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asymmetric unit (molecule B). Density for the other two molecules was broken and hard
to interpret. The skeleton for molecule B was used to generate a molecular envelope for
NCS averaging. Initial rotation matrices describing the relative orientations of molecules
A, B and C were calculated from the heavy-atom sites (mercury bound to five sites in each
of the three molecules). NCS averaging with DM25 was used to improve phases at 2.7 Å
resolution, and then extend phases to 2.2 Å, the limit of the native data set. The resulting
electron density map was readily interpretable (Fig. 2). A model including residues 47–351
of each of the three molecules was built using the graphics program O26. No electron
density is seen for 24 residues at the amino terminus. The model was refined using
simulated annealing and positional refinement in X-PLOR27, with tight NCS restraints.
The model includes 669 water molecules, which were positioned by using the program
ARP (V.Lamzin). An overall thermal B factor and tightly restrained individual B factors
were refined, and a bulk-solvent model was incorporated. Crystallographic R values and
stereochemical parameters are presented in Table 1.

The structure of the Cbl-N/ZAP70 phosphopeptide complex was determined by
molecular replacement with the program AmoRe28. Use of the complete unliganded Cbl-N
structure as a search model yielded clear rotation and translation peaks, and maps phased
with the appropriately positioned model revealed strong electron density for the 4H and
EF-hand domains, but no interpretable density for the SH2 domain. The model was
therefore broken into two fragments (residues 47–265 and residues 266–351), and the
rotation and translation searches were repeated with each fragment. The 4H/EF-hand
fragment yielded a solution essentially identical to that from the intact model. The SH2
domain was then positioned using translation searches conducted in the context of the
appropriately positioned 4H/EF-hand fragment. After rigid-body and positional refine-
ment using X-PLOR27, electron density maps calculated with the combined model
revealed clear density for all domains, and readily interpretable density for the bound
ZAP-70 phosphopeptide. After construction of the peptide, the structure was refined with
iterative cycles of manual refitting and simulated annealing and positional refine-
ment in X-PLOR (Table 1). Restrained individual temperature factors were refined. The
model includes residues 47–351 of c-Cbl, residues 289–297 of ZAP-70, and 358 water
molecules.

Illustrations
Figure 1a was prepared with MOLSCRIPT29, Fig. 2 with program O26, and Figs 1e and 3

with GRASP30.
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Naive T lymphocytes travel to T-cell areas of secondary lymphoid
organs in search of antigen presented by dendritic cells1,2. Once
activated, they proliferate vigorously, generating effector cells
that can migrate to B-cell areas or to inflamed tissues3–6. A fraction
of primed T lymphocytes persists as circulating memory cells that
can confer protection and give, upon secondary challenge, a
qualitatively different and quantitatively enhanced response7–9.
The nature of the cells that mediate the different facets of
immunological memory remains unresolved. Here we show that
expression of CCR7, a chemokine receptor that controls homing
to secondary lymphoid organs, divides human memory T cells
into two functionally distinct subsets. CCR7− memory cells
express receptors for migration to inflamed tissues and display
immediate effector function. In contrast, CCR7+ memory cells
express lymph-node homing receptors and lack immediate effec-
tor function, but efficiently stimulate dendritic cells and differ-
entiate into CCR7− effector cells upon secondary stimulation. The
CCR7+ and CCR7− T cells, which we have named central memory
(TCM) and effector memory (TEM), differentiate in a step-wise
fashion from naive T cells, persist for years after immunization
and allow a division of labour in the memory response.
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When blood-borne naive T cells home to lymph nodes, they first
roll on high endothelial venules using CD62L. This allows the
chemokine receptor CCR7 to engage its ligand SLC, which is
displayed by endothelial cells10. The CCR7–SLC interaction acti-
vates integrins that promote firm adhesion and transmigration of

the T cells into the lymph node11,12. In contrast to naive T cells,
memory/effector cells migrate mostly through peripheral tissues13.
This migration mediates rapid protective responses and is con-
trolled by the expression of different sets of integrins and chemokine
receptors1,14. However, some memory T cells must also reach the
lymph nodes to mount secondary proliferative responses. We
considered whether the two facets of the memory response might
depend on subsets of memory T cells invested with distinct homing
and effector capacities.

