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Abstract

IgM memory cells are recognized as an important component of B cell memory in mice and

humans. Our studies of B cells elicited in response to ehrlichial infection identified a popula-

tion of CD11c-positive IgM memory cells, and an IgM bone marrow antibody-secreting cell

population. The origin of these cells was unknown, although an early T-independent spleen

CD11c- and T-bet-positive IgM plasmablast population precedes both, suggesting a linear

relationship. A majority of the IgM memory cells detected after day 30 post-infection, also T-

bet-positive, had undergone somatic hypermutation, indicating they expressed activation-

induced cytidine deaminase (AID). Therefore, to identify early AID-expressing precursor B

cells, we infected an AID-regulated tamoxifen-inducible Cre-recombinase-EYFP reporter

strain. Tamoxifen administration led to the labeling of both IgM memory cells and bone mar-

row ASCs on day 30 and later post-infection. High frequencies of labeled cells were identi-

fied on day 30 post-infection, following tamoxifen administration on day 10 post-infection,

although IgM memory cells were marked when tamoxifen was administered as early as day

4 post-infection. Transcription of Aicda in the early plasmablasts was not detected in the

absence of CD4 T cells, but occurred independently of TLR signaling. Unlike the IgM mem-

ory cells, the bone marrow IgM ASCs were elicited independent of T cell help. Moreover,

Aicda was constitutively expressed in IgM memory cells, but not in bone marrow ASCs.

These studies demonstrate that two distinct long-term IgM-positive B cell populations are

generated early in response to infection, but are maintained via separate mechanisms.

Introduction

Memory B cells, in addition to long-lived plasma cells, provide a major component of immu-

nological memory [1, 2]. Although it has often been assumed that B cell memory is harbored

in high-affinity class-switched immunoglobulin (swIg) B cells, it has become increasingly

apparent that, as for T cells, the memory B cell compartment is diverse, and several different

memory subsets exist [3–5]. There is considerable phenotypic heterogeneity, i.e., varying sur-

face markers and Ig expression, within populations of hapten-elicited memory cells [6], differ-

ences which may reflect different kinds of memory cell functions [7]. Moreover, several
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studies have revealed that unswitched murine IgM B cells harbored a significant component of

humoral memory [8–11]. IgM memory cells have been characterized in studies of murine

memory responses following immunization, and similar cells are found in humans [12, 13].

IgM memory cells constitute a novel and important subset of long-lived memory B cells that

may provide immunity to variant pathogens not recognized by classical high-affinity swIg

memory B cells [14, 15].

In addition to memory B cells, bone marrow plasma cells constitutively produce class-

switched antibodies that mediate long-term immunity [16–18]. Switched plasma cells have

long been considered to be the major source of long-term antibodies, although several studies

have described long-term bone marrow IgM antibody-secreting cells (ASCs; [19, 20]). T cell-

independent (TI) antigens can induce bone marrow IgM ASCs, although it has often been con-

sidered that this response is short-lived [21, 22]. Our previous studies have indicated, however,

that unswitched B cells and IgM can play an important role in long-term immunity to patho-

gens [20, 23].

Our studies of B cells during infection have utilized a mouse model of ehrlichiosis caused

by the intracellular monocytotropic bacterial pathogen, Ehrlichia muris. We first identified a

TI CD11c-positive splenic plasmablast population present on and about day 10 post-infection

that is responsible for the initial production of antigen-specific IgM during infection [24]. This

day 10 CD11c-positive splenic plasmablast population produces pathogen-specific polyreac-

tive IgM, is not found in GCs, and is generated in the absence of CD4 T cell help [24, 25]. A

second population of splenic CD19- and CD11c-positive B cells is elicited within 3–4 weeks

post-infection, and is detected at relatively high frequencies for at least as long as one year

post-infection [23]. We have demonstrated that these CD19/CD11c-positive B cells are IgM

memory B cells, based on a number of definitive criteria, including their expression of the

integrins CD11c and CD11b, as well as many other markers previously identified on memory

B cells, such as CD73, PD-L2, CD80, and CD38 [23, 26]. Moreover, the cells are largely quies-

cent, do not reside in GCs, have undergone limited somatic mutation, and are responsible for

anamnestic, memory responses following antigen challenge [23]. The latter studies indicated

that the CD11c-positive IgM memory population, which were only detected in infected mice,

was composed, at least in part, of antigen-specific B cells. In addition to our work, studies of B

cell responses in other experimental animal models and humans have identified what are likely

related memory cells [15, 27, 28]. The spleen is a major reservoir of memory B cells, including

IgM memory cells (both IgD-negative and -positive) in humans [29–31]. Human IgM memory

cells are elicited in response to Streptococcus pneumoniae infection [30], malaria infection [11],

and following tetanus immunization [32].

The early CD11c-positive plasmablasts and IgM memory cells that we have described also

express the transcriptional factor T-bet. B cells that express either CD11c, T-bet, or both mole-

cules, have been identified in both human and animals in response to immunization, infec-

tions, and in autoimmunity [33–38]. The identification of CD11c-positive T-bet+ cells in aged

autoimmune patients led to their description as Age-Related B cells (ABCs; [36, 37, 39]),

although CD11c-positive T-bet+ B cells are now known to function in many different immu-

nological contexts. Whether CD11c and T-bet expression define a monolithic B cell popula-

tion, or a number of related but functionally distinct B cell subsets, is currently unresolved.

Our studies have indicated that CD11c- and T-bet-positive B cells include both early TI plas-

mablasts and IgM memory cells [23, 24]. The derivation of and relationship between these two

subsets remained unresolved in our previous studies, however.

We have also described a third non-canonical population of IgM T-bet-positive ASCs that

arises in the bone marrow of infected mice after peak infection [20]. These B cells express

CD138, CD93, and CD44, but are CD11c-negative, and are responsible for the production of

IgM memory cells and plasmablasts
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protective long-term IgM [20]. Thus, ehrlichial infection generates two diverse populations of

long-lived IgM-positive B cells, in the spleen and bone marrow, respectively. The phenotypic

similarity between these two populations, as well as the observation that the day 10 TI CD11c-

positive plasmablasts precede both the IgM memory cells and bone marrow ASCs, suggested

that the day 10 CD11c-positive B cells, or a yet unidentified population, are the precursors to

one or both long-term populations. Here we demonstrate that both long-term IgM popula-

tions are derived from B cells elicited early following infection, at the time of the peak CD11c-

positive plasmablast response. Moreover, because the bone marrow ASCs and IgM memory

cells differ in their requirement for CD4 T cell help, we suggest that B cell fate is determined by

the availability of signals from Tfh cells that are also present in abundance in the spleen during

infection. Finally, we show that although the day 10 CD11c-positive plasmablasts are generated

independently of CD4 T cells, they nevertheless require CD4 T cells, likely Tfh cells, for the

induction of Aicda mRNA and for AID expression. These findings add to our understanding

of the generation of non-canonical CD11c- and T-bet-positive B cell memory and effector cell

subsets in the context of an intracellular bacterial infection.

Materials and methods

Ethics statement

Our study was approved by the IACUC committee at SUNY Upstate Medical University

(CHU 311), and is in accordance with the guidelines established in the Guide for the Care and

Use of Laboratory Animals by the National Institutes of Health.

Mice

Sex-matched C57BL/6, B6.Cg-Gt(Rosa)26Sortm3(CAG-EYFP)Hze/J and MHC class II (MHCII)-

deficient (B6.129S2-H2dlAb1-Ea/J) mice were obtained from The Jackson Laboratory (Bar Har-

bor, ME). The AID-Cre-ERT2 mice were generously provided by Dr. Jean-Claude Weill,

ISERM, Paris, France. The UNC 93b deficient mice were provided by Dr. Ann Marshak-Roth-

stein, University of Massachusetts Medical School. All mice were bred and maintained under

microisolator conditions under light/dark conditions in cages with bedding (up to five mice

per cage), at Upstate Medical University, in accordance with institutional guidelines for animal

welfare. The mice were maintained continuously under microisolator conditions. All experi-

mental mice were between six and eight weeks of age, and within normal ranges of weight at

the time of infection. Each mouse was considered to be an experimental unit. All mice were

euthanized using CO2. When anesthesia was necessary, the mice were treated with isoflurane

and were monitored following recovery from anesthesia.

