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Naïve T cells proliferate and differentiate into memory cells after antigenic stimulation or in a
lymphopenic environment. We showed here transient increases in memory phenotype CD8+ T cell
numbers in the lymphopenic environment of spleens of very young mice. The magnitude of the
increase correlated with Bcl-6 expression in the T cells. Bcl-6 controlled the generation and
maintenance of antigen-specific memory phenotype CD8+ T cells in the spleens of immunized mice.
These data suggest that Bcl-6, which is essential for memory B cell development in germinal centers,
is a key molecule for the establishment not only of memory T cells but also of the peripheral T cell
compartment in infancy.
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Role for Bcl-6 in the generation and
maintenance of memory CD8+ T cells

Immunological memory plays a major role in host defense against infec-
tion. Expansion of antigen-specific T cells and their differentiation into
memory cells occurs during immune responses1–3. Memory T cells can
also be generated when mature T cells are placed in a lymphopenic envi-
ronment. Thus, mature T cells have the potential to undergo extensive and
spontaneous proliferation when small numbers of T cells are adoptively
transferred into syngeneic nude, recombination-activating gene 1 (RAG-
1)–deficient or sublethally irradiated syngeneic hosts4–12. This lymphope-
nia-induced expansion of naïve T cells requires specific T cell receptor
(TCR) interactions with self–major histocompatibility complex (MHC)
molecules loaded with self-peptides5–8 and can induce the surface pheno-
type of memory T cells on the mature T cells9–11. This is not accompanied
by an up-regulation of early activation markers (CD25, CD69), but does
result in the expression of several memory markers on the T cells, which
increase progressively with each successive cell division6–8,12. However,
the molecular mechanisms involved in memory T cell development are
currently unclear.

Naïve B cells also proliferate and differentiate into memory cells in
response to T cell–dependent antigens. Antigen-activated B cells interact
with CD4+ helper T cells in periarteriolar lymphoid sheaths in the spleen13

and migrate into the primary follicles to form germinal centers (GCs). GC
B cells proliferate extensively and somatically mutate their immunoglob-
ulin genes14,15. Affinity-matured GC B cells are then selected to differenti-
ate into memory B cells16,17. These GC B cells show high Bcl-6 expres-
sion18,19. Bcl-6 contains a bric-a-brac, tramtrack, broad complex (BTB),
also called the poxvirus and zinc finger (POZ), domain and Krüppel-type
zinc-finger motifs20–22. Because the BTB domain of Bcl-6 recruits the
silencing mediator of retinoid and thyroid receptor–histone deacetylase
complex23, Bcl-6 can function as a sequence-specific transcriptional
repressor. To test the functions of Bcl-6, its gene was disrupted in the
mouse germ line24–26. Although all hematopoietic lineages, including
mature lymphocytes, developed in Bcl-6–deficient mice, GC formation

was impaired in these mice due to an abnormality of B cells25. Thus, Bcl-
6 is essential in B cells for memory B cell development in GCs.

The relationship between the processes involved in T and B cell
memory generation is unknown. These two distinct lymphocyte popu-
lations could potentially share certain molecules required for the gen-
eration of memory cells. Because Bcl-6 is ubiquitously expressed in
various tissues, including mature T cells22, we studied the role of Bcl-6
in memory T cell development with Bcl-6–/– and Bcl-6–transgenic mice.
We show here that Bcl-6 is required for the maintenance of activated
CD8+ T cells at the memory cell stage during both lymphopenia- and
antigen-induced activation procedures. Thus, Bcl-6 is a key molecule
for the establishment of immunological memory for both T and B cells.

