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We examined associations between B and T cell phenotypic profiles and antibody responses to the pentavalent rotavirus vaccine (RV5) in perinatally HIV-infected (PHIV) infants on antiretroviral therapy and in HIV-exposed uninfected (PHEU) infants enrolled in International Maternal Pediatric Adolescent AIDS Clinical Trials P1072 study (NCT00880698). Of 17 B and T cell subsets analyzed, PHIV and PHEU differed only in the number of CD4+ T cells and frequency of naive B cells, which were higher in PHEU than in PHIV. In contrast, the B and T cell phenotypic profiles of PHIV and PHEU markedly differed from those of geographically matched contemporary HIV-unexposed infants. The frequency of regulatory T and B cells (Treg, Breg) of PHIV and PHEU displayed two patterns of associations: FOXP3+ CD25+ Treg positively correlated with CD4+ T cell numbers; while TGFβ+ Treg and IL10+ Treg and Breg positively correlated with the frequencies of inflammatory and activated T cells. Moreover, the frequencies of activated and inflammatory T cells of PHIV and PHEU positively correlated with the frequency of immature B cells. Correlations were not affected by HIV status and persisted over time. PHIV and PHEU antibody responses to RV5 positively correlated with CD4+ T cell counts and negatively with the proportion of immature B cells, similarly to what has been previously described in chronic HIV infection. Unique to PHIV and PHEU, anti-RV5 antibodies positively correlated with CD4+/CD8+FOXP3+CD25+% and negatively with CD4+IL10+% Tregs. In conclusion, PHEU shared with PHIV abnormal B and T cell phenotypic profiles. PHIV and PHEU antibody responses to RV5 were modulated by typical HIV-associated immune response modifiers except for the association between CD4+/CD8+FOXP3+CD25+Treg and increased antibody production.
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INTRODUCTION

In the absence of antiretroviral therapy (ART), HIV-infected persons maintain high levels of inflammation and increased activation, exhaustion, and immune senescence (1–6). The distribution of many B and T cell subsets tends to normalize after initiation of ART, although not completely (7, 8). Although immune responses to vaccines and infections also improve with ART, their relationship with the reconstitution of B and T cell phenotypic profiles is incompletely understood. In our previous studies, we showed complex interactions between adaptive immune responses to vaccines and T cell activation and regulation (9). For example, humoral and cellular immune responses to inactivated influenza vaccines in HIV-infected children, adolescents and pregnant women were lower in vaccines with higher proportions of nonspecific activated and regulatory T cells (Treg) and exhausted B cells in the peripheral blood (9–11). Conversely, vaccination increased influenza-specific Treg and activated T cells proportional to the increase in effector T cells. Muyanja et al. showed that antibody responses to yellow fever vaccine of HIV-infected and uninfected adults were lower in vaccinees with higher activation markers at the time of vaccination, although their study did not control for the HIV status of the participants (12). We also showed inverse correlations of plasma IFNγ and IL10 levels with neutralizing antibody responses to the pentavalent rotavirus vaccine (RV5) (13). Despite recent advances in understanding factors that modulate immune responses, many questions remain regarding the relationship between B and T cell phenotypic profiles and protective immune responses to vaccines in HIV-infected individuals.

Much less is known about the immune system of perinatally HIV-infected (PHIV) infants who start ART early in life, except that they mount higher antibody responses to vaccines compared with PHIV with delayed therapy (14). There is conflicting information about vaccine responses in HIV-exposed uninfected (PHEU) infants, with some studies showing antibody responses comparable to those of HIV-unexposed children and other studies reporting lower antibody and cell-mediated immune responses (15–21). Both PHIV and PHEU have increased risk of severe infections, hospitalizations and death suggestive of immune deficiency (22–25). Although there are reports that PHEU have decreased CD4+T cells and increased T cell activation compared with their HIV-unexposed age-matched controls, overall there is very little information about B and T cell phenotypic profiles in PHEU and PHIV and how they correlate with their immune responses (26–36). Regardless of HIV infection status, infants have decreased immune responses to vaccines and are more susceptible to infections compared with older children and young adults. Infants also have increased Treg at birth compared with older children and young adults, which may contribute to their decreased responses to vaccines. However, very few studies have addressed this question. Fetuses need tolerogenic Tregs to survive in the maternal environment. The tolerogenic role of Tregs was originally described in autoimmune diseases, for which a paucity of critical natural Tregs leads to excessive anti-self T cell responses and inflammation (37–39). By inhibiting conventional T cell, B cell and antigen presenting cell function, Tregs also play an important role in tolerance and allograft retention (40, 41). Treg differentiation starts in the thymus from CD4+T cells. In addition, inducible Tregs with anti-inflammatory activity can be generated to prevent excessive tissue destruction that may result from vigorous immune responses against infectious agents and other foreign antigens (42–47). The Treg hallmark is the transcription factor FOXP3, which inhibits Ifng and Il2 gene transcription and prevents the T cells from differentiating into conventional T cells (48). There are multiple Treg subsets that express additional markers, some of which are associated with their mechanisms of action, including CD25, which binds IL2 with high affinity making it less available to conventional T cells and B cells; CTLA4, which inhibits expression of the activation markers CD80 and CD86 on antigen presenting cells; CD39 and CD73, ectoenzymes that cooperatively dephosphorylate ATP to adenosine, which is immunotoxic to other mononuclear cells; granzyme B, which induces apoptosis of the cytotoxic Treg targets; galectin-3, which prevents the formation of the immunologic synapses; LAG-3, which binds to MHCII inhibiting MHCII-expressing immune cells; PD-1, which binds to PDL-1 and inhibits conventional T cells and induces tolerogenic antigen presenting cells; TNFRII, which induces apoptosis; and the inhibitory cytokines IL10, IL35 and TGFβ (42).

To start addressing the potential role of Treg and B cells in the decreased immune responses of PHIV and PHEU and the potential interactions between the different T and B cell subsets, which were investigated here de novo with the intention of generating new hypotheses, we examined in an exploratory fashion select B and T cell subsets in PHIV and PHEU before and after vaccination with RV5. The parent study was a double-blind placebo-controlled trial that enrolled PHEU and PHIV on or initiating ART (49). The study showed that PHIV and PHEU tolerated RV5 equally well and mounted similar antibody responses. This report addresses additional objectives included in the parent study: (1) to compare T cell activation and regulation and B cell differentiation in PHIV and PHEU; (2) to determine the effect of RV5 administration on B and T cell subsets; and (3) to determine the role of regulatory, activated and inflammatory T cells, and of B cell differentiation, on the antibody response to RV5.

PARTICIPANTS AND METHODS

Study Design

The parent clinical trial (P1072), sponsored by the International Maternal Pediatric Adolescent AIDS Clinical Trials network, was a Phase II randomized, placebo-controlled, double-blind study of RV5 in infants born to HIV-infected mothers in 4 African countries where rotavirus vaccination was not part of the national immunization program (49). Infants between 2 and <15 weeks of age at screening were determined to be PHEU or PHIV. Infants in each stratum were randomized to receive three doses of RV5 or placebo according to the recommended schedule of immunization for RV5. Participants were followed until 6 weeks after the last dose, with visits at 7, 14, 21, and 42 days after each dose, to record clinical signs, symptoms and new significant diagnoses. Blood for immunogenicity, plasma cytokines and lymphocyte phenotypic profiles was collected at entry, 21 days after the first dose of vaccine and 14 and/or 42 days after the third dose.

