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Virus-Specific Secondary Plasma Cells Produce Elevated Levels of High-Avidity Antibodies but Are Functionally Short Lived
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Most vaccines aim at inducing durable antibody responses and are designed to elicit strong B cell activation and plasma cell (PC) formation. Here we report characteristics of a recently described secondary PC population that rapidly originates from memory B cells (MBCs) upon challenge with virus-like particles (VLPs). Upon secondary antigen challenge, all VLP-specific MBCs proliferated and terminally differentiated to secondary PCs or died, as they could not undergo multiple rounds of re-stimulation. Secondary PCs lived in bone marrow and secondary lymphoid organs and exhibited increased production of antibodies with much higher avidity compared to primary PCs, supplying a swift wave of high avidity antibodies early after antigen recall. Unexpectedly, however, secondary PCs were functionally short-lived and most of them could not be retrieved in lymphoid organs and ceased to produce antibodies. Nevertheless, secondary PCs are an early source of high avidity antibodies and induction of long-lived MBCs with the capacity to rapidly differentiate to secondary PCs may therefore be an underestimated possibility to induce durable protection by vaccination.
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INTRODUCTION

B cells differentiate to antibody secreting plasma cells (PCs) upon activation by their cognate antigen (Ag) within and outside of B cell follicles. At an early stage of the primary immune response, antibody–forming cells (AFCs) derived from follicular or marginal zone (MZ) B cells are rather short-lived and survive for a few days only (1). Meanwhile, follicular B cells form GCs where MBCs and long-lived PCs are generated in a mostly T cell dependent fashion (2–5).

Activated B-lymphocytes are driven to the PC pathway by up-regulation of the transcription factors B lymphocyte maturation protein 1 (Blimp-1), Interferon regulating protein 4 (IRF 4), and X-box-binding protein 1 (XBP 1) (6–8). Differentiation of activated B cells into AFCs needs a harmonized change in the gene expression of these cells. Shi et al. delineated the transcriptional profile during this differentiation process (9). PCs are terminally differentiated and arrested in the G1 phase of the cell cycle being incapable of further growth or proliferation (10, 11). To be able to secrete large amounts of antibodies, PCs are committed to their protein synthesizing machinery and undergo major structural adaptations by increasing the size of the endoplasmic reticulum and Golgi apparatus (12). To cope with these changing conditions PCs induce the unfolded protein response as well as autophagy (13–15). These stress-regulating processes are necessary for survival as PCs can secrete the tremendous amount of up to 10'000 antibodies per second (16). Sizeable amounts of antibodies that are rapidly available are required to neutralize microorganisms and prevent infection. Antibodies furthermore play a key role in immunity and promote the crosstalk between the innate and adaptive immune system. Besides classical neutralization of toxins and pathogens, they are able to opsonize microbes and infected cells for phagocytosis, enabling their elimination, and promote antigen presentation thereby regulating inflammation (17).

PCs are found in secondary lymphoid organs and the bone marrow (BM) where they can survive for days, months, or even years. There is an ongoing debate whether long-term antibody responses are a result of persisting antigen leading to re-stimulation and differentiation of memory B cells to PCs or whether they are derived from intrinsically long-lived PCs. Several studies are in favor of the first hypothesis that persistent antigen or infection and polyclonal memory B cell activation is required (18–22). Nevertheless, evidence is growing that PCs can persist in the absence of continuous stimulation (23–25). It was shown that PCs require cell-intrinsic and extrinsic survival signals such as cytokines and adhesion molecules from nursery cells like monocytes, eosinophils, and megakaryocytes for long-term survival in BM niches (26–29). Once they reach the BM and successfully compete for a niche, PCs have a lifespan varying from a few months to years and even decades during which they constantly secrete antibodies (30, 31). In contrast to PCs, which do not express surface Ig, MBCs respond to secondary Ag encounter. They exhibit the intrinsic ability to respond with a proliferative burst faster compared to naïve B cells (32) and were found to seed new GCs and/or differentiate into PCs (33–37). Antibody responses generated during secondary responses are usually of higher affinity for the cognate Ag compared to those of a primary response.

We have previously shown that immunization with VLPs derived from the RNA bacteriophage Qβ elicit strong and sustained IgG antibody responses by activation of MZ and follicular B cells with the latter forming GCs (38–40). MBCs and PCs were rapidly generated and detectable as early as 3 days and up to several months after immunization in spleen and BM (41, 42). Here we show, that MBCs generated against Qβ proliferated during Ag recall experiments but exclusively differentiated into secondary PCs and failed to respond to multiple rounds of Ag stimulation. Secondary PCs exhibited the unique ability to produce 30 times more antibodies of increased affinity compared to primary PCs. The secondary PCs were found in spleen as well as in BM early on day 4 but almost completely disappeared by day 6 after Ag re-encounter from both organs. In addition, antibodies produced by secondary PCs were cleared from the system within weeks indicating that secondary PCs are functionally short-lived. Inducing MBCs that differentiate into secondary PCs by vaccination could represent a novel pathway for efficient and rapid control of infectious diseases by the induction of an early wave of high affinity antibodies.

MATERIALS AND METHODS

Study Design

The goal of this study was to further characterize secondary PCs, which were generated by MBCs after Ag challenge. To achieve this, adoptive transfers in allotypic mice (Ly5.1/Ly5.2 and IgHa/IgHb) were performed. This enabled us to study primary and secondary immune responses in the same animal. All mice were kept according to Cantonal Veterinary guidelines at the central animal facility (Department for BioMedical Research) of the University of Bern and controlled laboratory experiments were performed in accordance with ethical principles and guidelines of the Cantonal Veterinary Office Bern, Switzerland. Animals were randomly assigned to the different groups. MBCs were generated by VLP immunization of mice. The control naïve mice remained untreated. At the same time, B cells were isolated from memory and naive mice and transferred into recipients. Upon immunization with VLPs, serum samples, spleens, and BM were collected and subjected to ELISA, ELISPOT, and FCM analysis. The investigators who performed the experiments, assessed, analyzed, and quantified the results were not blinded and aware of which group a sample was taken from. Individual groups consisted of 4–5 mice. All experiments were performed in at least 2 independent biological replicates, apart from intracellular FCM analysis of PCs at day 6 after challenge. Data were collected at previously determined time points. All data were included in the analysis.

Mice

C57BL/6JRccHsd wildtype mice were purchased from Envigo (Horst, The Netherlands). The IgHa (B6.Cg-Gpi1 <a> Thy1 <a> Igh <a> (Stock No. 001317)) mouse strain was purchased from the Jackson Laboratory (USA). We thank Prof. Annette Oxenius for the kind donation of the Ly5.1 (B6.SJL-Ptprc <a> Pepc <b>/BoyJ) mouse strain.

Antigen

The bacteriophage derived Qβ virus-like particles (VLPs) self-assemble and enclose bacterial RNA during their production in E. coli. Due to their particulate and repetitive structure, the VLPs are highly immunogenic. The purification process is described elsewhere (43).

Immunization

To induce primary immune responses and generate MBC against the VLPs, mice were immunized intravenously (i.v.) with 50 μg Qβ VLPs. To challenge adoptively transferred MBC or naive cells, recipient mice were immunized with 50 μg Qβ VLPs i.v. For intravenous administration the VLPs were formulated in 150 μl sterile PBS.