Results
Bcl-6 in memory phenotype CD8+ T cells
Because Bcl-6 is expressed in CD8+ T cells22, we analyzed the percent-
age of CD8+ T cells with a memory phenotype (CD44+Ly6C+CD122+)
in the spleens of Bcl-6–/– mice27. At 4 weeks of age, the percentage of 
T cells with this phenotype in Bcl-6–/– mice was lower than that in wild-
type mice (Fig. 1). Less than 1% of the CD8+ T cells in both wild-type
and Bcl-6–deficient spleens expressed CD25 and CD69 (data not
shown), confirming that the population represents memory, but not acti-
vated, T cells. If the lack of memory phenotype CD8+ T cells in Bcl-6–/–

mice was due to Bcl-6, then forced expression of this protein in T cells
should increase the numbers of memory phenotype cells. Indeed, we
observed a marked increase in the percentage of memory phenotype
CD8+ T cells in the spleens of 4-week-old transgenic mice that were
expressing murine Bcl-6 driven by the lck proximal promoter28

(referred to hereafter as Bcl-6–transgenic mice) (Fig. 1). In addition,
the Bcl-6 transgene—which was expressed specifically in T lineage
cells—rescued the defective accumulation of memory phenotype CD8+

T cells in the spleens of Bcl-6–/– mice (referred to hereafter as Bcl-6Res
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mice) (Fig. 1). This indicated that the presence of Bcl-6 in CD8+ T cells
per se is key to the generation of memory phenotype CD8+ T cells.

Properties of memory phenotype CD8+ T cells
To examine the properties of the memory phenotype CD8+ T cells in the
spleens of normal 4-week-old mice, we sorted splenic CD8+ T cells into
four subsets based on expression of the surface markers CD44 and Ly6C.
These were stages A (CD44–Ly6C–), B (CD44+Ly6C–), C (CD44+Ly6C+)
and D (CD44–Ly6C+). CD8+ T cells in stage C (CD44+Ly6C+) should
include memory T cells29. Memory T cells also express CD122 and Bcl-
210,11,30. Ninety-one percent of stage C T cells expressed CD122; they also
expressed more Bcl-2 compared to T cells in other stages (Fig. 2). More
cells in stages B and C were apoptotic, as detected by annexin V staining,
compared to cells from the other stages. Cell cycle analysis with propidi-
um iodide (PI) staining and in vivo 5-bromodeoxyuridine (BrdU) incorpo-
ration revealed that cell proliferation occurred mainly at stage B. Fewer, but
still large numbers of, stage C T cells were still in cell cycle, which was
consistent with the observed slow proliferation of memory T cells12,31,32. In
addition, a large population of stage C T cells produced interferon-γ (IFN-
γ) as early as 8 h after stimulation with anti-CD3 in vitro, whereas IFN-γ
production was less prominent among anti-CD3–stimulated CD8+ T cells
from the other stages. After antigenic stimulation, memory T cells differ-
entiate into effector cells more rapidly than naïve T cells33,34. Thus, these
results indicated that some, if not all, of stage C T cells in the spleens of
young mice were in fact functional memory T cells. In addition, the stage
C T cells of both Bcl-6–deficient and Bcl-6–transgenic mice secreted sim-
ilar amounts of IFN-γ (on a per cell basis) to wild-type memory T cells
after stimulation with anti-CD3 (data not shown). Thus, the changes in the
memory phenotype CD8+ T cell subset seen in Bcl-6–/– and Bcl-6–trans-
genic mice were quantitative rather than qualitative.

Transient memory phenotype CD8+ T cell expansion
Approximately 25% of CD8+ T cells in the spleen of normal 1-week-old
mice had a memory phenotype (Fig. 3a). Eight-week-old mice had a
lower percentage of stage C T cells compared to 4-week-old mice (Fig.
3a). The percentage of wild-type splenic CD8+ T cells in stages B and C
(CD44+CD25–) increased progressively to a peak of 50–60% at 4 weeks
of age, and then decreased to 20–30% at around 8 weeks of age (Fig. 3b).
Likewise, the number of splenic CD8+ stage C T cells increased and

reached a peak at around 4 weeks after birth and decreased thereafter
(Fig. 3c). The percentage of CD8+ T cells in stages B and C in the spleens
of Bcl-6–/– mice did not, however, show a peak at around 4 weeks after
birth and remained more or less constant at 25–30% until 9–10 weeks of
age. The absolute number of stage C splenic T cells in Bcl-6–/– mice also
remained low. Unlike wild-type mice, the numbers of stage C CD8+ T
cells in Bcl-6–transgenic mice did not fall after 4 weeks of age but rather
were maintained in high numbers until the mice were at least 25 weeks
of age (data not shown). These results suggested that Bcl-6 plays a key
role in the generation and maintenance of memory CD8+ T cells in the
spleens of very young mice.

