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Antigen-Specific Central Memory CD4ⴙ T Lymphocytes
Produce Multiple Cytokines and Proliferate In Vivo in
Humans1
Muriel Stubbe, Nathalie Vanderheyde, Michel Goldman, and Arnaud Marchant2

he CD4⫹ T lymphocytes represent critical targets for vaccines as they promote both cell-mediated and humoral
immune responses (1). Understanding the differentiation
and the functions of Ag-specific memory CD4⫹ T lymphocytes is
essential for the development of new or improved vaccines.
Memory CD4⫹ T lymphocytes can be delineated into two subsets according to their homing capacity (2, 3). Central memory T
cells (TCM)3 express the chemokine receptor CCR7, a receptor for
CCL21 and CCL19 allowing them to home to the T cell areas of
lymphoid organs, whereas effector memory T cells (TEM) do not
express CCR7 and home to peripheral tissues. A model has been
proposed which links these distinct homing properties to distinct
functional programs. According to this model, TCM have strong
proliferative capacity but little effector functions, whereas TEM
produce effector cytokines but have limited proliferative capacity
(2– 4). The link between CCR7 expression and cytokine production by T lymphocytes remains controversial. Several reports in
mice and humans have shown that TCM produce effector cytokines
and that the majority of cytokine-producing human CD4⫹ T cells
are actually detected in the CCR7⫹ subset (5– 8). In addition, it
was recently shown that the TCM pool contains committed cells
that can differentiate into Th1 or Th2 cells under nonpolarizing
conditions (9). The TCM/TEM model of T cell memory has been
refined by the inclusion of the costimulatory molecules CD27 and
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CD28. A linear model of CD4⫹ T cell differentiation was proposed, which involves a sequential loss of the expression of CCR7,
CD27, and CD28 (10 –14). Along this differentiation pathway,
cells would progressively lose their proliferative capacity and increase their production of effector cytokines.
The persistence of memory T cells is related to their capacity to
self-renew and continuously divide (3, 15, 16). The relative capacity of human TCM and TEM to self-renew in vivo remains
poorly defined. In vivo deuterated glucose-labeling experiments
indicate that CD4⫹ TEM have a higher turnover rate than TCM (17).
These results were confirmed by ex vivo BrdU-labeling experiments with the exception of a subset CXCR5⫺ TCM that has a
higher rate of spontaneous proliferation than TEM (9). Since the
total pool of TEM studied in these experiments is enriched in T
cells specific for persistent microorganisms, their higher turnover
rate may not reflect a higher capacity to self-renew but could rather
be related to continuous Ag stimulation (10, 18, 19).
The role of memory subsets in Ag-specific CD4⫹ T cell responses in humans remains poorly characterized. Studies of persistent viral infections indicate predominant TEM responses in subjects with high viral loads and mixed TEM and TCM responses in
subjects with protracted Ag exposure (10, 18 –20). Studies of individuals immunized with the cleared Ag tetanus toxoid indicate
mixed TCM and TEM responses, with IL-2 produced by both subsets and IFN-␥ produced by TEM (2, 18). The study of Ag-specific
human CD4⫹ T cells is classically based on the detection of cytokine-producing cells following short-term in vitro Ag stimulation. Because memory T cell subsets are reported to be specialized
in the production of specific cytokines, individual cytokines do not
allow the study of total populations of Ag-specific cells. We identified CD154, the ligand for CD40, as a reliable intracytoplasmic
marker of Ag-specific TCM and TEM. Recent studies demonstrated
that CD154 is a sensitive and specific marker of Ag-specific CD4⫹
T cells producing IFN-␥, IL-2, or TNF-␣ (21, 22). In this study, we
characterized the differentiation of human CD4⫹ T cell memory
subsets specific for a cleared Ag using CD154 as a marker of
Ag-specific cells. We selected the anti-hepatitis B vaccine
(HBVac), which contains a recombinant fragment of the hepatitis
B virus surface Ag (HBs) and the alum adjuvant (23). This vaccine
is highly immunogenic and induces persistent memory (24). Using
0022-1767/06/$02.00
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The function of Ag-specific central (TCM) and effector (TEM) memory CD4ⴙ T lymphocytes remains poorly characterized in vivo
in humans. Using CD154 as a marker of Ag-specific CD4ⴙ T cells, we studied the differentiation of memory subsets following
anti-hepatitis B immunization. Hepatitis B surface Ag (HBs)-specific memory CD4ⴙ T cells were heterogeneous and included TCM
(CCR7ⴙCD27ⴙ) and TEM (CCR7ⴚCD27ⴙ/ⴚ). HBs-specific TCM and TEM shared the capacity to produce multiple cytokines,
including IL-2 and IFN-␥. Several years postimmunization, ⬃10% of HBs-specific memory CD4ⴙ T cells were in cycle (Ki67ⴙ)
and the proliferating cells were CCR7ⴙ. These results suggest that the model of functional specialization of TCM and TEM cannot
be applied to protein vaccine Ags and support the concept that TCM are capable of self-renewal and contribute to maintain the
pool of memory cells. The Journal of Immunology, 2006, 177: 8185– 8190.
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Materials and Methods
Subjects
This study was approved by the Hôpital Erasme Ethics Committee. Healthy
adults (20 –30 years), naive for hepatitis B virus Ags, were immunized with
the Engerix-B vaccine (gift from GlaxoSmithKline). Three doses (20 g
HBs) were given at 0, 8, and 16 wk. Blood was collected before and up to
40 wk after the last vaccine dose (Fig. 1A). A second group of volunteers
who had been immunized with the same vaccine at least 2 years earlier was
identified among laboratory staff (25– 40 years). Those with a frequency of
HBs-specific CD4⫹ T cells above 1/1000 (6 of 20 volunteers tested) were
recruited in the study.

