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tetrodotoxin (TTX; Calbiochem)after transfection.Cells were stimulated 48h aftertransfection with PMA/Ifor 3h or with 90 mM K*for 3 min. Forstudies with nifedipine,
Bay K8644 or AP-5,cells were pre-incubated for 3 min with the inhibitors before
stimulation, The inhibitors were also presentduringstimulation.For experiments with
FK506/CsA, w-CgTx-GVIA and w-CTx-MVIIC,the pre-incubation time was 20 min.For
assays ofspontaneous synaptic activity cells were transfected at 9 days in vitro and TTX or
pharmacological inhibitors were added 16h after transfection.

Subcellular fractionation and in vitro kinase assays
Nuclear extracts from newborn rat hippocampi were prepared using standard methods
and analysed by western blot with a monoclonal antibody specific for GSK-3a and B
(Santa Cruz). Kinase assays were doneas described with minor modifications'*. Samples
were analysed by SDS-PAGEandautoradiography. Thegel wasstained with Coomassie
blueto ensure equal loading of the fusion protein.

Plasmids and materials
Detailed description ofthe plasmids used in these studies can be foundat http://
crablab.stanford.edu/. Pharmacological agents were ionomycin (Calbiochem), phorbol-
12-myristate-13-acetate (Calbiochem), tetrodotoxin (Calbiochem), Nifedipine (RBI),
D(-)AP-5 (RBI), S(—)BayK 8644 (RBIU), w-CgTx-GVIA (RBI), w-CTx-MVIIC (RBI),
FK506 (Fujisawa) and cyclosporin A (Sandoz).

Gel mobility shift assays
Nuclear extracts were prepared from newbornrat hippocampiandcerebellum and from
NEF-ATc4transfected JurkatT cells stimulated for 3h with PMA and ionomycin and fromPMA-stimulated JST-B cells as described‘ with minor modificationsfor the neuronal
extracts. Binding reactions andelectrophoretic mobility shift assays were carried outas
described’. The oligonucleotide sequenceof the °P-end-labelled oligonucleotide from the
putative IPR1 NE-AT-bindingsite 2 from the5’ flanking region ofthe IP;R1 gene was 5'-
TGACACCCGGGAAAGTTTGTGGAATGAATACGT-3’, The nucleotide sequence from
the distal NF-AT bindingsite from the humanIL-2 promoter (ARRE) was 5’-GATCG-
GAGGAAAAACTGTTTCATACAGAAGGCGT-3’ andthe AP-1 oligonucleotide sequencewas 5’-GGGGTGACTAGGGG-3’.

Wester blots for IP3R1
One-week-old cultured hippocampal neuronswere treated with TTX forthree days.
Stimulations were doneas described for the transcriptionalassays. Whole cell RIPA lysates
were analysed by western blot with a polyclonal antibodyspecific for IP;R1,a gift from
1 Bezprozvanny.
Received 5 July; accepted 26 August1999. 
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Two subsets of memory
T lymphocytes with
distinct homing potentials
and effector functions

Federica Sallusto*, Danielle Lenig*, Reinhold Forster}, Martin Lippt
& Antonio Lanzavecchia*

* Basel Institute for Immunology, Grenzacherstrasse 487, Postfach,
CH-4005 Basel, Switzerland
+ Max-Delbrueck-Center for Molecular Medicine, Robert Rossle Strasse 10,
13122 Berlin-Buch, Germany 

Naive T lymphocytestravel to T-cell areas ofsecondary lymphoid
organsin search ofantigen presented by dendritic cells’*. Once
activated, they proliferate vigorously, generating effector cells
that can migrate to B-cell areas orto inflamedtissues’. A fraction
of primed T lymphocytespersists as circulating memory cells that
can confer protection and give, upon secondary challenge, 2
qualitatively different and quantitatively enhanced response”.The nature of the cells that mediate the different facets of
immunological memory remainsunresolved. Here we show that
expression of CCR7, a chemokinereceptor that controls homing

 

to secondary lymphoid organs, divides human memoryTcells |
into two functionally distinct subsets. CCR7 memory cells
express receptors for migration to inflamed tissues and display
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immediate effector function. In contrast, CCR7* memory cells
express lymph-node homingreceptors and lack immediate effec-
tor function, but efficiently stimulate dendritic cells and differ-
entiate into CCR7effectorcells upon secondary stimulation. The
CCR7* and CCR7_T cells, which we have namedcentral memory
(Tex) and effector memory (Tpy), 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.

