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Abstract

Autophagy is required for the long-term maintenance of antigen-specific memory B cells. 

However, whether autophagy is also important for the initial formation of memory B cells remains 

unclear. Here we show that newly generated memory B cells do not display active autophagy, but 

are capable of forming antibody secreting cells after re-challenge with antigens. Increases in 

autophagy took place over time after the initial formation of memory B cells. The expression of 

transcription factors involved in autophagy, but not changes in epigenetic regulation by DNA 

methylation, was required for autophagy gene expression and the development of active 

autophagy in memory B cells. This indicates that autophagy is not critical for the initial generation 

of memory B cells, but is required for their long-term persistence. Our results suggest that 

promoting autophagy to improve antibody-dependent immunological memory is more effective 

during memory B cell maintenance stage.

Introduction

Exposure to pathogens leads to the activation and significant expansion of antigen-specific 

lymphocytes. This is followed by a contraction phase when most of these expanded 

lymphocytes undergo programmed cell death after the clearance of the pathogens (1–3). 

However, a small number of these antigen-specific lymphocytes develop into memory cells 

(4, 5). The persistence of antigen-specific memory cells is crucial for the maintenance of 

immunological memory against the original pathogens (6). Memory B cells are a 

heterogeneous population of quiescent antigen-experienced long-lived B cells (7–12). In T 

cell-dependent antigen responses, the interaction of B cells with T cells leads to the 

formation of germinal centers (GC), where B cells undergo isotype switching and somatic 

hypermutations in the immunoglobulin gene (11, 13). These antigen-specific GC B cells can 

give rise to memory B cells or plasma cells (11, 13–15). After re-encountering the antigens, 

memory B cells rapidly proliferate and differentiate into antibody secreting plasma cells 

(ASCs) to produce high-affinity antibodies that neutralize antigens (8, 11, 13).

In order to maintain immunological memory, the antigen-experienced memory lymphocytes 

need to inhibit cell death for their long-term survival. Mechanisms underlying long-term 
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survival of memory B cells have not been fully elucidated. It has been shown that the 

presence of antigens is not required for the persistence of memory B cells (16). Intrinsic 

mechanisms may play a major role in the protection of long-term survival of memory B 

cells. Autophagy is an important mechanism to maintain cell survival. It is a well conserved 

process from yeast to mammals by which the cells sequester cytoplasmic components into 

double-membraned autophagosomes, leading to the degradation of enclosed materials upon 

fusion with lysosomes (17, 18). Autophagy helps to provide energy and metabolic 

intermediates to sustain cell viability during the deprivation of nutrients or growth factors 

(17, 19, 20). In addition, autophagy is important for quality control of cellular proteins and 

organelles to promote cell survival (21). Autophagy may be especially important for 

sustaining the survival of long-lived cell types, such as neurons (22, 23).

We have detected active autophagy and reduced cell death in memory B cells (24). 

Autophagy deficiency in B cells leads to a significant reduction of memory B cells and 

antibody-dependent immunological memory in mice. Interestingly, however, memory B 

cells appears in normal numbers initially after immunization in autophagy-deficient mice 

(24). However, it remains to be determined whether autophagy is important for the initial 

formation of memory B cells.

Memory B cells express increased levels of autophagy genes compared to naïve and GC B 

cells (24). However, the mechanisms for the increases in autophagy in memory B cells 

remain to be determined. Autophagy can be regulated at the epigenetic level by DNA 

methylation at the promoter regions of autophagy genes (25, 26). Moreover, formation of 

memory T cells is characterized by changes in DNA methylation of genes important for T 

cell functions (27). We therefore investigated the potential involvement for epigenetic and 

transcriptional regulation of autophagy genes in memory B cells. We found that the 

expression of several key autophagy genes was independent of epigenetic regulation by 

DNA methylation, but was controlled by the levels of transcription factors required for 

autophagy gene expression. Autophagy genes were not induced during the initial formation 

of memory B cells, but their levels were increased in these cells over time after 

immunization. Our data suggest that promoting autophagy during the memory B cell 

maintenance phase is likely to be effective in improving B cell memory.

