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CD4T cell memory is fundamental for long-lasting immunity and effective secondary

responses following infection or vaccination. We have previously found that memory

CD4T cells specific for systemic antigens preferentially reside in the bone marrow (BM)

and arise from splenic CD49b+T-bet+ CD4T cells. However, how BM-homing memory

precursors are generated during an immune reaction is unknown. We show here that

BM memory precursors are generated via augmented rates of cell division throughout

a primary immune response. Treatment with the cytostatic drug cyclophosphamide or

blockade of the CD28/B7 co-stimulatory pathway at the beginning of the contraction

phase abrogates the generation of BM memory precursors. We determine that,

following a critical number of cell divisions, memory precursors downregulate CCR7 and

upregulate IL-2Rβ, indicating that loss of CCR7 and gain of IL-2 signal are required for

the migration of memory precursors toward the BM.
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INTRODUCTION

Memory CD4T cells are crucial for effective and long-lasting immunity against pathogens. During
a primary immune response, CD4T cells are activated by antigen-presenting cells (APCs), and
following a period of clonal expansion, a small number of antigen-specific CD4T cells differentiate
into long-lived memory cells. The activation commonly occurs via interaction of the TCR and
the peptide-MHC class II (pMHC) complex in secondary lymphoid organs (SLOs). To generate
memory cells, it has been reported that the affinity and duration of interaction between the TCR
and pMHC are critical, although co-stimulatory molecules, the cytokine milieu and the cellular
microenvironment are also crucial determinants (1–3). High-affinity T cells differentiate into a
large number of memory cells due to their greater expansion (4, 5). By contrast, in case of infection
or lymphopenia, even very low-affinity antigens support memory development (6, 7). Regarding
the duration of antigenic stimulation, Kim et al. have shown that Th1 memory fate correlates with
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longer duration of TCR-pMHC interaction, but not with the
affinity of the TCR-pMHC interaction or the ability to expand (8).
By contrast, Blair et al. have suggested that a lengthened period
of antigenic stimulation during the primary immune response
may be deleterious to memory generation (9). However, in vitro-
differentiated effector cells could differentiate into memory cells
in MHC class II-deficient hosts (10). Despite these many studies,
it is still controversial how long antigen-specific naive CD4T cells
interact with APCs and how many rounds of cell division are
required for the generation of memory cells in vivo. Previous
studies in mice (11) and humans (12) revealed that resting
memory CD4T cells specific for systemic antigens preferentially
reside in the BM, expressing Ly-6C highly. Moreover, BM
memory CD4T cells could produce cytokines more quickly in
vitro and provide more efficient help for B cells in vivo compared
to splenic cells (11). Inmice, some activated CD4T cells favorably
migrate into the BM in an integrin α2 (CD49b)- and CD69-
dependent manner during a primary immune response (11,
13, 14). We have previously defined CD49b+T-bet+ activated
CD4T cells generated during a primary immune response in
the spleen as the precursors of BM memory CD4T cells (15).
However, it remains unclear how the duration of T cell-APC
interaction and the rate of cell division upon activation influence
the generation of BM memory precursors. We herein show that
activated CD4T cells require a specific amount of cell divisions
to differentiate into BM memory precursors. In addition, the
expression of the chemokine receptor CCR7 on the memory
precursors is specifically downregulated with progressing rounds
of cell division, whereas IL-2Rβ is upregulated, suggesting that
the downregulation of CCR7 and the upregulation of IL-2Rβ

in the course of enhanced cell division are required for the
generation of BM memory CD4 T cells.

MATERIALS AND METHODS

Mice
C57BL/6 (Charles River), Ly5.1 C57BL/6 (The Jackson
Laboratory), Rag1-deficient (The Jackson Laboratory),
ovalbumin-specific TCR transgenic (tg) (OT2, The Jackson
Laboratory) (housed by DRFZ), lymphocytic choriomeningitis
virus (LCMV) glycoprotein (GP)61−80-specific TCR tg
(SMARTA) (16), and T-bet-ZsGreen reporter (17) mice
were used. CCR7 KO mice were generated by the targeted
deletion of the first part of exon 1 of the Ccr7 gene through
co-injection of Cas9 mRNA and small guide RNAs for the
target sequence (cagccaagccatgtaccttg) into C57BL/6 embryos.
To examine the frequency of cycling cells, mice were injected
intraperitoneally with 1mg bromodeoxyuridine (BrdU) in
200 µl PBS once on day 5 after immunization. To block cell
division and co-stimulatory signal, mice were treated with 50
mg/kg cyclophosphamide (CyP, Sigma) intravenously or 200
µg CTLA-4 Ig (BioXcell) intraperitoneally. To block CCL21
and IL-2, mice were treated with 50 µg of anti-CCL21 (goat
IgG, R&D Systems) or 1mg anti-IL-2 (S4B6) intraperitoneally.
In each experiment, experimental groups were sex-matched
and age-matched and used within 6–16 weeks of age. All mice
were maintained under specific pathogen-free conditions. All
mouse experiments were performed in accordance with the