Because CCR7 and CD62L are essential for lymphocyte migration
to lymph nodes1,15, the co-expression of these receptors might
distinguish a putative subset of memory T cells that home to
lymph nodes. Human naive and memory T cells can be identified
by the reciprocal expression of the CD45RA or CD45R0 isoforms16.
Staining of peripheral blood T cells with antibodies to CD45RA
and CCR7 revealed three subsets of CD4+ cells: one naive
CD45RA+CCR7+; and two memory subsets, CD45RA−CCR7+ and
CD45RA−CCR7− (Fig. 1a). Both naive and CCR7+ memory cells
expressed high levels of CD62L, whereas the CCR7− memory cells
expressed CD62L to a lower and variable extent (Fig. 1b). Within
CD8+ T cells, the same three subsets could be identified, with an
extra subset of CD45RA+CCR7− cells (Fig. 1c). In addition, the two
CCR7+ subsets expressed high levels of CD62L, whereas most of the
cells among the two CCR7− subsets lacked CD62L (Fig. 1d). This
shows that lymph-node-homing receptors are expressed on a
distinct subset of memory CD4 and CD8 T cells; furthermore, it
identifies a subset of CD8+ cells that is CD45RA+, but that lacks both
CCR7 and CD62L.

A number of chemokine receptors and adhesion molecules are
involved in lymphocyte migration to secondary lymphoid organs or
to tissues under homeostatic or inflammatory conditions1,14. CCR7−

memory T cells express high levels of b1 and b2 integrins, which are
required for homing to inflamed tissues17, as well as tissue-specific
homing receptors such as CD103 and CLA (Table 1). Receptors for
inflammatory chemokines, such as CCR1, CCR3 and CCR5, which
have been found on memory/effector cells18,19, were selectively
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Figure 1 CCR7 and CD62L are co-expressed on a subset of peripheral blood memory
CD4+ and CD8+ T cells. CD4+ (a, b) and CD8+ (c, d) lymphocytes were stained with
monoclonal antibodies to CD45RA and CCR7, which identified three and four subsets,
respectively. These subsets were sorted and analysed for the expression of CD62L, and
the percentage of bright cells is indicated (b, d). Upon serial analysis, the proportion of
cells in the different compartments was rather stable in the same individual, but more
variable among individuals, the variability being more pronounced in the CD8 than in the
CD4 compartment. Comparable results were obtained using two anti-CCR7 antibodies
(clones 3D12 and 10H5).
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Figure 2 CCR7+ and CCR7− memory T cells display different effector functions. a, b, The
three subsets of CD4+ T cells were sorted according to the expression of CCR7 and
CD45RA as in Fig. 1 and tested for their capacity to produce IL-2, IFN-g, IL-4 and IL-5 (a)
and for the kinetics of surface CD40L upregulation (b) following polyclonal stimulation.
c, d, The four subsets of CD8+ T cells were sorted according to the expression of CCR7

and CD45RA as in Fig. 1 and tested for their capacity to produce IL-2 or IFN-g (c) or were
immediately stained with anti-perforin antibody (green) and counterstained with
propidium iodide (red) (d). In the CD8+ CD45RA+ compartment, CCR7 expression allows
us to discriminate naive cells (1) from effector cells (4) (ref. 26). Comparable results were
obtained in 12 healthy donors.
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expressed in the CCR7− memory subset. On the other hand, CCR7+

memory cells had a distinct phenotype. They expressed intermedi-
ate levels of b1 and b2 integrins, as well as CCR4, CCR6 and CXCR3
on various proportions of cells. T-cell activation markers such as
CD69 and CD25 were expressed only on a small fraction of the two
memory subsets, whereas HLA-DR was expressed on about 10% of
the CCR7− memory cells. Together, these results imply that CCR7+

memory T cells share migratory routes with naive T cells, although
the expression of additional receptors such as CCR4 may allow them
to respond to a wider spectrum of chemokines and interact more
effectively with dendritic cells20,21.

