5A,B) or CD8+ (Supplementary Figures 5C,D) T cell subsets.
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FIGURE 1. LTC-HIV results in alterations in T but not B cell subsets. (A) Numbers of circulating CD3+ T cells (B) CD20+ B cells (C) CD3+CD4+ helper T cells, and (D) CD3+CD8+ cytotoxic T cells. (E,F) Relative frequencies of CD4+ (E) and CD8+ (F) T cell subsets (E). Each point represents a study subject. Horizontal bars and whiskers indicate the mean ± SEM. Significance was determined using an unpaired t-test. *p < 0.05, **p < 0.01, ****p < 0.0001.



We next characterized the frequency of circulating innate immune cells. No significant differences were seen in the abundance of total dendritic cells (DC) or in the relative frequencies of myeloid DC (mDC) and plasmacytoid DC (pDC) with LTC-HIV infection (Figures 2A–C). In contrast, the number of circulating monocytes was reduced in LTC-HIV+ individuals (Figure 2D), with no differences observed within monocyte subsets (Figures 2E,F). Lastly, no differences were detected in natural killer (NK) cell frequencies (Figure 2G). However, the relative abundances of activated CD57+ and cytotoxic CD16+GrzmB+ NK cells were higher in LTC-HIV+ group (Figures 2H,I).
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FIGURE 2. A reduction in circulating monocytes and increase in NK cell activation seen with LTC-HIV infection. (A) Number of total circulating dendritic cells (DC) (B) myeloid DCs, and (C) plasmacytoid (DC). (D) Number of total circulating CD14+ monocytes and (E) relative abundance of CD16- Classical monocytes, and (F) CD16+ non-classical monocytes. (G) Number of total circulating CD56+ natural killer (NK) cells and (H) relative frequency of CD57+ NK cells and (I) granzymeB+CD16+ cytotoxic NK cells. Horizontal bar and whisker indicate the mean ± SEM. Significance was determined using an unpaired t-test. *p < 0.05, **p < 0.01.





Long-Term HIV Infection Leads to a Heightened Pro-Inflammatory Response at Baseline and After Stimulation

To explore the impact of LTC-HIV on systemic inflammatory markers, we measured plasma levels of cytokines, chemokines, and growth factors using Luminex technology. This analysis revealed significantly higher levels of the pro-inflammatory cytokine INFγ as well as growth factors BDNF, SCF, and VEGF (Figure 3A). On the other hand, levels of anti-inflammatory cytokines IL-1RA, T cell cytokine IL-2, eosinophil maturation factor IL-5, inhibitory cytokine LIF, growth factor SDF1a, as well as chemo-attractants MCP-1, MIP-1b, and IL-8 were reduced in LTC-HIV+ individuals (Figure 3A).
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FIGURE 3. Change in circulating and production of immune mediators following stimulation. (A) Serum level of immune mediators measured using a multiplexed ELISA assay. Horizontal bar and whiskers indicate the mean ± SEM. Significance was determined using an unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001 (B) Principal component analysis of immune mediators released by PBMC's from HIV- and LTC-HIV+ individuals in the absence and presence of PMA/ionomycin. (C) Heat map of differentially abundant immune mediators produced by PBMCs upon stimulation (all immune mediators statistically significant via 1-way ANOVA, Significant Tukeys post-hoc comparison of stimulated samples vs. corresponding baseline samples) #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001. Unpaired T-tests of absolute change followed by Welch's correction [Stimulation—baseline] in immune mediator production *p < 0.05, **p < 0.01, ***p < 0.001.



To further explore the effect of LTC-HIV infection on immune mediator production, we stimulated a subset of PBMC samples (HIV- n = 9, LTC-HIV n = 11) with PMA/ionomycin for 16 h and measured the production of cytokines, chemokines, and growth factors via Luminex technology. Samples from LTC-HIV patients generated a more pronounced and variable response to stimulation (Figure 3B). After correcting for baseline spontaneous production, 21 of 33 measured analytes were produced in higher amounts in response to stimulation by samples from the LTC-HIV+ group compared to the HIV- group. These included the pro-inflammatory cytokines IL-6, TNFα, INFγ as well as anti-inflammatory cytokine IL-10 (Figure 3C).

We next interrogated whether the increased response of LTC-HIV PBMCs to PMA/ionomycin was mirrored by an increased transcriptional response using RNA sequencing (RNA-Seq). Principal component analysis (PCA) shows that the samples clustered based on group and treatment (Figure 4A). At baseline, we identified only 11 protein coding differentially expressed genes (DEGs) all of which were down-regulated in LTC-HIV samples (TNFRSF1B, IL7R, ARHGDIB, RPS27, PPBP, CTSL, HIST1H2BJ, TNKS2, TTC37, SEC24B, and EEF1A1). Following PMA/ionomycin stimulation, a larger number of DEGs were detected in the HIV- group (334) compared to the LTC-HIV+ group (183), with 85 DEGs detected in both groups (Figure 4A). To better understand the biological significance of these changes, we carried out an initial functional enrichment using Metascape (53). DEGs detected in the samples from the HIV- group enriched to gene ontology (GO) terms associated with host defense including “cell chemotaxis,” “response to TNF,” and “leukocyte degranulation” (Figure 4B). On the other hand, DEGs detected in the LTC-HIV+ group enriched to GO terms associated with metabolic processes (Figure 4B). DEGs detected in both groups enriched to GO terms associated with signaling (Figure 4B).
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FIGURE 4. LTC-HIV infection alters PBMC transcriptional response to PMA/Ionomycin. (A) Principal component analysis of unstimulated and PMA/ionomycin stimulated PBMCs from HIV- and LTC-HIV and Venn diagram of stimulation DEGs showing unique and common protein coding genes. (B) Network visualization using Cytoscape of functional enrichment output of DEGs detected in PBMC from LTC-HIV+ and HIV- subjects following PMA stimulation obtained using Metascape. The size of node represents the number of DEGs associated with each gene ontology (GO) term and the pie chart filling represents relative proportion of each group's DEGs that enriched to that GO term. Heat maps of select DEGs for Common (C), HIV- (D), and LTC-HIV+ (E).



Additional functional enrichment using Metacore™ showed that the 85 common DEGs enriched to GO terms such as “response to LPS” and “response to molecule of bacterial origin” characteristic of a response to antigenic stimulation (Table 2). Several of 32 genes that were downregulated upon stimulation in both groups were important for cell adhesion, and proliferation such as: IL-24, ZNF740, MAP3K3, THBS1, and THBS4 (Figure 4C). Some of the 53 genes that were upregulated in both groups include genes important for myeloid activation and interferon regulation such as: CD300LB, TNFAIP8L1, MMP1, SLC35F5, and IRF4 (Figure 4C).



Table 2. Functional enrichment of DEGs detected in response to PMA stimulation.
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In line with the output of Metascape, functional enrichment using Metacore™ showed that DEGs that were only detected in PBMCs from HIV- individuals enriched to GO terms such as “inflammatory response,” and “response to cytokines” (Table 2). Some of the notable DEGs that were only significantly up-regulated in PBMCs from HIV- individuals included: CXCL9, TNFSF8, NFKBIE, CXCR3, and STAT4 (Figure 4D). Downregulated DEGs that enriched to the same GO terms included: LYZ, CCL2, and CD14 (Figure 4D). Similar to the Metascape output, DEGs that were only detected in PBMC from the LTC-HIV+ group enriched to GO terms associated with signaling (Table 2). Genes that were uniquely up-regulated in PBMCs from LTC-HIV+ individuals included: HIF1A, DHE3, and solute carrier gene SLC3A2 which are unique to CD8+ T cells as well as CXCR5, IL17C, and TRPA1 (Figure 4E).

To elucidate the source of the DEGs detected, we used the Immunological Genome Project Consortium database (ImmGen), which delineates gene expression patterns across different leukocyte subsets (58). This analysis revealed that DEGs detected only in LTC-HIV+ samples are predicted to be expressed by DCs, monocytes, macrophages, and to a lesser extent T cells and B cells (Supplementary Figure 6A). DEGs detected only in the HIV- samples were mostly expressed by monocytes/macrophages and DCs (Supplementary Figure 6B), while common DEGs exhibited broad distribution (Supplementary Figure 6C). To gain a better understanding of alterations in immune cells frequencies following stimulation, we employed Immquant, which uses the digital cell quantification algorithm (59) to predict changes in immune cell subsets based on total transcriptional profiles using the IRIS database (60). This analysis predicted that the transcriptional changes observed were associated with a significant increase of stimulated Th1 CD4+ T cells in both LTC-HIV+ and HIV- individuals upon PMA stimulation (Supplementary Figure 6D). Additionally, transcriptional changes in LTC-HIV+ individuals were associated with an increase in stimulated Th2 CD4+ T cells and LPS stimulated DCs upon PMA stimulation (Supplementary Figure 6D).



Long-Term HIV Infection Leads to Dysbiosis

Several studies have suggested that HIV infection results in increased gut permeability and translocation of microbial products into circulation (46, 47, 61, 62). To determine if those changes were evident in an older population with LTC-HIV infection, we evaluated several markers of barrier function. Analysis of circulating levels of sCD14, fatty acid binding protein (iFABP), IgM-bound endotoxin and Limulus amebocyte lysate (LAL) did not reveal significant differences between the two group (Supplementary Figures 7A–D).

Next, we investigated whether LTC-HIV infection is associated with alterations in the gut microbiome using 16S amplicon sequencing. The overall taxonomic landscape of the gut microbiome was not significantly different as measured by alpha- and beta-diversity (Figure 5A, Supplementary Figures 7E–G). Specifically, principal coordinate analysis (PCoA) of unweighted UniFrac distance showed significant overlap in the overall gut microbiome communities of HIV- and LTC-HIV+ individuals (Supplementary Figure 7E). Both groups also had similar numbers of observed species and Pielou evenness (Supplementary Figures 7F,G).
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FIGURE 5. Taxonomic differences in the gut microbiome of LTC-HIV (A) Stack bar plot illustrating the abundance of bacterial orders and phyla in HIV- and LTC-HIV+ individuals. (B) Differentially abundant bacterial taxa between LTC-HIV+/HIV- determined using LEfSE (Log10 LDA score >2) at the Phyla, Order and Genus level. (C) Differentially abundant genera between LTC-HIV+ High CD4+ and LTC-HIV+ Low CD4+ individuals (Log10 LDA score > 2). (D) Spearman rank correlation between CD4+ T cell abundance and relative abundance of Prevotella in LTC-HIV+ individuals. (E) Spearman rank correlation between CD4+ T cell abundance and relative abundance of Prevotella in HIV- individuals.



At the phyla level, microbiomes from both groups were dominated by Firmicutes and Bacteroidetes with smaller contributions from Actinobacteria and Proteobacteria (Figure 5A). Fusobacteria was the fourth most abundant phyla across all samples and significantly enriched in LTC-HIV+ individuals (Figure 5B). Clostridiales and Bacteroidales were the most abundant bacterial orders and Prevotella was the most abundant genus across both groups (Figure 5A). Ten genera were differentially abundant between LTC-HIV+ and HIV- individuals. The gut microbiomes of LTC-HIV+ individuals were enriched in; Garnerella, Snethia, Fusobacterium, Lactobacillus, and Helicobater (Figure 5B). While the gut microbiomes of HIV- individuals had a significantly higher relative abundance of; Oxalobacter, Streptococcus, Enhydrobacter, Eggerthella, and Clostridiaceae 02d06 (Figure 5B).

To further explore the relationship between the microbial communities of the gut microbiome and LTC-HIV, we stratified our LTC-HIV+ individuals into quartiles based on the CD4+ T cell numbers and compared the microbial communities of individuals in the highest and lowest quartile. This analysis revealed seven differentially abundant genera between the highest and lowest CD4+ T cell quartiles (Figure 5C). Of note, Prevotella was significantly more abundant in individuals with a low CD4+ individuals (Figure 5C) and negatively correlated with CD4+ T cell count across all LTC-HIV+ individuals (Figure 5D), a pattern not seen in HIV- individuals (Figure 5E).




DISCUSSION

The advent and rapid adoption of HAART treatment in the U.S. has turned HIV infection into a chronic disease. Indeed, the average life expectancy of individuals diagnosed with HIV at age 20 has risen from 32 in the late 1980's to 71 in 2018 (63). Consequently, the majority of HIV+ individuals in the U.S. are expected to be older than 50 years of age by 2020 (64). However, HAART treatment is associated with significant adverse outcomes, and individuals who have received long-term HAART are experiencing a higher incidence of several morbidities compared to age-matched HIV- individuals (17). These HANA co-morbidities include cardiovascular disease, neurocognitive disorders, osteoporosis, cancer, liver cirrhosis, kidney, and lung disease (10–16). The mechanisms underlying this increased susceptibility are poorly understood due to the lack of carefully controlled studies on older HIV+ individuals who have been on HAART for >5 years. In this study, we addressed this question using samples collected from a large cohort of LTC-HIV+ gay men who have received HAART treatment for at least 10 years. Importantly, the control population was matched with the LTC-HIV+ cohort for age, sexual preference, location, and socioeconomic status. This experimental set up allowed us to determine the effects of LTC-HIV infection on immunological and microbial shifts that can be subsequently targeted for intervention to reduce HANA co-morbidities.

HAART treatment within the first 3 years results in a rebound in CD4 T cell count that is strongly linked to the CD4 count at the time of treatment initiation (42–44, 57). However, our data showed a significant reduction in total circulating CD4+ T cells. Thirty-six of the fifty-seven participants in this study were initially infected with HIV in the 1980's well before the introduction of HAART. Consequently, 28 of these individuals did not have access to therapy for ~10 years prior to starting this treatment and likely began with very low CD4+ counts. Unfortunately we did not have access to the nadir CD4+ counts for our study population, which were shown to be predictive of CD4+ levels during HAART treatment (42, 65, 66). Levels of IL-2, a cytokine critical for T cell survival were also reduced and could partially explain the reduced CD4+ T cell numbers we observed in LTC-HIV+ individuals (67). Both aging and long-term HIV infection have been associated with an accumulation of terminally differentiated T cells (68, 69). In line with these earlier studies, we found a greater shift toward terminally differentially CD4+ T cells in this group indicative of accelerated differentiation of memory T cells.

CD8+ T cells play an important role in the control of HIV infection and their numbers become elevated rapidly upon HIV infection and persist after initiation of HAART (70, 71). Although the numbers of CD8+ T cells were significantly higher in LTC-HIV+ individuals, no differences were observed in the relative abundance of naïve and memory subsets. We did however detect a significant increase in homeostatic proliferation within the CD8+ T cell EM subset, suggestive of accelerated conversion to memory T cells. Additionally, a large percentage of circulating NK cells showed higher activation with LTC-HIV infection. Collectively, this increased differentiation/proliferation of circulating lymphocytes could contribute to heightened systemic inflammation in LTC-HIV infection. Analysis of circulating immune mediators showed increased serum levels of the antiviral cytokine INFγ. This is in line with previous studies that reported increased levels of INFγ, but not IL-6 and TNFα in HAART treated HIV patients (49). The source of INFγ could be the activated NK cells, CD8+ T cells, or TEM CD4+ T cells, but testing this hypothesis will require additional studies such as single cell RNA sequencing.

The effect of LTC-HIV infection on the innate arm of the immune system is not well-understood. Acute HIV infection is associated with a dramatic increase in inflammatory (non-classical CD16+) monocytes (28). This population has been shown to remain elevated throughout the first year of HAART treatment (72). In contrast, we observed a reduction in total circulating monocytes, and no differences in the relative proportions of CD16+ and CD16- monocytes. Monocytes are susceptible to HIV infection and can serve as a reservoir for latent HIV (48). The reduction in circulating monocyte numbers could potentially be due to low levels of viral reactivation (73), or alternatively mediated by lower levels circulating chemokines MCP-1, MIP-1b, and IL-8. Further analysis of the functional capacity (e.g., phagocytosis and wound healing) of monocytes is needed to assess their contribution to the development of HANA co-morbidities.

We also observed a substantial increase in circulating BDNF, and VEGF-A in the serum of LTC-HIV. Both of these factors have been previously linked to HIV associated neurological disorders including depression (74, 75). HIV protein gp120 has been shown to both increase the production and negatively alter neuronal processing of BDNF (76, 77). It is possible that the buildup of circulating BDNF is a compensatory mechanism due to decreased bioavailability of BDNF in the brain. The continuation of this process despite low viral load seen in LTC-HIV could explain the higher incidence of depression and neuropathy that we and others have observed (78–80). We also detected a reduction in the anti-inflammatory cytokine IL-1RA, which could indicate a higher level of systemic inflammation. These changes are consistent with, but are not as pronounced as what has been reported in HIV+ patients on HAART for a shorter duration (81) or during acute infection prior to the initiation of HAART treatment (82).

Upon polyclonal activation of PBMC we observed a significantly heightened inflammatory response by PBMCs from LTC-HIV individuals. While our study design does not allow us to decisively identify the source of these immune mediators, these data clearly indicate functional abnormalities in circulating immune populations. HIV infection has been shown to alter the epigenetic landscape of both T-cells and monocytes during acute and HAART controlled infections (83–85). Future studies should investigate the link between these epigenetic changes and aberrant inflammatory and anti-microbial responses. Interestingly, our transcriptional analysis showed a smaller number of DEGs in PBMC from LTC-HIV+ subjects despite a greater production of immune mediators. Moreover, while DEGs detected in PBMC from HIV- subjects enriched to GO terms associated with leukocyte activation, those detected in LTC-HIV+ samples enriched to GO terms associated with signaling. One possible explanation is that the response to stimulation peaked earlier in the LTC-HIV+ samples. While the luminex data captures accumulation of immune mediators, RNA-Seq only provides a snap shot of the specific time point selected. Future studies can address this question through a kinetic analysis.

Dysbiosis in the gut microbiome during HIV infection has been implicated as a source of aberrant immune activation and inflammation in acute infection and chronic HIV (32, 33, 86). The host immune system tightly regulates the large reservoir of microbes in the human gut; and loss of key immune cells due to HIV infection (87) can result in changes in composition of microbial communities and their compartmentalization. However, data on HIV-associated shifts in the gut microbiome have been inconsistent likely due to the lack of studies that appropriately controlled for race/ethnicity, diet, sanitary conditions, sexual habits, and socioeconomic status. In contrast, our samples were collected from a cohort of gay, mostly Caucasian, men living in a single geographic location of similar age and socioeconomic status. Analysis of the gut microbial community revealed largely comparable communities with only 10 differentially abundant genera. Fusobacteria, Lactobacillus, and multiple Bifidobacteriales genera were all enriched in LTC-HIV+ individuals. Since these genera primarily colonize the mouth, their presence in the gut microbial communities could signal de-compartmentalization has previously been shown to result in local immune activation (88). Additionally, identical strains of Fusobacterium have been found in the oral cavities, and tumors of patients with colorectal cancers (89).

Previous studies reported an increased abundance of the bacterial genus Prevotella in LTC-HIV+ individuals; however, many of these studies did not control for sexual orientation, and geographic location, which can influence abundance of Prevotella (90, 91). Although we did not find a difference in the abundance of Prevotella based on HIV status, we observed a negative correlation between CD4+ T cell counts and Prevotella abundance. Prevotella has previously been linked to high circulating levels of trimethylamine-N-oxide (TMAO) a compound strongly associated with cardiovascular disease (92). Future metabolomics, and transcriptomic studies will be needed to determine if this higher abundance of Prevotella leads to more inflammatory microbial products and if this activity varies in LTC-HIV vs. age matched controls. Abundance of other bacterial genera such as Streptococcus and Atopbium was also negatively correlated with CD4+ T cell counts and are both commonly found in the oral cavity (93). On the other hand, abundance of the short chain fatty acid (SCFA)-producing Clostridia Catenibacterium was higher in LTC-HIV+ individuals in the highest CD4+ T cell quartile. SCFAs produced by gut microbes play an important role in maintaining gut homeostasis and local immune function (94–96). While the abundances of these taxa were too sparse to obtain meaningful correlations with CD4+ T cell counts, this could indicate a greater capacity for beneficial SCFA production in LTC-HIV+ patients with a higher CD4+ count.

In summary, this study provides novel insight into the impact of LTC-HIV infection on systemic immunity and microbial gut communities in older patient populations (≥55 years). A little over half of the subjects in our study were initially infected prior to the advent of HAART. This delay may have interfered with the restorative effect of HAART as shown by a lower abundance of CD4+ T cells and monocytes when compared to age-matched HIV- individuals; immune dysregulation, as evidenced by differences in circulating immune mediators and a more pronounced response to stimulation in LTC-HIV; and taxonomic shifts in the gut microbiome indicative of loss of compartmentalization. Taken together these data provide a more complete picture of the immune and microbial landscape of LTC-HIV infection in an aging population, thereby providing potential avenues for intervention and prevention of HANA co-morbidities.
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Toll-like receptors (TLRs) play a crucial role in innate immunity and provide a first line of host defense against invading pathogens. Of the identified human TLRs, TLR10 remains an orphan receptor whose ligands and functions are poorly understood. In the present study, we sought to evaluate the level of TLR10 expression in breast milk (BM) and explore its potential function in the context of HIV-1 infection. We evaluated HIV-1-infected (Nigerian: n = 40) and uninfected (Nigerian: n = 27; Canadian: n = 15) BM samples for TLR expression (i.e., TLR10, TLR2, and TLR1) and report here that HIV-1-infected BM from Nigerian women showed significantly higher levels of TLR10, TLR1, and TLR2 expression. Moreover, the level of TLR10 expression in HIV-1-infected BM was upregulated by over 100-fold compared to that from uninfected control women. In vitro studies using TZMbl cells demonstrated that TLR10 overexpression contributes to higher HIV-1 infection and proviral DNA integration. Conversely, TLR10 inhibition significantly decreased HIV-1 infection. Notably, HIV-1 gp41 was recognized as a TLR10 ligand, leading to the induction of IL-8 and NF-κBα activation. The identification of a TLR10 ligand and its involvement in HIV-1 infection enhances our current understanding of HIV-1 replication and may assist in the development of improved future therapeutic strategies.

