Lo L

P

2N

BCL6b mediates the enhanced magnitude of the
secondary response of memory CD8" T lymphocytes

Peter M. Manders**, Patricia J. Hunter**, Aino I. Telaranta*, James M. Carr*, Jennifer L. Marshall*, Marlene Carrasco*,
Yusuke Murakami*, Michael J. Palmowski*, Vincenzo Cerundolo*, Susan M. Kaech$, Rafi Ahmed?",

and Douglas T. Fearon*!

*Wellcome Trust Immunology Unit, Department of Medicine, University of Cambridge, Medical Research Council Centre, Hills Road, Cambridge CB2 2QH,
United Kingdom; *Cancer Research UK Tumor Immunology Unit, Weatherall Institute of Molecular Medicine, John Radcliffe Hospital, Headley Way, Oxford
0OX3 9DS, United Kingdom; $Section of Immunobiology, Yale Medical School, 300 Cedar Street, TAC S641, P.O. Box 208011, New Haven, CT 06520-8011; and
TEmory Vaccine Center and Department of Microbiology and Immunology, Emory University School of Medicine, 1510 Clifton Road, Atlanta, GA 30322

This contribution is part of the special series of Inaugural Articles by members of the National Academy of Sciences elected on May 1, 2001.

Contributed by Douglas T. Fearon, March 3, 2005

A characteristic of the secondary response of CD8* T cells that
distinguishes it from the primary response is the generation of
greater numbers of effector cells. Because effector CD8* T cells are
derived from a pool of less differentiated, replicating cells in
secondary lymphoid organs, and because IL-2 mediates effector
differentiation, the enhanced secondary response may reflect the
enlargement of this generative pool by the transient repression of
IL-2-mediated differentiation. We have examined for this function
the transcriptional repressor BCL6b, a homologue of BCL6 that
represses IL-2-induced B cell differentiation. BCL6b is expressed in
a small subset of antigen-experienced CD8* T cells. Ectopic expres-
sion of BCL6b in CD8™* T cells diminishes their growth in response
to IL-2 in vitro. Female mice in which the BCL6b gene has been
interrupted have normal primary responses of CD8* T cells to
infection with vaccinia expressing the H-Y epitope, Uty, but Uty-
specific, BCL6b—/~, memory CD8* T cells have diminished recall
proliferative responses to this epitope in vitro. BCL6b~/~ mice also
have normal primary CD8* T cell responses to influenza infection,
but nucleoprotein peptide-specific, BCL6b—/~, memory CD8* T cells
have a cell autonomous defect in the number of effector cells
generated in response to reinfection. Therefore, BCL6b is required
for the enhanced magnitude of the secondary response of memory
CD8* T cells.
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he secondary response of CD8" T cells has three distin-

guishing characteristics that enable it to control viral infec-
tions more efficiently than does the primary response: immedi-
ate antiviral defense, more rapid production of new effector
CD8™" T cells, and the generation of greater numbers of effector
CD8* T cells. The mechanisms involved in the first and second
characteristics have been defined: the immediate antiviral re-
sponse is mediated by “effector” memory CD8* T cells that are
maintained by the cytokines IL-7 and IL-15 (1-3) and by CD4*
T cells (4), and the accelerated production of new effector CD8*
T cells reflects the relatively high frequency of “central” memory
CD8* T cells that replicate in response to viral antigens (5). The
mechanism underlying the capacity of the secondary response
for generating larger numbers of effector CD8* T cells, however,
remains unknown but presumably must be related to the factors
that govern antigen-driven proliferation of CD8" T cells.

The proliferation of CD8" T cells during a primary response has
two, probably sequential, phases. The first phase occurs in second-
ary lymphoid tissue, is independent of the cytokines IL-2 (6), IL-4
(7), IL-7 (8), or IL-15 (9), and is not associated with differentiation
to an effector cell, as indicated by the inability of cells generated in
the absence of IL-2 or IL-15 signaling to make IFN-vy or exhibit
immediate cytotoxic T cell activity (9). The second phase correlates
with emigration of the activated CD8" T cells to peripheral,
nonlymphoid tissues, may be mediated by IL-2, and is associated
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with the acquisition of effector functions by the responding CD8*
T cells (10). This phase may correspond to the IL-2-dependent
proliferation and differentiation of CD8* T cells that has been
shown to be programmed by the prior ligation of the T cell receptor
(TCR) (11). Because the number of cellular divisions mediated by
IL-2 signaling is finite (11), and religation of the TCR after cellular
stimulation by IL-2 causes activation-induced cell death (12), it is
likely that variability in the number of effector CD8* T cells that are
generated during a primary response is determined mainly by the
first phase of proliferation in the secondary lymphoid tissues
draining sites of infection.

Although a similar, two-phase pattern of proliferation for mem-
ory CD8" T cells has not been shown, some findings indicate its
occurrence here also. The first, lymphoid tissue phase may be
inferred from the finding that memory CD8* T cells that have not
passed through an effector stage of development, and therefore
have maintained the property of naive CD8* T cells for localizing
to lymphoid tissues, mediate secondary proliferative responses (9).
Furthermore, even memory CD8" T cells that may have been
effector cells but have reverted to a high level of CD62L expression,
which promotes homing to lymph nodes, have more robust sec-
ondary proliferative responses than do memory cells with low
CD62L (13). The occurrence of the second, peripheral tissue phase
is indicated simply by the finding of differentiated effector cells
during a secondary response. Therefore, as with the primary
response, the magnitude of the secondary CD8" T cell response
may be determined by how many cells comprise the antigen-
dependent, cytokine-independent phase of proliferation in the
secondary lymphoid organs that drain sites of infection.

