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Summary

 

The question of whether enhanced memory T cell responses are simply due to an increased
frequency of specific cells or also to an improved response at the single cell level is widely de-
bated. In this study, we analyzed T cell receptor (TCR) transgenic memory T cells and bona
fide memory T cells isolated from virally infected normal mice using the tetramer technology.
We found that memory T cells are qualitatively different from naive T cells due to a develop-
mentally regulated rearrangement of the topology of the signaling machinery. In naive cyto-
toxic T cells, only a few CD8 molecules are associated with Lck and the kinase is homoge-
neously distributed inside the cell. However, in vivo priming of naive T cells induces the
targeting of Lck to the CD8 coreceptor in the cell membrane and the consequent organization
of a more efficient TCR signaling machinery in effector and memory cells.
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T

 

he hallmarks of adaptive immune responses are antigen
specificity and memory. The concept of immunologi-

cal memory is based on the faster and enhanced response of
an animal to reexposure to the antigen, mediated by either
B or T cells (1–5).

The generation of memory B cells in germinal centers is
fairly well understood. Priming of naive B cells by antigen
and cognate T help leads to activated B cells that differenti-
ate either to plasma cells, which lose surface Ig expression,
or to memory B cells, which express an isotype-switched
and somatically mutated Ig receptor (6, 7). Thus, memory
B cells are qualitatively different from naive B cells, and the
surface expression of a distinct Ig receptor makes memory
B cells readily identifiable and facilitates their analysis. In
contrast, the generation of memory T cells is less well un-
derstood, as a special anatomical site for memory T cell
development has not been identified, and T cells do not
undergo isotype switching and extensive somatic hypermu-
tation. In addition, it has proven difficult to find a reliable
marker to distinguish memory and naive T cells, and in
particular memory and effector T cells, since a proportion
of memory T cells usually expresses activation marker pro-
files similar to naive T cells (5, 8).

However, some functional differences between naive,
effector, and memory cells have been characterized. Naive
and memory cells can persist for long time periods at in-

creased precursor frequencies in the absence of continuous
or periodical contact with specific antigen (9–13). How-
ever, survival of naive T cells is dependent on the presence
of the correct MHC class I molecule, whereas survival of
memory cells is also guaranteed by a nonrestricting MHC
class I molecule (14).

It has been proposed that memory and effector T cells
have a lower activation threshold, since these cells undergo
low level proliferation when exposed to cross-reacting anti-
gens (15), type I IFN (16), IL-2 (17), and IL-15 (18). Nev-
ertheless, in vivo–generated memory T cells were not found
to respond to lower amounts of the nominal antigen or
low-affinity ligands (19). Moreover, in vitro–primed T cells
exhibit a lower dependence on costimulation than do naive
T cells (20, 21).

At this time, the origin of this enhanced responsiveness
of memory T cells at the single cell level is not understood.
Compared with antigen-specific T cells of primary responses,
memory T cells have been shown to express different sets
of TCRs (22) and to exhibit greater specificity for their an-
tigen (23). Therefore, it is possible that the altered activa-
tion threshold of memory T cells is due to the presence of
high-affinity TCRs on these cells, similar to the affinity
maturation of B cells. On the other hand, it is also possible
that the enhanced response of memory T cells is not related
to the TCRs expressed but is mediated by alterations in the



 

1522

 

Rearrangement of the Signaling Machinery in Memory T Cells

 

TCR-dependent signaling cascade. The present study dem-
onstrates that this is indeed the case. Upon in vivo activa-
tion, memory T cells rearrange their signaling machinery
by shuffling the subcellular localization of Lck, thereby op-
timizing its strategic position. In contrast to naive T cells,
where Lck is evenly distributed within the cells, memory
T cells exhibit Lck bound to CD8 within the plasma mem-
brane, facilitating TCR-mediated T cell activation.

 

Materials and Methods

 

Generation and Use of Tetramers.