Samples included in these analyses were obtained from infants who received all three doses of vaccine per-protocol, had sufficient numbers of peripheral blood mononuclear cell (PBMC) for flow cytometry at ≥3 time points and had blood collections performed within allowable time intervals (before the first dose, 14–28 days after the first dose, 11–21 and 28–70 days after the third dose). To ensure roughly equal numbers of PHIV and PHEU, only participants enrolled between February 2009 and January 2013 were included. After January 2013, enrollment mostly consisted of PHEU.

To place the B and T cell subset distribution of PHIV and PHEU in the context of HIV-unexposed hosts, we used a convenience set of cryopreserved PBMC from 6-month infants born to HIV-uninfected mothers who were enrolled in an observational study (“Tshipidi”) in Botswana (50).

Antibody Measurements

Antibody responses to RV5, measured on serum obtained at baseline and 14 or 42 days after the third dose of vaccine, included serum neutralizing antibodies targeting the viral capsid proteins G1, G2, G3, G4, and P1A, and IgA antibodies that recognize RV5 epitopes in RV5-infected fibroblasts. Antibody responses were expressed in units/mL (49).

Flow Cytometric Analysis

Peripheral blood mononuclear cells were cryopreserved at clinical site laboratories approved by the DAIDS-sponsored cryopreservation quality assurance program for protocol work. B and T cell subsets were enumerated in freshly thawed cryopreserved PBMC that met previously described testing criteria (51). After washing and counting viable cells, PBMC were surface-stained with the following conjugated mAbs: anti-CD3-AF488 (Biolegend; clone HIT3a), anti-CD8-APC/AF750 (Invitrogen; clone 3B5), anti-CD8-PE/Cy7 (Invitrogen; clone 3B5), anti-CD19-PE/Cy5 (BD Biosciences; clone HIB19), anti-CD19-PE/Cy7 (eBioscience; clone HIB19), anti-CD-10-APC/Cy7 (Biolegend; clone HI10a), anti-CD25-APC/Cy7 (BD Biosciences; clone M-A251), CD21-PE/Cy5 (BD Biosciences; clone B-ly4), CD38-PE (Invitrogen; clone HIT2), CD27-APC (BD Biosciences; clone L128); HLA-DR-PE/Cy5 (BD Biosciences; clone G46-6). Cells were fixed and permeabilized using a Fixation/Permeabilization kit (eBioscience), and stained with IL-10-APC (BD Biosciences; clone JES3-19F1), IL-17-PE/Cy7 (Biolegend; clone BL168), FOXP3-APC (eBioscience; clone PCH101), TGFβ-PE (Cedarlane; clone TB21) and analyzed with Guava easyCyte 8HT and FlowJo (Treestar) in three independent panels containing the following markers: (1) CD3, CD8, CD38, CD25, HLA-DR, and FOXP3; (2) CD3, CD8, CD19, TGFβ, IL-10, and IL-17; (3) CD19, CD10, CD21, and CD27. T and B cell subsets were expressed as percentages of the parent CD4+, CD8+, or CD19+ cell populations. The gating strategy for each of the three independent six-color panels is presented in Figure S1 in Supplementary Material.

Statistical Analysis

Analyses focused on univariate comparisons as the small sample sizes limited use of multivariate techniques. Correlations with significance levels of p < 0.1 were highlighted in the figures and text. The less stringent significance level was used as we did not want to miss signals of potential biological significance. Because of the large number of markers and the exploratory nature of the analyses, results should be viewed as hypothesis-generating.

Distributions of biomarkers at entry were compared by HIV-1 status using Wilcoxon rank sum tests. Spearman correlations were calculated among biomarkers and other participant characteristics. To assess changes in marker levels over time, mixed models with random intercepts and slopes were fit on the log10-transformed measurements to determine whether the slopes were associated with HIV-1 status or vaccine administration. To reflect marker level at entry and over time, the area under the curve (AUC) was calculated using individual-level effects from the mixed models, and the AUC correlated with antibody responses to RV5 in vaccine recipients.

RESULTS

Demographic and HIV Disease Characteristics

This analysis included data from 89 of the 202 participants in the parent study (47 of 76 PHIV and 42 of 126 PHEU) who received all three doses of vaccine or placebo per-protocol and had cryopreserved PBMCs at entry, postdose 1 and postdose 3 (Figure 1). Table 1 shows that the demographic characteristics of the participants with flow cytometry data were similar to those who did not contribute PBMC for this analysis. Overall, PHIV and PHEU differed with respect to maternal ART for prevention of mother to child HIV transmission, which was more frequently used in PHEU. Weight z-scores were lower in PHIV as were CD4+ T cells, with 15% of PHIV and none of the PHEU displaying CD4+ T cells <20%. PHIV were either on ART at study entry or started ART with the administration of the first dose of vaccine. Median plasma HIV RNA of PHIV at entry was 33,491 cp/mL.
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FIGURE 1 | Consort diagram of the parent study.



TABLE 1 | Characteristics at study entry by HIV status.
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Baseline B and T Cell Phenotypic Profiles

B and T cell profiles were identified by flow cytometry in freshly thawed PBMC and presented as proportions of the parent B, CD4+ or CD8+ T cell populations. At entry, there were no statistically significant differences between PHEU and PHIV infants in the proportions of activated and inflammatory T cells, Breg and Treg (Table 2). Compared with PHEU, PHIV had lower proportions of CD19+ CD10−CD21+ CD27− naive B cells (medians of 25.5 vs. 21.4%; p = 0.04). The similarity of the B and T cell phenotypic profiles in PHIV and PHEU was unexpected. To interpret these results, we tested a convenience sample of four 6-month old HIV-unexposed infants from a contemporary observational study conducted at our Botswana study site (50). We found significant differences in the proportions of multiple B and T cell subsets of PHIV and PHEU compared with the HIV-uninfected unexposed (HUU) infants, including higher inflammatory CD4+ IL17+ % T cells and lower naive B cells, activated CD4+/CD8+ CD38+ HLADR+ % T cells and IL10+ % Treg and Breg (Table 2).

TABLE 2 | B and T cell phenotypic characteristics [median (Q1, Q3) N] by HIV exposure.
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Using correlation analyses, we further explored the relationship of baseline B and T cell phenotypic profiles of PHIV and PHEU with demographic and HIV disease characteristics (Figure 2). Older age was at least marginally associated with higher CD4+/CD8+ IL10+ % Treg and with lower CD19+ CD10+ % immature B cells. Maternal ART for prevention of mother to child transmission was associated with higher CD4+/CD8+ FOXP3+ CD25+ % Treg and higher naive B cells. Use of cotrimoxazole in infancy was associated with higher exhausted and lower resting memory B cells and marginally associated with lower CD4+/CD8+ FOXP3+ CD25+ % Treg. In PHIV, higher HIV plasma RNA c/mL was strongly associated with higher activated CD8+ CD38+ HLADR+ % and with immature B cells, while the number of days on ART was associated with lower inflammatory CD4+ IL17+ % and higher resting memory B cells. The number of days on ART was also associated with lower activated T cells, but it did not reach statistical significance. There were no differences by gender or breastfeeding status.
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FIGURE 2 | Correlations of B and T cell phenotypic profiles with select demographic and HIV disease characteristics. Data derived from 47 perinatally HIV-infected infants and 42 perinatally HIV-exposed uninfected infants are displayed as a heatmap based on Spearman correlations. Lymphocyte phenotypes are indicated on the y axis and demographic and HIV disease characteristics on the x axis. Heatmap color legend corresponding to the correlation coefficients is presented on the right side of the graph. The numbers inside the squares indicate coefficients of correlation (p-values). Numbers are shown only for correlations with p < 0.10.