Keywords: human breast milk, HIV-1, gp41, p17, p24, TLR10, IL-8, NF-κBα


INTRODUCTION

Toll-like receptors (TLRs) are the most well-known and researched family of pattern recognition receptors (PRRs) that recognize conserved regions of pathogen-associated molecular patterns (PAMPs) and endogenous danger-associated molecular patterns (DAMPs) responsible for driving cellular activation central to innate immunity. To date, 10 TLRs have been identified in humans, with TLR10 being the only remaining family member without a clearly defined ligand (1, 2); however, a number of ligands, including synthesized TLR2 ligands (i.e., Pam3CSK4 and PamCysPamSK4), have been identified as potential TLR10 PAMPs through computational protein modeling (3).

Once believed to be only preferentially expressed on various types of immune cells (4), TLR10 has now been identified in multiple mucosal sites, including the small intestine, fallopian tubes, eye, and stomach (5–8). Interestingly, many of these sites are also highly affected during acute viral infections, including HIV-1; therefore, identifying ligands for TLR10 and defining the mechanisms of host defense following viral infection is of particular interest for the development of novel vaccines and drug therapies.

Immune activation is critical to HIV-1 infection and pathogenesis, leading to increased proinflammatory cytokine production, T cell exhaustion, and the eventual development of opportunistic infections (9); however, our understanding of immunopathogenesis remains incomplete. Historically, research has focused on HIV-1-specific adaptive immune responses, whereas the role of innate immunity has been largely overlooked, despite the fact that it provides the first line of defense and shapes subsequent adaptive responses. Although the identification of HIV-1 PAMPs recognized by PRRs remain poorly elucidated, data indicate that peripheral blood mononuclear cells (PBMCs) and plasmacytoid dendritic cells (pDCs) derived from HIV-1 infected individuals have increased levels of TLR2, TLR3, TLR4, TLR6, TLR7, and TLR8 mRNA at various stages of disease progression (10, 11). In addition, our laboratory has previously investigated the genital epithelium of Kenyan commercial sex workers and found significant modification in TLR expression, which correlates with resistance to HIV-1 (12). Furthermore, we were the first to demonstrate that soluble TLR2 (sTLR2), which is highly prevalent in human breast milk (BM) (13) serves as an innate antiviral factor in BM and significantly inhibits HIV-1 infection and integration in vitro (14, 15). We further reported a significant increase in TLR2 expression in BM cells, and that the overexpression of TLR2 in reporter cells greatly enhanced HIV-1 infection in vitro (15). We further identified HIV-1-specific structural proteins, p17, p24, and gp41, which serve as PAMPs, leading to significantly increased immunopathogenesis and infection in vitro (16).

Given that TLR10 is a homolog of both TLR2 and TLR1, we hypothesized that TLR10 is involved in sensing specific HIV-1 structural proteins, which leads to increased cellular activation and HIV-1 infection. In this study, we report highly significantly increased TLR10 and TLR1 expression in HIV-1-infected human primary BM cells. Additionally, for the first time, TLR10 was found to be involved in innate immune sensing and cellular activation induced by HIV-1, leading to increased infection in vitro. Taken together, we provide clear evidence that specific HIV-1 structural proteins trigger TLR10-dependent cellular activation. These findings indicate that TLR10 and its heterodimers, TLR1 and TLR2, play a central role in the innate immune response to HIV-1 infection by sensing viral proteins, leading to increased immunopathogenesis.



RESULTS


Healthy Human BM Derived Macrophages and Mammary Epithelial Cells Express TLR10, TLR2, and TLR1

Depending on the stage of lactation, the predominant cell types in BM consist of a variety of leukocytes in colostrum (4 × 106 cells/mL) and mature BM (105-106 cells/mL), as well as mammary epithelial cells (MECs) (16–18). The majority of leukocytes present in BM display an activated phenotype (19) and are comprised primarily of macrophages (55–60%) and neutrophils (30–40%), with the remaining 5–10% composed of lymphocytes (~65% CD8+ T cells, 15% CD4+ T cells, and 20% B cells) (18). Macrophages and MECs are thought to facilitate mother-to-child transmission (MTCT) of HIV-1, and both cell types express several canonical HIV-1 receptors, (e.g., CD4 and CCR5), readily endocytose cell-free HIV-1, and can function as a viral reservoir (20). To explore how TLR expression is linked to HIV-1 infection, we first analyzed the phenotype of the macrophages and MECs present in HIV-1 uninfected human BM using flow cytometry. We found that the majority of cells that were CD14+ and CD45+ (>10%) expressed TLR1 (3.03%), TLR2 (58.6%), and TLR10 (99.3%). Similarly, MUC1+ (75.4%) MECs also expressed TLR1, TLR2, and TLR10 exhibiting 3.67, 69.1, and 0.39%, respectively (Figure 1). Based on our flow cytometry data our findings suggest that BM derived macrophages predominantly express TLR10 which implies that these cells may play an important role in innate immunity against invading pathogens in suckling infants.
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FIGURE 1. Flow cytometry analyses of TLR1, TLR2, and TLR10 expression in the two major types of primary BM cells obtained from HIV-1 uninfected women at 3 months post-partum. Leucocytes were gated with CD45-PerCP-Cy5.5 and CD14-V450 whereas the epithelial cells were gated with MUC1-PE-Cy7 and CD45-. The antibodies TLR1-APC TLR2-APC and TLR10-PE were separately used to detect TLR1, TLR2, and TLR10 in CD14+-CD45+-MUC1− and MUC1+-CD45− cell types to differentiate the two major constituents of BM. Representative images are shown with TLR1, TLR2, and TLR10 expression depicted as percentages on right corner of each image.





TLR10 and TLR1 Are Highly Expressed in HIV-1 Infected Human Primary BM Cells

The biological relevance of primary BM cells in HIV MTCT remains unclear. BM derived TLRs such as TLR2, TLR3, and TLR5 along with other bioactive molecules are known to play an important role in intestinal protection, inflammatory responses and even microbial recognition (21). Indeed, it has been suggested that certain cytokines such as interferon gamma secreted by primary BM cells reduce the rate of BM transmission of HIV-1 in breastfeeding infants (22, 23); therefore, we next sought to determine the level of TLR10 and TLR1 expression in BM collected from HIV-1 infected women from Nigeria and compared to HIV-1 uninfected women. Both HIV-1 infected as well as uninfected control women were recruited from Plateau State, Nigeria and a series of BM samples from first week to 52 weeks postpartum were collected and shipped to Canada. All HIV-1 positive women were on antiretroviral therapy (ART) and receiving antiretroviral drugs according to the regimen set by Nigerian Government and world Health Organization (WHO) as described (24) We evaluated HIV-1-infected (Nigerian: n = 40) and uninfected (Nigerian: n = 27; Canadian: n = 15) BM samples for the expression of TLR10 and TLR1. Our results clearly demonstrated a highly significant increase in the expression of both TLR1 and TLR10 cDNA in HIV-1-infected compared to uninfected primary BM cells from the same geographical location (Figure 2; P = 0.0006 and P < 0.0001, respectively). Specifically, TLR10 expression was ~100-fold higher in HIV-1 infected vs. HIV-1 uninfected primary BM cells. In addition to HIV-1 infected and uninfected women from Nigeria, we also collected BM samples from uninfected healthy women from Hamilton region, Ontario, Canada and compared their TLR1 and TLR10 expression levels with uninfected healthy control women from Nigeria. Interestingly, it was found that TLR1 and TLR10 expression on Nigerian HIV-1 uninfected primary BM cells was significantly lower compared to that on Canadian HIV-1 uninfected primary BM cells thus highlighting the demographic differences. Taken together, these results show that TLRs are highly expressed on primary BM cells, and this expression may be closely associated with an individual's HIV-1 infection and innate immune status.
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FIGURE 2. Significantly elevated expression level of TLR1 and TLR10 in HIV-1 infected human primary BM cells. Expression of TLR1 and TLR10 as measured by qRT-PCR with the mRNA extracted from primary BM cells collected from HIV-1 negative Hamilton, Canada women (HIV-N Hamilton) and Nigerian HIV-1 negative (HIV-N) and HIV-1 positive (HIV-P) women. TLR1 expression is shown on right (p = 0.0006) whereas TLR10 expression is shown on left (p < 0.0001).





The Level of TLR10 Expression Significantly Alters HIV-1 Infection and Integration

Since the extracellular expression of TLR10, TLR1, and TLR2 are innate immune molecules involved in pathogen signaling and are highly expressed on cells in BM (Figures 1, 2) and PBMCs (1, 25) we decided to utilize human mammary epithelial (Michigan Cancer Foundation-10A; MCF-10A) cells and macrophage cell lines (human acute monocytic leukemia; THP-1) for further downstream experiments. MCF-10A is a human non-tumorigenic epithelial cell line with no signs of terminal differentiation and has been used in our previous studies (15). THP-1 is an immortalized monocyte-like cell line derived from the peripheral blood of a childhood case of acute monocytic leukemia (26, 27) and has been utilized previously (28). First we determined whether the expression levels could influence HIV-1 infection in vitro. For this purpose, HIV-1 reporter TZMbl cells (29) were transiently transfected alone or in combination with plasmids overexpressing TLR10 and the heterodimers, TLR2 and TLR1 (Figure 3A), followed by HIV-1 infection and measurement of luciferase activity. The results showed a significantly increased rate of HIV-1 infection in TZMbl cells overexpressing TLR10 and heterodimers TLR1 or TLR2 compared to the empty vector alone, uninfected control or a T20 control (Enfuvirtide; HIV-1 fusion inhibitor) (30, 31) (Figure 3A; P < 0.05). In addition, HIV-1 infection was significantly elevated in TZMbl cells, which were either co-transfected with TLR1/10 or TLR2/10 compared to the control (Figure 3A; P < 0.05).
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FIGURE 3. Overexpression or siRNA mediated knockdown of TLR10 significantly alters HIV-1 infection and integration (A) HIV-1 infection was significantly enhanced in HIV-1 reporter TZMbl cells transiently overexpressing TLR10 alone and co-transfected with TLR2 or TLR1 expression plasmids by measuring luciferase activity in relative light units (RLU). (B) HIV-1 integration was significantly increased in stable TZMbl reporter cells overexpressing TLR10, TLR2, and TLR1. TZMbl, TLR2- stable, and TLR10-stable cells were used for co-transfection with plasmids: empty vector, TLR2, TLR10, and TLR1 vector, TLR10 and TLR1 vector, and TLR2 and TLR1 vector. Proviral DNA (DNA pol) was detected by PCR and normalized to the 18S rRNA gene. (C) Proviral DNA was obviously decreased in macrophages with TLR10 knocked down prior to HIV-1 infection. T20: Enfuvirtide, an HIV-1 fusion inhibitor used as a negative control. Data set is representative of three different experiments completed in triplicate (Statistic marks in the plots: *p < 0.05, **p < 0.01 for Mann Whitney t-tests, each group compared to the vector group in A and B, or to the control group in C; pair comparison ∧, # in B, respectively).



Next, we determined the extent of HIV-1 infection in TLR10 and TLR2 stable reporter cell lines. TZMbl-T2 and TZMbl-T10 displayed significantly higher levels of proviral DNA compared to TZMbl cells, which served as a control (Figure 3B; P < 0.05). Furthermore, stable TZMbl-T2 transiently over-expressing TLR10 or TLR1 also enhanced HIV-1 pol gene expression. Similarly, stable TZMbl-T10 cells transiently over-expressing TLR2 or TLR1 also enhanced proviral pol DNA at 8 h post-infection compared with the empty vector-transient stable cells (Figure 3B; P < 0.05).

In order to observe the HIV-1 infection in susceptible cells, macrophages were differentiated from THP-1 cells to determine whether siRNA-mediated knockdown of TLR1, 2 and/or 10 for 2 days prior to CCR5-tropic HIV-1 (BAL strain) exposure for 7 days would affect the HIV-1 infection rate. THP-1 cells were first transfected with siRNAs targeting TRL1, TLR2, or TLR10, and their knockdown was confirmed by Western blot. TLR1 and TLR2 knockdown was complete compared to TLR10 where it was partial (Supplementary Figure 1). After the confirmation of the siRNA-mediated knockdown, HIV-1 integration was determined by PCR, which showed significantly decreased proviral DNA production in the cells that received siRNAs against TLR1, TLR2, TLR10, or combinations of TLR2 with TRL10 or TLR1 compared to the control siRNA (Figure 3C). In addition, since we observed incomplete TLR10 knockdown in THP-1 cells, it is likely that upon complete knockdown of TLR10, HIV-1 integration and proviral DNA production will be impacted. Together, these data indicate that the expression of TLR1, 2 and TLR10 alone or in combination significantly enhances HIV-1 infection and integration in vitro. Moreover, based on TLR10 and TLR2 co-transfection or co-depletion through siRNA and effect on HIV-1 infection or integration, TLR10 appears to play a role in HIV-1 infection and integration independent of TLR2 since no additive effect of TLR10 and TLR2 was observed (Figures 3B,C). Therefore, it is highly likely that TLR2 and TLR10 are independently involved in the regulation of HIV-1 infection in a non-heterodimeric form.



Expression of TLR10, TLR1, and TLR2 Is Up-Regulated by PAMPs and HIV-1

We next determined whether the expression of TLR1, 2, or 10 changes in response to various TLR ligands. MCF-10A, THP-1, and primary BM cells were stimulated with TLR ligands of interest at the following doses: 100 ng/mL Pam3Cys-Ser-(Lys)4 (Pam3CSK4); 10 ng/mL lipopolysaccharide (LPS), ssRNA40 1 μg/mL, and cell-free HIV-1 overnight. Total RNA was isolated from the cells and qRT-PCR was performed. Data showed that compared to medium control, MCF-10A cells exposed to the TLR2/1 ligand, Pam3CSK4, significantly increased the level of TLR1, 2, and 10 expression (Figure 4A). Similarly, exposure to TLR4 ligand, LPS, significantly increased TLR1 and 2 expression (Figure 4A). In contrast, although ssRNA40 showed a significant increase in TLR1 and TLR10, but had no significant effect on TLR2 expression (Figure 4A). Conversely, HIV-1 exposure significantly increased the level of TLR10 expression on MCF-10A cells (Figure 4A) despite the fact that HIV-1 does not productively infect this cell type (20). In THP-1 cells, Pam3CSK4 exposure significantly increased the level of TLR2 and 10 expression, whereas LPS exposure resulted in an increase in TLR1 and 2 expression (Figure 4B). Following exposure to ssRNA40, the expression of TLR1, 2, and 10 was significantly increased. Similarly, HIV-1 exposure significantly increased the level of TLR1, 2, and 10 expression in THP-1 cells (Figure 4B). Primary BM cells exposed to specific PAMPs also exhibited significantly increased levels of TLR1 and TLR2 expression following exposure to Pam3CSK4 and LPS (Figure 4C). Elevated TLR2 expression was also observed after exposure to ssRNA40 and cell-free HIV-1 (Figure 4C). Most importantly, the data indicated that TLR10 was significantly elevated after exposure to ssRNA40 and HIV-1 (Figure 4C). Taken together, these data indicate that specific HIV-1 PAMPs, as well as cell-free HIV-1, significantly increase TLR10, TLR1, and TLR2 expression in primary BM cells.
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FIGURE 4. Effects of PAMPs and HIV-1 on the level of TLR expression in cell cultures. (A) qRT-PCR of TLR10, TLR2, and TLR1 mRNA from MCF-10A cells treated with TLR2 PAMP Pam3CSK4, TLR4 PAMP LPS, TLR7/TLR8 PAMP ssRNA40, and cell-free HIV-1 BAL. (B) q-RT-PCR in THP-1 cells. (C) qRT-PCR in primary BM cells. Data set is representative of three different experiments completed in triplicate. Statistic marks: *p < 0.05, **p < 0.01 for the Mann-Whitney t-tests, each group compared to medium-treated group (Medium).





HIV-1 Proteins Regulate TLR Expression Levels and Induce IL-8 Secretion

HIV-1 structural proteins and glycoproteins have been detected in BM (15) and have been shown to exert immunological effects typical of a proinflammatory response (32–37). Based on our recent findings that HIV-1 structural proteins bind to TLR2 (16), we hypothesized that HIV-1 components may contact the cell surface and trigger TLR10 signaling. Therefore, we next investigated whether specific HIV-1 structural proteins increased cellular activation in primary BM cells. To characterize which HIV-1 structural proteins were involved in this process, we used purified p17 (200 ng/mL), p24 (200 ng/mL), gp41 (1 μg/mL), and gp120 (1 μg/mL) to treat MCF-10A and THP-1 cells and detected the cellular responses. The results demonstrated that the expression of TLR10 and TLR2 mRNA was significantly altered following exposure to gp41 alone compared to untreated medium, as well as Pam3CSK4, which served as a positive control in MCF-10A cells (Figure 5A). IL-8 production increased in a dose-dependent manner in the supernatants of MCF-10A cell cultures containing gp41 and Pam3CSK4 (Figure 5B). However, TLR10 was significantly highly expressed in THP-1 cells in the presence of gp41 as well as p17 (Figure 5C). TLR2 and TLR1 were obviously increased in the presence of gp41, p17, and p24. In the THP-1 cell culture, IL-8 was also correspondingly produced with increases in the amount of Pam3CSK4 and structural proteins, except gp120 (Figure 5D). Together, this data indicates that HIV-1 gp41 is able to induce the innate immune response and alters the level of TLR10 expression, similar to TLR2 (16) and is not cell-type-sensitive.


[image: image]

FIGURE 5. Effects of HIV-1 proteins on TLR expression and cellular responses. (A) MCF-10A cells were treated with Pam3CSK4 and the HIV-1 structural proteins: p17, p24, gp41, and gp120. Cellular TLR10, TLR2, and TLR1 mRNAs were analyzed by qRT-PCR. (B) IL-8 production in cell culture supernatants in the presence of different concentrations of Pam3CSK4 and HIV-1 proteins were analyzed by ELISA. (C) The expression of TLR mRNAs analyzed by qRT-PCR in THP-1 cells treated with Pam3CSK4 and the HIV-1 structural proteins: p17, p24, and gp41. (D) IL-8 production in THP-1 cell culture supernatants in the presence of different concentrations of Pam3CSK4 and HIV-1 proteins was analyzed by ELISA. Data set is representative of three different experiments completed in triplicate. Statistic marks: *p < 0.05, **p < 0.01 for the Mann-Whitney t-tests, each group was compared to the medium-treated group (Medium).



Furthermore, we confirmed our observations by transfecting THP-1 cells with siRNA specific to target genes (Figure 6A). Compared to the cells treated with the control siRNA, TLR10 siRNA suppressed more than 3-fold of IL-8 production in the cells treated with HIV-1 PAMPs. Treatment with TLR2 siRNA decreased IL-8 production by ~2-fold. The combination of TLR10 and TLR2 siRNAs decreased IL-8 production more than 2-fold. In addition, we used antibodies to neutralize TLR10, TLR2, and TLR1 in gp41 and p17-treated THP-1 cells. As shown in Figure 6B, treatment with anti-TLR10 and TLR1 antibodies significantly reduced IL-8 production in gp41- and p17-treated cells, respectively. Anti-TLR2 antibodies exhibited a similar trend but without a statistical difference. Since the primary focus of this study was TLR10-related events, we only used anti-TLR10 antibodies to treat MCF-10A cells in the neutralization experiments. The results revealed that gp41-induced IL-8 production was also significantly decreased in the presence of the anti-TLR10 antibody (Figure 6C). Similarly, primary BM cells were incubated with the anti-TLR10 antibody before treatment with HIV-1 proteins. The data revealed that gp41-induced IL-8 production was also significantly decreased in the presence of TLR10 antibodies in primary BM cells (Figure 6D). These results suggest that HIV-1 gp41 is capable of upregulating both TLR2 (15) and TLR10 in all cells under our experimental conditions.
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FIGURE 6. HIV-1 proteins, p17 and gp41 elicit cellular responses through sensing TLR10, TLR2, and TLR1. IL-8 production stimulated by Pam3CSK4, p17, p24, and gp41 was greatly suppressed in THP-1 cells knocked-down of TLR10 with specific siRNA (A) and THP-1 cells neutralized with anti-TLR10 antibody (B). (C) IL-8 stimulated by Pam3CSK4 and gp41 was reduced in MCF-10A cells neutralized with an anti-TLR10 antibody. (D) Primary BM cells displayed a significant decrease in IL-8 production induced by HIV-1 gp41 following neutralization with an anti-TLR10 antibody. Data set is representative of three different experiments completed in triplicate. Statistic marks: *p < 0.05; **p < 0.01 for Mann Whitney t-tests, with each group compared to the medium treated group (Medium).