Genotyping

Mouse genomic DNA was extracted from tail tissue using hot sodium hydroxide, as previously

described [40]. PCR was performed using the following oligonucleotide primers: eYFP (internal

positive control forward 5’-CAAATGTTGCTTGTCTGGTG-3’; internal positive control reverse

5’-TCAGTGGGAATTAGTCATGCC-3’; transgene forward 5’-GGGACCATGAAGCTGCTGC
CG-3’; transgene reverse 5’-GGCATTAAAGCAGCGTATCG-3’; the reactions yielded 625 and

200 bp products from the transgene and internal positive control alleles, respectively).

Infections and treatments

Mice were infected i.p. with 5x104 copies of E. muris, as previously described [41]. E. muris
causes a non-fatal infection in immunocompetent mice. None of the mice in this study showed

IgM memory cells and plasmablasts
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signs of serve illness following infection, nor did any of the mice die due to infection. Mice

were monitored daily. CD40L blockade was performed by administration of 200 μg of the

mAb MR-1 (anti-CD40) on days 8, 10, and 12 post-infection; an irrelevant isotype-matched

antibody (clone 2A3) was used a control. Tamoxifen was dissolved in peanut oil at a concen-

tration of 20mg/ml, and 0.5 ml was administered via oral gavage. To validate the effectiveness

of the CD40L blockade, NP-BSA-immunized C57BL/6 mice were administered either 200 μg

of 2A3 or MR-1 on days 4, 8, and 12 post-immunization.

Cell transfer studies

To obtain B cells for cell transfer studies, spleens from three naïve AID-Cre-ERT2 x B6.Cg-Gt

(Rosa)26Sortm3(CAG-EYFP)Hze/J F1 mice were harvested and pooled. T cells were depleted by

magnetic bead negative selection, using a CD90.2 T cell enrichment kit (Stem Cell Technolo-

gies). Naïve C57BL/6 and MHCII-deficient mice were injected with 7.7 x 106 naïve AID-Cre-

ERT2 x B6.Cg-Gt(Rosa)26Sortm3(CAG-EYFP)Hze/J F1 B cells i.v., and the mice were infected i.p.

with E. muris. The MHCII-deficient recipient mice were treated on day 0 and 3 post-infection

with 200 μg GK1.5 antibody, i.p., to deplete any co-transferred CD4 T cells. The mice were

then infected with E. muris, and were administered 10 mg tamoxifen oral gavage on days 7 and

10 post-infection.

Flow cytometry and antibodies

Spleen and bone marrow cells were disaggregated using a 70μm cell strainer (BD Biosciences),

and erythrocytes removed by hypotonic lysis, using ammonium chloride. Cells were treated

with anti-CD16/32 (2.4G2) prior to incubation with the following antibodies: anti-IgM (clone

II/41), eBioscience, San Diego, CA), IgM (R6-60.2 BD Biosciences), B220 (RA3-6B2, BD),

B220 (RA3-6B2; eBioscience), CD138 (281–2), and CD11c (HL3; BD Biosciences). The cells

were stained at 4˚C for 20 min, washed, and analyzed without fixation for marker expression.

Data were acquired on a BD Fortessa flow cytometer with Diva software (BD Biosciences), and

were analyzed using FlowJo software (Tree Star, Inc.).

RT-PCR

RNA was extracted from sorted CD11c+ B220+ using TRIzol, following the manufacturer’s

protocol (Life Technologies). cDNA was generated using a Tetro cDNA Synthesis Kit (Bio-

line). RT-qPCR was performed using a BioRad T100 Thermo Cycler; transcripts were normal-

ized to β-actin (Life Technologies probe Mm00607939_s1) expression. Aicda mRNA was

detected using a primer-probe set specified by Life Technologies (Mm01184115_m1). To gen-

erate a positive control reagent, murine Aicda was amplified by PCR using Phusion High-

Fidelity DNA Polymerase (New England BioLabs), using the following oligonucleotide prim-

ers: CTACCTCTGCTACGTGGTGAA (forward), GCTGAGGTTAGGGTTCCATCT(reverse). The

amplicon was cloned using a TOPO TA cloning kit (Life Technologies).

TLR9 stimulation

Spleen cells were obtained from C57BL/6 and UNC93b-deficient mice after T-cell-depletion

and B cell enrichment. The cells were labeled with CFSE and cultured with or without CpG

(ODN1826). Cell stimulation was measured by monitoring dilution of CFSE after three days

in culture.

IgM memory cells and plasmablasts
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Statistical analyses

Statistical analyses were performed using Prism (GraphPad) software. Both parametric and

non-parametric analyses were performed, depending on sample size. Each experiment was

performed at least two times. Details are provided in the figure legends.

Results

Early splenic B cells are precursors for both splenic IgM memory B cells

and IgM bone ASCs

Our previous studies showed that the majority of the CD11c-positive IgM memory cells

detected on day 30 post-infection expressed somatically-mutated receptors, indicative of

AID activity [23]. This observation suggested that IgM memory cell precursors could be

identified on the basis of AID expression. Therefore, we utilized AID-Cre-ERT2 transgenic

mice, described by Dogan et al. [14], to permanently mark IgM memory cells. The strain car-

ries an AID promoter-regulated Cre recombinase whose activity is induced by tamoxifen; it

was crossed to a reporter strain that carries a Gt(Rosa26)Sor-regulated EYFP allele containing

flanking loxP sites (B6.Cg-Gt(ROSA)26Sortm3(CAG-EYFP)Hze/J). In B cells that express AID,

tamoxifen administration induces Cre recombinase activity that facilitates genetic recombi-

nation and subsequent expression of EYFP, thereby permanently marking AID-expressing B

cells. We first used the strain to address whether AID-expressing cells induced during acute

ehrlichial infection contributed to either long-term IgM population. For these studies, mice

were infected, and tamoxifen was administered 10 days later, the peak time of the early

CD11c-positive splenic IgM plasmablast response that we described in our previous studies

[24]. When the mice were analyzed by flow cytometry on day 30 post-infection, approxi-

mately 30% of the CD11c-positive splenic IgM memory cells expressed EYFP (Fig 1a).

Although AID is also expressed in GC cells, in our previous study we demonstrated that the

IgM memory cells do not express markers characteristic of GC B cells [23]. Similarly,

approximately 50% of the CD138-positive IgM-producing bone marrow B cells that we

described previously [24] were also labeled following tamoxifen administration on day 10

(Fig 1b). EYFP-positive IgM memory cells and bone marrow ASCs were both identified at

least as late as 98 days post-tamoxifen administration. Both the spleen and bone marrow con-

tained cells irreversibly marked following tamoxifen administration as early as day 4 post-

infection, indicating that AID expression is induced very early after infection (Fig 1c and

1d). Few, if any, EYFP-labeled B cells were detected in uninfected mice, demonstrating that

the EYFP-positive B cells were infection-, and likely, antigen-specific. These studies indicate

that early AID-expressing B cells, possibly the early CD11c-positive T-bet+ plasmablasts,

give rise to both IgM memory cells and bone marrow IgM ASCs. Not all of the IgM memory

cells or plasmablasts expressed EYFP, indicating that not all of the plasmablasts expressed

Aicda during the window of tamoxifen treatment. Our previous study demonstrated that not

all of the IgM memory cells expressed mutated BCRs, so it is also possible that not all of the

precursor cells transcribed Aicda. To identify Aicda-positive cells early during early infec-

tion, infected (AID-cre-ERT2x EYFP) F1 mice were administered tamoxifen on days 4 and 7

post-infection, and splenic B cells were analyzed for EYFP expression three days later, on day

10 post-infection. A higher proportion of the CD11c-positive plasmablasts expressed EYFP

(approximately 13%), relative to the CD11c-negative B220+ B cells (approximately 2%; Fig

1e). However, EYFP-positive cells were detected in similar numbers within each population.