 

Soluble, biotinylated class I
monomers, comprising the murine D

 

b

 

 molecule, human 

 

b

 

2-micro-
globulin, and lymphocytic choriomeningitis virus (LCMV)

 

1

 

 pep-
tide p33, were generated as described previously (24, 25). Tetra-
meric complexes were subsequently generated by stepwise
addition of PE-labeled streptavidin (Sigma) to the biotinylated
monomers at a 1:4 molar ratio.

 

 

 

Single-cell suspensions were pre-
pared from spleens and incubated with PE-conjugated tetramers
at 37

 

8

 

C for 15 min. Allophycocyanin-conjugated anti-CD8 antibod-
ies were added subsequently on ice for 30 min. Cells were washed
and analyzed on a FACScan™ (Becton Dickinson) or sorted using a
MoFlo cell sorter (Cytomation).

 

Generation and Analysis by Flow Cytometry of Effector and Memory
T Cells.

 

Naive T cells were harvested from unprimed transgenic
mice expressing a TCR specific for peptide p33 in association with
H-2D

 

b 

 

(26). Experiments with two founder lines revealed similar
results. To generate effector and memory T cells, spleen cells (10

 

6

 

)
were adoptively transferred into normal C57BL/6 mice, which
were immunized with 200 PFU of LCMV WE sprain 2 h later.
Effector cells were harvested on days 7–9 after infection. Memory
cells were harvested on days 30–90 after infection (27). Spleen cells
were stained for the expression of CD8 (FITC; PharMingen), V

 

b

 

8
(PE; PharMingen), and V

 

a

 

2 (biotin, followed by streptavidin
coupled to Tricolor; PharMingen). To analyze expression of Lck,
cells were stained for surface expression of CD8 (PE) and V

 

a

 

2
(biotin, followed by streptavidin coupled to Tricolor). Cells were
fixed and subsequently permeabilized, then stained with a poly-
clonal rabbit anti-Lck serum (PharMingen) followed by FITC-
conjugated anti–rabbit antibodies.

Alternatively, normal C57BL/6 mice were infected with
LCMV (200 PFU), and spleen cells were isolated 8 or 45 d later
and analyzed by tetramer staining.

 

51

 

Cr-release Assay.

 

EL-4 target cells were pulsed with peptide
p33 or KAVVNIATM at a concentration of 10

 

2

 

7

 

 or 10

 

2

 

5 

 

M, re-
spectively, for 90 min at 37

 

8

 

C in the presence of [

 

51

 

Cr]-sodium
chromate in IMDM medium supplemented with 10% FCS. Cells
were washed three times, and 10

 

4

 

 cells were transferred to a well
of a round-bottomed 96-well plate. Ex vivo–isolated spleen cell
suspensions were adjusted to the same number of TCR transgenic
cells, serially diluted, and mixed with peptide-pulsed target cells.
Plates were centrifuged and incubated for various time-spans at
37

 

8

 

C. At the end of the assays, 70 

 

m

 

l of supernatant was counted in
a 

 

g

 

-counter. Spontaneous release was determined by adding me-
dium instead of effector cells. Total release was determined by add-
ing 2 M HCl instead of effector cells. Percent specific release was
calculated as follows: 100 

 

3 

 

(experimental release 

 

2 

 

spontaneous
release)/(total release 

 

2 

 

spontaneous release).

 

T Cell Stimulation and Ca

 

2

 

1

 

 Flux.

 

Naive, effector, and mem-
ory T cells were generated as described above. For prolifera-
tion, numbers of specific T cells were determined by flow cy-
tometry after staining for V

 

a

 

2 (FITC; PharMingen) and V

 

b

 

8
(PE; PharMingen) and adjusted to 10

 

6

 

 specific T cells/ml. Cells
were stimulated with peptide p33 (KAVYNFATM)– or A4Y
(KAVANFATM)–pulsed macrophages. Proliferation was assessed
30 h later by pulsing cultures with [

 

3

 

H]thymidine for 6 h. Cyto-
toxic T lymphocyte–associated antigen 4 (CTLA-4)–Ig fusion
molecules and anti-CD8 antibodies 53.6.72 (28) were added at
a final concentration of 10 or 3 

 

m

 

g/ml, respectively. Intracellular
Ca

 

2

 

1

 

 ([Ca

 

2

 

1

 

]

 

i

 

) was measured as described (29) using p33-pulsed
thioglycollate-stimulated macrophages as APCs. Induction of
TCR and CD8 downregulation was assessed as described (29).