One means by which the size of the proliferating pool of CD8*
T cells in secondary lymphoid organs might be increased would be
to prevent their emigration by suppressing IL-2-dependent differ-
entiation to effector cells. An example of this process has been
found with germinal center B lymphocytes that express the tran-
scriptional repressor BCL6, which inhibits IL-2 mediated, signal
transducers and activators of transcription (STAT)-dependent dif-
ferentiation of activated B cells to plasma cells (14). Without BCL6,
the antigen-stimulated clones of B cells do not accumulate to form
rapidly replicating clusters of cells, termed germinal centers (15—
17). Because this process is analogous to that being proposed for
increasing the cytokine-independent pool of replicating memory
CD8" T cells, we have examined a homologue of BCL6, BCL6b,
also termed BAZF (18), for its possible role in the ability of

Abbreviations: TCR, T cell receptor; p.i., postinfection; CTL, cytotoxic T lymphocyte.
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memory CD8* T cells to generate large numbers of effector CD8*
T cells in secondary immune responses.

Materials and Methods

Real-Time and Single-Cell RT-PCR. Total RNA was extracted from
sorted human CD8 T cells with Absolutely RNA RT-PCR
(Stratagene), and reverse transcription was carried out by using
the ProSTAR First-Strand RT-PCR Kit (Stratagene). Total
RNA was purified from sorted murine CD8 T cells. The amount
of amplicon generated during the PCR was measured by using
an Applied Biosystems 7700 (Applied Biosystems). The se-
quences of the primers and TagMan probes used were as follows:
murineBCL6b forward, 5'-ATCTTCCTAAATGGAGGTGA-
GTTGTC-3'; murine BCL6b reverse, 5'-TTCGAACCCAG-
GCAAACC-3"; murine BCL6b probe, 5'-FAM-CCACCAAG-
GAGGCCCAGCATCA-TAMRA-3’; hypoxanthine guanine
phosphoribosyltransferase (HPRT) forward, 5'-TTAAGCAG-
TACAGCCCCAAAATG-3'; HPRT reverse, 5'-CAAACTT-
GTCTGGAATTTCAAATCC-3'; HPRT probe, 5'-FAM-
CCTTTTCACCAGCAAGCTTGCAACCTT-TAMRA-3';
human BCL6b forward, 5'-ACCCCTCAGAGCACACAA-
GG-3’; human BCL6b reverse, 5'-GGCCCCGGAAAATT-
GAATAG-3"; human BCL6b probe, 5'-FAM-AGTTCT-
CATCGCCTGCAGTGGCTTCT-TAMRA-3'; B-actin for-
ward, 5'-TCACCCACACTGTGCCCATCTACGA-3'; B-actin
reverse, 5'-CAGCGGAACCGCTCATTGCCAATGG-3'; and
B-actin probe, 5'-FAM-ATGCCCXCCCCCATGCCATCCT-
GCGT-TAMRA-3'.

Single cells were sorted into 15 ul of buffer A, One-Step RT-PCR
buffer (Qiagen, Crawley, U.K.), containing 0.75 ul of RNase OUT
(Invitrogen). Plates were immediately frozen and stored at —70°C
until use. Each RT-PCR consisted of 15 ul of cell lysates in buffer
A and 15 pl of Mastermix [3 ul of 5X Qiagen OneStep RT-PCR

A

I 12 kb

buffer/1.2 ul of Qiagen OneStep RT-PCR Enzyme Mix/0.45 ul of
25 mM dNTPs (Amersham Pharmacia)/1.5 ul of RNase OUT
(Invitrogen)/0.6 ul of HotStarTag DNA polymerase (Qiagen)/
4.65 pl of Nuclease-Free Water (Ambion, Huntingdon, U.K.)/0.6
wl of of each 15-uM primer]. Primers for CD3e mRNA were as
follows: forward, 5'-TGA AGT AAT GAG CTG GCT GCG-3;
reverse, 5'-AGC AGA CGT AGT AGC CAC TGT CCT-3'.
Primers for BCL6b mRNA were as follows: forward, 5'-GCA GCA
GTG AAG AAG GAA CCA-3';reverse, 5'-TGC GGCTGT GTG
TTT TTA GGT-3'. RT-PCR was performed by using a GeneAmp
9700 thermal cycler (Applied Biosystems): 60 min at 50°C; 15 min
at 95°C; and 45-50 cycles of 30 s at 94°C, 30 s at 55°C, 45 s at 72°C;
and 5 min at 72°C. Second PCR was run with 1/25 dilution of an
RT-PCR in 50 ul of HotstarTaq Mastermix. The semi-nested
forward primer (0.6 uM) for CD3e was 5'-AAA GTC TCC ATC
TCA GGA ACC AGT-3’; and reverse primer for BCL6b was
5'-AGG TCG GTT AAA ACG TCG TCC-3'". The PCR program
was as follows: 15 min at 95°C; 40 cycles of 30 s at 94°C, 30 s at 55°C,
45 s at 72°C; and 5 min at 72°C. The identity of all BCL6b PCR
products was confirmed by sequencing.

To determine the sensitivity of the single-cell RT-PCR, purified
BCL6b mRNA was prepared by using Ambion RT-PCR Compet-
itor Construction kit and measured by using Rediplate 96 Ri-
bogreen RNA quantitation kit (Invitrogen). Two-fold dilutions of
BCL6b mRNA, alone or spiked into lysates of single
CD8*CD44'°¥CD62L" cells, were assayed by using the single-cell
RT-PCR method.

