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Greater understanding of factors influencing the maturation of antibody responses against pneumococcal polysaccharides (PcPs) may improve pneumococcal vaccination strategies. Although PcPs are type 2 T cell-independent antigens thought not to induce follicular immune responses, we have previously shown that IgG2 antibody responses against antigens in the 23-valent unconjugated PcP vaccine (PPV23) are associated with expansion of ICOS+ circulating T follicular helper (cTFH) cells in HIV seronegative subjects but not HIV patients. As IL-7Rα signaling in CD4+ T cells may affect TFH cell function and is adversely affected by HIV-1 infection, we have examined the relationship of IL-7Rα expression on ICOS+ cTFH cells with PcP-specific IgG2 antibody responses. PPV23 vaccination was undertaken in HIV patients receiving antiretroviral therapy (n = 25) and HIV seronegative subjects (n = 20). IL-7Rα expression on ICOS+ and ICOS− cTFH cells was assessed at day(D) 0, 7, and 28. Fold increase between D0 and D28 in serum IgG1 and IgG2 antibodies to PcP serotypes 4, 6B, 9V, and 14 and the frequency of IgG1+ and IgG2+ antibody secreting cells (ASCs) at D7 were also assessed. Decline in IL-7Rα expression on ICOS+ cTFH cells between D0 and D7 occurred in 75% of HIV seronegative subjects and 60% of HIV patients (Group A), with changes in IL-7Rα expression being more pronounced in HIV patients. Group A patients exhibited abnormally high IL-7Rα expression pre-vaccination, an association of serum IgG2, but not IgG1, antibody responses with a decline of IL-7Rα expression on ICOS+ cTFH cells between D0 and D7, and an association of higher IgG2+ ASCs with lower IL-7Rα expression on ICOS+ cTFH cells at D7. As decline of IL-7Rα expression on CD4+ T cells is an indicator of IL-7Rα signaling, our findings suggest that utilization of IL-7 by cTFH cells affects production of IgG2 antibodies to PPV23 antigens in some HIV patients.
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INTRODUCTION

Although the immunogenicity of pneumococcal vaccines is increased by protein conjugation of pneumococcal polysaccharides (PcPs), leading to recruitment of T cell “help” (1), strategies for enhancing IgG antibody production and the generation of memory B cells (MBCs) are still needed. This is particularly so for people at greatest risk of pneumococcal disease, including patients with human immunodeficiency virus (HIV) infection treated with antiretroviral therapy (ART). While the 13-valent conjugated pneumococcal vaccine (PCV13) is more effective than the 23-valent unconjugated pneumococcal vaccine (PPV23) in HIV patients, IgG antibody responses are lower than in HIV seronegative subjects (2, 3). Furthermore, PCV13 does not provide the breadth of pneumococcal serotype coverage that PPV23 does and current recommendations are to vaccinate with PCV13 followed by PPV23 (4).

Pneumococcal polysaccharides are type 2 T-independent (TI-2) antigens, which can induce antibodies without T cell help (5). T cell-independent antibody responses consist predominantly of IgM antibodies and, furthermore, vaccination with PcPs induces predominantly IgM+ memory B cells (MBCs) (6). It is generally considered that these characteristics reflect production of PcP-specific antibodies and MBCs at extrafollicular sites. However, in addition to IgM antibodies, IgG antibodies and particularly those of the IgG2 subclass are an important component of opsonophagocytic antibody responses against pneumococcal polysaccharides (7). Indeed, IgG2 deficiency is associated with an increased susceptibility to infections of the respiratory tract by encapsulated bacteria, including pneumococci (8, 9).

Plasma cells producing IgG2 antibodies are derived from IgG+ MBCs (10, 11) and analyses of VDJ gene mutation levels and the degree of somatic hypermutation (SHM) within immunoglobulin genes of these cells suggest that they differentiate in germinal center (GC) reactions, particularly secondary GC reactions (10, 12). IgM+ MBCs also express transcripts of IGHG2 and surface IgG2 when activated by neutrophils, but it is unclear if they differentiate directly into IgG2+ antibody secreting cells (ASCs) or following entry into GCs (13). We have previously shown that vaccination with PPV23 is associated with increased frequencies of circulating follicular helper T (cTFH) cells expressing inducible co-stimulator (ICOS) (ICOS+ cTFH cells) (14). We have also shown that the frequencies of ICOS+ cTFH cells correlated with IgG1+ and particularly IgG2+ ASCs at D7 post-vaccination in HIV seronegative subjects but not HIV patients (14). As ICOS+ cTFH cells represent the circulating counterpart of activated follicular helper T (TFH) cells (15, 16), which are critical for GC reactions and may affect vaccine-induced antibody responses (17), we have proposed that GC reactions might contribute to the maturation of PcP vaccine-induced antibody responses and are impaired in patients with treated HIV-1 infection because of lymph node fibrosis (14).