German law for animal protection and with permission from
the responsible governmental authority, and in compliance
with the guidelines of the Institutional Animal Care and
Use Committee.

Flow Cytometry
Flow cytometric analyses were conducted according to published
guidelines (18). Single-cell suspensions were prepared from the
spleen and BM of individual mice. The viability of cells was
assessed by trypan blue exclusion. For cell surface staining, cells
were stained for 20min at 4◦C with monoclonal antibodies
against CD4 (GK1.5), CD122 (TM-β1), CD44 (IM7), B220 (RA3-
6B2), CD49b (HMa2), CXCR3 (CXCR3-173), CD62L (MEL-14),
NK1.1 (PK136), Thy1.1 (OX-7), CCR7 (4B12, BioLegend) PD-1
(HA2-7B1, Miltenyi) and respective isotype controls. PE-labeled
MHC class II tetramers (I-A(b) LCMV GP66−77 and I-A(b)
human CLIP87−101) were obtained through the NIH Tetramer
Core Facility and stained as described (19). To exclude dead
cells, cells were stained with 1µg/ml propidium iodide prior to
data acquisition (Sigma). Intracellular staining for Ki-67 (SolA15,
ThermoFisher) and BrdU (BU20A, BioLegend) was performed
according to the manufacturer’s protocol. Cells were acquired on
a BD Fortessa flow cytometer (BDBioscience) and analyzed using
the FlowJo X software (FlowJo, LLC).

Cell Sorting, Adoptive Transfer, and
Immunization
Naïve Thy1.1+ LCMV GP61−80-specific (SMARTA, LCMV GP-
specific) CD4T cells were negatively sorted with MojoSortTM

Mouse CD4 Naïve T cell Isolation Kit (BioLegend) according to
the manufacturer’s protocol. To sort CFSEhi/lo cells, a FACSAria
cell sorter (BD Biosciences) was used. One million sorted naïve
CD4T cells were transferred intravenously. At the indicated
time points mice were immunized intraperitoneally with 100 µg
LCMV-GP61−80 peptide (LCMV-gp61, synthesized by Genecust)
and 10 µg LPS (O111:B4, Sigma) in 200 µl PBS. To test cell
division, naïve Thy1.1+ LCMV GP-specific CD4T cells were
labeled with 5µMCFSE according to themanufacturer’s protocol
(BioLegend) followed by adoptive transfer and immunization.

Immunofluorescent Staining and Confocal
Microscopy
For immunofluorescence staining, samples were fixed in 4%
paraformaldehyde overnight and equilibrated in 30% sucrose.
Cryostat sections of adult spleen were stained with monoclonal
antibodies against CD4 (RM4-5), Thy1.1 (HIS51) and CD11c
(N418) (BioLegend). All histological analyses were carried out
with a confocal laser microscope (LSM710, Carl Zeiss).

Retroviral Infection
Viral particles were generated in HEK293T cells by calcium
phosphate transfection using the packaging plasmid pCGP
and the envelope plasmid pECO and (20, 21). A pQCXIX
CD122 shRNA vector was generated by cloning the following
oligonucleotides (forward 5′- TGGACCTCCTTGACATAAAT
TTCAAGAGAATTTATGTCAAGGAGGTCCTTTTTTC−3′,
reverse 5′- TCGAGAAAAAAGGACCTCCTTGACATAAATTC
TCTTGAAATTTATGTCAAGGAGGTCCA−3′) into the HpaI
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and XhoI restriction sites of pQCXIX. Splenocytes from Thy1.1+

SMARTA mice were stimulated with LCMV-gp61 for 24 h and
then sorted CD4T cells were added to virus-containing medium
supplemented with HEPES-buffer (20mM) and polybrene
(8µg/ml) and were centrifuged for 1.5 h at 32◦C, 400 x g. As a
control, a scrambled shRNA vector was constructed as described
(22). pQCXIX has a GFP marker for positive gating.