Adoptive Transfer

MBCs were generated by immunization of congenic donor mice (Ly5.1 or IgHa). At least 8 weeks after immunization donor mice were sacrificed and spleens isolated in RPMI media containing 2% FCS and antibiotics. A single cell suspension of the spleens was prepared and red blood cells were lysed using ACK buffer (0.15 M ammonium chloride, 0.01 M potassium hydrogen carbonate, pH 7.2–7.4). The splenocytes were PNA− and B220+ MACS purified. For PNA negative purification splenocytes were labeled using PNA-biotin (Vector Labs, B-1075) and PNA+ cells were depleted by Strepravidin MicroBeads (Milteny Biotec, 130-048-101) according to the manufacturer's protocol. Positive selection using B220 MicroBeads (Milteny Biotec, 130-049-501) was performed according to the manufacturer's protocol.

Purified cells from 1/3 of a donor spleen (Ly5.1 or IgHa; ~1–3 × 106 cells) were adoptively transferred i.v. into congenic host mice (Ly5.2 or IgHb). Control mice received PNA− and B220+ purified splenocytes from naïve congenic mice. One day after MBC transfer host mice were challenged with 50 μg Qβ VLPs i.v.

Flow Cytometry (FCM)

For FCM staining tissues (spleen, BM, kidney, lymph nodes (LN), liver, lung) of mice after adoptive transfer were isolated in RPMI supplemented with 2% FCS and antibiotics and single cell suspensions were prepared. Blood was collected in phosphate buffer containing heparin (1–2 units/ml). Red blood cells were lysed using ACK buffer prior to staining. Fc receptors were blocked using an anti-CD16/32 antibody. Qβ specific class switched (CS) B cells were identified as IgM, IgD, CD4, CD8, GR1, CD11b, CD11c negative (all antibodies labeled with phycoerythrin (PE)), and positive for B220 labeled with PE-Cy7 and Qβ VLP labeled with Alexa Flour 488. To discriminate Qβ specific PCs from Qβ specific activated and CS B cells, surface immunoglobulins (Ig) of specific cells were blocked using unlabeled Qβ VLPs. PCs were further stained with and characterized as IgM, IgD, CD4, CD8, GR1, CD11b, CD11c negative (all antibodies labeled with PE) and B220-PE-Cy7 low. To detect Qβ specific PCs by intracellular staining of specific Ig, splenocytes were permeabilized using FACS lysing solution (BD, 349202) containing 0.04% Tween20 and stained with Alexa Flour 488 labeled Qβ VLPs. The congenic marker Ly5.1 (antibody labeled with APC or PerCP-Cy5.5) identified all transfer derived B cells. Dead cells were stained by the addition of propidium iodide solution (PI, Sigma, 10 μg/ml) directly before acquisition. For detection of dead cells after fixation and permeabilisation, the Fixable Viability Dye eFluor 520 (eBioscience, 65-0867-14) was used according to the manufacturer's instructions.

Qβ VLPs were labeled with the Alexa Flour 488 protein labeling kit (Thermo Fisher Scientific, A10235) or Alexa Flour 647 NHS Ester (Thermo Fisher Scientific, A20006) according to the manufacturer's instructions.

Data acquisition was performed on a FACS Canto (BD) and analyzed using FlowJo V10.1 (Flowjo, LLC, USA). All antibodies were purchased from BD Biosciences and Biolegend.

ELISPOT

Spleens from mice after adoptive transfer were isolated and a single cell suspension was prepared. To collect BM cells, tibia and femur were flushed with RPMI media containing 2% FCS and antibiotics. After red blood cell lysis with ACK buffer, cell numbers of splenocytes and BM cells were determined using the Cellometer mini (Nexcelom, USA). 5 × 105 cells were seeded per well on MAIPS Elispot plates (Millipore, MAIPS4510) previously coated with 10 μg/ml Qβ VLPs overnight at 4°C and blocked with 2% BSA in PBS for at least 2 h. After performing a 2-fold dilution series cells were incubated for 5 h at 37°C and 5% CO2. Subsequently cells were washed off and bound specific antibodies produced by PCs were detected using a goat anti-mouse IgG antibody (EY laboratories, AT-2306-2) followed by a donkey anti-goat alkaline phosphatase secondary antibody (Jackson Immunoresearch, 705-055-147). Spots were visualized by the AP Conjugate Substrate Kit (BioRad, 1706432) and counted using an EliSpot Reader (AID, Germany). The spot size was quantified with the EliSpot 7.0 iSpot software of the EliSpot Reader as the average surface area of the spot.

CFSE Proliferation

To analyse the proliferation of transferred cells, the donor cells were labeled with CFSE (Biolegend, Cat No. 423801) after MACS purification and before transfer into congenic hosts, according to the manufacturer's protocol. FCM staining was carried out similarly as described above. In this case, Qβ specific CS B cells were detected with VLPs labeled with Alexa Flour 647.

Splenocyte Cell Culture

Spleens from mice that had received memory or naïve B cells were isolated 5 and 6 days after VLP challenge. A single cell suspension of splenocytes was prepared. After red blood cell lysis with ACK buffer, cell numbers of splenocytes were determined using the Cellometer mini (Nexcelom, USA). 10 × 106 cells were seeded in 1 ml RPMI media containing 10% FCS and antibiotics per well in 24 well plates (Falcon Multiwell, Corning). The cells were incubated for 72 h at 37°C and 5% CO2. Cell supernatants were harvested and the antibody content determined by ELISA.

ELISA

Serum samples were obtained from blood collected at the indicated time points during experiments using Microtainer tubes (BD, 365967). Corning half area 96 well-plates were coated with 50 μl of 1 μg/ml Qβ VLPs overnight at 4°C. Sera were 1:10 pre-diluted and 1:4 further serial diluted to analyse a total of 7 dilutions per sample. Qβ specific antibodies were detected using mouse anti-mouse IgG for both allotypes. IgHa-specific (biotin ms anti-ms IgG1[a] (10.9), biotin ms anti-ms IgG2a[a] (8.3) from BD) and IgHb-specific (biotin ms anti-ms IgG1[b] (B68-2), biotin ms anti-ms IgG2a[b] (5.7) from BD) antibodies were detected using horseradish peroxidase (HRP) labeled streptavidin (Dako).

Cell supernatants were used undiluted and a 1:2 serial dilution was performed. An anti-Qβ monoclonal antibody (purified from hybridoma cells) was used as a standard to quantify specific antibodies in the supernatants. Qβ specific antibodies were detected using goat anti-mouse IgG-HRP (Jackson ImmunoResearch, 115-035-071).

The absorbance readings of the tetramethylbenzidine (TMB) color reaction at 450 nm for the serum samples were interpreted as OD50 antibody titers. The OD50 antibody titers are defined as the reciprocal of the dilution that reaches half of the OD max. The anti-Qβ monoclonal antibody standard curve was used to calculate antibody concentrations in the cell supernatants.

Avidity ELISA

Serum samples were obtained from blood collected at the indicated time points during experiments using Microtainer tubes (BD, 365967). Corning half area 96 well-plates were coated with 50 μl of 1 μg/ml Qβ VLPs overnight at 4°C. Sera of the different time points were applied with a 1:20 pre-dilution and 1:4 further serial diluted. After 1 h incubation, the sera were washed off and the plates washed 3 times 5 min either with 7M urea in PBST (PBS containing 0.05% tween 20) or PBST only. Qβ specific antibodies were detected using mouse anti-mouse IgG for both allotypes. IgHa-specific (biotin ms anti-ms IgG1[a] (10.9), biotin ms anti-ms IgG2a[a] (8.3) from BD) and IgHb-specific (biotin ms anti-ms IgG1[b] (B68-2), biotin ms anti-ms IgG2a[b] (5.7) from BD) antibodies were detected using horseradish peroxidase (HRP) labeled streptavidin (Dako). The absorbance readings of the tetramethylbenzidine (TMB) color reaction at 450 nm served as basis for avidity index calculation. The avidity index (AI) was calculated by AIx = OD (dilution x) + urea / OD (dilution x)–urea.

