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CD27 Instructs CD4� T Cells to Provide Help for the Memory
CD8� T Cell Response after Protein Immunization1

Yanling Xiao,2 Victor Peperzak,2 Anna M. Keller, and Jannie Borst3

For optimal quality, memory CD8� T cells require CD4� T cell help. We have examined whether CD4� T cells require CD27 to
deliver this help, in a model of intranasal OVA protein immunization. CD27 deficiency reduced the capacity of CD4� T cells to
support Ag-specific CD8� T cell accumulation at the tissue site after primary and secondary immunization. CD27-dependent
CD4� T cell help for the memory CD8� T cell response was delivered during priming. It did not detectably affect formation of
CD8� memory T cells, but promoted their secondary expansion. CD27 improved survival of primed CD4� T cells, but its
contribution to the memory CD8� T cell response relied on altered CD4� T cell quality rather than quantity. CD27 induced a
Th1-diagnostic gene expression profile in CD4� T cells, which included the membrane molecule MS4A4B. Accordingly, CD27
increased the frequency of IFN-�- and IL-2-producing CD4� T cells. It did not affect CD40L expression. Strikingly, MS4A4B was
also identified as a unique marker of CD8� memory T cells that had received CD27-proficient CD4� T cell help during the
primary response. This apparent imprinting effect suggests a role for MS4A4B as a downstream effector in CD27-dependent help
for CD8� T cell memory. The Journal of Immunology, 2008, 181: 1071–1082.

T o generate optimal immunity toward the target pathogen,
infection or vaccination should elicit expansion of Ag-
specific T cells, their differentiation into effector T cells,

and their accumulation at the site of antigenic challenge. For long-
term protection, memory T cells should be generated in sufficient
numbers and of adequate quality. Whereas TCR stimulation is a
prerequisite for naive T cells to participate in the response, signals
provided by costimulatory and cytokine receptors modulate size
and quality of the responder populations (1–4). Such effects may
be exerted during priming, but also throughout the T cell response,
at different tissue locations and cell-to-cell interfaces.

Upon maturation, dendritic cells (DC)4 become the optimal el-
ements for T cell priming. This involves Ag presentation, cytokine
secretion, and cell surface exposure of costimulatory ligands (5).
CD80 and CD86, the ligands for CD28, are well recognized as
important attributes of mature DC. Appreciation is now increasing
for CD70, the ligand of costimulatory receptor CD27, as an im-
portant contributor to T cell priming at the T cell/DC interface.
CD70 can be expressed by activated T and B cells and by all
conventional DC subsets upon their maturation (6–9). CD70 ex-
pression on both CD8� and CD11b� DC is optimal after com-
bined stimulation of TLR and CD40 (9), which reflects pathogen
recognition and interaction with cognate CD4� T cells, via

CD40L. In such a scenario, DC are functionally modified (“li-
censed”) to support the CD8� T cell response (10–13). Bullock
and Yagita showed that the capacity of CD40-stimulated, peptide-
loaded DC to elicit a CD4� T cell-independent primary CD8� T
cell response was fully dependent on the collective functions of
CD70 and CD80/CD86 (14). Using blocking Ab in vivo, other
authors have corroborated the importance of CD70 on DC for
CD8� T cell priming using protein immunization and infection
models (9, 15, 16). These findings suggest that induction of CD70
expression is an important aspect of DC licensing by CD4� T
cells.

Under noninflammatory conditions, CD4� T cells may deliver
help to the primary CD8� T cell response. This is the case, for
instance, upon immunization with intact protein that contains both
MHC class I- and class II-restricted epitopes and relies on cross-
presentation by DC (10). The primary CD8� T cell response to
many infectious agents is CD4� T cell independent, however, be-
cause TLR stimuli and inflammatory signals offered by infectious
agents directly activate APC. The memory CD8� T cell response,
in contrast, is CD4� T cell dependent, regardless of whether prim-
ing conditions are inflammatory or not (10). CD4� T cell help
delivered during the primary response generates memory CD8� T
cells of optimal quality; that is, they are long-lived and can respond
to renewed antigenic challenge by efficient secondary expansion
and exertion of effector functions (10, 17–20). The contribution of
CD4� T cells to this apparent memory CD8� T cell programming
is relevant for vaccination strategies and is the subject of intense
scrutiny (10).

In agreement with the abovementioned effects of CD70, CD27
was found to complement CD28 in promoting the primary CD8�

T cell response in influenza virus infection and allograft models
(21, 22). CD27 protects primed T cells from apoptosis and thus
increases the size of the effector CD8� T cell pool at priming and
tissue sites (21). Effects of CD27 on effector CD8� T cell accu-
mulation are particularly apparent in the memory response (23,
24). CD27/CD70 interactions counteract contraction of the CD8�

effector T cell pool and thereby promote memory T cell formation
(24, 25). Additionally, CD8� T cells require CD27 for optimal
secondary expansion (24).
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The relevance of CD27/CD70 interactions for the CD4� T cell
response is less well examined. It is clear from studies in CD27�/�

and CD70 transgenic mice that CD27/CD70 interactions can pro-
mote CD4� effector T cell accumulation, most evidently in the
lung after influenza virus infection (23, 26). In the same virus
infection model, as well as after protein immunization, CD27 de-
ficiency did not affect the B cell response (27). These findings
suggest a role for CD27 on CD4� T cells in CD8� T cell rather
than B cell help. Recently, CD70 on DC was found to initiate a
pathway for Th1-type CD4� effector T cell differentiation (28),
which is in line with improved IFN-� production in CD4� T cells
of CD70 transgenic mice (26). We have recently found that upon
de novo synthesis in maturing DC, CD70 is routed to MHC class
II compartments, resulting in a simultaneous recruitment of CD70
and MHC class II to the immunological synapse upon cognate
contact with CD4� T cells (29). These findings emphasize the
importance of CD27/CD70 costimulation at the interface between
CD4� T cells and DC.

We have examined whether CD27 contributes to the capacity of
CD4� T cells to provide help to the CD8� T cell response using
a protein cross-presentation model. It was found that CD27 instills
specific functional activities into primed CD4� T cells, which are
part of a Th1-type differentiation profile. The functional impact of
CD27 on CD4� T cells is important for their CD8� T cell helper
activity, in particular to endow memory CD8� T cells with the
potential to accumulate after secondary challenge. We have iden-
tified a molecular imprint of CD27-proficient CD4� T cell help in
CD8� memory T cells in the form of the MS4A4B molecule.

