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Background: Epstein–Barr virus (EBV) and cytomegalovirus (CMV) are ubiquitous and persistent herpesviruses commonly acquired during childhood. Both viruses have a significant impact on the immune system, especially through mediating the establishment of cellular immunity, which keeps these viruses under control for life. Far less is known about how these viruses influence B-cell responses.

Objectives: To evaluate the impact of latent EBV and CMV infection on rubella- and measles-specific antibody responses as well as on the B-cell compartment in a prospective birth cohort followed during the first 10 years of life.

Methods: IgG titers against rubella and measles vaccines were measured in plasma obtained from the same donors at 2, 5, and 10 years of age. Peripheral B-cell subsets were evaluated ex vivo at 2 and 5 years of age. Factors related to optimal B-cell responses including IL-21 and CXCL13 levels in plasma were measured at all-time points.

Results: EBV carriage in the absence of CMV associated with an accelerated decline of rubella and measles-specific IgG levels (p = 0.003 and p = 0.019, respectively, linear mixed model analysis), while CMV carriage in the absence of EBV associated with delayed IgG decay over time for rubella (p = 0.034). At 5 years of age, EBV but not CMV latency associated with a lower percentage of plasmablasts, but higher IL-21 levels in the circulation.

Conclusion: Our findings suggest that EBV carriage in the absence of CMV influences the B-cell compartment and the dynamics of antibody responses over time during steady state in the otherwise healthy host.
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INTRODUCTION

Human herpesviruses are widespread pathogens with a significant impact on the immune system. They are unique since they persist after primary infection in a clinically silent state known as latency. Two herpesviruses often contracted during childhood are Epstein–Barr virus (EBV), which establishes latent infection in the memory B-cell (MBC) compartment (1, 2), and Cytomegalovirus (CMV), which has a number of latency targets including CD34+ and CD33+ hematopoietic cells (3, 4). Occasional reactivation from latency into virus replicative cycles at oropharyngeal sites promotes the shedding and transmission of EBV (1, 2). CMV may be shed for months to years, mainly by children who constitute the major group that spreads this virus (5). Despite this, herpesviruses are under tight immunological control conferred primarily by CD8+ T-cells and NK-cells (6). Therefore, the overwhelming majority of humans carry EBV and CMV without any clinical symptoms. For long, EBV and CMV have been regarded as pathogenic and linked to autoimmunity and complications in immunosuppressed individuals, respectively (7, 8). On the other hand, a study in mice suggests that latency with EBV or CMV equivalents can be beneficial for the carrier by mediating increased protection against subsequent bacterial infections, potentially through the action of elevated systemic cytokines (9).

How herpesvirus–host interactions imprint on the immune system of otherwise healthy humans remains largely elusive, and contrary to the cellular immunity, the impact of EBV and CMV on the humoral immunity and B-cell compartment has received much less attention. Class-switched memory B cells are diminished in young EBV seropositive children (10), and both EBV and CMV have been shown to differentially influence the human B-cell repertoire (11). Likewise, we have found that acute EBV infection in vitro induced a redistribution between B-cell subsets, with an enrichment of CD27+ B-cells, in peripheral blood mononuclear cells (PBMCs) from children (12). Functional B-cell responses in EBV-infected humans might also be modulated during latency, as we earlier found that the risk of IgE-sensitization is lower in EBV carriers, if infection occurred during infancy (13, 14). Interestingly, CMV further reduced the risk of IgE-sensitization, suggesting a further modification of antibody responses associated with CMV co-infection in EBV carriers (13). In addition to IgE-responses, there are studies showing associations between herpesviruses and altered vaccine-specific IgG titers either in infants (15) or in adults (16). Collectively, these findings suggest that the humoral- and B-cell compartments may be influenced by herpesviruses. However, to the best of our knowledge, no study has investigated serological responses and B-cell subsets in relation to herpesvirus latency in the same pediatric study population with a prospective approach. To this end, we investigated the relationship between EBV and CMV serostatus and childhood vaccine-responses during the first 10 years of life and characterized the children’s B-cell subsets. Intriguingly, we show that EBV, but not CMV, latency accelerates the decay of vaccine-specific antibodies in the young immunocompetent host.

MATERIALS AND METHODS

Study Cohort, Determination of EBV and CMV Serostatus, and Isolation of PBMCs

This study uses data from a total of n = 87 children (Table 1) that are part of a prospective birth cohort (n = 281) born between 1997 and 2000 in Stockholm, Sweden, with detailed demographic and herpesvirus serostatus data available at 2, 5, and 10 years of age (13, 14, 17). Likewise, vaccination status for the whole cohort was available at ages 3, 6, 12, 18, and 24 months, with 95 to 98% vaccine coverage at ages 18 and 24 months, respectively. The Swedish national vaccination protocol included the administration of one dose measles, mumps, and rubella (MMR) vaccine at 18 months of age, followed by a booster dose at 12 years of age for children born during the time this study cohort was formed.1 Subjects from whom vaccination schedule and plasma were available at all of the three time points were selected (n = 85 for rubella and n = 86 for measles, Table 2). Plasma IgG titers against EBV and CMV were measured, and serostatus was established at 2, 5, and 10 years of age according to previously described methods (13, 14, 17), and the carrier status and the number of children are described in Table 2. Based on this, we divided the children into three groups [EBV non-infected (i.e., both EBV−CMV+ and EBV−CMV−)], EBV-only infected (EBV+CMV), and co-infected (EBV+CMV+), or four groups (EBV−CMV−, EBV−CMV+, EBV+CMV−, and EBV+CMV+).

TABLE 1 | Subject demographics.
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TABLE 2 | Epstein–Barr virus (EBV) and cytomegalovirus (CMV) carrier status and vaccine-specific IgG titers.
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Peripheral blood mononuclear cells were separated by Ficoll–Hypaque gradient centrifugation (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). The cells were washed and re-suspended in freezing medium consisting of 50% FCS (Gibco, Invitrogen, Carlsbad, CA, USA), 10% dimethyl sulfoxide (Sigma Aldrich, St Louis, MO, USA) and 40% RPMI-1640, and stored in liquid nitrogen until further analysis. PBMCs were available from 2-year olds (n = 45) and 5-year olds (n = 35). The study was approved by the Human Ethics Committee at Huddinge University Hospital, Stockholm (Dnr 75/97, 331/02, 2007/858-31/2). In agreement with the Human Ethics Committee and according to the regulations at the time of the initiation of the study, the parents provided either their informed verbal (age 2 and 5 years) or written (age 10 years) consent.