Antibodies/Reagents
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Statistics

Statistical analysis was performed using GraphPad Prism Version 7.01 (GraphPad Software, USA). Statistically significant differences between two groups were calculated using unpaired t-tests. Statistically significant differences between more than 2 groups were determined using a one-way ANOVA followed by Tukey's or Sidak's multiple comparisons test. Statistical significance was defined as p < 0.05. The best fitting line was calculated by linear regression.

RESULTS

Memory B Cell Derived Secondary PCs Produce Antibodies of Higher Avidity

We have previously shown that MBCs are generated against Qβ VLPs in a T cell-dependent manner (35, 38, 39, 44, 45). During secondary responses, these MBCs do neither extensively proliferate nor join GC reactions (35). T cell help, however, is essential for low-level MBC proliferation but dispensable for differentiation to secondary PCs during secondary immune responses (44). To reveal insights in the mechanism and kinetics of secondary PC formation from MBCs after antigenic re-stimulation, adoptive transfer experiments using congenic mice were performed (Figure 1A). To this end, MBCs were generated by immunizing donor mice (Ly5.1 or IgHa) with 50 μg Qβ VLPs. Eight weeks post immunization, splenocytes from donor mice were isolated and PNA− and B220+ MBCs were purified by MACS, excluding transfer of GC B cells. Splenocytes from naïve mice were subjected to the same treatment and served as controls. We have previously shown that the presence of memory T follicular helper cells does not influence the MBC response (35, 44). Therefore, purified MBCs were transferred alone. Donor-derived (Ly5.1+) MBCs were shown to preferentially home to secondary lymphoid organs, namely lymph nodes (LN), and spleen (Figure S1A) and the majority of Qβ-specific donor MBCs were found in the spleen (Figure S1B).
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FIGURE 1. Adoptive transfer of Qβ VLP specific or naïve B cells and flow cytometric analysis of Qβ specific CS B and plasma cells in the spleen. (A) Congenic mice (Ly5.1 or IgHa) were immunized with 50 μg Qβ VLPs i.v. Eight weeks after immunization spleens of immunized and naïve mice were isolated and PNA− B220+ MACS purified cells were transferred into host mice (Ly5.2 or IgHb). Recipient mice were immunized with 50 μg Qβ VLPs i.v. 1 day after the transfer. Spleens, bone marrow, and serum were taken at several time points after challenge. (B) Representative FCM plots for the gating strategy to identify Qβ specific CS B cells in the spleen 5 days after immunization. B220+ cells not expressing IgM, IgD, CD4, CD8, CD11b, CD11c, or GR1 were analyzed for their binding of labeled Qβ VLPs. The congenic Ly5 marker was used to discriminate transfer from host derived CS B cells. (C) Representative FCM plots for the gating strategy to identify Qβ specific PCs in the spleen 5 days after immunization. B220low cells not expressing IgM, IgD, CD4, CD8, CD11b, CD11c, or GR1 were analyzed for their intracellular binding of labeled Qβ VLPs. The congenic Ly5 marker was used to discriminate transfer from host derived PCs cells.



To analyse the humoral immune response after memory or naïve B cell transfer and Qβ VLP challenge, immunoglobulin heavy chain allotype mice were used as shown in Figure 1A. MBCs were induced in donor mice (IgHa) and adoptively transferred into recipient mice (IgHb). The recipient mice were challenged with Qβ VLPs 1 day after the transfer and splenocytes, BM as well as serum were collected at the indicated time points to determine CS B cells (outlined in Figure 1B), PCs (outlined in Figure 1C) as well as anti-Qβ antibody titers (Figure 2). The donor derived secondary response was discriminated from the host's primary response using allotype specific detection antibodies for IgG1 and IgG2a in ELISA, as these are the main isotypes induced by Qβ immunization (46) (Figure 2). Donor derived antibodies after MBC transfer started to rise from day 4 after challenge, peaked around day 6 and then declined until day 20 (Figure 2A). In contrast, host antibody titers only started rising from day 6 and peaked at day 12. The peak titer of the host antibodies was lower than from the donor, indicating that MBC-derived secondary PCs dominated the early response. In addition, the relatively rapid decline of the donor-derived antibody titer is a clear indicator that the functional response of secondary PCs is unexpectedly short-lived.
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FIGURE 2. Memory B cell derived secondary PCs produce antibodies of higher avidity. (A) MBC responses were initiated by vaccinating IgHa mice with 50 μg Qβ VLPs. After 8 weeks, PNA− and B220+ MACS purified B cells from memory (A) or naïve (B) donor mice were transferred into congenic recipients (IgHb). Recipient mice were challenged with 50 μg Qβ VLPs 24 h and 61 days after the transfer. The anti-Qβ IgG1 and IgG2a antibody titers in the serum were determined by ELISA on days 0, 2, 4, 6, 9, 12, 15, 21, 42, 61, 65, 68, and 85. Using Ha and Hb allotype specific detection antibodies, donor (IgHa), and host (IgHb) responses were discriminated. To determine the avidity index of IgGs in the sera after memory (C) or naïve (D) B cell transfer and VLP challenge, a modified ELISA was performed. Mean with SEM. P values were calculated using an unpaired t test. n = 4 mice per group. Data representative of 2 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



Whether donor-derived MCBs could undergo a tertiary response was assessed next. To this end, recipient mice were challenged a second time with VLPs on day 61. Surprisingly, only the host-derived but not the donor-derived antibody response could be boosted, demonstrating that MBCs cannot participate twice in a humoral response after challenge with VLPs (Figure 2A). This suggests that essentially all MBCs generated against VLPs instantly differentiated to secondary PCs after re-stimulation without supplying a new MBC population. As expected, transferred naïve donor cells did not respond to the VLP challenge, as they also did not engage in the primary response (Figure 2B). Of note, host antibody levels were elevated after naïve B cell transfer compared to the host response in presence of MBCs (Figures 2A,B). This indicates that the presence of MBC derived secondary PCs suppresses the hosts humoral response after VLP challenge, confirming earlier observations (35).

In order to analyze the antibody avidity of the secondary antibody response, a modified ELISA was performed. For this purpose, low avidity antibodies were dissociated by treatment with 7 M urea. Only high avidity antibodies remain bound under these conditions (47, 48). Comparing the OD values of urea vs. PBS treated sera, an avidity index was calculated. The primary response antibodies of the host started to increase in avidity between day 6 and 9 after immunization (Figures 2C,D). The avidity increase proceeded until day 21. In marked contrast, avidity of antibodies derived from secondary PCs was high as of day 4 after challenge and did not further increase (Figure 2C). Thus, secondary PCs are not only superior in antibody production but also in antibody avidity.