 

CD8 Immunoprecipitation.

 

T cells were lysed for 30 min at
4

 

8

 

C in 1% Brij96 buffer (20 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 1 mM MgCl

 

2

 

, 1 mM EGTA) in the presence of protease
and phosphatase inhibitors (10 

 

m

 

g/ml aprotinin, 10 

 

m

 

g/ml leu-
peptin, 1 mM Pefabloc-SC, 50 mM NaF, 10 mM Na

 

4

 

P

 

2

 

O

 

7

 

, and
1 mM NaVO

 

4

 

). CD8 immunoprecipitations and Lck immuno-
blottings were performed as described (39) using the following
antibodies: 53.6.72 (rat IgG, anti-CD8), and 3A5 (IgG2b, anti-
Lck; Santa Cruz Biotechnology). For total Lck immunoblotting,
the cell populations were stained for V

 

a

 

2 and V

 

b

 

8 and sorted by
FACS Vantage™ (Becton Dickinson).

 

CD8 Endocytosis and Confocal Microscopy.

 

CD8

 

1

 

 T cells were
purified by depleting CD4

 

1

 

 and class II

 

1

 

 cells using magnetic
beads (Dynal) according to the manufacturer’s instructions. T cells
were stained for 30 min at 4

 

8

 

C with FITC-conjugated anti-
CD8

 

a

 

 antibody (PharMingen), washed, and then incubated at
37

 

8

 

C for 1 h. Cells were then settled onto poly-

 

l

 

-lysine–coated
slides and analyzed by confocal microscopy.

For Lck staining, T cells were settled onto poly-

 

l

 

-lysine–
coated slides and stained for V

 

a

 

2 (biotin, followed by streptavidin
coupled to Texas red; PharMingen). The cells were then fixed in
3.7% formaldehyde and permeabilized with 0.1% Triton X-100
in PBS. After saturation with 1% BSA in PBS, the cells were in-
cubated with the anti-Lck antibody (3A5; Santa Cruz Biotech-
nology), washed, and incubated with an FITC-conjugated anti–
mouse IgG2b (Southern Biotechnology Associates). The cells were
analyzed by confocal microscopy. Double stainings were per-
formed with FITC-conjugated anti-CD8 antibodies and anti-Lck
antibody (3A5; Santa Cruz Biotechnology) followed by Texas
red–conjugated anti–mouse IgG2b (Southern Biotechnology As-
sociates). Nuclei were stained using propidium iodide (PI).

 

Results

 

Suboptimal TCR Signaling in Naive T Cells.

 

A proper
comparison of memory T cells with naive T cells at the sin-
gle cell level has proven difficult for technical reasons. To
be able to compare naive T cells with effector and memory
T cells expressing a single defined TCR, we used an adop-
tive transfer system (19, 27). Spleen cells (10

 

6

 

 cells) derived
from transgenic mice expressing a class I–restricted TCR
(V

 

a

 

2V

 

b

 

8) specific for the LCMV-derived peptide p33
were adoptively transferred into normal C57BL/6 mice,
which were infected 2 h later with live virus. The adop-
tively transferred naive T cells expanded dramatically
within 1 wk, differentiated to effector cells, and exhibited
high ex vivo cytolytic activity (Fig. 1, A and B). The num-

 

1

 

Abbreviations used in this paper:

 

 CTLA-4, cytotoxic T lymphocyte–associ-
ated antigen 4; LCMV, lymphocytic choriomeningitis virus; PI, propi-
dium iodide.
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ber of specific CD8

 

1

 