Materials and Methods
Mice

Wild-type (WT), CD27�/� (23), OT-II, and CD27�/�/OT-II transgenic
mice on a C57BL/6 background were used for experiments at 6–12 wk of
age. Experiments were approved by the Experimental Animal Committee
of The Netherlands Cancer Institute and performed in accordance with
national and institutional guidelines. OT-II mice express a transgenic TCR
with specificity for OVA323–339 peptide in the context of H-2 I-Ab (30).
Mice were genotyped by PCR, and phenotype was confirmed by flow cy-
tometry. Mice were of the CD45.2 allotype unless specified otherwise.

Intranasal immunization and adoptive transfer

OVA protein and cholera toxin (CT) were purchased from Sigma-Aldrich
and stored in aliquots at �20°C. Mice were anesthetized by methoxyflu-
rane inhalation and immunized intranasally with 500 �g OVA protein plus
1 �g CT in 50 �l HBSS. Rechallenge with OVA protein or 50 �g OVA257–264

peptide was done in the same way. CT was used to enhance tissue uptake
of protein via the mucosa (31). For adoptive transfer, purified splenic OT-II
transgenic T cells were injected i.v. into recipient mice at 5 � 106 per
mouse, or in the number indicated, suspended in 200 �l HBSS with 10%
mouse serum. Mice were immunized at 2 days and 6 wk after adoptive
transfer for primary and memory responses.

Preparation of purified T cells

For T cell purification from OT-II mice, nonadherent splenocytes were
incubated on ice for 30 min with mAb RA3–6B2 to B220 and M5/114.15.2
to MHC class II, followed by 30 min incubation on ice with 100 �l goat
anti-mouse Ig-coated magnetic beads and 20 �l sheep anti-rat Ig-coated
magnetic beads (Advanced Magnetics) per 107 cells. Beads were removed
by magnetic sorting. Purity of the resulting T cell populations was checked
by flow cytometry using anti-TCR V�5.1/5.2 and anti-CD4 mAbs and was
always �90%.

Flow cytometry

Lungs, spleens, and lung-draining lymph nodes (DLN) were forced
through a nylon mesh in IMDM with 4% FCS to acquire single-cell sus-
pensions. Erythrocytes were lysed on ice for 1 min in 0.14 M NH4Cl, 0.017
M Tris-HCl (pH 7.2). Next, cells were incubated with specific Abs con-
jugated to FITC, PE, or allophycocyanin. Allophycocyanin-labeled tet-
ramers of murine MHC class I H-2Kb, �2-microglobulin, and OVA257–264

peptide (sequence: SIINFEKL) were prepared as described and used in
combination with anti-CD8 mAb (32). Cells were analyzed using a
FACSCalibur (BD Biosciences) and FCS Express software (De Novo Soft-
ware). Propidium iodide-stained dead cells were excluded from analysis.
mAbs used for immunofluorescence were anti-CD3, 500A2; anti-CD4,
RM4-5; anti-CD8�.2, 53-5.8; anti-TCR V�5.1/5.2, MR9-4; anti-CD27,
LG.3A10; anti-CD45R/B220, RA3-6B2; anti-CD45.1, A20; anti-CD45.2,

FIGURE 1. CD27 supports accumulation of Ag-specific CD4� T cells
at priming and tissue sites. A, CD45.1� WT recipient mice received
CD45.2� WT or CD27�/� OT-II donor T cells or no adoptive transfer. At
day 2 after transfer, mice were challenged with intact OVA protein (plus
CT) intranasally. At the indicated days after immunization, DLN, spleen,
and lung were analyzed by flow cytometry for the occurrence of OVA-
specific CD4� T cells from the donor by staining for CD45.2, CD4, and
V�5.1, which detects the OT-II TCR. # indicates absolute number. Data
points represent mean values � SEM (n � 4). Significant differences be-
tween WT and CD27�/� OT-II T cell numbers according to a two-tailed
Student’s t test are indicated; �, p � 0.05; ��, p � 0.01. The experiment
is representative of two. B, CD45.1� WT mice received CFSE-labeled WT
or CD27�/� OT-II T cells (CD45.2�). At days 2, 3, and 4 after OVA
protein challenge, DLN were analyzed for CFSE dilution in
CD4�CD45.2� cells. Data are representative of measurements in three
recipient mice. The experiment was repeated with similar results.
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104; anti-IL-2, JES6-5H4; anti-IFN-�, XMG1.2; anti-CD40L, MR1; and
anti-CD25 (IL-2 receptor �-chain), PC-61. All of these Abs were obtained
from BD Biosciences or were prepared as purified Ig from available hy-
bridomas. mAb to granzyme B, PeliCluster GB-11, was from Sanquin.

Intracellular staining

To determine IL-2, IFN-�, and CD40L production by CD4� T cells di-
rectly ex vivo, WT and CD27�/� OT-II transgenic mice were immunized
intranasally with OVA protein plus CT. At indicated time points after
immunization, single-cell suspensions from spleen were prepared and stim-
ulated with the murine MHC class II I-Ab binding peptide OVA323–339

(sequence: ISQAVHAAHAEINEAGA, 100 �g/ml) for 5 h at 37°C and 5%
CO2 in the presence of recombinant human IL-2 (40 U/ml, Chiron) and
GolgiPlug (1 �l/ml, BD Biosciences). After incubation, cells were surface
stained with directly conjugated anti-CD4 mAb and anti-CD62L mAb for
30 min on ice, washed, incubated in Cytofix/Cytoperm solution (BD Bio-
sciences) for 20 min on ice, washed, and stained for IL-2, IFN-�, or CD40L
with directly conjugated Abs on ice for 30 min.

RNA isolation and amplification

WT and CD27�/� OT-II transgenic mice were immunized with OVA plus
CT. At the indicated time points, cells from DLN and spleen were sorted

FIGURE 2. CD27 on CD4� T cells promotes the primary CD8� T cell
response. WT mice of the CD45.1 allotype received WT or CD27�/�

OT-II T cells of the CD45.2 allotype or no adoptive transfer, as indicated.
At day 2 after transfer, mice were challenged with OVA protein. At the
indicated days after immunization, the recipients’ CD8� T cell responses
specific for OVA257–264 peptide in the context of H-2Kb in DLN, spleen,
and lung were followed by flow cytometric analysis with MHC tetramers
and anti-CD8 mAb. These are the same mice as were analyzed for the
CD4� T cell response in Fig. 1A and statistics are the same as indicated for
that figure.