Although the CD11c-negative B220+ B cells consisted of largely naive follicular B cells, it is

possible that some memory precursor B cells were also present. Thus, it is possible that either

IgM memory cells and plasmablasts
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Fig 1. Splenic IgM+ memory B cells and CD138+ IgM+ bone marrow ASCs were derived early following infection. (A) Infected (AID-Cre

ERT2 X eYFP) F1 mice were administered tamoxifen, or a vehicle control, on day 10 post-infection, and splenic CD11c-positive CD19+ B cells

were analyzed on day 30 post-infection for IgM and eYFP expression by flow cytometry. (B) Bone marrow IgM+ B cells from mice treated as in A

were analyzed for eYFP expression among IgM+ CD138+ cells on 30 days post-infection. Cumulative data from mice analyzed between days

30 and 120 post-infection are shown below the flow cytometry plots in A and B. The differences between the groups in both analyses were

IgM memory cells and plasmablasts
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one or both of the early cell populations give rise to the long-term IgM+ B cells observed on

day 30 or later post-infection.

CD138 IgM bone marrow cells were generated independently of CD4 T

cells

It was unknown whether the antigen-specific IgM bone marrow plasmablasts we identified

previously [20] were generated in a TI fashion, as has been shown in related studies of bone

marrow IgM+ B cells [19, 42]. CD4 T cell help was not required for the generation of IgM

bone marrow ASCs in our experimental model, because the ASCs were detected in both wild-

type and MHC class II-deficient mice on day 30 post-infection (Fig 2a). The frequency of IgM

bone marrow ASCs in MHC class II-deficient mice among total bone marrow cells was mod-

estly lower, relative to wild type mice; moreover, the IgM+ plasmablasts were detected at

slightly higher cell numbers in the CD4-deficient mice (Fig 2a, bottom panels). However, there

was no difference in the frequency of IgM bone marrow ASCs when measured as a proportion

of the frequency of total population of bone marrow CD138+ ASCs within each strain. As an

additional test for the requirement for CD4 T cell help in the generation of bone marrow IgM

plasmablasts, mice were administered a CD40L-blocking antibody (MR-1), on days 8, 10, and

12 post-infection. In control experiments, this treatment effectively inhibited T cell-dependent

responses to adjuvanted NP-BSA (Fig 2b). In contrast, mice treated with the anti-CD40L MAb

exhibited very similar frequencies of IgM bone marrow ASCs as control mice (Fig 2c). Our

data therefore identify two distinct populations of long-lived cells that are derived early follow-

ing infection, likely via different mechanisms: a spleen IgM memory population that requires

both CD4 T cell help and IL-21 [23], and the CD4 T cell-independent BM ASCs. These data

also suggest that B cell fate may be determined in part by access to CD4 T cell help during

early infection.

Aicda expression in early splenic plasmablasts requires CD4 T cells, but

not TLR9 signals

Although we have demonstrated that CD4 T cells are not required for the generation of either

the day 10 CD11c-positive plasmablasts [24], nor for the BM plasmablasts, it was possible that

T cells were nevertheless required for the induction of AID expression. It is well known that

CD4 T cells, in some cases in the context of innate signals, are required for the induction of

AID in GC B cells [43, 44]. To identify how AID expression is induced in early IgM plasma-

blasts, we monitored Aicda transcription in vivo, using B cells from (AID-cre-ERT2x EYFP) F1

mice. In these studies, magnetic bead-enriched, T cell-depleted, naïve B cells from (AID-cre-

ERT2x EYFP) F1 mice were transferred to wild-type and MHC II (IAb)-deficient mice. The

statistically significant, as determined using a Mann-Whitney test (p < 0.0001). (C and D) Tamoxifen was administered to uninfected (U), or

infected (AID-Cre ERT2 X eYFP) F1 mice, 0, 4, 7, or 10 days post-infection, and spleen (C) and bone marrow (D) were analyzed for eYFP

expression on day 30 post-infection. The frequencies of eYFP+ cells detected in each of the mice are shown in the plots to the right of each dot

plot. A multiple comparison ANOVA was used to compare data from uninfected tamoxifen-treated mice, relative to mice that had been treated

with tamoxifen on day 0 (p value = 0.99), day 4 (p = 0.61), day 7 (p = 0.0054) and day 10 (p = 0.0002) post-infection. Similar analyses of the

bone marrow cells were performed by comparing tamoxifen-treated uninfected mice to mice treated on day 0 (p value = 0.72), day 4

(p = 0.4039), day 7 (p = 0.016), and day 10 (p = 0.0056) post-infection. (E) Infected (AID-Cre ERT2 X eYFP) F1 mice were administered

tamoxifen on days 4 and 7 post-infection and were analyzed on day 10 post-infection for eYFP expression in CD11c-negative B220+ (shaded

histogram) and CD11c-positive B220+ cells (open histogram), as shown in panels one and two. Cumulative data from the analyses are shown in

the plots three and four; the frequencies EYFP+ cells within the B220-positive and the B220/CD11c double-positive populations, indicated by

the gate in the second panel, are shown in the third panel (the frequencies were significantly different, as determined using an Unpaired

students’ T-test (p value = 0.0005). The number of EYFP+ cells within each of the two populations are shown in the fourth panel; the data were

not significantly different, as determined using a Mann-Whitney statistical test (p value = 0.10).

https://doi.org/10.1371/journal.pone.0178853.g001
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recipient mice were infected with E. muris, and tamoxifen was administered on days 7 and 10

post-infection. To eliminate any residual donor T cells, the MHC II-deficient recipient mice

were administered an anti-CD4 (GK1.5) antibody on day 0 and 3 post-transfer. When the

mice were analyzed on day 11 post-infection, EYFP expression in CD11c-positive B220+ plas-

mablasts was detected in wild-type recipient mice, but not MHC II-deficient mice (Fig 3a),

indicating that CD4 T cells were required for Aicda expression. Naïve IAb-positive donor B

cells were detected in MHC II-deficient recipient mice post-infection, indicating that naïve

donor B cells were successfully transferred (Fig 3b). The low frequency and number of ehrli-

chia-specific donor cells was not unexpected, because the frequency of antigen-specific B cells

Fig 2. CD138+/IgM+ bone marrow plasmablasts were generated independently of CD4 T cell help. (A). Wild-type and MHC class II-deficient mice

were infected, and bone marrow was analyzed 30 days post-infection for B cells expressing IgM and CD138. Representative flow cytometry dot plots are

shown in the top two panels, indicating the IgM+ plasmablasts (upper right gate in each plot), and IgM-negative plasma cells (gate on left). Cumulative

frequencies of IgM+ CD138+ cells are shown in the plot on the bottom left; the differences were not statistically different, as determined using a Mann-

Whitney test (p value = 0.32). The number of CD138+ IgM+ cells are shown in the bottom middle plot (p value = 0.0006), and the ratio of IgM+ CD138

+ cells to the IgM-negative CD138+ cells are shown on the bottom right plot (p value = 0.63). (B) Wild-type mice were immunized with NP(26)-BSA, in

alum, and were administered either 200μg anti-CD40L (MR-1) or an irrelevant isotype-matched antibody (2A3) on days 4, 8, and 12 post-immunization.

Anti-NP IgG production was analyzed on days 7, 14, and 21 post-infection by ELISA. The anti-CD40L antibody significant inhibited anti-NP responses (p

value = 0.0005, as determined using ANOVA). (C). Infected wild-type mice were administered 200μg of anti-CD40L, or the isotype-matched irrelevant

antibody, on 8, 10, and 12 days post-infection. The cells were analyzed, as in A, on 30 days post-infection. The cumulative frequencies of IgM+ CD138

+ cells are shown in the third plot (p = 0.42), the number of IgM+ CD138+ cells are shown in the fourth plot (p value = 0.84), and the ratio of IgM+ CD138

+ cells to IgM-negative CD138+ cells are shown in the plot on the far right (p value = 0.61); all statistical analyses were performed using a Mann-Whitney

test. The data in each of the plots in the figure were compiled from two to three experiments.

https://doi.org/10.1371/journal.pone.0178853.g002
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is very low in naïve mice. Thus, even though the day 10 CD11c-postive T-bet+ plasmablasts do

not require CD4 T cells for their generation [20], the plasmablasts nevertheless require T cell

help to induce Aicda mRNA expression. These data also demonstrate that the day 10 CD11c-

positive plasmablasts are derived at least in part from naïve splenic precursor B cells.