Correlations among the Proportions of B and T Cell Subsets of PHIV and PHEU before and after Vaccination

To determine if HIV infection affects the interactions between B and T cell subsets, and if these interactions change over time under the effect of ART or vaccination, we investigated B and T cell subset correlations at entry (Figure 3A) and over time using the AUC as the outcome measure (Figure 3B). In general, the directions of the correlations were similar at baseline and over time, but the magnitude of the coefficients of correlation and p values differed between baseline and over time in some cases. The following is a summary of the most notable correlations. Treg revealed two main clusters of association: (a) high proportions of CD4+/CD8+ FOXP3+ CD25+ Treg positively correlated with CD4+ T cell counts; (b) high proportions of TGFβ+ and IL10+ Treg positively correlated with inflammatory CD4+/CD8+ IL17+ % cells. IL10+ Breg followed the same pattern of associations as the IL10+ Treg. In contrast, CD19+ TGFβ+ % Breg cells correlated only with exhausted B cells. Notable associations of B cells in different stages of maturation included the positive correlations of immature B cells with activated and inflammatory T cells and the negative correlations of immature B cells with mature naive B cells.


[image: image1]

FIGURE 3 | Correlations of B and T cell subsets in perinatally HIV-infected (PHIV) and perinatally HIV-exposed uninfected (PHEU) infants. Data derived from 47 PHIV and 42 PHEU are displayed as a heatmap based on Spearman correlations. Lymphocyte phenotypes are indicated on the x and y axes. Heatmap color legend corresponding to the correlation coefficients is presented on the right side of the graph. The numbers inside the squares indicate coefficients of correlation. Numbers are shown only for correlations with p < 0.10. Panel (A) shows data at study entry and panel (B) shows data over the entire study period represented by the area under the concentration time curve.



Effect of Vaccination on the Proportions of B and T Cell Subsets

To determine whether vaccination was associated with a change in the proportions of B and T cell subsets in PHIV or PHEU, we used mixed models to investigate HIV status and treatment group interactions with the slope of each B and T cell marker over time. There was a statistically significant interaction for CD4+ IL10+ % Treg, such that only PHIV vaccine recipients showed an increase in the proportions of this subset after each dose of vaccine (p = 0.013; Figure 4). There were no significant interactions of HIV status with treatment group (vaccine or placebo) for any other B and T cell subsets.
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FIGURE 4 | Comparative kinetics of CD4+ IL10+ % in perinatally HIV-infected (PHIV) and perinatally HIV-exposed uninfected (PHEU) who did or did not receive pentavalent rotavirus vaccine (RV5). Data were derived from 19 PHEU who received RV5, 23 PHEU who received placebo, 23 PHIV who received RV5, and 24 PHIV who received placebo. Median CD4+ IL10+ % at each time point indicated on the x axis are connected by lines. The bars indicate the lower and upper quartiles. In contrast to all other groups, PHIV vaccinees had an increase of CD4+ IL10+ % Treg after each dose of vaccine (p = 0.01 using mixed models analysis).



Relationship between the Proportions of B and T Cell Subsets and Antibody Responses to RV5

As we previously reported (49), 81% of the PHIV and PHEU in this study had IgA responses to RV5, defined as ≥3-fold increases from pre- to postvaccination. Interpretation of the IgG neutralizing antibody responses after vaccination was complicated by pre-existing maternal antibodies. Median anti-G1 and G4 IgG neutralizing antibody levels increased from pre- to postimmunization in PHIV and PHEU vaccinees, but not in placebo recipients. Anti-G2, G3 and P1 neutralizing antibodies did not show absolute increases from pre- to postimmunization in vaccinees, but showed decreases in placebo-recipients. Taken together, the data showed higher neutralizing titer differences from pre- to postimmunization in vaccinees compared to placebo-recipients for all RV5 antigens in PHEU, and for G1, G3, G4, and P1 in PHIV (Table S1 in Supplementary Material).

Spearman correlations between AUC flow measurements and anti-RV5 antibody levels after the third dose of vaccine in PHIV and PHEU vaccinees (n = 42) are presented in Figure 5. The strongest correlations were observed for CD4+/CD8+ FOXP3+ CD25+ %, which were marginally or significantly positively associated with IgG neutralizing antibody responses to four out of five viral strains in RV5 and were significantly positively associated with IgA antibody responses. CD4+ % was marginally or significantly positively associated with higher IgG neutralizing antibody responses to three out of five viral strains in RV5. Correlations of CD4+/CD8+ FOXP3+ CD25+ % Treg with IgG and/or IgA antibody responses to RV5 remained at least marginally significant after adjustment for CD4+ T cell counts or percentages. Negative correlations with antibody titers were noted for CD4+ IL10+ % Treg, immature CD19+ CD10+ % and naive CD19+ CD10− CD21+ CD27− % B cells.
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FIGURE 5 | Correlations of antibody responses to rotavirus vaccine (RV5) in perinatally HIV-infected (PHIV) and perinatally HIV-exposed uninfected (PHEU) with T and B cell subsets measured over the duration of the study by AUC. Data derived from 23 PHIV and 19 PHEU who received RV5 are displayed as a heatmap based on Spearman correlations. Lymphocyte phenotypes are indicated on the y axis and antibodies to RV5 on the x axis. Heatmap color legend corresponding to the correlation coefficients is presented on the right side of the graph. The numbers inside the squares indicate coefficients of correlation (p-values). Numbers are shown only for correlations with p < 0.10.



DISCUSSION

The primary objective of this analysis was to compare the frequency of B and T cell phenotypic subsets of PHIV and PHEU and to identify the phenotypes that correlate with antibody responses to RV5. Contrary to our expectations, PHIV and PHEU had similar proportions of Treg, Breg, activated and inflammatory T cells, and of immature and exhausted B cells in the first 3–6 months of life. Furthermore, the post hoc comparison of PHIV and PHEU B and T cell phenotypic profiles with those of a contemporary group of 6-month-old HUU of similar ethnicity and geographic location showed marked differences, indicating that PHIV and PHEU shared immunologic abnormalities as compared with HUU. This is an important observation because PHEU, like the PHIV, have an increased burden of infections compared to HUU, for which the immune basis is poorly understood (52). Our observations provide new information about the immune abnormalities that characterize PHEU and the effect of in utero and/or early infancy exposure to maternal HIV infection in shaping the neonate immune system.

IL17 + inflammatory T cells, putatively of mucosal origin, had similar frequencies in PHEU and PHIV and lower frequencies in HUU indicating that PHIV and PHEU might have higher levels of mucosal inflammation. It is important to note that HIV-infected individuals also have higher levels of gut mucosal inflammation compared with healthy hosts (53). Moreover, similar to individuals with chronic HIV infection, PHIV and PHEU had lower proportions of naive B cells and higher proportions of immature and exhausted B cells compared with HUU. However, PHIV and PHEU also had lower activated T cells compared with HUU, which differs from what is typically observed in the context of chronic HIV infection. Although the results of the comparison of HUU with PHIV and PHEU have to be interpreted with caution due to the small number of HUU, our observations suggest that PHIV and PHEU may experience persistent stimulation of B cells and inflammatory T cells that may contribute to their immune deficit.