When blood-bornenaive T cells hometo lymph nodes,theyfirst
roll on high endothelial venules using CD62L. This allows the
chemokine receptor CCR7 to engage its ligand SLC, which is
displayed by endothelial cells. The CCR7—-SLC interaction acti-
vates integrins that promote firm adhesion and transmigration of
the T cells into the lymph node”. In contrast to naive T cells,
memory/effectorcells migrate mostly through peripheraltissues",
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Figure 2 CCR7* and CCR7- memoryTcells display different effector functions. a, b, The
three subsets of CD4* T calls were sorted according to the expression of CCR7 and
CD45RA as in Fig. 1 and testedfor their capacity to produce IL-2, IFN-y, IL-4 and IL-5 (a)
andfor the kinetics of surface CD40L upregulation (b)following polyclonalstimulation.
¢, d, The four subsets of CD8* T cells were sorted accordingto the expression of CCR7
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This migration mediates rapid protective responses and is con-
trolled bythe expressionofdifferentsets ofintegrins and chemokine
receptors", However, some memoryTcells must also reach the
lymph nodes to mount secondary proliferative responses. We
considered whether the two facets of the memory response might
dependonsubsets of memoryT cells invested with distinct homing
andeffector capacities.

Because CCR7 and CD62Lareessential for lymphocyte migration
to lymph nodes'’, the co-expression of these receptors might
distinguish a putative subset of memory T cells that home to
lymph nodes. Humannaive and memoryTcells can be identified
bythe reciprocal expression of the CD45RA or CD45R0isoforms'*.
Staining ofperipheral blood T cells with antibodies to CD45RA
and CCR7 revealed three subsets of CD4* cells: one naive
CD45RA*CCR7*; and two memory subsets, CD45RACCR7* and

Figure 1 CCR7 and CD62Lare co-expressed on a subset of peripheral blood memory
CD4 and CD8*Tcells. CD4* (a, b) and CD8* (c, d) lymphocytes were stained with
monoclonal antibodies to CD45RA and CCR7, whichidentified three andfour subsets,
respectively. These subsets were sorted and analysedfor the expression of CD62L, and
the percentageof bright cells is indicated (b, d). Uponserial analysis, the proportion of
cells in the different compartments was rather stable in the sameindividual, 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-CCR7antibodies
(clones 3D12 and 10HS).

 
CD45RA_CCR7

CD40L(MFI) a@ SoSo88
"

Dey33

and CD45RA asin Fig. 1 and tested for thelr capacity to produce IL-2 or IFN-y (c) or were
immediately stained with anti-perforin antibody (green) and counterstained with
propidium lodide (red) (d). In the CDB* CD45RA* compartment, CCR7 expressionallows
usto discriminate naivecells (1) from effector cells (4) (ref. 26). Comparable results were
obtained in 12 healthy donors.
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| CD45RA°CCR7(Fig. 1a). Both naive and CCR7* memory cells
| expressed high levels of CD62L, whereas the CCR7- memory cells

 
expressed CD62Lto a lower and variable extent (Fig. 1b). Within
CD8*T cells, the samethree subsets could be identified, with an
extra subset of CD45RA*CCR7_ cells (Fig. 1c). In addition, the two
CCR7*subsets expressed highlevels ofCD62L, 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 CD8T cells; furthermore,it
identifies a subset ofCD8*cells that is CD45RA”,butthat lacks both
CCR7and CD62L.

A numberof chemokine receptors and adhesion molecules are
involvedin lymphocyte migration to secondary lymphoidorgans orto tissues under homeostatic or inflammatory conditions’"*. CCR7~
memoryTcells express highlevels ofB1 and 82 integrins, which are
required for homingtoinflamed tissues”,as well as tissue-specific
homingreceptors such as CD103 and CLA (Table 1). Receptors for
inflammatory chemokines, such as CCR1, CCR3 and CCRS, which
have been found on memory/effector cells'*"’, were selectively
expressed in the CCR7 memory subset. On the other hand,
CCR7* memory cells had a distinct phenotype. They expressed
intermediate levels of B1 and 82 integrins, as well as CCR4, CCR6
and CXCR3 on various proportions ofcells. T-cell activation
markers such as CD69 and CD25 wereexpressed 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* memoryTcells share migratory
routes with naive T cells, although the expression of additional
receptors such as CCR4 mayallow them to respond to a wider
spectrum of chemokines and interact moreeffectively with den-dritic cells’.