 T cells subsequently declined, but
memory T cells remained at a high frequency in the host
for at least 90 d (Fig. 1 A). Compared with the effector cells
isolated on day 8 after infection, the memory T cells exhib-
ited at least 100-fold reduced ex vivo cytolytic activity (Fig.
1 B). Moreover, although 95% of the effector cells ex-
pressed low levels of CD62L, 70% of the memory T cells
had reverted back to a CD62L

 

high

 

 status (94% of the naive
T cells were CD62L

 

high

 

; Fig. 1 A). Similar results were ob-
tained when CD44 expression was analyzed (not shown).
Thus, the transferred naive T cells were rapidly activated in
vivo after infection, then proliferated and differentiated to
lytic effector cells. After elimination of the virus at day 6 to
day 8 after immunization (not shown), a proportion of the
cells survived as memory cells which exhibited a more qui-
escent status than the effector cells.

The requirements for the activation of ex vivo–isolated
naive, effector, and memory cells were analyzed in vitro.
We found that the three populations required the same
density of the virus-derived peptide p33 to proliferate,
when B7

 

1

 

 thioglycollate-elicited macrophages were used
as APCs, confirming earlier results (19; not shown). How-
ever, when B7-mediated costimulation was inhibited by a
CTLA-4–Ig fusion molecule, proliferation of naive cells
was strongly reduced, whereas almost no effect could be
observed for effector and memory cells (Fig. 2 A). Similar
results were obtained with different peptide concentrations
(not shown). As shown previously for naive T cells (30),
proliferation of effector and memory T cells was affected
more severely by blocking CD28 during stimulation with
the weak agonist A4Y (Fig. 2 B). These results indicate
that, when stimulated by professional APCs, naive T cells
do not require higher doses of antigen or higher levels of
TCR engagement than effector and memory cells. However,
in contrast to effector and memory T cells, naive T cells

require the triggering of CD28

 

 

 

in order to be maximally
activated.

CD28 reduces the threshold for T cell activation by
amplifying the signals delivered by the TCR, thus induc-
ing a stronger phosphorylation of many proteins involved
in T cell activation (29, 31, 32). To investigate whether ef-
fector T cells exhibit enhanced TCR-mediated signaling,
induction of Ca

 

2

 

1

 

 flux was assessed in naive and effector
cells after stimulation with p33-pulsed APCs. Elevation of
free intracellular Ca

 

2

 

1

 

 was significantly enhanced in effec-
tor cells compared with naive T cells, indicating that the
TCR in effector T cells is more efficiently coupled to the
signaling machinery than in naive T cells (Fig. 2 C). Similar
results were obtained using various peptide concentrations
(10

 

2

 

6 

 

to 10

 

2

 

9 

 

M; not shown), whereas intracellular free
Ca

 

2

 

1

 

 was low in both naive and effector cells in the ab-
sence of specific peptide (Fig. 2 C). Together with the ob-
servation that effector and memory T cells have a reduced
requirement for the signal amplification by CD28, these re-
sults suggest that another mechanism might be able to sub-
stitute for CD28 in effector and memory cells. Such a mech-
anism may be of physiological relevance, since it would
allow for the activation of memory T cells in peripheral tis-
sues, where B7 expression is scarce.

 

Comodulation of CD8 and Triggered TCRs in Effector and
Memory but not Naive T Cells.

 

Interestingly, we observed
that, in contrast to effector and memory cells, proliferation
of naive T cells could be inhibited by anti-CD8 antibodies
(Fig. 3 A). This effect cannot be accounted for by a de-
creased stability of the TCR–peptide/MHC interaction,

Figure 1. Generation of effector and memory T cells. (A) Spleen cells
(106 cells) from naive TCR transgenic mice were adoptively transferred
into C57BL/6 recipient mice which were subsequently immunized with
LCMV (200 PFU). The number of TCR transgenic T cells present in the
spleen at various time points after infection was determined by flow cy-
tometry by staining for CD81 T cells expressing Va2. The percentages of
cells expressing low levels of CD62L are indicated. (B) Spleen cells were
isolated at various time points after infection and tested in a 51Cr-release
assay on p33-pulsed target cells. Similar results were obtained using pep-
tide KAVVNIATM, which is specifically recognized by the transgenic
TCR. One representative experiment of three is shown. Symbols denote
naive (n), effector (s), and memory (u) T cells.

