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The incidence of syphilis has increased dramatically in men who have sex with men (MSM), especially those with HIV-1 infection. Treponema pallidum and HIV-1 are bidirectionally synergistic, accelerating disease progression reciprocally in co-infected individuals. We have shown that monocytes have different effects on T helper cells at different stages of HIV-1 infection. However, the immunological changes in the three monocyte subsets and in regulatory T cells (Tregs), and the associations between these cell types during syphilis infection among HIV-1-infected MSM remain unclear. Herein, we used cell staining methods to explore changes in monocyte subsets and Tregs and any associations between these cells. We found that the frequency of classical monocytes was higher in the rapid plasma reagin (RPR+) group than in the healthy controls (HCs) and the chronic HIV-1 infection (CHI) plus RPR+ (CHI&RPR+) group. The frequencies of Foxp3+CD25+CD45RA+ and Foxp3+Helios+CD45RA+ Tregs were significantly higher in the RPR+, CHI, and CHI&RPR+ groups than in HCs, whereas the frequency of CD45RA+ Tregs was lower in the CHI&RPR+ group than in CHI group. The frequencies of Foxp3+CD25+CD45RO+ and Foxp3+Helios+CD45RO+ Tregs were lower in the RPR+, CHI, and CHI&RPR+ groups than in HCs. The frequency of intermediate monocytes was inversely correlated with the frequency of CD45RA+ Tregs and positively correlated with the frequency of CD45RO+ Tregs. These results demonstrate for the first time that intermediate monocytes control the differentiation of Treg subsets in Treponema pallidum/HIV-1 co-infections. These findings provide new insights into an immunological mechanism involving monocytes/Tregs in HIV-infected individuals with syphilis.
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INTRODUCTION

The management of syphilis in human immunodeficiency virus type 1 (HIV-1)-infected individuals is a global challenge (1–5). HIV-1 and syphilis caused by Treponema pallidum (T. pallidum) are bidirectionally synergistic, and co-infection therefore accelerates disease progression (6, 7). Monocytes and regulatory T cells (Tregs) play key roles in regulating pathological immune responses (8–10). The immunological mechanisms involving monocytes and Tregs in T. pallidum/HIV-1 co-infection remain incompletely characterized.

Men who have sex with men (MSM) have recently been reported to account for 80% of primary and secondary syphilis diagnoses in the United States, and almost half of these diagnoses were found to be co-infected with HIV-1 (2, 11, 12). Similar findings have been reported in China, where syphilis acquisition among HIV-1-infected MSM has a prevalence between 2.7 and 18.9% (13–18). In 2012, in the United States, there was the early introduction of pre-exposure prophylaxis (PrEP) against HIV as well as the dissemination of evidence that HIV viral suppression may virtually eliminate forward HIV transmission in MSM (19). However, these factors could have led to an increase in syphilis infections or other sexually transmitted diseases such as hepatitis C virus (HCV) occurring after unprotected sex among MSM due to sexual risk compensation (11, 20–22). However, in China, clinical trials for PrEP are just beginning. In addition, HIV-1 and T. pallidum act synergistically, increasing the effects of the disease by a factor of eight for HIV and a factor of 5.6–11.4 for syphilis (23, 24). Syphilis increases the recruitment of HIV-1 susceptible inflammatory cells, such as activated macrophages and CD4+ and CD8+ T cells, to the infection site (25), leading to an increase in HIV viral load, a decrease in CD4+ T-cell counts, and high TNF-α and IL-10 levels (26). Patients with HIV-1 infection have a particularly high risk of neurosyphilis (27).

Monocytes are derived from specific hematopoietic precursors in the bone marrow, and they differentiate further into macrophages and dendritic cells (DCs) (8). In 2010, three classifications of monocyte subsets were defined as follows: classical (CD14++CD16−), intermediate (CD14++CD16+), and non-classical (CD14+CD16++) (28). We have previously shown that the frequency of intermediate monocytes and the expression of the surface marker HLA-DR on this subset are higher in individuals with acute or chronic HIV-1 infection than in healthy individuals (29). Monocytes are the cells that respond to the lipoprotein of T. pallidum, the causal agent of syphilis (30). The proportion of activated monocytes among peripheral blood mononuclear cells (PBMCs) is significantly higher in patients with neurosyphilis than in those with uncomplicated syphilis (27). However, immunological changes in the three monocyte subsets have not been investigated in HIV-1-infected individuals with syphilis.