Memory T cells carrying distinct homing receptors might parti-
cipate in different types of immune responses and therefore might
have different effector capacities. T-cell help for dentritic cells and B
cells is dependent on expression of CD40L22, whereas protective
responses in the tissues are mediated by T cells that produce effector
cytokines, such as interferon-g (IFN-g) or interleukin-4 (IL-4), or
release stored perforin23,24. The naive and two memory CD4 subsets
were sorted and compared for their capacity to produce cytokines
and upregulate CD40L following stimulation. As shown in Fig. 2a,
both naive T cells and CCR7+ memory cells produced IL-2 only. In
contrast, the CCR7− memory subset produced high levels of IL-4,
IL-5 and IFN-g and moderately reduced levels of IL-2. Upon
activation, the extent of CD40L upregulation was comparable in

the two memory subsets and was higher than in naive T cells;
however, the kinetics of upregulation were comparable, indicating
that, unlike tonsil T cells25, circulating memory T cells do not
contain stored CD40L (Fig. 2b). Rapid production of IFN-g was
detected in most CCR7−, but only a negligible fraction of CCR7+

memory cells following stimulation with autologous dendritic cells
pulsed with a bacterial superantigen (Fig. 3). Within the four CD8+

T-cell subsets, IFN-g production and perforin-containing granules
were restricted to the CCR7− cells (Fig. 2c, d). Perforin expression
was particularly prominent in the CD45RA+CCR7− population that
corresponds to a reported population of terminally differentiated
CD27− effector T cells26. CD8+ cells progressively lost IL-2 produc-
tion, presumably as a function of their differentiation from naive
cells to effectors.
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Figure 3 Rapid production of IFN-g following stimulation of CCR7− memory T cells.
CD45RA−CCR7+ (a) and CD45RA−CCR7− (b) CD4 T cells were stimulated for 7 h with

autologous dendritic cells pulsed with 100 ng ml−1 TSST and stained with antibodies to
CD69 and IFN-g. CD69+ cells were less than 2% in unstimulated cultures.

Table 1 Surface molecules on peripheral blood naive and memory CD4+

T-cell subsets

CD45RA+

CCR7+
CD45RA−

CCR7+
CD45RA−

CCR7−

.............................................................................................................................................................................