FIGURE 3. CD27 on CD4� T cells promotes secondary expansion of
memory CD8� T cells. A, CD27�/� recipient mice received WT or
CD27�/� OT-II T cells and were immunized with OVA protein. After 6
wk, secondary challenge with OVA protein was performed and H-2Kb/
OVA257–264-specific CD8� T cells were enumerated at the indicated sub-
sequent days. Representative FACS plots are shown for lung at day 9, with
percentage of tetramer� within CD8� T cells indicated in the quadrants.
For DLN and spleen, these percentages at day 9 are shown in the inset.
Absolute numbers are shown in the histograms with data points represent-
ing mean values � SEM (n � 4). Significant differences between WT and
CD27�/� OT-II cell numbers according to a two-tailed Student’s t test are
indicated; �, p � 0.05; ��, p � 0.01. The experiment is representative of
two. B, CD27�/� mice received adoptive transfer as indicated for A. Six
weeks after primary challenge with OVA protein, steady-state numbers of
H-2Kb/OVA257–264-specific CD8� T cells were determined by flow cy-
tometry in spleen and lung and compared with background staining in
naive CD27�/� mice (n � 4). Representative FACS plots are shown for
lung. Numbers in the quadrants indicate percentages of tetramer� within
CD8� T cells in mean � SEM. Two-tailed Student’s t test indicated sig-
nificant difference between naive and immunized mice for p � 0.01 (��).
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by flow cytometry (FACSAria, BD Biosciences) on a CD69�CD62Llow/�

CD4� phenotype. Alternatively, WT or CD27�/� OT-II transgenic T cells
were adoptively transferred into CD45.1 WT mice. Mice were immunized
and, at the indicated time points, cells were isolated from lung, DLN, and
spleen and sorted by flow cytometry on a CD45.2�V�5.1/5.2�CD4� phe-
notype. RNA isolation was performed using the RNeasy kit (Qiagen). Iso-
lated total RNA was subsequently DNase treated by using the Qiagen
RNase-free DNase kit and dissolved in RNase-free H2O. cDNA was gen-
erated by SuperScript II reverse transcriptase using total RNA as template
and an oligo(dT) primer containing a T7 polymerase recognition site. Am-
plified RNA was generated by in vitro transcription using T7 RNA poly-
merase (Megascript T7 kit, Ambion). Amplification yields were 1000- to
2000-fold. The same amount of amplified RNA was used for each sample.

Real-time PCR

Expression of messenger mRNA for MS4A4B and GAPDH as an endog-
enous control gene was measured in the samples used for microarray anal-
ysis by real-time PCR (with TaqMan Gene Expression Assay products on
an ABI Prism 7700, Applied Biosystems). TaqMan probes and primers
were designed by Applied Biosystems. The probes contain FAM dye label
at the 5	 end of the gene and a minor groove binder and nonfluorescent
quencher at the 3	 end and are designed to hybridize across exon junctions.
The assays are supplied with primers and probe concentrations of 900 and
250 nM, respectively.

Gene expression profiling

Microarrays spotted with the Operon v3 or MEEBO oligonucleotide li-
braries were obtained from the central microarray facility of The Nether-
lands Cancer Institute. According to Ensembl, together these arrays diag-
nose the 79% of the expressed mouse genome (http://microarrays.nki.nl).
Amplified RNA was labeled using Cy5- and Cy3-ULS (ULS aRNA fluo-
rescent labeling kit, Kreatech) and fragmented into stretches of 60–200
bases (RNA fragmentation reagents, Ambion) before adding the probes to
the microarray slides. Microarrays were scanned on an Agilent Technol-
ogies microarray scanner, and data extraction was done using Imagene 6.0
(BioDiscovery). Each experiment consisted of two microarrays to allow for
dye reversal between the samples from WT and CD27�/� mice, thus re-
ducing systemic errors due to oligonucleotide-specific dye preferences.
Fig. 6A was created using TIGR (Institute for Genomic Research) Multi-
Experiment Viewer software, version 3.1. For Fig. 6B, a total of 25 genes
that had a p value �0.00003 and were present at least twice in the condi-
tions tested were subjected to analysis by Ingenuity Pathway Analysis soft-
ware (Ingenuity Systems). The p value is based on various parameters,
including signal intensity (A value), ratio of representation (M value), and
signal quality (33).

Results
Contribution of CD27 on CD4� T cells to primary CD4� and
CD8� T cell responses

To study the effect of CD27 on the CD8� helper function of CD4�

T cells, we have used a model of intranasal delivery of OVA pro-
tein. This permitted detection of OVA-specific CD4� and CD8� T
cells and use of OVA-specific OT-II TCR transgenic CD4� T cells
(30). To define how CD27 on Ag-specific CD4� T cells affected
the Ag-specific CD8� T cell response, we traced the endogenous
OVA-specific CD8� T cell response in mice that had received
either WT or CD27�/� OT-II CD4� T cells. After intranasal de-
livery of OVA protein, adoptively transferred OT-II CD4� T cells
of the CD27�/� genotype accumulated to a significantly lesser
extent than did WT cells in lymphoid organs as well as in the lung,
which is the effector site in this model (Fig. 1A). Labeling with
CFSE showed that CD27 did not significantly affect cell cycle
entry or activity of CD4� T cells on consecutive days after priming
in DLN (Fig. 1B). Most likely, therefore, CD27 supports accumu-
lation of activated Ag-specific CD4� T cells primarily by promot-
ing their survival, as it does for CD8� T cells (21). When mice had
received adoptive transfer of WT OT-II CD4� T cells, numbers of
endogenous Ag-specific CD8� T cells in DLN, spleen, and lung at
day 8 of the response were higher than in the no transfer situation
(Fig. 2). Both WT and CD27�/� OT-II T cells promoted OVA-
specific CD8� T cell accumulation in DLN, but in spleen and lung
OVA-specific CD8� T cell numbers were significantly lower in
mice that had received CD27�/� as compared with WT OT-II T
cells (Fig. 2). The collective data indicate that CD27 promotes
accumulation of Ag-specific CD4� T cells at priming and tissue
sites and suggest that CD27 improves the capacity of CD4� T cells
to support the primary CD8� T cell response in this protein cross-
presentation setting.