Tregs are a critical subset of CD4+ T cells involved in the control of immune tolerance through the regulation of immune homeostasis and the limitation of immune activation (9). The nuclear transcription factor Foxp3 has been identified as a specific marker for these cells (31), which also express CD25. Khaitan et al. recently found that, compared with results when considering Foxp3+Helios+ cells to be Tregs, the traditional combination of Treg specific markers (CD25 and Foxp3) underestimates the proportion of Tregs (32), suggesting that the combination of Foxp3 and Helios may be more reliable in this context. In addition, human Tregs also have highly heterogeneous effects during HIV-1 infection. They may be beneficial, through their suppression of general T-cell activation, or detrimental, due to a weakening of HIV-1-specific responses and the contribution of these cells to viral persistence (9, 10). Human Tregs have been classified into different subsets according to their activation state, with CD45RA+ cells considered to constitute the naïve Treg subset and CD45RO+ cells defined as the effector/memory Treg subset (33). The absolute number of naïve Tregs has been shown to decrease during acute HIV-1 infection (AHI), whereas effector Treg levels decrease during AHI, with this decrease persisting during chronic HIV-1 infection (CHI) as well (34). While the immunological changes among Tregs in HIV-1 have been investigated intensively, the issue remains unresolved. It was reported that T. pallidum can modulate Treg differentiation and activity through TGF-β (35). Patients with syphilis, particularly those with neurosyphilis, have higher percentages of Tregs (36). However, few data are available concerning the changes in Foxp3+Helios+ Tregs in T. pallidum/HIV-1 co-infections.

Intermediate monocytes have been reported to control Helios+ Tregs through IL-12, whereas classical monocytes control expansion of the Helios− Treg population through TNF-α during immune thrombocytopenia (37). We have previously shown that intermediate monocyte levels were positively related to the frequency of IFN-γ and IL-4 producing CD4+ T helper cells in HIV-1-infected patients (29). We have also demonstrated that T. pallidum/HIV-1 co-infection affected the differentiation and function of γδ T cells (38). In this study, we investigated the immunological changes in the levels of monocytes and Tregs and the associations between these cell types in HIV-1-infected MSM with syphilis.

METHODS

Study Participants

We enrolled 81 participants in this study. These individuals were assigned to four groups on the basis of serologic testing and HIV-1 results, namely, the rapid plasma reagin (RPR+) group, the CHI group, the CHI&RPR+ group, and the healthy control group.

HIV-1 infection status was determined with the HIV-1/2 antigen/antibody combo enzyme immunoassay (Beijing Wantai Biological Medical Company, Beijing, China). Positive results were confirmed by western blotting for HIV-1/2 (HIV Blot 2.0 MP Diagnostics, Singapore). Participants who had been infected for more than 180 days were considered to have CHI. The diagnosis of syphilis was based on a compatible history and the results of rapid plasma regain (RPR) tests (Shanghai Kehua Company, China) and T. pallidum particle agglutination assays (TPPA) (Fujirebio Diagnostics, Inc., Japan). Patients with a latent syphilis infection are defined as those lacking clinical manifestations with the pathogen detected by serologic testing who acquired the infection within the preceding year (39). Twenty-five participants who had been diagnosed with HIV-1 infection for at least 1.5 years (median: 2.1 years, range: 1.5–2.8 years) before enrollment comprised the CHI group. None of these individuals was on ART, and all had high viral loads, low CD4+ T-cell counts, and no opportunistic infections or tumors. Seventeen individuals were seropositive in both the TPPA and RPR tests and were without symptoms; and of these individuals who had been infected for <1 year (median: 9 months, range: 5–11 months) before enrollment were defined as the RPR+ group. Sixteen participants with HIV-1 and latent syphilis co-infection comprised the CHI&RPR+ group, because they met the inclusion criteria of both the CHI and RPR+ groups. Seven individuals in the RPR+ group and 11 individuals in the CHI&RPR+ group had RPR titers ≥1:8 (30). Five individuals in the RPR+ group and seven individuals in the CHI&RPR+ group received benzathine treatment for syphilis before their enrollment in this study. Twenty-three HIV-negative MSM with negative results in both the TPPA and RPR tests were included in the study as healthy controls. None of the study participants was co-infected with hepatitis B virus/hepatitis C virus, had any other comorbid condition, opportunistic infections, tuberculosis, or autoimmune diseases, and or was a drug user. All of groups were matched for age. The characteristics of the subjects are presented in Table 1.