Aicda expression in IgM memory cells required CD4 T cell help; however, it was possible

that the Aicda expression was also induced by TLR signaling. E. muris doesn’t express ligands

Fig 3. Aicda expression in day 10 splenic plasmablasts required CD4 T cells, but did not require TLR9 signaling. (A) Magnetic bead-purified naïve

splenic B cells from (AID-Cre ERT2 X eYFP) F1 mice were transferred to wild-type and MHC II-deficient mice; the recipient mice were then infected with E.

muris, and were administered tamoxifen on days 7 and 10 post-infection. The recipient MHC II-deficient mice were treated with 200 μg of a depleting CD4

antibody (GK1.5), immediately following and three days after cell transfer, to eliminate any co-transferred donor T cells. The spleens of recipient mice were

analyzed by flow cytometry on day 11 post-infection for CD19- and CD11c-positive donor EYFP+ cells. The percentages of CD11c-positive CD19+ eYFP

+ cells detected in wild-type (open circles) and MHC II-deficient mice (closed circles) are shown in the plot on the right (Mann-Whitney test p

value = 0.0079). (B) Magnetic bead-purified naïve splenic B cells from wild-type mice were transferred to MHC II-deficient mice, and were analyzed as in

A; the frequency of CD19+ CD11c+ IAb+ donor cells among total B cells is shown in the plot on the right. (C) CD11c-positive B220+ cells were purified by

flow cytometry from the spleens of wild-type (open circles) and UNC93b-deficient (closed circles) mice. mRNA was isolated and RT-PCR was performed

to quantify Aicda transcripts in each strain. ΔΔCT values were calculated, relative to β-actin transcripts. Aicda transcripts detected in flow cytometrically-

purified GC B cells pooled from six tetanus toxin C fragment-immunized wild-type mice are shown for comparison (closed square). No statistical

differences in Aicda expression were detected between the wild-type and UNC93b-deficient mice (Mann-Whitney test p value = 0.30). (D) T cell-depleted

spleens from wild-type and Unc93b-deficient mice were labeled with CFSE and cultured in the presence or absence of CpG (ODN 1826) for three days.

CFSE dilution occurred in wild-type, but not UNC93b-deficient mice. (E) Spleen cells from uninfected and day 10 post-infection mice were analyzed for

CXCR5 and PD-1 surface expression on Tfh cells (gated in each dot plot). The gated Tfh cells were also analyzed for surface expression of ICOS (open

histograms) and compared to CXCR5 PD-1 double-negative cells (closed histogram). The percentages of Tfh cells among total CD4+ cells in uninfected

(open circles) and E. muris-infected (closed circles) mice are shown in the plot on the far right (Mann-Whitney test p value = 0.095).

https://doi.org/10.1371/journal.pone.0178853.g003
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for TLR4, although was possible that the bacteria signal through TLR9, which recognizes bac-

terial DNA. To address whether TLR signaling was involved, both wild-type and UNC93b-

deficient mice (deficient for signaling via TLR3, 6, 7, 8, and 9) were infected with E. muris.
CD11c-positive B220+ plasmablasts were isolated by flow cytometric cell sorting, and qPCR

used to detect Aicda expression. The UNC93b-deficient CD11c-positive B220+ plasmablasts

exhibited Aicda expression that was similar to wild-type B cells (Fig 3c). To demonstrate that

UNC93b-deficient mice were incapable of responding to TLR9, naïve B cells from wild-type

and UNC93b-deficient mice were stimulated with CpGODN1826, and their proliferation was

monitored. Wild-type B cells proliferated in response to CpG, but the UNC93b-deficient B

cells did not (Fig 3d). The data together indicate that Aicda expression likely requires some

form of T cell help, but not TLR signaling.

To further investigate the requirement for T cell help, we next investigated whether CD4

Tfh cells underwent expansion during early E. muris infection. We observed a major expansion

of CXCR5+ PD-1+ Tfh cells on day 10 post-infection, relative to uninfected mice (Fig 3e).

Nearly all of the Tfh cells exhibited high expression of ICOS, relative to PD-1/CXCR5 double-

negative CD4 T cells. Thus, although the day 10 plasmablasts are generated in the absence of

CD4 T cells, this occurs in the presence of a vigorous Tfh cell response, which is in part

required for induction of Aicda in the B cells.

Persistent Aicda expression in IgM memory cells

We also addressed whether Aicda was expressed in long-term IgM memory B cells and bone

marrow plasmablasts, by administering tamoxifen to infected (AID-Cre-ERT2x EYFP) F1 mice

on or after day 30 post-infection. Spleen IgM memory cells exhibited EYFP expression 12 days

following tamoxifen administration (Fig 4a; approximately 30% of the IgM memory cells were

EYFP-positive). In contrast, lower percentages of EYFP+ cells were detected among the bone

marrow plasmablasts (R4 in the bottom panels of Fig 4a). We also detected EYFP expression

in a previously unidentified population of splenic CD19hi CD11c-negative B cells (R3 in Fig

4a); other studies have indicated that these B cells, which were not resolved in previous studies,

are phenotypically similar to CD11c-positive IgM memory cells we have characterized (unpub-

lished data). Although we cannot completely exclude the possibility that some memory cells

had recently emigrated from GCs, where they expressed AID, it is unlikely that 30% of the cells

had emigrated during the time tamoxifen was administered. These data indicate that Aicda-

expression can be maintained in IgM memory cells during low-level chronic ehrlichial infec-

tion, in the absence of class switching. To rule out any possibility that the (AID-Cre-ERT2x

EYFP) F1 mice can express the Cre recombinase spontaneously, naïve mice were administered

tamoxifen and EYFP expression on B cells was examined 12 days later. Naïve B cells from

(AID-Cre-ERT2x EYFP) F1 mice exhibited low expression of EYFP, relative to B cells from

infected (AID-Cre-ERT2x EYFP) F1 mice (Fig 4b). EYFP expression among CD19+ B cells was

significantly higher in infected mice that had established the IgM memory population, com-

pared to naïve mice. These data demonstrate that CD11c-positive IgM memory cells can main-

tain transcription of Aicda, apparently indefinitely; whether AID is produced and is

functional, and the impact of possible AID function for the maintenance of long-term IgM

memory, is not yet known.

Discussion

Our findings reveal that both long-term antigen-specific IgM memory cells and bone marrow

plasmablasts are derived from precursor cells present early during ehrlichial infection, well

before the generation of canonical class-switched memory B cells that develop in GCs [45, 46].
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Our studies therefore highlight what is likely a novel pathway of memory development that is

important for the generation and maintenance of long-term unswitched CD11c- T-bet-posi-

tive memory B cells. Although we have demonstrated that the long-term IgM-positive B cells

in our model are derived early during infection, as early as day 4 post-infection, we have not

yet resolved whether the memory cells and plasmablasts are generated independently, or via a

Fig 4. Aicda was constitutively expressed in IgM memory B cells. (A) (AID-Cre ERT2 X eYFP) F1 mice that had

been infected for at least 30 days, and as long as 200 days post-infection, were administered tamoxifen, and 12

days later the frequencies of EYFP-expressing cells among splenic CD19+ CD11c-negative (Region 1; R1),

CD11c- and CD19-double-positive (R2), CD19hi CD11c-negative (R3) B cells, was examined. EYFP expression

was also examined in the bone marrow, IgM+ CD138+ B cells (R4; bottom plots). Cumulative data are shown in the

plot on the right. The frequency of cells in R2 and R3 both differed significantly from R1 (P<0.0001), as determined

by RM one-way ANOVA with Bonferroni’s multiple comparison test. (B) Naïve and infected (AID-Cre ERT2 X eYFP)