Determination of B-Cell and T-Follicular Helper (TFH) Cell Subset Phenotypes by Flow Cytometry

Peripheral blood mononuclear cells from 2- and 5-year olds were stained ex vivo with alternating combinations of: CD19, CD27, CD38, IgD (from BD Biosciences, San Jose, CA, USA) to characterize B-cell populations. For identification of cells with a TFH-phenotype in 2-year olds, CD3, CD4, CD45RO, PD-1, and CXCR5 (BD Biosciences) were used. A fixable dead cell marker (Invitrogen) was used to exclude nonviable cells from the analysis. The FACSVerse or LSR II flow cytometers were used to acquire data (BD Biosciences) and FlowJo Software (TreeStar, Ashland, OR, USA) was used to analyze the data. Lymphocytes were gated based on forward scatter and side scatter properties, followed by gating of B cells (CD19+ lymphocytes), which were further defined as MBCs by the expression of surface CD27. Alternatively, B-cells were classified into four populations based on the expression of CD27 and IgD as follows: CD27−IgD+ (naive) B-cells, CD27−IgD− [double negative (DN)], CD27+IgD+, and CD27+IgD− B-cells according to the established classification system for MBCs (18). Plasmablasts were identified as CD27highCD38high B-cells. B-cell gating strategies are displayed in Figure S1A in Supplementary Material. For examination of TFH-cells, CD3+CD4+ lymphocytes were assessed for the simultaneous expression of CXCR5, PD-1, and CD45RO (Figure S1B in Supplementary Material). FMO and isotype controls were used for appropriate gating of CXCR5 and PD-1, respectively.

Quantification of Measles and Rubella Specific-IgG Titers, Enzyme-Linked Immunosorbent (ELISA), and Luminex Assay

Measles and rubella-specific IgG concentrations were assessed by Enzygnost® anti-measles IgG (Dade Behring, Marburg, GmbH) and Platelia™ Rubella IgG ELISA kits (Bio-Rad Laboratories, Hercules, CA, USA), respectively, according to the manufacturer’s instructions. The protective titer cutoff for measles-specific IgG was >150 mIU/ml and that for rubella was >10 IU/ml as per manufacturer manuals. The levels of IL-21 in plasma were measured using the human IL-21 ELISA development kit (MabTech AB, Stockholm, Sweden), according to the instructions from the manufacturer. The plasma CXCL13 chemokine levels were detected using the Bio-Plex Pro Human Chemokine 7-plex kit (Bio-Rad, USA), according to the manufacturer’s instructions.

Statistics

The distribution of measles and rubella IgG titers was visually inspected and log-transformed using the natural logarithm to better fulfill the assumptions of linearity and homoscedasticity of the assessed models. For valid measurements of measles and rubella IgG at 2, 5, and 10 years of age, random intercept and random slope linear mixed models were fitted. Age was added as a random effect per child, and as a fixed effect. Latency with EBV and CMV were added as fixed effects. Likelihood-ratio and Wald tests were used to assess significance of covariates. The models were fitted using lmer in the lme4 package (19) in R version 3.2.5.2 Mann–Whitney U-test was used to test statistical differences between the EBV-only infected group and the EBV non-infected or the co-infected groups. p-values < 0.05 were considered statistically significant. All dot plots show median (horizontal middle lines) and interquartile range (whiskers). GraphPad prism 7.02 (GraphPad, La Jolla, CA, USA) was used for these statistical analyses.

RESULTS

EBV Latency Associates with an Accelerated Decay of Vaccine-Specific Antibody Titers

To examine whether latent EBV infection influences vaccine responses, we analyzed anti-rubella and anti-measles IgG titers over time in children with different EBV and CMV serostatus. We used a linear-mixed effect model approach, which considers the fact that the children will seroconvert at different time points. In accordance with current knowledge (20), the vaccine-specific titers declined significantly over time, with an average decrease of 0.12 and 0.15 in IgG titer per year for rubella and measles, respectively (p < 0.0001 for both, Figures 1A,B). Interestingly, the EBV+CMV− group showed a significantly more rapid reduction of vaccine-specific titers compared to the EBV−CMV− group (p = 0.003 and p = 0.019 for rubella and measles, respectively, Figures 1C,D). In contrast, the EBV−CMV+ group had a significantly slower decrease in rubella-specific titers compared to the EBV−CMV− group (p = 0.034, Figure 1C), while the halted decrease in measles-specific titers was observable but not statistically significant (p = 0.12, Figure 1D). Notably, the pattern of antibody decay in the co-infected (EBV+CMV+) group was similar to the reference (EBV−CMV−) group (Figures 1C,D). Three-way interactions for age, EBV status, and CMV status were found non-significant (p = 0.26 and p = 0.94 for measles and rubella, respectively), indicating that it is sufficient to model the virus-associated effects in an additive fashion. In contrast, total IgG levels in plasma did not differ between the groups (data not shown).
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FIGURE 1 | Epstein–Barr virus (EBV) latency associates with an accelerated decay of vaccine-specific IgG titers. (A) Anti-rubella and (B) anti-measles IgG titers at 2, 5, and 10 years of age. Thick black lines show mean IgG titers over time, along with 95% Wald confidence intervals in blue. Thin gray lines depict (A) rubella-specific (n = 85) and (B) measles-specific (n = 86) IgG titers for each included individual. Mean (C) anti-rubella and (D) anti-measles IgG titer change over time based on EBV and cytomegalovirus (CMV) carrier status resulting in four groups: EBV−CMV− (black slope), EBV+CMV− (blue slope), EBV−CMV+ (green slope), and EBV+CMV+ (red slope). #p-values or *p-values were generated after comparison of EBV+CMV− or EBV−CMV+, respectively, with the EBV−CMV− (reference) group by linear mixed model analysis.