In humans, terminal differentiation of TFH cells is marked by loss of interleukin-7 receptor alpha (IL-7Rα; CD127) expression (18). As IL-7Rα expression on murine TFH cells may influence vaccine-induced antibody responses (19, 20), it is possible that IL-7 binding to IL-7Rα on ICOS+ cTFH cells may contribute to the regulation of IgG2 antibody production after PPV23 vaccination in humans. The receptor for IL-7 is a heterodimer of the α subunit (IL-7Rα) and the cytokine receptor common γ chain (γc). On IL-7 binding, heterodimerization of IL-7Rα and γc (CD132) activates the Jak/STAT signaling pathway (21) and downregulation of IL-7Rα expression by decreasing its gene expression (22). IL-7Rα is highly expressed on naive and central memory T-cells and downregulated when activated by antigens (23). The frequency of cTFH cells (CD4+CD45RO+CXCR5+) expressing IL-7Rα and the level of receptor expression are similar in ART-treated HIV patients and HIV seronegative subjects (24). However, HIV patients may exhibit defects of IL-7Rα signaling in CD4+ T cells that are not related to the amount of receptor expression (25) and some ART-treated HIV patients continue to exhibit decreased IL-7Rα signaling in CD4+ T cells (26).

To investigate the relationship between cTFH cell function and PcP-specific IgG2 antibody responses, we have examined IL-7Rα expression on ICOS+ cTFH cells before and after PPV23 vaccination and related findings to the increase in frequency of ICOS+ cTFH cells, fold-increase in serum IgG1 and IgG2 PcP antibody levels and IgG1+ and IgG2+ PcP-specific ASCs after vaccination of ART-treated HIV patients and HIV seronegative subjects. We report the novel finding that production of PcP-specific IgG2 antibodies in ART-treated HIV patients was associated with abnormally high IL-7Rα expression on ICOS+ cTFH cells at D0 and a decline of IL-7Rα expression on ICOS+ cTFH cells between D0 and D7.

METHODS

Study Participants

HIV patients receiving ART (n = 25) and age-matched HIV-seronegative subjects (n = 20) were recruited to the study if they had not previously received a pneumococcal vaccine. All participants were >18 years old and HIV patients were attending clinics in Perth or Sydney. The HIV patients were subsequently separated into two groups based on whether IL-7Rα expression on ICOS+ cTFH cells at day 7 was decreased (Group A) or not (Group B) (see later). Demographic and clinical data are described in Supplementary Table 1. Study participants were vaccinated with 0.5 mL PPV23 (PneumovaxTM, Merck, Sharp, and Dohme, Whitehouse Station, NJ, USA). Informed written consent was obtained from all participants and the study was approved by the Human Research Ethics Committees of Royal Perth Hospital, Perth, Australia (2011/027), the University of Western Australia, Perth, Australia (RA/4/1/4871) and Prince of Wales Hospital, Sydney, Australia (11/020).

Processing of Blood Samples

Blood was collected before vaccination (D0), and 1 week (range 7–8 days, D7) and 4 weeks (range 28–37 days, D28) after vaccination. Serum and PBMC isolated by density separation were cryopreserved until analysis. Whole blood CD4+ T cell counts were assayed in laboratories accredited by the National Association of Testing Authorities, Australia.

Expression of IL-7Rα on ICOS+ and ICOS− cTFH Cells

Thawed PBMC were stained with CD3-V450 (clone UCHT1), CD4-FITC (clone RPA-T4), CD27-BV510 (L128), CXCR5-BV421 (RF8B2), ICOS-PerCp-Cy5.5 (DX29), PD-1-APC (MIH4), CD45RA-APC-H7 (HI100), and IL-7Rα-PerCp-Cy5.5 (HIL-7R-M21) (BD Biosciences, San Jose, CA) for 20 min, washed and re-suspended in PBS with 1% BSA. Analyses were performed using a FACS Canto II cytometer (BD Biosciences). A minimum of 200,000 CD4 events was acquired for each sample. Data was visualized using FlowJo software (V10, Tree Star, Ashland, OR). The gating strategy used to identify ICOS+ cTFH cell populations has been previously described (14). IL-7Rα expression was assessed as the median fluorescence intensity (MFI) of expression on ICOS+ cTFH cells (Figure 1A).
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FIGURE 1. IL-7Rα expression on ICOS+ cTFH cells at D0, D7, and D28 of vaccination with PPV23 in HIV patients and HIV seronegative subjects. (A) Representative histogram plots demonstrating IL-7Rα expression at D0 and D7 in a treated HIV Group A (left panel) and HIV Group B patient (middle panel) and an HIV seronegative subject (right panel). (B) Comparison of IL-7Rα expression on ICOS+ cTFH of HIV patients and HIV seronegative subjects. (C) IL-7Rα expression on ICOS+ cTFH cells of HIV seronegative subjects and (D) IL-7Rα expression on ICOS+ cTFH cells of ART-treated HIV patients. Horizontal lines represent medians with ranges. Differences between groups were assessed using Mann-Whitney test. Differences between time-points were assessed using Wilcoxon signed-rank test. n.s., not significant and p < 0.05, significant.