Materials and Methods

Mice and immunization

Mice with B cell-specific deletion of Atg7 (B/Atg7−/−) were generated by crossing Atg7flox 

mice (28) with CD19-cre knock-in mice (The Jackson Laboratory) as described (24). Sex 

and age-matched 6- to 10-week old mice on the C57BL/6 background were immunized with 

100 μg NP-KLH (Biosearch Technologies) precipitated with 100 μl Imject Alum (Thermo 

Scientific) intraperitoneally. The mice were housed in a specific pathogen-free facility at 

Baylor College of Medicine, and experiments were performed according to federal and 

institutional guidelines and with the approval of the Institutional Animal Care and Use 

Committee.
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Flow cytometry

Splenocytes of immunized mice were stained with PE-conjugated antibodies to mouse 

CD11b, IgM, IgD, Gr-1 and CD138, APC-anti-IgG1, BD Horizon BV421-anti-PD-L2 (BD 

Bioscience), PerCP-Cy5.5-anti-B220 (eBioscience), FITC-anti-CD38, Brilliant Violet 605-

anti-CD80 (Biolegend) and biotin-NIP-BSA (Biosearch), followed by staining with PE-Cy7-

straptavidin (eBioscience). Alternatively, the cells were stained with PE-conjugated 

antibodies to CD11b, IgM, IgD, Gr-1 and CD138, APC-anti-IgG1, PerCP-Cy5.5-anti-B220, 

biotin-NIP-BSA plus PE-Cy7-straptavidin as above and Pacific blue-anti-CD38 (Biolegend), 

together with FITC-conjugated antibodies to CD38, CD138, I-Ab or isotype controls (BD 

Bioscience). The cells were analyzed using a LSRII flow cytometer (BD Bioscience).

Real time RT-PCR

B220+IgMlowIgD+CD23+IgG- naïve B cells were sorted from unimmunized mouse spleen 

by flow cytometry. B220+IgG1+NP+CD38- GC B cells were sorted from mouse spleen two 

weeks after immunization with NP-KLH. B220+IgG1+NP+CD38+ memory B cells were 

sorted from mouse spleen at different time after immunization. The purity of sorted cells is 

between 96% and 99%. RNA extracted from the cells was used to prepare cDNA with the 

High Capacity cDNA Reverse Transcription Kit (Life Technologies). Real-time PCR was 

performed using Taqman Universal PCR Master Mix with specific primers for autophagy 

genes or 18S rRNA from the TaqMan Gene Expression Assay Kit (AB Applied Biosystem) 

in the ABI PRISM 7000 Sequence Detection System. The Taqman specific primers for 

autophagy genes from AB Applied Biosystem include Mm00504340_m1 (Atg5), 

Mm00512209_m1 (Atg7), Mm01265461_m1 (Beclin 1), Mm00553733_m1 (Atg14), 

Mm00437238_m1 (ULK1), Mm00458725_g1 (MAP1LC3A), Mm00490672_m1 (FOXO1) 

and Mm01185722_m1 (FOXO3).

Determination of DNA methylation by bisulfite sequencing

Genomic DNA of GC and memory B cells was subjected to bisulfite conversion using the 

Epitect Bisulfite Conversion Kit (Qiagen) according to manufacturer’s protocol. Primers 

were designed to amplify CpG islands in the promoter regions of different genes using the 