Treg play an important role in the modulation of immune responses including protection or lack thereof against cancer and infectious agents (43, 54–58). Treg frequencies generally increase in the context of HIV infection. Their role has been alternatively assigned to protect against immune activation or downregulate immune defenses against HIV and other pathogens (59–61). The effect of Treg on vaccine immunogenicity was studied in animal models, where Treg depletion increased the immunogenicity of anti-tumor vaccines (62, 63). Less is known about the effect of Treg on the immunogenicity of vaccines in humans (11, 64). To address this gap, we investigated the association of Treg with the immunogenicity of RV5 in PHIV and PHEU. We found that phenotypically diverse Treg subsets had opposite associations with antibody responses to the vaccine. CD4+ IL10+ % Treg negatively correlated with antibody responses to RV5, whereas the prototypic CD4+/CD8+ FOXP3+ CD25+ % Treg positively correlated with antibody responses. This finding underscores the functional diversity of phenotypically distinct Treg. Treg were previously shown to develop in the thymus or differentiate from naive or conventional T cells at the periphery of the immune system. Treg are also segregated according to their genesis into natural and induced Treg. Additional phenotypic characteristics differentiate Treg according to the targets of their regulatory activity (44, 65). Here we demonstrate that Treg with different phenotypes may have divergent effects on immune responses to a live attenuated vaccine.

The main function of Treg is to mitigate the deleterious effects of inflammation on the host. Consistent with this, we found strong positive correlations of IL10+ and TGFβ+ Treg and IL10+ Breg with inflammatory Th17 cells. Th17 cells typically increase in response to pathogenic signals at mucosal sites, particularly in the gut (66). Collectively these observations suggest that both IL10+ and TGFβ+ Treg may be generated or expanded in PHIV and PHEU in order to quench mucosal inflammation. However, these regulatory responses to inflammation may downregulate other immune responses through a bystander mechanism. This may explain the negative association of CD4+ IL10+ % Treg with IgG antibody responses to G2 in RV5. Although a direct negative effect of IL10 on B cell antibody production is unlikely, since IL10 generally stimulates B cells to secrete antibodies, IL10+ Treg may decrease the T cell help necessary for effective antibody production through a direct effect on conventional T cells and/or indirectly through a tolerogenic effect on antigen presenting cells.

It is important to note that CD4+ IL10+ Treg gradually increased over time in PHIV from pre-vaccination to post-dose 3. The kinetics of CD4+ IL10+ Treg in PHIV vaccine recipients differed from the kinetics of these Treg in the PHEU vaccine recipients or in placebo recipients. The increase in CD4+ IL10+ Treg over time in PHIV vaccine recipients may have contributed to their lower IgG antibody responses to G2 in RV5 compared with PHEU.

In contrast to the IL10+ Treg, high CD4+/CD8+ FOXP3+ CD25+ % Treg were associated with high antibody responses to RV5. This was an unexpected finding, because it differs from previous studies. Our unpublished results and the study of Lelic et al. (64) showed negative associations of CD4+ FOXP3+ CD25+ % with cell-mediated immune responses of older adults to the zoster vaccine, which, like RV5, is a live attenuated vaccine. This difference may be related to the age of the vaccinees, but also to their exposure to maternal HIV infection. Elevated proportions of CD4+/CD8+ FOXP3+ CD25+ % Treg in infants may have a different connotation compared with adults. Fetuses use their CD4+/CD8+ FOXP3+ CD25+ % Treg to survive the allogeneic maternal environment. This property seems to extend to the neonatal period, when T cells continue to differentiate into FOXP3+ CD25+ Treg in response to alloantigens (67). It has been hypothesized that this predominant Treg response contributes to decreased immunogenicity of vaccines in neonates born to healthy mothers (68). However, in PHEU and PHIV the FOXP3+ CD25+ Treg may protect the B cells and/or T helper cells against intense activation followed by apoptosis and allow them to preserve function. In support of this hypothesis was the positive association of the FOXP3+ CD25+ Treg with CD4+ T cell counts and percentages in PHEU and PHIV. Positive associations of FOXP3+ CD25+ Treg with CD4+ T cells were also described in the context of chronic HIV infection and were ascribed to the anti-inflammatory effect of the FOXP3+ CD25+ Treg (61).

We found significant correlations between high CD4+ % T cells and counts and higher IgG antibody responses. This is in agreement with previous studies in HIV-infected individuals whose responses to vaccines increased with higher CD4+ T cells (69, 70).

Similar to what has been previously described in individuals with chronic HIV infection (71), we found a negative association between CD19+ CD10+ % immature B cells and antibody responses to RV5. We also found a negative association of the CD19+ CD21+ CD27− % naive B cells with antibody responses to RV5, which suggests that an impediment of B cell differentiation might underpin lower antibody production.

Our study was limited by the small sample size and by the lack of existing data that might have allowed us to formulate a priori hypotheses, The small sample size did not allow us to conduct any type of multivariate analyses. For this reason, instead of using a formal factor analyses, we used the results of the correlation analyses to group the different variables based on our expert knowledge in the discussion. It is also important to note that we achieved our goal of generating new hypotheses.

In conclusion, our data show for the first time that PHIV and PHEU share many aspects previously described in the immune dysfunction that accompanies chronic HIV infection, including increased inflammatory T cells, B cell differentiation defects and immunologic factors that modulate responses to vaccines. We also showed that select B and T cell subsets correlate with antibody responses to RV5 indicating that the abnormal phenotypic profiles of PHEU and PHIV may be functionally relevant. The defects of the PHIV and PHEU immune systems may also underlie the increased infectious morbidity and mortality of these children. Since this study was hypothesis-generating, our findings need to be confirmed and expanded including larger cohorts and geographically distinct populations, in order to achieve a full understanding of the scope of the immune defects in PHEU and design interventions to increase their immune protection.

ETHICS STATEMENT

This study was carried out in accordance with the recommendations of the National Institute of Allergy and Infectious Diseases Division of AIDS and the National Institute of Child Health and Human Development with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the National IRBs of Botswana, Zimbabwe, Tanzania, and by the Colorado Multiple Institutional Review Board.

AUTHOR CONTRIBUTIONS

AW was involved in the study design, overseeing laboratory execution, data analysis and writing of the manuscript. JL and RB participated in data analysis and writing of the manuscript. PS and MJL were involved in study design and reviewing the manuscript. DP and CS contributed to data acquisition and manuscript review. JC participated in laboratory data acquisition and writing manuscript. SG, SM, and NM participated in laboratory data acquisition and reviewing manuscript. AO, AA, MB-D, BC, and SL enrolled subjects and reviewed the manuscript.

ACKNOWLEDGMENTS

We gratefully acknowledge the contributions of the site investigators and site staff who conducted the P1072 study: Gaborone Prevention/Treatment Trials CRS: Charles Fane RN/MW, Dudu Kooreng RN, Tebogo J. Kakhu BSN, RN/MW, Loeto Mazhani MD; Molepolole Prevention/Treatment Trials CRS: Tumalano Sekoto BSN, RN/MW, Lesedi Tirelo RN, Tshepo T. Frank BPharm, Mpho Raesi BSN; Kilimanjaro Christian Medical CRS: Grace Kinabo MD, PhD, Boniface Njau MPH, Anne Buchanan MD, MPH, Janeth Kimaro RN; George Clinic CRS: Felistus Mbewe RN, BSc, Ellen Shingalili RN, Fyatilani Chirwa RN, Helen Bwalya Mulenga BPharm, MBA; Harare Family Care CRS: Tapiwa Mbengeranwa MBChB, Taurai Beta MBChB, Ethel Dauya MPH, Hilda Mujuru MBChB, MMed, MSc. We thank Kelly M Richardson and Teresa Dominguez for technical support and Michelle Brown for contributing to the protocol development.

