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Chronic immune activation persists in persons living with HIV-1 even though they are aviremic under antiretroviral therapy, and fuels comorbidities. In previous studies, we have revealed that virologic responders present distinct profiles of immune activation, and that one of these profiles is related to microbial translocation. In the present work, we tested in 140 HIV-1-infected adults under efficient treatment for a mean duration of eight years whether low-level viremia might be another cause of immune activation. We observed that the frequency of viremia between 1 and 20 HIV-1 RNA copies/mL (39.5 ± 24.7% versus 21.1 ± 22.5%, p = 0.033) and transient viremia above 20 HIV-1 RNA copies/mL (15.1 ± 16.9% versus 3.3 ± 7.2%, p = 0.005) over the 2 last years was higher in patients with one profile of immune activation, Profile E, than in the other patients. Profile E, which is different from the profile related to microbial translocation with frequent CD38+ CD8+ T cells, is characterized by a high level of CD4+ T cell (cell surface expression of CD38), monocyte (plasma concentration of soluble CD14), and endothelium (plasma concentration of soluble Endothelial Protein C Receptor) activation, whereas the other profiles presented low CD4:CD8 ratio, elevated proportions of central memory CD8+ T cells or HLA-DR+ CD4+ T cells, respectively. Our data reinforce the hypothesis that various etiological factors shape the form of the immune activation in virologic responders, resulting in specific profiles. Given the type of immune activation of Profile E, a potential causal link between low-level viremia and atherosclerosis should be investigated.
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Introduction

Immune activation (IA)-related comorbidities are becoming a major concern in aviremic HIV-infected persons under antiretroviral therapy (ART) (1). For instance, atherosclerosis has been linked to inflammation and coagulation, interleukin-6 (IL-6) and D-dimer correlating positively with a greater risk of fatal cardiovascular disease (2), as well as to CD8+ T cell activation (HLA-DR and CD38 coexpression) (3) and monocyte (soluble CD163 level and cell surface coexpression of CD14 and CD16) activation (3, 4). It is therefore important to better identify the causes of this IA. HIV itself may be one of these drivers. Although HIV RNA levels are below the detection level of routine tests in these patients, most of them still produce low levels of virus, and HIV (glyco)proteins may be detected in their lymph nodes (5). Many HIV components may directly activate the innate immune system. For example, gp120 (6) Nef and Vpr (7) have been reported to directly activate monocytes and macrophages, and gp41 T cells (8). It has also been reported that HIV RNA induces interferon-α production by plasmacytoid dendritic cells via TLR-7 and TLR-9. Moreover, HIV antigens detected by specific B lymphocytes and T cells trigger an adaptive immune response. Finally, even a truncated CD4+ T cell infection may induce caspase-1 activation and IL-1β production in CD4+ T cells (9). In addition, HIV might also favor other causes of IA (10). Thus, Nef protein is also known to interact with the adenosine-triphosphate-binding cassette A1 transporter. This interaction interferes with cholesterol metabolism, and may promote pro-inflammatory metabolic disorders (11). Likewise, HIV-mediated IA might promote immune senescence, which is an additional cause of IA.

Yet authors looking for correlations between residual viremia and IA markers obtained contradictory results. Some authors found a link between residual viremia and inflammation (12), CD4+ T cell activation (13), and monocyte activation (12). By contrast, other authors did not observe such correlations (14–17).

Recent data however argue for a role of persistent viral production in IA. First, in virologic responders, higher levels of the inflammatory markers C-reactive protein (CRP), Tumor Necrosis Factor α (TNFα), IL-6, interferon γ (IFNγ) and/or the monocyte activation marker soluble CD14 (sCD14) have been reported in non-fully adherent patients than in fully adherent patients (18, 19). Second, in elite controllers, who are aviremic in the absence of treatment, intermittent bouts of viremia, so-called blips, are associated with a low CD4/CD8 ratio which is a global marker of IA (20). Moreover, the initiation of ART in these patients reduces CD4+ T cell and CD8+ T cell activation in the blood as well as in the gastrointestinal associated lymphoid tissues (21). Third, switching from a 3-drug regimen to some 2-drug ART regimens may result in an increase in CD8+ T cell counts (22, 23).