MBCs Do Not Extensively Proliferate Before Differentiating to Secondary PCs Upon Cognate Antigen Challenge

To be able to study proliferation of MBCs before differentiation to PCs, purified B cell populations were labeled with CFSE prior to adoptive transfer. One day after transferring the MACS purified and CFSE labeled B cells, congenic recipient mice (Ly5.2) were challenged with 50 μg Qβ VLPs. Flow cytometric analysis of the Qβ specific CS B cells (Figure 1B) showed that all MBCs had proliferated as essentially no CFSE+ Ly5.1+ Qβ-specific cells could be observed (Figure 3A, right histogram). Nevertheless, there was a robust number of CFSE+, Ly5.1+, B220+ cells, which were not specific for Qβ, demonstrating survival of labeled cells upon adoptive transfer (Figure 3A, left histogram). The proliferation seen in this subset could be attributed to bystander proliferation or plasma blasts generated after proliferation and differentiation of MBCs, which had already downregulated surface BCR expression but are still B220+. Thus, essentially all MBCs proliferated but this proliferation was not extensive and of short duration, as few MBCs accumulated but rather rapidly differentiated into secondary PCs (see below).
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FIGURE 3. MBCs do not extensively proliferate before differentiating to secondary PCs upon cognate antigen challenge. PNA−, B220+ MACS purified cells from Qβ immune (8 weeks post immunization) or naïve Ly5.1 mice were labeled with CFSE and transferred into congenic hosts. Recipient mice were challenged 24 h later with 50 μg Qβ VLPs i.v. (A) Representative FCM plot to identify Qβ specific CS B cells in the spleen 5 days after challenge. B220+ cells negative for IgM, IgD, CD4, CD8, CD1b, CD11c, and GR1 were analyzed for their Qβ binding. CFSE dilution was examined to prove proliferation of donor derived cells (Ly5.1+). (B,C) Number of Qβ specific CS B cells on day 4, 5, and 6 after challenge identified by FCM as B220+, negative for IgM, IgD, CD4, CD8, CD11b, CD11c, GR1, and binding Qβ. Qβ specific donor (B) derived cells were distinguished from host derived cells (C) using the Ly5 congenic marker. Mean with SEM. P values were obtained using a one-way ANOVA followed by Tukey's multiple comparisons test. **p < 0.01. n = 4 mice per group. Data representative of at least 2 independent experiments.



Transferred MBCs Are Detectable in the Specific B Cell Compartment Only at Early Time Points Upon VLP Challenge

In order to follow the MBC response upon transfer and challenge, the specific CS B cells were analyzed in the spleen by flow cytometry (FCM). VLP-specific CS B cells of donor (Figure 3B) and host (Figure 3C) origin were visualized as defined in Figure 1B and viable (Figures S2A,B). An increased number of Qβ specific donor derived cells was found, when MBCs were transferred compared to naïve B cell transfer on day 4 and 5 after VLP challenge (Figure 3B). This difference was more pronounced on day 5 but was already absent on day 6 post immunization. The host response in the CS B cell compartment was comparable between memory and naïve B cell transfer on day 4 and 5 after challenge (Figure 3C). However, the host B cell response seemed to be slightly impaired at day 6 when MBCs were present suggesting that MBCs suppress the response of the naïve host B cells (Figure 3C). This was consistent with the reduced host antibody titer in the presence of MBCs observed above (Figures 2A,B).

Secondary PCs Are Rapidly Induced but Are Functionally Short-Lived

To characterize the secondary PC population ELISPOT assays of spleen and BM were performed. As suggested by the antibody responses, secondary PCs occurred very promptly and reached high numbers 4 days after Ag challenge but the population rapidly contracted within the next 2 days (Figure 4A). Similar observations were made in the BM (Figure 4B). Besides ELISPOT analysis, PCs were enumerated by FCM, where the same pattern emerged. Secondary PCs occurred rapidly and peaked between days 4 and 5 but were largely absent by day 6 (Figure 4C). Thus, secondary PCs are induced within a few days but appear to be short-lived. As observed above for the CS B cells, the PC compartment of the host is similar on days 4 and 5, whereas it is slightly decreased on day 6 when MBCs were transferred (Figure 4D).
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FIGURE 4. Transfer of memory B cells leads to an increased number of PCs, which are rapidly induced but short-lived. Congenic Ly5.1 mice were immunized with Qβ VLPs to generate MBCs. Eight weeks after the immunization PNA−, B220+ MACS purified cells from memory or naïve mice were transferred into congenic hosts. One day after the transfer, recipient mice were challenged with Qβ VLPs and the anti-Qβ PC response in spleen and BM was elucidated by ELISPOT and FCM. Number of Qβ specific PCs in spleen (A) and BM (B) on day 4, 5, and 6 after challenge determined by ELISPOT. FCM analysis of Qβ specific PCs within the B220low, IgM, IgD, CD4, CD8, CD11b, CD11c, and GR1 negative compartment, by intracellular Qβ binding after membrane permeabilisation. Qβ specific donor derived PCs (C) were distinguished from host derived PCs (D) using the Ly5 congenic marker. Mean with SEM. P values were obtained using a one-way ANOVA followed by Tukey's multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001. n = 4 mice per group. Data representative of at least 1–2 independent experiments.



Transfer Derived Secondary PCs Show Enhanced Capacity to Produce Antibodies in Spleen and BM

As previously described, one hallmark for secondary PCs is their enhanced capacity to produce antibodies after cognate antigen challenge (35). An indicator for enhanced antibody production during MBC responses was the spot size in ELISPOT assays, as it is correlating with the amount of antibodies produced by one PC. Representative images of ELISPOTs from splenocytes after memory or naïve B cell transfer and challenge with VLPs are shown (Figure 5A). Every spot on the plate represents one Qβ specific PC and the spot diameter correlates the amount of antibody that is produced by one PC. Spot diameters of specific PC populations in spleen and BM were analyzed 4–6 days after adoptive transfer of memory or naïve B cells that were challenged with VLPs. The spot diameter from spleen and BM was always greater when MBCs were transferred. The most significant difference however was observed on day 5 after Qβ VLP challenge, representing the peak of the secondary PC response (Figures 5B,C). This observation was confirmed by FCM on day 5 after MBC transfer and challenge, as the mean fluorescent intensity (MFI) of intracellular anti-IgG binding was increased in donor-derived compared to host PCs (Figure 5D). As the MFI of intracellular Qβ binding correlated with the amount of intracellular anti-IgG binding it can serve as a surrogate for the amount of antibody present inside PCs (Figure 5D). The MFI of intracellular Qβ binding was significantly increased 4 and 5 days after challenge with Qβ when MBCs were transferred (Figure 5E). Taken together the results of the spot size and intracellular staining of spleen and BM-derived PCs indicated that secondary PCs produced increased amounts of antibodies.
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FIGURE 5. Transfer derived secondary PCs show enhanced capacity to produce antibodies in spleen and BM. PNA−, B220+ MACS purified cells from Qβ immune (8 weeks post immunization) or naïve Ly5.1 mice were transferred into congenic hosts. One day after the transfer, recipient mice were challenged with 50 μg Qβ VLPs i.v. Splenocytes and BM cells were analyzed by ELISPOT and FCM on day 4, 5, and 6 after challenge. (A) Representative images of anti-Qβ ELISPOTs on day 5 after challenge in the spleen. Quantification of spot diameter in spleen (B) and BM (C) on day 4, 5, and 6 after challenge. (D) Quantification of mean intracellular Qβ and anti-IgG binding of donor and host derived PCs on day 5 after memory transfer and challenge. (E) Quantification of mean intracellular Qβ-VLP binding of donor and host derived PCs after memory transfer. (F,G) Splenocytes were isolated 5 and 6 days after challenge and cultured for 3 days in vitro. Secreted antibodies in the cell supernatant were determined by ELISA. (F) Amount of anti-Qβ antibody secreted during the 72 h splenocyte cell culture. (G) Amount of specific antibodies produced per PC 5 and 6 days after memory or naïve cell transfer and challenge. Mean (B,C,F,G) or geometric mean (D,E) with SEM. P values were obtained using a one-way ANOVA followed by Tukey's multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001. n = 4 mice per group (A–C,E–G), n = 3 mice per group (D). Data representative of 1–2 independent experiments.