CD4� T cells require CD27 to endow memory CD8� T cells
with the potential for secondary expansion

We next assessed whether CD27 affected the capacity of CD4�

T cells to help the memory CD8� T cell response in the same

FIGURE 4. CD27 enables memory CD8� helper
function of CD4� T cells during the primary response.
CD27�/� recipient mice received adoptive transfer of
WT or CD27�/� OT-II T cells and were immunized
with OVA protein. They were rechallenged with MHC
class I-restricted OVA257–264 peptide to selectively re-
call OVA-specific CD8� and not CD4� T cells. At the
indicated days after secondary challenge, H-2Kb/
OVA257–264-specific CD8� T cells were enumerated by
flow cytometry. Representative FACS plots are shown
for lung at day 9, with percentage of tetramer� within
CD8� T cells indicated in the quadrants. For DLN and
spleen, these percentages at day 9 are shown in the inset.
Absolute numbers are shown in the histograms with
data points representing mean values � SEM (n � 4).
Two-tailed Student’s t test indicated significant differ-
ences between recipients that received WT or CD27�/�

OT-II cells for p � 0.05 (�) and p � 0.01 (��). Data are
representative of two experiments.
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protein immunization system. To exclude CD27 on CD8� T
cells as a variable, we used CD27�/� mice as recipients for WT
or CD27�/� OT-II CD4� T cells. In this system, endogenous
CD4� and CD8� T cells lack CD27, and presence or absence of
CD27 on adoptively transferred, OVA-specific CD4� T cells is
the only variable. Six weeks after primary immunization with
OVA protein, mice were rechallenged with OVA protein and
the Ag-specific CD8� T cell response was analyzed. In mice
that had received WT OT-II CD4� T cells, the memory re-
sponse of CD27�/�CD8� T cells was significantly higher in
both lung and spleen than in mice that had received CD27�/�

CD4� OT-II T cells (Fig. 3A). In lung, the phenotype was par-
ticularly evident, since a large proportion of the CD8� (effec-
tor) T cells at this site stained with H-2Kb/OVA257–264

tetramers. In spleen and DLN, only a small proportion of total
CD8� T cells stained with H-2Kb/OVA257–264 tetramers (Fig.
3A). For spleen, this low frequency of tetramer� cells translated
to absolute numbers comparable to those in lung. The contri-
bution of DLN to the memory CD8� T cell response, however,
was very small, and no significant difference was detected be-
tween WT or CD27-deficient CD4� T cell help. From these data
we conclude that CD27 promotes the capacity of OT-II CD4�

T cells to support accumulation of Ag-specific CD8� T cells in
the memory response.

Steady-state levels of OVA-specific CD27�/� CD8� T cells at
6 wk after primary challenge were low, but in lung they were
significantly higher than in naive mice, indicating the presence of
memory (Fig. 3B). We have previously shown that CD27 on
CD8� T cells promotes memory CD8� T cell formation after in-
fluenza virus infection (24). Therefore, the low numbers of mem-
ory cells in CD27�/� mice may be in part explained by CD27
deficiency of CD8� T cells. In this experiment, we sought to com-
pare memory CD8� T cell formation in CD27�/� mice that re-
ceived CD27-proficient or -deficient CD4� T cell help. No signif-
icant differences were detected.

Help by CD4� T cells for the memory CD8� T cell response is
reportedly delivered during the primary response (10). Therefore,
we addressed specifically whether CD27 on CD4� T cells exerted
its helper effect before secondary challenge. CD27�/� mice were
supplemented with WT or CD27�/� OT-II T cells and immunized
with OVA protein. Six weeks later, mice were rechallenged by
intranasal application of the MHC class I-restricted immunodom-
inant peptide OVA257–264 to selectively recall OVA-specific
CD8� T cells and not CD4� T cells. As in the case of rechallenge
with OVA protein, accumulation of OVA-specific CD8� T cells in
the lung was significantly improved by delivery of CD27-profi-
cient CD4� T cell help during the primary response. In spleen, no
significant differences were detected at the two time points mea-
sured. The absolute contribution of DLN to the memory CD8� T

FIGURE 5. CD27 determines quality of CD4� T cell help. A, For the
primary response, WT mice received adoptive transfer of WT or CD27�/�

OT-II cells in the indicated numbers and were immunized with OVA pro-
tein (recapitulation of conditions depicted in Figs. 1A and 2). At day 8, WT
and CD27�/� OT-II V�5.1�CD4� donor cells, as well as numbers of
endogenous H-2Kb/OVA257–264-specific CD8� T cells, were enumerated
in the spleen of recipient mice (mean � SEM; n � 4). Two-tailed Student’s

t test indicated significant differences between the indicated values for p �

0.05 (�). B, For analysis of the secondary response, CD27�/� mice re-
ceived adoptive transfer of WT or CD27�/� OT-II cells as outlined for A
and were immunized with OVA protein. At day 5, the percentage of WT
and CD27�/� OT-II V�5.1�CD4� donor cells was determined in blood
(mean � SEM; n � 4). Six weeks after primary immunization, the same
mice were challenged with OVA257–264 peptide to selectively recall the
endogenous CD8� memory T cells (recapitulation of conditions depicted
in Fig. 4), which were enumerated by tetramer and CD8 staining in spleen
on day 7. Statistics are as outlined for A. C, At day 7 of the secondary
response, granzyme B expression was detected by intracellular staining in
CD8� T cells isolated from the lung, which were gated for an effector
phenotype as indicated. The percentages of granzyme B� CD8� effector T
cells are mean values � SEM (n � 4).
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cell response was again very small, but in this setting of rechal-
lenge with OVA peptide a significant difference was detected be-
tween WT and CD27-deficient CD4� T cell help (Fig. 4). We
conclude that CD27 promotes the capacity of CD4� T cells to
instill memory function into CD8� T cells during the primary re-
sponse. This CD27-mediated CD4� T cell help does not detectably
increase formation of CD8� memory T cells, but it improves their
capacity to expand and accumulate at the tissue site after second-
ary stimulation.

