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Abstract

Memory CD4+ T cells promote protective humoral immunity; however, how memory T cells acquire 
this activity remains unclear. This study demonstrates that CD4+ T cells develop into antigen-specific 
memory T cells that can promote the terminal differentiation of memory B cells far more effectively 
than their naive T-cell counterparts. Memory T cell development requires the transcription factor 
B-cell lymphoma 6 (Bcl6), which is known to direct T-follicular helper (Tfh) cell differentiation. 
However, unlike Tfh cells, memory T cell development did not require germinal center B cells. 
Curiously, memory T cells that develop in the absence of cognate B cells cannot promote memory 
B-cell recall responses and this defect was accompanied by down-regulation of genes associated 
with homeostasis and activation and up-regulation of genes inhibitory for T-cell responses. 
Although memory T cells display phenotypic and genetic signatures distinct from Tfh cells, both 
had in common the expression of a group of genes associated with metabolic pathways. This gene 
expression profile was not shared to any great extent with naive T cells and was not influenced 
by the absence of cognate B cells during memory T cell development. These results suggest that 
memory T cell development is programmed by stepwise expression of gatekeeper genes through 
serial interactions with different types of antigen-presenting cells, first licensing the memory lineage 
pathway and subsequently facilitating the functional development of memory T cells. Finally, we 
identified Gdpd3 as a candidate genetic marker for memory T cells.
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Introduction

During the immune response, activated CD4+ T cells prolifer-
ate and differentiate into multiple effector cells with distinct 
functions, such as helper T-cell subset 1 (Th1), Th2, Th17, regu-
latory T (Treg) cells and T-follicular helper (Tfh) cells (1). Tfh 
cells are unique in their capacity, due to expression of the 
chemokine (C-X-C motif) receptor 5 (CXCR5), to migrate into 
B-cell follicles where they provide essential help to B cells 
for the germinal center (GC) reaction (2). B-cell lymphoma 6 
(Bcl6) is a transcription factor essential for both Tfh-cell dif-
ferentiation and GC B-cell development. Bcl6-deficient CD4+ 
T cells fail to develop into Tfh cells, resulting in impaired GC 
B-cell development and reduced high-affinity antibody mem-
ory responses (3–6).

The majority of CD4+ effector cells generated during an 
immune response die by apoptosis during the contraction 
phase that occurs after the peak of the response. However, 
some survive as memory cells and are maintained for a long 
period in peripheral tissues (7). These CD4+ memory T cells are 
heterogeneous in terms of their origin and phenotype. Based 
on analysis of antigen-specific T cells generated during acute 
lymphocytic choriomeningitis virus (LCMV) infection, it has 
been suggested that virus-specific Th1 and Tfh effector cells 
can differentiate into Th1- and Tfh-like memory cells, respec-
tively (8, 9). Likewise, Listeria monocytogenes (Lm) infection 
generates Th1 effector memory cells and Tfh-like memory cells 
expressing CC chemokine receptor 7 (CCR7)+ (10), a charac-
teristic feature of central memory cells as reported by Sallusto 
et  al. (11). Generation of CXCR5+ Tfh-like memory cells in 
response to protein antigens has been also reported (12, 13).

CD4+ memory T cells are distinguished from naive CD4+ 
T cells by their longevity and characteristic functions. In 
response to pathogens, Th1- and Tfh-like CD4+ memory 
T cells proliferate more extensively than naive T cells, and 
this is then followed by the production of large quantities of 
cytokines and the generation of effector cells with Tfh and 
Th1 signatures (7–10). In response to protein antigens, it has 
been reported that Tfh-like CD4 memory T cells enhance the 
GC reaction and class switching in a primary B-cell response 
more efficiently than the primary responding CD4 T cells (14). 
However, it remains unclear how effector cells survive the 
contraction phase and are converted to quiescent memory 
cells with such unique activities.

In the present study, based on our observation that CD4+ 
memory T cells play a pivotal role in humoral immunity by 
controlling the terminal differentiation of memory B cells, we 
evaluated cellular events directing the fate of effector CD4 
T cells differentiating into memory cells in vivo by measur-
ing their longevity and acquisition of functionality to pro-
mote memory B-cell recall responses. Using a combination 
of analyses for cellularity, surface phenotype, function and 
genetic signatures, our results led to a stepwise developmen-
tal model for CD4 memory T cells. It begins with lineage com-
mitment due to Bcl6 expression followed by the expression of 
high levels of transcripts associated with metabolic pathways 
and homeostasis, events that are, in part, shared with Tfh 

cells. Subsequently, through cognate interaction with B cells, 
mainly non-GC B cells, memory precursor T cells undergo 
dynamic changes in gene regulation and acquire the capac-
ity to support the memory B-cell recall response. From a 
general perspective, we propose that such stepwise gene 
regulation is a fundamental strategy used by the immune sys-
tem to ensure the proper development of memory T cells with 
specific functions.

Methods

Mice
Eight to ten-week-old C57BL/6 mice were purchased from 
Clea Inc. Bcl6-flox mice have been described previously (6). 
The mb1-cre mice and B1-8hi mice were kindly provided by 
Drs M. Reth and M. Nussenzweig, respectively. OT-II trans-
genic mice were obtained from the Jackson Laboratory (Bar 
Harbor, ME, USA). Rag-1−/− and CD4-cre mice were obtained 
from Taconic (Hudson, NY, USA). All experiments were per-
formed in accordance with guidelines established by the 
RIKEN Animal Safety Committee.

ELISA and ELISPOT assays
ELISA and ELISPOT assays were performed as described 
previously (15).

Adoptive transfer of carrier-primed CD4 T cells
Splenocytes were prepared from Bcl6+/+/CD4-cre and Bcl6f/f/
CD4-cre, or Bcl6+/+/mb1-cre+/− and Bcl6f/f/mb1-cre+/− mice 
that had been immunized with chicken gamma globulin (CG) 
40  days previously, and CD4+ T cells were enriched using 
the MACS system (Miltenyi Biotech, Gladbach, Germany). 
(4-hydroxy-3-nitrophenyl)acetyl (NP)-specific IgG1+ memory 
B cells were purified by FACS sorting from the pooled spleens 
of CG coupled to NP (NP-CG)-primed C57BL/6 mice at day 
40 post-immunization (6). Naive B cells were enriched from 
C57BL/6 mice as described previously (6). CG-primed CD4 
T cells (4 × 106) and naive B cells (1 × 106), as filler cells, with 
or without IgG1 memory B cells (1 × 103), were transferred 
into Rag-1−/− mice, followed by immunization with soluble 
NP-CG. The number of total and high-affinity anti-NP/IgG1+ 
antibody-secreting cells (ASCs) in the spleen was measured 
by ELISPOT (15).