Figure 2. Reduced requirement for CD28 along with enhanced TCR
signaling in effector and memory T cells. (A, B) Naive, effector, and
memory T cells were stimulated with (A) p33-pulsed (1027 M) or (B)
A4Y-pulsed (1026 M) thioglycollate-elicited macrophages in the absence
(hatched bars) or presence (white bars) of CTLA-4–Ig fusion molecule
(10 mg/ml). (C) Naive (left) and effector (right) T cells were stimulated
with p33-pulsed (1027 M) thioglycollate-elicited macrophages. Induction
of increased intracellular free Ca21 concentrations was assessed for CD42

B2202 cells forming conjugates with APCs. The top straight line indicates
average intracellular free Ca21 for T cell–APC conjugates formed in the
presence of peptide p33. The bottom straight line indicates baseline intra-
cellular free Ca21 for T cell–APC conjugates formed in the absence of
peptide p33. Numerical values for the average OD 405/525 are shown.
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since (a) the affinity of the complex was the same in all the
cells; (b) proliferation of naive, effector, and memory cells
was inhibited by anti-CD8 antibodies when the APCs
were pulsed with a weak agonist (Fig. 3 B); and (c) anti-
CD8 antibodies did not inhibit T cell–APC conjugate for-
mation (not shown).

The contribution of coreceptors to T cell activation is
not only due to their capacity to bind to the same MHC
molecule engaged by the TCR and thus stabilize the
TCR–MHC/peptide interaction (33–36), but also to their
association with the tyrosine kinase Lck (37), which is in-
volved in many early signaling events

 

 

 

(38). It has been
shown that in specific human T cell–APC conjugates, the
coreceptors are recruited to triggered TCRs and are down-
regulated and degraded with identical kinetics and with
fixed stoichiometry

 

 

 

(39). It was possible that the distinct
susceptibilities of naive versus effector and memory T cells
to anti-CD8 blocking might be due to the distinct associa-
tion of CD8 with the triggered TCR. Therefore, the asso-
ciation and the comodulation of TCR and CD8 in naive,
effector, and memory cells were assessed in the next exper-
iment. Fig. 4 A shows the expression levels of TCR and
CD8 on naive, effector, and memory T cells before stimu-
lation. Similar levels of TCR were expressed on the surface
of all cell types, whereas CD8 expression was reduced by

 

z

 

50% on ex vivo–isolated effector cells. Specifically trig-
gered TCRs have been shown to be internalized rapidly
(40). In addition, CD8 has been shown to be associated and
co-downmodulated with the TCR in T cell clones (39).
To test whether the distinct susceptibility to anti-CD8 an-
tibodies of naive versus effector and memory T cells might
reflect a distinct association and co-downmodulation of
CD8 with the TCR, the various cell types were stimulated
with specific peptide, and downregulation of the TCR and
CD8 was monitored at different time points. The TCR
was specifically internalized in all three different cell types.
In contrast, CD8 expression was not affected in naive T
cells, whereas a proportion of CD8 was internalized in ef-
fector and memory T cells (Fig. 4 B).

 

Priming-induced CD8–Lck Association in T Cells.