CD27 costimulation provides CD4� T cells with CD8� Th
quality

Given that CD27 promoted the accumulation of Ag-specific CD4�

T cells, its effect on CD4� T cell help might be explained by a
contribution to CD4� Th cell quantity rather than to quality. To
examine whether this was the case, we corrected for the deficiency
in CD27�/�CD4� effector T cell accumulation by adoptively
transferring higher numbers of CD27�/� OT-II T cells than WT
OT-II T cells in recipient mice. For the primary response, WT
recipients were used to recapitulate the experiment depicted in
Figs. 1 and 2. After primary immunization with OVA, represen-
tation of CD27�/� OT-II CD4� T cells in blood and spleen was
lower than that of WT OT-II CD4� T cells when equal numbers
(0.5 � 106) had been transferred, but it was corrected when 4 times
as many (2.0 � 106) CD27�/� OT-II T cells had been transferred
(Fig. 5A). However, in contrast to WT OT-II T cells, CD27�/�

OT-II T cells could not support accumulation of endogenous
OVA-specific CD8� T cells in the primary response, independent
of their number (Fig. 5A). For the memory response, CD27�/�

recipients were used to recapitulate the experiment depicted in Fig.
4. After adoptive transfer of the indicated cell populations, mice
were immunized with OVA protein. Sampling of the blood indi-
cated that at day 5, the frequency of CD27�/� OT-II T cells was
higher than that of WT OT-II T cells when 2.0 � 106 cells had
been transferred (Fig. 5B). Memory CD8� T cells were selectively
recalled 6 wk after priming by challenge with OVA257–264 peptide.
Responses were read out at day 7 in the spleen. A significant helper
effect on secondary expansion was observed for WT OT-II T cells,
but not for either low or high numbers of CD27�/� OT-II T cells
(Fig. 5B). The helper effect of WT T cells did not concern acqui-
sition of effector function, since the percentage of granzyme B-
producing cells of a CD62Llow/�CD8� phenotype was the same in
all adoptive transfer situations for both the primary response (data
not shown) and the secondary response (Fig. 5C). The experimen-
tal setup guarantees that help for secondary expansion of memory
CD8� T cells was delivered during the primary response. We con-
clude, therefore, that CD27 has a qualitative effect on CD4� T
cells that allows them to increase effector CD8� T cell numbers in
the primary response and to endow CD8� T cells during priming
with the capacity to mount an optimal secondary response.

CD27 induces a Th1-type gene expression profile in CD4�

T cells

To monitor the impact of CD27 on CD4� effector T cell quality in
an unbiased manner, we compared genome-wide mRNA expres-
sion profiles of WT and CD27�/� OT-II CD4� T cells. Mice were
immunized with OVA and 3 or 4 days later cells were isolated
from DLN and spleen. They were sorted for a CD69�CD62Llow/�

CD4� phenotype to enrich for recently activated effector-type
CD4� T cells (Fig. 6A). Microarray revealed CD27 as the most
strongly and consistently differentially expressed gene between
WT and CD27�/� CD4� T cells, confirming the validity of the
approach (Fig. 6A). A hierarchy of differentially expressed genes
was established, based on the frequency in which differential ex-

FIGURE 6. CD27 induces a Th1-type gene expression profile in DC4�

T cells. A, WT and CD27�/� CD4� T cells were isolated from DLN and
spleen of OT-II TCR transgenic mice at days 3 and 4 after intranasal
immunization with OVA protein. Cells were sorted for a
CD69�CD62Llow/� phenotype by flow cytometry as depicted. Gene tran-
scripts regulated by CD27 are indicated on the y-axis and their differential
expression between WT and CD27�/�CD4� T cells (x-axis) is plotted as
a “heat map”. Up-regulated transcripts are shown in red and down-regu-
lated transcripts are shown in green. This list of genes was selected for
statistically significant differential expression (p � 0.00003) and for pres-
ence in the analysis at two or more instances. The genes marked by an
asterisk were also identified as specifically regulated by CD27 in a similar
comparative analysis of WT and CD27�/� OT-II CD4� responder T cells
harvested after adoptive transfer into WT recipients. B, All genes identified
under A were analyzed by Ingenuity Pathway Analysis, which revealed 13
out of 25 transcripts to be part of a network downstream of IFN-�. Solid
lines indicate direct interactions, dashed lines (potentially) indirect
interactions.
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pression was observed at the two time points in the two tissues
analyzed, as well as on the cumulative measure of differential ex-
pression. In this way, we identified 20 gene products that were
enriched in activated WT cells, indicating that they are up-regu-
lated by CD27. Importantly, six of these were also identified as
differentially expressed genes in adoptively transferred OT-II
CD4� T cells recovered at days 3 and/or 4 after OVA immuniza-
tion (indicated with asterisks in Fig. 6A; results not shown). Five
gene products were enriched in CD27�/� cells and apparently
down-regulated by CD27 (Fig. 6A).

MS4A4B and its close relative MS4A4C were among the genes
most significantly up-regulated by CD27 in endogenous as well as
adoptively transferred OT-II CD4� effector T cells (Fig. 6A).
MS4A4B, also known as Chandra, is a transmembrane protein
confined to thymocytes and naive CD4� and CD8� T cells. It is
retained upon Th1 differentiation of CD4� T cells but is down-
regulated under Th2 differentiation conditions. Moreover, its over-
expression in T cells incremented IL-2 and IFN-� expression (34,
35). The characteristics of the CD27-regulated molecules as sum-
marized by the Ingenuity Systems program are outlined in Table I.
Thirteen of 25 CD27-regulated genes were mapped as part of a
network downstream of IFN-� (Fig. 6B). A number of these have
been implicated in antiviral activity (IFIT1, OAS1, RSAD2,

HERC5). This network also included MS4A4C (Fig. 6B). The col-
lective data indicate that CD27 controls expression of the CD20-
like transmembrane proteins MS4A4B and MS4A4C and induces
Th1 characteristics in CD4� T cells. However, at the time points
analyzed, the Th1-type cytokines IL-2 and IFN-� did not emerge
as differentially expressed genes, while the relevant probes were
present on the arrays used.

CD27 signaling increases the frequency of effector CD4� cells
that express IFN-� and IL-2 protein

The impact of CD27 on expression of IFN-� and IL-2 in effector
CD4� T cells was next studied at the protein level. OT-II trans-
genic mice were challenged with OVA protein, and cytokine pro-
duction was determined by intracellular staining of CD4� T cells
taken from DLN, spleen, and lung after a brief in vitro restimula-
tion with antigenic peptide. To selectively monitor responder
CD4� T cells, they were gated for a CD62Llow/� phenotype, but
analysis of the total OT-II CD4� T cell pool gave similar results
(data not shown). IFN-� production in effector CD4� T cells was
detectable from day 4 onward, particularly in spleen and lung (Fig.
7A). On day 6, the frequency of IFN-�-producing CD4� effector T
cells was significantly higher in WT than in CD27�/� mice in
DLN, spleen, and lung.