F1 mice were administered tamoxifen and EYFP expression on all B cells was analyzed 12 days later (total B cells

were analyzed because CD11c+ IgM memory cells are largely absent in uninfected young mice). Cumulative data is

shown in the graph on the right. The data were statistically significant, as determined using a Mann-Whitney test (p

value = 0.0007).

https://doi.org/10.1371/journal.pone.0178853.g004

IgM memory cells and plasmablasts

PLOS ONE | https://doi.org/10.1371/journal.pone.0178853 June 2, 2017 11 / 17

https://doi.org/10.1371/journal.pone.0178853.g004
https://doi.org/10.1371/journal.pone.0178853


single pathway. Given their phenotypic similarities, it is possible that both long-lived B cell

populations are derived from the early splenic CD11c- T-bet-positive plasmablasts that we

have described [24]. Indeed, nearly all of the ehrlichial-specific IgM detected on day 10 post-

infection was secreted by the early CD11c-positive plasmablasts, not CD11c-negative B cells

[24, 47]. However, plasmablasts are by definition short-lived cells, so an alternative explanation

is that the long-term IgM-positive memory cells are derived independently, perhaps from

CD11c-negative or CD138-negative follicular B cells. Although EYFP-positive cells were found

at much higher frequencies among CD11c-positive plasmablasts, EYFP+ CD11c-negative B

cells were found in similar numbers as the CD11c-positive plasmablasts. Ongoing studies will

help to resolve the origin(s) of the long-term IgM B cells. These findings nevertheless highlight

a novel pathway for the generation of long-term IgM memory and antibody-secreting plasma-

blasts in the context of a TI response to infection. Our and others’ work highlight how infec-

tions can induce B cell responses that differ from those elicited by canonical non-infectious

antigens, often challenging established dogma.

Although the day 10 CD11c- T-bet-positive plasmablasts do not require CD4 T cell help for

their generation, the signals required for the subsequent differentiation of the plasmablasts to

either IgM B cell memory cells or BM ASCs are not yet known. However, the IgM memory

cells require CD4 T cells (and IL-21) for their generation [23], whereas the BM plasmablasts

do not, suggesting that the availability of T cell help may be a key factor in what drives the

development of B cell memory population versus long-lived BM plasmablasts. In this regard,

we have observed a large population of splenic Tfh cells that are present at the time of the early

CD11c-positive plasmablast response. Given the magnitude of the Tfh cell response, the data

suggest that T cell help is not limited by cell number, and it is possible that the fate of the B

cells may be determined instead by their physical location. In such a model, extrafollicular B

cells that fail to interact with Tfh cells may exit the spleen and migrate to the bone marrow,

whereas B cells that enter follicles may elicit T cell signals that drive IgM memory cell develop-

ment. Both populations likely differentiate independently of GCs, which are suppressed during

early ehrlichial infection [48]. Although we have not yet formally resolved the requirements

for GCs in our experimental model, other studies of non-canonical memory B cells suggest

IgM memory cells follow a GC-independent pathway [4, 5, 49]. Alternately, affinity may be a

factor in the fate decision; higher affinity B cells may elicit more T cell help, thereby promoting

IgM memory B cell development, whereas cells that fail to elicit sufficient T cell help may fol-

low a default pathway to become bone marrow plasmablasts. Finally, it is likely that the IgM

memory cells are driven by Tfh cells that produce IFNɣ, as has been observed during Salmo-
nella typhi infection [50]. Indeed, IFNɣ is likely responsible for inducing T-bet expression in

the CD11c+ plasmablasts we have described previously [24, 51].

Our demonstration that the bone marrow IgM plasmablasts are generated independently of

T cells is consistent with other studies that have shown that TI responses can elicit long-term

antibody production and/or protection [21, 22, 42]. Those studies demonstrated that long-

term IgM production could be maintained indefinitely, via two different mechanisms. One

possibility is that IgM is maintained by the continual recruitment of short-lived plasma cells

[21, 22]. Alternatively, it has been proposed that TI pathogens can induce long-lived plasma

cells [42]. E. muris establishes a low-level chronic infection, although it is unknown if sufficient

antigen can be derived from these intracellular pathogens to maintain IgM plasmablasts via

antigen stimulation in the bone marrow. Alternatively, low level inflammation in the bone

marrow may drive the production of factors that support plasmablast/plasma cell maintenance

[52].

Our studies also allowed us to address the source of the signals that drive Aicda expression

in early splenic CD11c- T-bet-positive plasmablasts. Although these cells are generated in the
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absence of CD4 T cell help, we show that CD4 T cell signals are nevertheless required to induce

Aicda transcription. We propose Aicda transcription is driven by interactions with Tfh cells

that are abundant in the spleen at that time, perhaps via classical CD40:CD40L interactions.

Unlike what has been described in other studies [44, 53–55], Aicda transcription did not

require TLR9, and unlikely involves other TLRs, because the ehrlichiae lack classical TLR

ligands. Other innate signals may substitute during ehrlichial infections, although the nature

of these signals and/or receptors is currently unknown. The observation that Aicda expression

was maintained, apparently indefinitely, in the IgM memory B cell population, suggests that

the same or different factors that elicit Aicda expression on day 10 post-infection are main-

tained in the IgM memory cells, perhaps as a consequence of low-level inflammation. The con-

sequences of long-term AID expression in IgM memory B cells is unknown, but it has been

suggested that chronic low-level AID expression in memory B cells can promote polyreactivity,

self-reactivity, and clonal elimination [56].

We also resolved a previously unidentified CD19hi CD11c-negative B cell population, on

the basis that this these B cells also expressed AID (i.e., they were found to be EYFP-positive

following tamoxifen administration). It is likely that this CD19hi CD11c-negative population is

closely related to the IgM memory cells we have described previously, and will undergo further

analysis.

Our studies also shed light on the origin and function of CD11c- T-bet-positive B cells,

which are now emerging as an important B cell subset involved in both host defense and auto-

immunity. Although it is unclear whether CD11c and/or T-bet define a single or multiple

functionally distinct B cell subsets, our previous and current findings support the hypothesis

that such B cells include IgM memory B cells [23]. Although some CD11c- T-bet-positive B

cells are generated in response to TLR signaling [36, 38], our data indicate that these signals

are not required, although other innate signals likely substitute for TLRs. T-bet activity may

also be responsible for maintaining persistent Aicda expression.

Our studies highlight a novel pathway for the development of both IgM memory cells and

long-term bone marrow plasmablasts. We have shown that IgM production is maintained

indefinitely following E. muris infection, and it is likely that both non-switched populations

are important for maintenance of humoral memory. It will be important to address whether

similar mechanisms contribute to long-term immunity in humans after either infection or

vaccination.

Supporting information

S1 File. ARRIVE checklist.

(PDF)

Acknowledgments

We gratefully acknowledge excellent technical assistance provided by Lisa Phelps, Lisa Dishaw,

and Mamunur Rashid (Upstate Medical University). We also thank Drs. Jean-Claude Weill,

Bruce Beutler, and Ann Marshak-Rothstein, for providing mouse strains. We thank Drs. E.

Leadbetter (University of Texas San Antonio), and D. Jones (University of Pennsylvania) for

critical reading of the manuscript. Thanks also to the Upstate Medical University Flow Cytom-

etry Facility and Animal Care Facility.

Author Contributions

Conceptualization: GMW AMP JLY KJK.

IgM memory cells and plasmablasts

PLOS ONE | https://doi.org/10.1371/journal.pone.0178853 June 2, 2017 13 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178853.s001
https://doi.org/10.1371/journal.pone.0178853


Formal analysis: GMW AMP.

Investigation: GMW.

Methodology: GMW AMP JYL KJK.

Project administration: GMW.

Resources: GMW.

Supervision: GMW.

Visualization: GMW AMP JYL KJK.

Writing – original draft: GMW AMP.

Writing – review & editing: JYL KJK.