Adoptive transfer of naive CD4 T cells
To purify CD4+ T cells, splenocytes from OT-II transgenic 
mice (with or without of CD4 T cell-specific deletion of 
Bcl6) were incubated with a mixture of biotinylated mAbs 
against B220, CD25, CD8α, CD11b, DX5, NK1.1, TER119 
and TCRγδ (BioLegend, San Diego, CA, USA), followed by 
negative MACS selection using streptavidin microbeads 
(Miltenyi Biotech). Thereafter, the cells were stained with anti-
CD90.2FITC (BioLegend), anti-CD62LPE-Cy7 (eBioscience, San 
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Diego, CA, USA), anti-CD44PE or CD44Pacific Blue (BioLegend), 
and streptavidinPE-TexasRed (BD Pharmingen, San Diego, CA, 
USA). Cells were resuspended in a staining buffer containing 
propidium iodide (PI, 1 µg/ml; Sigma, St. Louis, MO, USA), 
and live PI-, CD90.2+CD25−CD62LhiCD44lo cells were sorted 
as naive CD4 T cells using a FACS Aria (BD Biosciences, San 
Jose, CA, USA). 3 x 106 naive CD4 T cells from OT-II trans-
genic mice (CD45.1 or CD45.2) were adoptively transferred 
into congenic recipient mice (CD45.2 or CD45.1, respec-
tively), followed by immunization i.v. with 100 µg ovalbumin 
(OVA)323–339 peptide plus 25 µg LPS (Sigma) on the day after 
transfer.

Immunohistofluorescence analysis of the secondary 
antibody response
OVA-specific/CD45.1+ memory T cells (1 x 105) were trans-
ferred into CD45.2+ C57BL/6 mice that had been immunized 
with NP-CG/alum 40  days previously, followed by immuni-
zation i.v. with 50 µg of OVA coupled to (4-hydroxy-3-nitro-
phenyl)acetyl (NP-OVA). Spleens were obtained from the 
immunized mice at 5–7 days after immunization and embed-
ded in OCT compound after fixation with 4% paraformalde-
hyde. Frozen sections (8 µm) were stained with anti-IgG1FITC 
(BD Pharmingen), anti-CD4efluor450 (eBioscience) and anti-
IgDAlexaFluor647 (BioLegend). Confocal images were acquired on 
a Leica SP2AOBS or TCS SP5 confocal microscope using a 
20x objective.

Flow cytometric analysis of memory and Tfh cells
This analysis was performed as previously described (6). 
To prepare single cell suspensions, spleens were minced 
and incubated with collagenase IV (200 unit/ml; Sigma) and 
DNase I (20 µg/ml; Roche Diagnostics, Mannheim, Germany) 
for 30 min at 37°C. After washing, splenocytes were depleted 
of red blood cells and incubated with anti-FcγRII/III mAb 
(2.4G2; ATCC). For analysis of CD4+ memory and Tfh cells, 
the cells were incubated with a mixture of biotinylated mAbs 
against B220, CD8α, CD11b, NK1.1, TER119 and TCRγδ 
(BioLegend).

Cells were stained with APC-conjugated anti-CXCR5APC 
(BD Pharmingen), streptavidinPE-TexasRed, anti-CD4V500 (BD 
Pharmingen), anti-TCRβAPC-eFluor780 (eBioscience), anti-
CD44FITC, anti-CD62LPacific Blue (BioLegend) and PE-conjugated 
mAbs against either PD1, CCR7, ICOS, Ly6c, CD45RB, IL7R 
(all from BioLegend), CXCR3 (R&D systems, Minneapolis, 
MN, USA) or PSGL1 (BD Pharmingen). To analyze the expres-
sion of intracellular transcription factors, cells were fixed after 
cell surface staining, permeabilized using the Foxp3 stain-
ing buffer set (eBioscience) and stained with anti-Bcl6PE mAb 
(BD Biosciences).

Cells were washed, resuspended in a staining buffer con-
taining PI for cell surface staining and analyzed using a FACS 
Aria. Data were analyzed using FlowJo software (Tree Star, 
San Carlos, CA, USA) as described in Kaji et al. (6).

Purification of CD4 memory T cells from recipients 
transferred with CD4 T cells
Splenocytes were prepared from the pooled spleens of 
recipient mice and transferred with OT-II CD4 T cells at the 

indicated time after immunization. Cells were incubated with 
a mixture of biotinylated mAbs as described above in the 
Flow cytometric analysis of memory and Tfh cells section 
and anti-CD45.1 or CD45.2 Abs to exclude contamination by 
recipient T cells, followed by negative MACS selection using 
streptavidin microbeads. Thereafter, the cells were stained 
with anti-CXCR5APC, streptavidinPE-TexasRed, anti-CD4V500, anti-
TCRβAPC-eFluor78, PE-Cy7-conjugated anti-CD45.1 or CD45.2 
(anti-CD45.1PE-Cy7 or anti-CD45.2PE-Cy7), anti-CD44FITC, anti-
CD62LPacific Blue and anti-PD1PE, followed by sorting into 
CXCR5+ Tfh cells, CD62Lhi central memory T-cell (Tcm) and 
CD62Llo effector memory T-cell (Tem) populations for RNA 
extraction.

For sorting of donor T cells for culture or adoptive trans-
fer experiments, CD4 T cells were MACS enriched and then 
stained with anti-CD90.2FITC, anti-CD62LPE-Cy7, anti-CD44PE, 
and anti-CD45.1APC or anti-CD45.2APC, followed by sorting into 
Tcm and Tem populations.

Tfh-cell and GC B-cell analyses in immunized mice
Analysis of Tfh and GC B cells in NP-CG-immunized or non-
immunized Bcl6+/+/mb1-cre+/− or Bcl6f/f/mb1-cre+/− mice was 
performed as described previously (6).

Analysis of secondary adoptive responses
Naive OT-II CD4 T cells and long-term CD62Lhi and CD62Llo 
CD4 memory T cells were sorted as described above in the 
section on adoptive transfer of CD4 OT-II T cells and CD4 
memory T cell purification, respectively. Naive B and T 
cells were enriched from C57BL/6 mice as described pre-
viously (6). OT-II T cells, NP-specific IgG1 memory B cells, 
naive CD4 T cells, and naive B cells were transferred into 
Rag-1−/− mice, followed by immunization with 50 µg soluble 
NP-OVA. The number of anti-NP/IgG1+ ASCs in the spleens 
of adoptive recipients was determined by ELISPOT at day 10 
post-immunization.

In vitro secondary responses by co-culture of memory B 
and T cells
1 × 103 NP-specific memory B cells and 5 × 103 to 1 × 104 
OVA-specific memory T cells were co-cultured in a 96-well 
U-bottomed plate in the presence of NP-OVA (0.3  µg ml–1, 
Biosearch Technologies, Novato, CA, USA) or OVA (Sigma) 
in RPMI1640 medium (Wako Pure Chemical, Osaka, Japan) 
supplemented with 15% FCS (Japan Bioserum, Hiroshima, 
Japan), 55  μM 2-mercaptoethanol, 2 mM l-glutamine, 1% 
Minimum Essential Media (MEM) non-essential amino acids, 
1% MEM sodium pyruvate solution and penicillin-streptomycin 
(all from Life Technologies, Grand Island, NY, USA). Culture 
supernatants were replaced with fresh medium (120 µl) at 3 
and 5 days after cultivation and harvested on day 7 for ELISA.

Microarray analysis
Total RNA was extracted from cells by using the TRIzol 
reagent according to the manufacturer’s instructions (Life 
Technologies) and the microarray analysis was performed 
with Affymetrix GeneChip Mouse 430 2.0 Arrays. RNA sam-
ples were labeled using the Ovation RNA Amplification 
System V2 and FL-Ovation cDNA Biotin Module V2 Kits 
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(Nugen, San Carlos, CA, USA). Image files were scanned 
and processed by AGCC (Affymetrix GeneChip Command 
Console Software) and the microarray data were normal-
ized with GC Robust Multi-array Average (16). Differentially 
expressed genes between samples were selected with the 
RankProd method (17) with a q-value < 0.05. The full set of 
raw data is available from the RefDIC database (18) under the 
accession numbers RSM14249-14254, RSM14258-14262, 
RSM14277-14279 and RSM14802.