Gene Targeting. A 12-kb EcoRI fragment containing the BCL6b
gene was isolated from a 129-mouse genomic DNA library. A
targeting vector was constructed in which nucleotides 14—114 of the
second exon of BCL6b were replaced with an hCD2 reporter (gift
of D. Littman, Skirball Institute, New York University, New York)
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followed by, in reverse orientation, a loxP-flanked neomycin resis-
tance cassette (gift of A. MacKenzie, Medical Research Council
Laboratory of Molecular Biology, Cambridge, U.K.). In addition,
three copies of the SV40 polyA signal were inserted into the Accl
site of exon 3. The linearized construct was injected into E14 129
mouse ES cells. G418-resistant clones were screened by PCR for
homologous recombination by using a 5’ flanking sense primer
5'-GCCACATCGTCATCCAGGGTC-3' and an antisense primer
from the hCD2 gene 5'-TGGAGACTGCACCTTTGGAAG-3'
followed by confirmation using Southern blot and the 3’ flanking
probe (Fig. 1). Targeted clones were injected into C57BL/6 (B6)
blastocysts. Chimeric 129 males were crossed with 129 females, and
germ-line transmission of the targeted allele was detected by
Southern blot and by PCR using the primers 5'-ATGCTGAGTC-
CGCTATCTGATG-3" (sense), 5'-GAACTGCCTTGTGT-
GCTCTTA-3' (antisense, wild-type), and 5'-TGGAGACTGCAC-
CTTTGGAAG-3' (antisense, mutant).

Viral Infection of Mice. For analysis of CD8* T cell responses to the
H-Y Uty epitope, mice were infected intravenously with 3 X 10°
plaque-forming units of recombinant vaccinia/Uty (19). Purified
CD4" and CD8* T cells were prepared by magnetic-activated cell
sorting (MACS) beads (Miltenyi Biotec, Cologne, Germany). In
some in vitro cultures, 20 units of murine IL-2 (mIL-2) (R & D
Systems) was added on days 1, 3, and 5. Purified memory CD4* T
cells were stimulated with splenocytes taken 2 days after infection
of mice with vaccinia. To detect anti-vaccinia antibody responses,
ELISA plates that had been coated with lysates of vaccinia-infected
TK cells were incubated with dilutions of murine serum, followed
by washing and addition of biotin anti-mouse IgG1 and biotin
anti-mouse IgG2a (BD Biosciences). Intracellular IFN-y was de-
tected in CD8" T cells stimulated with the 10~ M Uty peptide
(WMHHNMDLI) as described (BD Biosciences). In vitro cytolytic
activity of restimulated splenocytes of vaccinia-Uty immunized
mice was evaluated by a standard 5-h 3!Cr release assay by using
EL-4 target cells pulsed with 1 uM Uty-peptide or control NP
peptide (ASNENMDAM). D®/Uty-specific CD8% T cells were
detected by the binding of D*/NP tetramers (Prolmmune, Oxford).

Mice were infected intranasally with 40 hemagglutinating
units (HAUs) of the A/WSN strain of influenza, or infected i.p.
with 10,000 HAU of the A/x31 strain. D?/NP-specific CD8* T
cells were enumerated by the binding of DP/NP tetramers. The
capacity of CD8% T cells from mice previously infected with
influenza to produce IFN-y was assessed by intracellular cyto-
kine staining after in vitro stimulation with the H-2 DP-restricted
NP peptide, ASNENMETM.

Retroviral Expression of BCL6b in Murine CD8™ T Cells. The retroviral
vector pMIG was a generous gift from J. C. Zuniga-Pfliicker
(Sunnybrook and Women’s College Health Sciences Centre,
Toronto). The cDNA encoding murine BCL6b (18) was mutated
by substituting alanine for Ser-160 and Ser-186 to alter a
potential PEST (proline, glutamate, serine, and threonine)
domain, and inserted into pMIG by means of Xhol and EcoRI
sites. The pCL-ECO packaging construct was a gift from F.
Randow (Medical Research Council Laboratory of Molecular
Biology, Cambridge, U.K.).

Moloney murine leukemia virus (MMLV) expressing either
EGFP alone (pMIG-IRES-EGFP) or with BCL6b (pMIG-BCL6b-
IRES-EGFP) was produced by transiently transfecting the eco-
tropic Phoenix packaging cell line (G. Nolan, Stanford University
School of Medicine, Stanford, CA) at 70% confluency with an
equimolar ratio of pMIG and the packaging construct, pCL-ECO,
by using 20 ug of total DNA using a modified calcium-phosphate
transfection protocol (20). All retroviral stocks used had titers >3 X
10° infectious units/ml, as assessed by infection of NIH 3T3 cells.