 

The
downmodulation of coreceptor induced by TCR trigger-
ing is the consequence of binding of the coreceptor-associ-
ated Lck to the CD3 complex (39). Indeed, it has been

shown that truncated CD4 molecules that fail to associate
with Lck are not downregulated with triggered TCRs

 

 

 

(39).
This prompted us to analyze whether the lack of CD8
downregulation in naive T cells after triggering is due to a
less extensive association of their coreceptors with Lck. Im-
munoprecipitation of CD8 and probing for the presence of
Lck by immunoblotting showed that their association was
much higher in both effector and memory T cells com-
pared with naive T cells (Fig. 5 A). Flow cytometry analysis
showed that surface CD8 expression was comparable in na-
ive and memory cells and was only twofold reduced in ef-
fector cells (Fig. 4 A). Further, total cellular amounts of Lck
were not different in the various cell types (Fig. 5 B). These
data rule out the possibility that CD8–Lck association is
driven by changes in expression levels. Interestingly, after
triggering of effector T cells with peptide-pulsed APCs, the
amount of CD8-associated Lck decreases in a time-depen-
dent way correlating with TCR internalization, suggesting
that the CD8-associated Lck is preferentially used by the
triggered TCRs (Fig. 5 C).

Taken together, these results demonstrate that in naive
cells only a few CD8 molecules are associated with Lck,
and that specific priming results in redistribution of the ki-
nase, which becomes preferentially associated with the
coreceptors. These results suggest that the different local-
ization of Lck might be responsible for the functional dif-
ference between naive and effector/memory T cells. In
other words, the less stringent requirements in terms of co-
stimulation for activation of memory and effector T cells

Figure 3. Anti-CD8 blocks proliferation of naive but not effector and
memory T cells. Naive, effector, and memory T cells were stimulated
with (A) p33-pulsed (1027 M) or (B) A4Y-pulsed (1026 M) thioglycol-
late-elicited macrophages in the absence (hatched bars) or presence (white
bars) of anti-CD8 antibodies (3 mg/ml). Proliferation was assessed 30 h
later by pulsing cultures with [3H]thymidine for 6 h. One representative
experiment of three is shown.

Figure 4. Co-downregulation of triggered TCRs and CD8 molecules
in effector and memory but not in naive cells. (A) Expression of Va2
(TCR; left) and CD8 (right) was analyzed before stimulation for the dif-
ferent cell types by flow cytometry. Results are shown for CD81Va21

naive (solid lines), effector (dotted lines), and memory (bold lines) T cells.
Nr., number. (B) Spleen cells were mixed with peptide p33-pulsed (1028 M)
macrophages, centrifuged, and analyzed immediately (n) or incubated at
378C for 1 h (u) or 3 h (s). Cells were stained for the expression of CD8
(APC), Va2 (FITC), and Vb8 (PE) and analyzed by flow cytometry. Per-
cent downregulation of Va2 and CD8 is shown for CD81Vb81Va21

cells, and the SEM of triplicate cultures are indicated.
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may be explained by an Lck-mediated amplification of
TCR signaling in these cells.

Constitutive Recycling of CD8 in Naive T Cells. It has
been shown that the association of Lck to the coreceptor
prevents its targeting to the endocytic pathway and its recy-
cling (41, 42). Therefore, we analyzed the CD8 endocyto-
sis in naive, effector, and memory cells. The cells were
stained at 48C with an FITC-conjugated anti-CD8 anti-
body and than warmed to 378C for 1 h. In effector and
memory cells, the CD8 staining was distributed on the
membrane and was completely absent in the cytoplasm of
the cells. In contrast, in naive cells a clear process of en-
docytosis occurred, as demonstrated by the intracellular dis-
tribution of the fluorescence (Fig. 6). Thus, while in effec-
tor and memory cells the coreceptor is stably expressed on
the membrane, in naive cells CD8 is constitutively inter-
nalized (Fig. 6), correlating with the lack of CD8–Lck asso-
ciation (Fig. 5).

Cytosolic Distribution of Lck in Naive T Cells. The differ-
ential association of Lck with CD8 in naive versus effector
and memory T cells might reflect a different distribution of
the kinase inside the cell. To investigate this question, we
compared the cellular distribution of Lck in naive, effector,
and memory T cells. We found that in effector and mem-
ory cells, Lck was localized at the plasma membrane,

whereas in naive cells Lck had a more homogeneous cyto-
solic distribution (Fig. 7, A–C). In contrast, CD8 was
present only in the cell membrane (Fig. 7, D–F). Thus, the
different association of Lck with the CD8 coreceptor in na-
ive versus effector and memory cells is due to a distinctive
targeting of the kinase inside the cells.