RNA-seq analysis
Total RNA was extracted from cells by using the TRIzol rea-
gent per the manufacturer’s instructions. The cDNA syn-
thesis and amplification were performed with the SMARTer 
Ultra Low RNA Kit for Illumina Sequencing (Clontech, 
Mountain View, CA, USA). The Covaris AFA system 
(Covaris, Woburn, MA, USA) was used for controlled cDNA 
shearing, and cDNA preparation was performed with the 
TruSeq DNA sample prep kit (Illumina, San Diego, CA, 
USA). The size range of the resulting cDNA was estimated 
using the 2100 Bioanalyzer (Agilent Technologies, Santa 
Clara, CA, USA). The molar concentration was estimated 
using LightCycler 480 (Roche Diagnostics), and the cDNA 
molecules were used for cluster generation and sequenc-
ing on the Illumina HiSeq 1000 (Illumina) instrument. Eight 
or nine samples per lane were used to generate 100 bp sin-
gle end reads. The raw data were subjected to the CASAVA 
1.8.2 (Illumina) to generate FASTQ files. The sequence 
reads were aligned to the Mus musculus reference 
genome (Build 37) using TopHat v1.4.0 (19). According to 
the mapped data, Cufflinks v1.3.0 (20) was used to calcu-
late the FPKM (fragments per kilobase of exon per million 
reads) with the Mus musculus genome annotation NCBI 
build 37.2 from its website (http://cufflinks.cbcb.umd.edu/
igenomes.html). The statistical significance of the differen-
tial gene expression between cell populations was evalu-
ated using the Cuffdiff software (20).

Statistical analysis
Student’s t-test was used with KaleidaGraph 4.0 software 
(Synergy Software, Reading, PA, USA). A P-value of < 0.05 
was considered to indicate a significant difference.

Results

Persisting antigen-specific CD4 T cells in adoptive hosts 
efficiently promote the secondary antibody response
To determine the properties of antigen-specific memory 
T cells, OVA-specific αβ+CD4+ T cells were prepared from 
pooled spleens of naive OT-II transgenic mice (21) and 
transferred into CD45.2+ congenic mice, which were then 
immunized with OVA (Fig.  1A). Forty days later, the donor 
OT-II T cells were purified from the recipient mice, and then 
transferred into CD45.2 congenic recipient mice that had 
been immunized with NP-CG conjugate in alum. The recipi-
ent mice were then challenged with soluble NP-OVA and 
analyzed for their antibody response. As shown in Fig. 1B, 
transfer of only 105 OVA-specific memory T cells into the 

NP-CG-primed recipients was sufficient to induce signifi-
cant numbers of high-affinity NP-specific/IgG1 ASCs upon 
NP-OVA challenge.

Consistently, B cells expressing high levels of IgG were 
detected in both B-cell and T-cell areas at day 5–7 after the 
secondary challenge (Fig.  1C), and some of them formed 
clusters with donor memory T cells in the B-cell follicles of 
recipient mice (data not shown). These results suggest that 
CD4+ T cells acquired the capacity to promote a memory B-cell 
response in the adoptive hosts by 40 days after immunization.

CD62Lhi memory T cells support IgG1 memory B-cell 
responses more efficiently than CD62Llo memory T cells
Persisting CD4+ memory T cells in the adoptive hosts at day 
40 after transfer had the phenotype CXCR5dullPD-1−CCR7+, 
distinct from the Tfh-cell phenotype (CXCR5+PD-1+CCR7−) at 
day 7 after immunization (Fig. 2A). As for transcription fac-
tors, Bcl6 was expressed in Tfh but not in day 40 CD4+ T 
cells, whereas both CD4+ T-cell populations expressed T-bet 
at low levels (data not shown). In terms of CD62L expression, 
Tfh cells were CD62L−, whereas persisting TCRαβ+CD4+ T 
cells had a similar frequency of CD62Lhi and CD62Llo T-cell 
subsets (Fig. 2A). We designated CD62Lhi T cells as Tcm and 
CD62Llo as Tem, according to a previous report (8).

To characterize the functional capacity of long-term CD62Lhi 
and CD62Llo CD4+ T cells, these donor-derived T-cell subsets 
were purified from recipient mice at day 40 after immunization 
and transferred into RAG-1−/− mice together with NP-specific 
IgG1+ memory B cells, followed by immunization with soluble 
NP-OVA. Figure 2B shows that day 40 CD62Lhi T cells could 
promote IgG antibody production by NP-specific memory B 
cells, whereas CD62Llo T cells had little such activity, as previ-
ously observed in an influenza virus model (22).

To characterize the functional properties of CD62Lhi memory 
T cells in more detail, we utilized an in vitro assay system that 
enables us to analyze memory B-cell responses with a small 
number of CD62Lhi memory T cells (see Methods). To this end, 
donor-derived OT-II CD62Lhi memory T cells were purified 
from adoptively transferred recipient mice and co-cultured 
with NP-specific IgG1+ memory B cells from NP-CG immu-
nized mice in the presence of NP-OVA or OVA. Consistent with 
the results in adoptive transfer experiments, CD62Lhi memory 
T cells could promote antibody production by memory B cells 
in vitro upon stimulation with NP-OVA, but not OVA (Fig. 2C), 
indicating that the response was mediated by cognate mem-
ory T- and B-cell interactions. By contrast, naive OT-II T cells 
could not trigger a memory B-cell recall response.

Together, these results suggest that CD4 memory T cells 
able to promote memory B-cell responses are enriched in the 
CD62LhiCXCR5− CD4+ T-cell population.

Bcl6 deletion in CD4 T cells abrogates the generation of 
long-term memory T cells
It has been reported that Bcl6 gene deletion impaired the gen-
eration of long-term CD4 T cells in adoptive recipients (23). 
In this context, we analyzed the role of Bcl6 in memory T-cell 
generation by using mutant mice with a conditional deletion 
of Bcl6 in CD4 T cells (6). As shown in Fig. 3A, we observed 
a large number of IgG1 ASCs in adoptive hosts reconstituted 
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with NP-specific memory B cells and CG-primed CD4+ T cells 
from (Bcl6+/+/CD4-cre) control mice; however, the number of 
ASCs was significantly reduced in recipients of CG-primed 
CD4 T cells from the mutant (Bcl6f/f/CD4-cre) mice. These 
results suggest that the adoptive secondary antibody 
response was largely dependent on carrier-primed CD4 T 
cells that had expressed Bcl6.

The conditional deletion of Bcl6 in OT-II T cells did not affect 
in vitro proliferation and cytokine production by OVA-specific 
CD4+ T cells in response to OVA (Supplementary Figure 1, 
available at International Immunology Online), but did impair 
the generation of Tfh cells and long-term memory CD4 T cells 
in adoptively transferred hosts after immunization with OVA 
(Fig. 3B and C). Together, these results suggest that Bcl6 has 
an essential role in the generation of long-term memory CD4 
T cells.