MemoryTcells carrying distinct homing receptors mightparti-
cipate in different types of immuneresponses and therefore might
havedifferenteffector capacities. T-cell help for dentritic cells and B
cells is dependent on expression of CD40L”, whereas protective
responses in the tissues are mediated byT cells that produceeffector
cytokines, such as interferon-y (IFN-y) or interleukin-4 (IL-4), or
release stored perforin””*, 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-y 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 cells”, circulating memory T cells do not
contain stored CD40L (Fig. 2b). Rapid production of IFN-y was
detected in most CCR7, but only a negligible fraction of CCR7*
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Figure 3 Rapid production of IFN-y following stimulation of CCR7~ memoryTcalls.
CD45RA"CCR7* (a) and CD45RACCR7~ (b) CD4Tcells were stimulated for 7h with
autologousdendritic cells pulsed with 100 ng mI" TSSTandstained with antibodies to
CD69 and IFN-y. CD69* cells were less than 2% in unstimulated cultures.
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memorycells following stimulation with autologous dendritic cells
pulsed with a bacterial superantigen (Fig. 3). Within the four CD8*
T-cell subsets, IFN-y production and perforin-containing granules
wererestricted to the CCR7cells (Fig. 2c, d). Perforin expression
wasparticularly prominentin the CD45RA*CCR7population that
correspondsto a reported population of terminally differentiated
CD27"effector T cells”*. CD8*cells progressively lost IL-2 produc-
tion, presumably as a function of their differentiation from naivecells to effectors.

We then examined theactivation requirements, which areless
stringent for memory cells’. Compared with naive cells, both
memory subsets displayed increased sensitivity to stimulation by
anti-CD3, both in the presence andin the absence ofcostimulation,
although CCR7cells 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* memorycellsefficiently
stimulated IL-12 production by dendritic cells at both high and low
doses of TSST, whereas naive T cells were muchless effective and
only stimulated IL-12 at the highest TSST dose (Fig. 4b). Thus,
because oftheir lower triggering threshold and higher capacity to
upregulate CD40L, CCR7* memory cells can function as potentactivators of dendritic cells.

The above results indicated that two subsets of circulating
memoryT 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.
Asreported’, 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
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Figure 4 CCR7* memory calls show enhanced responsiveness to T-cell receptor
triggering and potently activate dendritic cells to produceIL-12. a, Proliferative response
of naive T cells (squares), CCR7* (triangles) and CCR7~ (circles) memory T cells to
different concentrations ofplastic-bound antl-CD3 monoclonalantibody in the absence
(empty symbols) orin the presence(filled symbols) of anti-CD28.b, IL-12 p70production
by dendritic cells cultured with naive T cells (squares) or CCR7* memory T calls (angles).
Dendritic cells were pulsed with toxic shack syndrometoxin (TSST) at 100 ng mI"(emply
symbols) or 1 ng mi"’ (filled symbols). Both T-call populations contained similar
proportions of V@2* cells,

 
NATURE| VOL 401|14 OCTOBER 1999 | www-nature.com

Miltenyi Ex. 1029 Page 7_



Miltenyi Ex. 1029 Page 8

 
Table 1 Surface molecules on peripheralbloodnaive and memory CD4*T-cell subsets

 

CD45RA* CD45RA™ CD45RArCCRT" CCR?” ccR7-
>99 >99 >99

<0.4 2 3
cD25 (%) <0.1 4 8
HLA-DR (%) <0.1 1 12
opis (MFI) 38 75
CDita (MFI) 90 218
CD11b (%) <0.1 35
cD29 (MFI) 0 43
cD4sd (MFI) 10 33/2
CD49e (2%) <0. 10
CA (%) <0.1 25
cD103 (%) <0.1 1
CXCR4 (26) 98 4
CCR4 (%) <0.1 6
CCR6 (%) <0.1 45
CXCRS (%) <0.1 61
CCR (%) <0 14
CCR3 (%) . 4CCRS (%)
 