CD3 (%) .99 .99 .99

CD69 (%) ,0.1 2 3
CD25 (%) ,0.1 4 8
HLA-DR (%) ,0.1 1 12

CD18 (MFI) 38 49 75
CD11a (MFI) 90 140 218
CD11b (%) ,0.1 ,0.1 35

CD29 (MFI) 0 10/36* 43
CD49d (MFI) 10 19/2 33/2
CD49e (%) ,0.1 ,0.1 10

CLA (%) ,0.1 4 25
CD103 (%) ,0.1 ,0.1 1

CXCR4 (%) 98 22 11
CCR4 (%) ,0.1 18 6
CCR6 (%) ,0.1 40 45
CXCR3 (%) ,0.1 34 61
CCR1 (%) ,0.1 1 14
CCR3 (%) ,0.1 ,0.1 4
CCR5 (%) ,0.1 2 52
.............................................................................................................................................................................
Three subsets of peripheral blood CDE4+ cells were sorted by expression of CD45RA or CD45R0
and CCR7. The sorted cells were stained and analysed for the expression of adhesion moelcules
and chemokine receptors. MFI, mean fluorescence intensity.
* Mean value of major and minor peak.
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Figure 4 CCR7+ memory cells show enhanced responsiveness to T-cell receptor
triggering and potently activate dendritic cells to produce IL-12. a, Proliferative response
of naive T cells (squares), CCR7+ (triangles) and CCR7− (circles) memory T cells to
different concentrations of plastic-bound anti-CD3 monoclonal antibody in the absence
(empty symbols) or in the presence (filled symbols) of anti-CD28. b, IL-12 p70 production
by dendritic cells cultured with naive T cells (squares) or CCR7+ memory T cells (triangles).
Dendritic cells were pulsed with toxic shock syndrome toxin (TSST) at 100 ng ml−1 (empty
symbols) or 1 ng ml−1 (filled symbols). Both T-cell populations contained similar
proportions of Vb2+ cells.
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We then examined the activation requirements, which are less
stringent for memory cells9. Compared with naive cells, both
memory subsets displayed increased sensitivity to stimulation by
anti-CD3, both in the presence and in the absence of costimulation,
although CCR7− cells were consistently more responsive (Fig. 4a).
The capacity to stimulate IL-12 production was tested by co-
culturing T cells with dendritic cells pulsed with different doses of
the bacterial superantigen TSST. CCR7+ memory cells efficiently
stimulated IL-12 production by dendritic cells at both high and low
doses of TSST, whereas naive T cells were much less effective and
only stimulated IL-12 at the highest TSST dose (Fig. 4b). Thus,
because of their lower triggering threshold and higher capacity to
upregulate CD40L, CCR7+ memory cells can function as potent
activators of dendritic cells.

The above results indicated that two subsets of circulating
memory T cells with different functional capacities can be discri-
minated by the expression of CCR7; therefore, we considered
whether memory for antigens would be present in both subsets.
As reported16, proliferative responses to tetanus toxoid can not be
detected in naive T cells; however, they were consistently found in
both the CCR7+ and CCR7− memory subsets, even ten years after
vaccination (Fig. 5). Following a booster with tetanus toxoid, the
proliferative responses increased in both subsets, indicating that
their relative proportions are not affected by recent antigenic
stimulation. In all cases, IFN-g was produced by only the CCR7−

memory cells. Comparable results were obtained by analysing the
response to tetanus toxoid or hepatitis B surface antigen in five
primed donors, showing that both memory subsets contain clonally
expanded antigen-specific T cells, but these differ in their effector
capacity. The presence of expanded antigen-specific memory cells in
both subsets at different times after antigenic stimulation indicates
that homeostatic mechanisms may maintain cells in both
compartments16,27,28.

What is the relationship between naive cells and the cells in the
two memory subsets? When peripheral blood naive T cells were
polyclonally stimulated, all cells became CD45R0+ after 10 days
(data not shown), but most of the cells retained CCR7 expression,
whereas only a few acquired the capacity to produce IL-4 or IFN-g
(Fig. 6a–c). When the CCR7+ and CCR7− cells were sorted and
stimulated, IL-4, IL-5 and IFN-g were found to be exclusively
produced by the CCR7− cells (Fig. 6d). Thus, with respect to the

parameters analysed, it appears that the same functional subsets of
memory T cells that are detected in vivo can be generated by
stimulation of naive cells in short-term culture.

When peripheral blood CCR7+ memory T cells were sorted and
stimulated under the same conditions, almost all the cells that were
recovered after 10 days had lost CCR7 expression and had acquired
the capacity to produce effector cytokines upon further stimulation
(Fig. 6e–g), indicating that this subset is poised to generate effector
cells. Finally, peripheral blood CCR7− memory cells, after stimula-
tion and expansion, retained their CCR7− phenotype and effector
function (Fig. 6h–j). This indicates that, at least in vitro, there may
be a stepwise differentiation from naive T cells to CCR7+ memory to
CCR7− memory/effector T cells. This possibility is supported by
analysis of the telomere length, which decreases as a function of cell
division29. As shown in Fig. 6k, the length of telomeres in peripheral
blood CD4 subsets decreased progressively from naive to memory