The GC is required for Tfh but not for CD4 memory T-cell 
development
Since Bcl6 is a master regulator of Tfh differentiation, we 
asked whether memory T precursor cells are derived from 

committed Tfh cells. It has been suggested that development 
of CD4+ T cells into Tfh cells requires GC B cells (24). Indeed, 
in response to NP-CG, conditional Bcl6 deletion in B cells 
(Bcl6f/f/mb-1-cre+/−) significantly reduced the number of T 
cells with a Tfh signature (i.e. CXCR5+–hiPD1+–hi) in the spleen, 
in association with the loss of GC B cells (Fig. 4A).

To determine whether memory T-cell development requires 
GC B cells, CD4+ T cells were prepared from mutant (Bcl6f/f/mb-
1-cre+/−) GC B-cell-deficient mice, which had been primed with 
CG 40 days before and transferred into adoptive hosts together 
with NP-specific IgG1 memory B cells. After immunization with 
NP-CG, adoptively transferred memory B cells produced large 
numbers of total and high-affinity IgG1 ASCs in the presence of 
CD4+ T cells from either mutant or control mice (Fig. 4B). These 
results suggest that CD4 memory T cells can develop even 
under conditions where Tfh development is not fully supported.

The GC is not required for CD62LhighCD4+ memory T-cell 
development
To further examine the role of GC B cells in memory T-cell 
development, CD4+ T cells were purified from pooled spleens 

Fig. 1.  Memory T cells support the secondary antibody response. (A) Diagram of the experimental protocol. Naive CD45.1+CD4+ OT-II T cells 
were adoptively transferred into CD45.2+ WT mice, followed by immunization with OVA323-339 peptide/LPS. Donor CD45.1+ OT-II memory T cells 
that developed in CD45.2+ C57BL/6 recipient mice were transferred into C57BL/6 mice that had been immunized with NP-CG 40 days previ-
ously in a synchronized manner, followed by immunization with soluble NP-OVA. At 5–7 days after secondary immunization, the recipient mice 
were sacrificed for ELISPOT (B) and immunofluorescence (C). (B) Anti-NP/IgG1 ASCs in the spleen of NP-CG immunized mice with (+) or with-
out (−) transfer of OVA-specific memory T cells and immunization with NP-OVA. The number of total (NP18) and high-affinity (NP2) anti-NP/IgG1+ 
ASCs in the spleen was measured by ELISPOT. Combined data from two independent experiments are shown (n = 5). (C) NP-CG immunized 
recipient mice (CD45.2+) with (memory T cells, Tmem) or without (Control) CD45.1+CD4+ OT-II memory T cells were rechallenged with soluble 
NP-OVA. Five days later, splenic cryosections were stained with anti-CD4 (red), anti-IgD (blue) and anti-IgG1 (light blue). Representative results 
of two mice are shown. Scale bar indicates 150 µm.
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of OT-II transgenic mice and transferred into CD45.2+ con-
genic control (Bcl6+/+/mb-1-cre+/−) or mutant (Bcl6f/f/mb-
1-cre+/−) mice with a conditional deletion of Bcl6 in B cells. At 
day 7 after immunization with OVA, the frequency of CD4+ T 
cells with a Tfh signature among total CD4+ donor T cells was 
significantly reduced in mutant mice deficient in GC forma-
tion (Fig. 5A). The reduction was particularly significant in Tfh 
cells expressing the highest levels of CXCR5 and intracel-
lular Bcl6 (Fig. 5A, right panel). In contrast, the frequency of 
non-Tfh cells was comparable between wild-type (WT) and 

mutant mice (data not shown). Since the expression levels 
of CXCR5 and PD1 are highest on T cells physically located 
within GCs (25), this result suggests that the GC is indeed 
required for full development of Tfh.

By contrast, CD62LhighCD4+ memory T cells were sustained 
at comparable levels in the presence or absence of GC B 
cells at day 40 after immunization (Fig. 5B). Day 40 Tcm cells 
recovered from GC-deficient mutant and control recipient 
mice were indistinguishable in their ability to support IgG NP 
antibody production by memory B cells in an in vitro recall 

Fig. 2.  Long-term CD62Lhi CD4 Tcm cells have the ability to promote a secondary response by IgG1+ memory B cells. (A) Naive CD45.1+CD4+ 
OT-II T cells were adoptively transferred into CD45.2+ WT mice, followed by immunization with OVA323-339 peptide/LPS. CXCR5 and PD1 expres-
sion by CD45.1+TCRβ+CD4+ T cells was analyzed by flow cytometry at day 7 (left panels) and day 40 (right panels) after immunization. Day 
7 CD4+CXCR5hi donor T cells and day 40 CD4+ donor T cells were examined for expression of surface CD62L, CD44 and CCR7 (middle and 
bottom panels). Numbers in the plots indicate the percent of cells in quadrants. Representative results of three independent experiments with 
more than three mice per group are shown. (B) Persisting CD4+ OT-II T cells were purified from recipient mice at day 40 after immunization and 
separated into CD62Lhi (CM) or CD62Llo (EM) cells by FACS. Naive OT-II T cells (Naive) were purified from non-immunized OT-II transgenic 
mice. Naive or day 40 OT-II T cells (1 × 105) were transferred into Rag-1−/− mice, together with NP-specific IgG1+ memory B cells (2 × 103) and 
naive B cells (1 × 106) and T cells (1 × 106) as filler cells (n = 3), followed by immunization with soluble NP-OVA. The number of total (left panel) 
and high-affinity (right panel) anti-NP/IgG1+ ASCs in the spleen was measured by ELISPOT at day 10 post-immunization using NP18-BSA and 
NP2-BSA as coating antigens, respectively. Circles represent the number of cells in individual mice. Data are representative of two independent 
experiments. (C) Naive OT-II T cells (Naive) or CD62Lhi memory T (CM) cells (5 × 103) and NP-specific memory B cells (1 × 103) were co-cultured 
in triplicate with NP-OVA or OVA. The titer of total (left panel) and high-affinity (right panel) anti-NP IgG1 Abs in culture supernatants at day 7 
was determined by ELISA. Circles represent the titer in individual wells. Data are representative of two independent experiments.
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response (Fig. 5C) and by cell-surface phenotype (Fig. 5D). 
Day 40 CD62LhighCD4+ memory T cells in wild-type mice had 
the phenotype CXCR5−PD-1−CCR7+ICOSdullPSGL1+, similar 
to those in the GC-less mice. The CD62Lhigh memory T cells 
were also Ly6clo, a phenotype that has been reported to pref-
erentially mark antiviral memory cells with greater longevity 
and proliferative responses to secondary infection (8, 9).

Thus, the GC response is not essential for the functional 
development of Tcm cells that can promote a memory B-cell 
recall response. Furthermore, these results led us to con-
clude that CD62LhighCD4+ memory T cells are not derived 
from Tfh cells undergoing full development through interac-
tion with GC B cells.