FUNDING

Overall support for the International Maternal Pediatric Adolescent AIDS Clinical Trials Group (IMPAACT) was provided by the National Institute of Allergy and Infectious Diseases (NIAID) of the National Institutes of Health (NIH) under Award Numbers UM1AI068632 (IMPAACT LOC), UM1AI068616 (IMPAACT SDMC), and UM1AI106716 (IMPAACT LC), with co-funding from the Eunice Kennedy Shriver National Institute of Child Health and Human Development (NICHD) and the National Institute of Mental Health (NIMH). The laboratory work was funded by NICHD through contract N01HD33162. The content is solely the responsibility of the authors and does not necessarily represent the official views of the NIH. Merck & Co., Inc., provided vaccine and financial support for laboratory assays.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at http://www.frontiersin.org/articles/10.3389/fimmu.2017.02002/full#supplementary-material.

REFERENCES

1. Lederman MM, Funderburg NT, Sekaly RP, Klatt NR, Hunt PW. Residual immune dysregulation syndrome in treated HIV infection. Adv Immunol (2013) 119:51–83. doi:10.1016/B978-0-12-407707-2.00002-3

2. Valdez H, Connick E, Smith KY, Lederman MM, Bosch RJ, Kim RS, et al. Limited immune restoration after 3 years’ suppression of HIV-1 replication in patients with moderately advanced disease. AIDS (2002) 16(14):1859–66. doi:10.1097/00002030-200209270-00002

3. Gandhi RT, Spritzler J, Chan E, Asmuth DM, Rodriguez B, Merigan TC, et al. Effect of baseline- and treatment-related factors on immunologic recovery after initiation of antiretroviral therapy in HIV-1-positive subjects: results from ACTG 384. J Acquir Immune Defic Syndr (2006) 42(4):426–34. doi:10.1097/01.qai.0000226789.51992.3f

4. Malaspina A, Moir S, Ho J, Wang W, Howell ML, O’Shea MA, et al. Appearance of immature/transitional B cells in HIV-infected individuals with advanced disease: correlation with increased IL-7. Proc Natl Acad Sci U S A (2006) 103(7):2262–7. doi:10.1073/pnas.0511094103

5. Moir S, Fauci AS. B cells in HIV infection and disease. Nat Rev Immunol (2009) 9(4):235–45. doi:10.1038/nri2524

6. Moir S, Ho J, Malaspina A, Wang W, DiPoto AC, O’Shea MA, et al. Evidence for HIV-associated B cell exhaustion in a dysfunctional memory B cell compartment in HIV-infected viremic individuals. J Exp Med (2008) 205(8):1797–805. doi:10.1084/jem.20072683

7. Cassol E, Malfeld S, Mahasha P, van der Merwe S, Cassol S, Seebregts C, et al. Persistent microbial translocation and immune activation in HIV-1-infected South Africans receiving combination antiretroviral therapy. J Infect Dis (2010) 202(5):723–33. doi:10.1086/655229

8. Moir S, Fauci AS. Insights into B cells and HIV-specific B-cell responses in HIV-infected individuals. Immunol Rev (2013) 254(1):207–24. doi:10.1111/imr.12067

9. Weinberg A, Muresan P, Fenton T, Richardson K, Dominguez T, Bloom A, et al. High proportions of regulatory B and T cells are associated with decreased cellular responses to pH1N1 influenza vaccine in HIV-infected children and youth (IMPAACT P1088). Hum Vaccin Immunother (2013) 9(5):957–68. doi:10.4161/hv.23774

10. Curtis DJ, Muresan P, Nachman S, Fenton T, Richardson KM, Dominguez T, et al. Characterization of functional antibody and memory B-cell responses to pH1N1 monovalent vaccine in HIV-infected children and youth. PLoS One (2015) 10(3):e0118567. doi:10.1371/journal.pone.0118567

11. Weinberg A, Muresan P, Richardson KM, Fenton T, Dominguez T, Bloom A, et al. Determinants of vaccine immunogenicity in HIV-infected pregnant women: analysis of B and T cell responses to pandemic H1N1 monovalent vaccine. PLoS One (2015) 10(4):e0122431. doi:10.1371/journal.pone.0122431

12. Muyanja E, Ssemaganda A, Ngauv P, Cubas R, Perrin H, Srinivasan D, et al. Immune activation alters cellular and humoral responses to yellow fever 17D vaccine. J Clin Invest (2014) 124(7):3147–58. doi:10.1172/JCI75429

13. Uprety P, Lindsey JC, Levin MJ, Rainwater-Lovett K, Ziemniak C, Bwakura-Dangarembizix M, et al. Inflammation and immune activation in antiretroviral-treated HIV-1-infected african infants and rotavirus vaccine responses. J Infect Dis (2017) 215(6):928–32. doi:10.1093/infdis/jix060

14. Violari A, Cotton MF, Gibb DM, Babiker AG, Steyn J, Madhi SA, et al. Early antiretroviral therapy and mortality among HIV-infected infants. N Engl J Med (2008) 359(21):2233–44. doi:10.1056/NEJMoa0800971

15. Abramczuk BM, Mazzola TN, Moreno YM, Zorzeto TQ, Quintilio W, Wolf PS, et al. Impaired humoral response to vaccines among HIV-exposed uninfected infants. Clin Vaccine Immunol (2011) 18(9):1406–9. doi:10.1128/CVI.05065-11

16. Gnanashanmugam D, Troy SB, Musingwini G, Huang C, Halpern MS, Stranix-Chibanda L, et al. Immunologic response to oral polio vaccine in human immunodeficiency virus-infected and uninfected Zimbabwean children. Pediatr Infect Dis J (2012) 31(2):176–80. doi:10.1097/INF.0b013e31823faa5f

17. Jones CE, Naidoo S, De Beer C, Esser M, Kampmann B, Hesseling AC. Maternal HIV infection and antibody responses against vaccine-preventable diseases in uninfected infants. JAMA (2011) 305(6):576–84. doi:10.1001/jama.2011.100

18. Kidzeru EB, Hesseling AC, Passmore JA, Myer L, Gamieldien H, Tchakoute CT, et al. In-utero exposure to maternal HIV infection alters T-cell immune responses to vaccination in HIV-uninfected infants. AIDS (2014) 28(10):1421–30. doi:10.1097/QAD.0000000000000292

19. Reikie BA, Naidoo S, Ruck CE, Slogrove AL, de Beer C, la Grange H, et al. Antibody responses to vaccination among South African HIV-exposed and unexposed uninfected infants during the first 2 years of life. Clin Vaccine Immunol (2013) 20(1):33–8. doi:10.1128/CVI.00557-12

20. Sanz-Ramos M, Manno D, Kapambwe M, Ndumba I, Musonda KG, Bates M, et al. Reduced Poliovirus vaccine neutralising-antibody titres in infants with maternal HIV-exposure. Vaccine (2013) 31(16):2042–9. doi:10.1016/j.vaccine.2013.02.044

21. Weinberg A, Mussi-Pinhata MM, Yu Q, Cohen RA, Almeida VC, Amaral F, et al. Excess respiratory viral infections and low antibody responses among HIV-exposed, uninfected infants. AIDS (2017) 31(5):669–79. doi:10.1097/QAD.0000000000001393

22. Cohen C, Moyes J, Tempia S, Groome M, Walaza S, Pretorius M, et al. Epidemiology of acute lower respiratory tract infection in HIV-exposed uninfected infants. Pediatrics (2016) 137:e20153272. doi:10.1542/peds.2015-3272