Knowing whether low-level viremia is a cause of IA is particularly important at a time when 2-drug regimens rather than 3-drug ART regimens (24), day-on, day-off schedules (25), and intermittent four-days-a-week treatments (26) are being proposed.

In a previous study, we analyzed 64 soluble and cell surface markers of inflammation and CD4+ and CD8+ T cell, B cell, monocyte, NK cell, and endothelial activation in 140 adults under effective ART. A double hierarchical clustering of patients and markers unveiled that these virologic responders had 5 different IA profiles (27). The first profile was characterized by a high percentage of central memory CD8+ T cells, the second by a low CD4:CD8 ratio, the third by frequent HLA-DR+ CD4+ T cells, and the two last profiles by an elevated proportion of CD38-expressing CD8+ and CD4+ T cells, respectively. In this present study, we looked for a link between one of those profiles and residual viremia.



Materials and Methods


Study Design

This cross-sectional observational study has already been previously described (27). We recruited 140 HIV-1-infected adults with CD4 count above 200 cells/µL. Viremia of all participants, under stable ART, was below 50 copies per mL for at least 6 months before inclusion. We also recruited 150 persons with a mean ± SD age of 62 ± 4 years in the general population. Pregnant or breastfeeding women, persons under treatment or presenting a disease likely to modify the immune system were not included. Blood samples for immune profiling were collected once between April 2014 and June 2016. This study was approved by the Ethics Committee of Montpellier University Hospital. All patients provided written informed consent. The trial was registered on ClinicalTrials.gov (NCT02334943).



Immune Activation Markers

Using flow cytometry as previously described (28), we determined cell surface markers for the differentiation, activation, senescence, and/or exhaustion of CD4+ T lymphocytes, CD8+ T lymphocytes, and NK cells. We used ELISA to quantify soluble TNF receptor I (sTNFRI), sCD14 and soluble CD163 (sCD163), tissue Plasminogen Activator (tPA), soluble Thrombomodulin (sTM), and soluble Endothelial Protein C Receptor (sEPCR) and, by turbidimetry, CRP, immunoglobulins (Ig) and D-dimers also as previously reported (28).



Residual Viremia

HIV-1 RNA plasma level was quantified using the Amplicor HIV-1 Monitor test (Roche Diagnostic Systems). The test has a positive threshold of 20 copies/mL, and discriminates samples containing no detectable copies in 1mL from samples containing 1 to 20 copies/mL. We also recorded the percentage of blips, defined as isolated episodes of viremia > 20 copies/mL, within the 2 years preceding the analysis of the immune profile. The frequency of detectable viremia and blips over the 2 last years was determined on 4 to 8 measurements.



Statistical Analysis

Fisher’s exact test or χ2 test was used to compare qualitative covariates. For quantitative covariates, on one hand, when comparing two groups (e.g. undetectable vs detectable viremia), we compared the distributions of covariates using the Student T-test or the Wilcoxon-Mann-Whitney test as appropriate. On the other hand, when comparing profiles together for example (i.e. more than two groups), the comparison was made using Anova or the Kruskal-Wallis H test as appropriate. Correlations were evaluated by Pearson, Spearman or Kendall test as appropriate. Normality was assessed using the Shapiro-Wilk test.

All analyses were performed using R software, version 3.6.1 (R Development Core Team, A Language and Environment for Statistical Computing, Vienna, Austria, 2016. https://www.R-project.org/).
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Results


Study Subjects

HIV-1-infected adults (n = 140), under efficient ART for a mean (SD) duration of 7.9 (4.1) years, were recruited at the University Hospitals of Nîmes and Montpellier, France. Eighty-one percent of patients were male, with a mean age of 56 (9) years. Their pretherapeutic CD4 count and viremia were 199 (119) cells/µL and 1,4372,216 (9,602,969) HIV RHA copies/mL, respectively. Their current mean CD4 count was 733 ± 375 cells/µL, and their CD4/CD8 ratio 1.24 (0.88). ART regimens and co-infections are given in Table 1.