Genetic signatures of Tcm cells that develop in the 
presence or absence of GC B cells are similar
To elucidate the genetic signatures for CD62LhiCD4+ memory 
T cells that had developed in the presence or absence of 
GC B cells, gene expression was assessed using Affymetrix 
GeneChip technology in three replicates of OVA-specific 
donor T cells that had been purified from adoptively trans-
ferred recipients at day 7 and day 40 after immunization. 
Hierarchical cluster analysis of all arrays for the expression 
of 45037 probes resulted in a dendrogram with four major 
branches (Fig.  6A). CD62Lhi memory T cells were clus-
tered as an independent population next to day 7 CD62Lhi 

Fig. 3.  Bcl6-deficient CD4 T cells fail to develop into long-term memory T cells. (A) CD4+ T cells from CG-primed Bcl6+/+/CD4-cre (+/+) and 
Bcl6f/f/CD4-cre (f/f) and naive B cells with (+) or without (−) NP-specific IgG1 memory B cells (1 × 103) were transferred into Rag-1−/− mice (n = 3), 
followed by immunization with NP-CG. The number of total (left panel) and high-affinity (right panel) anti-NP/IgG1+ ASCs in the spleen was 
determined as in Fig. 2B. Data are representative of two independent experiments. (B and C) Naive CD45.2+CD4+ T cells from OT-II transgenic 
Bcl6+/+/CD4-cre (+/+) or Bcl6f/f/CD4-cre (f/f) mice were adoptively transferred into CD45.1+ WT mice, followed by immunization with OVA323-339 
peptide/LPS. Total CD45.2+CD4+ donor T cells were enumerated from 106 cells within the lymphocyte gate at day 6 (B) and day 30 (C) after 
immunization. The number of OT-II T cells with a Tfh signature (CXCR5hiPD1hi) is shown in the right panel in B. Circles represents the number of 
cells in individual mice. Data are representative of two independent experiments.
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non-Tfh cells and clearly separated from naive and Tfh cells. 
As shown in Fig. 6B, the gene expression profiles between 
CD62Lhi memory T cells that developed in control and mutant 
mice lacking GCs were mostly similar, with the exception 
of a few genes, including Gdpd3 (26) (see below). These 
results demonstrate that memory T-cell subsets maintain their 
capacity to help memory B-cell recall responses, along with 
a unique gene expression signature, regardless of the pres-
ence or absence of GC B cells during their development.

CD4 T cells develop into functional CD62Lhi Tcm cells 
through cognate B-cell interactions
In an acute infection with LCMV or Lm, CD4 memory T cell 
development is diminished in B-cell-deficient µmt−/− mice 

(9, 10, 27), implying a requirement of B cells for mem-
ory T cell development. However, it remains unknown 
whether memory T-cell development requires cognate 
or bystander B cells. Furthermore, it is possible that the 
memory T cell defect in the µmt−/− mutant mice reflects 
the abnormal T-cell zone architecture observed in these 
mice rather than a requirement for B cells (28). Therefore, 
we asked whether CD4 T-cell development into Tcm cells 
requires cognate B-cell interaction or can be induced by 
bystander B cells, as was observed in Tfh-cell develop-
ment (29). We tracked the development of OT-II donor T 
cells in B1-8hi mice, whose B cells express a BCR encoded 
by the NP-specific IgH gene, V186.2, with a point muta-
tion resulting in high affinity for the NP hapten (30). In 

Fig. 4.  Loss of GC B cells reduces the number of Tfh cells, but not memory T cells, in the response to NP-CG. (A) Splenocytes were recovered 
from Bcl6+/+ (+/+) and Bcl6f/f (f/f) mice heterozygous for mb1-cre at day 7 post-immunization with NP-CG in alum, followed by FACS analysis. 
Dot plots show levels of CXCR5 and PD1 expression by CD4+ T cells from the Bcl6+/+ (+/+, bottom left panel) and Bcl6f/f (f/f, bottom right panel) 
mice. Naive mice are also shown as controls (top panels). Percentages of CXCR5hiPD1hi cells are indicated. The middle and right panels show 
the number of Tfh cells and NP-specific/IgG1+ GC B cells, respectively, at day 7 after immunization. Naive mice were used as a control for Tfh 
cells. Circles represent the number of cells in individual mice. Representative results of two independent experiments with three to four mice 
per group are shown. (B) CD4 T cells from CG-primed Bcl6+/+/mb1-cre+/− (+/+) and Bcl6f/f/mb1-cre+/− (f/f) and naive B cells with (+) or without 
(−) NP-specific IgG1 memory B cells (1 × 103) were transferred into Rag-1−/− mice, followed by immunization with soluble NP-CG. The number 
of total (left panel) and high-affinity (right panel) anti-NP/IgG1+ ASCs in the spleen was determined as in Fig.2B. Data are representative of two 
independent experiments.
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Fig. 5.  GC B cells are not essential for the development of Tcm cells. (A and B) Naive CD45.1+CD4+CD44lo OT-II T cells were adoptively trans-
ferred into CD45.2+ Bcl6+/+ (+/+) and Bcl6f/f (f/f) mice heterozygous for mb1-cre, followed by immunization with OVA323-339 peptide/LPS. (A, left 
panel) the number of donor CD4+ T cells (total) and Tfh cells at day 7 and the percentage of Tfh cells among CD4+ T cells. (A, right panels) 
CXCR5 and intracellular Bcl6 expression by CD45.1+CD4+ donor T cells (red dots) and CD45.1−CD4+CD62LhiCD44lo recipient T cells (blue dots) 
were analyzed by flow cytometry at day 7 after immunization. (B) The number of donor CD4+ T cells (total) and CD62Lhi Tcm cells at day 40. The 
number of cells in (A) and (B) were determined as in Fig. 3. Representative results of two independent experiments with three mice per group 
are shown. (C) CD62Lhi OT-II Tcm cells (CM) from Bcl6+/+ (+/+) and Bcl6f/f (f/f) recipient mice heterozygous for mb1-cre were prepared as in A at 
day 40 after immunization. Naive OT-II T cells (Naive) and NP-specific/IgG1+ memory B cells were prepared as in Fig. 2B. T cells and memory B 
cells were co-cultured in triplicate with NP-OVA and the titer of total (left panel) and high-affinity (right panel) anti-NP IgG1 antibodies in culture 
supernatants at day 7 was determined as in Fig. 2C. Circles represent the titer in individual wells. Data are representative of two independent 
experiments. (D) Naive CD45.1+CD4+ OT-II T cells were adoptively transferred into CD45.2+ Bcl6+/+ (red) and Bcl6f/f (blue) mice heterozygous for 
mb1-cre, followed by immunization with OVA323-339 peptide/LPS. Representative FACS profiles of CD4+CD62Lhi donor Tcm cells at day 40 stained 
with the indicated mAbs. FACS profiles of recipient naive T cells from control mice (CD45.1–) are also shown (dark shading). Representative 
results of two independent experiments with three mice per group are shown.
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contrast to µmt−/− mice, the histological architecture in 
lymphoid organs is normal in B1-8hi mice (30). B1-8hi mice 
do not produce detectable levels of IgM or IgG1 antibod-
ies upon immunization with OVA in alum (Supplementary 
Figure  2, available at International Immunology Online). 
Thus, antigen presentation to OVA-specific OT-II T cells 
in these mice should be restricted to non-B-cell antigen-
presenting cells.