Figure 5 Proliferative responses to recall antigens can be detected in both CCR7+ and
CCR7− subsets but not in naive T cells. Proliferative response of CD45RA+ CCR7+ naive T
cells (squares), CD45RA−CCR7+ (triangles) and CD45RA−CCR7− memory T cells (circles)
in response to tetanus toxoid presented by autologous monocytes. Responder cells from
the same individual were tested 10 years after vaccination (empty symbols) and two
weeks after a booster (filled symbols). Inset shows IFN-g production in the 24-h culture
supernatant using an input of memory cells giving comparable proliferative responses.
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Figure 6 Differentiation potential of naive and memory T-cell subsets. a–d, Loss of CCR7
following in vitro stimulation of naive T cells correlates with acquisition of effector function.
CD4+ naive T cells (CD45RA+, CCR7+) were sorted from peripheral blood (a), stimulated
with anti-CD3 þ anti-CD28, expanded for 10 days in IL-2 and tested for their capacity to
produce IFN-g and IL-4 (b) or for CCR7 expression (c). CCR7+ (R1) and CCR7− cells (R2)
were sorted and immediately tested for their capacity to produce cytokines following
polyclonal stimulation (d). e–g, Rapid polarization of CCR7+ memory T cells following in
vitro stimulation. CD4+, CD45RA−, CCR7+ T cells were sorted from peripheral blood (e),
stimulated, expanded and tested for cytokine production (f) and CCR7 expression (g).
h–j, CD4+, CD45RA−, CCR7− T cells isolated and stimulated as above retained a stable
effector phenotype. k, Length of telomeres in peripheral blood naive and memory CD4+

T-cell subsets. kb, kilobases.
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cells, but was consistently higher in the CCR7+ than in the CCR7−

subset, suggesting that the latter had undergone a larger number of
divisions.

We have shown that immunological memory is displayed by
distinct T-cell subsets: lymph-node-homing cells lacking inflam-
matory and cytotoxic function (which we define as central memory
T cells, TCM) and tissue-homing cells endowed with various effector
functions (which we define as effector memory T cells, TEM). These
two subsets allow a division of labour among memory cells. On the
one hand, TEM cells represent a readily available pool of antigen-
primed cells which can enter peripheral tissues to mediate inflam-
matory reactions or cytotoxicity, thus rapidly containing invasive
pathogens. On the other hand, the newly described TCM cells
represent a clonally expanded antigen-primed population which
travels to secondary lymphoid organs and, upon a secondary
challenge, can efficiently stimulate dendritic cells, help B cells and
generate a new wave of effector cells.

Our results indicate a precursor–product relationship between
the two memory subsets. In vitro stimulation of naive T cells results
in the generation of both TCM and TEM cells, whereas stimulation of
TCM cells results in their efficient differentiation to TEM cells.
Furthermore, antigen-specific TCM and TEM cells persist in vivo for
up to ten years and their relative proportions do not change after a
booster immunization. These data are consistent with a linear
differentiation model in which naive T cells differentiate first to
TCM and then to TEM cells, depending on the strength and duration
of T-cell receptor stimulation and the presence or absence of
polarizing cytokines21. Understanding the mechanisms that gener-
ate and maintain the two types of memory cells will help to
manipulate immunological memory for vaccination and for adop-
tive immunotherapy. M