Lymphopenia-induced CD8+ T cell proliferation
The above observations led us to consider the idea that the memory T cells
in very young mice might be generated by a mechanism similar to that of
lymphopenia-induced proliferation, termed homeostatic proliferation4–12.
Thus, we examined the proliferation of naïve CD8+ T cells in the spleens
of normal 3-week-old mice. Carboxyfluorescein diacetate-succinimidyl
ester (CFSE)-labeled naïve CD8+ T cells (stage A) of 3-week-old mice
barely divided in nonirradiated adult (12-week-old) mice, whereas they

Figure 1. Memory phenotype CD8+ T cells in the spleen of very young
mice. Expression of CD44 and Ly6C or CD44 and CD122 on CD8+ T cells in the
spleens of Bcl-6–deficient, Bcl-6–transgenic, Bcl-6Res and wild-type mice at 4 weeks of
age.The numbers indicate the percentage of CD8+ T cells in each quadrant.

Figure 2. Phenotype of CD8+ T cells in each
stage. CD8+ T cells from the spleens of wild-type 4-
week-old mice were sorted into four subsets (stages
A–D) by their expression of surface markers as fol-
lows: stage A (CD44–Ly6C–), B (CD44+Ly6C–), C
(CD44+Ly6C+) and D (CD44–Ly6C+).Their expression
of CD122, Bcl-2 and annexin V as well as cell prolifer-
ation were analyzed. In addition, those cells were stim-
ulated with plate-bound anti-CD3 for 8 h, and intra-
cellular IFN-γ production was determined. The num-
bers in parentheses and the dotted lines indicate mean
fluorescent intensity (MFI) and the profile of stage A 
T cells of Bcl-2 staining, respectively.The numbers indi-
cate the percentage of CD8+ T cells that stained posi-
tive for the indicated markers.
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proliferated vigorously in sublethally irradiated adult mice (Fig. 4a). In
the latter case, the transferred naïve CD8+ T cells progressively altered
their surface phenotype from that of stages A through B to C as they pro-
liferated (Fig. 4a, lower panels), in a manner similar to homeostatically
proliferating naïve CD8+ T cells from normal 12-week-old mice (data not
shown). Thus, splenic naïve CD8+ T cells from 3-week-old mice show a
similar potential for lymphopenia-induced proliferation as adult splenic
naïve T cells.

We then examined the splenic environment of very young mice by
transferring CFSE-labeled stage A T cells from wild-type adult (12-week-
old) mice into neonatal mice. When we transferred CFSE-labeled stage A
T cells into nonirradiated wild-type neonatal mice, stage A T cells prolif-
erated and differentiated into stage B, C and D T cells within 3 weeks after
transfer (Fig. 4b); this indicated that the spleens of very young mice—
even without irradiation—allowed naïve CD8+ T cells to proliferate and
differentiate into memory CD8+ T cells. Those CFSE+CD8+ T cells did not
express CD25 and CD69 1 week after transfer (data not shown). Similar
results were obtained when CFSE-labeled stage A T cells from 12-week-
old wild-type mice were transferred to nonirradiated wild-type mice at 3
weeks of age (data not shown). In contrast, the proliferation of transferred
naïve T cells was barely detectable in the spleens of nonirradiated hosts at
4 weeks of age or older (data not shown), which is consistent with our cur-
rent knowledge of homeostatic proliferation4–12. Thus, the spleens of very
young animals, unlike adult ones, appear to have a special environment in

which homeostatic proliferation can occur. We also observed that homeo-
static proliferation of CD8+ T cells was detected in the inguinal lymph
nodes of very young mice (data not shown). These results suggested that
the generation of memory CD8+ T cells through homeostatic proliferation
occurs physiologically in very young mice.