In vitro Stimulation of Naive CD4T Cells
Naive CD4T cells from C57BL/6 mice were isolated as described
above and stimulated with plate-coated anti-CD3 (145-2C11,
1µg/ml) and anti-CD28 (37–51, 10µg/ml) in the presence
of anti-IL-2 (S4B6, 20µg/ml) or isotype control, in case of
inhibitors, in the presence of Wortmannin (0.8µM, Sigma),
STAT5 inhibitor (20µM, Tocris) or DMSO for 48 h at 37◦C.
Following stimulation, cells were washed and then incubated
for 48 h.

Statistical Analyses
All statistical analyses were performed using two-tailed
Student’s t-test.

RESULTS

CD49b±CXCR3± Memory Precursors Are
Characterized by Enhanced Cell Division
Throughout the Primary Immune Response
We first examined the frequency of cell division in activated
CD4T cell subpopulations including BM memory precursors.
We have previously found that splenic CD49b+T-bet+ CD4T
cells contain a population of BM memory precursors (15). T-
bet directly trans-activates the gene encoding the chemokine
receptor CXCR3 (23, 24). Hence, we hypothesized that CXCR3
would mirror T-bet expression and that CXCR3 would be
expressed on the BM memory precursor subset. To test this,
naive CD4T cells from the spleen of T-bet-ZsGreen and LCMV
GP-specific TCR tg mice were sorted and transferred them into
C57BL/6 mice followed by immunization with LCMV-gp61 plus
lipopolysaccharide (LPS). The expression of T-bet and CXCR3 in
activated CD4T cells directly correlated in the spleen and BM
(Figure S1A) and most CD49b+T-bet+ (ZsGreen+) activated
CD4T cells in the spleen expressed CXCR3 (Figure S1B).
Moreover, CXCR3+ activated CD4T cells contained memory
precursors as well as T-bet+ cells, because they preferentially
migrated into the BM following cell transfer (Figure S1C). These
data indicate that CXCR3 can be used as an equivalent marker to
T-bet for the detection of memory precursors during a primary
immune response. CFSE-labeled LCMVGP-specific naive CD4T
cells were transferred and four subpopulations defined by
expression of CD49b and CXCR3 in LCMVGP-specific activated
CD4T cells were analyzed for cell division by CFSE dilution on
day 5 after immunization, when CFSE fluorescence in divided
cells was still detectable above background (Figure 1A). About
75% of the CD49b+CXCR3+ subpopulation had divided 7
or more times (≥7) compared to other subpopulations that
ranged from 28 to 58% of cells that had divided more than
7 times (Figure 1A). Alternatively, in an immune response

to ovalbumin, CD49b+CXCR3+ subpopulation of the antigen-
specific activated CD4T cells also divided more times compared
to other subpopulations (Figure S1D). In line with this, the
CD49b+CXCR3+ subpopulation was strongly enriched in the
most divided (≥7) LCMV GP-specific activated CD4T cells,
increasing from 3.5% of cells to 16.4% of cells after the 6th
division (Figure 1B). Interestingly, about 90% of cells that had
already migrated into the BM have experienced ≥7 rounds of
cell division (Figure 1A). To examine whether cell division is
associated with the ability to migrate into the BM, CFSEhi and
CFSElo activated CD4T cells were sorted from the spleen on day5
after immunization and transferred into naive mice (Figure 1C).
Significantly, CFSElo cells were enriched in the BM compared to
CFSEhi cells, suggesting that highly divided activated CD4T cells
contain BM memory precursors. In chronic immune response,
some highly divided CD8T cells can be exhausted, expressing
PD-1 (25). Although BMmemory CD4T cells express PD-1 lowly
(Figure S1E), they are sufficiently functional in vivo and in vitro
(11, 19).