Cell culture
PBMC were isolated using Lymphoprep (Nycomed) and cultured at 106/
500 l in RPMI 1640 with 10% FCS. Fresh cells were stimulated for 18 h
with HBs (10 g/ml; gift from GlaxoSmithKline), staphylococcal enterotoxin B (SEB, 2.5 g/ml; Sigma-Aldrich) or medium alone but with no
additional costimulation. Brefeldin A (10 g/ml; Sigma-Aldrich) was
added for the last 16 h of culture.

FIGURE 1. CD4⫹ T cell response to primary HBVac. A, Healthy volunteers were immunized with HBVac. B, Ag-specific CD4⫹ T cells were
detected using intracytoplasmic CD154 expression and flow cytometry following short-term in vitro HBs stimulation. C, Anti-HBs Ab levels were
measured by ELISA. Data are expressed as mean ⫾ SEM. Three of 11
volunteers with frequencies of HBs-specific cells ⬍0.03% CD4⫹ T cells at
the peak of the response were excluded from the analysis.

multiparameter flow cytometry, we demonstrate that Ag-specific
TCM are able to produce multiple cytokines, including IFN-␥, and
have a high rate of proliferation in vivo.

FIGURE 2. Activation and differentiation of CD4⫹
T cells following primary HBVac. Healthy volunteers
were immunized with HBVac. Expression of markers of
activation and differentiation and production of cytokines were studied at the level of CD154⫹CD4⫹ T cells
following HBs stimulation (f), CD154⫺ CD4⫹ T cells
following HBs stimulation (䡺), and CD154⫹ CD4⫹ T following SEB stimulation (⫻). Data are expressed as
mean ⫾ SEM. Three of 11 volunteers with frequencies of
HBs-specific cells ⬍0.03% CD4⫹ T cells at the peak of
the response were excluded from the analysis.

After stimulation, Ag-specific cells were identified using intracellular staining of CD154. This method was recently described by Chattopadhyay et al.
(21) and by Frentsch et al. (22). Using an in vitro model of toxic shock
syndrome toxin-1 stimulation of V␤2⫹ CD4⫹ T lymphocytes, we identified intracytoplasmic CD154 as a specific and sensitive marker of Agspecific TCM and TEM (data not shown). The phenotype of HBs-specific
cells was studied using the following conjugated Abs: CD4 PerCP or Pacific Blue, CD27 FITC or PE-Cy5, CD28 allophycocyanin, CD45RA
FITC, CD45RO allophycocyanin, and HLA-DR FITC. Preliminary experiments indicated that brefeldin A interferes with the expression of CCR7 by
activated CD4⫹ T cells (data not shown). To avoid this interference, CCR7
was stained before cell stimulation. Using this method, the proportions of
CCR7⫹ and CCR7⫺ CD4⫹ T cells producing IL-2 and IFN-␥ following
SEB stimulation were similar to those detected in subsets purified by cell
sorting with a FACSVantage (BD Biosciences; data not shown). After
membrane marker staining, cells were permeabilized using FACS-Perm2
(BD Biosciences) and were stained using the following conjugated
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Abs: CD154 PE, allophycocyanin or PE-Cy5, IL-13 PE, IFN-␥ FITC or
PE, IL-2 PE or allophycocyanin, TNF-␣ allophycocyanin, and Ki67 FITC
or PE. Ki67 expression by CD154⫹CD4⫹ T cells was used as a marker of
cell cycle progression in vivo. Indeed, although SEB stimulation of PBMC
for 18 h induced between 25 and 35% of CD154⫹CD4⫹ T cells, this in
vitro stimulation did not influence the percentage of CD4⫹ T lymphocytes
expressing Ki67 (control mean ⫾ SEM: 0.85 ⫾ 0.1% vs SEB stimulated
0.91 ⫾ 0.1%, p ⫽ 0.48). All Abs were obtained from BD Biosciences
except CD27 PE-Cy5 (Beckman Coulter) and CCR7 PE (R&D Systems).
Flow cytometry data for six parameters were obtained on a FACSCalibur
using the CellQuest software (BD Biosciences), whereas data for nine parameters were obtained on a Cyan ADP LX9 using the Summit 4.2 software (DakoCytomation).