Maintenance of memory CD8+ T cells
From our previous data, one might predict that Bcl-6 controls the homeo-
static proliferation of CD8+ T cells. We tested this possibility by transfer-
ring CFSE-labeled naïve CD8+ T cells (stage A) from Bcl-6–/– or Bcl-
6–transgenic mice into sublethally irradiated normal adult mice. The per-
centages of stage B and C T cells generated from transferred naïve Bcl-6–/–

T cells were lower than those derived from transferred Bcl-6–transgenic or
wild-type cells, even 1 week after transfer; and the numbers of stage B and
stage C T cells generated from naïve Bcl-6–/– T cells decreased markedly
thereafter (Fig. 5a). In contrast, ∼80% of transferred Bcl-6–transgenic
CD8+ T cells stayed in stages B and C, even 5 weeks after transfer. By this
time, considerable numbers of the wild-type–transferred CD8+ T cells had
down-regulated CD44 expression. These phenotypic alterations were
reflected in the reduction of total numbers of transferred CD8+ T cells in
the spleens of irradiated hosts. (Bcl-6–/–, 3.0×106±0.8×106; wild-type,
4.1×106±0.5×106; Bcl-6–transgenic 5.3×106±0.9×106). These results sug-
gested that Bcl-6 is required for both the proliferation and maintenance of
memory T cells.

Figure 3. Transient expansion of memory phenotype CD8+ T cells in the spleen of very young mice. (a) Expression of CD44 and Ly6C on CD8+ T cells in the
spleens of normal mice. The numbers indicate the percentages of CD8+ T cells in each quadrant. The percentages of CD44+CD25– T cells (b) and numbers of stage C
(CD44+Ly6C+) T cells (c) within CD8+ T cells in the spleens of Bcl-6–/– (triangles), Bcl-6–transgenic (squares) and wild-type (circles) mice at various ages are shown. Data are
mean±s.e.m. of three to six mice.

Figure 4. Homeostatic proliferation of CD8+ T cells in the spleens of very young mice. CFSE-labeled naïve (CD44–Ly6C–) CD8+ T cells were transferred into nor-
mal syngeneic mice. (a) Cell division and expression of CD44 and Ly6C on CFSE+CD8+ T cells from wild-type 3-week-old mice were analyzed 1 week after transfer into
nonirradiated and irradiated 12-week-old mice. Dot plots show the expression of CD44 and Ly6C on CFSE+CD8+ T cells that had undergone the indicated numbers of divi-
sions. (b) Cell division and expression of CD44 and Ly6C on CFSE+CD8+ T cells of normal 12-week-old mice were analyzed 1, 2 and 3 weeks after transfer into wild-type
neonatal mice. Dot plots show the expression of CD44 and Ly6C on CFSE+CD8+ T cells in spleens.The numbers indicate the percentages of CFSE+CD8+ T cells in each quad-
rant.These results are representative of four independent experiments.

a b c

a b

©
20

02
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/im

m
u

n
o

l.n
at

u
re

.c
o

m



ARTICLES

http://immunol.nature.com       •       june 2002       •       volume 3 no 6       •      nature immunology 561

One might claim that the altered Bcl-6 expression in CD8+ T cells
affected their proliferation and/or cell death. Thus, we transferred CFSE-
labeled stage A T cells from Bcl-6–/– and Bcl-6–transgenic mice into irra-
diated normal adult mice and analyzed their proliferation and death. Bcl-
6–/– T cells proliferated (up to four divisions) within 1 week after transfer,
albeit slightly more slowly than wild-type cells (up to five divisions) (Fig.
5b). Likewise, Bcl-6–transgenic T cells proliferated (up to six divisions)
slightly better than control T cells, indicating that the initial proliferation
of CD8+ T cells in a lymphopenic environment is not markedly affected
by the amount of Bcl-6 expressed by the T cells. In addition, apoptotic T
cells in the transferred population were detected by annexin V staining.
The percentages of apoptotic cells were similar among the transferred
Bcl-6–/–, Bcl-6–transgenic and wild-type cells. Thus, the inability of Bcl-
6–/– CD8+ T cells to maintain memory cells in vivo is probably due to the
phenotypic changes, namely rapid conversion of stage C to stage DT
cells, rather than the death of memory CD8+ T cells.