Figure 7A shows that the number of OT-II CD4+ T cells 
with a Tfh signature is reduced in the spleen of B1-8hi 
recipient mice at 7  days after transfer and subsequent 
immunization with OVA, in parallel with the reduction in 
number of OT-II CD4+ T cells. The ratio of Tfh among 
total donor T cells was comparable in the spleen of wild-
type and B1-8hi recipients; however, the frequency of 
PD1highCXCR5high Tfh cells was less in B1-8hi recipient mice 
(Fig.  7B). This result suggests that cognate B cells may 
play a role in sustaining GC Tfh cells. Likewise, the fre-
quency of donor-derived Tcm cells was comparable in the 
spleen of wild-type and B1-8hi recipient mice at day 40 
after immunization (Fig.  7C). To characterize the activity 
of CD4+ CD62Lhi T cells persisting in hosts lacking cog-
nate B cells, Tcm cells were purified from B1-8hi or control 
recipient mice that had been primed with OVA 40  days 
previously and co-cultured with NP-specific IgG1 memory 
B cells in the presence of NP-OVA. Figure 7D shows that 
day 40 CD62Lhi T cells promoted a high level of IgG anti-
body production by NP-specific memory B cells in vitro, 
whereas CD62Lhi T cells from B1-8hi recipient mice had 
little such activity. These results suggest that for memory 
T cells to attain the capacity to promote memory B-cell 
responses, cognate B-cell interactions are required.

Functional CD62Lhi Tcm development is associated with 
expression of a group of transcripts induced by cognate 
B-cell interaction
To elucidate the molecular basis for functional differences 
in CD62Lhi memory T cells that developed in the presence 
or absence of cognate B-cell interaction, we assessed their 
gene expression profiles by RNA sequence analyses in trip-
licate. Approximately 30 transcripts were found to be highly 
expressed in day 40 Tcm to a greater extent than in naive T 
cells (Supplementary Tables 1 and 2, available at International 
Immunology Online).

As shown in Fig. 8A, CD62Lhi memory T cells that devel-
oped in the absence of cognate B-cell interaction had signifi-
cantly reduced levels of transcripts that have been reported 
to be associated with T-cell homeostasis [Il7r (31)], glucose 
transport [Tbc1d4 (32)], protein stability [Trib2 (33)] and 
growth and activation, such as Ppic (cyclophilin C) and 
Plac8 (34). Interestingly, we observed that conventional long-
term Tcm cells expressed high levels of transcripts from the 
Gdpd3 gene, which encodes GroPIns phosphodiesterase, 
an enzyme that hydrolyzes GroPIns to glycerol and inositol 
1-phosphate (26). Expression of this gene could distinguish 
these Tcm cells from other naive and effector T cells and from 
Tcm cells that developed in hosts deficient in cognate B-cell 
interaction (Fig.  8A; Supplementary Tables 3 and 4, avail-
able at International Immunology Online). Thus, Gdpd3 is 
a promising candidate genetic marker for memory T cells. 
Since GDPD3 in conjunction with another intracellular protein 
SPRED1 is a recently described biomarker for neoadjuvant 
platinum chemotherapy response in certain urothelial carci-
nomas, the necessary reagents for this potentially important 
analysis should be readily available (35).

Fig. 6.  A hierarchical clustering of triplicate samples of OT-II T cells. (A) Naive OT-II T cells (Naive) were prepared from the pooled spleens of 
OT-II transgenic mice (n = 3). CD62LloCXCR5hi (Tfh) and CD62LhiCXCR5lo (CD62Lhi non-Tfh) effector cells were purified from immunized mice 
(n = 3) at day 7 after immunization with OVA. CD62LhiCXCR5lo Tcm cells were purified from control (Bcl6+/+mb-1-cre+/−) and GC-less mutant 
(Bcl6f/fmb-1-cre+/−) mice (n = 4–7) that had been transferred with CD4+ OT-II T cells and immunized with OVA 40 days previously as described in 
Methods. Total RNA was extracted from each sample in three independent experiments. The number for each sample (e.g. Naive 1) annotates 
each experiment. Colors in the heatmap depict the Pearson’s correlation coefficient between a pair of samples. The heatmap was generated 
with R package (http://www.r-project.org/). To investigate the cellular state of different cells, a correlation coefficient of gene expression profiles 
among all sample pairs was calculated and these values were analyzed by hierarchical clustering. The cluster with a value greater than 95 is 
considered to be strongly supported by the data (82). (B) Heatmap representing the expression profile of the differentially expressed genes 
between Tcm and GC-less cells with a statistical significance (q-value < 0.05) from the analysis in A.
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Curiously, day 40 Tcm cells that had developed in the 
absence of cognate B-cell interaction had significantly up-
regulated expression of ENC1, which suppresses the activity 
of Nrf2, a transcriptional factor supporting Th2 differentiation 
(36, 37), as well as a group of genes that encode proteins 
with inhibitory activities for T-cell response such as Ly6C 
(38), Hspa1a (39), lfit3, CD200 (40) and Zfp36 (36, 37, 41, 
42) (Fig.  8B, see also Supplementary Table  5, available at 
International Immunology Online). In addition, these cognate-
less day 40 Tcm had up-regulated the expression of genes 
such as Pdlim2 (43), Tbc1d10c (44) and Spry1 (45), which 
are associated with a negative regulatory loop for the TCR 
signaling pathway.

Taken together, these results suggest that co-stimulatory 
signals from B cells generated through cognate interaction 
may play a critical role in transcriptional regulation in CD4 T 
cells, resulting in a persisting immune response leading to 
the development of memory cells.

Genetic signatures in long-term memory T cells and Tfh 
cells are different. Tfh expressed ~200 transcripts to a 
greater extent than Tcm and naive T cells, including Batf, a 
transcriptional factor indispensable for Tfh development (46, 
47), and c-maf, which is reported to be regulated directly by 
Batf and required for IL-21 and CD40L production (48–50) 
(Fig.  8C; Supplementary Table  3, available at International 
Immunology Online). Day40 Tcm barely expressed several 
Tfh-related transcripts (3, 30, 49, 51–54), such as CXCR5, 
TIGIT, IL21, IFg, PD-1 and POU2AF1. POU2AF1 is a known 
regulator of CXCR5 expression by B cells (54).

On the other hand, memory T cells and Tfh cells shared 
expression of a group of transcripts, the majority of which 
did not change significantly in the absence or presence of 
cognate B cells (Fig. 8D). These mRNAs encode molecules 
associated with mitochondria activities, such as NADH 
dehydrogenase ubiquinone 1 beta subcomplex subu-
nit 7 (Ndufb7), ubiquinol-cytochrome-c reductase (Uqcr), 