Replicate samples of 1 X 10° CD8* T cells from the spleens of
12- to 16-week-old male OT-1 Rag ™/~ transgenic mice (21) were
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Table 1. Expression of BCL6b by human and murine CD8* T cells
as assayed by real-time RT-PCR

mRNA ratio

CD8* T cells BCL6b/actin BCL6b/HPRT
Human

Naive (CD45RA*, CD28*) 0.6 X 1074

Memory (CD45RA~, CD28%) 12 X 1074

Naive (CD45RA*, CCR7%) 0.5 x 104

Central memory (CD45RA-, CCR7™) 6.6 X 104

Effector memory (CD45RA~, CCR77) 5.5 X 104

Db/gp33-specific murine
Naive 0.2 X103
Central memory (CD62Lhigh) 3 %X 103
Effector memory (CD62L'ow) 2.7 X103

cultured with 2 X 10° A20 cells that had been treated with 500
pg/ml mitomycin C (Sigma-Aldrich), in 0.2 ml of complete me-
dium containing 200 ng/ml anti-CD3e (clone 145-2C11, BD Bio-
sciences) and 5 ug/ml anti-IL2 (clone JES6-1A12, eBioscience, San
Diego) in 96-well flat bottom tissue culture plates. Two days
postactivation, CD8" T cells were restimulated by using the original
conditions in 50 wl of complete medium and infected with the
pMIG-IRES-EGFP and pMIG-BCL6b-IRES-EGFP retroviruses,
respectively, by addition of 150 ul of viral supernatant per 1 X 10°
cells and 6 pg/ml protamine sulfate. After 16 h, the cells were
washed and replated in the presence of anti-CD3e and anti-IL-2.
Viable CD8" T cells were measured by flow cytometry using
counting beads (Caltag, South San Francisco, CA).

Results

Expression of BCL6b by Memory CD8+ T Cells. BCL6D is expressed in
the lung and heart of mice, but its expression in specific populations
of CD8* T cells has not been examined quantitatively (18). To
determine whether BCL6b is expressed by CD8" T cells, popula-
tions of naive and memory CD8* T cells were purified from human
peripheral blood, and their content of BCL6b mRNA was mea-
sured by real-time quantitative PCR. Memory CD8* T cells,
defined by their expression of the CD45RA™ isoform and CD2S,
had 20-fold more BCL6b mRNA than did naive CD8" T cells
(Table 1). When naive and central and effector memory CD8* T
cells were purified based on their pattern of expression of CD45RA
and CCR?7, both central and effector subpopulations were found to
have increased expression of the transcription factor. These findings
with human lymphocytes were extended by measuring mRNA
levels in murine memory CD8™ T cells taken from the spleens of
mice that had been infected 60 days previously with lymphocytic
choriomeningitis virus (22). Both central and effector memory
CD8* T cells, as distinguished by high and low expression of
CD62L, respectively, had ~10-fold higher levels of BCL6b mRNA
than did naive CD8* T cells (Table 1).

The low level of BCL6b mRNA in human and murine memory
CD8" T cells, relative to actin or hypoxanthine phosphoribosyl-

Table 2. Expression of BCL6b mRNA by single CD8* T cells

CD8* T cell population BCL6b™ cells/CD3e* cells

Naive
Wild-type, CD44'ow, CD62LMigh, splenic 0/211
F5 Rag1-/-, DP/NP*, splenic 0/204
Antigen-stimulated
Wild-type, 14 days post-i.v. vaccinia/Uty, 3/111*

splenic, DP/Uty ™"

*Differs from frequency of BCL6b* cells among naive CD8" T cells, Fisher’s
exact test, P = 0.009.
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Table 3. Inhibition by BCL6b of IL-2 induced CD8* T cell growth
Change in EGFP* cell number, %

Retrovirus —IL-2 +IL-2
pMIG-IRES-EGFP —53 *+12 103 =19
pMIG-BCL6b-IRES-EGFP —47 + 9* —1 = 10**

Percentages were calculated based on changes in cell numbers after 72 h of
culture of retrovirally transduced cells in the presence or absence of IL-2. The
numbers represent the means = SEM of three separate experiments. *, P =
0.69and **, P = 0.008 by unpaired ttest for the differences between the vector
control and BCL6b-expressing cells.

transferase (HPRT) mRNA levels, suggested that only a subpopu-
lation of these cells expressed the transcription factor. This possi-
bility was evaluated by assaying BCL6b mRNA in single murine
CD8" T cells derived from populations of naive and antigen-
stimulated cells. The detection limit of the RT-PCR assay was found
to be eight copies of BCL6b mRNA, and successful sorting of a
single T cell was positively controlled by finding CD3e mRNA.
BCL6b mRNA was not detected in 415 single, naive CD8* T cells,
taken either from C57BL6/J mice or from the F5 transgenic mouse
strain expressing a TCR specific for a peptide from the influenza
nucleoprotein in the context of H-2 D® and on a Rag™~ back-
ground (23) (Table 2). The identification of naive cells in the former
population relied on the markers CD44'°% and CD62L"e", and F5

A +/+

Day 0

s 3
b [ o 1

Day 6
Db-Uty tetramer

Db/UTY-Specific CD8 T Cells (%) O
[s+]

0 7 4 5 6
Time of in vitro re-stimulation (days)

Fig. 2.

CD8* T cells were highly unlikely to have responded to environ-
mental antigens. In contrast, BCL6b mRNA was detected in 3/111
CD8™ T cells specific for the H-2 DP restricted H-Y epitope, Uty,
that were purified from the spleens of female mice that had been
infected 14 days earlier with vaccinia expressing the Uty peptide
(Fisher’s exact test, P = 0.009). Therefore, although different viral
systems were used to assess BCL6b expression at the population and
single-cell levels, these results are consistent with the possibility that
the increase in BCL6b mRNA in memory CD8+ T cell populations
(Table 1) reflects the presence of a small subpopulation of cells
expressing higher levels of BCL6b.