Methprimer software (29). The promoter region of different genes were amplified by PCR 

from bisulfite converted DNA and cloned into pBluescript, followed by DNA sequencing to 

determine non-methylated (with C-T conversion) and methylated CpG (no C to T 

conversion) sites. The following primers were used: Beclin 1: forward 5’-

TAGTTGAATTCGAAGTTTATTTGTATGGTGTTGTTGG-3’; reverse 5’-

TTAGTCTCGAGAATCCTCTTAATATCATCCCACTCC-3’; Atg14, forward 5’-

TAGTTGAATTCGTTTTTTAGTGGGAAGGGATTTT-3’, reverse 5’-

TTAGTCTCGAGTCAAAAAAACAAAAACAATAAAACC-3’; Ulk1, forward 5’-

TAGTTGAATTCAGTTTTGATATATTTTAGTTTTAAGTT-3’, reverse 5’-

TTAGTCTCGAGACATTAACATACCCAATCTACTCC-3’; Hif-1α, forward 5’-

TAGTTGAATTCGTTATTTGGGAAGGAGGGATTT-3’, reverse, 5’-

TTAGTCTCGAGTCTCTACACCTTCAATAAAAAACTAC-3’; Foxo1, forward 5’-

TAGTTGAATTCTTTGTAGGTGTGTATAGGTAGGGTG-3’, reverse 5’-

TTAGTCTCGAGAATACTCCAAACAAAACCCAAAC -3’.
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Cell death analyses

B220+IgG1+NP+CD38+ memory B cells or B220+IgG1+NP+CD38- GC B cells were 

cultured in RPMI 1640 complete medium for 0 or 4 h in 96-well plates (104 cells/well). Live 

cells with exclusion of propidium iodide (PI) staining were determined by flow cytometry 

(24). Percentage of cell loss of live cells was calculated as follows: (Bcontrol - Bcultured)/

Bcontrol × 100%, with Bcontrol and Bcultured represent B cells without or with culture in vitro.

Analyses of somatic hypermutation of VH186.2 gene in NP-specific memory B cells

B220+IgG1+NP+CD38+ memory B cells were sorted from the spleens of WT or B/Atg7−/− 

mice 2 or 8 weeks after immunization with NP-KLH. Total RNA was extracted using 

Direct-zol RNA Miniprep Kit and treated with DNase I (Zymo Research), followed by 

reverse transcription using Superscript Vilo cDNA Synthesis Kit (Invitrogen). Rearranged 

V186.2DJH-Cγ1 DNA coding for the anti-NP V region was amplified similar to previously 

established protocols (30) by PCR with Phusion Hi-Fidelity DNA polymerase (New 

England Biolabs) with the following primer pair: forward, 

CATGCTCTTCTTGGCAGCAACAGC (for VH186.2); and reverse, 

GTGCACACCGCTGGACAGGGATCC (for Cg1). Second round of PCR was performed 

using the following nested primers: CAGGTCCAACTGCAGCAG and 

CCATGGAGTTAGTTTGGGCAG. PCR products were purified with Qiaquick Gel-

extraction Kit (Qiagen) and cloned into the pCRII-Blunt-TOPO vector (Invitrogen), 

followed by sequencing with the M13 primer. Somatic mutations over a 276 bp region 

containng framework 1 (FR1), complementarity-determining region 1 (CDR1), FR2, CDR2 

and FR3 were analyzed by comparing with the germline sequence (31).

Adoptive transfer of memory B cells

B220+IgG1+NP+CD38+ memory B cells were sorted from the pooled spleens of 20 to 50 

immunized WT or B/Atg7−/− mice at different time after immunization. The cells were 

adoptively transferred intravenously (104/mouse) into wild type recipient mice with 105 

CD4+ T cells from immunized wild type mice. Some groups were treated with rapamycin 

(LC Laboratories; 75 μg/kg body weight intraperitoneally) daily after the transfer of the 

cells. One day after the transfer, B/Atg7−/− recipients were immunized with NP-KLH. ASCs 

in the spleen were quantitated by ELISPOT at day 4 after NP-KLH rechallenge. Antibody 

titers in the sera were measured by ELISA.

Enzyme-linked immunosorbent assay (ELISA)

Sera with serial dilutions were added to 96-well plates coated with 5 μg/ml NP5-BSA 

(Biosearch Technologies) and incubated at room temperature for 2 h, followed by incubation 

with HRP-conjugated secondary antibodies against mouse IgG1 (Southern Biotechnology). 