Fig. 7.  B-cell cognate interaction is required for functional development of Tcm. (A-C) Naive CD45.2+CD4+CD44lo OT-II T cells were adoptively 
transferred into CD45.1+ WT (WT) and B1-8hi (B1-8hi) mice, followed by immunization with OVA323-339 peptide/LPS. The number of donor CD4+ 
T cells (total) and Tfh cells at day 7 (A and B) and CD4+ T cells (total) and CD62Lhi Tcm cells at day 40 (C) was determined as in Fig. 3. (B) 
The perecentage of Tfh cells among total CD4 T cells in WT and B1-8high recipients (left panel), together with representative FACS profiles of 
CXCR5 and PD1 expression by CD45.2+TCRβ+CD4+ T cells in WT and B1-8high recipients (right panels). The numbers in the profiles indicate 
the percentage of CXCR5+PD1+ cells among total CD4 T cells. Circles represent the number of cells in individual mice. Data are representative 
of two independent experiments. (D) CD62Lhi OT-II Tcm cells (CM) from WT (WT) and B1-8hi (B1-8hi) mice were prepared as in A. Naive OT-II T 
cells (Naive) and NP-specific/IgG1+ memory B cells were prepared as in Fig. 2B. T cells and memory B cells were co-cultured in triplicate with 
NP-OVA and the titer of total (left panel) and high-affinity (right panel) anti-NP IgG1 antibodies in culture supernatants at day 7 was determined 
as in Fig. 2C. Circles represent the titer in individual wells. Data are representative of three independent experiments.
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Fig. 8.  Transcriptional profiling suggests that functional development of Tcm is a stepwise process. The bar plots depict the mean FPKM 
value for each transcript from four distinct cell populations. OVA-specific CD4+TCRβ+CD62Lhi Tcm cells were purified by FACS from the pooled 
spleens (n = 4–7) of adoptively transferred WT (a, green column) or B1-8hi mutant (b, red column) hosts at day 40 after transfer of CD4+CD44lo 
OT-II T cells and subsequent immunization with OVA323-339 peptide/LPS as in Fig. 7. Naive T cells (c, blue column) were purified from non-immu-
nized OT-II transgenic mice. CD4+TCRβ+CXCR5+ Tfh cells (d, open column) were purified from WT hosts (n = 3) at day 7 post-immunization. 
RNA-seq was performed with three replicates of each purified cell population as described in Methods. (A) Transcripts, including those associ-
ated with survival, that were down-regulated in the day 40 Tcm cells in the absence of cognate B-cell interaction (b, cognate-less) relative to 
those in the presence of cognate interaction. (B) Transcripts, including those associated with mitochondria activities, homeostasis and immune 
reactivity, that were significantly up-regulated in Tcm as compared with the levels found in naive T cells (c, Naive) and sustained in the presence 
or absence of cognate B cells. (C) Transcripts that were significantly up-regulated in Tfh (d), compared with the levels in Tcm cells in the pres-
ence (a) and absence of cognate B-cell interaction (b) and naive T cells (c). (D)Transcripts, including those with inhibitory activities for T-cell 
responses, that were significantly up-regulated in Tcm in the absence of cognate B cells. Error bars represent 95% confidence interval for the 
means of triplicates.
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cytochrome P450, family 4 (Cyp4v3), reactive oxygen spe-
cies modulator 1 (ROMO1), Ncf4 and mitochondrial riboso-
mal protein L15 (Mrpl15), as well as those associated with 
metabolism and cellular activity, such as dehydrogenase/
reductase (SDR family) member 7(Dhrs7), ADK, Nrp1 (55), 
Zc3h12d (56), and Lrp10 (57) (Fig. 8A and B).

These results suggest that early during T-cell activation, 
the transition from quiescence to rapid cell growth and sub-
sequent differentiation into memory T cell and Tfh subsets 
is accompanied by unique gene expression profiles through 
interaction with different antigen-presenting cells.

Discussion

Despite the crucial role of CD4+ T cells in B cell help to estab-
lish long-term humoral immunity to pathogens, the factors 
regulating the transition of effector CD4+ T cells to memory 
CD4+ T cells are largely unknown. Although specific markers 
for CD4 memory T cells remain unknown at present, these 
cells are operationally defined as cells capable of long-term 
survival after immunization and with the capacity for intense 
proliferation and cytokine production upon re-stimulation, 
greater than in the primary response (58, 59). In addition, the 
CD4+ memory T cells can enhance GC formation and immu-
noglobulin class-switch in the primary B-cell response better 
than the primary responding T cells (14, 60).

The present study clearly demonstrates that OVA-specific 
CD4+ memory T cells promote terminal differentiation of 
NP-specific IgG1+ memory B cells in response to NP-OVA far 
more effectively than antigen-specific naive CD4+ T cells. CD4 
memory T cells are divided into CD62Lhi and CD62Llo memory 
T-cell subsets (61). We showed that compared with CD62Llo 
T cells, the CD62Lhi memory T cell subset has a superior 
capacity to support the IgG1 memory B-cell recall response in 
adoptive hosts. CD62Lhi memory T cells with this activity were 
mostly PSGL1hiLy6clo, a T-cell phenotype that is also generated 
during LCMV infection and characterized by greater longevity 
and proliferative responses during a secondary infection com-
pared with the PSGL1hiLy6chi Tem phenotype (8, 9).

It has been reported that memory T cells consist of two 
types of cells derived from CXCR5+ Tfh and non-Tfh effector 
cells (7–9, 12, 53). The present study demonstrates that Bcl6 
has an essential role in the development of CD4+ memory T 
cells, as predicted from the studies of Lm infection (10). Since 
Bcl6 is a master regulator for Tfh differentiation, we addressed 
the question of whether memory T precursor cells are derived 
from committed Tfh cells. Tfh development begins during 
dendritic cell (DC) priming, during which ICOS provides a 
critical signal to induce the transcription factor Bcl6 (62). 
Bcl6 then induces CXCR5 and reduces CCR7 expression, 
allowing for migration of the primed T cells into B-cell follicles 
(62). Within the follicles, Tfh form complexes with GC B cells, 
which facilitates maintenance of Bcl6 expression and stable 
commitment to Tfh differentiation (3, 24, 63–65).

Considering the possibility that CD4 memory T cells are 
derived from cells in GC at a late stage of Tfh development 
(65), we analyzed CD62Lhigh memory T-cell development in 
mutant mice lacking GC B cells, wherein Tfh development is 
grossly inhibited due to the conditional Bcl6 deficiency in B 
cells. Our results demonstrate that CD4+CD62Lhigh memory 
T cells develop normally in the absence of GC B cells, GC 

structures or a substantial number of Tfh cells, and with no 
apparent alterations in their phenotype, function and genetic 
signature. These results support the conclusion that CD62Lhigh 
memory T cells are not derived from Tfh cells undergoing 
full development through their interaction with GC B cells. 
Supporting this notion, memory T cells display a phenotype 
and genetic signatures distinct from CXCR5hiPD1hi Tfh cells.

Previous reports suggested that CD4 T-cell development to 
memory T cells is diminished in B-cell-deficient µmt−/− mice 
(9, 10, 27); however, it remained unclear whether the defect 
reflected the loss of cognate B cells or a bystander effect due to 
lack of B cells. Furthermore, the possibility remained that mem-
ory T cell development was retarded by the aberrant T zone 
architecture in µmt−/− mutant mice (28). To better explore the 
role of B-cell cognate interaction in memory T-cell development, 
we tracked the development of OVA-specific donor T cells in 
B1-8hi mutant mice, which have normal lymphoid histological 
architecture but where the B cells express a VH gene encoding 
a high-affinity NP-specific antibody (30). Under these circum-
stances, antigen presentation to OVA-specific T cells is limited 
to non-B-cell antigen-presenting cells. The results showed that 
the frequency of persisting OVA-specific CD4+ T cells was 
comparable in B1-8hi mutant and WT mouse hosts. However, 
long-term memory CD4 T cells in the hosts without cognate B 
cells had significantly reduced activity to promote a memory 
B-cell recall response. These results demonstrate that cognate 
B cells are dispensable for the survival or maintenance of CD4 
memory T cells but indispensable for their functional develop-
ment. Curiously, loss of GC B cells did not affect the number 
and effector function of persisting memory CD4+ T cells.