The Proportions of Naive and Memory B-Cells Alter with Age but Are Not Further Influenced by EBV

Since EBV infection was found to be associated with changes in serological immunity during childhood, we investigated whether EBV also imprinted the B-cell compartment and characterized the B-cells in the 2- and 5-year-old children. As expected, we observed decreased proportions of total and naive B-cells, but increased proportions of MBCs, with age (all p < 0.001) (Figure 2).
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FIGURE 2 | Changes in the distribution of peripheral B-lymphocyte subsets with age. Flow cytometry analysis of peripheral blood mononuclear cells (PBMCs) from children at 2 (n = 43) and 5 years of age (n = 35) for proportions of total B-cells (CD19+ cells among lymphocytes), naive B-cells (CD27−IgD+ cells among CD19+ lymphocytes), and memory B-cells (MBCs) (CD27+ cells among CD19+ lymphocytes).



We then investigated the B-cell compartment in relation to EBV serostatus comparing the EBV-only infected (EBV+CMV−) to either EBV non-infected (EBV−) or co-infected (EBV+CMV+) groups. At 2 and 5 years of age, there were no significant differences in the percentages of total B-cells, naive B-cells, or MBCs between the groups (Figures 3A–F). Exclusion of the CMV+ donors from the EBV non-infected group did not alter these results (Figures 3B,D,F right panels). When further characterizing the peripheral B-cells according to their CD27- and IgD-expression, we found a significant accumulation of CD27−IgD− cells (DN MBCs) in the co-infected group (p = 0.019); however, there were no differences in IgG, IgA, or IgM expression within this sub-population (data not shown). Further, there were no differences in the CD27+IgD+ and CD27+IgD− B-cells at 5 years of age (Figure 4).
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FIGURE 3 | Characteristics of the peripheral B-cell compartment in relation to Epstein–Barr virus (EBV) carriage at 2 and 5 years of age. (A) Representative gating and (B) combined data for the proportions of CD19+ cells among lymphocytes from EBV−, EBV+CMV− or EBV+CMV+ donors. (B) Right panel shows exclusion of CMV+ donors from the EBV− group. (C) Representative gating and (D) combined data for the proportions of naive B-cells among CD19+ cells in EBV−, EBV+CMV−, or EBV+CMV+ donors. (D) Right panel shows exclusion of CMV+ donors from the EBV− group. (E) Representative gating and (F) combined data for the proportions of memory B-cells (MBCs) among CD19+ cells in EBV−, EBV+CMV−, or EBV+CMV+ donors. (F) Right panel shows exclusion of CMV+ donors from the EBV− group. At age 2 years: EBV− [n = 25 in (A,C,E) and n = 13 in (B,D,F)], EBV+CMV− (n = 10 in all graphs), and EBV+CMV+ (n = 10 in all graphs.) At age 5 years: EBV− [n = 15 in (A,C,E) and n = 11 in (B,D,F)], EBV+CMV− (n = 5 in all graphs), and EBV+CMV+ (n = 15 in all graphs).
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FIGURE 4 | Epstein–Barr virus (EBV) and cytomegalovirus (CMV) co-infection is associated with higher proportions of CD27−IgD− B-cells at 5 years of age. From left to right, the proportions of CD27−IgD−, CD27+IgD+, and CD27+IgD− cells among CD19+ cells. EBV− (n = 15), EBV+CMV− (n = 5), and EBV+CMV+ (n = 15).



EBV-Only Infected 5-Year-Old Children Show Lower Proportions of Antibody-Producing Cell Precursors

Based on the strong association between EBV infection and the accelerated loss of protective antibodies against both rubella and measles, we further investigated the percentage of plasmablasts, which are peripheral markers of serological immune responses (21). As expected, the percentage of peripheral plasmablasts increased with age (Figure 5A). Further, we found a significantly lower proportion of plasmablasts in the EBV-only infected group at 5 years of age (Figures 5B,C), which was sustained following exclusion of CMV+ donors from the EBV non-infected group (Figure 5C right panel). These differences could not be observed at 2 years of age (Figures 5B,C).
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FIGURE 5 | Epstein–Barr virus (EBV) carriers show altered proportions of peripheral antibody-producing cell precursors at 5 years of age. (A) Flow cytometry analysis of peripheral blood mononuclear cells (PBMCs) from children at 2 years (n = 43) and 5 years of age (n = 35) for proportions of plasmablasts (CD27highCD38high cells among CD19+ cells). (B) Representative gating of plasmablasts and (C) combined data for plasmablast proportions in EBV−, EBV+CMV−, or EBV+CMV+ donors at 2 and 5 years of age. (C) Right panel shows the exclusion of CMV+ donors from the EBV− group. At age 2 years: EBV− [n = 25 in (B) and n = 13 in (C)], EBV+CMV− [n = 10 in both (B,C)], and EBV+CMV+ [n = 10 in both (B,C)]. At age 5 years: EBV− [n = 15 in (B) and n = 11 in (C)], EBV+CMV− [n = 5 in both (B,C)], and EBV+CMV+ [n = 15 in both (B,C)].



EBV and CMV Latency Differentially Relate to Plasma IL-21 Levels

TFH-cells are dedicated to contribute to B-cell responses in secondary-lymphoid tissues, where long-lived plasma cell precursors and MBCs with high-affinity antibodies are developed. One central factor for the TFH-cell mediated generation of B-cell responses is IL-21 (22). In addition, CXCL13 is a chemokine important for the proper positioning of CXCR5+ cells (e.g., B- and TFH-cells) in the secondary-lymphoid tissues and alterations in plasma CXCL13 have been connected to immune function (23).