23. Slogrove AL, Goetghebuer T, Cotton MF, Singer J, Bettinger JA. Pattern of infectious morbidity in HIV-exposed uninfected infants and children. Front Immunol (2016) 7:164. doi:10.3389/fimmu.2016.00164

24. Taron-Brocard C, Le Chenadec J, Faye A, Dollfus C, Goetghebuer T, Gajdos V, et al. Increased risk of serious bacterial infections due to maternal immunosuppression in HIV-exposed uninfected infants in a European country. Clin Infect Dis (2014) 59(9):1332–45. doi:10.1093/cid/ciu586

25. von Mollendorf C, von Gottberg A, Tempia S, Meiring S, de Gouveia L, Quan V, et al. Increased risk for and mortality from invasive pneumococcal disease in HIV-exposed but uninfected infants aged <1 year in South Africa, 2009-2013. Clin Infect Dis (2015) 60(9):1346–56. doi:10.1093/cid/civ059

26. Miles DJ, Gadama L, Gumbi A, Nyalo F, Makanani B, Heyderman RS. Human immunodeficiency virus (HIV) infection during pregnancy induces CD4 T-cell differentiation and modulates responses to Bacille Calmette-Guerin (BCG) vaccine in HIV-uninfected infants. Immunology (2010) 129(3):446–54. doi:10.1111/j.1365-2567.2009.03186.x

27. Nielsen SD, Jeppesen DL, Kolte L, Clark DR, Sorensen TU, Dreves AM, et al. Impaired progenitor cell function in HIV-negative infants of HIV-positive mothers results in decreased thymic output and low CD4 counts. Blood (2001) 98(2):398–404. doi:10.1182/blood.V98.2.398

28. Hygino J, Lima PG, Filho RG, Silva AA, Saramago CS, Andrade RM, et al. Altered immunological reactivity in HIV-1-exposed uninfected neonates. Clin Immunol (2008) 127(3):340–7. doi:10.1016/j.clim.2008.01.020

29. Hygino J, Vieira MM, Guillermo LV, Silva-Filho RG, Saramago C, Lima-Silva AA, et al. Enhanced Th17 phenotype in uninfected neonates born from viremic HIV-1-infected pregnant women. J Clin Immunol (2011) 31(2):186–94. doi:10.1007/s10875-010-9485-3

30. Mazzola TN, da Silva MT, Abramczuk BM, Moreno YM, Lima SC, Zorzeto TQ, et al. Impaired Bacillus Calmette-Guerin cellular immune response in HIV-exposed, uninfected infants. AIDS (2011) 25(17):2079–87. doi:10.1097/QAD.0b013e32834bba0a

31. Van Rie A, Madhi SA, Heera JR, Meddows-Taylor S, Wendelboe AM, Anthony F, et al. Gamma interferon production in response to Mycobacterium bovis BCG and Mycobacterium tuberculosis antigens in infants born to human immunodeficiency virus-infected mothers. Clin Vaccine Immunol (2006) 13(2):246–52. doi:10.1128/CVI.13.2.246-252.2006

32. Ono E, Nunes dos Santos AM, de Menezes Succi RC, Machado DM, de Angelis DS, Salomao R, et al. Imbalance of naive and memory T lymphocytes with sustained high cellular activation during the first year of life from uninfected children born to HIV-1-infected mothers on HAART. Braz J Med Biol Res (2008) 41(8):700–8. doi:10.1590/S0100-879X2008000800011

33. Clerici M, Saresella M, Colombo F, Fossati S, Sala N, Bricalli D, et al. T-lymphocyte maturation abnormalities in uninfected newborns and children with vertical exposure to HIV. Blood (2000) 96(12):3866–71.

34. Miyamoto M, Pessoa SD, Ono E, Machado DM, Salomao R, Succi RC, et al. Low CD4+ T-cell levels and B-cell apoptosis in vertically HIV-exposed noninfected children and adolescents. J Trop Pediatr (2010) 56(6):427–32. doi:10.1093/tropej/fmq024

35. Kakkar F, Lamarre V, Ducruet T, Boucher M, Valois S, Soudeyns H, et al. Impact of maternal HIV-1 viremia on lymphocyte subsets among HIV-exposed uninfected infants: protective mechanism or immunodeficiency. BMC Infect Dis (2014) 14:236. doi:10.1186/1471-2334-14-236

36. Abu-Raya B, Kollmann TR, Marchant A, MacGillivray DM. The immune system of HIV-exposed uninfected infants. Front Immunol (2016) 7:383. doi:10.3389/fimmu.2016.00383

37. Marson A, Kretschmer K, Frampton GM, Jacobsen ES, Polansky JK, MacIsaac KD, et al. Foxp3 occupancy and regulation of key target genes during T-cell stimulation. Nature (2007) 445(7130):931–5. doi:10.1038/nature05478

38. Rubtsov YP, Rudensky AY. TGFbeta signalling in control of T-cell-mediated self-reactivity. Nat Rev Immunol (2007) 7(6):443–53. doi:10.1038/nri2095

39. Zheng Y, Rudensky AY. Foxp3 in control of the regulatory T cell lineage. Nat Immunol (2007) 8(5):457–62. doi:10.1038/ni1455

40. Joffre O, Santolaria T, Calise D, Al Saati T, Hudrisier D, Romagnoli P, et al. Prevention of acute and chronic allograft rejection with CD4+CD25+Foxp3+ regulatory T lymphocytes. Nat Med (2008) 14(1):88–92. doi:10.1038/nm1688

41. Sandner SE, Clarkson MR, Salama AD, Sanchez-Fueyo A, Domenig C, Habicht A, et al. Role of the programmed death-1 pathway in regulation of alloimmune responses in vivo. J Immunol (2005) 174(6):3408–15. doi:10.4049/jimmunol.174.6.3408

42. Barbi J, Pardoll D, Pan F. Treg functional stability and its responsiveness to the microenvironment. Immunol Rev (2014) 259(1):115–39. doi:10.1111/imr.12172

43. Rosenblum MD, Way SS, Abbas AK. Regulatory T cell memory. Nat Rev Immunol (2016) 16(2):90–101. doi:10.1038/nri.2015.1

44. Tanoue T, Atarashi K, Honda K. Development and maintenance of intestinal regulatory T cells. Nat Rev Immunol (2016) 16(5):295–309. doi:10.1038/nri.2016.36

45. Kretschmer K, Apostolou I, Hawiger D, Khazaie K, Nussenzweig MC, von Boehmer H. Inducing and expanding regulatory T cell populations by foreign antigen. Nat Immunol (2005) 6(12):1219–27. doi:10.1038/ni1265

46. Rao PE, Petrone AL, Ponath PD. Differentiation and expansion of T cells with regulatory function from human peripheral lymphocytes by stimulation in the presence of TGF-{beta}. J Immunol (2005) 174(3):1446–55. doi:10.4049/jimmunol.174.3.1446

47. Tovar-Salazar A, Patterson-Bartlett J, Jesser R, Weinberg A. Regulatory function of cytomegalovirus-specific CD4+CD27-CD28- T cells. Virology (2010) 398(2):158–67. doi:10.1016/j.virol.2009.11.038

48. Arvey A, van der Veeken J, Plitas G, Rich SS, Concannon P, Rudensky AY. Genetic and epigenetic variation in the lineage specification of regulatory T cells. Elife (2015) 4:e07571. doi:10.7554/eLife.07571