Table 1. Characteristics of the participants enrolled in this study.
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Cell Surface and Intracellular Cytokine Staining

Cell surface and intracellular cytokine staining were performed as previously described (29). Monocyte phenotypes were analyzed by staining with anti-CD14-FITC (eBioscience), anti-CD16-PE (eBioscience), and anti-HLA-DR-eFluor® 450 (eBioscience) antibodies. For the intracellular staining of Foxp3+Helios+ Treg cells, we initially stained the cells for surface markers using the following antibodies: anti-CD4-PerCP-cyanine 5.5 (eBioscience), anti-human CD45RO-APC-eFluor® 780 (eBioscience), anti-human CD45RA-eFluor® 450 (eBioscience), and anti-human CD25-PE-Cy7 (eBioscience Inc., San Diego, CA). Cells were then fixed and permeabilized with the Foxp3 transcription factor staining buffer set, according to the manufacturer's instructions (eBioscience Inc., San Diego, CA), and the cells were then incubated with anti-Foxp3-PE (eBioscience) and anti-Helios APC (eBioscience Inc. San Diego CA) antibodies.

CD4+ T-Cell Count and Viral Load

Routine blood CD4+ T-cell counts (cells/μl) were measured by four-color flow cytometry with human monoclonal anti-CD4-APC, anti-CD3-FITC, anti-CD8-PE and anti-CD45-PerCP antibodies (BD MultitestTM, catalog No. 340499) on peripheral whole-blood samples from each patient according to the manufacturer's instructions. The cells were analyzed on a BD FACS CantoTM II flow cytometry system (BD Biosciences, San Jose, CA).

HIV-1 viral load was determined with an automated real-time PCR-based m2000 system (Abbott Molecular Inc., Des Plaines, IL) in accordance with the manufacturer's instructions with a limit of detection of 40 copies/ml.

Statistical Analysis

Data are expressed as the mean ± standard deviation (SD). We used ANOVA, the Student's t-test, or non-parametric tests for statistical analyses. All the reported p-values are for two-tailed tests, with the results considered significant if p < 0.05. Spearman's rank correlation analyses were performed to assess relationships between two variables. Correlation matrices were displayed as schematic correlograms (40). Statistical analysis was performed with GraphPad Prism software version 5.03 (GraphPad Software, San Diego, California, USA).

RESULTS

Characteristics of the Participants

The following four groups of participants were enrolled in this study: 17 RPR+, 25 CHI, 16 CHI&RPR+, and 23 HC participants. Data on participants' age, viral load, CD4+ T-cell counts, and RPR titer are presented in Table 1. The four groups of participants were matched for age. The mean of CD4+ T-cell counts in the HC and RPR+ groups were higher than those in the CHI and CHI&RPR+ groups (p < 0.01). RPR titer did not differ significantly between the RPR+ and CHI& RPR+ groups.

Alterations of the Three Monocyte Subsets and Their HLA-DR Expression During T. pallidum/HIV-1 Co-infection