Our gene expression profiling suggests that long-term 
CD4+ T cells persisting in hosts lacking cognate B-cell inter-
action up-regulated transcripts encoding molecules inhibitory 
for T-cell responses, but down-regulated expression of genes 
that have been reported to be associated with activation, 
homeostasis and metabolism (see Fig. 8). On the other hand, 
genetic signatures in CD4+ T cells persisting in the hosts in 
the absence or presence of GC B cells were mostly similar, 
suggesting a role of non-GC B cells in the acquisition by CD4+ 
T cells of functional competence to support a memory B-cell 
recall response. In this situation, prior to their encounter with 
cognate B cells, CD62Lhigh memory T-cell precursors with 
such genetic signatures could not have optimal memory T-cell 
functions without first down-regulating the expression of these 
negative regulators. Thus, although the mechanism remains 
obscure, it seems that B-cell cognate interaction releases 
memory precursors from a paused state to allow their full func-
tional development into memory T cells by down-regulating 
genes encoding molecules inhibitory for cellular responses.

Tfh cells expressed ~200 transcripts to a greater extent 
than memory T cells and naive T cells, whereas Tfh and mem-
ory T cells shared a group of genes that was up-regulated 
to a greater extent than in naive T cells. The majority of the 
genes, which are associated with mitochondria activities and 
homeostasis, did not significantly change their expression 
level in long-term CD4 T cells persisting in the hosts regard-
less of the absence or presence of cognate B cells. This 
observation suggests that the genetic signature shared by 
both Tfh and memory T cells becomes operative early in the 
immune response because of DC cognate interactions, but 
prior to cognate B-cell interactions.
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On the basis of the findings reported here, we propose that 
CD4 memory T cells develop stepwise in response to protein 
antigens through sequential interaction with different types of 
antigen-presenting cells. The initial interaction with DCs trig-
gers Bcl6 expression and sanctions the memory pathway, with 
survival and a metabolic shift, similar to CD8 memory T cells 
(66). Subsequently, cognate B-cell interactions regulate gene 
expression with the acquisition of optimal activity that estab-
lishes the memory T-cell capacity, as a consequence of down-
regulation of negative regulators of T-cell responses. Thus, it 
seems likely that the initial metabolic shifts and homeostasis 
and subsequent functional development of memory T cells to 
support humoral memory responses are differentially regulated 
through interactions with different types of antigen-presenting 
cells. Our model is supported by a recent study demonstrating 
that sustained interactions between TCR and antigens promote 
the differentiation of CD4 memory T cells in an LCMV infection 
model (67). Such strategic stepwise transcriptional regulation 
would be essential for CD4 memory T cells to become fully 
committed to their precise cell fate but also would allow their 
plasticity to give rise to different types of memory subsets in 
response to external stimuli after they polarize into the memory 
path. Identifying the signals that direct the stepwise develop-
ment of memory T cells will be important to address in the future.

There are several studies demonstrating the presence of 
CXCR5+ Tfh-cell memory in mice following LCMV virus infec-
tion (9, 68) and in response to protein antigens (10, 12, 13, 
69) and in human peripheral blood (54, 70–72). In this con-
text, our current studies do not support the idea that memory 
T cells are generated from Tfh cells undergoing develop-
ment in the GC. However, the shared genetic signatures of 
both Tfh cells and memory T cells raise the possibility that 
CD4+CD62Lhigh memory T-cell precursors are derived from 
Tfh lineage cells early in their development.

Initial activation of antigen-specific T cells occurs in the 
T-cell zone through cognate interaction with DCs, and acti-
vated T cells then migrate toward the B-cell follicle after 
up-regulating the chemokine receptor CXCR5 (63). Tfh-cell 
development initiates immediately during DC priming (73), 
and induction of Bcl6 and CXCR5 begins within the first 48 h 
of CD4+ T-cell priming by the second cell division in an acute 
virus infection (10, 62). Tfh cells finally become fate commit-
ted in the spleen within 72 h of responding to an acute infec-
tion, as assessed both by transcription factor expression and 
cell function (68). Likewise, in response to protein antigen, 
a strong increase in Bcl6 expression in dividing OT-II cells 
was detected in the draining LN within 1–2 days post-immu-
nization. CXCR5 was gradually up-regulated on dividing OT-II 
cells and expressed by a majority of the Bcl6+ population at 
around day 3 (65, 74). At this timepoint, Tfh cells began to 
enter the follicle in large numbers and underwent consider-
able proliferation (53, 75).

Histological studies suggest that within 1 day of exposure 
to antigen, responding B cells migrate to the border between 
the follicle and the T-cell zone. B cells pair with antigen-spe-
cific helper T cells by cognate or non-cognate interactions 
at 1–2 d post-immunization (75–78) and many cognate B–T 
interactions last much longer than non-cognate interactions 
between B cells and helper T cells (77). B cells may continue 
to survey for helper T cells, a process that could promote 

T-cell exchange, and long-term cognate interaction may pro-
vide sufficient time for the formation of immunological syn-
apses between the interacting B–T interfaces (79).

Taking into account these observations, we predict that 
CD62Lhigh memory T-cell development starts within the CXCR5–

Bcl6+ T-cell population at the T–B border, probably within 
2–3 d post-immunization. Cognate B cells may deliver sig-
nals that preferentially direct memory cell precursor fates by 
transcriptional regulation, as observed in Fig. 8. On the other 
hand, the Tfh fate is decided in interfollicular regions from day 
3 post-immunization, at which time a large fraction of B cells 
undergoes proliferation and development to GC B cells by 
expression of Bcl6. The Bcl6+ B cells then migrate into the fol-
licle to form GCs by day 4 post-immunization (75, 78).

Memory T cells are clearly heterogeneous populations. 
Of interest, generation of CXCR5− long-term CD4 T cells, 
together with CXCR5+ cells, has been reported 6 weeks after 
adoptive response of donor T cells from TEa T-cell recep-
tor transgenic (TCR Tg) mice (13); however, we could not 
detect long-lasting CXCR5+ Tfh cells of OT-II T-cell origin 
in adoptive hosts upon immunization with OVA and LPS as 
previously reported (23, 80). This does not depend on the 
intrinsic nature of OT-II T cells, because a small proportion of 
CXCR5+ Tfh cells of OT-II T-cell origin persisted for 3 weeks 
in dLN or spleens upon immunization with OVA in CFA (12). 
A  similar scenario has been observed in another adoptive 
transfer systems utilizing polyclonal T cells after immuniza-
tion with protein antigens in CFA or alum (53). As antigens in 
CFA or in alum persist at the injection sites much longer than 
OVA with LPS (81), it is conceivable that such potent antigen 
stimulation may prolong Tfh cell maintenance, in part owing 
to long-term persistence of GC reactions (24), and confer the 
capacity to differentiate into memory cells.

Persisting CXCR5+ Tfh cells remained after rapid contrac-
tion in the secondary recipients in the absence of cognate 
antigens, but a small number of cells promote the recall of Tfh 
cells upon potent reactivation (12, 13, 49). Thus, it seems that 
CXCR5+ Tfh cells can retain the effector programs to recall 
their lineage-specific response during the maintenance phase 
of memory differentiation in the absence of cognate antigen.

Finally, we show in this report that long-term Tcm cells 
express high levels of Gdpd3 gene transcripts and that this 
can distinguish them from other naive and effector T cells, 
including Tfh cells. Furthermore, Gdpd3 expression was 
induced in Tcm cells, but not Tfh cells, upon cognate GC 
B-cell interaction. Gdpd3 is a member of the glycerophos-
phodiester phosphodiesterase family, which has essential 
roles in the regulation of intracellular concentrations of glycer-
ophosphodiesters (26). Whether Gdpd3 confers a metabolic 
shift in Tcm cells remains to be elucidated.
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