We started by examining the relationship between EBV latency and IL-21 in the circulation of the children. Interestingly, at 2 and 5 years of age, EBV+CMV− donors had higher plasma levels of IL-21 compared to the EBV non-infected and co-infected groups (Figure 6A). This pattern was less obvious by the age of 10 years but remained significant between the EBV-only and co-infected group. However, we found no alteration in the percentage of circulating CD4+ T-cells, CXCR5+ CD4+ T-cells, or T-cells with a TFH-phenotype in the EBV+CMV− group at 2 years of age where PBMCs were available (Figure 6B). Further, there were no differences found in plasma CXCL13 levels at either of the examined time points (Figure 6C). Exclusion of the CMV+ donors from the EBV non-infected group did not alter these results (Figure S2 in Supplementary Material).
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FIGURE 6 | Epstein–Barr virus (EBV), but not cytomegalovirus (CMV), infection is associated with higher plasma IL-21 during childhood. (A) Plasma IL-21 levels at 2, 5, and 10 years of age, (B) the proportions of CD3+CD4+ T-cells among lymphocytes, CXCR5+ cells among CD3+CD4+ T-cells and PD-1+CD45RO+ cells among CD3+CD4+CXCR5+ T-cells at 2 years of age, (C) plasma CXCL13 levels at 2, 5, and 10 years of age, in relation to EBV and CMV serostatus. (A) EBV− (n = 189, n = 118, and n = 111), EBV+CMV− (n = 26, n = 28, and n = 42), and EBV+CMV+ (n = 21, n = 41, and n = 53) at 2, 5, and 10 years of age, respectively. (B) EBV− (n = 22), EBV+CMV− (n = 9), or EBV+CMV+ (n = 8) in 2-year-old donors. (C) EBV− (n = 98, n = 45, and n = 42), EBV+CMV− (n = 13, n = 15, and n = 17), and EBV+CMV+ (n = 12, n = 11, and n = 16) at 2, 5, and 10 years of age, respectively.



DISCUSSION

Herein, we used a prospective approach to address whether the latency with two common herpesviruses, which are usually contracted in childhood, could influence B-cell vaccine responses in a young and otherwise healthy population. To do this, we measured IgG titers against childhood vaccines as our study model in a well-characterized prospective Swedish birth cohort (13, 14, 17) with high vaccination coverage. In line with current agreement of prime-boost strategy for MMR vaccination (24), we show that measles and rubella-specific antibody responses decay over time following the first vaccine dose. Interestingly, EBV, but not CMV, latency was associated with a more rapid decline of measles and rubella-specific IgG titers. Further, we show that antibody responses in EBV and CMV co-infected children were comparable to the EBV and CMV non-infected group for both measles and rubella antigens, suggesting that CMV to some extent halts, restores, or compensates EBV-associated vaccine-antibody titer loss. In consistence with our results, infection with EBV, but not CMV, associated with lower antibody responses to measles vaccine-antigen in Gambian infants (15). Two recent studies using material from the same cohort of children showed no differences in vaccine responses against measles antigen at 6 years of age in relation to EBV and/or CMV-infection (10, 25). In the first study, children were divided into EBV non-infected, early EBV-infected (<14 months) and late EBV-infected (14 months to 6 years) groups (10), while in the second study, the children were divided into four groups based on both EBV and CMV serostatus (25). However, both of these studies lack a longitudinal approach for the IgG measurements that specifically addresses how infection with herpesviruses over several years may affect a given individual’s serological response. In our study, by investigating a relatively large group where each child was followed prospectively, we were able to account for longitudinal effects of herpesviruses on humoral immunity.

To the best of our knowledge, we are the first to report that EBV and CMV associate with opposite effects on IgG responses to rubella and measles vaccines. Albeit not studying the same immunogens, our results are in agreement with a recent study where CMV seropositive healthy young adults had significantly higher influenza-specific antibody responses compared to their seronegative peers (16). Why EBV and CMV have an opposite effect on the serological memory compartment of young individuals is puzzling. However, immune responses against CMV and EBV are qualitatively different in many ways. For instance, CMV provokes a TH1 cytokine-biased response, while EBV has been associated with a mixed TH1 and TH2-cell cytokine profile in children (26–28). Thus, we could speculate that EBV and CMV may promote the expansion of memory cell populations that differently shape ongoing or de novo B-cell responses. However, a recent study was unable to report an association between enriched CD8+ memory T-cells and measles IgG titers in EBV- or CMV-infected children (25). Yet, that study differed from ours with respect to sampling occasions and follow-up time as well as applying a cross-sectional approach for their analysis (25).

Albeit there are overwhelming data on B-cell infection biology and phenotypes upon EBV infection, the research focus has been on models with a significantly modulated immune system such as cancers and autoimmunity (29, 30) or during acute EBV infection in adolescence and adulthood (31–34). A general consensus from these studies is that the EBV reservoir is confined within the IgD−CD27+ MBCs. Another study focusing on otherwise healthy young patients, IgD+ B-cells in tonsillar biopsies were identified as EBV latency-reservoirs (35).

In order to understand whether the influence of EBV and CMV on vaccine responses could be linked to the cellular compartment of B-cells in our cohort of healthy children, we characterized and followed the dynamics of these cells at 2 and 5 years of age where PBMC samples were available. We found that the proportions of MBCs increased with age, indicating a higher output of cells derived from lymphoid tissues. Furthermore, compared to their non- or single-virus infected peers, EBV and CMV co-infected children had markedly higher proportions of DN MBCs at 5 years of age. Indeed, this sub-population has been associated with a chronic immune activation and may be the result of long-lasting antigenic load as seen in elderly (36). Interestingly, previously we also found an enrichment of terminally differentiated NK-cells, which are markers of chronic immune activation, in this group of children (37). How persistence of DN MBC, or other cells with a phenotype associated with chronic activation, shape humoral immunity in children remains to be determined.

Vaccine-specific antibody levels are maintained by terminally differentiated, non-proliferating, long-lived plasma cells, which originate from the late stages of germinal center reactions occurring in secondary lymphoid tissues (38–40). Following a typical germinal center response, plasmablasts migrate to the bone marrow to complete their differentiation into plasma cells. We found the percentage of plasmablasts in PBMCs to be low at the age of 2 years, regardless of herpesvirus infection status. A general rise in the proportions of plasmablasts was however noted among 5-year-old children except in the EBV+CMV− group, which had markedly lower percentages compared to the remaining groups. It is unlikely that these plasma cell precursors have antigen-specificity for vaccines administered years before. However, it has been shown that the replicative cycle of EBV is induced, while cells are terminally differentiating into plasma cells in vivo (32, 41). Thus, a lower circulating plasmablast proportion could hypothetically be a marker of altered germinal center output. In light of the above, EBV was also shown to be responsible for altered expression of chemokine receptors important for proper positioning of B-cells during germinal center reactions (42). This could negatively affect plasmablast generation, further supporting the idea that EBV could diminish plasmablast numbers and/or germinal center output.