The plates were developed with TMB peroxidase substrate kit (Bio-Rad Laboratories, 

Hercules, CA) and optical densities at 450 nm were measured. A mixture of sera from wild 

type mice immunized with NP-KLH was used to establish standard curves in each plate and 

antibody levels were shown as relative titers.
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ELISPOT

MultiScreen 96-well Filtration plates (Millipore) were coated with 20 μg/ml NP5-BSA. 

Splenocytes or bone marrow cells (1–5×105/well) were then added to the plates and 

incubated at 37 °C for 5 h. The cells were lysed with H2O and the wells were probed with 

HRP-conjugated goat anti-mouse IgG1 (Southern Biotechnology), followed by development 

with 3-amino-9-ethylcarbzole (Sigma).

Immunocytochemistry

B220+IgG1+CD38+NP+ memory B cells were added to slides by cytospin. The cells were 

fixed, incubated with rabbit anti-LC3 (Abgent), followed by staining with Alexa Fluor-

conjugated anti-rabbit IgG (Molecular Probes). The nucleus was counter-stained with DAPI. 

The cells were then analyzed using a SoftWorx Image deconvolution microscope (Applied 

Precision).

Transfection of memory B cells

Sorted NP-specific memory B cells (105 in 10 μl) were suspended in T buffer of the Neon 

Transfection System (Life Technologies) with 100 nM siRNA targeting FOXO3 (Cell 

Signaling Technology) or control siRNA. Electroporation was carried out using the Neon 

Transfection System (1 pulse at 2150 volts for a pulse width of 20 mini seconds). Virtually 

all cells were transfected using this condition with fluorescently FAM-labeled siRNA (Life 

Technologies). The transfected cells were used for adoptive transfer as above, followed by 

immunization and analyses of antibody production. Alternatively, the cells were cultured in 

vitro in 20 U/ml IL-2, 10 ng/ml IL-10, 10 ng/ml IL-15 and 10 μM CpG for 2 days, followed 

by real-time PCR analyses of autophagy genes.

Statistical analyses

Data were presented as the mean ± SD and P values were determined by two-tailed 

Student’s t-test or by Mann Whitney test (for somatic mutations) using the GraphPad Prism 

software.

Results

Active autophagy in memory B cells is regulated at the transcriptional level

The development from GC B cells into memory B cells is accompanied by increased 

expression of autophagy genes and the presence of active autophagy (24). Autophagy can be 

regulated at the epigenetic level by DNA methylation at the promoter regions of autophagy 

gene (25, 26). We therefore examined whether DNA methylation might be changed at the 

promoter regions of several core autophagy genes important for the initiation of autophagy, 

including Beclin 1, Atg14 and ULK1 (32–34). Sodium bisulfite causes deamination of 

unmethylated cytosine but not 5-methylcytosine and convert deaminated unmethylated 

cytosine to uracil, which can then be amplified by PCR for sequencing (35). We subjected 

genomic DNA from GC and memory B cells to bisulfite conversion and sequencing 

analyses of autophagy-related genes. Promoter regions of Beclin 1, Atg14 and ULK1, as 

well as transcription factors Foxo1 and HIF-1α that are involved in regulating autophagy 
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gene expression (36, 37), were then amplified by PCR and cloned into plasmids for 

sequencing analyses. We found no methylation among 13 CpG sites in the promoter of 

Beclin 1 in memory B cells or GC B cells (Fig. 1A). We also detected a generally low level 

of CpG methylation at promoter regions of ULK1, Atg14 in GC and memory B cells (Fig. 

1A). The level of DNA methylation for Foxo1 and HIF-1α was also low in these cells (Fig. 

1A). These data suggest that the increased expression of Beclin 1, Atg14, and ULK1 in 

memory B cells is not regulated at the epigenetic level by DNA methylation.

Interestingly, we found increases in the expression of transcription factors, including 

FOXO1 and FOXO3 that are implicated in the expression of autophagy genes Atg4, Atg5, 

Atg14, Beclin 1, ULK1 and VPS34 (36, 38–44), in memory B cells compared to naïve or 

GC B cells (Fig. 1B). These data suggest that the induction of transcription factors, but not 

epigenetic changes in DNA methylation, is the major mechanism that regulates autophagy 

gene expression in memory B cells.