Both spot size and intracellular staining with Qβ-VLPs may not linearly correlate with antibody production. To estimate the amount of antibodies produced by secondary vs. primary PCs more directly, splenocytes were collected and cultured from mice 5 and 6 days after adoptive transfer and VLP challenge. Whole splenocytes were seeded into 24 well-plates for 72 h and frequencies of specific PCs were quantified by FCM at the beginning of the culture. The amount of anti-Qβ antibody in cell culture supernatants of splenocytes harvested 5 and 6 days after challenge was ~30 fold increased when MBCs were transferred, again demonstrating that secondary PCs produced elevated antibody levels (Figure 5F). The total amount of anti-Qβ antibody decreased from day 5 to day 6 after memory transfer (Figure 5F) further demonstrating their short lived nature. Nevertheless, the amount of specific antibody per PC stayed the same (Figure 5G). After naïve transfer, on the contrary, the amount of antibody per PC increased over time, as the primary response evolved (Figure 5G). This massively increased protein production by secondary PCs illustrates the stress these PCs may be exposed to, probably resulting in the short live span.

DISCUSSION

Long-lived PCs are crucial for sustained immune protection through secretion of specific antibodies (24). However, PCs do not always become long-lived during infection or vaccination because most of the PCs die early during the immune response. In fact, during primary immunogenicity studies using VLPs, we observed that the PC population in spleen emerged on day 4, peaked at day 7 and subsequently declined rapidly, followed by a phase of more stable PC frequencies (35). Hence, most PCs formed initially against Qβ are short-lived (41). This short lifespan may be a result of the irrevocable cell cycle arrest which PCs usually enter and therefore cannot maintain a cellular pool by means of proliferation. In contrast, the state of irreversible cell cycle quiescence must be controlled by mechanisms to enable long-term PC survival. Moreover, the ephemerality of the early PCs could also be due to ER stress caused by the massive antibody production. Cell intrinsic constraints like unfolded protein response (UPR) and autophagy can rescue PCs from cell death but the cells additionally require sufficient nutrients, external survival signals and a survival niche (30, 49–52). Long-lived PCs are found in both the spleen and BM. However, the numbers of niches is finite, thus restricting the number of PCs with access to them (1). In fact, most VLP specific PCs reaching the BM do not survive as the number of PCs rapidly declines initially also in the BM (45). The constant competition for space and survival signals of PCs within the BM may provide an opportunity to manipulate PC survival for long-term antibody production upon vaccination as well as for therapies of malignant PC diseases (53). Moreover, CD28 has been shown to be expressed by human and mouse PCs (54, 55). Engagement of CD28 with CD80/CD86 derived from cellular partners in the PC niche was demonstrated to be important for BM long-lived PC survival, half-life and sustained antibody responses. Downstream signaling of CD28 induces BLIMP1 upregulation and is therefore involved in regulating PC differentiation and maintenance (55, 56). Furthermore, CD28 was shown to regulate glycolysis in long-lived PCs providing glycolytic end products for oxidative energy production and biosynthesis (57). Additionally CD28 regulated mitochondrial metabolism and respiration which favored survival of long-lived PCs (58, 59). In contrast to long-lived PCs, CD28 exhibited a higher activation threshold in short-lived PCs and therefore had no positive impact on their survival (55). Together with limited access to CD80/CD86 molecules derived from BM PC niche cells, the increased threshold of CD28 activation could be reasons for the short-lived nature of the secondary PCs. We are currently assessing a potential role of CD28 in the lifespan of primary and secondary PCs.

A population of MBCs is maintained after the decline of immune responses and may be activated upon re-infection to rapidly differentiate into PCs, which secrete antibodies. However, it has also been reported that MBCs can re-enter GCs and interact with T follicular helper cells shaping the immune response and generating a new pool of MBCs. In analogy to memory T cells, these two different effector functions of MBCs define two distinct cellular compartments: the effector MBCs differentiating into PCs for rapid antibody production and the central MBCs playing a role in re-initiating the GC response and maintaining the MBC pool (60). The secondary PCs described herein are derived from effector MBCs that were generated by a single round of immunization using Qβ-VLP. B cell intrinsic toll-like receptor (TLR) 7 stimulation was shown to be essential for MBC generation that were capable of differentiating to secondary PCs (61). Intriguingly, VLP specific MBCs only responded a single time to Ag re-stimulation, namely by terminal differentiation into short-lived PCs. These secondary PCs were B220− and no longer carried their Ig on the surface and therefore could not be further stimulated with the Ag. Baptista et al. studied PC differentiation in response to innate stimuli in the absence of antigen and observed that TLR9 signaling by CpG failed to differentiate follicular B cells into PCs whereas TLR4 stimulation by lipopolysaccharide (LPS) induced antibody production, PC surface markers such as CD138 and canonical transcription factors like IRF4, BLIMP1 or XBP1 (62). Furthermore, ligation of BCR and TLR7 was shown to drive PC differentiation (63, 64). Therefore, the downregulation of BCR and B220 expression and increased antibody production seen in response to MBC re-stimulation with VLPs containing bacterial RNA are clear signs of PC differentiation. Nevertheless, we never found a homogenous CD138+ cell population using VLPs for vaccination. Consequently, further work needs to be done to determine the expression of classical PC transcription factors and surface markers to characterize the phenotype of secondary PCs in more detail.

The avidity of the antibodies secreted by secondary PCs was very high at early time points after immunization, a level which antibodies generated during a primary response only reached by day 20 upon VLP immunization. This finding is consistent with the notion that secondary PCs derive from MBCs which have undergone avidity maturation in a GC reaction (45). Thus, secondary PCs provide the host with a rapid wave of high-avidity antibodies. The great amount of VLP-specific IgG, which is present early during the recall response, is most likely responsible for the suppression of the host response. Link et al. demonstrated that VLPs complexed to specific IgGs were taken up by macrophages in the subcapsular sinus and did not efficiently reach B cell follicles and follicular dendritic cells, leading to antigen deprival for naïve B cell activation (65).

Surprisingly, secondary PCs did not have a long functional lifespan, neither in spleen nor in BM. In fact, most of them disappeared from lymphoid organs within 6 days after Ag re-stimulation. The dominant pool of long-lived PCs induced in the presence of MBC was derived from primary B cells. The early death of secondary PCs is probably a consequence of the enhanced antibody production, which increases cellular stress levels. Access to niches seems less important, as numbers of primary and secondary PCs are similar at day 6 after challenge, and yet only primary PCs become long-lived. The increased antibody production in secondary PCs more likely accounts for the short lifespan due to increased ER stress as well as accelerated demand for nutrients. The fact that secondary PCs produce at least 30 times more antibody than primary PCs underscores this point. It has been shown that PCs are able to adapt their metabolism according to the changing environment, but secondary PCs may be induced too quickly to produce very large amounts of antibodies, to be able to adapt their metabolism sufficiently. In addition, they may not live long enough to actually find a niche allowing their long-term survival. In this respect, secondary PCs behave more like innate cells, which usually respond very rapidly but are short-lived as well. In terms of surface marker and transcription factor expression, secondary PCs most likely do not differ extensively from other PC populations. However, there are substantial functional differences.