Table I. Characteristics of CD27-regulated molecules in CD4� T cellsa

Name Description Function

TNFRSF7 TNF receptor superfamily member 7 (CD27) Receptor for TNFSF7/CD70, mediates survival of activated
T cells

MGST2 Microsomal glutathione S-transferase 2 Can catalyze production of LTC4 from LTA4 and reduced
glutathione, belongs to MAPEG family

MS4A4B Membrane-spanning 4 domains, subfamily
A, member 4B

Th1-specific protein, enhances IL-2 and IFN-� production
in activated T cells

IFIT1 IFN-induced protein with tetratricopeptide
repeats 1

IFN-inducible protein, up-regulated in patients with
systemic lupus erythematosus or myelodysplasias

RSAD2 Radical S-adenosyl methionine domain-
containing 2

IFN-inducible antiviral protein directly induced by human
CMV

MPO Myeloperoxidase Present in polymorphonuclear leukocytes, catalyzes the
production of hypohalous acids

sim. to PYRIN Similar to pyrin and HIN domain family,
member 1�1 isoform

Unknown

LY6C Lymphocyte Ag 6 complex, locus C Ly6 family member
CAR2 Carbonic anhydrase 2 Reversible hydration of CO2

MS4A4C Membrane-spanning 4 domains, subfamily
A, member 4C

Close relative of MS4A4B

sim. to IFI203 Similar to IFN-activatable protein 203 Unknown
OAS1 2	-5	-oligoadenylate synthetase 1 Mediates resistance to virus infection
LY6F Lymphocyte Ag 6 complex, locus F Ly6 family member
ISG20 IFN-stimulated gene 20-kDa protein Exonuclease with specificity for single-stranded RNA
HERC5 Hect domain and RLD 5 Ubiquitin ligase
RNF43 Ring finger protein 43 Negative coregulator for lim homeodomain transcription

factors
GBP2 Guanylate nucleotide-binding protein 2 Binds GTP, GDP, and GMP
BAZ2A Bromodomain adjacent to zinc finger

domain, 2A
May play a role in regulating transcription, may regulate

chromatin structure of the rDNA locus
TRIM30 Tripartite motif protein 30 Trans-acting factor that regulates expression of IL-2R

�-chain
IFN� ind. protein 27 IFN-�-inducible protein 27 Unknown
CD74 MHC class II-associated invariant chain Binds to MHC class II �/� heterodimers and transports

them to lysosomal compartments
LAG3 Lymphocyte activation gene 3 Involved in lymphocyte activation (membrane protein)
PRMT1 Protein arginine N-methyltransferase 1 Methylates HNRNPA1, SUPT5H, and histones
PIGPEN RNA-binding protein FUS (Pigpen protein) Binds both ssDNA and dsDNA, possible role in genomic

integrity
sim. to N. S. E. BP1 Similar to nuclease sensitive element-binding

protein 1
Unknown

PLXND1 Plexin D1 Putative receptor involved in the development of neural
and epithelial tissues

a Nomenclature and description of these molecules is according to the Swiss-Prot database; information on function is modified from the same source in combination with
literature data.
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IL-2 production was detectable in effector CD4� T cells in
spleen and lung. At day 6, the frequency of IL-2-producing CD4�

effector T cells in the lung was significantly higher in WT than in
CD27�/� mice (Fig. 7B). In an independent experiment, we also
found significantly higher IL-2 production by WT CD4� effector
T cells in lung at day 8 (data not shown). Throughout this time
course of the primary response, the absolute number of CD4�

effector T cells did not differ between WT and CD27�/� mice
(data not shown), confirming that CD27 had a qualitative impact

on effector function. At day 6 after secondary challenge, both
IFN-� and IL-2 production by CD27�/� CD4� T cells was sig-
nificantly impaired as well (Fig. 7C). In this model of antigenic
challenge, CD4� T cells did not detectably produce IL-4 or IL-10
(data not shown). These data are in agreement with the concept
that CD27 instructs Th1-type effector function in CD4� T cells.
Failure to detect IL-2 and IFN-� as differentially expressed genes
in the microarray may be due to the time points chosen for the
analysis.

FIGURE 7. CD27 induces expression of IFN-� and
IL-2 in CD4� T cells. A and B, WT and CD27�/� OT-II
transgenic mice were immunized with OVA protein. At
the indicated days after primary challenge, cells from
spleen, DLN, and lung were stimulated in vitro with
OVA323–339 peptide or mock peptide as control and sub-
sequently analyzed for IFN-� (A) or IL-2 (B) expression
in CD62Llow/� effector CD4� T cells by intracellular
staining. Representative FACS plots are from lung sam-
ples taken at day 6. Mean fluorescence intensities (MFI)
for the relevant molecules are indicated on x- and y-
axes. C, Mice were immunized with OVA protein and
rechallenged with OVA 6 wk later. At day 6 after the
boost, IL-2 and IFN-� production by CD4� T cells was
detected by intracellular staining. Data points in line and
bar diagrams represent mean values � SEM (n � 3–4).
Data are representative of multiple kinetics analyses.
Two-tailed Student’s t test indicated significant differ-
ences between WT and CD27�/� mice for p � 0.05 (�)
and p � 0.01 (��).
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In the same time courses, we examined CD40L expression on
CD4� T cells, since this molecule has been implicated in help for
the CD8� T cell response (13, 17, 19). CD40L was clearly up-
regulated between day 3 and day 4 after immunization, but no
significant differences between WT and CD27�/� OT-II CD4� T
cells were observed (results not shown).