Bcl-6 in antigen-induced memory CD8+ T cells
Altered Bcl-6 expression in CD8+ T cells may also affect the generation
and maintenance of memory CD8+ T cells induced during immune
responses to foreign antigens. To examine this, OT-I–transgenic35 and Bcl-
6–OT-I double-transgenic mice that expressed a TCR (Vα2,Vβ5) 
specific for the H-2Kb–restricted ovalbumin peptide (SIINFEKL)—which
consists of amino acids 257–264 and is referred to hereafter as
OVA(257–264)—were intravenously injected with OVA(257–264)-

pulsed dendritic cells. The generation of memory CD8+ T cells in the
spleen was then analyzed. One week after stimulation, >98% of Vα2+CD8+

T cells were Vβ5+, and <1% of the CD8+ T cells expressed CD25 and
CD69 (data not shown). The percentage of stage B and C Vα2+ T cells in
spleens increased 1 week after stimulation and remained more or less con-
stant in both OT-I– and Bcl-6–OT-I–transgenic mice for at least 4 weeks
(Fig. 6). The percentage of splenic stage C T cells in Bcl-6–OT-I–trans-
genic mice was about twice as high as that in OT-I–transgenic mice.
Accordingly, the absolute number of stage C T cells was higher in Bcl-
6–OT-I–transgenic mice (7.2×106±0.9×106) than in the OT-I–transgenic
mice (3.5×106±0.6×106). These results strongly suggested that Bcl-6 plays
a role in the generation and maintenance of memory CD8+ T cells induced
in response to antigenic stimulation in the spleen.

The effect of Bcl-6 on the generation and maintenance of antigen-
induced memory CD8+ T cells in the spleen was further confirmed with
Bcl-6–/– and Bcl-6–transgenic mice that did not carry a TCR transgene.
These mice were immunized with OVA(257–264)-pulsed dendritic cells
(DCs), and antigen-specific CD8+ T cells in the spleen were detected by
staining with OVA–major histocompatibility complex (MHC) class I
tetramers (OVA(257–264) tetramers). The percentage of OVA-specific
CD44+CD8+ T cells in wild-type mice immunized with OVA(257–264)-
pulsed dendritic cells, but not with nonpulsed dendritic cells, increased 1
week after stimulation and were detectable 4 weeks after stimulation
(Fig. 7). Although OVA-specific CD44+CD8+ T cells were generated in
Bcl-6–/– mice 1 week after stimulation, the percentage was lower than that

Figure 5. A role for Bcl-6 in homeostatic proliferation of CD8+T cells. CFSE-labeled
naïve (CD44–Ly6C–) CD8+ splenic T cells from Bcl-6–deficient, Bcl-6–transgenic or wild-type
mice with the Ly5.2 phenotype were transferred into irradiated normal syngeneic adult hosts
with the Ly5.1 phenotype. (a) Expression of CD44 and Ly6C on Ly5.2+CD8+ T cells was ana-
lyzed 1, 2 and 5 weeks after transfer.The numbers indicate the percentages of Ly5.2+CD8+

T cells in each quadrant.The numbers of Ly5.2+CD8+ T cells in the spleens were counted 5
weeks after transfer. Data are mean±s.e.m. of three to six mice. (b) Cell division and expres-
sion of annexin V on CFSE+CD8+ T cells in the spleen were analyzed 1 week after transfer.
The numbers indicate the percentages of CFSE+CD8+ T cells stained with each marker.These
results are representative of three independent experiments.