IL-21, mainly produced by TFH-cells, but also by others including T-follicular regulatory and TH17-cells, is a key cytokine required for successful germinal center reactions and generation of antibody-secreting cells (22, 43–46). In addition, the CXCL13-CXCR5 signaling axis is central in proper organization of B-cell follicles and germinal centers (23). Therefore, we aimed to examine IL-21, CXCL13, and TFH-cells in order to understand the relationship between these factors and changes in IgG responses in EBV-infected children. Surprisingly, IL-21 plasma levels were significantly higher in the EBV+CMV− group at all-time points. The reason behind this is not clear. Interestingly, however, the treatment of EBV-infected cells and cell lines with IL-21 in vitro aids in the maintenance of viral latency through induction of EBV latent membrane protein 1 (LMP1) (47, 48). LMP1-expressing B-cells halt germinal center-formation and induce the extrafollicular B-cell differentiation pathway (49), which is related to short-lived antibody responses and might reflect antibody-response decay over time. Although we cannot exclude the possibility that herpesviruses influence the TFH-compartment later in childhood, the systemic IL-21 pattern was not paralleled by the proportions of TFH-cells in 2-year-old children. Neither did the total numbers of IL-21 secreting PBMCs, measured by ELISPOT upon T-cell receptor stimulation (data not shown) differ between the groups, suggesting an alternative source of IL-21 in the circulation. However, due to the limited number of cells available from the children, we could not investigate this possibility.

Some limitations should be acknowledged. The availability of PBMC samples from the same donors was limited. In this regard, it was not possible to perform further analyses of circulating B-cell antigen specificity, which could contribute to better associations between serological profiles and examined B-cell subsets. Likewise, a more thorough analysis of the TFH compartment was not feasible.

Whether an accelerated decay of vaccine-specific IgG levels in CMV-naive EBV-infected children is significant enough to negatively impact the protection against measles and/or rubella remains unknown due to the fact that measles and/or rubella outbreaks in Sweden are extremely rare. Yet, this warrants further investigations if EBV- and CMV seroprevalence will change in the general population; something that is indicated in this particular cohort (17).

In conclusion, we believe that our study is unique due to its longitudinal approach, showing antibody responses to measles and rubella vaccine antigens at three occasions during the first 10 years of life in relation to herpesvirus carriage. These observations along with analysis of the B-cell compartment during infancy and childhood contributes to a better understanding of how B-cell responses to certain antigens are affected by herpesvirus carriage during steady state.

ETHICS STATEMENT

The study was approved by the Human Ethics Committee at Huddinge University Hospital, Stockholm (Dnr 75/97, 331/02, 2007/858-31/2). In agreement with the Human Ethics Committee and according to the regulations at the time of the initiation of the study, the parents provided either their informed verbal (age 2 and 5 years) or written (age 10 years) consent.

AUTHOR CONTRIBUTIONS

MB, ES-E, SS-H, and AN conceived and designed the study. GL, SB, CC-Q, BN, and MB designed and/or performed lab work. GL, SB, IM, AN, SS-H, and ES-E analyzed and/or finalized the data. GL and IM performed statistical analysis. CN performed clinical evaluation and follow-up of the children. GL, SB, SS-H, and ES-E wrote the paper. All authors read and approved the final version of the manuscript.

FUNDING

This project was funded by grants from the Swedish Research Council (grant 57X-15160-10-4), Petrus and Augusta Hedlund Foundation, The Swedish Heart and Lung Foundation, The Engkvist Foundation, The Golden Jubilee Memorial, Crown Princess Lovisa, Hesselman Foundations, Sällskapet Barnavård, The Shizu Matsumura Donation, The Magnus Bergvall Foundation, Lars Hierta Memorial Foundation, Karolinska Institutet Foundations and Funds, The Swedish Asthma and Allergy Foundation, Mjölkdroppen Foundation, Stiftelsen Frimurare Barnhuset i Stockholm and through the ALF-agreement, Stockholm County.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at http://www.frontiersin.org/articles/10.3389/fimmu.2017.01865/full#supplementary-material.

Abbreviations

EBV, Epstein–Barr virus; CMV, cytomegalovirus; TH-cells, T-helper cells; TFH-cells, T-follicular helper cells; Ig, immunoglobulin; MBCs, memory B-cells.

REFERENCES

1. Cohen JI. Epstein-Barr virus infection. N Engl J Med (2000) 343:481–92. doi:10.5732/cjc.014.10168

2. Hislop AD, Taylor GS, Sauce D, Rickinson AB. Cellular responses to viral infection in humans: lessons from Epstein-Barr virus. Annu Rev Immunol (2007) 25:587–617. doi:10.1146/annurev.immunol.25.022106.141553

3. Britt WJ. In: Shenk TE, Stinski MF, editors. Manifestations of Human Cytomegalovirus Infection: Proposed Mechanisms of Acute and Chronic Disease. Berlin, Heidelberg: Springer (2008).