HIV-1 Proteins Induce TLR10, TLR2, and TLR1 Signaling Through the Activation of NF-κBα

TLR2 and TLR1-mediated signaling pathways have been well-studied. We have recently discovered that the HIV-1 structural proteins p17, p24, and gp41 directly interact with TLR2, inducing NF-κBα activation. We then asked whether these structural proteins also induce NF-κBα activation via their PAMP effects on TLR10. Cells were treated with Pam3CSK4, p17, p24, and gp41, followed by a Western blot of the lysates with anti-phospho-IκBα, a subunit of NF-κBα that is representative of active NF-κBα. The results in Figure 7A demonstrate that activated NF-κBα was substantially expressed in MCF-10A cells treated with gp41, compared to the positive control (Pam3CSK4) and negative control (medium)-treated cells. In contrast, moderate expression of P-IκBα was observed in the MCF-10A cells treated with p17. However, in both the macrophages derived from THP-1 and BM cells, the three HIV-1 proteins greatly stimulated the production of active NF-κBα. In addition, translocation of the NF-κBα p65 subunit into the nuclei occurred in MCF-10A cells treated with Pam3CSK4 and gp41 (Figure 7B). p65 translocation was observed in a number of MCF-10A cells in the presence of p17 and p24. Compared to the medium control, treatment with Pam3CSK4 and each of the three HIV-1 proteins led to p65 translocation to the nuclei of THP-1 cells.
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FIGURE 7. HIV-1 proteins lead to NF-κBα activation (A) Western blot analysis of the cell lysates extracted from MCF-10A, THP-1, and primary BM cells treated with HIV-1 proteins and detected with an antibody against the active NF-κBα subunit, phospho(P)-IκBα, with anti β-actin used as the loading control on the same membranes (B) Confocal microscopy of HIV-treated MCF-10A and THP-1 cells fixed and stained with an anti- NF-κBα subunit p65 antibody and visualized with a second antibody, anti-rabbit-IgG-alexa488 (GFP; green), p65 was translocated upon activation into the nuclei (RFP; red with propidium iodide staining) displayed in yellow (Merged).



When TLR10 expression was knocked down using siRNA, NF-κBα activation in response to HIV-1 proteins was significantly reduced in THP-1 cells (Figure 8). The signaling activity induced by the ligation of TLR2 and TLR1 by the positive siRNA control was similar to the response induced by TLR10 activation by the three HIV-1 proteins (p17, p24, and gp41), suggesting that these proteins are involved in the activation of NF-κBα. Considering the possibility that endotoxin was present in the HIV-1 products, we used TLR4 siRNA in the same experiment. The Western blot results clearly showed that knocking down TLR4 did not change the cellular response to p17 and gp41 in activating NF-κBα, which excluded endotoxin or LPS contamination in the two proteins. A 50% reduction in NF-κBα activation was observed in TLR4 siRNA transfected cells treated with Pam3CSK4 and p24, thus indicating cross-talk and a convergence between the different TLR signaling pathways.
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FIGURE 8. siRNA mediated knockdown or antibody mediated blocking of TLR10 inhibits NF-κBα activation induced by HIV-1 proteins (A) anti-TLR10 antibody decreased gp41 induced P-IκBα by half in MCF-10A cells. (B) TLR10 siRNA ablated the induction of P-IκBα by gp41 in THP-1 cells.






DISCUSSION

To date, a total of 10 (1–10) human TLRs have been identified, which are known to play an important role in the innate immune sensing of invading pathogens (38, 39). Although the ligands for TLRs 1 through 9 are well-known, TLR10 has remained the only orphan receptor with no known ligand, despite being identified >17 years ago (4). To our knowledge, we are the first to report that TLR10 is involved in HIV-1 infection and most importantly, that gp41 acts as a ligand for TLR10 in human macrophages and MECs.

We initially attempted to identify and screen TLRs present in human BM and previously reported that soluble TLR2 (sTLR2) is present in human BM and significantly inhibits HIV-1 infection (15). Furthermore, we also showed that the HIV-1 structural proteins, p17, p24, and gp41, serve as PAMPs for TLR2, leading to the activation of the NF-κBα signaling pathway (16). Surprisingly, with the exception of TLR1 and TLR2, we found significantly higher levels of TLR10 (>100-fold) expression in BM samples collected from HIV-1 infected Nigerian women (Figure 2), thus indicating that TLR10 might play an important role in HIV-1 infection and pathogenesis. In addition, uninfected BM samples from Canadian women exhibited higher basal levels of TLR10 and TLR1 expression compared to uninfected Nigerian women. Although whether there is a significant difference in the level of these two TLRs in healthy populations remains unknown, it is tempting to speculate that the genetic differences present in these two populations might affect the outcome of HIV-1 infection.

TLR1, TLR6, and TLR10 share a common locus on chromosome 4p14 and are structurally similar to each another (40) and are thought to have arisen from several gene duplication events (41). Furthermore, it has been established that TLR10, TLR1, and TLR6 form a single cluster and provide an important first line of defense against infectious agents. Previous work related to TLR1, TLR2, TLR6, and TLR10 has failed to provide the agonist for TLR10 but suggests that the TLR10 ligand might be of a viral origin, leading to the activation of NF-κBα (40, 42). Our current study confirms that one ligand for TLR10 is indeed of viral origin, notably HIV-1 gp41.

TLR10 is known to possess point mutations in its TIR domain that play a critical role in its proper functioning (43). Furthermore, it has been shown that genetic variations in TLR10 can lead to various ailments, such as Crohn's disease (44) and asthma (45). Moreover, TLR10 has been shown to be involved in osteoarthritis (46), Crimean Congo hemorrhagic fever (47), Listeria monocytogenes, Salmonella Typhimurium (28), Helicobacter pylori (7), and influenza (2). Nevertheless, the involvement of TLR10 in various diseases paves the way for future exploratory studies.

Interestingly, recent data concerning early hominins, Neandertals, and Denisovans, who lived in Europe and Western Asia for over 200,000 years, likely interbred and contributed advantageous genetic alleles to the immune systems of modern humans (48–50). Indeed, TLR genes, which are critical components of innate immunity, have also gained advantageous alleles through this mixing of the gene pool. Notably, adaptive introgression and local positive selection led to the significantly increased expression of the TLR6, TLR1, and TLR10 genes, which facilitated resistance to infectious diseases but may also be associated with increased hypersensitivity to non-pathogenic allergens.

Primary BM cells, MCF-10A MECs, and macrophages display significantly higher levels of TLR10 expression in response to HIV-1. In particular, gp41, not p17, and p24, was able to act as a ligand for TLR10. Since primary BM cells express TLR2, TLR1, and TLR10 (Figures 1, 2); thus, it is plausible that these TLRs could form heterodimers.

Our data have shown that macrophages and MECs are human BM constituents that express TLR1, TLR2, and TLR10. Although gp41 was found to act as a ligand for both TLR2 (16) and TLR10 in the current study. Whether TLR2 and TLR10 interact and associate with each other in the context of an HIV-1 infection remains unclear and will be intriguing to investigate in future studies. However, since macrophages derived from THP-1 cells sensed gp41 in addition to p17 and p24, it is suggested that BM derived macrophages actively participates in HIV-1-induced innate immunity.

Although the induction of TLR10 by immune cells (e.g., B-cells, plasmacytoid dendritic cells, and macrophages) is well-reported (28, 40); the induction of TLR10 by non-immune cells (e.g., intestinal epithelial cells or MECs) raises the possibility of a conserved mechanism regarding TLR10 expression by epithelial cells (28).

We suggest that TLR10 and TLR1 both work cooperatively as the transfection of TRL10 and TLR1 alone or in combination significantly enhanced HIV-1 infection, indicating that TLR10 and TLR1 likely form heterodimers. This is evidenced by the observation that a depletion of TLR10 by a siRNA-mediated knockdown negatively impacted the proviral integration of HIV-1. Moreover, TLR10 knockdown led to significantly lower levels of IL-8 production in cells treated with gp41, p17, and p24. Furthermore, gp41, p17, and p24 were able to activate NF-κBα, which was readily blocked using an anti-TLR10 antibody or TLR10-specific siRNA-treated cells, suggesting that TLR10 signaling led to the activation of NF-κBα and ultimately the production of IL-8.

Importantly, the present study provides the first evidence that HIV-1 gp41 functions as a ligand for TLR10 in MCF-10A and THP-1 cells. Recently, double-stranded RNA (dsRNA) has been shown to act as a ligand for TLR10 (51). In addition, the same study demonstrated that TLR10 competes with TLR3 for binding to ligands in various endocytic pathways, ultimately leading to the induction of interferons. Similarly, synergy between TLR3 and TLR10 has been suggested in the context of an influenza virus infection. Although our current data demonstrates the involvement of TLR10 in HIV-1 infection, the existence of such synergy between TLR10 and TLR3 in an HIV-1 infection cannot be dismissed and requires further future investigation.

Our data demonstrated that HIV-1 gp41 acts as a ligand for TLR10 and leads to the induction of IL-8 and NF-κBα activation. However, our observation is contradictory to some previous reports where TLR10 expression has been shown to suppress the cytokine responses (1, 52). These contradictions could be due to differences in cell-type use, ligand specificity or geographical location. Further, divergent roles of TLR10 have been suggested to be due to the mechanism of cross-talking between TLR10 and TLR3 (51) or perhaps the interaction of TLR10 with TLR2, TLR1 and TLR6 (1). Although, the exact mechanism is not known; we cannot exclude the possibility of spontaneous heterodimerization of TLR2 and TLR10 (1) due to HIV-1 gp41 which acts as a ligand for both TLR2 (16) and TLR10.

The present investigation demonstrated that TLR10 acts as an innate immune sensor for HIV-1 infection and leads to the induction of IL-8. Furthermore, we showed that blocking TLR10 with either an anti-TLR10 antibody or siRNA attenuates gp41-mediated NF-κBα activation (Figure 8). Interestingly, TLR1 depletion through siRNA knockdown also inhibited gp41-mediated NF-κB activation, suggesting that TLR1 and TLR10 might form a heterodimer. Recent evidence shows that TLR10 plays a key role in the innate immune response following an influenza infection (2). Specifically, it was found that silencing of the TLR10 gene impacted IL-8 production in human influenza virus-infected macrophages. Similarly, we observed that when TRL10 is silenced in HIV-1 infected macrophages, IL-8 production is severely impaired, thus raising the possibility that there is a conserved mechanism during HIV-1 and influenza virus infections in human macrophages.

Our studies have shown that human primary BM cells express significantly higher levels of TLR1, TLR2, and TLR10. Currently, the precise role of these TLRs in infants following BM ingestion remains unknown. However, in our other ongoing studies, we have identified some novel exosomal miRNAs in BM samples exclusive to HIV-1 infection present in mother's milk (data not shown) that could potentially play a protective role during MTCT of HIV-1 in conjunction with these TLRs.

Taken together, our data reveal for the first time that TLR10 is involved in HIV-1 infection. Furthermore, gp41 was found to act as a novel ligand for TLR10. We believe that the data shown in the present study describing an HIV-1 ligand for TLR10 will advance our current knowledge, as well as further our understanding of the role of TLR10 in innate immunity during HIV-1 infection.



MATERIALS AND METHODS


Human Subjects

HIV-1-uninfected (Hamilton, Ontario, Canada and Nigeria) and HIV-infected (Nigeria) women were recruited to participate in the present study. All HIV-infected women were in the chronic phase of infection as determined by at least two positive HIV-1 serological tests separated by at least 1 year. All women were sampled during voluntary “healthy” research visits as per the cohort protocol, and therefore, were not acutely ill at the time of assessment. Written as well as informed consent for the collection of demographics, behavioral data and biological samples were obtained from all study participants. Inclusion criteria included breastfeeding women who were HIV-uninfected and did not report complications in utero during their full-term pregnancies or intrapartum. Women were excluded if they had cesarean sections, their pregnancies were not full-term, or they were diagnosed with mastitis post-partum. Samples included in these analyses were obtained from women who were not taking medications other than vitamin supplements intra- or post-partum and did not receive an epidural intra-partum. Three mothers reported minor colic and one reported silent reflux in their infants. The study was approved by the institutional review boards of the University of Manitoba Hospital ethical review committee. All clinical investigations were conducted according to the principles of the Helsinki Declaration. The study was approved by the McMaster Research Ethics Board (REB Approval #08-176) and the CCI of Children's Hospital, Los Angeles.



Sample Acquisition and Preparation

Milk samples were self-collected into sterile tubes within the first week and at 1, 3, and 6 months post-partum, and immediately shipped on ice for processing in our laboratory. The samples were separated into lipid, supernatant, and cellular fractions and stored at −80°C and liquid nitrogen, respectively. BM supernatant fractions were used for Western blotting or were filter-sterilized (0.45 μm) for functional assays to avoid cellular contamination.



Cells and Reagents

THP-1 and primary BM cells were cultured in RMPI-1640 supplemented with 10% FBS, 2 mM L-glutamine, 10 mM HEPES, 1 mM Sodium Pyruvate, and 1% penicillin/streptomycin (Invitrogen). MCF-10A cells (American Type Culture Collection, Manassas, VA) were maintained in Dulbecco's modified Eagle's medium-F12 (DMEM/F12, Invitrogen) supplemented with 5% horse serum (Invitrogen), 100 ng/mL cholera toxin (Sigma), 10 μg/mL insulin (Sigma), 20 ng/mL recombinant human EGF (Peprotech), 0.5 μg/mL hydrocortisone (Sigma), and 1% penicillin/streptomycin (Invitrogen). The TZMbl cells were cultured in DMEM supplemented with 10% FBS and 1% (vol/vol) each of L-glutamine, penicillin, and streptomycin with and without 0.8 mg/mL geneticin (G418; Invitrogen, Burlington, ON, Canada), respectively, as described previously (16, 29). HIV-1 proteins included p17 (Virogen, Mississauga, ON, Canada), p24, and gp41 (Genway Biotech, Inc., San Diego, CA, USA). TLR ligands, ssRNA40 (Mobix, McMaster University), LPS, Pam3CSK4 (InvivoGen), and poly I:C (Sigma-Aldrich, Burlington, ON, Canada) were diluted in phosphate-buffered saline (PBS).



Quantitative Reverse-Transcriptase Real-Time Polymerase Chain Reaction

Total RNA was extracted from the cells using Trizol as per the manufacturer (Invitrogen, Carlsbad, California, USA) and treated with DNase I, DNA-free (Ambion, Austin, Texas, USA). Reverse transcription (RT) reactions and quantitative real-time PCR (qRT-PCR) was performed as previously described (11).



Small Interfering RNA Knockdown

siRNA molecules targeting human TLR1 (Sigma-Aldrich, SASI_Hs01_00162170/AS), TLR2 (Sigma-Aldrich, SASI_Hs01_ 00081589/AS), TLR4 (Sigma-Aldrich, SASI_Hs01_00122250/AS), TLR10 (Sigma-Aldrich, SASI_Hs01_00099892), or non-targeting siRNA (Invitrogen, 129201 H07/129296 H05) were purchased and used as previously described (16). The cells were exposed to specific HIV-1 proteins, and the supernatants were collected to quantify the level of pro-inflammatory cytokine production as previously described (16).



Flow Cytometry

Flow cytometry analysis was performed as previously described (53). Briefly, 10 mL of fresh healthy human BM containing ~5 × 106 cells collected within 3 months of lactation, was centrifuged at 2,000 × g at room temperature for 10 min, washed with PBS, and centrifuged two more times. The cells were first incubated with Live/Dead Fixable Aqua (ThermoFisher) at room temperature for 30 min and subsequently washed twice with PBS. Besides compensation and FMO controls, two sets of cells were immune-stained at room temperature for 30 min in 0.5% BSA-PBS containing a combination of conjugated antibodies (CD45-PerCP-Cy5.5 BD, CD14-V450 BD, MUC1-PE-Cy7 BioLegend, TLR2-APC R&D Systems, TLR10-PE BioLegend) and (CD45-PerCP-Cy5.5, CD14-V450, MUC1-PE-Cy7, TLR1-APC R&D Systems, TLR10-PE), respectively. The cells were washed twice with PBS and fixed with 1% PFA-PBS. The samples were run on a BD LSRFortessa and analyzed using FlowJo software.



Establishment of a Stable TLR10 Reporter Cell Line

The TLR10 expression plasmid, pIhT10G, was subcloned from pUNO1-hTLR10 (InvivoGen) into pIRES2-Green1 vector (Clontech), with a SacI-BamHI fragment via PCR using Phusion DNA polymerase (New England Biolabs, USA). Transfection with 2.5 μg pIhT10G and 5 μL Lipofectamine 2,000 into TZMbl cells was performed in a six-well plate for 2 days. The cells were trypsinized and re-suspended in 0.2–1.4 mg/mL series of G418 geneticin (Thermo Fisher Scientific, MA, USA) containing growth medium in a 96-well plate, and cultured for at least 7 days, followed by repeating the selection for a total of three times in the same manner. The established cells were named TZMbl-10 and cultured in 0.2–0.4 mg/mL geneticin growth medium.



HIV-1 Infection and Integration

TZMbl and the derived TZMbl-2 and TZMbl-10 cells were transfected with plasmids, phT2G (16), phT10G, and pUNO1-hT1 (InvivoGen) expressing TLR10, TLR2, and TLR1, with PolyJet (SignaGen Rockville, MD, USA) in a 96-well plate for 24 h. The cells were infected with HIV-1 BAL 30-50 TCID50/96-well plus 12 μg/mL DEAE-dextran for 45 h for HIV-1 infection. The proviral DNA analysis was performed by measuring the relative light units of luciferase activity for 8 h.

THP-1 cells grown in a 96-well plate were expanded in 8 mM PMA-growth medium for 3 days and PMA-free medium for another 2 days. The cells were then transfected with specific siRNAs using Lipofectamine RNAiMAX reagent (Thermo Fisher Scientific, MA, USA) for 2 days. The cells were infected with HIV-1 BAL 100 TCID50/well plus 4 μg/mL polybrene overnight and washed with growth medium and cultured for a total of 7 days. HIV-1 integration was detected by the isolation of total cellular DNA using proteinase K digestion and phenol extraction, followed by PCR of the viral pol gene. The proviral DNA was normalized to the cellular 18S rRNA gene in a same sample.



IL-8 ELISA

IL-8 production from the cell culture was assessed via an EB ELISA in 20–100-fold dilution as per the manufacturer's instruction as described previously (16).



Stimulation of Primary BM Cells in vitro and Neutralization

Healthy BM was diluted 2-fold in PBS and the cells were isolated by centrifugation at 800 × g for 20 min. The lipid layer and fluid were removed, and the cell pellet was washed twice with PBS. The cells were resuspended in a 96-well plate at a density of 1.5 × 105 per well with RPMI-1640 medium and cultured overnight.

Since none of the available anti-TLR10 antibodies were able to efficiently neutralize TLR10 alone under our experimental conditions (data not shown), we used a cocktail of TLR10 antibodies from different sources comprising rabbit polyclonal sc-30198 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse monoclonal sc-293300 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse anti-human TLR10 H00081793-M01 (Novus Biologicals), and mouse monoclonal MA6619 (R&D Systems) compared to a cocktail control which consisted of rabbit and mouse isotype IgG controls (Santa Cruz Biotechnology, Santa Cruz, CA, USA).



Western Blot

The cells were washed with PBS and the lysates were prepared as previously described (16). Protein quantification was performed using a DCTM protein assay kit (Bio-Rad) and run on SDS-PAGE gels. The primary antibodies consisted of anti-TLR1, anti-TLR2 (R&D Systems), anti-TLR4 (Novus Biologicals), anti-TLR10 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), phospho-IκBα #9246 (Cell Signaling), NF-κBα p65 sc-372 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and anti-β-actin antibodies. HRP-labeled goat anti-mouse IgG 1706516 (Bio-Rad) and HRP-labeled goat anti-rabbit IgG 1706515 (Bio-Rad) were used as secondary antibodies.



Confocal Microscopy

Immunofluorescence staining was performed as previously described (54). MCF-10A and THP1 cells grown on an eight-well BD Falcon culture slides (BD Biosciences) were either left untreated or treated with Pam3CSK4, or the HIV-1 proteins p17, p24, and gp41. The cells were fixed and immune-stained with NF-κBα p65 (1:500) to detect the nuclear translocation of NF-κBα p65. Corresponding Alexa Fluor 488 conjugated IgG (Molecular Probes, Eugene, OR, USA) was used as a secondary antibody. The images were acquired using an inverted laser-scanning confocal microscope (LSM 510, Zeiss, Oberkochen, Germany).



Statistical Analysis

The data were plotted and analyzed using Microsoft Excel, SPSS, and Prism 4.0 software and shown as Mean ± SEM (GraphPad Software, San Diego, California, USA). Non-parametric tests were used, including Mann-Whitney U-tests for unmatched comparisons, Wilcoxon paired t-tests for matched samples, and a Spearman's rank test for matched correlations.
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Supplementary Figure 1. Confirmation of the siRNA mediated knockdown of TLR2, TLR10, TLR1, and TLR4 in THP-1 cells by Western blot. THP1 cells were either transfected with the specific siRNA targeting the respective TLRs or with a scrambled control. Lysates were prepared after 48 h and subjected to Western blot analysis using the indicated antibodies.
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Immune activation is the driving force behind the occurrence of AIDS and non-AIDS events, and is only partially reduced by antiretroviral therapy (ART). Soon after HIV infection, intestinal CD4+ T cells are depleted leading to epithelial gut damage and subsequent translocation of microbes and/or their products into systemic circulation. Bacteria and fungi are the two most abundant populations of the gut microbiome. Circulating lipopolysaccharide (LPS) and (1→3)-β-D-Glucan (βDG), major components of bacterial and fungal cell walls respectively, are measured as markers of microbial translocation in the context of compromised gut barriers. While LPS is a well-known inducer of innate immune activation, βDG is emerging as a significant source of monocyte and NK cell activation that contributes to immune dysfunction. Herein, we critically evaluated recent literature to untangle the respective roles of LPS and βDG in HIV-associated immune dysfunction. Furthermore, we appraised the relevance of LPS and βDG as biomarkers of disease progression and immune activation on ART. Understanding the consequences of elevated LPS and βDG on immune activation will provide insight into novel therapeutic strategies against the occurrence of AIDS and non-AIDS events.
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INTRODUCTION

The gastrointestinal tract (GI) is a dynamic setting constantly in contact with nutrients, allergens, commensal microbes, and pathogens. As such, this milieu is equipped with a complex and well balanced system of physical and immunological barriers to allow the absorption of nutrients while preventing the translocation of microbes and their products (1). A physical barrier is formed by firmly linked intestinal epithelial cells (enterocytes) connected via tight junctions. These cells form villi to maximize the absorption of nutrients. The base of each villus forms crypts composed of intestinal stem cells and Paneth cells which secrete growth factors that promote intestinal stem cell proliferation, antimicrobial peptide secretion, and digestive enzyme production (2, 3). In the upper regions of the villus, goblet cells contribute to the physical and chemical barriers by secreting a mucous layer that protects the gut epithelium from the microbiota (4). Patrolling leukocytes in the lamina propria constitute an immunological barrier that ensures any pathogens in the lamina propria are phagocytosed, cleared, and sent to the draining mesenteric lymph nodes (5).