Methods
Sorting and FACS analysis
Peripheral blood mononuclear cells were stained with a rat monoclonal antibody (mAb)
specific for CCR7 (3D12, IgG2a) followed by a fluorescein isothiocyanate (FITC)-labelled
mouse anti-rat IgG2a mAb (PharMingen) or alternatively by a phycoerythrin (PE)-
labelled goat anti-rat immunoglobulin polyclonal antiserum (Southern Biotechnology
Associates). The 3D12 mAb completely inhibited migration of peripheral blood T cells in
response to secondary lymphoid tissue chemokine (SLC) and EBI1-ligand chemokine
(ELC) (R.F., unpublished data) and did not affect the response of T cells to mitogenic or
antigenic stimulation (F.S., unpublished data). In addition, 3D12 stained all cell lines that
expressed CCR7 messenger RNA, but did not stain CCR7 mRNA-negative cells. In some
experiments, a mouse mAb specific for CCR7 (10H5, IgG3; produced by L. Wu,
LeukoSite) was used with comparable results. The following PE-, PC5- or APC-labelled
mouse mAbs were used in different combinations: anti-CD45RA (ALB11, IgG1); anti-
CD45R0 (UCHL1, IgG2a); anti-CD3 (UCHT1, IgG1); anti-CD4 (13B8.2, IgG1); anti-
CD8 (B9.11, IgG1); anti-CD11a (25.3, IgG1); anti-CD11b (Bear1, IgG1); anti-CD18 (7E4,
IgG1); anti-CD49d (HP2/1, IgG1); anti-CD49e (SAM1, IgG2b); anti-CD29 (K20, IgG2a);
anti-CD103 (2G5, IgG2a); anti-CD69 (TP1.55, IgG2b); anti-CD25 (B1.49, IgG2a); anti
HLA-DR (B8.12, IgG2b); anti-CD40L (TRAP-1, IgG1) (all from Immunotech); and anti-
CLA (HECA-205, rat IgG1; PharMingen). Staining for chemokine receptors was carried
out using the following mouse mAbs (all produced at LeukoSite): anti-CCR1 (2D4, IgG1);
anti-CCR3 (7B11, IgG2a); anti-CCR4 (1G1, IgG1); anti-CCR5 (2D7, IgG2a); anti-CCR6
(11A9, IgG1); anti-CXCR3 (1C6, IgG1); and anti-CXCR4 (12G5, IgG2a). Cells were sorted
using a fluorescence-activated cell sorter (FACS Vantage) and analysed on a FACScalibur
(Becton Dickinson Systems). Sorted cells were immobilized on poly-L-lysine coated slides,
fixed in 2% paraformaldehyde and permeabilized in 0.1% Triton-X100 before intracellular
staining with an anti-perforin mAb (2d4, IgG2b; PharMingen), followed by FITC-labelled
goat anti-mouse immunoglobulin and propidium iodide to visualize the nuclei by
confocal microscopy. The length of telomeres was determined using a Teloquant kit
(PharMingen).

Cytokine detection
T cells were stimulated with 10 mg ml−1 anti-CD3 antibody (TR66, IgG1) and 10−7 M
phorbol 12-myristate 13-acetate (PMA; Sigma). Cytokine production was measured in the
24-h culture supernatants by ELISA using matched pairs of antibodies specific for IL-2,
IL-4, IL-5, IFN-g (PharMingen). For cytokine detection at the single-cell level, T cells were
stimulated with 10−7 M PMA and 1 mg ml−1 ionomycin for 4 h, or with autologous
dendritic cells pulsed with 100 ng ml−1 TSST for 7 h in 10 mg ml−1 brefeldin A. Cells were
fixed and permeabilized with PBS containing FCS (2%) and saponin (0.5%) and stained
with FITC-labelled anti-IFN-g (IgG1) and PE-labelled anti-IL-4 (IgG2b) or PE-labelled
anti-CD69 mAbs.

Cell cultures
Sorted cells were stimulated with plastic-bound anti-CD3 (TR66) and anti-CD28
(CD28.1, IgG1; provided by D. Olive) in RPMI 1640 medium containing 2 mM
L-glutamine, 1% non-essential amino acids, 1% sodium pyruvate, 50 mg ml−1 kanamycin,
(complete medium; Gibco BRL) and 10% FCS (HyClone Laboratories). The cells were
expanded with 500 U ml−1 IL-2. Monocytes were isolated using magnetic beads coated
with anti-CD14 mAb (Miltenyi), irradiated (3,000 rad), pulsed with 5 mg ml−1 TT and
cultured with different numbers of T cells. IFN-g was measured by ELISA in the 24-h
culture supernatant. 3H-thymidine incorporation was measured on day five. Immature
dendritic cells were produced by culturing peripheral blood CD14+ monocytes with
GM-CSF þ IL-4 for six days. The cells were pulsed with different concentrations of TSST
and cultured with graded numbers of T cells. IL-12 p70 was measured by ELISA
(PharMingen) in the 24-h culture supernatant.
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