The gating strategy used for monocyte subsets is shown in Figure 1A. The frequency of classical monocytes was higher in the RPR+ group and lower in the CHI group than in the HCs, and was lower in the CHI&RPR+ group than in the RPR+ group (Figure 1B). The frequency of intermediate monocytes was lower in the RPR+ group and higher in the CHI group than in the HCs, and the frequency of intermediate monocytes in the CHI&RPR+ group was higher than that in the RPR+ group (Figure 1C). Regarding the non-classical monocytes, there were no differences among the four groups (Figure 1D). Furthermore, we characterized the altered expression of HLA-DR on the three monocyte subsets. On classical monocytes, the expression of the activation marker HLA-DR was higher in the CHI groups than in the HCs (Figure 1E), but on the intermediate and non-classical monocyte subsets, this marker was significantly higher in the CHI and CHI&RPR+ groups than in the HC and RPR+ groups (all p < 0.05, Figures 1F,G).
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FIGURE 1. The alterations of the three monocyte subsets and their HLA-DR expression during T. pallidum/HIV-1 co-infection. (A) The gating strategy used for analysis of the classical CD14++CD16−, intermediate CD14++CD16+, and non-classical CD14+CD16++ monocyte subsets is indicated. The frequencies of CD14++CD16− (B), CD14++CD16+ (C), and CD14+CD16++ (D) monocytes and the MFI values for surface HLA-DR expression on the CD14++CD16− (E), CD14++CD16+ (F), and CD14+CD16++ (G) monocytes were analyzed by flow cytometry in healthy controls (HCs), patients with syphilis infection (RPR+), patients with chronic HIV-1 infection (CHI), and patients with T. pallidum/HIV-1 co-infection (CHI&RPR+). Significance was assessed by calculating p-values using ANOVA, Student's t-tests, or Mann–Whitney U-tests, with values of p < 0.05 considered significant.



Immunological Changes in Foxp3+Helios+ and Foxp3+CD25+ Tregs During T. pallidum/HIV-1 Co-infection

The strategy for gating Foxp3+Helios+ Tregs and Foxp3+CD25+ Tregs from CD4+ T cells is presented in Figure 2A. We found that the frequency of Foxp3+Helios+ Tregs was higher than that of Foxp3+CD25+ Tregs in each group as shown in Figures 2B–G. The frequencies of Foxp3+CD25+ and Foxp3+Helios+ Tregs were significantly higher in the CHI groups than in the RPR+ group (Figures 2B,C). The frequency of Foxp3+Helios+ Tregs was inversely correlated with CD4+ T-cell counts in the CHI group (Figure 2H).
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FIGURE 2. Immunological changes in Foxp3+Helios+ and Foxp3+CD25+ Tregs during T. pallidum/HIV-1 co-infection. The gating strategy for the analysis of Foxp3+CD25+ and Foxp3+Helios+ (A) cells is indicated. The frequencies of Foxp3+CD25+ Treg cells (B) and Foxp3+Helios+ Treg cells (C) were analyzed by flow cytometry in the HC, RPR+, CHI, and CHI&RPR+ groups. Frequencies of Foxp3+CD25+CD45RA+ Treg cells (D), Foxp3+Helios+CD45RA+ Treg cells (E), Foxp3+CD25+CD45RO+ Tregs (F), and Foxp3+Helios+CD45RO+ Tregs (G) were analyzed by flow cytometry in the HC, RPR+, CHI, and CHI&RPR+ groups. The correlations between the CD4+ T-cell counts and the frequencies of Foxp3+Helios+ Treg cells (H) and Foxp3+Helios+CD45RO+ cells (I) in the CHI group were evaluated with Spearman's rank correlation test. Significance was assessed by calculating p-values using ANOVA, Student's t-tests, or Mann–Whitney U-tests, with values of p < 0.05 considered significant.



We further separated Tregs into Foxp3+CD45RA+ naïve Tregs and Foxp3+CD45RO+ memory Tregs. The frequency of Foxp3+CD25+CD45RA+ Tregs was higher in the RPR+, CHI and CHI&RPR+ groups than in HCs and was higher in the CHI group than in the CHI&RPR+ group (Figure 2D). Similar results were also observed regarding the frequencies of Foxp3+Helios+CD45RA+ Tregs in the four groups (Figure 2E). In addition, the frequency of Foxp3+CD25+CD45RO+ Tregs was significantly lower in the CHI&RPR+ and CHI groups than in HCs (Figure 2F), and similar lower frequencies were also observed for Foxp3+Helios+CD45RO+ Tregs within the RPR+, CHI, and CHI&RPR+ groups than in HCs (Figure 2G). The frequency of Foxp3+Helios+CD45RO+ Treg cells was inversely correlated with CD4+ T-cell counts in the CHI group (Figure 2I).