Impact of CD27-proficient CD4� T cell help on CD8� memory
T cell quality

The next question was how CD27-proficient T cell help affected
memory CD8� T cell quality in terms of gene expression. We
found no difference in granzyme B production by recalled memory
CD8� T cells that had received CD27-proficient or -deficient help
(Fig. 5C). To approach the same question in an unbiased manner,
we performed genome-wide mRNA expression profiling. WT or
CD27�/� OT-II T cells were adoptively transferred into CD27�/�

recipients, which were primed with OVA protein and rechallenged
after 6 wk with OVA257–264 peptide to selectively recall OVA-
specific CD8� T cells. At day 5 after peptide challenge, DLN,
spleen, and lung were harvested from three mice per group and
cells were pooled, stained with H-2Kb/OVA257–264 tetramers and
anti-CD8 mAb, and sorted by flow cytometry. The resulting pop-
ulation of endogenous Ag-specific CD8� T cells was used for gene
expression profiling. The experimental setup ensured that differ-
ential gene expression was diagnostic for CD27-proficient vs
CD27-deficient CD4� T cell help. The selection as defined in the
Materials and Methods section revealed four genes in DLN that
showed significantly different expression between the test popula-
tions and five genes in the lung (Fig. 8A). In both cases, the dif-
ferentially expressed genes (“hits”) were more strongly expressed
in the situation of CD27-proficient help. More hits were identified
in the spleen sample. However, only one hit was common to cells
from DLN, spleen, and lung. The same hit showed the highest
differential expression in DLN and lung according to its M value
(Fig. 8A). Interestingly, this hit was identified as MS4A4B, the

same molecule that showed highly significant differential expres-
sion in WT vs CD27�/� CD4� OVA-specific T cells in the pri-
mary response (Fig. 6A). Real-time PCR confirmed the differential
expression of MS4A4B mRNA (Fig. 8B). We conclude that
MS4A4B is diagnostic for CD8� memory T cells that have re-
ceived CD27-proficient help during priming.

Discussion
We have investigated how CD27 affects CD4� T cell function by
using a model of intranasal immunization with OVA protein.
CD27 is expressed on the great majority of both CD4� and CD8�

naive and activated T cells in humans and mice and is expected to
make a functional contribution to both subsets (2, 8, 36). Studies
in CD27�/� and CD70 transgenic mice have already indicated that
CD27/CD70 interactions affect accumulation of CD4� T cell ef-
fector cells in lymphoid organs and tissue sites (23, 26). However,
CD27/CD70 interactions do not contribute to the B cell response
after virus infection or protein immunization (24, 27, 36), indicat-
ing that CD27 on CD4� T cells is not important for B cell help, at
least in the mouse. Our present findings demonstrate that CD27
contributes to the capacity of CD4� T cells to deliver CD8� T
cell help.

It has been established that CD4� T cells deliver help for the
primary CD8� T cell response via CD40. CD40L on activated
CD4� T cells can interact with CD40 on DC, thus licensing them
to promote CD8� T cell priming (11–13). Taraban et al. showed
recently that blocking Ab to CD70 impeded helper-dependent
CD8� T cell priming in response to protein immunization. These
authors suggested that this was due to a direct effect on CD8� T
cells (37). However, we demonstrate herein that the contribution of
CD27 to the primary CD8� T cell response in such a cross-pre-
sentation setting includes indirect effects via CD4� T cell help. We
show that CD27 has no effect on CD40L expression on CD4� T

FIGURE 8. WT or CD27�/� OT-II T
cells were adoptively transferred into
CD27�/� recipients, which were primed
with OVA protein and rechallenged after 6
wk with OVA257–264 peptide to selectively
recall OVA-specific CD8� T cells. At day 5
after peptide challenge, DLN, spleen, and
lung were harvested from three mice per
group and cells were pooled and sorted by
flow cytometry for a H-2Kb/OVA257–264 tet-
ramer� CD8� phenotype. The resulting pop-
ulations of endogenous Ag-specific CD8� T
cells were used for mRNA isolation. A, Mi-
croarray results depicted as dot plots. The
comparative setting is mRNA from CD8�

T cells that had received WT- vs CD27-de-
ficient CD4� T cell help. The A value on the
x-axis is a parameter for signal intensity, and
the M value on the y-axis gives the ratio of
representation in the selected vs the uns-
elected population. Colors indicate signifi-
cant differences according to p � 0.00003.
The circle indicates the signal for MS4A4B.
B, Real-time PCR was performed on the
same samples used for microarray analysis,
as outlined in the Materials and Methods
section, and the relative amount of MS4A4B
transcript is expressed as standardized on
GAPDH transcript level.
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cells, but perhaps its capacity to promote IFN-� production con-
tributes to CD8� T cell priming. IFN-� stimulates IL-12 produc-
tion by DC, which in turn can increment CD8� T cell expansion
(38). Further studies will have to demonstrate whether CD27 on
CD4� T cells must interact with CD70 on DC to influence CD8�

T cell fate. Use of CD70 knockout mice, which we have recently
generated, will facilitate this work. Note that protein immunization
does not reflect conditions of pathogen infection, in which inflam-
matory conditions lead to optimal DC maturation. However, in
support of our findings, a recent study using anti-CD70-blocking
Ab showed that CD27 signals on CD4� T cells prevented apopto-
sis of CD8� T cells at the effector phase after influenza virus
infection (39).

CD27 on CD4� T cells did not have a significant effect on
CD8� T cell memory formation in our test situation. However,
CD27/CD70 interactions are clearly important for this. Formation
of memory CD8� T cells was reduced in CD27�/� mice (24) and
in mice treated with blocking CD70 Ab (37). Conversely, CD8�

effector T cell contraction was reduced in CD70 transgenic mice
(25). Two patient studies using adoptive T cell transfer indicated
that also in the human system, CD27 expression is beneficial for
CD8� memory T cell formation (40, 41). Presumably, survival
signals imparted by CD27 on CD8� T cells during the contraction
phase play a key role in memory CD8� T cell formation. Down-
regulated CD27 expression has emerged as a hallmark of memory
CD8� T cells that constitutively display effector function and are
found predominantly in nonlymphoid tissue (42, 43). CD27 down-
regulation seems to be part of a functional program rather than the
result of interaction with CD70 (43). Memory CD4� T cells at
tissue sites also display this phenotype (44). Its functional signif-
icance is presently difficult to envision, but it suggests a particular
relevance of CD27/CD70 interactions for T cells at the tissue site,
in line with data gathered from CD27�/� mice (36).