Antigen-specific memory B cells can be formed independently of autophagy

Although the long-term survival of memory B cells depends on autophagy (24), it is not 

known whether the initial formation of these cells requires autophagy. We therefore 

examined memory B cells at different time points after immunization with NP-KLH. 

Consistent with our previous observations (24), we found that B220+CD38+IgG1+NP+ 

memory B cells were generated in normal numbers in B/Atg7−/− mice two weeks after 

immunization (Fig. 2A). It has been shown that memory B cells contain the PD-L2-CD80- 

population with high self renewal potential, as well as the PD-L2+CD80+ subtype with 

increased capacity in forming antibody secreting cells (45). We found that these subtypes of 

memory B cells were similarly represented in wild type and B/Atg7−/− mice at 2 weeks after 

immunization (Fig. 2B). By 8 weeks after immunization, memory B cells were markedly 

lower in B/Atg7−/− mice, with reduction similarly observed in both the PD-L2-CD80- and 

PD-L2+CD80+ populations (Fig. 2B, C). These results indicate that autophagy is dispensable 

for the initial formation of memory B cells but is required for their long-term maintenance.

The initially formed memory B cells in B/Atg7−/− mice can convert into ASCs

We next determined whether the newly generated memory B cells from B/Atg7−/− mice can 

develop into ASCs. After adoptive transfer, memory B cells from both wild type and B/

Atg7−/− mice formed ASCs after re-exposure to antigens as detected by ELISPOT (Fig. 3). 

Compared to wild type memory B cells at 8 weeks after immunization, Atg7−/− memory B 

cells from this time point showed reduced capacity in forming ASCs (Fig. 3). This suggests 

that the newly formed memory B cells do not require autophagy for their functions in vivo.

Newly formed memory B cells show reduced cell death compared to GC B cells 
independent of autophagy

Consistent with our previous findings (24), spontaneous cell death was not affected by 

autophagy in GC B cells (Fig. 4A), while autophagy-deficient memory B cells isolated 2 

months after immunization show significantly increased cell death during in vitro culture 

(Fig. 4B). Interestingly, wild type memory B cells isolated 2 weeks after immunization 

displayed reduced spontaneous cell death compared to GC B cells (Fig. 4B). However, 
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autophagy-deficient memory B cells at this stage did not display significantly increased cell 

death after in vitro culture (Fig. 4B). This indicates that these initially formed memory B 

cells do not depend on autophagy for their survival.

In addition to the expression of CD38 on the cell surface during GC to memory B cell 

transition (14), memory B cells showed significant up-regulation of Bcl-2 compared to GC 

B cells (46, 47). We observed that the level of Bcl-2 was indeed higher in memory B cells 2 

weeks after immunization (Fig. 4C). These observations support the conclusion that these 

early memory B cells have gained anti-apoptotic properties. However, autophagy does not 

appear to be important to maintain their survival at this early stage.

We have previously found that germinal center responses and the affinities of NP-specific 

antibodies are not changed in B/Atg7−/− mice (24). To further determine whether autophagy 

deficiency affects affinity maturation, we performed sequence analyses of somatic mutations 

in the VH186.2 gene (30, 48) of IgG1+ NP-specific memory B cells from wild type and B/

Atg7−/− mice at 2 or 8 weeks after immunization. We found that memory B cells in B/

Atg7−/− and wild type mice showed similar mutation frequencies in the VH186.2 gene (Fig. 

5). This supports the conclusion that autophagy deficiency does not affect affinity 

maturation of immunoglobulin genes coding for antigen-specific antibodies.