Assays for PcP-Specific IgG1+ and IgG2+ ASCs and Serum Antibodies

ELISpot assays to enumerate IgG1+ and IgG2+ ASCs in cryopreserved PBMC, and ELISAs to quantitate serum IgG1 and IgG2 antibodies specific for PcP serotypes 4, 6B, 9V, and 14, were undertaken as previously described (14).

Statistical Analyses

Differences in baseline characteristics between groups were tested using Mann Whitney U-test or Fisher's exact test as appropriate. Correlation coefficients between variables were evaluated by the non-parametric Spearman's rank correlation test. Non-parametric tests (Wilcoxon signed rank test for within group and Mann Whitney for between groups) were performed for all other comparisons. Statistical analyses were performed using Prism Version 5.04 software (GraphPad). For all tests, p < 0.05 was considered significant.

RESULTS

IL-7Rα Expression on ICOS+ cTFH Cells Declined Between D0 and D7 of Vaccination in a Proportion of HIV Patients and HIV Seronegative Subjects

Expression levels (MFI) of IL-7Rα were examined on ICOS+ cTFH cells of HIV seronegative subjects and ART-treated HIV patients at D0, D7, and D28 after vaccination with PPV23 (Figure 1). Expression of IL-7Rα on ICOS+ cTFH cells before vaccination in HIV patients was not different from HIV seronegative subjects (Figure 1B). In contrast, IL-7Rα expression on ICOS+ cTFH cells was higher and much more variable in HIV patients than HIV seronegative subjects at D7 (Figure 1B). There was no difference at D28.

We next examined change in IL-7Rα expression on ICOS+ cTFH cells between D0 and D7. In HIV seronegative subjects, IL-7Rα expression declined between D0 and D7 in the total group (p = 0.04, Figure 1C) but only 15 of the 20 subjects (75%) exhibited a decline. In HIV patients, there was not a statistically significant difference in change of IL-7Rα expression on ICOS+ cTFH cells between D0 and D7 (Figure 1D) and similar to HIV seronegative subjects, 15 of 25 HIV patients (60%) exhibited a decline in IL-7Rα expression on ICOS+ cTFH cells between D0 and D7. However, both decline and increase of IL-7Rα expression were more pronounced in HIV patients compared with HIV seronegative subjects. We therefore examined patients exhibiting a decline (referred to as Group A, n = 15) or no decline (Group B, n = 10) in IL-7Rα expression separately (Figure 2A). Notably, the pattern of change in IL-7Rα expression in Group A and B patients persisted at day D28 (Figures 2B, C).
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FIGURE 2. Definition and characterization of Group A and Group B HIV patients. (A) Change in IL-7Rα expression on ICOS+ cTFH cells from D0 to D7 defined Group A (n = 15) and Group B (n = 10) HIV patients, which were compared with HIV seronegative subjects (n = 20). (B) IL-7Rα expression on ICOS+ cTFH cells of Group A HIV patients at D0, D7, and D28. (C) IL-7Rα expression on ICOS+ cTFH cells of Group B HIV patients at D0, D7, and D28. (D) Comparison of IL-7Rα expression on ICOS+ cTFH cells at D0 in Group A and Group B HIV patients and HIV seronegative subjects. Horizontal lines represent medians with ranges. Differences between time-points were assessed using Wilcoxon signed-rank tests. Differences between groups were assessed using Mann-Whitney test. n.s., not significant and p < 0.05, significant.



To compare the two subgroups of HIV patients, we examined IL-7Rα expression on ICOS+ cTFH cells at D0, also examining this in HIV seronegative subjects. ICOS+ cTFH cells of Group A HIV patients expressed more IL-7Rα compared to HIV Group B patients and HIV seronegative subjects (p = 0.001 and p = 0.004, respectively, Figure 2D), who did not differ from each other (Figure 2D). In addition, ASC production after vaccination was compared in the three study groups (Figure 3) and demonstrated that Group A HIV patients exhibited higher IgG2+ ASCs for all four PcP serotypes compared with Group B HIV patients, though both groups had lower values than HIV seronegative subjects, as previously reported (14). There were no differences between Group A and Group B HIV patients for IgG1+ ASCs at D7 (Supplementary Figure 1).
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FIGURE 3. PcP serotype specific IgG2+ ASC in Group A HIV patients, Group B HIV patients, and HIV seronegative subjects at D7 post-vaccination with PPV23. (A) PcP serotype 4. (B) PcP serotype 6B. (C) PcP serotype 9V. (D) PcP serotype 14. Differences between groups were assessed using Mann-Whitney test. n.s., not significant and p < 0.05, significant. IgG2+ ASC values of 0 were given a value of 0.1 for analysis of data on a log scale.