Correlation Between Monocyte Subsets and Foxp3+ Tregs During T. pallidum/HIV-1 Co-infection

We found that the frequency of intermediate monocytes was inversely correlated with the frequency of Foxp3+CD25+CD45RA+ Tregs and Foxp3+Helios+CD45RA+ Tregs in the CHI group (Figure 3A) and the CHI&RPR+ group (Figure 3B). In contrast to the frequency of CD45RA+ Tregs, the frequency of intermediate monocytes was positively correlated with the frequency of Foxp3+CD25+CD45RO+ Tregs and Foxp3+Helios+CD45RO+ Tregs in the CHI group (Figure 3A) and the CHI&RPR+ group (Figure 3B). These data suggest that intermediate monocytes control the differentiation of Treg subsets during HIV-1 infection alone and in combination with T. pallidum co-infection.
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FIGURE 3. Correlations between monocyte subsets and Foxp3+ Tregs during T. pallidum/HIV-1 co-infection. Monocyte subset frequencies were correlated with Foxp3+ Treg cell frequencies from patients. (A) The subset of CD14++CD16+ monocytes (CHI) correlated positively with the Foxp3+CD25+CD45RO+ and Foxp3+Helios+CD45RO+ Treg subsets and negatively with the Foxp3+CD25+CD45RA+ and Foxp3+Helios+CD45RA+ subsets; (B) The subset of CD14++CD16+ monocytes (CHI&RPR+) also correlated positively with the Foxp3+CD25+CD45RO+ and Foxp3+Helios+CD45RO+ Treg subsets and negatively with the Foxp3+CD25+CD45RA+ and Foxp3+Helios+CD45RA+ subsets. The blue and red colors represent positive and negative correlations, respectively, between the CD14++CD16+ monocyte subset levels and Foxp3+ Treg cell levels in the CHI and CHI&RPR+ groups. The darker and more saturated the color, the greater the magnitude of the correlation. Correlation matrices were displayed as schematic correlograms (40).



DISCUSSION

In this study, we evaluated the phenotypic and immunological changes in three monocyte subsets and Tregs and explored the associations between these cell types during T. pallidum/HIV-1 co-infection. We found that the frequency of classical monocytes increased during syphilis infection. We also found that the naïve Treg population expanded during HIV-1 or syphilis infection alone and during T. pallidum/HIV-1 co-infection, whereas the memory Treg population decreased in size. The frequency of naïve Tregs was lower during HIV-1 infection than during T. pallidum/HIV-1 co-infection but was still higher than that observed during syphilis infection. Furthermore, during HIV-1 infection and T. pallidum/HIV-1 co-infection, the frequency of intermediate monocytes was inversely correlated with the frequency of naïve Tregs but positively correlated with the frequency of memory Tregs.

The levels of monocytes and Tregs and their associations changed during T. pallidum/HIV-1 co-infection. Classical monocytes clear pathogens by phagocytosis in the early stages of syphilis. The expansion of the naïve Treg population and the decrease in the memory Treg population may reflect the hyperactivation, inflammatory response, and dominant cell depletion observed in HIV-1 and syphilis infections separately and in T. pallidum/HIV-1 co-infection. The three monocyte subsets were found to have different effects on Treg-cell differentiation in HIV-1 infection and T. pallidum/HIV-1 co-infection. Clarification of the ways in which monocyte subsets influence adaptive responses may therefore make it possible to boost or prevent pathological effects during HIV-1 infection and T. pallidum/HIV-1 co-infection.

Monocytes have many immunological functions linked to the innate and adaptive immune systems. Classical monocytes are mostly involved in phagocytosis to prevent pathogen invasion, whereas intermediate monocytes are principally involved in antigen presentation and inflammatory responses, and non-classical monocytes are mostly involved in immune surveillance (41). T. pallidum contains abundant lipoproteins, which can activate macrophages and DCs through Toll-like receptor (TLR) 2-dependent signaling pathways (3). Although T. pallidum expresses abundant lipoproteins, these molecules reside predominantly below the surface of this pathogen (3). As a result, these molecules are not readily accessible to TLRs or other pattern recognition receptors (PRRs) present on monocytes/macrophages or DCs (30). Classical monocytes play an important role in the progression of the immune response. They are recruited within the first few hours of infection. On arrival, they exert an immediate and potent immune response by producing high levels of pro-inflammatory cytokines and IL-18 to activate NK cells (42). We found that, contrary to what is observed during HIV-1 infection, the frequency of classical monocytes increased during the early stages of syphilis infection, with the host immune system defending the host against T. pallidum through phagocytosis and cell-mediated immune responses (35).