Table 1 | Bioclinical characteristics of the study population.





Residual Viremia

In this study population, the frequency of residual viremia (1-20 copies/mL) at the time of study was 26%. There was no difference, neither in age (56.1 ± 8.5 versus 55.9 ± 10.1 years, p = 0.771), duration of infection (14.5 ± 8.0 versus 16.8 ± 7.7 years, p = 0.168) nor aviremia (7.0 ± 3.5 versus 8.3 ± 4.2 years, p = 0.155), nor in pretherapeutic CD4 count (164 ± 110 versus 159 ± 103 cells/mL, p = 0.980) nor pretherapeutic viremia (4,782,630 ± 20,381,332 versus 530,006 ± 1,733,809 copies/mL, p = 0.831) between patients with detectable and undetectable viremia, respectively. Likewise, no link could be established between residual viremia and the use of nucleoside reverse transcriptase inhibitors (p = 0.999), non-nucleoside reverse transcriptase inhibitors (p = 0.999), protease inhibitors (p = 0.969), or integrase inhibitors (p = 0.900).

The percentage of samples with detectable viremia (1-20 HIV-1 RNA copies/mL) or blips (isolated viremia > 20 HIV-1 RNA copies/mL) during the two years preceding the study was available for 135 out of 140 participants. These percentages of samples with detectable viremia (47.1 ± 21.0% versus 19.0 ± 21.0%, p < 10-4, Figure 1A) and blips (9.8 ± 11.5% versus 2.1 ± 5.9%, p < 10-4, Figure 1B) were higher in patients with detectable viremia than in patients with undetectable viremia at the time of the study.




Figure 1 | Correlations between low-level viremia, blips, and D-dimer plasma levels. Difference for each participant in the frequency where the participant displayed low-level viremia (A) or blips (B) over the two last years between participants with or without current detectable viremia. Difference in circulating D-dimer concentrations between participants with or without current detectable viremia. Statistical analyses were performed using a Mann-Whitney test (C). Correlation between the frequency of blips over the two last years and D-dimer plasma levels. Statistical analysis was performed using Kendall correlation (D).





Relationships Between Residual Viremia and Biomarkers

We determined the numbers and percentages of the following subpopulations: (i) activated (HLA-DR+ and/or CD38+), exhausted (PD-1+), senescent (CD57+, eventually CD27- and CD28-), naïve (CD45RA+CD27+), central and effector (CD45RA-CD27+ and CD45RA-CD27-, respectively) memory CD4+ and CD8+ T cells, (ii) activated (HLA-DR+), dysfunctional (CD56-), and senescent (CD57+) NK cells. Monocyte activation was evaluated by measuring sCD14 and sCD163, and B cell activation by measuring IgM, IgG, and IgA levels. Inflammation was monitored by quantifying sTNFRI and CRP. tPA, sTM, and sEPCR were used as markers of endothelium activation, and D-dimers were used as an indicator of fibrinolysis.

We compared residual viremia and blip frequency, i.e. for each participant, the frequency where the participant displayed low-level viremia or blips during the two last years with each one of these markers. The only link we revealed was with D-dimers. Patients with 1-20 HIV-1 RNA copies at the time of the study presented higher D-dimer levels than patients with undetectable viremia (n = 119, 708 ± 841 versus 411 ± 535 ng/mL, p = 0.015, Figure 1C). Moreover, there was a correlation between blip frequency over the two last years and D-dimer levels (n = 119, Kendall coefficient = 0.190, p = 0.009, Figure 1D). Looking for correlations between D-dimers and patient characteristics as well as other markers, we observed links between the coagulation marker, participant age (r = 0.295, p = 0.001, Figure 2A), pretherapeutic CD4 count (r = -0.182, p = 0.046, Figure 2B), the inflammation markers CRP (r = 0.364, p < 10-4, Figure 2C) and sTNFRI (r = 0.293, p = 0.001, Figure 2D), the monocyte activation marker sCD163 (r = 0.253, p = 0.005, Figure 2E), and the endothelial activation marker sEPCR (r = 0.265, p = 0.003, Figure 2F).