a b

Figure 6.A role for Bcl-6 in the generation of antigen-induced mem-
ory CD8+ T cells. OT-I–transgenic and Bcl-6–OT-I doubly transgenic mice
were immunized with OVA(257–264)-pulsed dendritic cells. Expression of
CD44 and Ly6C on Vα2+CD8+ T cells was analyzed in the spleens of naïve mice
(control) and immunized mice 1, 2 and 4 weeks after stimulation.The numbers
indicate the percentages of Vα2+CD8+ T cells in each quadrant.These results are
representative of three independent experiments.
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in wild-type mice and decreased to an amount that was virtually indis-
tinguishable from the background amounts (<0.1%) within 4 weeks of
stimulation. In contrast, the percentage of the same population in Bcl-
6–transgenic mice was initially high and was maintained for at least 4
weeks. When we immunized wild-type mice with vaccinia virus encod-
ing OVA (VV-OVA)36, OVA-specific CD44+CD8+ T cells were detected
in the spleen 10 weeks after stimulation. Again, the percentage and
absolute numbers of OVA-specific CD44+CD8+ T cells were highest in
Bcl-6–transgenic (7.9×104±1.8×104) and lowest in Bcl-6–/– (0.5×104)
mice; wild-type mice had 3.4×104±1.1×104 cells. These OVA-specific
CD44+CD8+ T cells bore stage C surface markers, and thus included
memory T cells (data not shown).

In summary, the percentage of antigen-induced memory CD8+ T cells in
spleens correlated well with the amount of Bcl-6 expressed by T cells,
which further supports the role played by Bcl-6 in the generation and main-
tenance of antigen-induced memory CD8+ T cells in the spleens of mice.

Discussion
We developed here a method for monitoring the differentiation pathway of
memory CD8+ T cells generated through homeostatic proliferation by cat-
aloging the cells in stages A–D, according to the surface markers they
expressed. Naïve CD8+ T cells in stage A expressed CD44 and moved into
stage B after transfer into lymphopenic mice. Because 30% of T cells in
stage B expressed CD122—a component of interleukin 15 receptor (IL-
15R)—and ∼20% of them were in cell cycle, IL-1532,37 might stimulate 
T cells in stage B to proliferate. Stage B T cells expressed Ly6C and moved
into stage C. Some of CD8+ T cells in stage C were still in cell cycle, hence
memory T cells can also undergo homeostatic proliferation12,31,32. In addi-
tion, the stage C T cells moved into stage D. However, it is not certain
whether after homeostatic proliferation, CD8+ T cells in stages B, C and D
return to stage A. CD8+ T (OT-I) cells transferred into irradiated syngeneic
adult hosts closely resemble memory cells during the first few weeks after
transfer but after 2 months they become naïve in terms of both phenotype
and function11. Naïve T cells detected in the spleens of irradiated hosts after
homeostatic proliferation result from de novo thymic T cell development of

hematopoietic stem cells present in the donor spleen38. Further work is
required to clarify whether memory phenotype CD8+ T cells can revert to
the naïve T cells in stage A. Nevertheless, we have shown here that Bcl-6
is required for CD8+ T cells activated through homeostatic proliferation to
stay at stages B and C.

The differentiation pathway of splenic memory CD8+ T cells during
homeostatic expansion may be similar to that of memory CD8+ T cells gen-
erated by antigenic stimulation. Bcl-6 plays a role in keeping antigen-acti-
vated CD8+ T cells in stage C. These results suggest that Bcl-6 is critical
for the homeostasis of memory CD8+ T cells generated both physiologi-
cally through homeostatic proliferation and in response to immunization.
Bcl-6 is also essential for memory B cell development in GCs24–26. In addi-
tion, the generation and maintenance of memory phenotype CD4+

T cells is well correlated with the amount of Bcl-6 in the T cells (unpub-
lished observation). Thus, Bcl-6 functions in the generation and mainte-
nance of immunological memory cells irrespective of the lymphocyte lin-
eage. Because Bcl-6 is required for activated CD8+ T cells to stay at the
stages that correlate with both functional memory cells and proliferating
cells, one may consider—by analogy—that Bcl-6 is important for activat-
ed B cells to stay at the GC stage, when B cells are proliferating extensively
and differentiating into memory cells. However, the role played by Bcl-6 in
activated CD8+ T cells may not be identical to that in GC B cells. Although
reduced, but significant numbers, of memory CD8+ T cells can be generat-
ed in immunized Bcl-6–/– mice, no GC B cells are detected in Bcl-6–/– mice.
Indeed, Bcl-6 is thought to play a role in survival of GC B cells26. In con-
trast the amount of Bcl-6 expression does not affect the cell death of acti-
vated CD8+ T cells under homeostatic proliferation. Whether the roles for
Bcl-6 in B and T cells are identical or not, unraveling the functions of Bcl-
6 at the molecular level (that is, the target genes of Bcl-6 action) will shed
new light on the mechanism of immunological memory generation and
maintenance and would help in the development of efficient vaccines.