Autophagy genes are up-regulated in memory B cells after their initial formation

Atg7 deficiency did not affect cell death in early memory B cells at two weeks after 

immunization (Fig. 4B). It is possible that memory B cells have not developed active 

autophagy at this early time point. Indeed, we found that autophagy genes were not 

increased in memory B cells isolated at 2 weeks after immunization (Fig. 6A). However, 

memory B cells at 4 or 8 weeks after immunization showed increased expression of 

autophagy genes (Fig. 6A). We also determined the autophagy levels in memory B cells by 

immunocytochemistry staining. We did not detect autophagosomes in memory B cells at 

two weeks after immunization (Fig. 6B). However, memory B cells isolated at 4 or 8 weeks 

after immunization showed significantly higher levels of LC3 punctate staining (Fig. 6B). 

This indicates that memory B cells develop autophagy after their initial formation.

Increased expression of transcription factors for autophagy genes in memory B cells

Next, we examined the potential mechanism for transcriptional regulation of autophagy 

genes in memory B cells. We found that several genes implicated in the activation of 

autophagy gene expression, including FOXO1 and FOXO3 (44), were increased in memory 

B cells at 4 or 8 weeks after immunization (Fig. 7A). This suggests that transcriptional 

control plays an important role in the expression of autophagy genes in memory B cells. 

Consistently, the expression of Beclin 1 and ULK1 that are important for the initiation of 

autophagy, was significantly decreased in memory B cells after silencing of FOXO3 (Fig. 

7B). This suggests that FOXO3 is indeed important for increased autophagy gene expression 

in memory B cells.

To determine whether transcriptional regulation of autophagy genes is indeed important for 

memory B cell functions, we test the effects of silencing of FOXO3 on memory B cell after 
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adoptive transfer. We found that NP-specific memory B cells have reduced capacity in 

forming antibody secreting cells in recipient mice after re-challenge with the antigen (Fig. 

7C). This supports the conclusion that transcriptional control of autophagy genes is 

important for the maintenance of memory B cell functions.

Activation of autophagy increases the survival of memory B cells

We have previously observed that treatment with rapamycin increased autophagy in memory 

B cells and improved their ability in forming antibody secreting cells after adoptive transfer 

(24). Although rapamycin increased autophagy in memory B cells from mice 8 weeks after 

immunization, it had no significant effect on memory B cells form mice 2 weeks after 

immunization (Fig. 8A). This is potentially due to the lack of autophagy machinery in 

memory B cells at this initial stage with the lack of expression of key autophagy genes.

We then determined whether rapamycin could promote autophagy in vivo to improve the 

functions of memory B cells in forming antibody secreting cells. As expected, wild type 

memory B cells obtained 8 weeks after immunization showed increased ability in forming 

antibody secreting cells in the presence of rapamycin (Fig. 8B). In contrast, Atg7−/− memory 

B cells obtained 8 weeks after immunization did not show such an effect after rapamycin 

treatment (Fig. 8B). This suggests that the effect of rapamycin on memory B cells is 

mediated through autophagy. However, rapamycin did not have effect on memory B cells 

obtained 2 weeks after immunization from wild type or B/Atg7−/− mice (Fig. 8B). It is 

potentially more efficient to stimulate autophagy to improve memory B cell function during 

memory B cell maintenance stage when autophagy is active in these cells.

Discussion

Autophagy is essential for the long-term maintenance of memory B cells. Our current study 

indicates that autophagy is not required for the initial formation of memory B cells. Newly 

generated memory B cells displayed increased expression of Bcl-2 but not autophagy genes. 

Several transcription factors for the expression autophagy genes were increased in memory 

B cells over several weeks after their initial formation. We found no significant DNA 

methylation at promoter regions of several key autophagy genes in either GC or memory B 

cells, suggesting that epigenetic regulation at the DNA methylation levels is not major 

mechanism that regulate autophagy gene expression in these cells. Rather, the expression of 

transcription factors, such as FOXO1 and FOXO3, likely promotes autophagy gene 

expression. The ability for these newly formed memory B cells to develop into antibody 

secreting cells was independent of autophagy. Between 2 and 8 weeks after immunization, 

the expression of autophagy genes in memory B cells increased. These data suggest that 

after their initiation formation, memory B cells continue with a maturation process to further 

up-regulate Bcl-2 and induce the expression of autophagy genes.