Serology
Anti-HBs Abs were detected in serum by ELISA using a commercial kit
(DiaSorin).

Statistics
Frequencies of CD154⫹CD4⫹ T cells detected in unstimulated cultures
were subtracted from stimulated conditions. Groups were compared using
the paired Student’s t test or the 2 test. Pearson’s test was used to determine bivariate correlations. Analyses were performed using GraphPad
Prism 4 for Windows (GraphPad).

Results

CD4⫹ T cell response to primary anti-hepatitis B immunization
Primary immunization of seronegative adults with HBVac induced
high frequencies of CD4⫹ T cells expressing CD154 following
short-term in vitro stimulation with HBs (Fig. 1B). No CD154⫹
CD4⫹ T cells were detected before immunization. The frequency
of HBs-specific cells increased after each dose of vaccine and
peaked 2 wk after the administration of the third dose (mean ⫾
SEM, 1.01 ⫾ 0.35/1000 CD4⫹ T cells). Following this expansion

phase, the HBs-specific cell population contracted and reached a
plateau 12 wk postimmunization (0.37 ⫾ 0.13/1000 CD4⫹ T
cells). The specificity of the changes was assessed by the stable
frequencies of CD154⫹ CD4⫹ T cells following in vitro SEB stimulation (data not shown). Ab response to HBVac in these volunteers followed a similar profile to that of HBs-specific CD154⫹
CD4⫹ T cells (Fig. 1C). In addition, the areas under the curves of
the two responses were significantly correlated (r ⫽ 0.702, p ⫽
0.035; data not shown). During the primary phase of the response,
high proportions of HBs-specific CD4⫹ T cells expressed the proliferation marker Ki67 and were HLA-DR⫹ (Fig. 2). This phenotype indicates in vivo activation of HBs-specific cells and was not
observed on CD4⫹ T cells that did not express CD154 following
in vitro HBs stimulation or on cells that did express CD154 following SEB stimulation. During the memory phase of the response, very low proportions of HLA-DR⫹ HBs-specific cells
were detected. In contrast, high proportions of Ki67⫹ cells were
still detected up to 24 wk after the last vaccine dose. The expression of Ki67 by CD154⫹ cells was not related to the in vitro
short-term stimulation procedure (see Materials and Methods).
This suggests that HBs-specific cells maintain the capacity to selfrenew in vivo and will be studied in more detail in experiments
presented below.
Soon after immunization, most HBs-specific cells were
CD45RO⫹ although ⬃20% of the cells expressed CD45RA (Fig.
2). The expression of CD27 by HBs-specific cells progressively
decreased after the second and third doses of vaccine and reached
a plateau thereafter. At steady state, ⬃50% of the cells were
CD27⫺. In contrast, HBs-specific cells remained CD28⫹ during
the entire follow-up, indicating an intermediate state of CD4⫹ T
cell differentiation (13, 25). The specificity of the differentiation
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FIGURE 3. Cytokine production by HBs-specific
CD4⫹ T lymphocytes. CD4⫹ T lymphocyte responses
to HBs or SEB were analyzed in healthy donors who
had been immunized with HBVac at least 2 years earlier
(n ⫽ 6). CD154⫹CD4⫹ T cells were separated in eight
subsets according to their capacity to produce TNF-␣
and/or IL-2 and/or IFN-␥. Dot plots from a representative donor are shown in A. B, The proportions (mean ⫾
SEM) of the eight subsets measured in the six donors
following HBs (e) or SEB (f) stimulation.
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phenotype observed on HBs-specific cells was assessed by the different and stable phenotype of CD154⫺ cells following HBs stimulation and of CD154⫹ cells following SEB stimulation.
The acquisition of the capacity to produce cytokines by HBs-specific cells followed two distinct profiles (Fig. 2). After the first dose of
vaccine, ⬃20% of CD154⫹CD4⫹ T cells acquired the capacity to
produce IFN-␥. Thereafter, the proportion of IFN-␥-producing cells
remained stable during the entire follow-up. In contrast, the proportions of HBs-specific cells producing IL-2 and TNF-␣ continued to
increase after the second and third doses of vaccine and maximum
capacity to produce these cytokines was reached around 20 wk. At 40
wk, the majority of HBs-specific cells produced TNF-␣ and a large
fraction were IL-2⫹. A small fraction of cells produced IL-13 after the
first vaccine dose and this proportion remained stable during the follow-up. No cytokine production was detected in CD4⫹ T cells that
did not express CD154 following HBs stimulation.
Cytokine production by HBs-specific memory CD4⫹ T cells
To study memory CD4⫹ T cells with no interference of recent Ag
stimulation, we selected a population of volunteers who had been
immunized with HBVac at least 2 years earlier. The phenotype and
the cytokine-producing capacity of CD154⫹CD4⫹ T cells observed
in these subjects following in vitro HBs stimulation were similar to
those observed in the immunization cohort at 40 wk (data not shown).
During the memory phase of the response, HBs-specific cells displayed a considerable heterogeneity in the cytokines produced.
CD154⫹CD4⫹ T cells were separated in eight subsets according to
their capacity to produce TNF-␣ and/or IL-2 and/or IFN-␥ (Fig. 3). A