The fact that during viral infection all MBCs differentiate into functionally short-lived secondary PCs has interesting biological implications as it keeps the antibody repertoire flexible and adaptable to the changing world of pathogens, as e.g., influenza viruses. Secondary PCs produce an early wave of high avidity antibodies specific for the strain of pathogen previously encountered. Under this early protective antibody umbrella, naïve B cells are activated, initiate a novel GC reaction and generate high avidity PCs and MBCs for the current version of the pathogen. This mechanism ensures that the antibody repertoire is not frozen to the specificity for a single version of a pathogen but remains adaptable to their evolution. In this respect, the here presented mechanism ensures that original antigenic sin does not limit the dynamics and broadness of the antibody repertoire too extensively (25, 66, 67).

In summary, we demonstrate here that upon challenge with viral particles MBCs differentiate rapidly into secondary PCs, providing the host with an early wave of high avidity antibodies. Thus, induction of effector MBCs, which can provide rapid and effective protection by differentiating into secondary PCs, may be a promising alternative that should be considered in vaccine development.

ETHICS STATEMENT

This study was carried out in accordance with the recommendations of the Bundesamt für Lebensmittelsicherheit und Veterinärwesen (BLV) and the guidelines of the Cantonal Veterinary Office Bern, Switzerland. The protocol was approved by the Cantonal Veterinary Office Bern, Switzerland.

AUTHOR CONTRIBUTIONS

CK and EK performed all experiments. CK, FT, and MB designed all the experiments and wrote the manuscript. MV interpreted results and contributed to the scientific discussion. All authors read and commented on the manuscript.

FUNDING

This project was supported by funding of the Swiss National Science Foundation (SNF grant 310030_185114 to MB).

ACKNOWLEDGMENTS

We thank Dr. Daniel Yerly for the opportunity to work on his FACS Canto. We acknowledge Marianne Zwicker and Linda Jöhr for their technical assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2019.01831/full#supplementary-material

REFERENCES

 1. Sze DMY, Toellner KM, de Vinuesa CG, Taylor DR, MacLennan ICM. Intrinsic constraint on plasmablast growth and extrinsic limits of plasma cell survival. J Exp Med. (2000) 192:813–22. doi: 10.1084/jem.192.6.813

 2. Radbruch A, Muehlinghaus G, Luger EO, Inamine A, Smith KG, Dorner T, et al. Competence and competition: the challenge of becoming a long-lived plasma cell. Nat Rev Immunol. (2006) 6:741–50. doi: 10.1038/nri1886

 3. Bortnick A, Chernova I, Quinn WJ III, Mugnier M, Cancro MP, Allman D. Long-lived bone marrow plasma cells are induced early in response to T cell-independent or T cell-dependent antigens. J Immunol. (2012) 188:5389–96. doi: 10.4049/jimmunol.1102808

 4. Weisel FJ, Zuccarino-Catania GV, Chikina M, Shlomchik MJ. A 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

 5. Savage HP, Yenson VM, Sawhney SS, Mousseau BJ, Lund FE, Baumgarth N. Blimp-1-dependent and -independent natural antibody production by B-1 and B-1-derived plasma cells. J Exp Med. (2017) 214:2777–94. doi: 10.1084/jem.20161122

 6. Reimold AM, Iwakoshi NN, Manis J, Vallabhajosyula P, Szomolanyi-Tsuda E, Gravallese EM, et al. Plasma cell differentiation requires the transcription factor XBP-1. Nature. (2001) 412:300–7. doi: 10.1038/35085509

 7. Shapiro-Shelef M, Lin KI, McHeyzer-Williams LJ, Liao J, McHeyzer-Williams MG, Calame K. Blimp-1 is required for the formation of immunoglobulin secreting plasma cells and pre-plasma memory B cells. Immunity. (2003) 19:607–20. doi: 10.1016/S1074-7613(03)00267-X

 8. Klein U, Casola S, Cattoretti G, Shen Q, Lia M, Mo T, et al. Transcription factor IRF4 controls plasma cell differentiation and class-switch recombination. Nat Immunol. (2006) 7:773–82. doi: 10.1038/ni1357

 9. Shi W, Liao Y, Willis SN, Taubenheim N, Inouye M, Tarlinton DM, et al. Transcriptional profiling of mouse B cell terminal differentiation defines a signature for antibody-secreting plasma cells. Nat Immunol. (2015) 16:663–73. doi: 10.1038/ni.3154

 10. Chen-Kiang S. Cell-cycle control of plasma cell differentiation and tumorigenesis. Immunol Rev. (2003) 194:39–47. doi: 10.1034/j.1600-065X.2003.00065.x

 11. Kryukov F, Dementyeva E, Kubiczkova L, Jarkovsky J, Brozova L, Petrik J, et al. Cell cycle genes co-expression in multiple myeloma and plasma cell leukemia. Genomics. (2013) 102:243–9. doi: 10.1016/j.ygeno.2013.06.007

 12. Shaffer AL, Shapiro-Shelef M, Iwakoshi NN, Lee AH, Qian SB, Zhao H, et al. XBP1, downstream of Blimp-1, expands the secretory apparatus and other organelles, and increases protein synthesis in plasma cell differentiation. Immunity. (2004) 21:81–93. doi: 10.1016/j.immuni.2004.06.010

 13. Sriburi R, Jackowski S, Mori K, Brewer JW. XBP1: a link between the unfolded protein response, lipid biosynthesis, and biogenesis of the endoplasmic reticulum. J Cell Biol. (2004) 167:35–41. doi: 10.1083/jcb.200406136

 14. Pengo N, Scolari M, Oliva L, Milan E, Mainoldi F, Raimondi A, et al. Plasma cells require autophagy for sustainable immunoglobulin production. Nat Immunol. (2013) 14:298–305. doi: 10.1038/ni.2524

 15. Park KS, Bayles I, Szlachta-McGinn A, Paul J, Boiko J, Santos P, Liu J, et al. Transcription elongation factor ELL2 drives Ig secretory-specific mRNA production and the unfolded protein response. J Immunol. (2014) 193:4663–74. doi: 10.4049/jimmunol.1401608

 16. Eyer K, Doineau RCL, Castrillon CE, Briseno-Roa L, Menrath V, Mottet G, et al. Single-cell deep phenotyping of IgG-secreting cells for high-resolution immune monitoring. Nat Biotechnol. (2017) 35:977–82. doi: 10.1038/nbt.3964

 17. Lu LL, Suscovich TJ, Fortune SM, Alter G. Beyond binding: antibody effector functions in infectious diseases. Nat Rev Immunol. (2018) 18:46–61. doi: 10.1038/nri.2017.106

 18. Mandel TE, Phipps RP, Abbot A, Tew JG. The follicular dendritic cell: long term antigen retention during immunity. Immunol Rev. (1980) 53:29–59. doi: 10.1111/j.1600-065X.1980.tb01039.x

 19. Bachmann MF, Kundig TM, Hengartner H, Zinkernagel RM. Regulation of IgG antibody titers by the amount persisting of immune-complexed antigen. Eur J Immunol. (1994) 24:2567–70. doi: 10.1002/eji.1830241046