Figure 2 | Correlations between D-dimer level, participant age (A) and pretherapeutic CD4 count (B), CRP (C), sTNFRI (D), sCD163 (E), and sEPCR (F).





Residual Viremia Over Time Is Related to a Specific Immune Activation Profile

We previously reported that two independent hierarchical clustering analyses of the activation markers for the 140 patients had identified 5 groups of individuals presenting different IA profiles (Profiles A to E). Duration of infection and aviremia, nadir CD4, pretherapeutic viral load and CD4:CD8 ratio, as well as age were not different between Profile E and the other Profiles (27). There was differences neither in nucleoside reverse transcriptase inhibitor (p = 0.565), non-nucleoside reverse transcriptase inhibitor (p = 0.999), protease inhibitor (p = 0.165), nor in integrase inhibitor (0.999) usage between Profile E and the other profiles. The only difference was a tendency to a higher proportion of females in Profile E (p = 0. 061) (27). Yet, the frequency of detectable viremia (p = 0.999) or blips (p = 0.278) during the two years were not different between males and females (data not shown).

Interestingly, one of these profiles, Profile D, was linked to microbial translocation (27). We reasoned that another IA profile could be linked to another cause of IA, residual viral production. To test this hypothesis, we compared the frequency of residual viremia and the occurrence of blips over time between the IA profiles. Detectable viremia at the time of the study was more frequent in patients with Profile E than in the other patients (66.7% versus 23.8%, p = 0.011, Figure 3A). The frequency of detectable viremia over the 2 last years was also higher in Profile E patients than in patients with other profiles (39.5 ± 24.7% versus 21.1 ± 22.5%, p = 0.033, Figure 3B). Likewise, previous blip frequency was higher in Profile E patients than in the patients with other profiles (15.1 ± 16.9% versus 3.3 ± 7.2%, p = 0.005, Figure 3C).




Figure 3 | Differences in the frequency of current low-level viremia between the various IA profiles. Statistical analyses were performed using a Kruskal-Wallis H test (A). Differences in the frequency of low-level viremia (B) and blips (C) over the two last years between the various IA profiles. Statistical analyses were performed using a Mann-Whitney test.





Characterization of the Immune Activation Profile Related to Residual Viremia

No difference in duration of infection (p = 0.191) and of viral suppression (p = 0.285), in pretherapeutic viremia (p = 0.881) or CD4 count (0.285), and in age (p = 0.138) was observed between Profile E patients and patients with other profiles (data not shown). Compared with the other patients, Profile E patients had higher CD4 counts (1567 ± 451 versus 669 ± 288 cells/mL, p < 10-4, Figure 4A) and CD4:CD8 ratios (2.79 ± 2.48 versus 1.14 ± 0.57, p < 0.001, Figure 4B). They also presented higher levels of sCD14 (3.76 ± 0.50 versus 3.37 ± 1.08 mg/mL, p = 0.030, Figure 4C) and higher percentages of CD38-positive CD4+ T-cells (73.1 ± 11.4% versus 55.9 ± 12.4%, p < 10-4, Figure 4D) compared with the other patients. Profile E was also characterized by a high level of the endothelium activation marker sEPCR (18 ± 12% versus 10 ± 8%, p = 0.035, Figure 4E). Moreover, in Profile E patients there was a strong link between frequency of detectable viremia over the 2 last years and another endothelium activation marker, tPA (r = 0.687, p = 0.006, Figure 4F).