Interestingly, IL-7Rα expression on ICOS− cTFH cells of HIV seronegative subjects was higher at D28 compared to D0 and D7 (p = 0.02 and p = 0.01), respectively, whereas there was no change in HIV patients (Supplementary Figure 2).

Expansion of ICOS+ cTFH Cells Between D0 and D7 in HIV Seronegative Subjects Was Associated With Lower IL-7Rα Expression on ICOS+ cTFH Cells at D0 or a Decline of IL-7Rα Expression Between D0 and D7

To examine functional correlates of IL-7Rα expression on ICOS+ cTFH cells at D0 and change in IL-7Rα expression between D0 and D7, we correlated these parameters with the change in frequency of ICOS+ cTFH cells between D0 and D7 in HIV seronegative subjects because we have previously shown that PcP-specific IgG2 antibody responses are associated with expansion of ICOS+ cTFH cells between D0 and D7 in HIV seronegative subjects but not HIV patients (14). As shown in Figure 4A, change in frequency of ICOS+ cTFH cells between D0 and D7 inversely correlated with IL-7Rα expression on ICOS+ cTFH cells at D0 (R = −0.55, p = 0.02; Figure 4A) but positively with change in IL-7Rα expression between D0 and D7 (R = 0.61, p = 0.006, Figure 4B). Furthermore, change in IL-7Rα expression between D0 and D7 inversely correlated with IL-7Rα expression at D0 (R = −0.71, p = 0.0006; Figure 4C), indicating that decline in IL-7Rα expression on ICOS+ cTFH cells was greatest in subjects with the highest IL-7Rα expression at D0. Thus, expansion of ICOS+ cTFH cells after vaccination was associated with lower IL-7Rα expression on ICOS+ cTFH cells at D0 or a greater decline in IL-7Rα expression between D0 and D7.


[image: image]

FIGURE 4. Correlations of change in frequency of ICOS+ cTFH cells between D0 and D7 with level of IL-7Rα expression on ICOS+ cTFH cells at D0 or change in IL-7Rα expression between D0 and D7. (A) Change in frequency of ICOS+ cTFH cells between D0 and D7 inversely correlated with the level of IL-7Rα expression on ICOS+ cTFH cells at D0. (B) Change in frequency of ICOS+ cTFH cells between D0 and D7 positively correlated with change in IL-7Rα expression on ICOS+ cTFH cells between D0 and D7. (C) Change in IL-7Rα expression between D0 and D7 inversely correlated with IL-7Rα expression at D0. Data were analyzed using Spearman's rank correlation test.



Decline in IL-7Rα Expression on ICOS+ cTFH Cells of Group A Patients Was Associated With Higher Nadir and Current CD4+ T-Cell Counts

Current and nadir CD4+ T-cell counts did not differ between Group A and Group B HIV patients (p = 0.71 and p = 0.26, respectively; data not shown). However, in Group A HIV patients only, decline in IL-7Rα expression (D7–D0) on ICOS+ cTFH cells negatively correlated with both nadir (R = −0.53, p = 0.04) and current (R = −0.48, p = 0.08) CD4+ T-cell counts (data not shown). Thus, the greatest decline of IL-7Rα expression was observed in patients with the highest nadir and current CD4+ T-cell counts.

Serum PcP-Specific IgG2 Antibody Responses Were Associated With a Decline in IL-7Rα Expression on ICOS+ cTFH Cells in Group A HIV Patients

We next investigated the relationship between change in IL-7Rα expression on ICOS+ cTFH cells between D0 and D7 and fold-change in serum PcP-specific IgG1 and IgG2 antibody levels between D0 and D28 in both groups of HIV patients and HIV seronegative subjects. In Group A HIV patients, fold-increase in IgG2 antibodies to PcP serotypes 4, 6B, and 9V inversely correlated with change in IL-7Rα expression on ICOS+ cTFH cells (R = −0.58 to 0.77, p ≤ 0.03; Figures 5). In contrast, there were no correlations in Group B HIV patients or HIV seronegative subjects. Furthermore, there were no correlations between fold-increase in serum IgG1 PcP-specific antibodies and change in IL-7Rα expression on ICOS+ cTFH cells in any group (data not shown).
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FIGURE 5. Change in expression of IL-7Rα on ICOS+ cTFH cells between D0 and D7 inversely correlated with fold-increase (between D0 and D28) in serum levels of PcP serotype-specific IgG2 antibodies in Group A HIV patients. (A) PcP serotype 4. (B) PcP serotype 6B. (C) PcP serotype 9V. (D) PcP serotype 14. Data were analyzed using Spearman's rank correlation test.