fraction of CD154⫹ cells (10%) did not produce IL-2, IFN-␥, or
TNF-␣. The predominant cytokine produced by HBs-specific cells
was TNF-␣ and the majority of IL-2ⴙand IFN-␥⫹ cells were included
in the TNF-␣⫹ population. Cells producing only IFN-␥ were undetectable. A similar profile was observed in CD154⫹CD4⫹ T cells
following SEB stimulation. The frequency of cells that did not produce IL-2, IFN-␥, or TNF-␣ was higher than in the HBs-specific
population (Fig. 3B). This difference is likely to be related to the
presence of naive CD4⫹ T cells among the cells responding to SEB.
Among the cells that produced cytokines following SEB stimulation,
the same subsets were observed than among HBs-specific cells but the
frequency of the TNF-␣⫹IL-2⫹IFN-␥⫺ subset was less represented
(Fig. 3B).
HBs-specific cells were distributed in the three subsets of memory CD4⫹ T cells (CCR7⫹CD27⫹, CCR7⫺CD27⫹, and CCR7⫺
CD27⫺) that were described by Fritsch et al. (13) in an in vitro
model of polyclonal cell stimulation (Fig. 4A). The majority of
HBs-specific cells were CCR7⫺ and were distributed evenly
among the CCR7⫺CD27⫹ and CCR7⫺CD27⫺ subsets. Since
CCR7⫹CD27⫺ cells were virtually absent, all TCM expressed
CD27. The same memory subsets were detected among
CD154⫹CD4⫹ cells following SEB stimulation and within the total population of CD4⫹ T cells but these two populations contained higher proportions of CCR7⫹CD27⫹ cells.
In keeping with previously published results, IFN-␥ was predominantly produced by CCR7⫺CD4⫹ T cells following SEB
stimulation, whereas CCR7⫹CD4⫹ T cells contributed more to
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FIGURE 4. Differentiation of HBsspecific CD4⫹ T lymphocytes. CD4⫹
T lymphocyte responses to HBs or
SEB were analyzed in healthy donors
who had been immunized with HBVac
at least 2 years earlier (n ⫽ 6). A, The
expression of CD27 and CCR7 by
HBs-specific, SEB-stimulated, or total
CD4⫹ T cells was analyzed by flow
cytometry. B, The proportion of the
memory subsets in CD154⫹CD4⫹ T
cells producing IL-2, TNF-␣, IFN-␥,
or none of these cytokines following
HBs or SEB stimulation was analyzed.
A, One donor representative of six and
mean proportions of the six donors (B).
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FIGURE 5. In vivo proliferation
of HBs-specific CD4⫹ T lymphocytes. The expression of Ki67 and
CCR7 by HBs-specific CD4⫹ T cells
and total populations of CD45RO⫹
memory and CD45RO⫺ naive CD4⫹
T cells were analyzed by flow cytometry in healthy donors who had been
immunized with HBVac at least 2
years earlier (n ⫽ 5). One representative donor is presented.