Three subsets of peripheral blood CDE¢" cells were sorted by expression of CD46)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.

their relative proportions are not affected by recent antigenic
stimulation. In all cases, IFN-y 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 subsetscontain clonally
expanded antigen-specific T cells, but these differ in their effector
capacity. Thepresenceofexpandedantigen-specific memory cells in
both subsets at different times after antigenic stimulation indicates
that homeostatic mechanisms may maintain cells in both
compartments’*”””*,

Whatis the relationship between naivecells and thecells 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 mostofthecells retained CCR7 expression,
whereas only a few acquired the capacity to produce IL-4 or IFN~y
(Fig. 6a—c). When the CCR7* and CCR7 cells were sorted and
stimulated, IL-4, IL-5 and IFN-y were found to be exclusively

8
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Figure5 Proliferative responses to recall antigens can be detectedin both CCR7* and
CCR7~ subsets but notin naive T cells, Proliferative response of CD45RA* CCR7*naive T
cells (squares), CD45RA°CCR7™(triangles) and CD45RACCR7” memory T cells (circles)
in responseto tetanus toxoid presented by autologous monocytes. Respondercells from
the same individual weretested 10 years after vaccination (empty symbols) and two
weeks after a booster(filled symbols). Inset showsIFN-~y productionin the 24-h culture

 
supernatantusing an input of memory cells giving comparable proliferative responses,
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produced by the CCR7cells (Fig. 6d). Thus, with respect to the
parametersanalysed,it appears that the samefunctionalsubsets of
memory T cells that are detected in vivo can be generated bystimulation ofnaive cells in short-term culture.

Whenperipheral blood CCR7* memoryTcells were sorted andstimulated under the same conditions,almostall the cells that were
recovered after 10 days had lost CCR7 expression and had acquired
the capacity to produceeffector cytokines uponfurther stimulation
(Fig. 6e—g), indicating that this subset is poised to generate effector
cells. Finally, peripheral blood CCR7 memorycells, after stimula-
tion and expansion,retained their CCR7” phenotype andeffector
function (Fig. 6h—j). This indicatesthat,at least in vitro, there may
bea stepwise differentiation from naiveTcells to CCR7* memory to
CCR7 memary/effector T cells. This possibility is supported by
analysis of the telomere length, which decreases as a function ofcell
division’’. As shown in Fig.6k, the length oftelomeresin peripheral
blood CD4subsets decreased progressively from naive to memory |
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Figure6Differentiation potential of naive and memory T-cell subsets, a—d, Loss of CCR7
followingin vitro stimulation of naiveTcells correlates with acquisitionofeffector function.
CD4* naiveTcells (CD45RA*, CCR7*) weresorted from peripheral blood(a), stimulated
with anti-CD3 + anti-CD28, expandedfor 10 daysin IL-2 andtested for their capacity to
produce IFN-y and IL-4 (b) or for CCR7 expression(c). CCR7* (R1) and CCR7~ cells (R2)
were sorted and immediately testedfor their capacity to producecytokines following
Polyclonalstimulation (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 undergonea larger numberofdivisions.

We have shown that immunological memory is displayed by
distinct T-cell subsets: lymph-node-homing cells lacking inflam-
matory andcytotoxic function (which we defineas central memory
Tcells, Tay) and tissue-homingcells endowed with variouseffector

functions (which we define as effector memoryT cells, Tey). These
two subsets allow a division of labour among memory cells. On the
onehand, Try 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 Toy 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 waveofeffectorcells.