References
1. McHeyzer-Williams LJ, McHeyzer-Williams MG. Antigen-specific memory B cell development. Annu

Rev Immunol. 2005; 23:487–513. https://doi.org/10.1146/annurev.immunol.23.021704.115732 PMID:

15771579

2. McHeyzer-Williams M, Okitsu S, Wang N, McHeyzer-Williams L. Molecular programming of B cell mem-

ory. Nat Rev Immunol. 2011; 12:24–34. https://doi.org/10.1038/nri3128 PMID: 22158414

3. Tarlinton D, Good-Jacobson K. Diversity among memory B cells: origin, consequences, and utility. Sci-

ence. 2013; 341:1205–11. https://doi.org/10.1126/science.1241146 PMID: 24031013

4. Kurosaki T, Kometani K, Ise W. Memory B cells. Nat Rev Immunol. 2015; 15:149–59. https://doi.org/10.

1038/nri3802 PMID: 25677494

5. Takemori T, Kaji T, Takahashi Y, Shimoda M, Rajewsky K. Generation of memory B cells inside and

outside germinal centers. Eur J Immunol. 2014; 44:1258–64. https://doi.org/10.1002/eji.201343716

PMID: 24610726

6. Tomayko MM, Steinel NC, Anderson SM, Shlomchik MJ. Cutting edge: Hierarchy of maturity of murine

memory B cell subsets. J Immunol. 2010; 185:7146–50. https://doi.org/10.4049/jimmunol.1002163

PMID: 21078902

7. Good-Jacobson KL, Tarlinton DM. Multiple routes to B-cell memory. Int Immunol. 2012; 24:403–8.

https://doi.org/10.1093/intimm/dxs050 PMID: 22451529

8. Yefenof E, Sanders VM, Snow EC, Noelle RJ, Oliver KG, Uhr JW, et al. Preparation and analysis of anti-

gen-specific memory B cells. J Immunol. 1985; 135:3777–84. PMID: 2415585

9. Zan-Bar I, Strober S, Vitetta ES. The relationship between surface immunoglobulin isotype and immune

function of murine B lymphocytes. IV. Role of IgD-bearing cells in the propagation of immunologic mem-

ory. J Immunol. 1979; 123:925–30. PMID: 313424

10. Soenawan E, Srivastava I, Gupta S, Kan E, Janani R, Kazzaz J, et al. Maintenance of long-term immu-

nological memory by low avidity IgM-secreting cells in bone marrow after mucosal immunizations with

cholera toxin adjuvant. Vaccine. 2004; 22:1553–63. https://doi.org/10.1016/j.vaccine.2003.10.018

PMID: 15063581

11. Krishnamurty AT, Thouvenel CD, Portugal S, Keitany GJ, Kim KS, Holder A, et al. Somatically hyper-

mutated Plasmodium-specific IgM(+) memory B cells are rapid, plastic, early responders upon malaria

rechallenge. Immunity. 2016; 45:402–14. https://doi.org/10.1016/j.immuni.2016.06.014 PMID:

27473412

12. Vasquez C, Franco MA, Angel J. Rapid proliferation and differentiation of a subset of circulating IgM

memory B cells to a CpG/cytokine stimulus in vitro. PLoS One. 2015; 10:e0139718. https://doi.org/10.

1371/journal.pone.0139718 PMID: 26439739

13. Weller S, Braun MC, Tan BK, Rosenwald A, Cordier C, Conley ME, et al. Human blood IgM "memory" B

cells are circulating splenic marginal zone B cells harboring a prediversified immunoglobulin repertoire.

Blood. 2004; 104:3647–54. https://doi.org/10.1182/blood-2004-01-0346 PMID: 15191950

14. Dogan I, Bertocci B, Vilmont V, Delbos F, Megret J, Storck S, et al. Multiple layers of B cell memory with

different effector functions. Nat Immunol. 2009; 10:1292–9. https://doi.org/10.1038/ni.1814 PMID:

19855380

IgM memory cells and plasmablasts

PLOS ONE | https://doi.org/10.1371/journal.pone.0178853 June 2, 2017 14 / 17

https://doi.org/10.1146/annurev.immunol.23.021704.115732
http://www.ncbi.nlm.nih.gov/pubmed/15771579
https://doi.org/10.1038/nri3128
http://www.ncbi.nlm.nih.gov/pubmed/22158414
https://doi.org/10.1126/science.1241146
http://www.ncbi.nlm.nih.gov/pubmed/24031013
https://doi.org/10.1038/nri3802
https://doi.org/10.1038/nri3802
http://www.ncbi.nlm.nih.gov/pubmed/25677494
https://doi.org/10.1002/eji.201343716
http://www.ncbi.nlm.nih.gov/pubmed/24610726
https://doi.org/10.4049/jimmunol.1002163
http://www.ncbi.nlm.nih.gov/pubmed/21078902
https://doi.org/10.1093/intimm/dxs050
http://www.ncbi.nlm.nih.gov/pubmed/22451529
http://www.ncbi.nlm.nih.gov/pubmed/2415585
http://www.ncbi.nlm.nih.gov/pubmed/313424
https://doi.org/10.1016/j.vaccine.2003.10.018
http://www.ncbi.nlm.nih.gov/pubmed/15063581
https://doi.org/10.1016/j.immuni.2016.06.014
http://www.ncbi.nlm.nih.gov/pubmed/27473412
https://doi.org/10.1371/journal.pone.0139718
https://doi.org/10.1371/journal.pone.0139718
http://www.ncbi.nlm.nih.gov/pubmed/26439739
https://doi.org/10.1182/blood-2004-01-0346
http://www.ncbi.nlm.nih.gov/pubmed/15191950
https://doi.org/10.1038/ni.1814
http://www.ncbi.nlm.nih.gov/pubmed/19855380
https://doi.org/10.1371/journal.pone.0178853


15. Purtha WE, Tedder TF, Johnson S, Bhattacharya D, Diamond MS. Memory B cells, but not long-lived

plasma cells, possess antigen specificities for viral escape mutants. J Exp Med. 2011; 208:2599–606.

https://doi.org/10.1084/jem.20110740 PMID: 22162833

16. Slifka MK, Antia R, Whitmire JK, Ahmed R. Humoral immunity due to long-lived plasma cells. Immunity.

1998; 8:363–72. PMID: 9529153

17. Halliley JL, Tipton CM, Liesveld J, Rosenberg AF, Darce J, Gregoretti IV, et al. Long-lived plasma cells

are contained within the CD19(-)CD38(hi)CD138(+) subset in human bone marrow. Immunity. 2015;

43:132–45. https://doi.org/10.1016/j.immuni.2015.06.016 PMID: 26187412

18. Bohannon C, Powers R, Satyabhama L, Cui A, Tipton C, Michaeli M, et al. Long-lived antigen-induced

IgM plasma cells demonstrate somatic mutations and contribute to long-term protection. Nat Commun.

2016; 7:11826. https://doi.org/10.1038/ncomms11826 PMID: 27270306

19. Bortnick A, Allman D. What is and what should always have been: long-lived plasma cells induced by T

cell-independent antigens. J Immunol. 2013; 190:5913–8. https://doi.org/10.4049/jimmunol.1300161

PMID: 23749966

20. Racine R, McLaughlin M, Jones DD, Wittmer ST, MacNamara KC, Woodland DL, et al. IgM production

by bone marrow plasmablasts contributes to long-term protection against intracellular bacterial infec-

tion. J Immunol. 2011; 186:1011–21. https://doi.org/10.4049/jimmunol.1002836 PMID: 21148037

21. Alugupalli KR, Leong JM, Woodland RT, Muramatsu M, Honjo T, Gerstein RM. B1b lymphocytes confer

T cell-independent long-lasting immunity. Immunity. 2004; 21:379–90. https://doi.org/10.1016/j.immuni.