HIV-infection is characterized by the depletion of gut CD4+ T cells, epithelial gut damage, and translocation of microbes and their products into systemic circulation (6). People living with HIV (PLWH) have damage to the gut epithelium which has been shown to precede immune activation in models of SIV-infected rhesus macaques (7, 8). As systemic immune activation is considered the driving force of CD4+ T cell depletion and development of acquired immunodeficiency syndrome (AIDS), it is important to understand the link between epithelial gut damage and systemic immune activation in PLWH.

In 2006, Brenchley et al. were the first to report that increased plasma levels of gram-negative bacterial cell wall antigen lipopolysaccharide (LPS) induces systemic immune activation in both PLWH and SIV-infected rhesus macaques (9). Estes et al. in 2010, demonstrated that elevated plasma levels of LPS in PLWH is a result of HIV-induced epithelial gut damage allowing for the translocation of microbial products from the gut microbiota into systemic circulation (10). Despite the success of antiretroviral therapy (ART), epithelial gut damage, microbial translocation, and to a lesser extent systemic immune activation are not reversed. In parallel, Cani et al. coined the term “metabolic endotoxemia” to describe the phenomenon of obese individuals with high plasma levels of LPS linked to reduced insulin sensitivity and increased risk of metabolic diseases (11). Furthermore, conserved parts of the LPS molecule act as a pathogen-associated molecular patterns (PAMPs) that have been associated in vitro, in animal models, and epidemiologically with increased innate immune activation, inflammation, and risk of developing non-AIDS events in ART-treated PLWH (9, 12).

Increasing awareness about the human gut microbiota reveals that it is a complex community of bacteria, fungi, archaea, viruses, and parasites influencing health and disease (13). However, studies regarding microbial translocation in PLWH have primarily focused on bacterial translocation. (1→3)-β-D-Glucan (βDG), a major component of most fungal cell walls, is commonly used as a biomarker for the diagnosis and management of invasive fungal infections (IFI) and has been recently used as a marker of fungal translocation in people without IFI (14). In 2012, Morris et al. were the first to show elevated plasma levels of βDG in PLWH (15). We and others have found that plasma levels of βDG are associated with epithelial gut damage, immune activation, inflammation, and risk of developing non-AIDS events (16–20). Like epithelial gut damage, plasma levels of βDG do not normalize despite long-term ART (20). These findings show converging evidence that like LPS, βDG also plays a significant role in chronic immune activation and development of non-AIDS events in PLWH (Figure 1).
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FIGURE 1. Proposed mechanism of microbial translocation in chronic HIV-infection and chronic HIV-infection on ART compared to HIV- homeostasis. (A) Healthy, HIV-uninfected individuals have an abundance of protective microbes in the gut and tight junctions connecting enterocytes to prevent the translocation of gut microbes and their products. Patrolling leukocytes in the lamina propria are not activated and there is an almost negligible level of inflammation and epithelial damage. (B) PLWH in the chronic stage of infection have increased proportions of pathogenic microbes and decreased proportions of protective microbes in the gut. There is severe villous blunting, epithelial gut damage, and microbial translocation. Patrolling leukocytes are activated and secrete large quantities of pro-inflammatory cytokines. There is elevated circulation of markers of epithelial gut damage, microbial translocation, and inflammation. (C) PLWH on long-term ART have partially restored composition of the gut microbiota, epithelial gut damage, and reduced microbial translocation. Activated leukocytes and systemic inflammation persists. Prebiotics and probiotics are potential therapeutic strategies to fully recover the composition of the gut microbiota. Anti PD-1, anti TNF-α, and IDO inhibitors represent potential therapeutic strategies against persistent immune activation and inflammation. LPS, lipopolysaccharide; βDG, (1→3)-β-D-Glucan; sCD14, soluble cluster of differentiation 14; I-FABP, intestinal fatty acid binding protein; sST2, soluble suppressor of tumorigenicity 2; IDO-1, indoleamine-2,3-dioxygenase 1.



Currently, persistence of systemic immune activation and development of non-AIDS events despite long-term ART represents one of the hurdles in caring for PLWH (21). Herein, we look to comprehensively review the existing English literature regarding the contribution of circulating LPS and βDG in systemic immune activation in PLWH. Understanding the consequences of LPS and βDG antigenemia will help with the development of therapeutic strategies against this “folie à deux.”



GUT DAMAGE

In homeostatic conditions, the microbiota is contained within the gut by the mucous layer, epithelial barrier, and residential leukocytes (22–25).

HIV infection leads to early disruption of the gut epithelial barrier characterized by villous atrophy, crypt hyperplasia, increased gastrointestinal inflammation, and increased intestinal permeability (7, 26–28). Such damage is not completely restored despite long-term ART. Deterioration of the gastrointestinal landscape in PLWH and SIV-infected rhesus macaques has been shown to cause microbial translocation and resultant immune activation (9, 10, 29). Interestingly, SIV-infected sooty mangabeys, which do not progress to AIDS, present without disruption of the GI epithelial layer nor increased microbial translocation, and limited immune activation (30, 31). Thus, understanding the cause(s) and implications of epithelial gut damage in PLWH may help to understand the source(s) of systemic immune activation.

The precise mechanisms responsible for HIV-associated epithelial gut damage remain poorly understood and are now known to precede mucosal immune dysfunction (7). HIV gp120 and Tat proteins have been shown to have detrimental effects on intestinal epithelial cells (32–36). HIV induces inflammasome to produce IL-18, resulting in intestinal epithelial cell death and reduced expression of tight junction proteins, contributing to intestinal permeability and resultant microbial translocation (37, 38). Globally, HIV contributes to epithelial gut damage which is partially improved on ART (39, 40). Markers of epithelial gut damage such as soluble suppressor of tumorigenicity 2 (sST2) and intestinal fatty acid binding protein (I-FABP) have been reported to be elevated in inflammatory bowel diseases, graft vs. host disease, and HIV (41, 42).

As reported by Hensley-McBain et al., alterations to the intestinal epithelial structure precede mucosal immune dysfunction (7). Early mucosal damage in PLWH is partially explained by a substantially high expression of CCR5, a HIV co-receptor, on CD4+ T cells in the gut as compared to peripheral blood (43, 44). This is in line with findings that HIV is 10 times more likely to infect CD4+ T cells in the gut compared to peripheral blood (45). IL-17 producing cells, such as Th17 and Th22 CD4+ T cells, are known to homeostatically maintain the epithelial barrier (7). We and others have reported alterations of the Th17/Treg ratio in PLWH, owing to increased frequency of Tregs and decreased frequency of Th17 CD4+ T cells (46, 47). This in turn impairs the homeostatic response to prevent and restore epithelial gut damage in PLWH. HIV-associated gastrointestinal abnormalities have also been associated with changes in the composition of the gut microbiome (dysbiosis) and translocation of microbial products in PLWH.



BACTERIAL AND FUNGAL TRANSLOCATION

In homeostatic conditions, microbial translocation is limited by physical and immunological barriers in the intestine (48). However, when the gut epithelium is damaged and the mucosal immune system is compromised, microbial products translocate out of the gut into systemic circulation via the lamina propria (49, 50). Microbial translocation has been implicated in several conditions including Crohn's disease, ulcerative colitis, graft-vs.-host disease, and HIV (40).

SIV-infected rhesus macaques were shown to have elevated plasma levels of LPS that could be partially reversed with antibiotics. Immunohistochemistry and immunofluorescence of gut biopsies demonstrated that such elevation was a result of bacterial translocation from the gut lumen into systemic circulation via the lamina propria (9, 10). Interestingly, SIV-infected African green monkeys, a natural host of SIV, receiving intravenous injection of LPS had increased viral replication, mucosal CD4+ T cell depletion, and systemic immune activation without inducing epithelial gut damage (51, 52). Altogether, this suggests that translocation of microbial products plays a major role in systemic immune activation and inflammation.

We and others have shown elevation of microbial products in the blood of PLWH (9, 15, 46). Most published studies measured microbial translocation using plasma levels of bacterial DNA fragments, LPS, LPS binding protein (LBP), soluble CD14 (sCD14), and EndoCab (50). Bacterial DNA fragments were quantified using 16S rDNA PCR. Most studies in PLWH use the Limulus Amebocyte Lysate (LAL) assay to measure plasma levels of LPS, a major component of the outer membrane of gram-negative bacteria. LPS binds to LBP, which transfers LPS onto monocytes/macrophages causing the release of soluble CD14 (sCD14) (53). EndoCab is a group of antibodies specific for the core of LPS that are produced by B cells in response to enteric gram-negative bacteria (54). LBP, sCD14, and EndoCab are commonly measured in plasma/serum using solid-phase enzyme-linked immunosorbent assay (ELISA) as circulating biomarkers of LPS-induced innate immune activation (9, 39).

Most research on microbial translocation in PLWH has been focused on bacterial translocation (13). Morris et al. were the first to show elevation of circulating levels of fungal cell wall antigen, βDG, in PLWH (15). Hoenigl et al. have shown that plasma βDG is inversely correlated with the abundance of Lactobacilli in the distal gut (19). Lactobacillus is a protective genus of bacteria that is inversely associated with gut integrity and distal gut permeability. Furthermore, we have shown that plasma levels of βDG is strongly correlated with classical marker of epithelial gut damage, I-FABP, and markers of microbial translocation LPS and sCD14 (20) (Table 1). The origin of circulating βDG was first studied in murine models. As opposed to the human gut microbiome, there is no Candida in the murine gut. Mice fed with live or heat-inactivated Candida had elevated serum levels of βDG. Such elevation induced the production of pro-inflammatory cytokines IL-6 and TNF-α. Administration of Fluconazole, an anti-fungal small molecule, partially inhibited the elevation of serum βDG and systemic inflammation (55). Similar results were found in a murine model of lupus and sepsis (56, 57). As PLWH without invasive fungal infections are highly susceptible to increased proportions of fungal colonization and have high levels of epithelial gut damage, it is highly likely that elevated plasma levels of βDG in PLWH originates from the gut (14). Thus, there is a need to definitely determine whether elevated plasma levels of βDG in PLWH is a result of microbial translocation and involved in systemic immune activation.



Table 1. Overview of studies associating elevation of plasma levels of βDG with immune activation and immune dysfunction in PLWH.
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MICROBIAL TRANSLOCATION AND SYSTEMIC IMMUNE ACTIVATION

Microbial products such as LPS and βDG represent potent PAMPs that trigger a significant immune response. Several studies have provided convincing evidence that elevated plasma levels of LPS induces immune activation in sepsis, Crohn's disease, ulcerative colitis, obesity, and HIV (9, 11, 58, 59).

LPS is captured by LBP and complexed with CD14, myeloid differentiation 2 protein, and Toll like receptor 4 (TLR4). The formation of this complex is crucial for the immune system to mount a response to LPS. Classical antigen presenting cells (APCs) recognize this complex using TLR4 and subsequently phagocytose LPS while shedding sCD14. B cells also express TLR4 to recognize different parts of the LPS core lipids and secrete EndoCAb to facilitate the phagocytosis of the antigen (60). LPS has been shown to induce the secretion of several pro-inflammatory cytokines including IL-6, IL-8, and TNF-α by APCs (61). Plasma levels of LPS correlated with plasma levels of IFN-α and frequency of activated CD4+ and CD8+ T cells in PLWH (9). Similarly, plasma levels of sCD14 correlated with plasma levels of IL-6 and C reactive protein in PLWH (62).

Meanwhile, βDG is predominantly recognized by complement receptor 3 (CR3), Dectin-1, NKp30, Ephrin type-A receptor 2 (EphA2), and Langerin. CR3 is a ubiquitous heterodimer receptor composed of CD11b and CD18. Recent findings have shown reduced expression of CR3 on both myeloid and plasmacytoid dendritic cells (DC) in PLWH. βDG-specific interactions with CR3 on DC have been shown to increase IL-6 and TNF-α production by activating the Syk-JNK-AP-1 pathway (63). Dectin-1 represents the most prominent myeloid cell receptor for βDG and is expressed on monocytes, macrophages, DCs, and neutrophils (63–65). We have shown that Dectin-1 expression on monocytes is reduced in PLWH and that such expression is inversely correlated with plasma levels of βDG but not LPS (20). βDG-specific binding to Dectin-1 leads to the production of pro-inflammatory cytokines IL-6, IL-8, and TNF-α by myeloid cells (66, 67). βDG is also specifically recognized by NK cells via NKp30, a functional activation receptor (68). In addition, we have shown that NKp30 expression is diminished in PLWH and inversely correlated with plasma levels of βDG but not LPS (20, 69). NKp30-specific binding has been shown to induce activation and the production of pro-inflammatory cytokines such as IL-1β and TNF-α (70, 71). EphA2 is a βDG-specific receptor expressed on epithelial cells, predominantly in the colon and small intestine, that has yet to be measured in PLWH (72). Interestingly, EphA2 has also been identified as a receptor for Kaposi Sarcoma associated herpes virus (also called HHV8), one of the most common HIV-associated co-infections (73). DCs play an important role in maintaining mucosal homeostasis. In the mucosa, they can be distinguished according to their expression of C-type lectins: Langerin [expressed by Langerhans cells (LCs)] and DC-SIGN (expressed by classical DCs). LCs reside in the epithelium of most mucosal surfaces and are thus one of the first APCs to encounter HIV as well as products of microbial translocation. Langerin has been shown to be an important receptor for βDG during Candida and Saccharomyces infections that has yet to be assessed in PLWH without IFI (74). βDG induces the secretion of pro-inflammatory cytokines IL-1β, IL-6, IL-8, IL-23, TNF-α, and chemokine CCL22 that has been shown to increase monocyte recruitment to the colon (66, 75, 76). Indeed, we and others have shown that elevated plasma levels of βDG is correlated with plasma levels of IL-6 and IL-8 in PLWH (15, 20).

Microbial translocation in PLWH is associated with Indoleamine-2,3-deoxygenase-1 (IDO-1) activity and HIV disease progression (77). IDO-1 is expressed in all myeloid cells and activated after PAMPs recognition to metabolize Tryptophan into Kynurenines (78). As such, IDO-1 activity is considered a marker of inflammation and immune activation. We and others have shown that IDO-1 activity is increased in PLWH and does not normalize with early ART. In PLWH, IDO-1 activity is associated with plasma levels of LPS and βDG, increased frequency of Tregs, epithelial gut damage, microbial translocation, immune activation, and HIV reservoir size (20, 46, 79, 80).

Persistent epithelial gut damage and elevated plasma levels of LPS and βDG, despite long-term ART, likely contribute to inflammation and chronic immune activation leading to the development of non-AIDS events in PLWH. In the ART-era, the development of non-AIDS events represents one of the challenges to caring for PLWH. Therefore, both LPS and βDG represent important therapeutic targets to reduce the risk of developing non-AIDS events.



MICROBIAL TRANSLOCATION, INFLAMMATION, AND NON-AIDS EVENTS

Despite the significant success of ART, PLWH still present with high rates of non-AIDS events that includes HIV-associated neurocognitive disorders (HANDs), cardiovascular diseases, renal failure, liver steatosis, and cancer (81, 82). Such non-AIDS events have been associated with epithelial gut damage, microbial translocation, and systemic immune activation (50). Hoenigl et al. have observed in a large cohort of ART-treated PLWH that in addition to soluble urokinase-type plasminogen receptor, plasma levels of βDG, and LBP represent two of the best predictors of increased risk of non-AIDS events (18).


Microbial Translocation and HAND

PLWH present with HANDs including asymptomatic neurocognitive impairment, mild neurocognitive disorder, and dementia (83, 84). Previous studies have found strong associations between plasma levels of sCD14, LPS, and βDG with neurocognitive dysfunction (16, 85). Moreover, ART-treated PLWH with severe neurocognitive dysfunction also presented with elevated sCD14 and βDG in their cerebrospinal fluid (CSF) (16). Supporting the concept of the gut-brain axis, increased microbial translocation likely plays a crucial role in the development of HANDs.



Microbial Translocation and Cardiovascular Diseases

A study with more than 27,000 participants showed that PLWH had a two-fold increased risk of developing acute myocardial infarction in every age group compared to matched control participants (86, 87). Elevated circulation of microbial products and resultant inflammation are associated with increased risk of heart disease (88). Plasma levels of LPS have been associated with known risk factors for cardiovascular diseases such as decreased insulin sensitivity and higher total cholesterol (11). Similarly, elevated plasma levels of βDG have also been associated with cardiopulmonary dysfunction (15).




CONCLUSIONS AND FUTURE DIRECTIONS

Due to the success of ART, the life expectancy and quality of life of PLWH has dramatically improved over the course of the last decade. While early initiation of ART is associated with lower reservoir size and reduced immune activation, PLWH on ART still suffer from unrecovered epithelial gut damage and chronic immune activation (89). It has been recently reported that epithelial gut damage precedes systemic immune activation in a SIV-infected rhesus macaque model (7). Like epithelial gut damage and systemic immune activation, markers of microbial translocation do not normalize despite long-term ART (20). Thus, understanding the mechanisms via which epithelial gut damage and resultant microbial translocation contribute to chronic immune activation is essential toward improving the prognosis of PLWH.

Circulating microbial polysaccharides LPS and βDG are elevated in PLWH (9, 15). Previous research on microbial translocation in PLWH and SIV-infected rhesus macaques has been primarily measured by plasma levels of LPS using the LAL assay. Of note, it has been initially found that LPS measured by the LAL assay also measures βDG (90). While it has been shown that increased plasma levels of LPS are a result of microbial translocation in PLWH, the source of circulating βDG remains to be clarified. Consumption of certain mushrooms, oat fiber, and seaweed can also increase circulating levels of βDG (91). We and others have shown that plasma levels of βDG are positively associated with marker of epithelial gut damage I-FABP and inversely associated with the abundance of protective bacteria, Lactobacillales, in the distal gut (19, 20). Furthermore, murine models have shown that mice fed with heat-killed or live Candida have increased levels of circulating βDG after cecal ligation and puncture (55). Similarly, people with intestine disorders have increased plasma levels of βDG (56, 92, 93). Hence, there is converging evidence suggesting that elevated plasma levels of βDG in PLWH are a result of increased Candida or other fungal colonization, epithelial gut damage, and subsequent microbial translocation.

Both LPS and βDG have been associated with markers of systemic immune activation, inflammation, and the development of non-AIDS events. As such, the individual and potentially synergistic consequences of elevated plasma levels of LPS and βDG on systemic immune activation must be urgently addressed.

Understanding the respective mechanisms by which these two microbial polysaccharides contribute to chronic immune activation may lead to the development of novel therapeutic strategies against inflammation and the development of non-AIDS events in PLWH. Moreover, genetic factors may play a key role in determining the influence of these PAMPs on systemic immune activation. For example, people with CARD9 deficiencies have been shown to have increased susceptibility to fungal infections (94). Furthermore, Palesch et al. demonstrated that sooty mangabeys, a natural host of SIV, had a frameshift mutation in their TLR4 gene that was associated with a blunted response to TLR4 ligands in vitro (95). Thus, regular genetic variations in receptors for LPS and βDG may also play a pivotal role in determining the consequences of microbial translocation in PLWH.

In 2014, Kristoff et al. gave Sevelamer, a drug known to decrease circulating LPS (96), to SIV-infected pigtailed macaques. A single dose administration led to partially decreased HIV viral replication, decreased circulation of coagulation markers, and decreased immune activation/inflammation (52). However, when Sandler et al. gave Sevelamer to 36 ART-naïve PLWH, they did not observe a decrease in plasma levels of LPS (measured by LAL assay) nor markers of immune activation/inflammation (97). Future clinical trials should aim to reduce the burden of elevated circulation of products of both bacterial and fungal translocation. While therapeutic strategies targeting elevated circulation of PAMPs should be investigated, future studies should also look to target immune signaling molecules (such as TLR4 and Dectin-1) to reduce LPS and βDG induced systemic immune activation.

Overall, elevated plasma levels of LPS and βDG both play an important role in chronic immune activation in PLWH on long-term ART and may represent a “folie à deux” contributing to the development of non-AIDS events. To this end, gaining a comprehensive understanding of the origin and consequences of these circulating microbial polysaccharides is of critical importance to finding therapeutic strategies to restore mucosal homeostasis, and gut dysbiosis in PLWH.
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Poly-ICLC, a TLR3 Agonist, Induces Transient Innate Immune Responses in Patients With Treated HIV-Infection: A Randomized Double-Blinded Placebo Controlled Trial
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Objective: Toll-like receptor-3 agonist Poly-ICLC has been known to activate immune cells and induce HIV replication in pre-clinical experiments. In this study we investigated if Poly-ICLC could be used for disrupting HIV latency while simultaneously enhancing innate immune responses.

Design: This was a randomized, placebo-controlled, double-blinded trial in aviremic, cART-treated HIV-infected subjects. Participants (n = 15) were randomized 3:1 to receive two consecutive daily doses of Poly-ICLC (1.4 mg subcutaneously) vs. placebo. Subjects were observed for adverse events, immune activation, and viral replication.