Lower IL-7Rα Expression on ICOS+ cTFH Cells Was Associated With Higher IgG2+ ASC Frequencies at D7 in Group A HIV Patients

Further evidence of a relationship between IL-7Rα expression on ICOS+ cTFH cells and PcP-specific IgG2 antibody responses was provided by examining ASCs at D7. Change in IL-7Rα expression on ICOS+ cTFH cells between D0 and D7 did not correlate with ASCs at D7 in either HIV patient group. However, in Group A HIV patients, the frequency of IgG2+ ASCs for all 4 PcPs inversely correlated with IL-7Rα expression on ICOS+ cTFH (R ≥ −0.49, p≤0.07; Figure 6). Thus, a higher frequency of IgG2+ ASCs was associated with lower expression of IL-7Rα on ICOS+ cTFH cells at D7. In contrast, the frequency of IgG2+ ASCs did not correlate with IL-7Rα expression on ICOS+ cTFH cells at D7 in HIV Group B patients to 3 of 4 PcPs (R ≥ −0.21, p ≥ 0.09; data not shown) or HIV seronegative subjects (R ≤ −0.03, p ≥ 0.87; data not shown). Of note, IL-7Rα expression on ICOS+ cTFH cells at D7 did not correlate with IgG1+ ASCs in any group (data not shown).
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FIGURE 6. Expression of IL-7Rα on ICOS+ cTFH cells at D7 correlated inversely with IgG2+ ASC at D7 following PPV23 vaccination in HIV Group A patients. (A) PcP serotype 4. (B) PcP serotype 6B. (C) PcP serotype 9V. (D) PcP serotype 14. Data were analyzed using Spearman's rank correlation test.



DISCUSSION

We have demonstrated that 75% of HIV seronegative subjects and 60% of ART-treated HIV patients exhibited a decline in IL-7Rα expression on ICOS+ cTFH cells, the activated subpopulation of cTFH cells (15, 16), between D0 and D7 of vaccination with PPV23. Decline in IL-7Rα expression, as well as increased IL-7Rα expression, was more pronounced in HIV patients. Amongst HIV patients who exhibited a decline in IL-7Rα expression on ICOS+ cTFH cells (Group A), a greater decline in IL-7Rα expression on ICOS+ cTFH cells between D0 and D7 was associated with higher serum IgG2 but not IgG1 PcP-specific antibody responses. In contrast, IgG2 antibody responses were not related to change in IL-7Rα expression on ICOS+ cTFH cells between D0 and D7 in HIV patients who did not exhibit a decline in IL-7Rα expression on ICOS+ cTFH cells (Group B), who were different to Group A HIV patients in several regards. Interestingly, HIV seronegative subjects also did not exhibit an association of decline in IL-7Rα expression on ICOS+ cTFH cells between D0 and D7 with IgG2 PcP-specific antibody responses, even though we demonstrated a relationship with expansion of ICOS+ cTFH cells between D0 and D7 (Figure 4B). We suggest that this reflected the smaller dynamic range of values for change of IL-7Rα expression on ICOS+ cTFH cells, compared with HIV patients (Figure 2A), reducing the power of correlation analyses for antibody responses.

As loss of IL-7Rα expression is indicative of the terminal differentiation of TFH cells (18) and binding of IL-7 to the IL-7R causes downregulation of IL-7Rα expression (22), our interpretation of these findings is that PcP-specific IgG2 antibody responses are associated with expansion of ICOS+ cTFH cells (14) that have undergone differentiation and/or utilized IL-7. In support of this proposal, we also demonstrated that expansion of ICOS+ cTFH cells after vaccination of HIV seronegative subjects was associated with lower IL-7Rα expression on ICOS+ cTFH cells at D0 or a greater decline in IL-7Rα expression between D0 and D7 (Figure 4). Indeed, these findings might suggest that subgroups of responder phenotype also exist amongst HIV seronegative subjects. However, a robust analysis of this could not be undertaken because of an insufficient number of subjects.