How can newly formed memory B cells survive independent of autophagy is not known. 

They showed up-regulation of Bcl-2, but the level was still lower than that in memory B 

cells 8 weeks after immunization. It is possible that cytokines in the microenvironment, as 

well as survival signals provided in their development niche by other cell types, such helper 

T cells, may help to promote the survival of newly generated memory B cells. After leaving 
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their initial development environment, the cells will need to gain intrinsic survival protection 

more independently from the environment and the presence of antigens. Up-regulation of 

autophagy therefore provides an important mechanism to increase their intrinsic ability in 

protecting themselves when antigen stimulation and T cell help are absent.

Transcriptional regulation of autophagy genes is a major mechanism for the regulation of 

autophagy (44). We found that transcription factors FOXO1 and FOXO3 were increased in 

memory B cells over time after immunization. Consistently, silencing of FOXO3 

significantly suppressed the expression of autophagy gene in memory B cells. Increased 

expression of these transcription factor are likely to be important for the induction of 

autophagy genes in memory B cells. It will be interesting to determine whether these key 

transcription factors are potential pharmacological targets for the stimulation of autophagy 

in memory B cells.

Autophagy has been shown to play an important role in the survival of antibody-secreting 

plasma cells involving the protection against stress in the endoplasmic reticulum caused by 

antibody secretion (49, 50). Autophagy is therefore an important mechanism to protect 

different steps of antibody-mediated immune responses. It has also been shown that 

autophagy is important for T cell development by maintaining the function of the 

mitochondrion and endoplasmic reticulum (51, 52). In the CD8+ T cell compartment, it has 

been shown that autophagy deficiency does not affect effector T cell responses to antigen 

but causes severe defects in CD8+ memory T cells (53, 54). Therefore, the importance for 

autophagy in immunological memory lies in its functions in different compartments of the 

immune system. We observed that the expression of autophagy genes in memory B cells 

increased over time after the initial formation of these cells. It was not efficient to promote 

autophagy in memory B cells at the initial formation stages. This is probably due to the lack 

of autophagy machinery at this stage. Therefore, boosting autophagy would be most 

effective at memory B cell maintenance stage when autophagy genes are induced, but not at 

the initial memory B cell forming stage. Our study suggests it is effective to promote 

autophagy during the maintenance phase of immunological memory in the protection against 

infection.
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GC germinal center

ASCs antibody secreting cells

FR framework region

CDR complementarity-determining region
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Figure 1. 
Transcriptional regulation of autophagy genes in memory B cells. (A) DNA methylation at 

the promoter regions of autophagy genes in GC and memory B cells. Each row represents 

one clone of the PCR product of the promoter region with each circle represents one CpG 

site. Filled circle, methylated CpG. Open circle: unmethylated CpG. (B) The expression of 

transcription factors in GC and memory B cells. **P<0.01 (n=3).
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Figure 2. 
Generation of memory B cells after immunization. (A) Wild type and B/Atg7−/− mice were 

immunized with NP-KLH. At week 2 and week 8 after immunization, NP-specific memory 

B cells in the spleen of immunized mice and un-immunized controls were examined by flow 

cytometry. (B) Counts of NP-specific memory B cells in the spleens of mice immunized in 

(A). **P<0.01 (n=5). (C) Analyses of levels of CD38, CD138 and I-Ab on NP-specific 

memory B cells by flow cytometry. Dashed line: isotype control.