Methods: Besides primary outcomes of safety and tolerability, several longitudinal immune parameters were evaluated including immune cell phenotype and function via flowcytometry, ELISA, and transcriptional profiling. PCR assays for plasma HIV-1 RNA, CD4+ T cell-associated HIV-1 RNA, and proviral DNA were performed to measure HIV reservoirs and latency.

Results: Poly-ICLC was overall safe and well-tolerated. Poly-ICLC-related adverse events were Grade 1/2, with the exception of one Grade 3 neutropenia which was short-lived. Mild Injection site reactions were observed in nearly all participants in the Poly-ICLC arm. Transcriptional analyses revealed upregulation of innate immune pathways in PBMCs following Poly-ICLC treatment, including strong interferon signaling accompanied by transient increases in circulating IP-10 (CXCL10) levels. These responses generally peaked by 24–48 h after the first injection and returned to baseline by day 8. CD4+ T cell number and phenotype were unchanged, plasma viral control was maintained and no significant effect on HIV reservoirs was observed.

Conclusions: These finding suggest that Poly-ICLC could be safely used for inducing transient innate immune responses in treated HIV+ subjects indicating promise as an adjuvant for HIV therapeutic vaccines.

Trial Registration: www.ClinicalTrials.gov, identifier: NCT02071095.

Keywords: HIV-1, vaccine, adjuvant, poly-ICLC, toll-like receptor ligand


INTRODUCTION

Innate immune dysregulation during HIV infection hinders the formation of anti-HIV adaptive immunity (1–6) resulting in rampant viral dissemination and progression to AIDS. Adherence to combination anti-retroviral therapy (cART) regimens controls viremia, restores CD4+T cell counts and reverses immune dysfunction to a larg extent. However, cART fails to eradicate latent viral reservoirs, posing a major barrier to achieving sterilizing cure (7). Thus, safe and effective adjuvants that stimulate innate immune responses (8) and reactivate latent HIV, allowing for killing of infected cells, are likely to be a vital element of successful therapeutic immunization strategies in aviremic patients (9).

Pattern recognition receptors, such as Toll-like receptors (TLRs), are key activators of innate immunity. These germ line encoded receptors induce rapid inflammation in response to a wide range pathogen associated molecular patterns (PAMPs) (10). Of the 10 TLRs expressed in humans, TLRs 1,2,4,5,6, and 10 are expressed on the cell surface and recognize pathogenic cell membrane components such as lipoproteins, peptidoglycans, flagellin, etc. TLR 3, TLR 7/8, and TLR9 are intracellular receptors that respond to double stranded RNA, single stranded RNA and unmethylated DNA, respectively. TLR3 is expressed multiple cell types including myeloid dendritic cells (DCs), macrophages, Natural killer cells (NK cells), neuronal cells, fibroblasts, endothelial cells, mast cells, and epithelial cells (11). While TLR7 is also expressed on myeloid DCs, NK cells, macrophages, and mast cells, its expression is enriched in plasmacytoid DCs (pDCs), B cells and T cells (12). TLR9 expression pattern is similar to that of TLR7 as it is also primarily expressed in human memory B cells, NK cells, and pDCs (13). Once activated by their cognate ligands, the TLRs signal through the downstream receptors MyD88 (TLR1, 2, 4, 5, 6, 7, 8, 9) or TRIF (TLRs4 and 3) to initiate a complex signaling cascade that culminates in transcriptional induction of inflammatory genes (14).

TLR agonists are potent immune adjuvants. In general their primary adjuvant effects are orchestrated through activation of immune cells like Natural Killer (NK) cells and antigen presenting cells such as DCs (15). DC maturation, induced by TLR agonists, is marked by up regulation of MHC-I and MHC-II and induction of co-stimulatory markers such CD40, CD80, and CD86. TLR activation also leads to secretion of cytokines in immune cells, such as interleukin (IL) 12 secretion by DCs and interferon-gamma (IFNγ) secretion by NK cells. The cumulative net effect is the induction of T cell activation and other specific or general adaptive immune responses (16). Interestingly, TLR agonists have also been shown to reactivate latent HIV both ex vivo (17–19) and in patients (20, 21).

Polyinosinic-polycytidylic acid, and poly-L-lysine (Poly-ICLC) is a double stranded RNA complex that serves as a viral mimic recognized by endosomal receptor TLR3 and cytoplasmic sensors MDA-5 and DHX/DDX RNA helicases (22–24). Its adjuvant effects are multi-faceted, including activation of classical DCs to express high levels of IL-12 and type I IFN (16) to promote Th1 polarization (25). Studies in humanized mice models have validated the significance of Poly-IC as a potent adjuvant for driving DC-induced inflammation and activation of antigen specific cytotoxic T cells (26). Furthermore, Poly-IC has been reported to reverse viral latency in human microglial cells in vitro (27).

In clinical trials with healthy volunteers and cancer patients, Poly-ICLC has been found to be overall safe and immunogenic (28–33). Interestingly, Poly-IC has been reported to be more efficient than other TLR ligands at improving immunogenicity and inducing viral control when it is either administered alone (34) or in combination with other components (35–38).

A major challenge in using TLR ligands as therapy during HIV infection is the profound host immune dysfunction induced by the virus, including dampening of TLR responsiveness (6, 39, 40). While viremia suppression by cART has been reported to rescue DC activation (39); whether Poly-ICLC can be safely used as an adjuvant and a latency reversing agent in this setting remains to be determined.

Here we report the results of a randomized, placebo-controlled, double-blinded trial investigating the use of Poly-ICLC in HIV setting (NCT02071095). The primary end point of the study was to establish if Poly-ICLC is safe and well-tolerated in HIV-1-infected subjects on cART. The secondary end points were; (a) to determine whether Poly-ICLC disrupts viral latency in HIV-1-infected individuals on cART and (b) to confirm that Poly-ICLC enhances innate immune responses in HIV-infected subjects on cART, and that its immunostimulatory properties are transient in nature. The secondary endpoints include measuring innate immune activation (DC, NK Cells, soluble factors, and transcriptional responses), and measures of viral RNA and DNA. A special consideration for the use of an immunostimulant during HIV infection is the risk of inducing inappropriate immune activation resulting in increased number of cellular targets of infection. Therefore, multiple parameters of generalized immune activation and exhaustion were monitored as additional safety measures. While we did not observe any clear effects of Poly-ICLC in reversing HIV latency or on the size of viral reservoirs; we did determine that Poly-ICLC was safe and well-tolerated in the HIV-infected population studied. Furthermore, Poly-ICLC lead to transient innate immune stimulation without undue generalized immune activation. These findings suggest that Poly-ICLC may enhance the formation of HIV-specific immune responses when administered with HIV therapeutic vaccines.



METHODS


Study Design and Eligibility

This was a randomized, placebo-controlled, double-blinded, trial in cART-suppressed subjects with HIV infection (NCT02071095). Participants (N = 15) were randomized 3:1 to receive 2 consecutive daily doses of Poly-ICLC (Hiltonol®, Oncovir) [1.4 mg subcutaneously (SQ)] vs. placebo (normal saline) (Figure 1) and followed for 48 weeks. Subjects were randomized into blocks of 4 4 8 4. In total 12 participants received Poly-ICLC and 3 participants received the placebo (Figure 2).


[image: image]

FIGURE 1. Study Schema. Following screening, eligible subjects are randomized 3:1 to receive Poly-ICLC (1.4 mg SQ) vs. Placebo on days 1 and 2. Participants returned for follow up visits on days 4 and 8, weeks 4, 16, and 48. Unblinding of the study occurred after all subjects completed the week 16 follow up visit as specified by the protocol.
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FIGURE 2. Study flow diagram.



Eligible participants included non-pregnant, non-lactating men, and women aged 18–55 years with HIV-infection on cART. Further eligibility was determined based on documented plasma HIV-1 RNA suppression below 50 copies/ml for at least 48 weeks and CD4+ T cells >500 cells/mm3. Persons with co-morbidities including vascular disease, poorly controlled hypertension, diabetes, hyperlipidemia, renal disease, active hepatitis B/C co-infection, autoimmunity, or multi-drug resistant HIV were excluded. Subjects were recruited from the New York City area from Mount Sinai Hospital Clinics, Rockefeller University Recruitment Office and IRB-approved advertising.



Plasma HIV-1 RNA Levels

HIV-1 RNA levels in plasma were determined using the Roche COBAS AmpliPrep/COBAS TaqMan HIV-1 Assay, Version 2.0, which detects 10 to 20 × 106 copies per ml.



DC Enumeration and Activation

To enumerate and assess maturation of CD11c+ DCs and pDCs, fresh peripheral blood mononuclear cells (PBMCs) were stained with Live/Dead Violet, HLA-DR PerCP-Cy5.5, CD123 PE-Cy7, Lin1 FITC, CD11c PE-CF594, CD40 APC, CD86 Alexa700, and CD83 PE. Fresh PBMCs, plated for 1 h, were treated with Golgi Plug (1:1,000) for 5 h and stained for surface expression of HLA-DR PerCP-Cy5.5, CD123 PE-Cy7, Lin1 FITC, CD11c PE-CF594, and Live/Dead Violet followed by intracellular cytokine staining with IFNα APC, IL-12 p40/70 PE, and TNFα Alexa700. For the control fluorescence minus one (FMO) wells, the corresponding antibody was omitted from the cocktail. Stained and fixed cells were acquired using BD Fortessa Cytometer.



NK Cell Enumeration and Activation

Fresh PBMCs were stained with Live/Dead Violet, CD3 PE-CF594, CD16 PerCP-Cy5.5, CD56 BV605, CD69 Alexa700, NKp44 APC, NKG2D PE-Cy7, TIM3 Alexa488, and KIR3DS1/DL1 PE. Stained and fixed cells were acquired using BD Fortessa Cytometer.



T Cell Phenotype

Thawed PBMCs were stained with CD4 FITC, CD8 Alexa700, HLA-DR PerCP-Cy5.5, CD38 APC, PD-1 BV605, CTLA-4 PE, CD3 PE-CF594, and Live/Dead Violet and acquired using BD Fortessa Cytometer.



ELISA

Presence of plasma IFNα (PBL Assay Science), IP-10 (R&D systems), sCD14 (R&D systems), TNFα (R&D systems), D-Dimer (Abcam), and C-Reactive Protein (CRP) (Abcam) was evaluated by ELISA per manufacturers protocol.



Transcriptional Responses

Transcriptional responses profiling 249 inflammation-related genes were evaluated in PBMCs at baseline and days 2, 4, and 8 in a subset of participants (N = 12) via NanoString Technologies including statistical analysis (nCounter® gene expression panel, human inflammation kit).



Quantification of Cell-Associated HIV-1 RNA and DNA in Peripheral CD4+T Cells

Cell-associated HIV-1 proviral DNA was measured at baseline and week 4, and cell-associated HIV-1 RNA was measured at each visit through week 16 (baseline, days 2, 4, 8, week 4 and 16). CD4+T cells were isolated from PBMCs using Dynabeads FlowComp Human CD4 Kit (Invitrogen). DNA and RNA isolation was performed with AllPrep DNA/RNA Mini Kit (Qiagen). Isolated RNA was treated with DNase I, Amplification Grade (Invitrogen) and purified with RNeasy Mini Kit (Qiagen). Real time PCR was performed with AmpliTaq Gold with Buffer A or AmpliTaq Gold DNA Polymerase with Buffer II and MgCl2 with ROX Reference Dye (Applied Biosystems) using the Stratagene Mx3000P QPCR System (Agilent Technologies). PCR reactions were performed in quadruplicate. Note that for each case an optimal primers/probe set was determined, which gave the highest amplification efficiency among three primer/probe sets tested. Accordingly two primer/probe sets were used, RF/RR/PB (41) for 9 participants and 6F/84R/HIV gag probe (42) for 6 participants.

Cell-associated RNA was primed with random hexamers and reverse transcribed with Superscript II (Invitrogen). PCR reagent mix containing primers, probe, and AmpliTaq Gold was added to each of RT product, and quantitative rtPCR was performed as described above in quadruplicate. No reverse transcriptase control was also included.



Statistical Methods

Comparisons among the treatment Arms on the proportions of related adverse events was made using Fisher's exact test. Immunologic and virologic parameters between and within treatment Arms were compared at each time points from baseline to post-administration of Poly-ICLC vs. placebo using a linear mixed effect model. Parameters between treatment arms were compared using analysis of covariance, with baseline values as a covariate, after a Box-Cox family variance stabilizing transformation.

For primary end-point of safety, power of Fisher's Exact Test for difference between two proportions when sample sizes are n1 = 12 and n2 = 3 was determined (data not shown) and deemed appropriate. For the secondary endpoint, assuming a modest correlation between baseline and follow-up, maximum cellular associated HIV-1 RNA (r = 0.32), a sample size of 12 patients in the active arm and 3 patients in the control arm can detect a difference of |2.23| standard deviations in cellular associated HIV-1 RNA maximum fold change between Poly-ICLC SQ and placebo with 2-sided α = 0.05 and power = 92% (calculations from PASS version 12) (43). The assumptions used in this power calculation are consistent with the effect sizes, variability, and correlation over time for the primary outcome in work by Archin et al. (44). Considering the endpoints for cellular phenotype: the sample size provides 80% power at 5% of significance for detecting a minimum difference of |1.95| standard deviations between the two study arms when using a two-sided unpaired t-test.




RESULTS


Participants and Demographic Details

Participants included 14 males and 1 transgender female with HIV infection. Participants hailed from diverse racial and ethnic backgrounds (40% white, 26.6% black or AA, 6.7% Native American, 6.7% Asian, and 20% multiple or unspecified race, with 46.6% Hispanic or Latino ethnicity). The median age was 39.73 years old (range 26–54), and median baseline CD4+ T cell count was 619 cells/mm3. A detailed description of baseline patient demographics across the two arms of the study can be found in Table 1.



Table 1. Tabulated view of baseline patient demographics in each arm.
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Safety and Tolerability

All study participants received both doses of Poly-ICLC or placebo as planned, and all subjects completed visits through week 48 (Figure 2). Overall, Poly-ICLC was safe and well-tolerated with only Grade 1/2 adverse events (AEs) attributed to the study agent, with the exception of one Grade 3 transient neutropenia without clinical sequelae. Injection site reactions (ISR) were the most frequent AE, all of which were Grade 1. Pain was the most common ISR, occurring at 66% of injection sites. Erythema was present at 33% of injection sites. Fever, generally low-grade, was also common (26.6%), lasting 24–48 h. Other frequently reported AEs include chills, myalgias, fatigue, malaise, and headache (Table 2). AEs deemed treatment-related were more common in the Poly-ICLC arm compared with the placebo arm (P = 0.012), as was injection site pain (P = 0.022). All subjects completed the protocol's dosing regimen, and there were no cases of discontinuation. Two serious adverse events (SAEs) occurred during the study which were deemed unrelated to Poly-ICLC, and both of these occurred in the placebo group.



Table 2. Tabulated view of treatment related Adverse Events (AEs).
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There was no impact on subjects' CD4+ T cell counts following Poly-ICLC injections. The median CD4+ T cell count in the Poly-ICLC group increased from 604.5 cells/mm3 at baseline to 698 cells/mm3 and 656 cells/mm3 at day 8 and week 16, respectively, but was not a statistically significant change (Figure 3).
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FIGURE 3. No overall change in CD4+ T cells counts in the treatment arm. CD4+ T cell counts (cells/mm3) for each subject are shown over the course of the study. Values for subjects in Arm A (Poly-ICLC) and Arm B (Placebo) are depicted by solid and dashed lines, respectively.



All subjects maintained virologic control with plasma HIV-1 RNA remaining below the limit of detection (<20 copies/ml) throughout the study, with the exception of two discrete measurements of detectable HIV RNA, both in Poly-ICLC arm, with <200 copies/ml. One participant experienced a transient elevation in plasma HIV RNA to 110 copies/ml in the setting of a genital herpes simplex virus outbreak that occurred at their week 4 visit, and another participant was found to have a level of 190 copies/ml that occurred at their week 48 visit (data not shown).



Immune Responses From PBMCs

Transcriptional analyses of PBMCs revealed that multiple innate immune signatures were up regulated in subjects in the Poly-ICLC arm. These responses were transient and generally peaked at 24 h after injection (day 2) and returned to baseline by day 8 (Figure 4A). The interferon pathway was primarily induced, with strong up regulation of interferon-stimulated genes (ISGs) including Interferon Induced proteins with tetratricopeptide repeats (IFITs), interferon regulatory factors (IRFs), and 2′-5′ oligoadenylate synthase (OAS). Up regulation of genes associated with TLR pathways (MyD88, TLR1, TLR2, TLR4, TLR8, and Ly96) (45), T cell and NK cell activation [IL15 and Hematopoietic SH2 Domain Containing (HSH2D)] (46–48) inflammasome activation [NLR Family Pyrin Domain Containing 3 (NLRP3)] (49) and other inflammatory transcription factors, chemokines, and cytokines (FOS, CCL2, CCR1, etc.) was observed to a lesser extent (Figure 4B and Supplemental Table 1). In accordance with the strong up regulation of ISGs found on transcriptional analyses, transient increases in plasma IP-10 in the Poly-ICLC arm were observed on days 2 and 4 compared with baseline and subsequent time points (p < 0.001), while no changes were observed in the placebo arm (Figure 4C). Changes in levels of circulating IFNα and other inflammatory markers (IFNβ, TNFα, sCD14, D-dimer, and C reactive protein) were not detected following Poly-ICLC administration, though certain individuals did experience transient increases in D-dimer and CRP that quickly returned to baseline (Supplemental Figure 1).
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FIGURE 4. Transient upregulation of pro-inflammatory genes in subjects who received Poly-ICLC, with strong induction of interferon pathway. Transcriptional responses were evaluated longitudinally in subjects' PBMCs using NanoString Technologies (nCounter® gene expression panel, human inflammation kit). (A) Fold change (FC) from baseline of significantly upregulated genes from subjects in Arm A (Poly-ICLC) are depicted graphically over time through day 8. Transient upregulation of several genes occurred (N = 31), generally peaking at 24 h and returning to baseline shortly thereafter. No significant changes were observed in subjects' PBMCs in Arm B (Placebo) (not shown). (B) Heat map of all significantly induced genes in Arm A (Poly-ICLC) represented as a FC over baseline. Most of the highly upregulated genes were found to be interferon-stimulated genes (ISGs) FDR < 1, FC ≥ ±1.5. (C) In concordance with strong upregulation of ISGs, plasma levels of IP-10 were transiently upregulated in subjects in Arm A Poly-ICLC (N = 12) vs. those in Arm B Placebo (N = 3). *p < 0.001.





T Cell Exhaustion

Immune activation on T cells was assessed by surface expression of HLA-DR and CD38. Programmed Cell Death 1 (PD-1) and Cytotoxic T-Lymphocyte Associated Protein 4 (CTLA-4) expression was used as an indicator of T cell exhaustion. Please note that PD1 and CTLA-4 maybe up regulated very early in activated T cells but in later stages are considered markers of exhaustion. Neither HLA-DR nor PD1 and CTLA-4 on CD4+ and CD8+ T cells was found to be overall changed from baseline following Poly-ICLC administration. However, CD38 was significantly upregulated on day 4 compared with baseline on CD8+ T cells and normalized by day 8 (P < 0.001; Figure 5).
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FIGURE 5. Markers of immune activation and exhaustion on CD4+ and CD8+ T cells following Poly-ICLC administration. In order to monitor for the secondary induction of generalized immune activation following Poly-ICLC administration, surface expression of CD38, HLA-DR, PD-1, and CTLA-4 was evaluated at each time point via flowcytometry on subjects'; (A) CD8+ T cells and (B) CD4+ T cells. No longitudinal changes were found to be statistically significant following Poly-ICLC administration with the exception of transient upregulation of CD38 on CD8+ T cells at Day 4. *p < 0.001.





DC and NK Cell Activation

Many different subsets of DCs have been identified such as CD141+ cDC1s, CD1c+cDC2s, Langerhans cells, pDCs, and inflammatory DCs. We focused on analyzing the effect of Poly-ICLC on pDCs and mDCs (most similar to cDC2) as these two are the most abundant DC subsets in blood. DCs were identified by a lack of lineage marker expression (CD3, CD14, CD16, CD20, and CD56) and positive for HLA-DR (a heterodimeric MHC-II cell surface receptor). pDCs and mDCs were identified by mutually exclusive expression of CD123 and CD11c, respectively (16, 50). NK cells were identified as being negative for CD3 and by co-expression of CD16 and CD56. CD16+CD56dim NK cells are considered mature NK cells that are highly cytolytic and inflammatory while CD16+/−CD56bright NK cells are highly proliferative and known for producing high levels of IFNγ upon stimulation. CD16+CD56− NK cells have been previously described in healthy cord blood samples and chronic HIV donors (51, 52), however it is unclear if these are immature, dysfunctional NK cells or an artifact due to contamination from the myeloid fraction. There was no significant difference in percentage of pDCs and mDCs in circulation post Poly-ICLC treatment. The CD56dim NK cell subsets appeared to transiently decrease on day 2 compared with baseline but subsequently returned to baseline by day 8 (P < 0.05; Figure 6).
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FIGURE 6. No changes in DC and NK cell numbers and activation following Poly-ICLC treatment. DC and NK cell subsets were enumerated as described following Poly-ICLC vs. placebo. Percentage of mDCs, pDCs, total NK cells, CD56 bright, CD56 dim, and CD56 negative cells in PBMCs for each subject are shown over the course of the study as measured by flowcytometry. Values for subjects in Arm A (Poly-ICLC) and Arm B (Placebo) are depicted by solid and dashed lines, respectively. Though multiple NK cell subsets declined following Poly-ICLC, the only CD56 dim NK cells were found to be statistically significant. (*p < 0.05, FDR <1).