Figure 4 | Differences in CD4 count (A), CD4:CD8 ratio (B), sCD14 (C), frequency of CD4+ T cells expressing CD38 (D), and sEPCR (E) between healthy donors (HD) and people living with HIV-1 with the five IA profiles. Statistical analyses were performed using a Mann-Whitney test. Correlation between low-level viremia over the two last years and tPA in Profile E participants. Statistical analysis was performed using Spearman correlation (F).






Discussion

It is logical to assume that residual viremia should fuel immune activation in virological responders. Yet, although some authors have indeed found a link between low-level viremia and IA (12, 13), others have not (14–17). This discrepancy might be due to differences in the size and/or bioclinical characteristics of the populations under study, as well as the actual definition of residual viremia. Here, we show that the frequency of detectable HIV-1 RNA and blips over a period of 2 years is associated with a specific profile of IA, Profile E. There may be two explanations for why we observed such a correlation whereas other authors had failed to identify it. First, a 24-month follow-up of viral load is more sensitive than a single measurement. Second, our two-step approach, consisting of clustering IA profiles in the patient population and thereafter looking for correlations between each of these profiles and residual viremia, may have unveiled links which would have been hidden in searches for such links in the global population. For instance, in our study, whereas high sCD14 levels and percentages of CD4+ T cells expressing CD38 characterize Profile E, these markers are not associated with residual viremia when taking into account the 140 participants.

The high circulating concentrations of sCD14 that we observed in Profile E patients is in line with the link between this IA marker and residual viremia reported by other authors (12). This link might be explained by the fact that the presence of viral components within the gut-associated lymphoid tissues might be responsible for local inflammation and thereby an increase in gut permeability facilitating microbial translocation (29). This could thus be a first argument in favor of a causal link between residual viremia and Profile E.

Previously, CD4+ T cell activation has also been found to be associated with residual viremia (13). Here again, it may be the presence of viral components that trigger this form of IA. Indeed, gp41 has been reported to interact with the T cell receptor and to facilitate thereby T lymphocyte activation (8). Moreover, Doitsh et al. observed that the presence of HIV DNA in CD4+ T cell provokes inflammasome activation, even though the viral life cycle is truncated (9). Consequently, CD4+ T cell activation in Profile E patients may be induced by the presence of the virus.

Compared with the other IA profiles, Profile E is also characterized by a high level of sEPCR. sEPCR results from the cleavage of the external portion of the protein C receptor on the surface of endothelial cells activated by thrombin, TNFα, IL-1 or endotoxins (30). An increase in sEPCR has already been reported in HIV infection (31, 32). A decrease in sEPCR under 48-week ART has even been correlated with HIV RNA changes (32). This is in line with the hypothesis that the presence of HIV may provoke EPCR cleavage, and further argues for a model in which Profile E is the consequence of residual viral production.

One consequence of our results is that we now know that residual viremia should be sought in patients with increased proportions of CD38+CD4+ T cell, sCD14 and/or sEPCR. Moreover, in these patients, potential causes of this residual viremia, e.g., non-optimal adherence to treatment or partial resistance to the current antiretroviral regimen, should also be investigated.

Globally, the present data support the idea that, depending on the etiological factor at work, microbial translocation for Profile D patients (27) and residual viremia for Profile E patients (present study), virologic responders develop a particular IA profile. As we have also established that a specific IA profile may be related to a specific comorbidity, insulin resistance (28), we propose a model in which a cause of IA may fuel an IA profile that may favor an IA-related morbidity. To further test this hypothesis, tissue evaluation of the IA, particularly in secondary lymphoid organs, and functional assays would be necessary. According to this model, the fact that we have shown that residual viremia is associated with a marker of monocyte activation (sCD14), two markers of endothelial activation (sEPCR and tPA), and a marker of coagulation (D-dimer), three forms of activation known to favor atherothrombosis (33–35), should encourage us to search for a link between residual viremia and atherosclerosis.
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