In vivo proliferation of HBs-specific memory CD4⫹ T cells
Results presented in Fig. 2 indicate that a high proportion of HBsspecific memory cells express Ki67. Similar results were obtained
in donors immunized ⬎2 years earlier (Fig. 5). In keeping with in
vivo deuterated glucose and ex vivo BrdU-labeling experiments (9,
17, 27), higher frequencies of Ki67⫹ cells were detected within the
total pool of memory (mean ⫾ SEM, 2.3 ⫾ 0.6%) as compared
with naive CD4⫹ T cells (0.6 ⫾ 0.1%, p ⬍ 0.05). Furthermore,
within the pool of memory cells the proportion of Ki67⫹ cells was
higher in CCR7⫺ TEM (2.9 ⫾ 0.8%) than in CCR7⫹ TCM (2.1 ⫾
0.6%, p ⬍ 0.05). In contrast, the HBs-specific cells expressing
Ki67 were CCR7⫹. Because the expression of Ki67 was not related to the in vitro short-term stimulation with HBs (see Materials
and Methods), these results suggest a particular ability of HBsspecific TCM to self-renew.

Discussion
Using CD154 as a marker of Ag-specific cells, we provide the
first characterization of the activation and the differentiation of
human CD4⫹ T cells following primary immunization with a
protein vaccine. CD154 was recently proposed as a marker of
Ag-specific CD4⫹ T cells (21, 22). We confirmed the sensitivity
of this marker in our model since no IL-2, TNF-␣, or IFN-␥
production was detected in CD154⫺CD4⫹ T cells following in
vitro HBs stimulation. During the primary phase of the response, HBs-specific CD4⫹ T cells expressed markers of activation (HLA-DR) and proliferation (Ki67) and rapidly acquired
a memory phenotype characterized by the expression of
CD45RO by the majority of the cells and the loss of CD27 by
⬃50% of them. The acquisition by CD154⫹CD4⫹ T cells of the
capacity to produce cytokines followed two distinct patterns.
Maximum IFN-␥ production was acquired early during the
course of the response, whereas the proportions of CD154⫹
cells producing IL-2 and TNF-␣ progressively increased following the second and third booster immunizations. These results contrast with the paradigm, derived from the study of persistent viral infections, that IL-2 production decreases during
the course of CD4⫹ T cell differentiation (10, 13, 18, 19, 25).
In patients controlling the replication of persistent viruses,