To determine the phenotype of circulating DCs expression of co-stimulatory cell surface proteins CD40, CD83, CD86, all of which are required for optimally engaging and activating T cells, was examined (8, 16). A unique array of activating and inhibitory receptors control NK cell effector functions by either recognizing the presence or absence of their ligands on target cells. For our study we analyzed the expression of two activating receptors, NKp44 and NKG2D and two inhibitory receptors, TIM3, and KIR3DS1/DL1 on circulating NK cells (53, 54). The activation status of both, DCs and NK cells, remained overall unchanged from baseline. There were also no changes in intracellular cytokine secretion of TNFα, IFNα, or IL-12 observed in DCs from baseline (not shown).



HIV-1 Latency and Reservoirs

CD4+ T cell-associated HIV-1 RNA was measured to determine changes in HIV latency from baseline. Though certain individuals experienced increases in cell-associated HIV RNA following administration of Poly-ICLC at various time points, these were low in magnitude and overall was not a statistically significant finding (Figure 7A). Cell-associated HIV-1 proviral DNA was measured as an estimate of reservoir size at baseline and week 4, and there was no observed difference in this measure (Figure 7B).
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FIGURE 7. Longitudinal assessment of cell associated HIV-1 RNA and DNA values show no significant changes overall following discrete dosing of Poly-ICLC. (A) Following RNA extraction from purified CD4+ T cells at baseline and multiple time points following Poly-ICLC, rtPCR for HIV-1 RNA was performed in quadruplicate. Cell-associated HIV-1 RNA copy number is expressed as copy number per 1 μg of RNA in purified CD4+ T cells. The left graph depicts pooled values from all participants in Arm A (Poly-ICLC) and Arm B (placebo), with the mean values and standard deviation. The right graph depicts this data as individual values over time for each participant in Arm A and Arm B. (B) Following DNA extraction from purified CD4+ T cells at baseline and at week 4, rtPCR for HIV-1 DNA was performed in quadruplicate. Cell-associated HIV-1 DNA copy number is expressed as copy number per 1 μg of DNA in purified CD4+ T cells. Left graph depicts pooled values from all participants in Arm A and Arm B. The right graph shows individual values for each participant in Arm A and Arm B. Values for subjects in Arm A (Poly-ICLC) and Arm B (Placebo) are depicted by solid and dashed lines, respectively.






DISCUSSION

The innate immune environment during vaccination plays a crucial role in the induction of strong and durable immunity. Here, we report multiple outcomes of the first study of Poly-ICLC, a TLR3 agonist, during treated HIV infection. In a previous study of eight healthy volunteers who received a single dose of Poly-ICLC (1.6 mg SQ), majority of participants had reported moderate or severe ISRs, along with a high frequency of systemic AEs (31). However, in our study, Poly-ICLC was very well-tolerated in the HIV-infected population studied; with AEs primarily consisting of mild ISRs in nearly all subjects and less frequent fevers and other systemic symptoms. It is unclear as to why the AEs were relatively mild in our study. It has been suggested that there may be some Poly-ICLC lot variability in terms of reactogenicity on the other hand it is also possible that dampening of innate immune responses during HIV infection may be responsible for this outcome (6, 39, 40). Though favorable adjuvant tolerability during HIV infection is advantageous, it remains unclear what effect, if any, this may have on its potency when administered with a vaccine.

Nevertheless, we observed strong upregulation of numerous ISGs and increases in circulating levels of IP-10. These responses were transient, generally peaking by 24–48 h after injection and returning to baseline by day 8. In previous studies also, the transcriptional responses following Poly-ICLC, in healthy volunteers (31) and cancer patients (28), reported transient upregulation of ISGs with accompanying induction in other innate immune pathways but to a lesser extent. Similarly, in addition to ISGs, we detected transcriptional upregulation of other innate immune pathways but did not find associated significant increases in circulating pro-inflammatory cytokines beyond IP-10. It remains unclear if a lack of secreted inflammatory signature in our study was a result of a diminished effect of Poly-ICLC during HIV infection or due to low dosing over a short period of time.

Poly-ICLC administration also did not induce activation of circulating DCs and NK cells, as gleaned from flowcytometry analysis. However, local effects on tissue DCs and other innate immune cells were likely induced as evidenced by ISRs in the vast majority of individuals. Furthermore, we observed a transient decrease in circulating NK cells subsets (CD56dim) following Poly-ICLC treatment, which may possibly reflect trafficking of this subset of NK cells to the tissues. In preclinical studies, Poly-ICLC has been shown to secondarily activate NK cells to enhance their cytotoxicity which may in turn augment the killing and elimination of latently infected cells alone (25, 55) or in combination with other TLR ligands (56).

Prior trials have primarily evaluated the formation of antigen-specific adaptive immune responses in patients administered with Poly-ICLC in combination with either tumor associated peptides or specific targeting antibodies (29, 30, 32, 57, 58), thus making comparison to the current study of Poly-ICLC-alone difficult. Specially given our focus on induction of innate immune responses. In future trials, vaccination with Poly-ICLC combined with HIV related peptides will serve as the true test of its potential role as an adjuvant during HIV infection.

An ongoing safety concern associated with the use of novel adjuvants in HIV-infection is the potential for induction of generalized immune activation that could increase cellular targets of infection and contribute to immunopathogenesis. Therefore, in addition to monitoring viral parameters, we gauged levels of generalized immune activation and exhaustion on CD4+ and CD8+ T cells via flowcytometry and measured circulating markers of inflammation including D-dimer, CRP, sCD14. We did not find any upregulation in markers of immune activation on CD4+ T cells that would lead to increased risk for infection. Similarly, markers of immune activation and exhaustion were not found to be significantly upregulated in plasma or on CD8+ T cells except for a transient increase in CD38, a maker of T cell activation (59), expression on CD8+ T cells on day 4 that returned to baseline by day 8. The elevated levels of CD38 on CD8+ T cells in this study were likely a result of temporary increases in IFNs induced by Poly-ICLC (60). Given the fleeting nature of this upregulation, along with the stability of other surface markers including HLA-DR, PD-1, and CTLA-4, it is unlikely that deleterious effects on adaptive immune function are imparted overall.

TLR ligands may not only serve as vaccine adjuvants during HIV infection but may also impact viral latency (17–21). Indeed, TLR ligand driven activation of innate immune cells induces inflammatory cytokines, several of which are known to promote viral reactivation (61, 62). Here, we observed no overall effect within the Poly-ICLC-treated group on viral latency via measurement of CD4+ T cell-associated HIV-1 RNA, despite increases detected in certain individuals following Poly-ICLC treatment that remains of unclear significance. Furthermore, there was no significant change in CD4+ T cell-associated HIV-1 proviral DNA, suggesting that HIV reservoirs were largely unchanged following Poly-ICLC administration. Larger studies, possibly with more frequent dosing of poly-ICLC will be needed to assess whether this adjuvant will ultimately impact the HIV reservoir. These findings are in contrast to preclinical studies with TLR ligands during HIV/Simian immunodeficiency virus (SIV) infection in vivo and in vitro (18, 21, 63). TLR9 agonist (MGN1703) has been shown to enhance HIV-1 transcription in vitro in PBMCs from aviremic donors (18). Moreover, recent preclinical studies of TLR7 agonists (GS-9620 and GS-980, Gilead) in SIV-infected non-human primates receiving cART, revealed transient increases in plasma SIV RNA levels and decreased viral reservoirs in PBMCs and lymph nodes (21). Additionally, viral load in two of the treated animals remained undetectable for more than 90 days after ART interruption (21).

There remains scant clinical data regarding the use of TLR ligands alone during HIV infection with the exception of a clinical trial that administered TLR9 agonist MGN-1703, twice weekly for 4 weeks, in cART suppressed patients (20). The study demonstrated a significant increase in plasma viremia in 6 out 15 patients along with increase in pDC, NK cell, and CD8+ T cell activation and induction of plasma IFNα, TNFα, IFNγ during the course of the study. The differential findings in these studies with other TLR ligands vs. the current trial may be related to distinct effects of the TLR ligands themselves and to the dissimilar dosing strategies utilized. Though each of these TLR ligands (3, 7, 9) are involved in anti-viral immunity and known to stimulate type I IFN responses, TLRs 7 and 9 are expressed on pDC, as opposed to TLR3 which is expressed on mDC, perhaps accounting for divergent effects of these ligands on innate immunity in a vaccine context (64). Moreover, latency reversal effects of TLR7 ligands in SIV infection setting was not observed following the first two doses, but became evident after 3 more doses of the 10–19 received in total, indicating a net cumulative effect (21). It is possible that additional and/or higher doses of Poly-ICLC would have resulted in similar effects on viral latency. Given the early phase of this clinical trial with a primary emphasis on safety, such dosing regimens were not suitable. Exploration of increased or expanded dosing strategies and routes of administration in future studies will help clarify Poly-ICLC's effect on HIV latency.

There are several limitations to this study that must be considered, including relatively small sample size. This prevented the evaluation of multiple sub-group analyses, including the influence of individual ART regimens on immunologic and virologic parameters, which have been shown to alter TLR responsiveness in vitro (65). Other limitations include the overall homogeneity of the study population in terms of gender, though racially and ethnically diverse. Furthermore, due to strict study entry criteria designed to maximize safety, the exclusion of older individuals (>55 years) and common comorbidities such as cardiovascular disease and diabetes further limit the generalizability of the safety findings in the HIV-infected population as a whole. Additional studies that increase the diversity of the HIV-infected individuals included will help to bolster these safety findings.

In summary, the TLR3 ligand, Poly-ICLC, was safe and tolerable in the HIV-infected population studied and transiently stimulated innate immune responses without resulting in undue immune activation. Given the promising safety profile of PolyICLC in our trial, future studies may now be designed; enlisting a larger cohort, with a wider inclusion criteria, longer duration, and more frequent dosing to further optimize the potential use for PolyICLC as a latency reversal agent. Moreover, this study paves the way for HIV therapeutic vaccines trials that combine Poly-ICLC with HIV antigen vaccines to enhance adaptive immunity to ultimately reduce viral reservoirs.
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Supplemental Figure 1. No induction of soluble mediators of inflammation upon Poly-ICLC administration. Plasma levels of IFN alpha, IFN beta, TNF alpha, sCD14, D-dimer, and C-reactive protein (CRP) for each subject are shown as a mean with standard deviation over the course of the study as measured by ELISA. Values for subjects in Arm A (Poly-ICLC) and Arm B (Placebo) are depicted by solid (black) and dashed (red) lines, respectively. No longitudinal changes were found to be statistically significant following Poly-ICLC administration.

Supplemental Table 1. Transient upregulation of pro-inflammatory genes in subjects whom received Poly-ICLC. Transcriptional responses were evaluated longitudinally in subjects' PBMCs using NanoString Technologies (nCounter® gene expression panel, human inflammation kit). Fold change (FC) from baseline of all significantly up regulated genes (p < 0.05, FDR < 1, FC ≥ +/−1.5) from subjects in Arm A (Poly-ICLC) are shown through day 8. No significant changes were observed in subjects' PBMCs in Arm B (Placebo) (not shown).
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Purpose: The aim of this study was to investigate how human immunodeficiency virus (HIV) affects brain development in adolescents, what are susceptible brain regions, and how these brain structural changes correlate with cognitive abilities.

Methods: We used structural magnetic resonance imaging to examine gray matter volume and cortical thickness in 16 HIV-infected children (mean age = 13.63 years) and 25 HIV-exposed uninfected children (mean age = 13.32 years), 12 of them were subjected to a 1-year repetitive magnetic resonance scan of the brain. Five neurocognitive tests were performed on each subject to assess cognitive performance in different areas.

Results: Cross-sectional studies showed that the gray matter volume of HIV-infected children was widely reduced (mainly in the bilateral frontal, temporal, and insular regions, and cerebellum). The changes in cortical thickness were mainly due to thinning of the right temporal lobe and thickening of the left occipital lobe. Longitudinal studies showed that the gray matter volume reduction of HIV-infected children after 1 year mainly occurs in the advanced functional area of the right prefrontal, parietal lobe and the motor area, cortical thinning of brain regions were sensorimotor cortex and the limbic system. The gray matter volume of the bilateral cerebellum was positively correlated with the performance of the Wisconsin Card Sorting Test, while the cortical thickness of the right dorsolateral prefrontal cortex was negatively correlated with this test.

Conclusion: This study found that HIV-infected pubertal children showed a delayed cortical maturation with atrophy. This abnormal pattern of cortical development may be the structural basis for cognitive impairment in HIV-infected children.

Keywords: AIDS, brain development, structural MRI, HIV exposure, children, mother-to-child transmission


INTRODUCTION

Acquired immune deficiency syndrome (AIDS)-related encephalopathy is one of the most serious complications of AIDS and is more common in children than in adults (1). At present, there are nearly 2 million children living with human immunodeficiency virus (HIV) in the world, almost all newly infected children are infected through mother-to-child transmission (2). Effective antiretroviral therapy (ART) can significantly reduce mortality and the incidence of HIV encephalopathy (3). Although the children's HIV/AIDS has been transformed into chronic, controllable disease patterns, due to the HIV virus, antiretroviral drugs and a variety of environmental factors, a series of neuropsychological defects can still appear on HIV-infected (HIV+) children, sometimes even after the treatment has fully been accepted (4).

Currently, some studies have reported and summarized the neurocognitive impairment and behavioral abnormality in children infected with HIV. For example, language barriers, delayed motor development, poor school performance, etc., and some may even have psychological problems such as anxiety and depression (5, 6). Although highly active antiretroviral therapy can improve the cognitive function of HIV+ children in the long run (7), there are also studies showing that cognitive impairment will exist for a long time (8). It will affect their future learning, work performance and social practice, we need to focus on long-term outcomes of nervous system development to inform treatment options and guide early intervention treatment strategy to prevent deterioration of cognitive function.

The rapid development of neuroimaging has provided us with a powerful tool for studying brain development in children. Current structural magnetic resonance imaging (MRI) studies have observed some changes in brain structure in HIV+ children and adolescents, including subcortical volume, shape deformation (9), gyrification, and overall or regional gray matter volume (GMV) reduction (10, 11), but there are very few longitudinal research on cortical development. A longitudinal study observed persistent damage to human white matter development in HIV+ children, regardless of whether they received antiretroviral therapy or viral suppression at an early stage (12). Furthermore, many studies have used the emerging MRI technology to reveal the characteristics of brain structure, function and the influence of cognitive factors in children with HIV/AIDS, but the future impact of these developmental abnormalities are still unclear, brain regions vulnerable to HIV or antiretroviral drugs have also not been identified (13–15).

Some studies have shown that the developmental maturity of brain structure is consistent with the development of individual cognitive ability (16, 17). We hypothesized that HIV would have less influence on the development of brain regions related to primary functions such as sensory and motor domains, but have a greater impact on the development of brain regions related to advanced cognition such as decision-making and reasoning. We attempted to conduct cross-sectional and longitudinal studies through high-resolution structural MRI to observe which brain regions HIV may preferentially affect and to combine multiple domains of neuropsychological cognitive testing to observe the correlation between brain structural changes and cognitive ability.



MATERIALS AND METHODS


Subjects

We recruited 16 HIV+ adolescents (mean age ± SD, 13.63 ± 1.83 years; range, 11–17 years; mean CD4 count ± SD, 558.87 ± 199.89 cells/mm3; range, 276–940), the viral load of them did not reach the lower limit of detection (<20 copies/ml). The presence of HIV+ children was confirmed by Western blot. We also recruited 25 age- and gender-matched HIV-Exposed Uninfected (HEU) subjects (mean age ± SD, 13.32 ± 1.62 years; range,11–17 years). All HIV+ adolescents were infected by mother-to-child transmission during pregnancy, childbirth or through breastfeeding. HEU subjects' fathers, mothers, or parents also suffered from HIV infections. The socioeconomic status, cultural background and ethnic background of the two communities were similar. Detailed population information and clinical measures are listed in Table 1. All subjects were enrolled from Training Centre of AIDS Prevention and Cure of Hubei Province. The inclusion criteria for HIV+ subjects included HIV acquisition during the fetal or neonatal period, currently treated with ART, and right-handed. For the control subjects, the inclusion criteria included confirmation of HIV negative status by ELISA and right-handedness.



Table 1. Demographics and results of neuropsychological tests.
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Exclusion criteria for all subjects included those younger than 11 years of age or over 17 years of age, with acute medical illnesses, current or past medical or neurological diseases, psychiatric illnesses, mental retardation, current alcohol or drug abuse, HIV encephalopathy and opportunistic infections, MRI contraindications, claustrophobia, metabolic disorders or other brain diseases (not AIDS-related). We used the exclusion criteria, which included HIV-related encephalopathy to rule out space-occupying masses, other lesions or obvious cortical atrophy in the brain of HIV+ adolescents, so that we got the difference in anatomical gray matter covariance between the two groups. Only one individual in the HIV+ group was excluded because of age 7. For the control subjects, the exclusion criteria also included serious educational difficulties and a chronic medication other than asthma medication.

The study was approved by the Medical Ethics Committee of Zhongnan Hospital of Wuhan University, and a written and informed consent was made from all participants or their guardians in accordance with the Helsinki Declaration of 1975 (and as revised in 1983), following a complete description of the measurements. These methods were carried out in accordance with the approved guidelines and regulations.



Neuropsychological Tests

In order to more comprehensively assess the cognitive abilities of the subjects, we selected five tests based on the Frascati criteria (21). (1) Word Semantics Test: to examine written language comprehension, especially at the level of sentences. (2) Verbal Working Memory Test (present audio): comes from the digital memory span subtest of Wechsler Intelligence Scale. (3) Wisconsin Card Sorting Test: to examine executive control capabilities. (4) Picture Memory Test. (5) Indicate the Midpoint Test of the Line Segment: focus on sensory perceptual and motor skills. We conducted all tests online using the professional “Multi-Dimensional Psychology” platform (http://www.dweipsy.com/lattice/). All these tests and MRI scans were carried out within a month of study enrollment for each participant.



MRI Acquisition

High-resolution T1-weighted structural MRI scans were acquired on the 3.0 T scanner (Siemens, Prisma, Germany), which was stationed at the Department of Radiology, the Zhongnan Hospital of Wuhan University, using a multi-echo magnetization prepared rapid gradient echo (MPRAGE) pulse sequence (repetition time = 5,000 ms, echo time = 2.88 ms, inversion time = 700 ms, flip angle = 4°, slice thickness = 1.00 mm, and matrix size = 256 × 256) that yielded 176 axial slices with an in-plane resolution of 1.0 × 1.0 mm. We visually inspected the cerebral microbleeds foci measured by susceptibility-weighted imaging (SWI), and white matter hyperintensity by T2- fluid-attenuated inversion recovery (FLAIR) images through all the subjects. We also excluded any subject that exhibited obvious gray and white matter lesion imaged by SWI and FLAIR.



Brain Morphometry Analysis

In this study, we analyzed two morphological brain measures, the gray matter volume [via voxel-based morphometric (VBM) analysis] and cortical thickness (CT) analysis. All data processing uses Statistical Parametric Mapping software (SPM12; Wellcome Department of Cognitive Neurology, London, UK; http://www.fl.ion.ucl.ac.uk/spm) and Computational Anatomy Toolbox (CAT12, http://dbm.neuro.uni-jena.de/vbm/) based on MATLAB (MathWorks, Natick, MA, USA). The data preprocessing mainly included: (1) experienced radiologists screen data with obvious abnormalities, excluding data with large artifacts and obvious lesions; (2) the original T1 images were manually reoriented to match the AC-PC plane, (3) segmented into gray matter, white matter, and cerebrospinal fluid using the standard unified segmented model (18, 19) in the CAT12, (4) nonlinearly normalized into standard Montreal Neurological Institute (MNI) space using a pediatric template for 12- to 18-year-old children from the Imaging Research Center at Cincinnati Children's Hospital Medical Center (CCHMC), (5) the normalized segmentations were then modulated to ensure that the relative volumes of gray matter were retained, (6) the modulated images were re-sampled to 1.5 × 1.5 × 1.5 mm3 and smoothed with an 8 mm full-width at half-maximum (FWHM) Gaussian kernel, (7) to control for deviations, we included an additional quality check based on heterogeneity measurements of the sample as implemented in CAT; using the covariance of voxel-based data to identify the outliers who were two or more standard deviations outside of the GMV sample distributions, and one patient and one control were excluded based on this criterion, (8) finally, exclude voxels with a gray matter value < 0.15 to eliminate the potential edge effects between the gray matter and white matter.

The CT was also computed by using the CAT12, all the parameters were set by default in the CAT12, except for the brain template using a pediatric template for 12- to 18-year-old children from the Imaging Research Center at Cincinnati Children's Hospital Medical Center (CCHMC) (https://irc.cchmc.org/software/pedbrain.php). Briefly, this automated method (20) allows for central surface reconstructions and CT measurement in one step, then the topological defects of cortical surface mesh were repaired by using a spherical harmonic method. Prior to the statistical analyses, the individual CT maps were smoothed by using a Gaussian filter with full-width at half-maximum of 15 mm.

For the longitudinal analysis of GMV and CT, we also used the CAT12 default parameters with the pediatric template and performed the analysis under the longitudinal analysis module to obtain subtle changes at the individual level between the two-time points (1 year before and after).



Statistical Analysis

For clinical and behavioral data, statistical analysis was conducted using IBM SPSS version 20 (IBM SPSS Inc., Chicago, IL, USA) and G*Power 3.1.9.3. The significance threshold was set to p < 0.05. For the brain morphological parameters (gray matter volume and cortical thickness), cross-sectional between-group comparisons were tested in SPM12 using independent two-sample t-tests, with age and gender as covariates, longitudinal comparisons were carried by flexible design 2 × 2 analysis of variance (ANOVA). The significance threshold was set to p < 0.05 with a cluster level Family Wise Error (FWE) correction and threshold-free cluster enhancement (TFCE) multiple comparison-corrected.