Even after bacterial or viral infection when priming conditions
are inflammatory, CD4� T cell help appears to be required for
adequate memory CD8� T cell function (10, 18–20). Pertinent
studies show that secondary expansion of memory CD8� T cells is
deficient when CD4� T cell help has been lacking throughout the
primary response. These observations have launched the notion
that CD4� T cell help is required to “program” CD8� T cells for
appropriate secondary responsiveness. A recent study indicated
that CD27/CD70 interactions during priming play a role in pro-
gramming memory CD8� T cells for secondary expansion (39).
The work presented herein argues that CD27 signaling into CD4�

T cells contributes to the functional makeup that enables them to
contribute to CD8� T cell memory programming. Our data do not
allow for a conclusion as to whether CD27-dependent CD4� T cell
help has a differential impact on central or effector/tissue memory
cells. We observed consistently that secondary accumulation of
CD8� T cells at the tissue site (lung) was reduced in case of
CD27-deficient CD4� T cell help. Whether this response was pre-
dominantly due to recall of effector memory cells, we cannot say.
In the experiments using OVA peptide for recall, we noted a sig-
nificant impact of CD27-dependent CD4� T cell help in the DLN,
which contains primarily central memory cells (42). Such signif-
icant impact was not observed when CD4� T cells were recalled
by OVA protein. However, gene expression profiling revealed that
certain CD8� memory cells residing in lung and spleen, as well as
in DLN, had received the imprint of CD27-proficient CD4� T cell
help. To determine whether these include central memory cells, it
will be important to use other models of antigenic stimulation, in
particular those that are inflammatory and generate large numbers
of memory cells, which can more easily be phenotypically and
functionally dissected.

We have found that CD27 supports accumulation of effector
CD4� T cells without detectably affecting cell cycle entry or ac-
tivity at the site of priming. These data argue that CD27 promotes
survival of primed CD4� T cells, as it does for CD8� T cells (23).
It has recently been recognized that contrary to dogma, primed T
cells do not require IL-2 for clonal expansion. Although in vitro
IL-2 is used as the prototypical cytokine that drives division of
newly activated T cells, in vivo T cells enter the cell cycle and go
through consecutive rounds of division efficiently in the absence of
IL-2 (45, 46). At later stages in the primary response, however,
autocrine or paracrine IL-2 supports accumulation of effector cells,
particularly in nonlymphoid tissues (45, 46). This points to an
important role for IL-2 in promoting effector T cell survival. CD27
was found to stimulate IL-2 production (Fig. 7), as well as IL-2
receptor �-chain expression in CD4� T cells (results not shown),
suggesting that this is a mechanism by which it contributes to
effector T cell survival. We saw no effect of CD27 on IL-7 receptor
�-chain expression on CD4� T cells (results not shown).

Our data indicate that the impact of CD27 on effector CD4� T
cell quality rather than quantity is important for the capacity to
help the CD8� T cell response. The effects of CD27 on protein and
gene expression indicate that CD27 instructs a Th1-type differen-
tiation program into CD4� T cells. Effects of CD27 on the fre-
quency of IFN-�-producing effector cells were consistently ob-
served at late time points (days 5 and 6) in the primary response.
Consistently, in CD70 transgenic mice, the frequency of CD4�

and CD8� T cells producing IFN-� is strongly increased, as is the
level of cytokine production on a per-cell basis (26). These find-
ings tie in with recent observations in human and mouse CD4� T
cells. In the mouse, it was found that there exists an IL-12-inde-
pendent pathway to induce IFN-� production in CD4� T cells,
which involves CD70 on DEC205� DC (28). In human CD4� T
cells, deliberate CD27 costimulation by CD70-transfected cells re-
sulted in transcriptional up-regulation of the T-bet transcription
factor and sensitized the cells for IL-12-induced Th1 differentia-
tion (47). In line with Th1 programming, we also observed effects
of CD27 on the frequency of IL-2-producing effector cells in the
primary response, albeit less pronounced than for IFN-�. In the
memory response, the frequency of IFN-�- and IL-2-producing
CD4� responder T cells was clearly reduced in the absence of
CD27 costimulation. It has been demonstrated that IL-2 is impor-
tant to program memory CD8� T cells for secondary expansion
(48). Therefore, CD27-regulated IL-2 production may well be an
aspect of CD4� T cell help to memory CD8� T cell response.
CD4� T cells are not the only source of IL-2 that provides help for
the primary T cell response according to a recent study (49), but
for the memory response this remains to be examined. A role for
CD27-regulated IFN-� production seems less likely, since IFN-�
was recently shown to impair, rather than enhance, secondary re-
sponses of CD8� T cells (50).

Microarray analysis ex vivo gave a new insight into the effects
of CD27 on effector CD4� T cell quality. CD27 up-regulated ex-
pression of MS4A4B and its close relative MS4A4C. These mol-
ecules are encoded by a gene cluster, which in humans has been
linked to allergy (35). They are CD20-like molecules of unknown
function that span the membrane four times. MS4A4B was orig-
inally cloned as a gene selectively expressed in Th1 and not Th2
mouse T cells (34). Overexpression of MS4A4B in mouse T cells
led to increased IL-2 and IFN-� production (35), so it will be
interesting to see whether certain CD27-mediated effects, such as
induction of these cytokines, lie downstream of MS4A4B. A large
proportion of CD27-regulated genes were designated to be part of
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a network downstream of IFN-� by the Ingenuity Systems pro-
gram. However, many of them can also be regulated by other stim-
uli (Ingenuity Systems), and MS4A4B is induced under Th1 con-
ditions in an IFN-�-independent fashion (34). Moreover, the
microarray analysis did not reveal differential expression of IFN-�
itself at the time points tested, even though the oligonucleotide
probe was present. Therefore, the dataset may well include genes
that are under direct transcriptional control of CD27.

The fact that CD4� T cell help alters the capacity of memory
CD8� to undergo secondary expansion indicates a functional pro-
gramming. Such programming or imprinting can be accomplished
by epigenetic effects that alter gene accessibility to transcriptional
activity. Interesting in this context is the finding that CD4� T cell
help contributes to epigenetic remodeling of the IL-2 and IFN-�
loci in CD8� T cells (51). Our microarray analysis revealed
MS4A4B as a molecular marker for CD8� T cells that had expe-
rienced CD27-proficient, as opposed to CD27-deficient, CD4� T
cell help. We have not found evidence for differential expression
of TRAIL, which was reported as a hallmark for memory CD8� T
cells that had been raised in the complete absence of CD4� T cell
help (52). We cannot exclude that other molecules may be found
when more extensive kinetic analysis is performed, but finding
MS4A4B is intriguing. The hypothetical scenario that emerges is
that controlled by CD27, MS4A4B directs expression of certain
genes (IL-2, IFN-�, or others) in CD4� T cells, which are poten-
tially important for CD8� T cell help. During priming, CD27 in-
structs CD4� T cells to imprint into CD8� T cells the capacity to
express MS4A4B, which would contribute to their CD4� T cell
independence during secondary expansion. For vaccination strat-
egies, such potential imprinting effects by the CD27/CD70 recep-
tor/ligand pair are clearly very attractive.
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