In our immunization model with antigen plus LPS, antigen-
specific CD4T cells in the SLOs expand until day 4 after
immunization and then quickly decrease in the contraction
phase of the immune response (11, 13). To examine if cell
division of CD49b+CXCR3+ activated CD4T cells is sustained
at the beginning of the contraction phase of a primary
immune response (i.e., on days 5 and 6 after immunization),
LCMV GP-specific CD4T cell-transferred mice were injected
with BrdU on day 5 after immunization and analyzed for
the incorporation of BrdU in four subpopulations defined
by different expression of CD49b and CXCR3 on day 6
after immunization (Figure 2A). BrdU+ cycling LCMV GP-
specific CD4T cells were significantly enriched within the
CD49b+CXCR3+ subpopulation. Ki-67 is a marker strictly
associated with cell proliferation, which is present during all
active phases of the cell cycle (G1, S, G2 and mitosis) but is absent
in resting (quiescent) cells (G0) (26). In all subpopulations, the
expression of Ki-67 was not different on days 4 and 21 after
immunization (Figure 2B, left and right). Remarkably, a much
larger proportion (38%) of the CD49b+CXCR3+ subpopulation
expressed Ki-67 on day 6 after immunization, compared to 1–
9% of Ki-67+ cells within the other subpopulations (Figure 2B,
middle). These data suggest that BM memory precursors
undergo sustained cell division for longer times than the
non-CD49b+CXCR3+ subpopulations.

Expansion of CD49b±CXCR3± Activated
CD4T Cells Can Be Diminished by
Inhibition of Cell Proliferation and
Co-stimulatory Signals in the Contraction
Phase of a Primary Immune Response
Cell proliferation can be abrogated with a cytostatic
drug, cyclophosphamide (CyP) (27). To demonstrate that
CD49b+CXCR3+ activated CD4T cells are affected by
treatment with CyP at the beginning of the contraction
phase, mice were transferred with LCMV GP-specific naive
CD4T cells, injected with CyP or PBS on day 5 after
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FIGURE 1 | CD49b±CXCR3± memory precursors exhibit enhanced cell division. Purified CFSE-labeled Thy1.1+ LCMV GP-specific CD4T cells were transferred

intravenously into C57BL/6 mice followed by intraperitoneal immunization with 100 µg LCMV-gp61 and 10 µg LPS, and analyzed on day 5 after immunization by flow

cytometry. (A) Numbers of cell divisions in activated CD4T cell subpopulations. A gating plot displays subsets defined by expression of CD49b and CXCR3 within

Thy1.1+CD4+CD44hiB220−NK1.1−PI− cells in the spleen and all subpopulations in the BM. Histograms display the dilution of CFSE in each subpopulations. Gates in

histograms indicate the rounds of divisions that CFSE-labeled cells have undergone by day 5. A bar chart represents the percentages of each CFSE-diluted

population n = 6. (B) Frequencies of the CD49b+CXCR3+ subpopulation in splenic activated CD4T cells that have undergone the indicated numbers of cell divisions

(div.) n = 6. (C) Highly divided CD4T cells preferentially migrate into the BM. CFSEhi and CFSElo cells were sorted from activated CD4T cells on day 5 after

immunization as described above, transferred into RAG1-deficient mice and 2 h later analyzed for Thy1.1+ cell numbers in the spleen and BM of host mice. The

transfer efficiency was compensated by co-transferred Ly5.1+ splenocytes. Dot plots show the dilution of CFSE after sorting n = 4. These data are representative of

two or more independent experiments. Data are shown as mean ± SD. **p < 0.01, n.s.: not significant. SP, single positive; DN, double negative.

immunization and analyzed for the expression of CD49b
and CXCR3 in splenic LCMV GP-specific CD4T cells on
day 6 after immunization (Figure 2C). The frequency of the
CD49b+CXCR3+ subpopulation was significantly reduced by
treatment with CyP. Co-stimulatory signaling via the interaction
of CD28 expressed on T cells with B7 expressed on APCs
is essential for the functional activation and proliferation of
antigen-specific CD4T cells. To examine whether co-stimulation
signaling at the beginning of the contraction phase is involved
in the expansion of highly proliferative CD49b+CXCR3+

activated CD4T cells, the CD28/B7 co-stimulatory pathway
was blocked by administration of a CTLA-4 Ig fusion protein
(28). Transferred and immunized mice were injected with
CTLA-4 Ig or a human IgG control (hu-IgG) on days 4 and 5
after immunization and analyzed on day 6 (Figure 2D). The

frequencies of the CD49b+CXCR3+ subpopulation within
LCMV GP-specific CD4T cells were significantly and specifically
reduced in CTLA-4 Ig-treated animals compared to the hu-IgG
treated controls. To test whether the sustained cell proliferation
of the CD49b+CXCR3+ subpopulation is induced by prolonged
contact with DCs, frozen sections of spleens harvested on
day 6 after immunization were histologically analyzed for
interaction of DCs with T-bet+ or T-bet− Thy1.1+ antigen-
specific CD4T cells or Thy1.1− endogenous CD4T cells. Around
60% of T-bet+ antigen-specific CD4T cells were found to be
in contact with CD11c+ DCs in the T cell area, called the
periarteriolar lymphoid sheaths (PALS) of the spleen, whereas
only 25% of T-bet− cells contacted CD11c+ cells (Figure 3).
These data indicate that CD49b+CXCR3+ activated CD4T
cells require sustained cell proliferation and co-stimulatory