2004.06.019 PMID: 15357949

22. Alugupalli KR, Gerstein RM, Chen J, Szomolanyi-Tsuda E, Woodland RT, Leong JM. The resolution of

relapsing fever borreliosis requires IgM and is concurrent with expansion of B1b lymphocytes. J Immu-

nol. 2003; 170:3819–27. PMID: 12646649

23. Yates JL, Racine R, McBride KM, Winslow GM. T cell-dependent IgM memory B cells generated during

bacterial infection are required for IgG responses to antigen challenge. J Immunol. 2013; 191:1240–9.

https://doi.org/10.4049/jimmunol.1300062 PMID: 23804710

24. Racine R, Chatterjee M, Winslow GM. CD11c expression identifies a population of extrafollicular anti-

gen-specific splenic plasmablasts responsible for CD4 T-independent antibody responses during intra-

cellular bacterial infection. J Immunol. 2008; 181:1375–85. PMID: 18606692

25. Jones DD, DeIulio GA, Winslow GM. Antigen-driven induction of polyreactive IgM during intracellular

bacterial infection. J Immunol. 2012; 189:1440–7. https://doi.org/10.4049/jimmunol.1200878 PMID:

22730531

26. Anderson SM, Tomayko MM, Ahuja A, Haberman AM, Shlomchik MJ. New markers for murine memory

B cells that define mutated and unmutated subsets. J Exp Med. 2007; 204:2103–14. https://doi.org/10.

1084/jem.20062571 PMID: 17698588

27. Yang Y, Ghosn EE, Cole LE, Obukhanych TV, Sadate-Ngatchou P, Vogel SN, et al. Antigen-specific

antibody responses in B-1a and their relationship to natural immunity. Proc Natl Acad Sci U S A. 2012;

109:5382–7. https://doi.org/10.1073/pnas.1121631109 PMID: 22421134

28. Muellenbeck MF, Ueberheide B, Amulic B, Epp A, Fenyo D, Busse CE, et al. Atypical and classical

memory B cells produce Plasmodium falciparum neutralizing antibodies. J Exp Med. 2013; 210:389–

99. https://doi.org/10.1084/jem.20121970 PMID: 23319701

29. Mamani-Matsuda M, Cosma A, Weller S, Faili A, Staib C, Garcon L, et al. The human spleen is a major

reservoir for long-lived vaccinia virus-specific memory B cells. Blood. 2008; 111:4653–9. https://doi.org/

10.1182/blood-2007-11-123844 PMID: 18316630

30. Kruetzmann S, Rosado MM, Weber H, Germing U, Tournilhac O, Peter HH, et al. Human immunoglobu-

lin M memory B cells controlling Streptococcus pneumoniae infections are generated in the spleen. J

Exp Med. 2003; 197:939–45. https://doi.org/10.1084/jem.20022020 PMID: 12682112

31. Dunn-Walters DK, Isaacson PG, Spencer J. Analysis of mutations in immunoglobulin heavy chain vari-

able region genes of microdissected marginal zone (MGZ) B cells suggests that the MGZ of human

spleen is a reservoir of memory B cells. J Exp Med. 1995; 182:559–66. PMID: 7629512

32. Della Valle L, Dohmen SE, Verhagen OJ, Berkowska MA, Vidarsson G, Ellen van der Schoot C. The

majority of human memory B cells recognizing RhD and tetanus resides in IgM+ B cells. J Immunol.

2014; 193:1071–9. https://doi.org/10.4049/jimmunol.1400706 PMID: 24965774

33. Ehrhardt GR, Hijikata A, Kitamura H, Ohara O, Wang JY, Cooper MD. Discriminating gene expression

profiles of memory B cell subpopulations. J Exp Med. 2008; 205:1807–17. https://doi.org/10.1084/jem.

20072682 PMID: 18625746

34. Weiss GE, Crompton PD, Li S, Walsh LA, Moir S, Traore B, et al. Atypical memory B cells are greatly

expanded in individuals living in a malaria-endemic area. J Immunol. 2009; 183:2176–82. https://doi.

org/10.4049/jimmunol.0901297 PMID: 19592645

IgM memory cells and plasmablasts

PLOS ONE | https://doi.org/10.1371/journal.pone.0178853 June 2, 2017 15 / 17

https://doi.org/10.1084/jem.20110740
http://www.ncbi.nlm.nih.gov/pubmed/22162833
http://www.ncbi.nlm.nih.gov/pubmed/9529153
https://doi.org/10.1016/j.immuni.2015.06.016
http://www.ncbi.nlm.nih.gov/pubmed/26187412
https://doi.org/10.1038/ncomms11826
http://www.ncbi.nlm.nih.gov/pubmed/27270306
https://doi.org/10.4049/jimmunol.1300161
http://www.ncbi.nlm.nih.gov/pubmed/23749966
https://doi.org/10.4049/jimmunol.1002836
http://www.ncbi.nlm.nih.gov/pubmed/21148037
https://doi.org/10.1016/j.immuni.2004.06.019
https://doi.org/10.1016/j.immuni.2004.06.019
http://www.ncbi.nlm.nih.gov/pubmed/15357949
http://www.ncbi.nlm.nih.gov/pubmed/12646649
https://doi.org/10.4049/jimmunol.1300062
http://www.ncbi.nlm.nih.gov/pubmed/23804710
http://www.ncbi.nlm.nih.gov/pubmed/18606692
https://doi.org/10.4049/jimmunol.1200878
http://www.ncbi.nlm.nih.gov/pubmed/22730531
https://doi.org/10.1084/jem.20062571
https://doi.org/10.1084/jem.20062571
http://www.ncbi.nlm.nih.gov/pubmed/17698588
https://doi.org/10.1073/pnas.1121631109
http://www.ncbi.nlm.nih.gov/pubmed/22421134
https://doi.org/10.1084/jem.20121970
http://www.ncbi.nlm.nih.gov/pubmed/23319701
https://doi.org/10.1182/blood-2007-11-123844
https://doi.org/10.1182/blood-2007-11-123844
http://www.ncbi.nlm.nih.gov/pubmed/18316630
https://doi.org/10.1084/jem.20022020
http://www.ncbi.nlm.nih.gov/pubmed/12682112
http://www.ncbi.nlm.nih.gov/pubmed/7629512
https://doi.org/10.4049/jimmunol.1400706
http://www.ncbi.nlm.nih.gov/pubmed/24965774
https://doi.org/10.1084/jem.20072682
https://doi.org/10.1084/jem.20072682
http://www.ncbi.nlm.nih.gov/pubmed/18625746
https://doi.org/10.4049/jimmunol.0901297
https://doi.org/10.4049/jimmunol.0901297
http://www.ncbi.nlm.nih.gov/pubmed/19592645
https://doi.org/10.1371/journal.pone.0178853


35. Li H, Borrego F, Nagata S, Tolnay M. Fc Receptor-like 5 expression distinguishes two distinct subsets

of human circulating tissue-like memory B cells. J Immunol. 2016; 196:4064–74. https://doi.org/10.

4049/jimmunol.1501027 PMID: 27076679

36. Rubtsov AV, Rubtsova K, Fischer A, Meehan RT, Gillis JZ, Kappler JW, et al. TLR7-driven accumula-

tion of a novel CD11c+ B-cell population is important for the development of autoimmunity. Blood. 2011;

118:1305–11. https://doi.org/10.1182/blood-2011-01-331462 PMID: 21543762

37. Rubtsov AV, Rubtsova K, Kappler JW, Marrack P. TLR7 drives accumulation of ABCs and autoantibody

production in autoimmune-prone mice. Immunologic research. 2013; 55:210–6. https://doi.org/10.1007/

s12026-012-8365-8 PMID: 22945807

38. Naradikian MS, Myles A, Beiting DP, Roberts KJ, Dawson L, Herati RS, et al. Cutting Edge: IL-4, IL-21,

and IFN-gamma interact to govern T-bet and CD11c expression in TLR-activated B cells. J Immunol.

2016; 197:1023–8. https://doi.org/10.4049/jimmunol.1600522 PMID: 27430719

39. Hao Y, O’Neill P, Naradikian MS, Scholz JL, Cancro MP. A B-cell subset uniquely responsive to innate

stimuli accumulates in aged mice. Blood. 2011; 118:1294–304. https://doi.org/10.1182/blood-2011-01-

330530 PMID: 21562046

40. Truett GE, Heeger P, Mynatt RL, Truett AA, Walker JA, Warman ML. Preparation of PCR-quality

mouse genomic DNA with hot sodium hydroxide and tris (HotSHOT). BioTechniques. 2000; 29:52, 4.