Suppression of IL-2-Dependent Growth of CD8* T Cells by BCL6b. To
determine whether BCL6D shares with BCL6 a capacity to regulate
lymphocyte responses to IL-2, CD8* T cells were infected with a
bicistronic retroviral vector encoding BCL6b and EGFP. CD8" T
cells from OT-I, Rag~/~ mice and expressing a transgenic TCR
specific for the DP-restricted SIINFEKL peptide of ovalbumin were
activated by culture with anti-CD3 and mitomycin C-treated A20 B
lymphoma cells expressing FcyRII and CD70; the former served to
cross-link T cell-bound anti-CD3, and the latter to ligate CD27 for
initial proliferation and maintenance of viability. Neutralizing
anti-IL-2 was included to suppress differentiation. On the second
day, cells were infected with retroviral vectors directing the expres-
sion of either EGFP alone or with BCL6b. After two additional days
of stimulation with anti-CD3 and A20 cells in the presence of
anti-IL-2 the number of EGFP*, CD8" T cells in the cultures was

B ++ /-

Day 0

Day 6

60

DB/UTY-Specific Lysis (%)

In vitro restimulation of DP/Uty-specific CD8 T cells from mice that had been infected with vaccinia/Uty. (A and B) The frequency of DP/Uty-specific

CD8* T cells in splenocytes of BCL6b*/* and BCL6b~/~ mice 2 weeks post-vaccinia/Uty infection, as determined by binding of DP/Uty tetramers (A) or Uty
peptide-induced synthesis of IFN-vy (B) before and after restimulation with irradiated male B cells for 6 days. The numbers under each panel are the percentages
of total CD8* T cells binding the DP/Uty tetramer or synthesizing IFN-y in response to the Uty peptide. (C) Changes during in vitro restimulation in the percentages
of CD8* T cells from primed BCL6b*/* mice (filled symbols) and BCL6b~/~ mice (open symbols) that are D?/Uty tetramer® (squares) or IFN-y* (triangles) (¥, P <
0.05 for BCL6b*/* vs. BCL6b /7). (D) Cytotoxic activity of splenocytes from BCL6b*/* (filled symbols) and BCL6b ~/~ mice (open symbols) after restimulation toward
EL-4 target cells pulsed with Uty peptide (solid lines) or control peptide (dashed lines).
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measured. IL-2, 200 units/ml, or anti-IL-2 was then added to
replicate samples of cells that were restimulated again with anti-
CD3 and A20 cells, and the cultures were continued for a further
72 h when the cell number measurements were repeated. Without
addition of IL-2, the numbers of vector control CD8+ T cells
decreased by approximately one-half, whereas addition of IL-2
caused an approximate doubling of their cell number (Table 3). The
expression of BCL6b did not alter the loss of cells in the absence of
IL-2 but significantly diminished the increase caused by addition of
IL-2. Therefore, although we are unable to determine whether the
amount of BCL6b expressed by these cells was physiological
because there are no known primary or transformed T cell lines that
express BCL6b to serve as reference standards, these findings
indicate that BCL6b at least has the potential for suppressing
IL-2-mediated signaling in CD8* T cells.

Generation of BCL6b—/~ Mice. The BCL6b gene was inactivated by
replacing codons 1-33 in exon 2 with a human CD2-pgk/neo
cassette, and inserting a polyadenylation signal at codon 95 in exon
3, leaving the first downstream, in-frame methionine at codon 119,
which is distal to the poxvirus and zinc finger (POZ) domain (Fig.
1A). The locus was appropriately targeted, as assessed by Southern
blot with probes distinguishing between the right and left arms of
the wild-type and recombinant alleles (Fig. 1B). Northern blot
analysis was performed on mRNA prepared from the lung of
BCL6b~/~, BCL6b™/~, and BCL6b™/* mice by using as the probe
c¢DNA containing the 5’ coding sequence up to the site at which the
polyA signal had been inserted. This probe identified the normal,
3.8-kb band in mRNA from a BCL6b™/* mouse, and revealed a
truncated transcript of 0.53 kb in mRNA from a BCL6b~/~ mouse
(Fig. 1C). The latter band did not hybridize with a human CD2
cDNA probe but did with a probe containing intronic sequences
between exons 2 and 3 (data not shown), indicating that introduc-
tion of the hCD2 ¢cDNA sequence and the pgk-neo cassette altered
the normal splicing of the BCL6b gene. Removal of the loxP-
flanked pgk-neo cassette by Cre recombinase did not correct this
altered pattern of splicing (data not shown).

BCL6b~/~ mice on the 129 background were viable and fertile,
and homozygous progeny of heterozygous crosses occurred at
the expected Mendelian frequency. BCL6b™/~ mice had slightly
lower percentages of single-positive CD4" (8.8 * 0.4% versus
11.9 = 1.1%; P = 0.03) and CD8" thymocytes (3.0 * 0.3% versus
4.3 * 0.3%; P = 0.01) than did BCL6b /" mice, but splenic CD4*
(7.3 = 0.8 X 10%versus 8.9 = 1.8 X 10, P = 0.44) and CD8™" T cells
(22 = 1.5 X 10° versus 3.4 = 0.8 X 10°% P = 0.19) did not
significantly differ.