Frontiers in Immunology | www.frontiersin.org 4 January 2020 | Volume 10 | Article 3113

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Sarkander et al. Th Memory Requires Enhanced Division

FIGURE 2 | CD49b±CXCR3± memory precursors are highly dividing throughout the primary immune response. C57BL/6 mice were transferred with purified Thy1.1+

LCMV GP-specific CD4T cells, immunized with LCMV-gp61 and LPS and on day 6 after immunization analyzed by flow cytometry and confocal microscopy. (A) More

CD49b+CXCR3+ memory precursors incorporated BrdU at the beginning of the contraction phase of a primary immune response. Mice were injected intraperitoneally

with 1mg of BrdU on day 5 after immunization. Dot plots show the expression of BrdU in each subpopulation (right) and a bar chart shows the percentage of BrdU+

cells in each subpopulation n = 9. (B) Expression of Ki-67 in each subpopulation of activated CD4T cells. A bar chart represents the percentages of Ki-67+ cells in

splenic subpopulations defined by the expression of CD49b and CXCR3 on days 4, 6, and 21 after immunization n = 7. (C) Injection of CyP reduces numbers of BM

memory precursors. Mice were injected intravenously with 50 mg/kg CyP or PBS on day 5 after immunization. Dot plots show the expression of CD49b and CXCR3

within splenic Thy1.1+CD44hiCD4+B220−NK1.1−PI− cells of CyP- or PBS-treated mice. A bar chart displays the percentages of the CD49b+CXCR3+ subpopulation

n = 11. (D) CTLA-4 Ig reduces numbers of BM memory precursors. Mice were injected intraperitoneally with 200 µg CTLA-4 Ig or human IgG on days 4 and 5 after

immunization n = 12. These data are representative of two or more independent experiments. Data are shown as mean ± SD. *p< 0.05, ***p< 0.001.

signaling that extends into the contraction phase of a primary
immune response.

Highly Proliferative CD49b±CXCR3±

Activated CD4T Cells Rapidly
Downregulate CCR7 and Upregulate
IL-2Rβ
We have previously shown that BM resting memory CD4T
cells express low levels of CCR7 and high levels of IL-2Rβ

(11), and that BM memory precursors relocate from the PALS
to the red pulp around day 6 after immunization (15). CCR7
contributes to the migration and persistence of CD4T cells
in(to) the PALS of the spleen (29) and IL-2 signaling is required
for the transition of effector to memory CD4T cells (30). On
day 6 after immunization, CD49b+CXCR3+ activated CD4T
cells significantly downregulated CCR7 and upregulated IL-2Rβ

compared to other subpopulations (Figures 4A,B). Expression of
IL-2Rα was already lost in all the subpopulations on days 4 and 6
(data not shown). Downregulation of CCR7 and upregulation of
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FIGURE 3 | Memory precursors preferentially contact DCs at the beginning of

the contraction phase. Splenic sections from mice transferred with

T-bet-ZsGreen (green) tg LCMV GP-specific CD4T cells and immunized were

stained with anti-Thy1.1 (blue), anti-CD11c (red) and anti-CD4 (white). A bar

chart represents the quantification of Thy1.1− (endogenous CD4+),

T-bet−Thy1.1+ and T-bet+Thy1.1+ cells in contact with CD11c+ cells in the

PALS. Scale bar, 100µm (left) and 20µm (right) n = 100–200. These data are

representative of three independent experiments. Data are shown as mean ±

SD. **p < 0.01.

IL-2Rβ in CD49b+CXCR3+ activated CD4T cells also correlated
with the number of cell divisions (Figures 4C,D). Our data
indicate that downregulation of CCR7 and upregulation of
IL-2Rβ first occurs in the spleen, and that the majority of BM
memory CD4T cells are IL-2RβhiCCR7lo. The splenic precursors
of BM CD4 memory T cells can therefore be defined as
CD49b+CXCR3+IL-2RβhiCCR7lo cells (Figure 4E).