4. Sinclair J, Reeves M. The intimate relationship between human cytomegalovirus and the dendritic cell lineage. Front Microbiol (2014) 5:389. doi:10.3389/fmicb.2014.00389

5. Stagno S, Cloud GA. Working parents: the impact of day care and breast-feeding on cytomegalovirus infections in offspring. Proc Natl Acad Sci U S A (1994) 91:2384–9. doi:10.1073/pnas.91.7.2384

6. Vieira Braga FA, Hertoghs KML, van Lier RAW, van Gisbergen KPJM. Molecular characterization of HCMV-specific immune responses: parallels between CD8+ T cells, CD4+ T cells, and NK cells. Eur J Immunol (2015) 45:2433–45. doi:10.1002/eji.201545495

7. Ascherio A, Munger KL. In: Münz C, editor. EBV and Autoimunity. Cham: Springer (2015).

8. Gianella S, Letendre S. Cytomegalovirus and HIV: a dangerous pas de deux. J Infect Dis (2016) 214:S67–74. doi:10.1093/infdis/jiw217

9. Barton ES, White DW, Cathelyn JS, Brett-McClellan KA, Engle M, Diamond MS, et al. Herpesvirus latency confers symbiotic protection from bacterial infection. Nature (2007) 447:326–9. doi:10.1038/nature05762

10. Van den Heuvel D, Jansen MAE, Bell AI, Rickinson AB, Jaddoe VWV, van Dongen JJM, et al. Transient reduction in IgA+ and IgG+ memory B cell numbers in young EBV-seropositive children: the generation R study. J Leukoc Biol (2017) 101:949–56. doi:10.1189/jlb.5VMAB0616-283R

11. Wang C, Liu Y, Xu L, Jackson K, Roskin K, Pham T, et al. Effects of aging, CMV infection, and EBV infection on human B cell repertoires. J Immunol (2014) 192:603–11. doi:10.4049/jimmunol.1301384.Effects

12. Sohlberg E, Saghafian-Hedengren S, Rasul E, Marchini G, Nilsson C, Klein E, et al. Cytomegalovirus-seropositive children show inhibition of in vitro EBV infection that is associated with CD8+CD57+ T cell enrichment and IFN-γ. J Immunol (2013) 191:5669–76. doi:10.4049/jimmunol.1301343

13. Nilsson C, Linde A, Montgomery SM, Gustafsson L, Näsman P, Blomberg MT, et al. Does early EBV infection protect against IgE sensitization? J Allergy Clin Immunol (2005) 116:438–44. doi:10.1016/j.jaci.2005.04.027

14. Saghafian-Hedengren S, Sverremark-Ekström E, Linde A, Lilja G, Nilsson C. Early-life EBV infection protects against persistent IgE sensitization. J Allergy Clin Immunol (2010) 125:433–8. doi:10.1016/j.jaci.2009.09.033

15. Holder B, Miles DJC, Kaye S, Crozier S, Mohammed NI, Duah NO, et al. Epstein-Barr virus but not cytomegalovirus is associated with reduced vaccine antibody responses in Gambian infants. PLoS One (2010) 5:e14013. doi:10.1371/journal.pone.0014013

16. Furman D, Jojic V, Sharma S, Shen-Orr S, Angel CJL, Onengut-Gumuscu S, et al. Cytomegalovirus infection improves immune responses to influenza. Sci Transl Med (2015) 7:1–22. doi:10.1126/scitranslmed.aaa2293.Cytomegalovirus

17. Carvalho-Queiroz C, Johansson MA, Persson J-O, Jörtsö E, Kjerstadius T, Nilsson C, et al. Associations between EBV and CMV seropositivity, early exposures, and gut microbiota in a prospective birth cohort: a 10-year follow-up. Front Pediatr (2016) 4:93. doi:10.3389/fped.2016.00093

18. Sanz I, Wei C, Lee E-HF, Anolik J. Phenotypic and functional heterogeneity of human memory B cells. Semin Immunol (2008) 20:67–82. doi:10.1016/j.smim.2007.12.006.Phenotypic

19. Bates D, Mächler M, Bolker BM, Walker SC. Fitting linear mixed-effects models using lme4. J Stat Softw (2015) 67:1–48. doi:10.18637/jss.v067.i01

20. Siegrist C-A, Aspinall R. B-cell responses to vaccination at the extremes of age. Nat Rev Immunol (2009) 9:185–94. doi:10.1038/nri2508

21. Yoshida T, Mei H, Dörner T, Hiepe F, Radbruch A, Fillatreau S, et al. Memory B and memory plasma cells. Immunol Rev (2010) 237:117–39. doi:10.1111/j.1600-065X.2010.00938.x

22. Moens L, Tangye SG. Cytokine-mediated regulation of plasma cell generation: IL-21 takes center stage. Front Immunol (2014) 5:65. doi:10.3389/fimmu.2014.00065

23. Havenar-Daughton C, Lindqvist M, Heit A, Wu JE, Reiss SM, Kendric K, et al. CXCL13 is a plasma biomarker of germinal center activity. Proc Natl Acad Sci U S A (2016) 113:2702–7. doi:10.1073/pnas.1520112113

24. Kakoulidou M, Ingelman-Sundberg H, Johansson E, Cagigi A, Farouk SE, Nilsson A, et al. Kinetics of antibody and memory B cell responses after MMR immunization in children and young adults. Vaccine (2013) 31:711–7. doi:10.1016/j.vaccine.2012.11.031

25. Van Den Heuvel D, Jansen MAE, Dik WA, Bouallouch-Charif H, Zhao D, Van Kester KAM, et al. Cytomegalovirus- and Epstein-Barr virus-induced T-cell expansions in young children do not impair naive T-cell populations or vaccination responses: the generation R study. J Infect Dis (2016) 213:233–42. doi:10.1093/infdis/jiv369

26. Nilsson C, Larsson Sigfrinius AK, Montgomery SM, Sverremark-Ekström E, Linde A, Lilja G, et al. Epstein-Barr virus and cytomegalovirus are differentially associated with numbers of cytokine-producing cells and early atopy. Clin Exp Allergy (2009) 39:509–17. doi:10.1111/j.1365-2222.2008.03147.x

27. Paul CC, Keller JR, Armpriester JM, Baumann MA. Epstein-Barr virus transformed B lymphocytes produce interleukin-5. Blood (1990) 75:1400–3.