RESULTS


Demographics and Neuropsychological Tests

For demographic and clinical data, the HIV+ and HEU controls were comparable on age, gender, and education (p > 0.05, Table 1). For cognitive testing, the HIV+ group performed significantly worse in the Wisconsin card classification test (execution and abstraction functions) than their HEU controls (p = 0.015, Table 1). In addition, we also noted that 5 of the adolescents in the HIV+ group scored at least 2 items below the mean of the control group minus a standard deviation of one time, which can be diagnosed asymptomatic neurocognitive impairment according to Frascati criteria (21).



Between-Group Comparison on Gray Matter Volume

We first investigated the between-group differences on GMV by using VBM. This analysis revealed a significant reduction in the GMV across broad regions, including bilateral superior cerebellar, frontal, temporal, insular, angular regions, and right cuneus, in the HIV+ individuals, these results were corrected by FWE cluster level p < 0.05 (Table 2; Figure 1).



Table 2. Between-group comparison on gray matter volume.
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FIGURE 1. Between-group comparison on gray matter volume (GMV). Clusters showing significantly (corrected P < 0.05) lower (blue) and higher (red) GMV in HIV+ children compared to controls. But the red region isn't successfully positioned in the template. This figure was rendered using BrainNet Viewer (http://www.nitrc.org/projects/bnv/).





Between-Group Comparison on Cortical Thickness

We next reported the between-group differences on surface-based metrics of CT. Individuals with HIV showed significantly thicker cortices in left occipital (the middle and inferior gyri) and right olfactory sulcus, also, significantly thinner cortices in the temporal (the middle and the pole parts) and orbitofrontal regions. The results were corrected by FWE cluster level p < 0.05 (Table 3; Figure 2).



Table 3. Between-group comparison on cortical thickness.
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FIGURE 2. Between-group comparison on cortical thickness (CT). Clusters showing significantly (corrected P < 0.05) lower (blue) and higher (red) CT in HIV+ children compared to controls. These figures were rendered using BrainNet Viewer (http://www.nitrc.org/projects/bnv/).





Longitudinal Changes in Gray Matter Volume

Based on the cross-sectional results, an important aim of this study is to investigate the longitudinal brain develop trajectory. Using a 2 × 2 ANOVA, we then contrasted the development patterns between the two groups.

For the GMV, generally, the HIV+ group showed changes in GMV over a wider range of brain regions and was dominated by a significant decrease in GMV after 1 year. These regions mainly included decreased GMV in the bilateral frontal, supplementary, parietal, and occipital regions; and increased GMV in the right inferior temporal, inferior occipital and orbital frontal cortex (OFC) regions (Table 4; Figure 3A).



Table 4. Volume change of gray matter in HIV+ group after 1 year.
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FIGURE 3. Longitudinal changes on gray matter volume (GMV) after 1 year. Clusters showing significantly (corrected P < 0.05) lower (blue) and higher (red) GMV changes after 1 year. (A) Clusters showing many lower and few higher GMV regions in HIV+ group children. (B) Clusters only showing significantly lower GMV regions in HEU group children. (C) Put together the two groups for statistical analysis and showing significantly changes of GMV after 1 year. (D) In assessing the time and interactions between the two groups, clusters showing widely areas of GMV significantly reduced. These figures were rendered using BrainNet Viewer (http://www.nitrc.org/projects/bnv/).



The HEU group showed only areas with significantly reduced GMV after 1 year, mainly in the bilateral temporal lobe, left inferior frontal gyrus, right anterior OFC, and right parietal lobe (postcentral, angular, and superior parietal gyrus) and right occipital lobe, part of the basal ganglia nuclei (putamen, thalamus), bilateral cerebellum (Table 5; Figure 3B).



Table 5. Volume change of gray matter in HEU group after 1 year.
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The two groups were put together for statistical analysis and showed that after 1 year, the GMV of multiple brain regions increased significantly, mainly including bilateral frontal lobes (the right OFC, the left inferior frontal cortex, the right precentral cortex, etc), and the right temporal lobe, bilateral upper cerebellar and parietal-occipital lobes, right amygdala, and thalamus; areas of markedly reduced GMV mainly include right medial OFC, left supplemental motor area, left cingulate gyrus, and temporal-occipital cortex (Table 6; Figure 3C). In assessing the time and interactions between the two groups, it was shown that the volume of gray matter in a wide area was significantly reduced, mainly including the bilateral parietal lobes (above gyrus, supramarginal gyrus, and precuneus), and bilateral multiple other lobes; significant gray matter volume increase only in the right cingulate anterior (Table 7; Figure 3D).



Table 6. Volume change of gray matter in HIV+ and HEU groups after 1 year.
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Table 7. Interactions between groups and time points of gray matter volume.
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Longitudinal Changes on Cortical Thickness

For the cortical measures, the longitudinal results showed extensive cortical thinning in both the HIV+ and HEU groups after 1 year. In the HIV+ group, the bilateral cingulate gyrus, the postcentral gyrus, the parietal lobe and the left superior frontal gyrus, the calcarine, the angular gyrus, the precentral gyrus, the inferior frontal gyrus, the right paracentral lobes, the frontal pole, the central sulcus, and the inferior parietal lobule were displayed (Table 8; Figure 4A).



Table 8. Cortical thickness change in HIV+ group after 1 year.
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FIGURE 4. Longitudinal changes on cortical thickness (CT) after 1 year. Clusters showing significantly (corrected P < 0.05) lower (blue) and higher (red) CT changes after 1 year. (A) Clusters showing lower and higher CT regions in HIV+ group children. (B) Clusters showing significantly lower and higher CT regions in HEU group children. (C) Put together the two groups for statistical analysis and showing significantly lower regions more obviously than higher regions of CT after 1 year. (D) In assessing the time and interactions between the two groups, clusters showing widely areas of CT significantly reduced.



The HEU group showed significant cortical thinning mainly around the bilateral central sulcus and mainly in the frontal lobe, left occipital lobe and the right temporal lobe, significantly thickened cortex mainly in the left olfactory sulcus, orbital gyrus and the right inferior orbital sulcus and the right gyrus rectus (Table 9; Figure 4B).



Table 9. Cortical thickness change in HEU group after 1 year.
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The two groups were put together for statistical analysis, the areas of the cortical thickening were more obvious, mainly in the bilateral middle occipital gyrus, the parietal lobe (angle gyrus), the frontal lobe (near the right inferior frontal gyrus) and the right middle temporal gyrus. Cortical thinning was mainly in the right frontal lobe (Table 10; Figure 4C). In the evaluation of the time and the interaction between the two groups, the cortical thinning in a wide area was shown, mainly around the bilateral central sulcus, the insular, the frontal lobe (mainly in the middle gyrus), the cingulate sulcus. Significant cortical thickening only showed in bilateral orbital gyrus and the right parahippocampal gyrus (Table 11; Figure 4D).



Table 10. Cortical thickness change in HIV+ and HEU groups after 1 year.
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Table 11. Interactions between groups and time points of cortical thickness.
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The Relationship Between Brain Morphological Metrics and Behavior

Finally, we analyzed the association between behavioral performance and brain morphological measures in HIV+ adolescents. Because there was a significant difference in Wisconsin Card Classification Test between the two groups, we performed a nonparametric correlation analysis on the Wisconsin Card Classification scores of the HIV+ group and the morphological measures with significant between-group differences on the cross-sectional analysis. For the GMV, the gray matter volume of the bilateral cerebellum in the HIV+ group was significantly positively correlated with the Wisconsin Card Classification Test score (r = 0.681, p = 0.005). For the CT, the cortical thickness of HIV+'s right rostral middle frontal (r = −0.646, p = 0.009) and right superior frontal gyri was significantly negatively correlated with the Wisconsin Card Classification Test score.




DISCUSSION

Cross-sectionally, we found a wide reduction in cortical volume and changes in cortical thickness with thinning of the right temporal lobe and thickening of the left occipital lobe in HIV+ individuals during adolescence. Longitudinally, the reduction in gray matter volume and thinning of the cortex in HIV+ individuals occurred mainly in different functional areas of the frontal and parietal lobe, which was significantly different from the pattern of their HEU controls.

Cross-sectionally, the alterations in the advanced cortices including the OFC and primary sensorimotor cortices as found here are generally consistent with our hypothesis and earlier reports (22, 23). The HIV virus can rapidly enter the central nervous system (CNS) and cause encephalitis within a few days after the exposure (24). In the early stages of the disease, HIV induces the CNS inflammatory T-cell response with vasculitis and leptomeningitis, directly damage oligodendrocytes, neurons, and white matter (25). The same process can be observed in the cerebral cortex of AIDS patients, thereby inducing neuronal apoptosis. Immunoreactive gliosis and neuronal loss can even cause diffuse poliodystrophy (26, 27). These pathological changes should explain why our GMV cross-sectional results only show a decrease in gray matter volume in multiple brain regions, mainly in the bilateral frontal, temporal, insular, and cerebellar cortical regions.

A major novelty of this study is the using of longitudinal structural brain data to examine brain development during early puberty after HIV exposure. Longitudinally, we found that the brain maturation in HIV-infected and non-HIV-infected children follows a general pattern, but unique changes have taken place in terms of developmental speed, spatial range, etc. The human brain decreases its gray matter in late childhood or adolescence in typical healthy development (28, 29). Our longitudinal VBM results also showed this trend, however, the GMV loss pattern of HIV+ children are significantly different from that of the controls over 1 year, the topographies of this loss including the right frontal, superior parietal, and sensorimotor regions. Changes in the OFC have been suggested with pronounced negative emotions (30). The difference in volume changes in the right OFC after 1 year suggests that this brain area may be one of the key brain areas affected by HIV. The OFC is an important limbic brain region responsible for emotion, decision making and reward evaluation, which collectively with basal ganglia, amygdala and the medial prefrontal cortex form an limbic-emotion circuit (31). It is generally believed that the functional imbalance of this circuit is related to the pathogenesis of obsessive-compulsive disorder (32, 33).

The neuroanatomical features are significantly controlled over genetic and environmental factors. GMV is a function of surface area and cortical thickness, the cortical surface area has been reported to more likely to be regulated by a genetic factor than the cortical thickness (34). A human study has shown that a decrease in synaptic density in healthy children between the ages of 2 and 16 years is accompanied by a slight decrease in neuronal density (35). We can consider that thinning of the cortex during adolescence represents the concurrent process of synapses, axons, dendritic pruning, and myelination. It plays an important role in improving the connectivity between brain networks and improving signal transmission efficiency. The thinning of association cortices is seen as a reliable marker of maturity in healthy children (36, 37). The difference in cortical thickness between children with HIV and uninfected HEU children was predominantly in the association cortex with a few areas of excessive thinning, which may be the result of excessive synaptic pruning or abnormal plasticity. However, cross-sectional results are unavoidably affected by individual differences and groups. Our longitudinal study will overcome these limitations.

Neuroimaging has provided evidence of temporal hierarchy on typical brain development, with the primary cortices develop first and the association cortices continue to develop until the early three-decade of life. Sowell et al. mapped gray matter density in 176 typical development individuals aged 7 to 87 years and found that there was a significant non-linear decrease in gray matter density with age, especially on the lateral/dorsal frontal and parietal cortices. The primary sensorimotor regions, such as the visual, auditory, and the somatomotor cortices, begin to myelination at an early stage and exhibits a more linear developmental pattern, while the myelinization of the advanced functional cortex of the frontoparietal regions can continue into adulthood. In particular, the language cortex at the temporal cortex has the longest maturation process (16), and finally mature brain regions (frontal lobes) that involve advanced functions such as executive function and attention, but in this process not some brain regions are fully mature and other brain regions begin to develop (17). These studies indicate that the order of cortical maturation is consistent with the development of related cognitive abilities. Cortical thinning should occur first in the sensorimotor area, followed by the associated area, and finally in the more advanced cortical area. In our study, HIV+ children showed cortical maturation in multiple brain regions from primary to advanced functional regions after 1 year, but the brain regions involved were mostly sensory motor cortex and limbic systems. The range and extent of the HIV+ group's cortical maturation are significantly lower than that in HEU children. This pattern of high-function-associated cortical lagging development (especially in the left parietal lobe and bilateral occipital lobes) may be the basis for the manifestation of neurocognitive abnormalities and atypical brain development.

Cortical morphometry of neuroimaging has revealed atypical development in several brain diseases including schizophrenia and hyperactivity disorder, etc. (38). In a longitudinal study of children with schizophrenia, the developmental pattern of temporally and spatially thinning of the cerebral cortex was shown and was first detected in the parietal cortex associated with visual space and associative thinking. And this pattern of gray matter loss is related to the severity of mental symptoms (39). However, Shaw et al. showed that 223 children with attention-deficit/hyperactivity disorder (ADHD) showed that the age at which the peak cortical thickness was reached significantly later than that of normal children, especially in the prefrontal cortex. It indicates that there is a significant development delay in cortical maturation in children with ADHD (40). The different results of these studies suggest that changes in the basic maturation model of the cerebral cortex may be the basis of neurodevelopmental disorders. This process, together with social psychology and environmental factors, affects the development of individual cognitive abilities. The independent and interactive effects of these various factors may play an important role in brain structural changes and HIV-associated neurocognitive disorders in HIV+ patients. In the future, more in-depth clinical and basic research is needed to determine the pathophysiological mechanisms and potential therapeutic targets (41, 42).

Finally, we need to emphasize the role of white matter damage in the morphometric changes of HIV+. These cortical morphological changes found in this study may be partly due to the contribution of white matter damage. The axonal and myelin development of white matter has an important influence on the coordinated development of the gray matter. Recently, several studies have also pointed out that damage of the white matter structural connectivity that link the frontal, temporal, and occipital regions, as we reported, constitutes the basis of damage in HIV transmitted infection children, which suggests that the white matter damage may also be the basis for abnormal development of gray matter morphology in these population, but the relationship between them is still an open question, both for the typical development and HIV infected children. This relationship can be further analyzed and explored in future research (12, 43–45).



LIMITATIONS

There are several limitations in this study. Firstly, because the data of this type of population is extremely rare, the sample size is very small, even if this study is obtained by using an unique opportunity. Secondly, the results reported in this paper only involved 1-year follow-up, and further follow-up is needed to obtain a detailed description of their developmental trajectories, and relevant research is continuing. In addition, because the subjects in this study were from different regions of the country, it is not very easy to completely and accurately obtain their previous complications.



CONCLUSION

This cross-sectional and longitudinal study found that HIV-infected pubertal children showed a delayed cortical maturation (mainly in the left parietal lobe and bilateral occipital lobe) with atrophy (mainly occurs in the right frontal lobe, parietal lobe of the higher functional areas and multiple motor areas). This abnormal pattern of cortical development may be the structural basis for cognitive impairment in HIV+ children. Longer-term longitudinal studies are needed in the future to verify and improve this conclusion.
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HIV+, HIV-infected; HEU, HiV-exposed uninfected; L, left; R, right. All regions were

corrected by FWE cluster level p <0.05.
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Contrast  Brain regions. Extent t-value  MNI coordinates

x oy z
Positive  Temporal_Inf R 144 5440 44 56 14
Occipital_inf_R 144 4862 51 75 —14
OFCmed R 184 5208 20 27  -20
Negative ~ Frontal_Mid_2_L 306 8717 -30 54 6
Occipital_Sup_R 202 7799 27 -89 42
Supp_Motor Area R~ 2409  -7.215 5 15 50
Fronta_Sup_Medial R 2409 —6253 6 88 51
Parietal_Sup_R 172 6944 88 50 56
Precuneus_L 755 6851 -8 -47 63
Paracentral_Lobule R 755~ —4995 12 -3 48
Parietal_Inf_L 315 —6.177 -44 -42 51
Posteentral_L 315 4796 -53 -15 36
Frontal_Sup_2_L 202 5973 -18 54 2
Parietal_inf_L 281 5877 -27 -89 42
Frontal Inf Oper L~ 206 —5857 50 8 15
Posteentral R 113 5798 56 -6 29
Frontal_Sup_2_R 442 5697 24 54 27
Frontal_Mid_2_R 442 4432 39 50 14
Posteentral R 285 5620 47 -3 54
Cingulate_Post_L 9% -5516 -6 -50 82
Precuneus_ R % -5365 8 -50 51
Frontal_Mid_2_L 154 -5351 -30 47 21
SupraMarginal_R 69 -5.146 65 17 27
Cerebelum_Crus1_L 50 5038 45 -48  —41
Supp_Motor Aea R~ 835 —4992 8 —11 62
Frontal_Sup_2_R 81 —4660 15 47 41
Temporal_Sup_R 51 -4435 56 -14 8
Cerebelum 4 5L 57 4201 -6 -47 -5
Parietal_inf_L 54 —4287 53 44 36
Frontal_Sup_2_L 50 —4075 18 42 a4
Precentral_L 71 —4003 -38 0 60

HIV-+, HiV-infected; MNI, Montreal Neurological Institute; L, left; R, right. All regions were
corrected by FWE cluster level p < 0.05.
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Contrast Brain regions. Extent t-value  MNI coordinates

x oy z
Negative Temporal_Pole_Sup_L 5516  —6.760 —60 8 -5
Frontal Inf Oper L~ 6616 5867 54 20 32
Postoentral R 411 5767 65 0 30
Temporal_Pole_Mid_R 4111 -6.650 60 24 27
Temporal_Pole_Sup R 4111 —5.417 62 11 -6
OFCant R 2130 5588 47 53 —14
Precuneus_R 98 5308 2 66 62
Supp_Motor Aca R~ 170 =505 9 2 75
Angular_R 1266 -5.008 56 68 35
Parietal_Sup_R 1266 -4506 35 74 53
Parietal_Sup_R 1266 -4.469 51 -39 59
Frontal_Mid_2_R 357  -4989 45 12 56
Precentral R 357 395 42 -8 66
Thalamus_R 418 4890 15 -20 5
Lingual_L 1601 -4.130 —15 66 -9
Cerebelum_4_5_L 1601 -3965 —11 -50 23
Occipital_Sup_R 1146 -4669 23 -102 9
Occipital_Mid_R 1146 -4498 38 -9 26
Occipital_ Mid_R 1146 -4086 39 -9 2
Calcarine_L 123 -4501 5 98 0
Temporal Pole_Mid_L 269 -4044 -20 15 -39
Temporal_Sup_R 79 —4420 66 53 20
Occipital_Inf_R 70 -4388 44 -78 -9
Thalamus_L 386 4288 —17 -27 2
Putamen_R 940 4349 27 12 -8
Putamen_R 940  -4265 30 -5 1"
Precentral_L 306 -4300 -30 -21 69
Lingual_R 186 -4264 15 65 -6
Temporal_inf_L 72 -4231 69 -33 20
Cerebelum 4 5 R 653 4139 18 -45 26
Parietal_Inf_L 70 -4125 -38 -63 51
Occipital_Sup_L 77 -3911 -18 -98 15

HEU, HiV-exposed uninfected; MNI, Montreal Neurological Institute; L, left; R, right. Al
regions were corrected by FWE cluster level p < 0.05.
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Contrast  Brain regions Extent t-value MNI coordinates

x y z

Positive  OFCpost_R 3035 5820 28 23 27
Temporal_inf R 1626  4.445 56 45 20
Cerebelum_6_R 1626 8893 18 62  —30
Temporal_ Pole_Sup_R 1996 5278 57 18 14
Precentral R 1996 4207 66 5 18
Temporal_Sup_R 1996 4455 66 0 -5
Ocoipital_Inf_R 630 5100 50 -75  —12
Temporal_inf R 630 4142 45 56  —14
Occipital_Mid_L 2366 4276 33 87 2
Parietal_Sup_L. 2366 4011 -29 72 57
Frontal Inf Oper L~ 1136 4550 54 20 33
Frontal_Inf_Tr_L 113 4434 59 26 6
Frontal_ Mid_2_L 1136 4288 -48 50 6
Amygdala R 931 3584 32 -5 14
Cerebelum_4_5_L 1443 4258 29 -27  -33
Frontal Sup_Medial L 556 8275 0 68 12
Temporal_Sup_R 212 3985 66 -51 23
OFCant_L 197 8831 -21 30  -18
Occipital_Sup_R 463 3819 26 101 9
Occipital_Inf_R 463 3105 30 -87 -8
Cerebelum_9_R 129 8530 18 41 53
Putamen_R 249 3528 26 12 -8
Parietal_Sup_L. 58 3508 -24 57 74
Postcentral_L 69 3502 86 -82 72
Occipital_Mid_R 141 3506 36 -89 24
Frontal Sup_Medial L 114 3476 —17 66 -2
Parietal_Inf R 54 3438 42 -63 57
Thalamus_L 74 3286 -20 27

Negative ~ Frontal Mid_2_L 247 5901 -29 54 6
Precuneus_L. 100 5162 -8 -47 63
Supp_Motor_Area L 1270  -4985 -6 20 56
Cingulate_Mid_L 1270 -4004 0 -2 39
Cingulate_Mid_L 1270 -3695 —11 20 47
Temporal_Sup_L 15 -4479 -50 -42 18
Cingulate_Post_L 248 4388 -6 -8 32
Occipital_Mid_L 201 4161 -26 -62 38
Cerebelum_8_R 57 -4073 12 -69  -45
Insula_R ) -8784 38 26 3
Occipital_Sup_R 174 3739 26 69 42
Temporal_Sup_L 141 3438 -42 -15 -6
Cerebelum 9_R 54 -8395 2 53 56
Temporal_Sup_R 51 -3256 44 -8 -8
OFCmed R 3035 3958 18 26 24

HIV+, HiVHinfected; HEU, HIV-exposed uninfected; MNI, Montreal Neurological Institute.
All regions were corrected by FWE cluster level p < 0.05.
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HIV+ group

Number of subjects (n) 16

Sex (male/female) 8/8

Age (years) 13.63 + 183
BMI (kg/m?) 18.27 + 2.66
Education (years) 7.81£220
Ethnicity (Han/Tujia) 15/1
Longitudinal data (n) 5(31.25%)
Mother-to-child transmission 16 (100%)
CD4 count (cells/mm3) 568.87 + 199.89
COGNITIVE DOMAIN

Vocabulary/language (n) 4(26.67%)
Working memory/attention (7) 3(23.08%)
Executive/abstraction (n) 7 (46.67%)
Memory/learning and recall (n) 1(6.67%)
Sensory perceptualimotor skills (n) 0(0%)

HEU group

2
12/13
18.32 + 162
18.29 +3.06
746+ 151
241
7 (28.0%)
25 (100%)

0(0%)
0(0%)
0(0%)
0(0%)
0(0%)

p-value

0915
0.589
0.873
0.799
0.904

0.17
0.269
0.015
0.733

Cohen’ d(ES)

0.176
0.008
0.081

Power

0.1356
0.053
0.081

HIV+, HiV-infected; HEU, HiV-exposed uninfected; ES, effect size; BMI, Body Mass Index, Values are n (% of total) or mean + standard-deviation. Cognitive results of individuals in

HIV+ group failed to follow the normal distribution test, thus we used the rank sum test. Significance at P < 0.05.
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Contrast  Brain regions Extent

HIV + < HEU Frontal_Inf_Tri_R 359
Frontal_Inf_Oper L 181
Temporal_Mid_R 158
Gerebelum_Crus1_L 334
Parietal_Inf_L 146
Cerebelum_Crus1_R 378
Cuneus R 86
Insula_L 276
Temporal_Pole_Sup_L 132
Frontal_Mid 2 L 139

Frontal_Inf_ Oper L 124
Frontal_Sup_2_L 88
Insula_R 72
Temporal_Sup_L 66
Angular_R 50

t-value

—4.7245
-3.8543
-3.8214
-3.6533
—3.5301
-3.3279
-3.2899
-3.261

—3.1008
—3.0654
—2.9471
—29143
-2.9079
—2.7822
—2.7661

MNI Coordinates

-285
51

-31.6
-39
—18
345

-52.5

30

y

16.5
12
585

-615
—615
-81
27

195
45
33
30
-9

-60

z

285
135
45
-345
39
=375
18
6
-3
60
255
39
0o
-3
405

HIV-+, HiV-infected; HEU, HIV-exposed uninfected; MNI, Montreal Neurological Institute;

L, left; R, right. All regions were corrected by FWE cluster level p < 0.05.
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n
Age (mean range)

Sex (%M/F)

Ethnicity (C/B/A/O)P

CD4 count (cells/mm?3, mean, range)®
ART duration (years)

0-5

5-10

>10

Nadir CD4 count (cells/mm?)