Chen et al. Page 14

J Immunol. Author manuscript; available in PMC 2016 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
The ability for initially formed memory B cells in generating antibody secreting cells. IgG1 

NP-specific memory B cells were sorted from wild type or B/Atg7−/− mice at week 2 (A) 

and week 8 (B) after immunization. The cells were adoptively transferred into recipient mice 

(5 mice/group), followed by challenge with NP-KLH one day later. Antibody secreting cells 

in the spleen were determined by ELISPOT. **P<0.01 (n=5).
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Figure 4. 
Reduced cell death in memory B cells 2 weeks after immunization. (A) GC B cells purified 

from mice 2 weeks after immunization with NP-KLH were cultured in the absence of 

cytokines for 4 h. Percentages of cells were quantitated. (B) NP-specific memory B cells 

from mice at 2 or 8 weeks after immunization with NP-KLH were cultured in the absence of 

cytokines for 4 h. Percentages of cells were quantitated. **P<0.01 (n=5). (C) Real-time RT-

PCR for bcl-2 in GC cells, or in memory B cells at 2 or 8 weeks after immunization. 

**P<0.01 (n=3).
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Figure 5. 
Somatic mutations of VH186.2 gene in memory B cells. IgG1+ NP-specific memory B cells 

were sorted from wild type or B/Atg7−/− mice at week 2 and week 8 after immunization (as 

in Fig. 3). cDNAs of rearranged VH186.2-Cγ1 sequences were amplified and cloned into the 

pCRII-Blunt-TOPO plasmid for sequencing. (A) Pie charts represent the proportion of 

sequences that carry one, two, three, etc. nucleotide mutations over a 276 bp region in 

VH186.2 that covers FR1, CDR1, FR2, CDR2 and FR3. Total numbers of sequences 

analyzed are shown in the inner circle. (B) Frequency of mutations that resulted in amino 

acid replacement (R) or are silent (S) are shown in FR1, CDR1, FR2, CDR2 and FR3. 

Average frequency (%) of nucleotide mutation per base pair in the entire VH186.2 region 

sequenced: week 2, 1.37 ± 1.47 (WT) and 1.51 ± 1.54 (B/Atg7−/−), P=0.66; week8, 2.79 ± 

1.87 (WT) and 2.97 ± 1.54 (B/Atg7−/−), P=0.68.
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Figure 6. 
Autophagy in memory B cells. (A) Real-time RT-PCR for autophagy genes in naïve or GC 

B cells, or in memory B cells at 2, 4 or 8 weeks after immunization. Comparison to naïve B 

cells: **P<0.01 (n=3). (B) Immunocytochemistry staining for LC3 (green). Nuclei were 

stained with DAPI (blue). Scale bar: 5 μM. The number of LC3 punctates per cell were 

counted. Comparison to naïve B cells: **P<0.01 (n=10).
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Figure 7. 
Expression of transcription factors for autophagy genes. (A) Real-time RT-PCR for FOXO1 

and FOXO3 in naïve B cells or in memory B cells at 2, 4 or 8 weeks after immunization. 

Comparison to naïve B cells: **P<0.01 (n=3). (B) Memory B cells sorted at week 8 after 

immunization were transfected with siRNA targeting FOXO3. The cells were cultured for 2 

days. RNA was extracted for real-time PCR for FOXO3, Beclin 1 and ULK1. **P<0.01 

(n=3). (C) NP-specific memory B cells transfected with FOXO3 or control siRNA were 

transferred into recipient mice, followed by immunization with NP-KLH and analyses of 

NP-specific antibodies. **P<0.01 (n=5).
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Figure 8. 
Activation of autophagy in memory B cells. (A) Memory B cells sorted at week 2 or 8 after 

immunization were treated with rapamycin. The cells were used for immunocytochemistry 

staining for LC3 (green). Nuclei were stained with DAPI (blue). Scale bar: 5 μM. The 

number of LC3 punctates per cells was counted. **P<0.01 (n=10). (B) Memory B cells were 

sorted from wild type or B/Atg7−/− mice at week 2 or 8 after immunization and transferred 

into recipient mice and re-challenged with NP-KLH. The mice were injected with rapamycin 

or PBS. Anti-NP IgG1 in the sera was measured at day 5 after adoptive transfer. **P<0.01 

(2-week memory B cell transfer: n=5 for wild type and Atg7−/−; 8-week memory B cell 

transfer: n=5 for wild type and n=3 for Atg7−/−).
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