CD4⫹ T cells produce IL-2 and IFN-␥, whereas active viral
replication is associated with decreased capacity of virus-specific CD4⫹ T cells to produce IL-2. Whether this phenomenon
is related to chronic activation of cells by viral Ags or to cell
differentiation per se remains unclear. Our results suggest that
CD4⫹ T cell differentiation is not necessarily associated with
decreased production of IL-2 and increased production of
IFN-␥. This concept is further supported by the analysis of the
differentiation phenotype of IFN-␥- and IL-2-producing CD4⫹
T cells. In keeping with previously published results, IFN-␥ was
predominantly produced by CCR7⫺CD4⫹ T cells following
SEB stimulation, whereas CCR7⫹CD4⫹ T cells contributed
more to IL-2 production (7, 14, 26). A distinct pattern was
observed among HBs-specific cells. The majority of CD154⫹
cells that produced IL-2 following HBs activation were TEM. In
contrast, a large fraction of IFN-␥-producing cells were TCM.
These results indicate that the population of HBs-specific cells
that produces IL-2 is more differentiated than that producing
IFN-␥. They also indicate that HBs-specific TCM and TEM share
the potential to produce IL-2 as well as effector cytokines.
These observations contrast with the classical model of functional specialization of TCM and TEM but are in keeping with
results reported using polyclonal activators (2, 7). These conflicting results could be related to the specificity of the memory
cells studied. The functional specialization of TCM and TEM
could be different in the responses to cleared protein vaccine Ag
and to persistent infections during which Ags continuously
drive the differentiation of effector cells.
The high proportion of IL-2-producing CD4⫹ T cells detected
following HBVac immunization is in accordance with data reported recently indicating that protein vaccines induce uncommitted IL-2-secreting CD4⫹ T cells, whereas infections induce more
IFN-␥-secreting cells (28, 29). However, the large proportions of
TNF-␣-secreting cells observed following HBVac immunization
indicate that CD4⫹ T cells induced by protein vaccines also produce effector cytokines.
The use of CD154 as a marker of Ag-specific cells allowed us
to identify a population of CD4⫹ T cells that did not produce IL-2,
IFN-␥, or TNF-␣ following HBs stimulation. The detection of this
population further emphasizes the interest of CD154 in the monitoring of vaccine responses. Interestingly, most of these cells were
TCM. Their functional properties, including their capacity to produce other cytokines, remain to be determined.
During the memory phase of the response, ⬃50% of HBs-specific
CD4⫹ T cells had lost the expression of CD27 and all expressed
CD28. This phenotype indicates an intermediate state of cell differentiation. According to the linear model of CD4⫹ T cell differentiation, cells sequentially lose the expression of CD27 and CD28 (13,
25). Using IFN-␥ and IL-2 production as markers of Ag-specific cells,
studies indicate that during persistent viral infections, CD4⫹ T cells
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IL-2 production (Refs. 7, 14, and 26 and Fig. 4B). A distinct pattern was observed among HBs-specific cells. The majority of
CD154⫹ cells that produced IL-2 were TEM. A similar profile was
observed for TNF-␣-producing cells. In contrast, a large fraction
of IFN-␥-producing cells were TCM. Interestingly, almost all
CD154⫹ cells that did not produce IL-2, TNF-␣, or IFN-␥ were
TCM. No clear specialization of CD27⫹ and CD27⫺ TEM was observed except for IFN-␥ which was more dependent on CD27⫹
than CD27⫺ TEM, in keeping with results obtained following polyclonal CD4⫹ T cell activation (13).
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accumulate at different stages of differentiation, with CMV-specific
cells displaying a late differentiation phenotype (CD27⫺CD28⫺),
HIV-specific cells an intermediate stage of differentiation
(CD27⫺CD28⫹), and EBV-specific cells an early differentiation phenotype (CD27⫹CD28⫹) (11, 12, 20, 25). Our results indicate that this
model of differentiation could also apply to CD4⫹ T cell responses
induced by protein vaccines. No clear specialization of CD27⫹ and
CD27⫺ TEM was observed except for IFN-␥ which was more dependent on CD27⫹ than CD27⫺ TEM, in keeping with results obtained
following polyclonal CD4⫹ T cell activation (13). The functional
properties of Ag-specific CD27⫹ and CD27⫺ memory CD4⫹ T cells
remain poorly characterized. Previous studies suggest that CD27⫺
and CD27⫹CD4⫹ T cells differ in their capacity to stimulate Ig production by B cells (30, 31).
A substantial fraction of HBs-specific cells were in cycle during
the memory phase of the response to HBVac. Interestingly, virtually all Ki67⫹ cells expressed CCR7, suggesting a particular ability of the TCM population to self-renew. An opposite pattern was
observed in the total memory CD4⫹ T cell population, where a
higher proportion of Ki67⫹ cells was detected in the TEM pool than
in the TCM pool, confirming in vivo deuterated glucose experiments (17). This difference could be related to the enrichment of
the total TEM pool in cells specific for persistent microorganisms
and to their chronic antigenic activation rather than to a different
capacity to self-renew (18, 19). In vivo BrdU-labeling experiments
in rhesus macaques suggest that Ki67 expression delineates cells
that have undergone S phase in the previous 3– 4 days (27). If these
observations are applied to our model, the population of HBsspecific memory cells would renew every 30 – 40 days under
steady-state conditions. These results are in line with the doubling
times of CD4⫹ memory T cells measured in vivo following deuterated glucose labeling (17). Because the frequency of HBs-specific memory CD4⫹ T cells remain relatively stable over time and
because the highest proliferative activity was detected among TCM,
these cells could represent a reservoir for shorter-lived TEM. This
model is supported by the observation that homeostatic cytokines
stimulating the proliferation of TCM also down-regulate their expression of CCR7 (4, 15).
In conclusion, using CD154 as a marker of Ag-specific cells, we
demonstrated that following vaccination with a protein Ag, TCM and
TEM share the capacity to produce multiple cytokines. These results
indicate that the model of functional specialization of CD4⫹ T cell
memory subsets according to their homing properties is not universal
and cannot be applied to all immune responses in humans. In contrast,
this study provides the first in vivo evidence that TCM specific for a
cleared Ag have a higher capacity to self-renew than TEM. Although
we do not provide evidence for a lineage relationship between the two
subsets, this study supports the model in which TCM behave as memory stem cells contributing to the maintenance of the TEM pool (3).