Analysis of the Response to in Vitro Restimulation of in Vivo Primed,
BCL6b—/~ CD8+ T Cells. BCL6b '~ and BCL6b /™ female mice were
intravenously infected with recombinant vaccinia virus expressing
H-2DP-restricted H-Y peptide, Uty. Fourteen days later, the mice
were assessed for the percentage of splenic CD8" T cells that were
capable of binding DP/Uty tetramers and of antigen-induced
secretion of IFN-y. Although naive mice have no detectable
Uty-specific CD8* T cells (data not shown), ~1% of the CD8"
splenocytes from both groups of mice 14 days postinfection (p.i.)
were Uty-specific (Fig. 24 and B), indicating that BCL6b expres-
sion is not required for a normal primary CD8" T cell response to
this virus. The day 14 p.i. splenocytes were cultured at a 1:10 ratio
with irradiated syngeneic male B cells for 6 days. During this period,
the percentage of BCL6b*/*, DP/Uty-specific CD8" T cells in-
creased ~8-fold, whereas the percentage of restimulated
BCL6b~/~, DP/Uty-specific CD8* T cells increased <2-fold. (Fig.
2 A and C). The capacity of the CD8" T cells to synthesize IFN-y
in response to Uty-peptide stimulation was assessed at the begin-
ning and end of the 6-day in vitro culture period and showed that
the percentages of cells having this function were similar to
percentages binding the D/ Uty tetramers (Fig. 2 B and C). The day
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Fig.3. Invitrorestimulation of CD8* T cells purified from mice that had been
infected with vaccinia/Uty. (A and B) Cytotoxic activity toward EL-4 cells of
purified CD8* T cells from primed BCL6b*/* (filled squares) and BCL6b~/~
(open squares) mice after 6 days of restimulation with irradiated male B cells
in the absence (A) and presence (B) of exogenous IL-2; solid and dashed lines,
EL-4 cells pulsed with Uty and control peptide, respectively. Error bars indicate
means + SEM. (C) Levels of IL-2 mRNA in CD8* T cells from primed BCL6*/*+
(filled bars) and BCL6b~/~ (open bars) mice induced by 2 and 4 days restimu-
lation, as measured by real-time RT-PCR.

6, restimulated CD8™" T cells were also evaluated for their ability to
lyse Uty-pulsed EL-4 cells. Restimulated CD8* T cells from the
BCL6b '~ mice had diminished cytotoxic T lymphocyte (CTL)
function, which was proportional to their lower frequency of
DY/ Uty-specific CD8% T cells (Fig. 2D). Similar results were
observed when the experiment was repeated 40 days after in vivo
priming with vaccinia/Uty (data not shown). Therefore, primed
CD8" T cells that were unable to express BCL6b in vivo are
impaired in their subsequent ability to proliferate and generate
CTL effectors during in vitro restimulation with antigen.

To evaluate further the possibility that the defect was intrinsic to
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BCL6b~/~ CD8" T cells, CD8" T cells were purified from the
spleens of BCL6b*/* and BCL6™/~ female mice that had been
infected 2 weeks previously with vaccinia/Uty, and were restimu-
lated for 6 days with syngeneic male B cells. Restimulated,
BCL6%/*, CD8" T cells, but not BCL6b~/~, CD8" T cells, gener-
ated CTL effectors specific for Uty peptide-pulsed EL-4 cells (Fig.
34). Generation of CTLs in vitro is usually dependent on IL-2,
suggesting that the impaired response of the BCL6b—/~ CD8" T
cells may have been caused by diminished production of this
cytokine. In support of this possibility was the finding that, in a
parallel set of restimulated cultures to which exogenous IL-2 had
been added, the BCL6b~/~, CD8" T cells generated CTL activity
that was equivalent to that of the BCL6b™* cells (Fig. 3B). The
relative capacity of primed BCL6b™/* and BCL6b~/~ CD8" T cells
to synthesize IL-2 was assessed in purified CD8" T cells derived
from female mice 40 days p.i. with vaccinia/Uty. Although the
BCL6b** and BCL6b~/~ CD8% T cells contained equivalent
percentages of Uty-specific cells, 0.9% and 0.8%, respectively,
restimulation in vitro with irradiated male B cells for 2 days caused
CD8" T cells from BCL6b™/* mice to have a 131-fold increase in
IL-2 mRNA relative to the cells at day 0, but CD8* T cells from
BCL6b '~ mice to have only a 1.7-fold increase (Fig. 3C). Thus,
primed BCL6b~/~ CD8* T cells have an impaired secondary
response in vitro because they have a diminished capacity for the
production of IL-2.

Priming of CD4" T cells, which may be required for the devel-
opment of replication-competent memory CD8* T cells (24-27),
was also assessed in BCL6b*/* and BCL6b~/~ mice 14 days p.i. with
vaccinia/Uty. BCL6b™* and BCL6b '~ CD4* T cells had similar
in vitro, proliferative recall responses to irradiated splenocytes from
vaccinia-infected mice (Fig. 44). There were similar titers of serum
IgG1 and IgG2a anti-vaccinia antibody and similar percentages of
germinal center B cells in the spleens of BCL6b ™/ and BCL6b~/~
mice (Fig. 4B); these two assays are relevant because they reflect B
cell responses that are dependent on help from primed CD4* T
cells expressing CD40L, the mediator of CD4* T cell help for CD8*
T cells (28-31). Thus, normal priming of CD4" T cells occurred in
the BCL6b ™/~ mice.