In agreement with Chiodi et al. (24), whose cTFH cell immunophenotyping panel did not differentiate between activated and memory cTFH cells, we found that IL-7Rα expression on ICOS+ cTFH cells was not significantly different in HIV seronegative subjects and ART-treated HIV patients at D0 or D28 of vaccination. However, at D7, IL-7Rα expression on ICOS+ cTFH cells was higher and more variable in HIV patients compared with HIV seronegative subjects (Figure 1B). Furthermore, when we examined pre-vaccination IL-7Rα expression on ICOS+ cTFH cells in the two subgroups of HIV patients, Group A HIV patients exhibited higher than normal expression (Figure 2D). It would therefore appear that we have identified two characteristics of the IL-7Rα signaling pathway in ICOS+ cTFH cells that may affect PcP-specific IgG2 antibody responses in HIV patients. Firstly, a decline in IL-7Rα expression on ICOS+ cTFH cells between D0 and D7, which may reflect downregulation of IL-7Rα expression consequent upon IL-7Rα signaling (22) and secondly, “supranormal” IL-7Rα expression on ICOS+ cTFH cells before vaccination. An explanation for the latter finding is not obvious because of a paucity of information on IL-7Rα expression on ICOS+ cTFH cells in HIV patients. However, CD4+ T cells expressing high amounts of IL-7Rα are generated in the inflammatory environment of rheumatoid synovitis and, notably, exhibit a much higher proliferative capacity than IL-7Rαdim CD4+ T cells (27). It is possible that an analogous process occurs in lymphoid tissue of some HIV patients. The lack of decline of IL-7Rα expression on ICOS+ cTFH cells after vaccination in Group B HIV patients, compared with Group A patients and HIV seronegative subjects (Figure 2A), may reflect persistence of impaired IL-7Rα signaling in CD4+ T cells observed in some ART-treated HIV patients (25, 26). Our observation that HIV patients exhibiting the greatest decline in IL-7Rα expression had higher current and nadir CD4+ T cell counts provides support for this proposition. As Group B HIV patients and HIV seronegative subjects had similar levels of IL-7Rα expression on ICOS+ cTFH cells at D0, we propose a model, based on findings reported in Figure 2D, whereby IL-7Rα expression on ICOS+ cTFH cells reflects abnormally high IL-7Rα expression or IL-7Rα dysfunction (Supplementary Figure 3) related to persistent inflammation in HIV patients receiving ART. Clarification of this clearly complex situation might be obtained by examining IL-7Rα signaling directly by, for example, assessing intracellular STAT5 phosphorylation.

Analyses of PcP-specific IgG1+ and IgG2+ ASCs at D7 also provided evidence that IgG2 antibody responses against PcPs were associated with IL-7Rα expression on ICOS+ cTFH cells in Group A HIV patients (Figure 6), as well as providing evidence of differences between Group A and Group B patients (Figure 3). One other finding of interest was that ICOS− cTFH cells exhibited increased IL-7Rα expression at D28 in HIV seronegative subjects only, providing evidence in support of the proposition that these cells represent memory cTFH cells (15, 16).

Our findings provide further evidence that at least part of the IgG2 antibody response against the PcP serotypes examined here is generated through a follicular immune response, and possibly a GC reaction given that IgG2 antibody production has been associated with a greater degree of both VDJ gene mutation and SHM wthin immunoglobulin genes compared with IgG3 and IgG1 antibodies (10, 12), and results in expansion of ICOS+ cTFH cells (14). As PcPs are TI-2 antigens, this might arise through activation of PcP-specific IgM+ MBCs by neutrophils or monocytes exposed to vaccine antigens and the subsequent entry of these cells into follicular and possibly GC reactions (13, 28), where B cell differentiation is regulated by TFH cells. Circulating PcP-specific IgM+ MBCs were present before vaccination in the majority of participants in this study (14).

Our study has some limitations, which should be considered when interpreting the findings. The number of study subjects was small, especially amongst the two subgroups of HIV patients, consequent upon a protocol requirement to enroll participants who had not previously received pneumococcal vaccination. Also, there was a sex imbalance between HIV patients and HIV seronegative subjects but we did not observe differences in pneumococcal antibody responses related to sex (data not shown). We did not examine antibody responses after vaccination with PCV13, the use of which is currently standard of care but was not when this study was undertaken. Furthermore, we did not assess plasma IL-7 levels, which inversely correlate with total CD4+ T cell counts in HIV patients.

In summary, we provide evidence that production of IgG2 antibodies to PcPs following vaccination of ART-treated HIV patients with PPV23 may be associated with IL-7Rα signaling in ICOS+ cTFH cells. Furthermore, we suggest that this finding provides evidence that follicular immune responses contribute to the maturation of antibody responses against PcPs to include IgG2 as well as IgM antibodies. We also suggest that future studies of immune correlates of IgG antibody production after vaccination with conjugated or unconjugated PcPs in HIV patients, and other subjects at risk of pneumococcal disease, might include assessment of IL-7Rα signaling within cTFH cells as a measure of vaccine efficacy and to elucidate regulatory mechanisms that could be modulated to enhance antibody production.

ETHICS STATEMENT

Informed written consent was obtained from all participants and the study was approved by the Human Research Ethics Committees of Royal Perth Hospital, Perth, Australia (2011/027), the University of Western Australia, Perth, Australia (RA/4/1/4871) and Prince of Wales Hospital, Sydney, Australia (11/020).