49. Levin MJ, Lindsey JC, Kaplan SS, Schimana W, Lawrence J, McNeal MM, et al. Safety and immunogenicity of a live attenuated pentavalent rotavirus vaccine in HIV-exposed infants with or without HIV infection in Africa. AIDS (2017) 31(1):49–59. doi:10.1097/QAD.0000000000001258

50. Mayondi GK, Wirth K, Morroni C, Moyo S, Ajibola G, Diseko M, et al. Unintended pregnancy, contraceptive use, and childbearing desires among HIV-infected and HIV-uninfected women in Botswana: across-sectional study. BMC Public Health (2016) 16:44. doi:10.1186/s12889-015-2498-3

51. Weinberg A, Song LY, Wilkening CL, Fenton T, Hural J, Louzao R, et al. Optimization of storage and shipment of cryopreserved peripheral blood mononuclear cells from HIV-infected and uninfected individuals for ELISPOT assays. J Immunol Methods (2010) 363(1):42–50. doi:10.1016/j.jim.2010.09.032

52. Ruck C, Reikie BA, Marchant A, Kollmann TR, Kakkar F. Linking susceptibility to infectious diseases to immune system abnormalities among HIV-exposed uninfected infants. Front Immunol (2016) 7:310. doi:10.3389/fimmu.2016.00310

53. Dagenais-Lussier X, Mouna A, Routy JP, Tremblay C, Sekaly RP, El-Far M, et al. Current topics in HIV-1 pathogenesis: The emergence of deregulated immuno-metabolism in HIV-infected subjects. Cytokine Growth Factor Rev (2015) 26(6):603–13. doi:10.1016/j.cytogfr.2015.09.001

54. Stephens GL, Andersson J, Shevach EM. Distinct subsets of FoxP3+ regulatory T cells participate in the control of immune responses. J Immunol (2007) 178(11):6901–11. doi:10.4049/jimmunol.178.11.6901

55. Philbin VJ, Levy O. Developmental biology of the innate immune response: implications for neonatal and infant vaccine development. Pediatr Res (2009) 65(5 Pt 2):98R–105R. doi:10.1203/PDR.0b013e31819f195d

56. Oleinika K, Nibbs RJ, Graham GJ, Fraser AR. Suppression, subversion and escape: the role of regulatory T cells in cancer progression. Clin Exp Immunol (2013) 171(1):36–45. doi:10.1111/j.1365-2249.2012.04657.x

57. Weinberg A, Huang S, Song LY, Fenton T, Williams P, Patterson J, et al. Immune correlates of herpes zoster in HIV-infected children and youth. J Virol (2012) 86(5):2878–81. doi:10.1128/JVI.06623-11

58. Punkosdy GA, Blain M, Glass DD, Lozano MM, O’Mara L, Dudley JP, et al. Regulatory T-cell expansion during chronic viral infection is dependent on endogenous retroviral superantigens. Proc Natl Acad Sci U S A (2011) 108(9):3677–82. doi:10.1073/pnas.1100213108

59. Hunt PW, Landay AL, Sinclair E, Martinson JA, Hatano H, Emu B, et al. A low T regulatory cell response may contribute to both viral control and generalized immune activation in HIV controllers. PLoS One (2011) 6(1):e15924. doi:10.1371/journal.pone.0015924

60. Presicce P, Orsborn K, King E, Pratt J, Fichtenbaum CJ, Chougnet CA. Frequency of circulating regulatory T cells increases during chronic HIV infection and is largely controlled by highly active antiretroviral therapy. PLoS One (2011) 6(12):e28118. doi:10.1371/journal.pone.0028118

61. Gaardbo JC, Ronit A, Hartling HJ, Gjerdrum LM, Springborg K, Ralfkiaer E, et al. Immunoregulatory T cells may be involved in preserving CD4 T cell counts in HIV-infected long-term nonprogressors and controllers. J Acquir Immune Defic Syndr (2014) 65(1):10–8. doi:10.1097/QAI.0b013e3182a7c932

62. Duraiswamy J, Kaluza KM, Freeman GJ, Coukos G. Dual blockade of PD-1 and CTLA-4 combined with tumor vaccine effectively restores T-cell rejection function in tumors. Cancer Res (2013) 73(12):3591–603. doi:10.1158/0008-5472.CAN-12-4100

63. Dannull J, Su Z, Rizzieri D, Yang BK, Coleman D, Yancey D, et al. Enhancement of vaccine-mediated antitumor immunity in cancer patients after depletion of regulatory T cells. J Clin Invest (2005) 115(12):3623–33. doi:10.1172/JCI25947

64. Lelic A, Verschoor CP, Lau VW, Parsons R, Evelegh C, Bowdish DM, et al. Immunogenicity of varicella vaccine and immunologic predictors of response in a cohort of elderly nursing home residents. J Infect Dis (2016) 214(12):1905–10. doi:10.1093/infdis/jiw462

65. Duhen T, Duhen R, Lanzavecchia A, Sallusto F, Campbell DJ. Functionally distinct subsets of human FOXP3+ Treg cells that phenotypically mirror effector Th cells. Blood (2012) 119(19):4430–40. doi:10.1182/blood-2011-11-392324

66. Chewning JH, Weaver CT. Development and survival of Th17 cells within the intestines: the influence of microbiome- and diet-derived signals. J Immunol (2014) 193(10):4769–77. doi:10.4049/jimmunol.1401835

67. Simon AK, Hollander GA, McMichael A. Evolution of the immune system in humans from infancy to old age. Proc Biol Sci (2015) 282(1821):20143085. doi:10.1098/rspb.2014.3085

68. Ndure J, Flanagan KL. Targeting regulatory T cells to improve vaccine immunogenicity in early life. Front Microbiol (2014) 5:477. doi:10.3389/fmicb.2014.00477

69. Flynn PM, Nachman S, Muresan P, Fenton T, Spector SA, Cunningham CK, et al. Safety and immunogenicity of 2009 pandemic H1N1 influenza vaccination in perinatally HIV-1-infected children, adolescents, and young adults. J Infect Dis (2012) 206(3):421–30. doi:10.1093/infdis/jis360

70. Chadwick EG, Chang G, Decker MD, Yogev R, Dimichele D, Edwards KM. Serologic response to standard inactivated influenza vaccine in human immunodeficiency virus-infected children. Pediatr Infect Dis J (1994) 13(3):206–11. doi:10.1097/00006454-199403000-00008

71. Ho J, Moir S, Malaspina A, Howell ML, Wang W, DiPoto AC, et al. Two overrepresented B cell populations in HIV-infected individuals undergo apoptosis by different mechanisms. Proc Natl Acad Sci U S A (2006) 103(51):19436–41. doi:10.1073/pnas.0609515103

Conflict of Interest Statement: AW: research support, grants, contracts from Merck. ML: consultant, honoraria, royalties, research support, grants, contracts from Merck.