0-250
251-500
>501

Uninfected controls

Younger (<35) Older (250)
21 21
27 (22-35) 58 (50-72)
100/0 100/0
15/3/3/0 11/6/3/2

ART-suppressed HIV+2

Younger (<35)
22
28 (22-33)
10010
17/3/11/0
611 (89-1,362)
Mean
22
62
Mean
159
339
649

aUndetectable HIV-1 viral loads for > Bmonths; ®Caucasian/Black/Asian/other; *Values within 1 year of enrollment.

n

Older (250)
28
58 (50-76)
86/14
18/10/0/0
719 (246-1,216)
Mean
29
6.8
165
Mean
133
311
680
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Contrast  Cortical regions Side  Size

Positive 39% S_oc_middle_and_Lunatus L 1687
31% G_occipital_middle
15% Pole_occipital
14%G_and_S_occipital_inf

66% G_parietal_sup L 820
34%G_precuneus
32% G_occipital_middie R 2912

17% S_occipital_ant
129 S_oc_middle_and_Lunatus
129% G_and_S_occipital_inf
109% S_temporal_inf

9% G_temporal_middle

3% G_temporal_inf

3% S_temporal_sup
2%S_oc_sup_and_transversal

99% G_pariet_inf-Angular R 632
70% S_front_inf R 418
30%G_front_midle

49% G_front_inf-Opercular R 361

259% Lat_Fis-ant-Vertical
24% S_circular_insula_sup

1%G_front_inf-Triangul
100% G_temporal_middle R 359
Negatve  44% G_and_S_transv_frontopol R 764

26% G_and_S_frontomargin
23% G_front_middle

79%S_front_middle

59% G_front_sup R 435
30% G_and_S_cingul-Ant
11%G_and_S_transv_frontopol

P-value

0.00011

0.00070

0.00021

0.00253
0.00023

0.00114

0.00096
0.00037

0.00011

HNV+, HiV-infected, HEU, HIV-exposed uninfected; L, left; R, right. Al regions were

corrected by FWE cluster level p <0.05.
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Contrast  Cortical regions

Posttive  57% G_orbital
23% S_orbital_med-olfact
20%S_orbital-H_Shaped
52% G_orbital
34% S_orbital-H_Shaped
15%S_orbital_med-olfact
92% G_oc-temp_med-Parahip
8%S_oc-temp_med_and_Lingual

Negative ~ 13% G_postcentral
12% S_central
11% G_parietal_sup
9% S_calcarine
8% G_pariet_inf-Angular
8% S_parieto_occipital
8% G_pariet_inf-Supramar
7% G_precentral
4% S_postcentral
4% S_temporal_sup
3% G_precuneus
3% S_intrapariet_and_P_trans
2% S_precentral-sup-part
2% G_occipital_sup
2% G_and_S_paracentral
1%G_cuneus
90% G_front_sup
6% G_front_middle
3%S_front_sup
40% S_cingul-Marginalis
18% G_and_S_paracentral
12% G_and_S_cingul-Mid-Post
11% G_precuneus
9% S_subparietal
7% G_cingul-Post-dorsal
4%G_front_sup
54% S_central
18% G_precentral
9% G_posteentral
6% S_precentral-inf-part
6% G_and_S_subcentral
4% S_precentral-sup-part
2%G_front_middle
31% S_circular_insula_inf
25% S_circular_insula_sup
20% S_circular_insula_ant
15% G_insular_short
10%G_Ins_lg_and_S_cent_ins
48% S_front_inf
25% G_front_inf-Opercular
19% G_front_middle
7%G_front_inf-Triangul
42% G_front_middle
33% G_and_S_frontomargin
15% S_orbital_lateral
5% S_front_inf
3% S_front_middle
3%G_orbital
54% S_intrapariet_and_P_trans.
33% G_parietal_sup
13%S_postcentral
44% S_oc-temp_med_and_Lingual
37% G_oc-temp_lat-fusifor
19%G_oc-temp_med-Lingual
99% G_front_middle
1%S_front_sup
23% S_central
18% G_postcentral
16% G_precentral
13% G_front_sup
12% S_postcentral
8% G_and_S_paracentral
4% G_pariet_inf-Supramar
3% S_precentral-sup-part
1%G_and_S_cingul-Mid-Post
26% S_circular_insula_inf
22% Lat_Fis-post
17% G_and_S_subcentral
8% G_Ins_Ig_and_S_cent_ins
7% G_temp_sup-G_T_transv
6% G_insular_short
4% G_front_inf-Opercular
2% S_temporal_transverse
2% G_temp_sup-Lateral
2% S_circular_insula_ant
1%G_temp_sup-Plan_tempo
27% S_subparietal
21% S_parieto_occipital
21% S_calcarine
9% G_precuneus
9% G_cuneus
5% G_cingul-Post-dorsal
4% S_cingul-Marginalis
2% G_oc-temp_med-Lingual
2%G_and_S_cingul-Mid-Post
66% G_parietal_sup
20% S_intrapariet_and_P_trans
14% G_precuneus.
1%S_postcentral
49% Pole_occipital
17% G_occipital_middle
14% S_oc_sup_and_transversal
8% G_pariet_inf-Angular
6% G_occipital_sup
4% S_oc_middle_and_Lunatus
2%S_temporal_sup
79% G_occipital_sup
8% S_oc_sup_and_transversal
5% G_cuneus
4% S_intrapariet_and_P_trans
3% G_parietal_sup
19%S_parieto_occipital
64% G_front_middle
28% S_front_middle
7% G_and_S_transv_frontopol
1%G_front_sup
61% G_oc-temp_lat-fusifor
39%S_oc-temp_med_and_Lingual
100%G_pariet_inf-Angular

80% G_front_middle
20%$_front_inf

Side

L

L.

R

Size

261

810

207

18597

3533

3215

2387

1696

1067

721

669

467

17427

7725

5913

3429

2109

949

408

368

362
226

P-value

0.00026

0.00156

0.00184

0.00000

0.00038

0.00014

0.00066

0.00139

0.00008

0.00088

0.00045

0.00234

0.00177

0.00005

0.00017

0.00019

0.00013

0.00176

0.00037

0.00012

0.00124

0.00075
0.00209

Two groups = HiV-infected group and HiV-exposed uninfected group; L, left; R, right. Al

regions were corrected by FWE cluster level p <0.05.
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Contrast Brain regions Extent t-value MNI coordinates

x oy z

Positive  Cingulate_Ant_R 100 493 5 27 -3

Negative  Occipital_Sup_R 676 6745 27 69 44
Frontal_Sup_2_L 2897 6375 -27 56 8
Frontal_Mid_2_L 2897 5568 -44 41 29
Frontal_in_Tr_L 2807 4869 -56 35 12
SupraMarginal_R 4756 6283 65 17 2T
Parietal_Sup_R 4756 5901 38 50 56
Postoentral R 4756 5317 54 -26 56
Vermis_10 221 5884 -2 -45 38
Pariotal_inf_L 84 -5858 44 -42 51
Temporal Pole_Sup L 774 —5560 -57 9 -6
FrontalInf Oper L~ 774 —4651 51 9 15
Occipital_Inf_R 213 5559 33 -83 11
Supp_Motor Aea R 649 5552 9 2 75
Pariotal_Inf_L 428 5363 -51 -26 47
Frontal_Sup_Medial R 494 ~ -5327 9 38 56
Cerebelim 45L 902 5200 -6 -47 -5
Lingual_L 902 4408 -15 -63 12
Cerebelum_Crust L~ 168 —5261 -20 -80  —26
OFCant R 289 5039 45 51 -15
Precuneus_R 420 4979 8 50 51
Precentral_L 436 4986 -41 0 62
Frontal_Sup_Medial L 131 -4938 -6 54 44
Supp_Motor Area R 124 —4898 6 15 50
Frontal_Sup_2_R 287 4855 27 59 24
Angular_R 280 4850 53 66 35
Cerebelum 4 5R 481  —4829 9 60 -5
Frontal_Mid_2_R 241 4765 39 54 18
Parietal_inf_L 380  -4782 -38 -62 53
Precuneus_R 63 —4695 3 66 60
Cerebelum_Crus2 R~ 443 —4500 42 -78  —d4
Temporal Mid_R 13 -4582 65 -2 21
Temporal_Sup_L 171 -4511 65 27 6
SupraMarginal_L 365  -4.497 -50 -50 26
Temporal_Sup_R 85 —4.447 65 -8 8
Occipital_Sup_R 126 -4441 24 93 20
Frontal_Sup_2_R 7 —4410 23 12 68
Temporal_Mid_R 402 4355 65 42 9
Temporal_Mid_R 335 4330 53 -66 8
Parietal_Sup_L 66 —4280 21 66 59
Occipital_Mid_L. 69 4262 -29 -87 21
Precentral_L 182 -4256 27 28 71
Frontal_Sup_2_L 100 -4254 20 44 45
Occipital_ Mid_R 87 -4246 38 -95 0
Temporal Pole_Mid R 193 —4211 51 9 -35
Frontal_Sup_Medial_R 83 -4108 11 69 2
Temporal_Mid_L 80 -4002 -60 -54 -5
Thalamus_R 187 -3943 17 18 8
Thalamus_L 214 3885 -6 -6
Frontal_Inf_Tri_R 122 -3882 53 38 17

Two groups = HiVeinfected group and HiV-exposed uninfected group, MNI, Montreal
Neurological Institute; L, left; R, right. All regions were corrected by FWE cluster lovel
p <005
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HIV+, HiV-infected; L, left; R, right. All regions were corrected by FWE cluster level p.

<0.05.
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Hoenigl et al. (17) (USA)
Hoenigl et al. (19) (USA)
Hoenigl et al. (16) (USA)

Hoenigl et al. (18) (USA)

Mehraj et al. (20) (Canada)

Sample size

132

41

21

451

146

Study populations

Chronic ART-treated PLWH; cross-sectional
analysis

Chronic ART-treated PLWH; cross-sectional
analysis

PLWH in early stage of infection, before and
after ART; cross-sectional analysis

Ghronic ART-treated PLWH; cross-sectional
analysis

PLWH before and after ART; cross-sectional
analysis

PLWH i early and chronic stages, ART-treated
and untreated; longitudinal and cross sectional
analysis

Major findings

BDG was elevated in the plasma of PLWH and associated with
plasma levels of IL-8, TNF-a, and frequency of CD38+ and
HLA-DR+ CD8+- T cells. Elevated DG was associated with
cardiopulmonary dysfunction.

Plasmalevel of BDG was positively associated with plasma lovels
of neopterin and IL-6,

Elevated plasma levels of BDG was inversely correlated with
abundance of Lactobacillles in the distal gut.

BDG was elevated in the plasma and CSF of PLWH and positively
associated with neurocognitive dysfunction.

Multivariate analysis showed that pre-event plasma levels of BDG
and LBP was independently associated with increased risk of
non-AIDS events.

Plasma levels of BDG was associated with plasma viral load,
1-FABP, LPS, markers of IDO-1 metabolism, and frequency of
Tregs. Expression of BDG-specific receptors, Dectin-1 and
NKp30, was inversely correlated with plasma levels of BDG but not
LPS. PLWH who initiated ART early had lower levels of plasma
BDG and elevated DG did not normalize despite long-term ART.

PLWH, People living with HIV: ART, Antiretroviral Therapy; BDG, (1->3)-B-D-Glucan; LPS, Lipopolysaccharide; LBR, LPS Bindling Protein; I-FABR, Intestinal Fatty Acid Binding Protein

(marker of epithelial gut damage).
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0
12
6

40
Hispanic)
4@
Hispanic)
1
(Hispanic)
1
(Hispanic)

3

34.33
(4.08)
0
3
1

1
(Hispanic)

Total

15

39.73
861
0
15
7





OPS/images/fimmu-10-00725/fimmu-10-00725-t002.jpg
Placebo (n = 3) Poly:ICLC (n = 12)

Grade Grade Grade Grade Grade Grade
12 3 4 12 3 3

'GENERAL DISORDERS AND ADMINISTRATION SITE CONDITIONS

Chils 0 0 0 3 0 0
Injection site. 0 o 0 5 0 0
reaction-erythema

Injection site 0 0 0 10 o o
reaction-pain

Fatigue 3 o 0 7 0 0
Fever 0 o 0 4 0 0
Malaise 1 o 0 2 0 0
NERVOUS SYSTEM DISORDERS

Headache 2 0 0 1 0 0
MUSCULOSKELETAL AND CONNECTIVE TISSUE DISORDERS
Myalgias 0 0 0 2 0 0
HEMATOLOGICAL

Low neutrophils 0 0 0 0 1 0
count





OPS/images/fimmu-10-00725/fimmu-10-00725-g002.gif
Covtmers || A o gty o-41)

)

ncceatoravicom etz LA noceato s am )

I P— 1

sttt ordcontmnd 020 | st oo ordcontned )

——

e






OPS/images/fimmu-10-00725/fimmu-10-00725-g003.gif





OPS/images/fimmu-10-00725/fimmu-10-00725-g004.gif





OPS/images/fimmu-10-00725/fimmu-10-00725-g005.gif
Po——





OPS/images/fimmu-10-00725/fimmu-10-00725-g001.gif





OPS/images/fimmu-10-00289/fimmu-10-00289-g005.gif





OPS/images/fimmu-10-00289/fimmu-10-00289-g006.gif





OPS/images/fimmu-10-00289/fimmu-10-00289-t001.jpg
Characteristics EHI CHI ART-

(=37 (n=13)
Age in years
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CDST cells/uL

Median (IGR) 810 (630-1,030) 1,080 (267-1,282)
CD4/CD8

Median (IGR) 06(0.4-0.9) 0.1(0.1-0.4)
VL (log1o copies/mL)

Median (IGR) 4.4(3.7-6.0) 5.1 (4.65.3)

EHI, early HIV infection; ART, antiretroviral therapy; CHI, chronic HIV infection; EC, elite controllers;

CHIART+
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50 (55-61)

58 (90.6)
6(0.4)
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45 (39-50)
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Total LTC-HIV + HIV - 13
n[S.D](%) n[S.D)%) n[S.D.)(%)

DEMOGRAPHICS
Age 64[6.8) 657[7.3  627[603] 002"
Race 082

Non-hispanic white 90 (84.6) 49(84.5) 41(87.2)

Other 15(15.5) 9(15.5) 6(12.8)
Education 0299

High school 889 7(125) 1(2.4)

Some college 32(33.9) 21(375) 11(26.8)

Fouryear university 25 (24.0) 13(23.2) 12 (29.3)

Graduate school 32(33.3) 15(26.8) 17 (41.4)
Relationship status 0.10

Single 43417 29(49.2) 14318

In a relationship 18(17.5) 10(16.9) 8(18.2)

Engaged 2(19 10.7) 129

Married 34(33.0) 14(23.7) 20(45.5)

Widowed 6(5.8) 5(85) 129
On disability 28(2828)  25(43.86) 3(7.44) 0001
COMORBIDITIES
Depression 27(2596) 213659  6(1833)  0013"
Athritis 30 (28.85) 17 (28.81) 13 (28.89) 1.000
Hepatitis 8(7.69) 8(13.56) 0(0) 0.009"*
Neuropathy 33(81.79  24(40.69) 9(20) 0.033"
Hypertension 38 (36.54) 18 (30.51) 20 (44.44) 0.156
Dermatitis 121154 10(16.95) 2(4.44) 0064
Herpes 13 (12.50) 8(13.56) 5(11.11) 0.773
Vision loss 17(1635)  9(15.25) 8(17.78) 0792
Diabetes 13(12.5) 8(13.56) 5(11.11) 0.773
Hearing loss 252404  11(1864)  14(B111) 0168
Respiratory problems 6 (6.78) 3(5.08) 3(667) 1.000
Heart condition 11(10.58) 4(6.78) 7(1556) 0201
Broken bones 1(0.96) 0 1(2.22) 0433

Chi-squared or Fisher's exact tests were conducted to determine significant differences
between the two *p < 0.05, ***p < 0.001.
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COMMON DEGs:
Regulation of purine nucleotice metabolic process
Response to lipopolysaccharide

Response to molecule of bacterial origin

Regulation of phosphorus metabolic process
DEGs DETECTED IN LTC-HIV SAMPLES ONLY
Regulation of signaling

Neutrophil homeostasis

Regulation of communication

Regulation of blood circulation

DEGs DETECTED IN HIV- SAMPLES ONLY
Intracellular signal transduction

Cell chemotaxis

Response to cytokine

Inflammatory response

No of genes

12
10
10
21

46
23
44
1

52
32

FDR p-value

1.617E-05
1.666E-02
1.888E-02
2.026E-02

1.711E-03
2.506E-03
2.506E-03
2.574E-03

1.190E-06
1.335E-06
1.740E-06
2.492E-06
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Total number of reads.

Total number of alignments

Unique alignments (-q 26)

Unique alignments (without duplicate reacis)
Normalized

Control

35,582,719
32,504,991
27,536,469
22,337,553
15,956,453

Meth

36,449,122
34,255,959
28,943,392
24,631,143
15,956,453

Tat

23,742,921
21,211,764
17,774,908
15,956,453
15,956,453

Meth + Tat

40,019,315
36,906,854
31,197,538
27,319,946
15,956,453

Pooled Input

35,838,803
34,240,934
28,386,207
25,642,285
15,956,453
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(B) Meth+Tat stimulation
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The frequency of nucleotides matching the TATA box promoter element was calculated on complementary and reverse genomic sequences, using TRANSFAC.
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Feature ID

TBP_1
TBP_2
TBP_3
TBP_4
TBP_S
TBP_6
TBP_7

Transcript ID

ENST00000421512
ENST00000446829
ENST000006 16883
ENST00000230354
ENST00000423353
ENST00000540980
ENST00000392092

Experiment - Range

1
0
12
76
0
0
143

C clone (unique transcript reads)

33
0
12
361
0
0
489

2A clone (unique transcript reads)

Kahl's Z-test p
value

0.000703333
1
0.001138457
0.01604091

1

1
0.000164347

The potential of residual TBP expression through alternative splice was estimated in the Control and 2A clones using RNA seq. The number of readss in both clones and p values are

reported.
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Proteoglycans in cancer
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Transcriptional misregulation in cancer
HTLV- infection

Basal cell carcinoma

Tight junction

Wt signaling pathway

Pathways in cancer

Hippo signaling pathway

Mineral absorption

AMPK signaling pathway
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Progesterone-mediated cocyte maturation

p value

0.00043
0.00076
0.001
0.0018
0.0038
0.0052
0.0067
0.01
0012
0.026
0.026
0.027
0.039
0043
0.046
0.048
0.05

Benjamini

0.067
0.059
0.052
0.07
011
0.13
0.14
0.18
02
0.34
034
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0.41
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0.4
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