AUTHOR CONTRIBUTIONS

LNA conducted the experiments, analyzed and interpreted the data, wrote and revised the manuscript. SF contributed to the method development and revised the manuscript. KC and L-AK conducted the assay for pneumococcal specific IgG1 and IgG2 antibodies and revised the manuscript. MH and JP assisted in patient recruitment and revised the manuscript. MAF conceptualized the idea, interpreted the data, wrote and revised the manuscript.

FUNDING

This study was supported by a grant (510448) from the National Health and Medical Research Council. LNA was supported by an Australian Postgraduate Award. SF was supported by the Raine Medical Research Foundation.

ACKNOWLEDGMENTS

We would like to thank all the study participants and James Taylor for PBMC isolation.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2019.00839/full#supplementary-material

REFERENCES

 1. Snapper CM. Differential regulation of polysaccharide-specific antibody responses to isolated polysaccharides, conjugate vaccines, and intact Gram-positive versus Gram-negative extracellular bacteria. Vaccine. (2016) 34:3542–8. doi: 10.1016/j.vaccine.2015.12.077

 2. Crum-Cianflone NF, Huppler Hullsiek K, Roediger M, Ganesan A, Patel S, Landrum ML, et al. A randomized clinical trial comparing revaccination with pneumococcal conjugate vaccine to polysaccharide vaccine among HIV-infected adults. J Infect Dis. (2010) 202:1114–25. doi: 10.1086/656147

 3. Lee KY, Tsai MS, Kuo KC, Tsai JC, Sun HY, Cheng AC, et al. Pneumococcal vaccination among HIV-infected adult patients in the era of combination antiretroviral therapy. Hum Vaccines Immunother. (2014) 10:3700–10. doi: 10.4161/hv.32247

 4. Centers for Disease Control and Prevention (CDC). Use of 13-valent pneumococcal conjugate vaccine and 23-valent pneumococcal polysaccharide vaccine for adults with immunocompromising conditions: recommendations of the Advisory Committee on Immunization Practices (ACIP). MMWR Morb Mortal Wkly Rep. (2012) 61:816–9.

 5. Mond JJ, Lees A, Snapper CM. T cell-independent antigens type 2. Ann Rev Immunol. (1995) 13:655–92. doi: 10.1146/annurev.iy.13.040195.003255

 6. Leggat DJ, Khaskhely NM, Iyer AS, Mosakowski J, Thompson RS, Weinandy JD, et al. Pneumococcal polysaccharide vaccination induces polysaccharide-specific B cells in adult peripheral blood expressing CD19(+)CD20(+)CD3(-)CD70(-)CD27(+)IgM(+)CD43(+)CD5(+)/(-). Vaccine. (2013) 31:4632–40. doi: 10.1016/j.vaccine.2013.07.030

 7. Anttila M, Voutilainen M, Jantti V, Eskola J, Kayhty H. Contribution of serotype-specific IgG concentration, IgG subclasses and relative antibody avidity to opsonophagocytic activity against Streptococcus pneumoniae. Clin Exp Immunol. (1999) 118:402–7. doi: 10.1046/j.1365-2249.1999.01077.x

 8. Umetsu DT, Ambrosino DM, Quinti I, Siber GR, Geha RS. Recurrent sinopulmonary infection and impaired antibody response to bacterial capsular polysaccharide antigen in children with selective IgG-subclass deficiency. N Eng J Med. (1985) 313:1247–51. doi: 10.1056/NEJM198511143132002

 9. French MA, Denis KA, Dawkins R, Peter JB. Severity of infections in IgA deficiency: correlation with decreased serum antibodies to pneumococcal polysaccharides and decreased serum IgG2 and/or IgG4. Clin Exp Immunol. (1995) 100:47–53. doi: 10.1111/j.1365-2249.1995.tb03602.x

 10. de Jong BG, IJspeert H, Marques L, van der Burg M, van Dongen JJ, Loos BG, et al. Human IgG2- and IgG4-expressing memory B cells display enhanced molecular and phenotypic signs of maturity and accumulate with age. Immunol Cell Biol. (2017) 95:744–52. doi: 10.1038/icb.2017.43

 11. Wu YC, Kipling D, Dunn-Walters DK. The relationship between CD27 negative and positive B cell populations in human peripheral blood. Front Immunol. (2011) 2:81. doi: 10.3389/fimmu.2011.00081

 12. Jackson KJ, Wang Y, Collins AM. Human immunoglobulin classes and subclasses show variability in VDJ gene mutation levels. Immunol Cell Biol. (2014) 92:729–33. doi: 10.1038/icb.2014.44

 13. Seifert M, Przekopowitz M, Taudien S, Lollies A, Ronge V, Drees B, et al. Functional capacities of human IgM memory B cells in early inflammatory responses and secondary germinal center reactions. Proc Natl Acad Sci USA. (2015) 112:E546–55. doi: 10.1073/pnas.1416276112