Copyright © 2018 Weinberg, Lindsey, Bosch, Persaud, Sato, Ogwu, Asmelash, Bwakura-Dangarambezi, Chi, Canniff, Lockman, Gaseitsiwe, Moyo, Smith, Moraka and Levin. 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) or licensor 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-08-02002-g004.jpg
+0L1+a0

PD1+21 PD3+14

PD3+14 Entry

PD1+21

Entry

Time point

Vacoine group e FiolaTeq =






OPS/images/fimmu-08-02002-g005.jpg
coa%

D4 count

CO194TGF B+

CO1941L10

CD19+CD10-CD21-CD27-

CD19+CD10-CD21+CD27+

CD194CD10-CD214CD27-

cp19+CD10+

CDBHTGF B+

cosmLIO

CDBHCD254FOXP3+

cosmLIe

CDB4CD384HLADRY

CDA+TGF B

cosniLIOn

CD44CO254FOXP3+

coanLIZ+

CD4+CD384HLADRY

0.27(0.08)

0.26(0.09)

oax<0n)

032(0.06)

- -0.5






OPS/images/fimmu-08-02002-g003.jpg
A cD4%
CD4 count

CD19+TGF B+
coroHLIOr
CD19+CD10-CD21-CD27-
CD19+CD10.CD21+CD27+
CD19+CD10-CD21+CD27-
co19+CD10+

COB+TGF B+

cosHL1OH
CD8+CD25+OXP3+
cogHLI7+
CD8+CD38+HLADRY
CDA+TGF B+

coasiL10r
CD4+CD25+FOXP3+
coasiLI7+

CD4+CD38+HLADRY






OPS/images/fimmu-08-02002-g003b.jpg
cD4%
CD4 count

CD19+TGF B+
co19+LI0+
CD19+CD10-CD21-CD27-
CD19+CD10-CD21+CD27+
CD19+CD10-CD21+CD27-
cD19+CD10+

CD8+TGF B+

cogHLI0+
CDB+CD25+FOXP3+
C8HLI7+
CD8+CD38+HLADRY
CD4+TGF B+

catiL10+
CD4+CD25+FOXP3+
CD4HLI7+

CD4+CD38+HLADR+






OPS/images/fimmu-08-02002-t002.jpg
Assay

CD4+: %CD38+ HLADR+ (activated T cells)
CD4+: %IL17+ (mucosal infammatory T cels)
CD4+: %CD25+ FOXP3+ (regulatory T cells)
CD4+: %IL10+ (regulatory T cells)

CD4+: %TGFp+ (reguiatory T cells)

CD8+: %CD38+ HLADR+ (activated T cells)
CDB+: %IL17+ (mucosal inflammatory T cels)
CD8+: %CD25+ FOXP3+ (regulatory T cels)
CD8+: %IL10+ (regulatory T cells)

CDB+: %TGFp+ (reguiatory T cells)

CD19+: %CD10+ (mmature B cels)

CD19+: %C10- CD21+ CD27— (naive B cells)
CD19+: %GC10~ CD21+ CD27+ (memory B cells)
CD19+: %C10~ CD21~ CD27~ (exhausted

B cells)

CD19+: %IL10+ (reguiatory B cells)

CD19+: %TGFp+ (active B cells)

Median (Q1, Q3); N

p-Values

PHEU

7.4(5.0,10.8); 38
28(1.3,5.9); 40
01(0.0,0.2); 38
23(1.0,3.4); 40
28(1.6,4.3); 40

14.4 (108, 21.
48(24,11.1
03(0.1,0.5); 37
23(1.5,6.0); 41
32(20,56); 41

11.3(66,25.2); 41

25.5(19.0,33.3); 41

32.4(14.5,52.5); 41

31.6(21.4,489) 41

25(1.5,3.3; 41
42(20,14.8); 41

PHIV

7.9(43,10.8); 39
32(16,6.8);42
0.1(00,0.2); 39
20(1.3,32); 42
25(15,6.2;

131 (104, 19,
4.7(2.2,10.3); 43
02(0.1,04); 38
18(1.3,5.6),43
38(1.7,8.2; 43

11.9(6.1,23.9) 42

21.4(11.5,27.4), 42

35.0(17.3,49.2), 42

27.4(20.7,518), 42

26(1.7,36; 39
3.7(1.5,11.2); 39

HUU

275 (22.9,39.8), 4
0.7(0.4,1.2);4
0.3(0.2,0.4); 4
58(52,7.5:4
45(26,56)4

23.4(21.9,30.1) 4
33(1.9,5.1;4
0.4(0.3,05), 4
31(20,4.7;4
55(29,7.4; 4

12.1(10.1,15.0); 4

514(455,602); 4

15.4 (108, 18.2); 4

219(208,23.3; 4

5.3(4.0,7.5)4
10.0(4.9,13.9); 4

PHIV:PHEU

0.87
071
0.43
071
0.85
062
0.92
021
0.66
0.73
0.89
0.040
0.82
0.95

0.89
061

PHIV:HUU  PHEU:HUU

0.002
0013
011
0.004
0.51
0.030
0.35
0.16
0.61
0.70
0.82
0.004
0.07
014

0013
0.24

0.002
0014
0.06
0.014
037
0.043
034
0.46
081
0.40
0.97
0.006
0.10
0.15

0,013
052

Analyses were performed in perinatally HIV-infected infants (PHIV) and perinatally HIV-exposed uninfected (PHEU) data obtained at study entry; HIV-uninfected unexposed (HUU) hed

only one data set available at 6 months of life. Comparisons with p-values < 0.05 are bolded.
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Characteristic PHIV (N = 76) PHIV: with flow (V=47)  PHEU:withflow (N=42)  PHEU (N = 126)
Country Botswana 33 (43%) 17 (36%) 11 (26%) 37 (29%)
Tanzania 6(8%) 5(11%) 5(12%) 7(6%)
Zambia 6(8%) 3(6%) 4(10%) 8(6%)
Zimbabwe 31 (@1%) 22 (47%) 22 (52%) 74 (59%)
Sex Male 35 (46%) 20 (43%) 15 (36%) 59 (47%)
Female 41 (54%) 27 (57%) 27 (64%) 67 (53%)
Age at randomization (days) Median (min, max) 93(39, 104) 93 (61, 104) 92 (52, 101) 8028, 103)
Ever breast fed Yes 48 (63%) 30 (64%) 23 (55%) 79 (63%)
No 28 (37%) 17 (36%) 19 (45%) 47 (37%)
PMTCT No 25(33%) 14 (30%) 8(19%) 13 (10%)
Yes 51(67%) 33 (70%) 34(81%) 113 (90%)
Mother on ARVS No 62 (82%) 3881%) 14 (33%) 49 (39%)
Yes 14 (18%) 9(19%) 28 (67%) 77 61%)
ARV (days)* Median (Min, Max) 4(0,50) 6(0,49)
TMP/SMX No 6(8%) 3(6%) 15 (36%) 34(27%)
Yes 70 ©92%) 44 (94%) 27 (64%) 92 (73%)
WHO weight-for-age z-score  Median (Q1, Q3) ~15(-24,-03) -14(-27,-02) ~0.7(~1.4,-0.1) ~06(-13,-0.1)
Screening GD4% Median (min, max) 29(7,58) 28(7,58) 36/(20, 66) 38 (19, 66)
<15% 3(4%) 3(6%) 0(0%) 0(0%)
15 t0 <20% 8(11%) 4(9%) 0(0%) 1(1%)
>20% 65 (86%) 40 (85%) 42 (100%) 125 (99%)
Entry HIV-1 RNA (copies/m))  Median 48,314 33,491
<10K 22(31%) 15 (329%)
1010 <100 K 18 (25%) 14 (30%)
10010 <750 K 15 21%) 10/(21%)
2750 K 17 (24%) 8(17%)
Not measured 4 °
Vaccine group RotaTeq 37 (49%) 23 (49%) 19 (45%) 62 (49%)
Placebo 39(51%) 24 (51%) 23 (55%) 64(51%)

“Six infants were not on ARV when they received the first study vaccination.
PMTCT, prevention of mother-to-child transmission; ARV, antiretroviral therapy; TMP/SMX, cotrimoxazole; PHEU, perinatally HIV-exposed uninfected: PHIV, perinatally HIV-infected infants.
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