Analysis of the Secondary in Vivo Response of BCL6b—/~ CD8* T Cells
to Influenza Virus Infection. BCL6b™/* and BCL6b~/~ mice were
infected intranasally with the A/WSN strain primarily or second-
arily 5 weeks after i.p. infection with the A/x31 strain. CD8* T cells
specific for the NP346 epitope of influenza nucleoprotein in the
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context of H-2 D" were identified by their capacity to bind D"/
NP-tetramers. During the first 12 days p.i. of the primary response,
the BCL6b™/* and BCL6b ™/~ mice had similar increments in the
percentage of CD8" T cells specific for the D’/NP epitope in the
mediastinal lymph nodes (Fig. 54) and lungs (Fig. 5B), and in the
total number of D°/NP-specific CD8* T cells in the lungs (Fig. 5D).
During a secondary infection with influenza, both BCL6b*/* and
BCL6b~~ mice exhibited the accelerated kinetics and immu-
nodominance of CD8™ T cells specific for the D?/NP epitope that
are typical of a normal secondary response. However, the
BCL6b '~ mice were impaired in the magnitude of their secondary
response. The peak percentage of D?/NP-specific CD8™ T cells in
the mediastinal lymph nodes of BCL6b~/~ mice was only one-third
that of BCL6b*/* mice (Fig. 54). This result was associated with
reductions in the number of total CD8™" T cells in the lungs (Fig. 5C)
and, therefore, in the number of D?/NP-specific CD8" T cells in the
lungs of the BCL6b~/~ mice (Fig. 5D). Accordingly, although
BCL6bD is not required for the maintenance of memory CD8" T
cells that are capable of a rapid, proliferative secondary response,
as indicated by the normal initial increase of the DP/NP-specific
BCL6b~/~, CD8* T cells in the secondary influenza infection,
BCLO6b is required for the increased magnitude of the secondary
response of the memory DP/NP-specific CD8" T cells.

Because the proportion of all influenza-specific CD8" T cells
that are directed to the DP/NP epitope increases from 20-25%
during a primary pulmonary infection to 70-80% during a second-
ary infection (32), the absence of BCL6b seems to reduce the
magnitude of the secondary response of all influenza-specific CTLs
to the level of a primary response. This consideration may account
for the similar number of total CD8* T cells in the lungs of
BCL6b ™/~ mice during primary and secondary infections (Fig. 5C).

To determine whether the diminished secondary expansion of
BCL6b~/~ memory CD8" T cells was caused by an abnormality
intrinsic to these cells, an adoptive transfer experiment was per-
formed. CD8* T cells were purified from spleens of BCL6b*/* and
BCL6b ™/~ mice that had been primarily and secondarily infected
with the A/WSN and A/x31 strains of influenza, respectively, 10
and 8 weeks earlier. The BCL6b'/*™ and BCL6b~/~ pools of
Thyl.2", CD8" splenocytes were adjusted to contain 10% DP/NP-
specific memory CD8* T cells, and 2 X 10° cells from each pool
were adoptively transferred to BCL6b*/*, Thyl.1*/1.2", naive
mice. One day later, the mice were challenged intranasally with the
A/x31 strain of influenza, and 6 days p.i., the lungs of the mice were
assessed for the number of Thyl.2* and Thy1.1/1.2* CD8" T cells
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Fig. 5. Primary and secondary responses of DP/NP-specific CD8* T cells in
mice infected with influenza virus. BCL6b*/* (filled symbols) and BCL6b~/~
(open symbols) mice were infected intranasally with the A/WSN strain pri-
marily or secondarily 5 weeks after i.p. infection with the A/x31 strain. At
timed intervals, mice were killed to determine the percentage of CD8* T cells
from the mediastinal lymph nodes (A) and lungs (B) binding D*/NP tetramers,
the number of all CD8* T cells from the lungs (C), and the total number of CD8*
T cells from the lungs binding DP/NP tetramers (D). *, P < 0.05 for BCL6b™/* vs.
BCL6b~/~. Error bars indicate means = SEM.

binding DP/NP tetramers. The adoptively transferred BCL6b™*,
DY/NP-specific memory CD8" T cells generated 5-fold more
effector CD8" T cells than did the BCL6b™~ memory cells,
whereas the recipient, naive CD8" T cells in the two groups were
equally capable of producing effector cells (Fig. 6). Therefore,
BCL6b~'~ memory CD8" T cells mediate an impaired recall
response, even when in a BCL6b™/* cellular environment.

Discussion

The lifetime of memory CD8* T cells can be divided into at least
three distinct phases: their development during or after primary
infections, their maintenance after primary infections, and their
response to secondary infections. The last phase can be further
subdivided into acute effector responses by memory cells having an
immediate capacity for IFN-y secretion or CTL function after TCR
ligation, and proliferative responses by memory cells for the pur-
pose of generating new effector cells. In the present study, we have
found that the transcriptional repressor BCL6b has an essential role
in the ability of memory CD8" T cells to produce large numbers of
effector cells during secondary responses. The diminished second-
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Fig. 6. Response of adoptively transferred BCL6b*/* and BCL6b~/~ memory
CD8* Tcellsto influenza infection of naive BCL6b*/* mice. Thy1.2* CD8* Tcells
purified from BCL6b*/* and BCL6b '~ mice previously infected with influenza,
and containing equivalent numbers of DP/NP-specific memory cells, were
adoptively transferred to naive, Thy1.1/1.2*, BCL6b*/* mice. One day later,
the mice were intranasally infected with influenza, and 6 days p.i., the
DP/NP-specific, CD8*T cells were evaluated for the expression of Thy1.1 and
Thy1.2. Representative FACS plots are shown for recipient mice that had
received memory CD8" T cells from BCL6b™/* (A) and BCL6b~/~ (B) mice. The
total number of donor and recipient DP/NP-specific CD8" T cells recovered
from the lungs of individual recipient mice is shown in C. P < 0.025 for
BCL6b*/* vs. BCL6b~/~.

ary response of BCL6b '~ memory CD8* T cells was manifest both
in the mediastinal lymph nodes, which may be the major site of
memory cell replication, and in the lungs to which progeny of the
replicating cells in the lymph nodes migrate during their differen-
tiation to effector cells. This finding indicates that BCL6b augments
the number of effector cells by promoting the replicative function
of memory CD8™" T cells in secondary lymphoid tissue.