Our results indicate a precursor—product relationship between
the two memory subsets.In vitro stimulation ofnaiveT cells results
in the generation ofboth Toy and Tp cells, whereasstimulation of
Tem cells results in their efficient differentiation to Try cells.
Furthermore,antigen-specific Toy and Tz cells persist in vivo for
up to ten years andtheir relative proportions do not changeafter abooster immunization. These data are consistent with a linear
differentiation model in which naive T cells differentiate first to
Tcm and then to Tzy cells, depending on the strength and duration
of T-cell receptor stimulation and the presence or absence of
polarizing cytokines”. 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. O 

Methods
Sorting and FACS analysis
Peripheral blood mononuclearcells were stained with a rat monoclonal antibody (mAb)
specific for CCR7 (3D12, IgG2a) followed bya fluorescein isothiocyanate (FITC)-labelled
mouse anti-rat IgG2a mAb (PharMingen)oralternatively by a phycoerythrin (PE)-
labelled goat anti-rat immunoglobulin polyclonal antiserum (Southern Biotechnology
Associates). The 3D12 mAb completely inhibited migration ofperipheral bloodT cells in
response to secondary lymphoid tissue chemokine (SLC) and EBI1-ligand chemokine
(ELC) (R.F, unpublished data) anddid notaffect the responseofT cells to mitogenic or
antigenic stimulation (ES., unpublished data). In addition, 3D12stained all cell lines that
expressed CCR7 messenger RNA, butdid not stain CCR7 mRNA-negative cells. In some
experiments, a mouse mAbspecific for CCR7 (10H5, IgG3; produced by L. Wu,
LeukoSite) was used with comparableresults. The following PE-, PC5- or APC-labelled
mouse mAbs were used in different combinations: anti-CD45RA (ALB11, IgG1); anti-
CD45R0 (UCHLI, IgG2a); anti-CD3 (UCHTI, IgG1); anti-CD4 (13B8.2, IgG1); anti-
CD68(B9.11, IgG1); anti-CD1 Ja (25.3, IgG1); anti-CD11b(Bearl, 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); andanti-
CLA (HECA-205, rat IgG1; PharMingen). Staining for chemokinereceptors wascarried
outusingthe following mouse mAbs (all producedat LeukoSite): anti-CCR1 (2D4, IgG1);
anti-CCR3 (7B11, IgG2a); anti-CCR4 (1G1, IgG1); anti-CCR5 (2D7, IgG2a); anti-CCR6
(1LA9,IgG1); anti-CXCR3 (1C6, IgG);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-1-lysinecoated slides,
fixed in 2% paraformaldehydeand permeabilized in 0.1% Triton-X100 beforeintracellular
staining with an anti-perforin mAb (264, IgG2b; PharMingen), followed by FITC-labelled
goat anti-mouse immunoglobulin and propidium iodideto visualize the nuclei by
confocal microscopy. Thelength of telomeres was determined using a Teloquantkit(PharMingen).

Cytokine detection
Tcells were stimulated with 10 wg mI" anti-CD3 antibody (TR66, IgG1) and 10-7 M

phorbol12-myristate 13-acetate (PMA;Sigma). Cytokine production was measuredin the
24-h culture supernatants by ELISA using matched pairs of antibodiesspecific for IL-2,
IL-4, IL-5, IFN~y (PharMingen). For cytokinedetection atthesingle-cell level, T cells were
stimulated with 10” M PMA and 1 pg ml"ionomycinfor 4h, or with autologous
dendritic cells pulsed with 100ng mI"TSST for 7h in 10 wg ml" brefeldin A. Cells were
fixed and permeabilized with PBS containing FCS (2%) and saponin (0.5%)and stained
with FITC-labeled anti-IFN-y (IgG1) and PE-labelled anti-IL-4 (IgG2b) or PE-labelled| anti-CD69 mAbs.
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Cell cultures
Sorted cells were stimulated with plastic-bound anti-CD3 (TR66) and anti-CD28
(CD28.1, IgGl; provided by D. Olive) in RPMI 1640 medium containing 2mM
1-glutamine, 1% non-essential aminoacids, 1% sodium pyruvate, 50 bgml" kanamycin,(complete medium; Gibco BRL) and 10% FCS (HyClone Laboratories). Thecells were
expanded with 500 U ml"' IL-2. Monocytes were isolated using magnetic beads coated
with anti-CD14 mAb (Miltenyi), irradiated (3,000 rad), pulsed with 5 wg mi" TT and
cultured with different numbersofT cells. IFN-y was measured by ELISA in the 24-h
culture supernatant. *H-thymidine incorporation was measured on dayfive. Immature
dendritic cells were produced by culturing peripheral blood CD14* monocytes with
GM-CSF + IL-4 for six days. Thecells 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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