28. Incrocci R, McCormack M, Swanson-Mungerson M. Epstein-Barr virus LMP2A increases IL-10 production in mitogen-stimulated primary B-cells and B-cell lymphomas. J Gen Virol (2013) 94:1127–33. doi:10.1099/vir.0.049221-0

29. Young LS, Yap LF, Murray PG. Epstein-Barr virus: more than 50 years old and still providing surprises. Nat Rev Cancer (2016) 16:789–802. doi:10.1038/nrc.2016.92

30. Marquez AC, Horwitz MS. The role of latently infected B cells in CNS autoimmunity. Front Immunol (2015) 6:544. doi:10.3389/fimmu.2015.00544

31. Joseph AM, Babcock GJ, Thorley-Lawson DA. EBV persistence involves strict selection of latently infected B cells. J Immunol (2000) 165:2975–81. doi:10.4049/jimmunol.165.6.2975

32. Souza TA, Stollar BD, Sullivan JL, Luzuriaga K, Thorley-Lawson DA. Influence of EBV on the peripheral blood memory B cell compartment. J Immunol (2007) 179:3153–60. doi:10.4049/jimmunol.179.5.3153

33. Souza TA, Stollar BD, Sullivan JL, Luzuriaga K, Thorley-Lawson DA. Peripheral B cells latently infected with Epstein-Barr virus display molecular hallmarks of classical antigen-selected memory B cells. Proc Natl Acad Sci U S A (2005) 102:18093–8. doi:10.1073/pnas.0509311102

34. Thorley-Lawson DA. Epstein-Barr virus: exploiting the immune system. Nat Rev Immunol (2001) 1:75–82. doi:10.1038/35095584

35. Vistarop AG, Cohen M, De Matteo E, Preciado MV, Chabay PA. Analysis of Epstein-Barr virus infection models in a series of pediatric carriers from a developing country. Sci Rep (2016) 6:23303. doi:10.1038/srep23303

36. Colonna-Romano G, Bulati M, Aquino A, Pellicanò M, Vitello S, Lio D, et al. A double-negative (IgD-CD27-) B cell population is increased in the peripheral blood of elderly people. Mech Ageing Dev (2009) 130:681–90. doi:10.1016/j.mad.2009.08.003

37. Saghafian-Hedengren S, Sohlberg E, Theorell J, Carvalho-Queiroz C, Nagy N, Persson J-O, et al. Epstein-Barr virus coinfection in children boosts cytomegalovirus-induced differentiation of natural killer cells. J Virol (2013) 87:13446–55. doi:10.1128/JVI.02382-13

38. Weisel FJ, Zuccarino-Catania GV, Chikina M, Shlomchik MJA. Temporal switch in the germinal center determines differential output of memory B and plasma cells. Immunity (2016) 44:116–30. doi:10.1016/j.immuni.2015.12.004

39. Amanna IJ, Carlson NE, Slifka MK. Duration of humoral immunity to common viral and vaccine antigens. N Engl J Med (2007) 357:1903–15. doi:10.1056/NEJMoa066092

40. Bemark M. Translating transitions – how to decipher peripheral human B cell development. J Biomed Res (2015) 29:264–84. doi:10.7555/JBR.29.20150035

41. Laichalk LL, Thorley-Lawson DA. Terminal differentiation into plasma cells initiates the replicative cycle of Epstein-Barr virus in vivo terminal differentiation into plasma cells initiates the replicative cycle of Epstein-Barr virus in vivo. J Virol (2005) 79:1296–307. doi:10.1128/JVI.79.2.1296

42. Ehlin-Henriksson B, Liang W, Cagigi A, Mowafi F, Klein G, Nilsson A. Changes in chemokines and chemokine receptor expression on tonsillar B cells upon Epstein-Barr virus infection. Immunology (2009) 127:549–57. doi:10.1111/j.1365-2567.2008.03029.x

43. Vogelzang A, Mcguire HM, Yu D, Sprent J, Mackay CR, King CA. Fundamental role for interleukin-21 in the generation of T follicular helper cells. Immunity (2008) 29:127–37. doi:10.1016/j.immuni.2008.06.001

44. Linterman MA, Beaton L, Yu D, Ramiscal RR, Srivastava M, Hogan JJ, et al. IL-21 acts directly on B cells to regulate Bcl-6 expression and germinal center responses. J Exp Med (2010) 207:353–63. doi:10.1084/jem.20091738

45. Chtanova T, Tangye SG, Newton R, Hodge MR, Rolph MS, Charles R, et al. T follicular helper cells express a distinctive transcriptional profile, reflecting their role as non-Th1/Th2 effector cells that provide help for B cells. J Immunol (2004) 173:68–78. doi:10.4049/jimmunol.173.1.68

46. Spolski R, Leonard WJ. Interleukin-21: a double-edged sword with therapeutic potential. Nat Rev Drug Discov (2014) 13:379–95. doi:10.1038/nrd4296

47. Konforte D, Simard N, Paige CJ. Interleukin-21 regulates expression of key Epstein-Barr virus oncoproteins, EBNA2 and LMP1, in infected human B cells. Virology (2008) 374:100–13. doi:10.1016/j.virol.2007.12.027

48. Kis LL, Salamon D, Persson EK, Nagy N, Scheeren FA, Spits H, et al. IL-21 imposes a type II EBV gene expression on type III and type I B cells by the repression of C- and activation of LMP-1-promoter. Proc Natl Acad Sci U S A (2010) 107:872–7. doi:10.1073/pnas.0912920107

49. Uchida J, Yasui T, Takaoka-Shichijo Y, Muraoka M, Kulwichit W, Raab-Traub N, et al. Mimicry of CD40 signals by Epstein-Barr virus LMP1 in B-lymphocyte responses. Science (1999) 286:300–3. doi:10.1126/science.286.5438.300

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 © 2017 Lasaviciute, Björkander, Carvalho-Queiroz, Hed Myrberg, Nussbaum, Nilsson, Bemark, Nilsson, Sverremark-Ekström and Saghafian-Hedengren. 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.



1http://sammantradeshandlingar.sll.se/sites/sammantradeshandlingar.sll.se/Handlingar/HSN/2007/2007-03-22/08mBILAGA1.pdf.

2http://www.gbif.org/resource/81287.