The absence of BCL6b expression did not alter the primary
response of CD4* or CD8* T cells, diminish the number of
memory CD8* T cells that were maintained after primary re-
sponses, or impair the ability of memory CD8* T cells to initiate the
proliferative phase of the secondary response. Thus, the role of
BCL6b is distinct from that of the cytokines IL-7 and IL-15, which
promote the development of memory cells during the transition
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from a primary response to the memory phase and their mainte-
nance until reinfection (reviewed in ref. 1), and from that of
signaling by CD8a«, which may be required for the expression of
the IL-7 receptor-a on activated CD8* T cells and their develop-
ment into memory CD8" T cells (33). The role of BCL6b in
enhancing the magnitude of the secondary CD8* T cell response
overlaps in part with the function of CD4™" T cells (28-30), although
a recent study has emphasized that CD4" T cells serve to maintain
the number of memory cells rather than to program them for
optimal secondary proliferative responses (4). The absence of
CD4* CD25* regulatory T cells, which also can influence primary
and secondary CD8" T cell antiviral responses (34), in CD4* T
cell-deficient mice may have contributed to these variable outcomes
in secondary CD8" T cell responses in CD4* T cell-deficient mice.
Nevertheless, in the present study, CD4* T cells were normally
primed by vaccinia infection in the BCL6b~/~ mice, indicating that
a dysfunction of BCL6b~/~ CD4™" T cells is not responsible for the
defect in secondary proliferative responses of BCL6b~/~ CD8* T
cells. We have also found that BCL6b~/~ CD4" T cells respond
normally to Salmonella infection, which causes a marked expansion
of these cells (data not shown). The expression of BCL6b in
memory CD8" T cells, both human (Table 1) and murine (Tables
1 and 2), and the finding that purified BCL6b~/~ memory CD8* T
cells exhibited impaired recall responses, whether assessed in vitro
(Fig. 3) or in vivo after adoptive transfer to BCL6b™/* mice (Fig. 6),
also support the likelihood that defect is CD8* T cell autonomous.

The mechanism by which BCL6b promotes the secondary pro-
liferative response of memory CD8* T cells may be related to its
ability to suppress IL-2 signaling in primary CD8+ T cells that had
been transduced with a retroviral vector expressing the transcrip-
tion factor (Table 3). IL-2 can serve as a growth factor for
antigen-stimulated CD8* T cells, but studies in mice unable either
to express or to respond to IL-2 have shown that, whereas its role
in the expansion of CD8* T cells is nonessential (6, 9, 10), it may
have a nonredundant function in their differentiation to effector
cells. Therefore, the major effect of an inhibitor of cellular re-
sponses induced by IL-2 may be to retard the differentiation of
activated CD8™" T cells while not diminishing proliferation that is
mediated by other factors in secondary lymphoid organs. The
capacity of BCL6b /" memory CD8™" T cells to produce more IL-2
than BCL6b~/~ memory cells also is consistent with the transcrip-
tion factor maintaining a subset of relatively less differentiated cells,
because the potential for IL-2 production is characteristic of central
memory as compared with effector memory and effector CD8* T
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cells (13, 35, 36). The expression of BCL6b in a small subset of
memory CD8* T cells was demonstrated by single-cell PCR (Table
3), raising the possibility that the BCL6b-expressing and IL-2-
competent subsets may be overlapping. Even if this subset had been
prevented from responding to IL-2 in vitro, their enhanced pro-
duction of the cytokine would have mediated the proliferation of
the much greater number of memory cells not expressing BCL6b.
This effect of BCL6b would be analogous to that of its homologue,
BCL6, which represses the differentiation of germinal center B cells
without impairing their proliferation and, in so doing, enlarging the
population of replicating B cells. The purpose of self-renewal in
BCL6-expressing germinal center B cells is to permit the process of
somatic hypermutation of Ig genes to lead to affinity maturation of
the antibody response whereas, in memory CD8* T cells, self-
renewal mediated by BCL6b may increase the pool of cells that are
replicating in the secondary lymphoid organs, which would ulti-
mately increase the production of effector cells.

Previous work suggesting that BCL6 itself may have a role in
memory CD8" T cells did not examine the response of BCL6~/~
mice to secondary infections (37, 38). Furthermore, although the
present study does not exclude a function for BCL6 in memory
CD8* T cells, the diminished recall responses of BCL6b '~ mem-
ory CD8" T cells, both in vitro and in vivo, indicates that BCL6b has
a nonredundant function. We have not been able to reproduce the
reported abnormality of naive BCL6b~/~ CD4 T cells to stimulation
by anti-CD3 in vitro (39) (data not shown). Furthermore, the
normal in vitro recall response to vaccinia antigens of CD4" T cells
from vaccinia/Uty-primed BCL6b~~ mice (Fig. 4) and the normal
primary response of CD4™ T cells to infection of BCL6b~/~ mice
with Salmonella indicate that BCL6b does not have an essential role
in vivo in the antigenic stimulation of naive CD4* T cells.

In summary, BCL6b has been found to be expressed in memory
CD8* T cells, to have the capacity to suppress an IL-2-induced
response in primary CD8" T cells, and to be required for the
increased number of effector CD8" T cells that is characteristic of
asecondary response. Thus, as had been proposed (40), interposing
a phase of self-renewal in memory cells by expression of BCL6b
promotes a secondary CD8* T cell response.
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