The use of Bcl-6–/– and Bcl-6–transgenic mice enabled us to show that
homeostatic proliferation may have physiological relevance. This was sug-
gested by the finding that mature T cells proliferate and differentiated into
stage C memory phenotype cells in very young mice. The peripheral T cell
population expands after neonatal thymectomy of mice39,40, and naïve 
T cells proliferate strongly in neonatal mice41. Together, these results sug-
gest homeostatic proliferation may have important implications for the
ontogeny of the immune system. Because homeostatic proliferation of 
T cells normally requires a lymphopenic environment, the spleens of very
young mice may constitute a relatively lymphopenic environment, sug-
gesting that the supply from the thymus in very young mice is not enough
to fill all the available “space” in the spleen. In this regard, one could spec-
ulate that homeostatic proliferation in very young mice has evolved to
allow a rapid increase in the number of peripheral CD8+ T cells, compen-
sating for the presumably inefficient production of T cells by the thymus.
Notably, the increase in the T cell population is accompanied by the gen-
eration of large numbers of functional memory T cells. The abundance of
memory T cells—which respond more rapidly to antigens than naïve 
T cells33,34,42—would be beneficial to very young mice in protecting them
from pathogens. The magnitude of this type of proliferation and memory 
T cell generation is Bcl-6–dependent, as we have shown here. Thus, Bcl-6
is a versatile molecule in terms of host defense. It plays roles in the efficient
establishment of T cell immunity through homeostatic proliferation during
infancy, as well as in the generation and maintenance of memory T and 
B cells during immune responses.

Methods
Animals. C57BL/6 mice were from Japan SLC (Hamamatsu, Japan). Bcl-6–deficient mice27

were backcrossed to C57BL/6 mice five times. C57BL/6 Bcl-6–transgenic mice were generated

Figure 7. A role for Bcl-6 in the generation and maintenance of antigen-
induced memory CD8+ T cells. Bcl-6–deficient, Bcl-6–transgenic and wild-type
mice were immunized with OVA(257–264)-pulsed dendritic cells, nonpulsed DCs or
VV-OVA. OVA-specific CD44+CD8+ T cells in the spleen were detected by staining
with OVA-tetramers 1, 4 and 10 weeks after stimulation.The numbers indicate the
percentages of CD8+ T cells in each oval.These results are representative of three
independent experiments.
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as described28. Thymocytes and splenic T cells from the Bcl-6–transgenic mice produced two-
to threefold larger amounts of Bcl-6 protein than those from control littermates, as estimated by
immunoblotting (data not shown). One (number 83) of two independent lines (numbers 73 and
83) of Bcl-6–transgenic mice was crossed to Bcl-6–deficient mice to generate Bcl-6Res mice.
C57BL/6 (B6-Ly5.1) mice were from Charles River Japan (Tsukuba, Japan). OT-I–transgenic
mice35, which were originally established by W. R. Heath (The Walter and Eliza Hall Institute,
Victoria, Australia) were provided by H. Kosaka (Osaka University, Osaka, Japan). All these
mice were maintained under specific pathogen–free conditions in the animal center of Chiba
University School of Medicine.

Flow cytometric analysis of CD8+ T cells. Spleen cells from C57BL/6 mice were stained with
various monoclonal antibodies as follows. Spleen cells (106) were first blocked with unconju-
gated anti–CD32/16 (2.4G2, Pharmingen, San Diego, CA), followed by incubation with biotiny-
lated antibodies, and then incubation with directly conjugated antibodies and peridinine chloro-
phyll protein (PerCP)-streptavidin (Pharmingen). The following antibodies (Pharmingen) were
used for staining: allophycocyanin-CD8 (53-6.7), fluorescein isothiocyanate (FITC)-CD8, phy-
coerythrin (PE)-CD44 (IM7), allophycocyanin-CD44, FITC-CD122 (IL-2Rβ, TM-β1), FITC-
Ly6C (AL-21), biotin-Ly6C, FITC-CD25 (IL-2Rα, 7D4), FITC-CD69 (H1.2F3), FITC-Ly5.2
(104). H-2Kb tetramers bearing OVA(257–264) were provided by P. Marrack (National Jewish
Medical and Research Center, Denver, CO). Spleen cells (2×106) were incubated with 5–10
µg/ml of tetramers at 37 °C for 2 h. The remaining antibodies were then added and incubated
for 20–40 min before analysis on a FACSCalibur machine (Becton Dickinson, San Jose, CA).