OPS/images/fimmu-08-01865-g005.jpg
%CD27MoNCD3gNIcells
‘among CD19* cells

CD27

Plasmablasts

EBV*‘CMV*

053 Q

)

2-year old

5-year old

%CD27"3"CD38Mh cells among CD19* cells ©

Plasmablasts Plasmablasts
1. 8115
1.4 | 1o
=
[=]
Y ° Olosy o
o0 o
% o € S o
o,
EBV-  EBve  EBVY E|0TEE Ewe v
CMV-  CMV+ ; CMV-  CMV-  CMV+
=0.040 :8 040
(o0 p=0.
030 5 —
P p=0. 2|5 poom
N 3 .
. a -
X O 1o
oo 2 oane
] ®
o o5
I
T 8 T "l‘
ool B K [ R S =N
EBV-  EBV+  EBVr & EBV-  EBV+  EBV+
cMv-  cmv+ cMv-  cmv-  cMve

O 2-yearolds

4 5-yearolds





OPS/images/fimmu-08-01865-g006.jpg
>
1
1
5

).024 =0.019
120007 o0 (po0024 120 220003, 120000 o P O 2yearolds
= o . . v
=] 3000 000 oo ° 30004 *eeesee eee ‘oo 2000+ 99V v vy
é S0T 000 3000- 20007 . 4 Syearolds
X o o v
© o sosd 1500{ Yov B v ¥ 10-yearolds
Sl oo B o o 200 S35, ST %y ov
S 1000{ e v
3] 1000] % 10 i % o v govy
2354
o % =
EBV- EBV+ EBV+ EBV- EBV+ EBV+ EBV- EBV+ EBV+
cMv- CMV+ CMV- CMV+ CMV- CMV+
2
: 8 & 2 2 £
§§~ 282 N ’85 1000 O  2yearolds
o N
80{ o,
Le 2 ° N 3 1 23 o ° °
3E E8 P33 : 23 oo o
SE 4 i ol X o =3
22 o 98 SO
Ro 2] oo o X0 25
Q5 Qe 2@ 2 “6© oS
B3 x5 © Q0o
£ § o £
EBV-  EBV+  EBV+ £ EBV-  EBV+  EBV+ 2 £ EBV-  EBV+  EBV+
Cuv-  cMv+ cMV-  CMv+ 2 cMV-  CMv+
]
Cc
E 2007 ° 2&?1 O  2yearolds
E 150 o T v 4  Syearolds
> %63 0] v N V  10yearolds
of 0] & o v . e O-year
1 o o Yo? 7O
|18 = o &
8 ; &
8 % &
EBV- EBV+ EBV+ EBV- EBV+ EBV+

CMV-  CMV+ CMV-  CMV+





OPS/images/fimmu-08-01865-g003.jpg
FSC

T
il e ‘

EBV-

EBV'CMV-

ct

ol e] - | 355? is
3 '.'T W - ‘E L =
U I et ﬂ M

# :%&%
5 e [
3

2

o4
o
8| -

H
i

.4
on‘
#

B

o
8o
Wo# w

i
]
i

!
%

f

#

f

1]

ol e
HRTEE
Y ;5*1

H
]
I3





OPS/images/fimmu-08-01865-g004.jpg
. s
|88
!
o i
23
..TI—L. H
2
2 8 8 2
s|je9 ,6100 Buowe
s1192 -ab1,22a0%

EBV+
cMv+

STEEEIH S

EEEEE
99,6100 Buowe
slied ,abl,2200%

b

H

99,6100 Buowe
s)192 _ab1-22a2%

4 5-yearolds





OPS/images/fimmu-08-01865-t001.jpg
Female, number/total® (%) 49/86 (57.0)

Male, number/total (%) 37/86 (43.0)
Vaginal delivery, number/total (%) 74/86 (86.0)
Caesarean section, number/total (%) 12/86 (14.0)
Birth Aprii-September, numbertotal (%) 46/86 (53.5)
Birth October-March, number/total (%) 40/86 (46.5)
Mother not smoking, number/total (%) 83/86 (96.5)
Father not smoking, number/total (%) 79/86 (91.9)
Older siblings, numbertotal (%) 47186 (54.7)
Attending day care, number/total (%) 74/86 (86.0)
Gestation week, mean (SD, range) 39.9(1.45, 36-43)
Birth weight, mean grams (SD, range) 3546 (510.0, 1,860-4,600)
Birth length, mean cm (SD, range) 503 (1.89, 45-55)
Breastfed fully, mean months (SD, range) 40(1.72,0-10)
Breastfed partially, mean months (SD, range) 9.3(4.58,0.75-28)
Mother's age, mean years (SD, range) 32.2 (4.79, 22-43)
Father's age, mean years (SD, range) 335 (5.23, 22-43)
Age at day care start, mean months (SD, range) 18.0(3.08, 12-26)

“Number (n = 86) of the same subjects followed prospectively at 2, 5, and 10 years of
age with available demographic data.
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A. EBV and CMV carrier status at 2, 5, and 10 years of age

Status Number/total (%)
EBV" at 2 years 14/%85 (16.5)
EBV- at 5 years 29/'86/(33.7)
EBV* at 10 years 36/'86 (41.9)
CMV* at 2 years 37/°86 (43.0)
CMV* at 5 years 41/86 (47.7)
CMV* at 10 years 45/'86 (52.3)
EBV‘CMV- at 2 years 584 (6.0)
EBV‘CMV" at 5 years 12/°85 (14.1)
EBV-CMV- at 10 years 18/:85 (21.2)

B. Vaccine-specific IgG titers at 2, 5, and 10 years of age

Specificity (plasma concentration) Median (IQR, range)
Measles IgG (miU/m) at 2 years 2,997 (1,628-4,620, 280-14,561)
Measles IgG (mIU/ml) at 5 years 2,186 (1,085-4,573, 150-16,232)
Measles IgG (miU/m) at 10 years 1,001 (407-1,732, 150-6,236)
Rubella IgG (miU/m) at 2 years 87 (61-140, 21-214)
Rubelia IgG (miU/m) at 5 years 57 (37-103, 7-196)
Rubelia IgG (miU/m) at 10 years 37 (16-59, 4-189)

"Number (n = 87) of the same subjects followed prospectively at 2, 5, and 10 years of
age. Data missing from ‘one, *two, or “three donors.
IQR, interquartile range.
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