Highly Proliferative CD49b±CXCR3±

Activated CD4T Cells Are Defined by Loss
of CCR7 and Gain of IL-2Rβ
To determine if downregulation of CCR7 promotes themigration
of memory precursors to the BM, antigen-specific CD4T
cells in CCR7 wildtype (WT) or knockout (KO) mice were
analyzed on day 6 after immunization (Figures 5A–C). In

these mice, antigen-specific CD4T cells were detected by MHC
class II tetramer staining for LCMV GP66−77. In the spleen,
CCR7-deficient antigen-specific CD4T cells were activated and
expanded normally (Figure 5A). However, about 2-fold more
CCR7-deficient memory precursors in the spleen, about 5-fold
more in the blood and 8-fold more CCR7-deficient antigen-
specific CD4T cells in the BM, were detected compared to
WT cells (Figures 5A–C), suggesting that the downregulation
of CCR7 positively contributes to the migration of the memory
precursors toward the BM. In addition, the increased migration
into the BM was also evident when CCL21, a major ligand of
CCR7 in the spleen (31–33), was blocked once on day 5 after
immunization, although memory precursors in the spleen were
not increased (Figures 5D,E).

To investigate the role of IL-2Rβ in the generation
of BM memory CD4T cells, the expression of IL-2Rβ

was knocked-down by retrovirus-mediated RNA interference
(Figure 6A). Knockdown of IL-2Rβ reduced the frequencies
of CD49b+CXCR3+ CD4T cells, in particular the expression
of CD49b, a homing receptor of CD4T cells to the BM
(14), but not the expansion of antigen-specific CD4T cells.
Similarly, mice that were injected with anti-IL-2 antibodies
during the activation phase exhibited an impaired generation
of CD49b+CXCR3+ CD4T cells in the spleen and an impaired
migration of antigen-specific CD4T cells into the BM while
numbers and cell division of antigen-specific CD4T cells in
the spleen were not greatly affected (Figures 6B–D). To test
whether loss of IL-2 signal directly affects the expression of
CCR7, mice that were injected with anti-IL-2 antibodies were
analyzed for the expression of CCR7 (Figure S1F). However,
a blockade of IL-2 did not affect the expression of CCR7 in
the remaining CD49b− CD4T cell population. Some naive
CD4T cells stimulated in vitro by anti-CD3 and anti-CD28
antibodies for 2 days and then incubated without stimulation
for 2 additional days express CD49b and CXCR3 (34, 35). To
test whether the co-expression of CD49b and CXCR3 is affected
by IL-2 blockade, naive CD4T cells were stimulated in the
presence of anti-IL-2 or the isotype control. Treatment of anti-IL-
2 reduced the frequencies of CD49b+CXCR3+ CD4T cells and
CD4T cells highly expressing Ly-6C, a marker of BM-resident
memory CD4T cells (Figures 7A,B). IL-2 induces the activation
of phosphoinositide 3-kinase (PI3K) and signal transducer and
activator of transcription 5 (STAT5) (36). Inhibition of PI3K but
not STAT5 reduced the frequencies of CD49b+CXCR3+ and Ly-
6Chi CD4T cells (Figures 7C,D), suggesting that IL-2 enhance
the generation of memory precursors via PI3K activation. These
data show that the egress from the spleen and the migration
into the BM is controlled by downregulation of CCR7 and
upregulation of IL-2Rβ. In summary, our data indicate that the
enhanced cell division leads to the transition of activated CD4T
cells into BM memory precursors.

DISCUSSION

We have previously shown that splenic CD49b+T-bet+ activated
CD4T cells include the precursors of resting BMmemory CD4T
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FIGURE 4 | BM memory precursors downregulate CCR7 and upregulate IL-2Rβ following cell division. As described in Figure 1, C57BL/6 mice were transferred,

immunized and analyzed by flow cytometry on day 5 after immunization. (A,B) CD49b+CXCR3+ memory precursors express low level of CCR7 and high level of

IL-2Rβ. The geometric mean of fluorescent intensity (MFI) of CCR7 (A) and IL-2Rβ (B) expression in splenic subpopulations defined by expression of CD49b and