 20. Bachmann MF, Odermatt B, Hengartner H, Zinkernagel RM. Induction of long-lived germinal centers associated with persisting antigen after viral infection. J Exp Med. (1996) 183:2259–69. doi: 10.1084/jem.183.5.2259

 21. Bernasconi NL, Traggiai E, Lanzavecchia A. Maintenance of serological memory by polyclonal activation of human memory B cells. Science. (2002) 298:2199–202. doi: 10.1126/science.1076071

 22. Traggiai E, Puzone R, Lanzavecchia A. Antigen dependent and independent mechanisms that sustain serum antibody levels. Vaccine. (2003) 21 (Suppl. 2):S35–37. doi: 10.1016/S0264-410X(03)00198-1

 23. Manz RA, Lohning M, Cassese G, Thiel A, Radbruch A. Survival of long-lived plasma cells is independent of antigen. Int Immunol. (1998) 10:1703–11. doi: 10.1093/intimm/10.11.1703

 24. Slifka MK, Antia R, Whitmire JK, Ahmed R. Humoral immunity due to long-lived plasma cells. Immunity. (1998) 8:363–72. doi: 10.1016/S1074-7613(00)80541-5

 25. Rothman AL. Immunity to dengue virus: a tale of original antigenic sin and tropical cytokine storms. Nat Rev Immunol. (2011) 11:532–43. doi: 10.1038/nri3014

 26. Cassese G, Arce S, Hauser AE, Lehnert K, Moewes B, Mostarac M, et al. Plasma cell survival is mediated by synergistic effects of cytokines and adhesion-dependent signals. J Immunol. (2003) 171:1684–90. doi: 10.4049/jimmunol.171.4.1684

 27. Belnoue E, Pihlgren M, McGaha TL, Tougne C, Rochat AF, Bossen C, et al. APRIL is critical for plasmablast survival in the bone marrow and poorly expressed by early-life bone marrow stromal cells. Blood. (2008) 111:2755–64. doi: 10.1182/blood-2007-09-110858

 28. Chu VT, Frohlich A, Steinhauser G, Scheel T, Roch T, Fillatreau S, et al. Eosinophils are required for the maintenance of plasma cells in the bone marrow. Nat Immunol. (2011) 12:151–9. doi: 10.1038/ni.1981

 29. Belnoue E, Tougne C, Rochat AF, Lambert PH, Pinschewer DD, Siegrist CA. Homing and adhesion patterns determine the cellular composition of the bone marrow plasma cell niche. J Immunol. (2012) 188:1283–91. doi: 10.4049/jimmunol.1103169

 30. Manz RA, Thiel A, Radbruch A. Lifetime of plasma cells in the bone marrow. Nature. (1997) 388:133–4. doi: 10.1038/40540

 31. 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

 32. Tangye SG, Avery DT, Deenick EK, Hodgkin PD. Intrinsic differences in the proliferation of naive and memory human B cells as a mechanism for enhanced secondary immune responses. J Immunol. (2003) 170:686–94. doi: 10.4049/jimmunol.170.2.686

 33. Dogan I, Bertocci B, Vilmont V, Delbos F, Megret J, Storck SC, et al. Multiple layers of B cell memory with different effector functions. Nat Immunol. (2009) 10:1292–9. doi: 10.1038/ni.1814

 34. Pape KA, Taylor JJ, Maul RW, Gearhart PJ, Jenkins MK. Different B cell populations mediate early and late memory during an endogenous immune response. Science. (2011) 331:1203–7. doi: 10.1126/science.1201730

 35. Zabel F, Mohanan D, Bessa J, Link A, Fettelschoss A, Saudan P, et al. Viral particles drive rapid differentiation of memory B cells into secondary plasma cells producing increased levels of antibodies. J Immunol. (2014) 192:5499–508. doi: 10.4049/jimmunol.1400065

 36. Zuccarino-Catania GV, Sadanand S, Weisel FJ, Tomayko MM, Meng H, Kleinstein SH, et al. CD80 and PD-L2 define functionally distinct memory B cell subsets that are independent of antibody isotype. Nat Immunol. (2014) 15:631–7. doi: 10.1038/ni.2914

 37. McHeyzer-Williams LJ, Milpied PJ, Okitsu SL, McHeyzer-Williams MG. Class-switched memory B cells remodel BCRs within secondary germinal centers. Nat Immunol. (2015) 16:296–305. doi: 10.1038/ni.3095

 38. Jegerlehner A, Tissot A, Lechner F, Sebbel P, Erdmann I, Kundig T, et al. A molecular assembly system that renders antigens of choice highly repetitive for induction of protective B cell responses. Vaccine. (2002) 20:3104–12. doi: 10.1016/S0264-410X(02)00266-9

 39. Lechner F, Jegerlehner A, Tissot AC, Maurer P, Sebbel P, Renner WA, et al. Virus-like particles as a modular system for novel vaccines. Intervirology. (2002) 45:212–7. doi: 10.1159/000067912

 40. Gatto D, Ruedl C, Odermatt B, Bachmann MF. Rapid response of marginal zone B cells to viral particles. J Immunol. (2004) 173:4308–16. doi: 10.4049/jimmunol.173.7.4308

 41. Gatto D, Bauer M, Martin SW, Bachmann MF. Heterogeneous antibody repertoire of marginal zone B cells specific for virus-like particles. Microbes Infect. (2007) 9:391–9. doi: 10.1016/j.micinf.2006.12.017

 42. Gatto D, Pfister T, Jegerlehner A, Martin SW, Kopf M, Bachmann MF. Complement receptors regulate differentiation of bone marrow plasma cell precursors expressing transcription factors Blimp-1 and XBP-1. J Exp Med. (2005) 201:993–1005. doi: 10.1084/jem.20042239

 43. Cielens I, Ose V, Petrovskis I, Strelnikova A, Renhofa R, Kozlovska T, et al. Mutilation of RNA phage Qbeta virus-like particles: from icosahedrons to rods. FEBS Lett. (2000) 482:261–4. doi: 10.1016/S0014-5793(00)02061-5

 44. Zabel F, Fettelschoss A, Vogel M, Johansen P, Kundig TM, Bachmann MF. Distinct T helper cell dependence of memory B-cell proliferation versus plasma cell differentiation. Immunology. (2017) 150:329–42. doi: 10.1111/imm.12688

 45. Gatto D, Martin SW, Bessa J, Pellicioli E, Saudan P, Hinton HJ, et al. Regulation of memory antibody levels: the role of persisting antigen versus plasma cell life span. J Immunol. (2007) 178:67–76. doi: 10.4049/jimmunol.178.1.67

 46. Jegerlehner A, Maurer P, Bessa J, Hinton HJ, Kopf M, Bachmann MF. TLR9 signaling in B cells determines class switch recombination to IgG2a. J Immunol. (2007) 178:2415–20. doi: 10.4049/jimmunol.178.4.2415

 47. Wiuff C, Thorberg BM, Engvall A, Lind P. Immunochemical analyses of serum antibodies from pig herds in a Salmonella non-endemic region. Vet Microbiol. (2002) 85:69–82. doi: 10.1016/S0378-1135(01)00479-5

 48. Onodera T, Hosono A, Odagiri T, Tashiro M, Kaminogawa S, Okuno Y, et al. Whole-virion influenza vaccine recalls an early burst of high-affinity memory B cell response through TLR signaling. J Immunol. (2016) 196:4172–84. doi: 10.4049/jimmunol.1600046