Tregs originate from the thymus and differentiate into naïve Tregs in the peripheral blood. Following stimulation with an external antigen, naïve Tregs further differentiate into memory Tregs. Tregs can inhibit the immune response, allowing HIV-1 (10) and T. pallidum (35) to escape host immune defenses, resulting in the development of chronic disease. In syphilis patients, Tregs are induced and regulated by the secretion of cytokines elicited by T. pallidum and other pathways (35). Treg percentages and suppressive functions in the peripheral blood have been shown to be significantly higher in syphilis patients than in HCs at an early stage of infection (36). The Foxp3+Helios+CD45RA+ and Foxp3+CD25+CD45RA+ Treg populations expanded during syphilis and during T. pallidum/HIV-1 co-infection. This expansion may reflect enhanced Treg generation in the thymus (43) or increases in Treg survival (10). The frequencies of Foxp3+Helios+CD45RA+ and Foxp3+CD25+CD45RA+ Tregs were lower during T. pallidum/HIV-1 co-infection than during infection with HIV-1 alone. The resulting lower level of immune suppression may contribute to inappropriate or exaggerated immune activation, leading to immune-mediated tissue damage. Greater expansion of the naïve Treg population is associated with disease progression (44). Significant decreases in the absolute numbers of Foxp3+CD25+CD45RO+ Treg cells have been reported in patients with acute and chronic HIV infection (34). Foxp3+Helios+CD45RO+ Treg cells and Foxp3+CD25+CD45RO+ Treg cells were depleted relative to HCs in patients with HIV-1 infection and/or syphilis. Memory Treg depletion appears to occur early in HIV-1 infection and persists during the chronic phase of the infection, presumably reflecting a preferential loss of the memory Treg subset (9). An impairment of memory Treg homeostasis has been reported early in HIV-1 infection (34). The lower frequency of memory Tregs during HIV-1 infection and/or syphilis indicates a lower level of specific T-cell inhibition, which may be beneficial in the fight against pathogens.

DCs are derived from monocytes and are professional antigen-presenting cells (APCs) that are more likely to induce Tregs in HIV-1-infected individuals than in HCs (45). DCs activate T cells by integrating multiple signals, including antigen, costimulatory molecule, cytokines, and chemokines (46). Nguyen et al. found that serum amyloid A induced regulatory T cells through monocyte activation by mitogen signals, with IL-1β and IL-6 directly involved in the serum amyloid A (SAA)-mediated proliferation of Tregs (47). In syphilis patients, TpF1 promotes the release of IL-10 and TGF-β from monocytes, potentially driving Treg cell differentiation (35). In the CHI and CHI&RPR+ groups in our study, the frequency of intermediate monocytes was inversely correlated with the frequency of CD45RA+ Tregs but was positively correlated with the frequency of CD45RO+ Tregs. This finding suggests that intermediate monocytes control the differentiation of Treg subsets during HIV-1 infection and T. pallidum/HIV-1 co-infection.

One limitation of the study is that we only evaluated the association between monocyte subsets and Foxp3+ Tregs during T. pallidum/HIV-1 co-infection by phenotyping. It would be better to use fresh samples from the same individuals to perform monocyte and Treg co-culture experiments, which could provide clues regarding possible mechanisms. However, according to the “Chinese Guidelines for the Use of Antiretroviral Agents in HIV-1-Infected Adults and Adolescents (Version 2018)” (48), HIV-1-infected individuals should be treated immediately once confirmed, and the viral loads of most of the HIV-1-infected patients will become undetectable. Currently, it is not very easy to obtain enough fresh samples from patients co-infected with T. pallidum/HIV-1 (with high viral loads). However, it will be worthwhile for further studies to investigate the mechanisms of immunological changes in monocyte subsets and their associations with Foxp3+ regulatory T cells in T. pallidum/HIV-1-infected individuals, and a larger number of these individuals will be required to do so.

Taken together, our results for the first time explore the immunological changes in monocyte and Treg subsets in HIV-infected individuals with syphilis. We also analyzed the association between intermediate monocytes and Treg subsets. Our findings shed new light on the immunological mechanisms underlying T. pallidum/HIV-1 co-infection, which will provide important information for the development of effective prevention and intervention strategies.
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