CXCR3 is shown n = 8. (C,D) Cells with enhanced numbers of divisions downregulate CCR7 and upregulate IL-2Rβ in the CD49b+CXCR3+ subpopulation. The

GMFI of CCR7 (C) and IL-2Rβ (D) within the CD49b+CXCR3+ subpopulation is shown for each cell division (n = 7). (E) IL-2RβhiCCR7lo cells are enriched in the

CD49b+CXCR3+ subpopulation. Gating plots (left) show the expression of CCR7 and IL-2Rβ in splenic subpopulations defined by expression of CD49b and CXCR3

and all subpopulations of the BM. A bar chart displays the percentages of IL-2RβhiCCR7lo cells in each subpopulation of the spleen and all subpopulations of the BM

n = 8. These data are representative of two independent experiments. Data are shown as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, n.s.: not significant.

cells. We herein show that CD49b+CXCR3(T-bet)+ BMmemory
precursors are differentiated through enhanced proliferation
that extends into the contraction phase of a primary immune
response. Treatment with cyclophosphamide and CTLA-4 Ig
after the peak of cell expansion specifically reduced the numbers
of BM memory precursors. BM memory precursors that had
divided 7 times or more, displayed the lowest expression of
CCR7 and highest levels of IL-2Rβ. A deficiency of CCR7 or a
blockade of CCL21 markedly increased the migration of memory

precursors into the BM whereas a knockdown of IL-2Rβ and a
blockade of IL-2 reduced the numbers of BMmemory precursors
by suppressing the expression of CD49b, a homing receptor
of CD4T cells to the BM. Our data therefore indicate that
differentiation of BM memory precursors requires sustained cell
division throughout a primary immune response to migrate
toward the BM.

It has remained controversial whether memory CD4T
cells have differential requirements for cell division to obtain
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FIGURE 5 | Loss of CCR7 enhances the differentiation of BM memory precursors and the migration of activated CD4T cells into the BM. (A–C) A deficiency of CCR7

increases the migration of memory precursors into the BM. CCR7 WT or KO mice were immunized twice with LCMV-gp61 and LPS and on day 6 after the second

immunization analyzed for the enumeration of LCMV GP-specific CD4T cells in the spleen (A), BM (B) and peripheral blood (C) by LCMV GP-specific MHC class II

tetramer staining. Dot plots show the expression of CD44 and binding of LCMV GP-specific tetramer or control tetramer (hCLIP) in CD4+B220−NK1.1−PI− cells. Bar

charts show the numbers and frequencies of LCMV-tetramer positive CD44hi CD4T cells (A–C) and the frequency of CD49b+CXCR3+ cells within splenic

LCMV-tetramer positive CD44hi CD4T cells (A) n = 9. (D,E) Blockade of CCL21 increases the migration of memory precursors into the BM. Mice transferred and

immunized as described in Figure 1 were injected intraperitoneally with 50 µg anti-CCL21 or isotype control on day 5 after immunization. Numbers of total Thy1.1+

CD4T cells and the frequency of the CD49b+CXCR3+ subpopulation in the spleen (D) and numbers of total Thy1.1+ CD4T cells in the BM (E) on day 6 after

immunization are shown n = 4. These data are representative of two independent experiments. Data are shown as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001,

n.s.: not significant.

longevity. Chang et al. have previously suggested an asymmetric
division model for effector and memory T cell differentiation
(37). To become an effector cell, T cells need to contact APCs
proximally and divide more. By contrast, T cells located distally
to the APCs stop cell division earlier and are proposed to
favor memory generation. However, we show here that BM
memory precursors are in prolonged contact with DCs and
divide more than other responding subpopulations. We have

previously shown that B cells suppress the generation of BM
memory CD4T cells (15), and other groups have shown that
B cells enhance the generation of splenic memory CD4T cells
(38–41). These data show that BM and splenic memory CD4T
cells are generated in a distinct manner, although it still remains
unclear if splenic memory CD4T cells are generated according
to an asymmetric division model. Our study, rather, supports a
long duration model of interaction with DCs for BM memory
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FIGURE 6 | Loss of IL-2 signal inhibits the differentiation of BM memory precursors. (A) Knock-down of IL-2Rβ reduces numbers of CD49b+CXCR3+ memory

precursors. C57BL/6 mice were transferred with preactivated and IL-2Rβ shRNA- or scrambled (Scr.) shRNA-transduced Thy1.1+ LCMV GP-specific CD4T cells,

immunized with LCMV-gp61 and LPS and analyzed on day 6 after immunization by flow cytometry. The histogram shows the efficiency of IL-2Rβ shRNA-mediated

knock-down (filled histogram, isotype control; dashed line, Scr. shRNA; solid line, IL-2Rβ shRNA) and the dot plots show the expression of CD49b and CXCR3 in