 49. Iwakoshi NN, Lee AH, Vallabhajosyula P, Otipoby KL, Rajewsky K, Glimcher LH. Plasma cell differentiation and the unfolded protein response intersect at the transcription factor XBP-1. Nat Immunol. (2003) 4:321–9. doi: 10.1038/ni907

 50. Mesin L, Di Niro R, Thompson KM, Lundin KE, Sollid LM. Long-lived plasma cells from human small intestine biopsies secrete immunoglobulins for many weeks in vitro. J Immunol. (2011) 187:2867–74. doi: 10.4049/jimmunol.1003181

 51. Boothby M, Rickert RC. Metabolic regulation of the immune humoral response. Immunity. (2017) 46:743–55. doi: 10.1016/j.immuni.2017.04.009

 52. Landsverk OJ, Snir O, Casado RB, Richter L, Mold JE, Reu P, et al. Antibody-secreting plasma cells persist for decades in human intestine. J Exp Med. (2017) 214:309–17. doi: 10.1084/jem.20161590

 53. Manz RA, Hauser AE, Hiepe F, Radbruch A. Maintenance of serum antibody levels. Annu Rev Immunol. (2005) 23:367–86. doi: 10.1146/annurev.immunol.23.021704.115723

 54. Kozbor D, Moretta A, Messner HA, Moretta L, Croce CM. Tp44 molecules involved in antigen-independent T cell activation are expressed on human plasma cells. J Immunol. (1987) 138:4128–32.

 55. Rozanski CH, Arens R, Carlson LM, Nair J, Boise LH, Chanan-Khan AA, et al. Sustained antibody responses depend on CD28 function in bone marrow-resident plasma cells. J Exp Med. (2011) 208:1435–46. doi: 10.1084/jem.20110040

 56. Rozanski CH, Utley A, Carlson LM, Farren MR, Murray M, Russell LM, et al. CD28 promotes plasma cell survival, sustained antibody responses, and BLIMP-1 upregulation through its distal PYAP proline motif. J Immunol. (2015) 194:4717–28. doi: 10.4049/jimmunol.1402260

 57. Utley A, Carlson L, Murray M, Lee K. CD28 signaling in long lived plasma cells regulates glycolysis for survival and antibody production. (P1469). J Immunol. (2013) 190(1 Suppl):174.117-174.117.

 58. Utley AT, Rozanski CH, Carlson LM, Lee KP. CD28 regulates mitochondrial metabolism in long lived plasma cells for survival. Blood. (2014) 124:570.

 59. Utley AT, Carlson L, Lee KP. CD28 induces mitochondrial respiration through Irf4 for long lived plasma cells survival. Blood. (2016) 128:128.

 60. Sanz I, Wei C, Lee FE, 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

 61. Krueger CC, Thoms F, Keller E, Leoratti FMS, Vogel M, Bachmann MF. RNA and toll-like receptor 7 license the generation of superior secondary plasma cells at multiple levels in a B cell intrinsic fashion. Front Immunol. (2019) 10:736. doi: 10.3389/fimmu.2019.00736

 62. Baptista BJA, Granato A, Canto FB, Montalvão F, Tostes L, de Matos Guedes HL, et al. TLR9 signaling suppresses the canonical plasma cell differentiation program in follicular B cells. Front Immunol. (2018) 9:2281. doi: 10.3389/fimmu.2018.02281

 63. Genestier L, Taillardet M, Mondiere P, Gheit H, Bella C, Defrance T. TLR agonists selectively promote terminal plasma cell differentiation of B cell subsets specialized in thymus-independent responses. J Immunol. (2007) 178:7779–86. doi: 10.4049/jimmunol.178.12.7779

 64. Kiefer K, Green N, Oropallo M, Cancro M, Marshak-Rothstein A. BCR/TLR7 coligation uniquely drives plasma cell differentiation of autoreactive B cells (171.34). J Immunol. (2012) 188(1 Suppl):171.134.

 65. Link A, Zabel F, Schnetzler Y, Titz A, Brombacher F, Bachmann MF. Innate immunity mediates follicular transport of particulate but not soluble protein antigen. J Immunol. (2012) 188:3724–33. doi: 10.4049/jimmunol.1103312

 66. Gulati U, Kumari K, Wu W, Keitel WA, Air GM. Amount and avidity of serum antibodies against native glycoproteins and denatured virus after repeated influenza whole-virus vaccination. Vaccine. (2005) 23:1414–25. doi: 10.1016/j.vaccine.2004.08.053

 67. Wrammert J, Smith K, Miller J, Langley WA, Kokko K, Larsen C, et al. Rapid cloning of high-affinity human monoclonal antibodies against influenza virus. Nature. (2008) 453:667–71. doi: 10.1038/nature06890

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

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

OPS/images/fimmu-10-01831-g005.gif





OPS/images/fimmu-10-01831-t001.jpg
Antibody/reagent

goat anti-ms IgG:
donkey anti-goat AP
anti-ms IgG1fg]

anti-ms lgG2afa]
anti-ms IgG [b]

anti-ms lgG2alb]

goat anti-ms IgG:
anti-ms CD16/32
anti-ms IgM

anti-ms IgD

anti-ms CD8a

anti-ms CD4

anti-ms CD11b

anti-ms CD11c

anti-ms GR1

anti-ms B220

anti-ms CD45.1

anti-ms CD45.1

anti-ms CD38

Anti-ms IgG

Peanut Agglutinin (PNA)
Streptavidin HRP
Streptavidin APC/Cy7
Fixable Viability Dye eFluor 520

Clone

polyclonal
polyclonal
109

83

B868-2

57

polyclonal
24G2
polyclonal
11-26¢ (11-26)
5367
H129.19
M1/70

HL3

RB6-8C5
RA3-682

A20

A20

%0

Polycional

Company

EY laboratories

Jackson ImmunoResearch
8D

8D

BD

8D

Jackson ImmunoResearch
8D

Jackson ImmunoResearch
eBioscience

8D

8D

8D

8D

BD

8D

eBioscience

Biolegend

Biolegend

eBioscience

Vestor Laboratories

Dako

BD

eBioscience

Conjugate

AP
biotin
biotin
biotin
biotin
HRP

PE
PE

PE

PE

PE

PE

PE
PE-Cy7
APC

PerCP/CY5.5
PerCP/Cy5.5

Biotin
Biotin
HRP
APC/CY7
eFluor 520

Detection

donkey anti-goat alkaline phosphatase (AP)

Streptavidin HRP (Dako)
Streptavidin HRP (Dako)
Streptavidin HRP (Dako)
Streptavidin HRP (Dako)

Streptavidin APC/Cy7
Streptavidin APC/Cy7

Catalog number

AT-2306-2
705-055-147
553500
553533
553502
553504
115-085-071
553142
115-116-075
12-5993-83
553032
553653
553311
553802
563128
552772
17-0463-82
110727
102722
13-4013-85
B-1075
PO397
554063
65-0867-14





OPS/images/fimmu-10-01831-g003.gif





OPS/images/fimmu-10-01831-g004.gif





OPS/images/fimmu-10-01831-g001.gif





OPS/images/fimmu-10-01831-g002.gif





OPS/images/cover.jpg
’ frontiers
in Immunology

Virus-Specific Secondary Plasma

Cells Produce Elevated Levels of

High-Avidity Antibodies but Are
Functionally Short Lived









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