Intracellular staining of Bcl-2 and analysis for apoptosis. Spleen cells from C57BL/6 mice
were stained with antibodies (allophycocyanin-CD8, PE-CD44 and biotin-Ly6C), and then sub-
jected to intracellular staining for Bcl-2 with the CytoFix-Cytoperm kit, according to the manu-
facturer’s instructions (Pharmingen). For intracellular Bcl-2 staining, FITC-conjugated mouse
anti–human Bcl-2 (124, Dako, Carpinteria, CA) or its isotype control antibody (mouse IgG,
Dako) was used. Apoptotic cells were detected by the FITC–annexin V kit following the manu-
facturer’s instructions (Bender MesSystem, Vienna, Austria).

Cell cycle analysis. Cell cycle analysis was done as described44. Briefly, CD8+ T cells from each
stage were sorted from spleen cells with a FACSVantage, and purified CD8+ T cell subpopula-
tions were incubated in hypotonic lysis buffer that contained PI (0.1% sodium citrate, 0.01%
Triton X, 0.1 mg/ml of RNase A and 0.1 mg/ml of PI). The DNA content in each nucleus was
analyzed on a FACSCalibur (Becton Dickinson) with CellQuest software. BrdU (1 mg) was
injected intraperitoneally into 4-week-old mice. After 3 h, spleen cells were isolated and stained
with allophycocyanin-CD8, PE-CD44 and biotin-Ly6C. After surface staining, these cells were
further stained with anti-BrdU with the BrdU Flow kit, according to the manufacturer’s instruc-
tions (Pharmingen).

IFN-γ production by CD8+ T cells. Purified CD8+ T cells were incubated in the presence or
absence of immobilized anti-CD3 (145-2C11) for 3 h. These cells were then cultured with
Monensin (2 µM) for another 5 h and stained with antibodies (allophycocyanin-CD8, PE-CD44
and biotin-Ly6C). These stained cells were further fixed with 4% paraformaldehyde and made
permeable with 0.5% Triton X-100. The cells were incubated with anti–IFN-γ (XMG1.2-FITC,
Pharmingen) to detect intracellular IFN-γ on a FACSCalibur.

Homeostatic proliferation. Spleen cells from C57BL/6 mice were incubated with a mixture of
antibodies to CD4, Mac-1, NK1.1, CD44, Ly6C and B220, followed by antibody-coated
microbeads (Miltenyi Biotec, Auburn, CA) with 2 beads/cell, then purified on a SuperMACS
cell sorter (Miltenyi Biotec). Magnetically purified naïve CD8+ T cells (>90% pure) were labeled
with CFSE. These CD8+ T cells were injected intravenously into C57BL/6 mice that had been
irradiated (7 Gy) 2 days before transfer or intraperitoneally into nonirradiated mice.

Induction of antigen-specific memory CD8+ T cells. DCs were prepared from bone marrow
cells of C57BL/6 mice by culturing in 1000 U/ml of GM-CSF (produced from the
B78Hi/GMCSF45 cell line, which was provided by H. Levisky, Johns Hopkins, Baltimore, MD)
and IL-4 in complete RPMI 1640 medium. On day 6 of culture, those cells were stimulated with
LPS (1 µg/ml) for 24 h and incubated with 2 µg/ml of OVA(257–264) for 3 h. OVA(257–264)-
pulsed DCs (5×106) were injected intravenously into mice. In other experiments, VV-OVA46 was
propagated as described36 and 2×106 plaque-forming units (PFU) of VV-OVA were used to chal-
lenge mice intravenously.
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