PMID: 10907076

41. Bitsaktsis C, Nandi B, Racine R, MacNamara KC, Winslow G. T-Cell-independent humoral immunity is

sufficient for protection against fatal intracellular ehrlichia infection. Infect Immun. 2007; 75:4933–41.

https://doi.org/10.1128/IAI.00705-07 PMID: 17664264

42. Bortnick A, Chernova I, Quinn WJ 3rd, 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 Immu-

nol. 2012; 188:5389–96. https://doi.org/10.4049/jimmunol.1102808 PMID: 22529295

43. Aiba Y, Kometani K, Hamadate M, Moriyama S, Sakaue-Sawano A, Tomura M, et al. Preferential locali-

zation of IgG memory B cells adjacent to contracted germinal centers. Proc Natl Acad Sci U S A. 2010;

107:12192–7. https://doi.org/10.1073/pnas.1005443107 PMID: 20547847

44. Viglianti GA, Lau CM, Hanley TM, Miko BA, Shlomchik MJ, Marshak-Rothstein A. Activation of auto-

reactive B cells by CpG dsDNA. Immunity. 2003; 19:837–47. PMID: 14670301

45. 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. https://doi.org/10.1038/ni.2914 PMID: 24880458

46. Shlomchik MJ, Weisel F. Germinal center selection and the development of memory B and plasma

cells. Immunol Rev. 2012; 247:52–63. https://doi.org/10.1111/j.1600-065X.2012.01124.x PMID:

22500831

47. Jones DD, Jones M, DeIulio GA, Racine R, MacNamara KC, Winslow GM. B cell activating factor inhibi-

tion impairs bacterial immunity by reducing T cell-independent IgM secretion. Infect Immun. 2013;

81:4490–7. https://doi.org/10.1128/IAI.00998-13 PMID: 24082070

48. Racine R, Jones DD, Chatterjee M, McLaughlin M, Macnamara KC, Winslow GM. Impaired germinal

center responses and suppression of local IgG production during intracellular bacterial infection. J

Immunol. 2010; 184:5085–93. https://doi.org/10.4049/jimmunol.0902710 PMID: 20351185

49. Taylor JJ, Pape KA, Jenkins MK. A germinal center-independent pathway generates unswitched mem-

ory B cells early in the primary response. J Exp Med. 2012; 209:597–606. https://doi.org/10.1084/jem.

20111696 PMID: 22370719

50. Perez-Shibayama C, Gil-Cruz C, Pastelin-Palacios R, Cervantes-Barragan L, Hisaki E, Chai Q, et al.

IFN-gamma-producing CD4+ T cells promote generation of protective germinal center-derived IgM+ B

cell memory against Salmonella Typhi. J Immunol. 2014; 192:5192–200. https://doi.org/10.4049/

jimmunol.1302526 PMID: 24778443

51. Rubtsova K, Rubtsov AV, van Dyk LF, Kappler JW, Marrack P. T-box transcription factor T-bet, a key

player in a unique type of B-cell activation essential for effective viral clearance. Proc Natl Acad Sci U S

A. 2013; 110:E3216–24. https://doi.org/10.1073/pnas.1312348110 PMID: 23922396

52. Winter O, Dame C, Jundt F, Hiepe F. Pathogenic long-lived plasma cells and their survival niches in

autoimmunity, malignancy, and allergy. J Immunol. 2012; 189:5105–11. https://doi.org/10.4049/

jimmunol.1202317 PMID: 23169863

53. Pone EJ, Lou Z, Lam T, Greenberg ML, Wang R, Xu Z, et al. B cell TLR1/2, TLR4, TLR7 and TLR9 inter-

act in induction of class switch DNA recombination: modulation by BCR and CD40, and relevance to T-

independent antibody responses. Autoimmunity. 2015; 48:1–12. https://doi.org/10.3109/08916934.

2014.993027 PMID: 25536171

IgM memory cells and plasmablasts

PLOS ONE | https://doi.org/10.1371/journal.pone.0178853 June 2, 2017 16 / 17

https://doi.org/10.4049/jimmunol.1501027
https://doi.org/10.4049/jimmunol.1501027
http://www.ncbi.nlm.nih.gov/pubmed/27076679
https://doi.org/10.1182/blood-2011-01-331462
http://www.ncbi.nlm.nih.gov/pubmed/21543762
https://doi.org/10.1007/s12026-012-8365-8
https://doi.org/10.1007/s12026-012-8365-8
http://www.ncbi.nlm.nih.gov/pubmed/22945807
https://doi.org/10.4049/jimmunol.1600522
http://www.ncbi.nlm.nih.gov/pubmed/27430719
https://doi.org/10.1182/blood-2011-01-330530
https://doi.org/10.1182/blood-2011-01-330530
http://www.ncbi.nlm.nih.gov/pubmed/21562046
http://www.ncbi.nlm.nih.gov/pubmed/10907076
https://doi.org/10.1128/IAI.00705-07
http://www.ncbi.nlm.nih.gov/pubmed/17664264
https://doi.org/10.4049/jimmunol.1102808
http://www.ncbi.nlm.nih.gov/pubmed/22529295
https://doi.org/10.1073/pnas.1005443107
http://www.ncbi.nlm.nih.gov/pubmed/20547847
http://www.ncbi.nlm.nih.gov/pubmed/14670301
https://doi.org/10.1038/ni.2914
http://www.ncbi.nlm.nih.gov/pubmed/24880458
https://doi.org/10.1111/j.1600-065X.2012.01124.x
http://www.ncbi.nlm.nih.gov/pubmed/22500831
https://doi.org/10.1128/IAI.00998-13
http://www.ncbi.nlm.nih.gov/pubmed/24082070
https://doi.org/10.4049/jimmunol.0902710
http://www.ncbi.nlm.nih.gov/pubmed/20351185
https://doi.org/10.1084/jem.20111696
https://doi.org/10.1084/jem.20111696
http://www.ncbi.nlm.nih.gov/pubmed/22370719
https://doi.org/10.4049/jimmunol.1302526
https://doi.org/10.4049/jimmunol.1302526
http://www.ncbi.nlm.nih.gov/pubmed/24778443
https://doi.org/10.1073/pnas.1312348110
http://www.ncbi.nlm.nih.gov/pubmed/23922396
https://doi.org/10.4049/jimmunol.1202317
https://doi.org/10.4049/jimmunol.1202317
http://www.ncbi.nlm.nih.gov/pubmed/23169863
https://doi.org/10.3109/08916934.2014.993027
https://doi.org/10.3109/08916934.2014.993027
http://www.ncbi.nlm.nih.gov/pubmed/25536171
https://doi.org/10.1371/journal.pone.0178853


54. He B, Qiao X, Cerutti A. CpG DNA induces IgG class switch DNA recombination by activating human B

cells through an innate pathway that requires TLR9 and cooperates with IL-10. J Immunol. 2004;

173:4479–91. PMID: 15383579

55. Leadbetter EA, Rifkin IR, Hohlbaum AM, Beaudette BC, Shlomchik MJ, Marshak-Rothstein A. Chroma-

tin-IgG complexes activate B cells by dual engagement of IgM and Toll-like receptors. Nature. 2002;

416:603–7. https://doi.org/10.1038/416603a PMID: 11948342

56. Gitlin AD, von Boehmer L, Gazumyan A, Shulman Z, Oliveira TY, Nussenzweig MC. Independent roles

of switching and hypermutation in the development and persistence of B lymphocyte memory. Immu-

nity. 2016; 44:769–81. https://doi.org/10.1016/j.immuni.2016.01.011 PMID: 26944202

IgM memory cells and plasmablasts

PLOS ONE | https://doi.org/10.1371/journal.pone.0178853 June 2, 2017 17 / 17

http://www.ncbi.nlm.nih.gov/pubmed/15383579
https://doi.org/10.1038/416603a
http://www.ncbi.nlm.nih.gov/pubmed/11948342
https://doi.org/10.1016/j.immuni.2016.01.011
http://www.ncbi.nlm.nih.gov/pubmed/26944202
https://doi.org/10.1371/journal.pone.0178853