 14. Abudulai LN, Fernandez S, Corscadden K, Burrows SA, Hunter M, Tjiam MC, et al. Production of IgG antibodies to pneumococcal polysaccharides is associated with expansion of ICOS+ circulating memory T follicular-helper cells which is impaired by HIV infection. PloS ONE. (2017) 12:e0176641. doi: 10.1371/journal.pone.0176641

 15. Herati RS, Muselman A, Vella L, Bengsch B, Parkhouse K, Del Alcazar D, et al. Successive annual influenza vaccination induces a recurrent oligoclonotypic memory response in circulating T follicular helper cells. Sci Immunol. (2017) 2:eaag2152. doi: 10.1126/sciimmunol.aag2152

 16. Ma CS, Deenick EK. The circulating life of a memory T-follicular helper cell. Clin Transl Immunol. (2017) 6:e141. doi: 10.1038/cti.2017.17

 17. Linterman MA, Hill DL. Can follicular helper T cells be targeted to improve vaccine efficacy? F1000Research. (2016) 5:F1000. doi: 10.12688/f1000research.7388.1

 18. Lim HW, Kim CH. Loss of IL-7 receptor alpha on CD4+ T cells defines terminally differentiated B cell-helping effector T cells in a B cell-rich lymphoid tissue. J Immunol. (2007) 179:7448–56. doi: 10.4049/jimmunol.179.11.7448

 19. Choi YS, Yang JA, Yusuf I, Johnston RJ, Greenbaum J, Peters B, et al. Bcl6 expressing follicular helper CD4 T cells are fate committed early and have the capacity to form memory. J Immunol. (2013) 190:4014–26. doi: 10.4049/jimmunol.1202963

 20. Seo YB, Im SJ, Namkoong H, Kim SW, Choi YW, Kang MC, et al. Crucial roles of interleukin-7 in the development of T follicular helper cells and in the induction of humoral immunity. J Virol. (2014) 88:8998–9009. doi: 10.1128/JVI.00534-14

 21. Ozaki K, Leonard WJ. Cytokine and cytokine receptor pleiotropy and redundancy. J Biol Chem. (2002) 277:29355–8. doi: 10.1074/jbc.R200003200

 22. Park JH, Yu Q, Erman B, Appelbaum JS, Montoya-Durango D, Grimes HL, et al. Suppression of IL7Ralpha transcription by IL-7 and other prosurvival cytokines: a novel mechanism for maximizing IL-7-dependent T cell survival. Immunity. (2004) 21:289–302. doi: 10.1016/j.immuni.2004.07.016

 23. Gao J, Zhao L, Wan YY, Zhu B. Mechanism of action of IL-7 and its potential applications and limitations in cancer immunotherapy. Int J Mol Sci. (2015) 16:10267–80. doi: 10.3390/ijms160510267

 24. Chiodi F, Bekele Y, Lantto Graham R, Nasi A. IL-7 and CD4 T follicular helper cells in HIV-1 infection. Front Immunol. (2017) 8:451. doi: 10.3389/fimmu.2017.00451

 25. Bazdar DA, Kalinowska M, Sieg SF. Interleukin-7 receptor signaling is deficient in CD4+ T cells from HIV-infected persons and is inversely associated with aging. J Infect Dis. (2009) 199:1019–28. doi: 10.1086/597210

 26. Tanaskovic S, Fernandez S, Price P, French MA. Interleukin-7 signalling defects in naive CD4+ T cells of HIV patients with CD4+ T-cell deficiency on antiretroviral therapy are associated with T-cell activation and senescence. AIDS. (2014) 28:821–30. doi: 10.1097/QAD.0000000000000213

 27. Hartgring SA, van Roon JA, Wenting-van Wijk M, Jacobs KM, Jahangier ZN, Willis CR, et al. Elevated expression of interleukin-7 receptor in inflamed joints mediates interleukin-7-induced immune activation in rheumatoid arthritis. Arthritis Rheum. (2009) 60:2595–605. doi: 10.1002/art.24754

 28. Seifert M, Kuppers R. Human memory B cells. Leukemia. (2016) 30:2283–92. doi: 10.1038/leu.2016.226

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Abudulai, Fernandez, Corscadden, Kirkham, Hunter, Post and French. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fimmu-10-00839-g005.gif





OPS/images/fimmu-10-00839-g006.gif





OPS/images/fimmu-10-00839-g003.gif





OPS/images/fimmu-10-00839-g004.gif





OPS/images/fimmu-10-00839-g001.gif





OPS/images/fimmu-10-00839-g002.gif





OPS/images/cover.jpg
’ frontiers
in Immunology

Production of IgG2 Antibodies to
Pneumococcal Polysaccharides
After Vaccination of Treated HIV
Patients May Be Augmented by
IL-7Ra Signaling in ICOS™
Circulating T Follicular-Helper Cells









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