Thy1.1+CD44hiCD4+B220−NK1.1−PI− cells. The bar charts display the numbers of total Thy1.1+ LCMV GP-specific CD4T cells (left) and the frequency of

CD49b+CXCR3+ subpopulation (right) n = 6. (B–D) Injection of anti-IL-2 reduces numbers of CD49b+CXCR3+ memory precursors. As described in Figure 1,

C57BL/6 mice were transferred, immunized and analyzed by flow cytometry on day 6 after immunization, receiving 1mg of anti-IL-2 or isotype control on days 0, 2,

and 4. The dot plots show the expression of CD49b and CXCR3 in Thy1.1+CD44hi CD4T cells. The bar charts display the numbers of total Thy1.1+ CD4T cells (B,

left) and the frequency of CD49b+CXCR3+ subpopulation (B, right), the dilution of CFSE in each subpopulation in the spleen (C) and the BM (D) n = 4. These data

are representative of two independent experiments. Data are shown as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, n.s.: not significant.

CD4T cell formation, and suggests that enhanced cell division
contributes to the migration toward the BM. We here show the
formation of antigen-specific memory CD4T cells in an immune
response. Based on these findings, the formation of pathogen-
specific memory CD4T cells in a persistent immune response,
e.g., LCMV infection, could be investigated.

CCR7 is required for the persistence of CD4T cells in the
T cell area of SLOs (29). We have previously shown that T-
bet+ activated CD4T cells preferentially egress from the T cell
area of the spleen (15). To egress from the T cell area into
the red pulp or other tissues, e.g., BM, memory precursors
require the downregulation of CCR7 coupled with sufficient
numbers of cell divisions. It still remains unclear, however, how
cell division affects the transcription and chromatin remodeling
of IL-2Rβ and CCR7. In addition, antigen-specific CD4T cells
may expand more in CCR7-deficient situation, since the sum

of splenic and BM antigen-specific CD4T cells increases twice
in CCR7-deficient mice. These results suggest that in CCR7-
deficient mice, CD4T cells can grow well in the expanded
area and also can efficiently generate memory cells by loss of
CCR7. The transition of effector to memory cells has been
described to be dependent on IL-2 (30). Additionally, IL-2
signaling during priming has been shown to enhance long-
term survival of CD4T cells (42). Thus, to survive long-term
as memory cells, CD4T cells require the early upregulation
of IL-2Rβ. We here show that IL-2 signals via IL-2Rβ induce
not only survival but also the PI3K-dependent expression of
CD49b which is required for the transmigration of activated
CD4T cells into the BM through sinusoids (14). However, a link
between the activation of PI3K and the transcription/translation
of CD49b should be further investigated. In conclusion, we
propose that prolonged DC contact and enhanced cell division
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FIGURE 7 | IL-2 enhances the differentiation of memory precursors via PI3K in vitro. (A,B) Blockade of IL-2 reduces the frequency of CD49b+CXCR3+ subpopulation

in in vitro-activated CD4T cells. Naive CD4T cells from C57BL/6 mice were stimulated with anti-CD3/CD28 for 48 h in the presence of anti-IL-2 or isotype control and

then incubated for 48 h. The frequencies of CD49b+CXCR3+ in activated CD4T cells (A) and Ly-6Chi cells in CXCR3+ activated CD4T cells (B) are shown. (C,D)

Inhibition of PI3K reduces the frequency of CD49b+CXCR3+ subpopulation in in vitro-activated CD4T cells. Naive CD4T cells from C57BL/6 mice were stimulated

with anti-CD3/CD28 for 48 h in the presence of Wortmannin, STAT5 inhibitor or DMSO and then incubated for 48 h. The frequencies of CD49b+CXCR3+ in activated

CD4T cells (C) and Ly-6Chi cells in CXCR3+ activated CD4T cells (D) are shown n = 6. These data are representative of two independent experiments. Data are

shown as mean ± SD. ***p < 0.001, n.s.: not significant.

direct the migration of memory precursors into BM survival
niches via downregulation of CCR7 and the upregulation
of IL-2Rβ.
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