Distinct Distribution of Lck in Virus-specific Bona Fide Mem-
ory T Cells. To reveal whether the distinct distribution of
Lck was also observed in memory T cells isolated from
normal, non-TCR transgenic animals, the recently devel-
oped tetramer technology was used for the isolation of vi-
rus-specific effector and memory T cells. Mice were in-
fected with LCMV, and peptide p33–specific effector and
memory T cells were stained using H-2Db tetramers pulsed
with peptide p33 (Fig. 8 A). As a control, TCR transgenic
memory T cells generated as described above were also
stained. Specific cells were isolated by cell sorting, and the
distribution of Lck was analyzed by confocal microscopy.
To facilitate analysis of the intracellular distribution of Lck,
the nuclei were separately stained using PI (Fig. 8 B). As a
source of naive T cells, CD81, tetramer-negative T cells
were isolated from uninfected animals. The intracellular lo-
calization of Lck was clearly visible in naive T cells, whereas
it was predominantly in the cell membrane in effector and
memory T cells.

Figure 5. Priming of naive T cells induces targeting of Lck to the coreceptor. (A) Weak association of
Lck with CD8 in naive cells. Immunoprecipitation with anti-CD8 antibodies and immunoblotting with
anti-Lck antibody. As control, the amount of CD8 immunoprecipitated was detected. In control exper-
iments, the total amount of Lck was determined in a purified population of cells. (B) Expression of Lck
was analyzed by flow cytometry in permeabilized CD81Va21 T cells. The average fluorescence of the
negative controls for the different cell types (second stage only) were all ,50. (C) CD8-associated Lck is
preferentially used by TCRs during antigenic stimulation. Effector T cells were stimulated with p33-
pulsed APCs and lysed at different times. The samples were then treated as in A.

Figure 6. Rapid turnover of
CD8 on naive but not effector
and memory cells. Purified CD81

T cells were stained for CD8
(FITC), incubated for 1 h at
378C, and analyzed by confocal
microscopy for CD8 distribution.



1526 Rearrangement of the Signaling Machinery in Memory T Cells

Discussion

Using an adoptive transfer system, we compared early
and late events after TCR triggering in naive, effector, and
memory cells. In naive T cells, TCR triggering induced a
weak calcium flux, and optimal proliferation required co-
stimulatory signals via CD28. In contrast, CD28 costimula-
tion did not affect effector and memory T cell responses.
These results strongly support the concept that T cell prim-
ing requires the presentation of antigenic peptides by pro-
fessional APCs, which express high levels of costimulatory
molecules, whereas activation of effector and memory cells
can also be achieved by nonprofessional APCs.

Since naive, effector, and memory T cells expressed the
same TCR, our results indicate that the reduced require-

ment for costimulation and the enhanced TCR signaling
are not due to increased TCR affinities but rather reflect an
improved signaling cascade. Moreover, many recent find-
ings indicate that CD28 engagement, in addition to deliv-
ering accessory signals, facilitates T cell activation by en-
hancing the signals delivered by the triggered TCRs (29,
32, 39). We therefore suggest that effector and memory
T cells do not require the CD28-mediated costimulation
because they acquire an improved signal transduction
machinery amplifying TCR signaling by a different mech-
anism.

In effector and memory cells, Lck, a kinase critically in-
volved in TCR signaling (38), is targeted to the membrane

Figure 7. Differential distribution of Lck in naive
versus effector and memory T cells. Purified CD81 na-
ive (A and D), effector (B and E), and memory (C and
F) T cells were stained for the surface expression of
Va2, fixed and permeabilized, and subsequently stained
for the expression of Lck (A–C) or CD8 (D–F). All
cells shown had detectable expression of the transgene-
encoded TCR (not shown).

Figure 8. Lck is targeted to
the membrane in antigen-specific
memory T cells isolated from
normal mice. C57BL/6 mice
were immunized with LCMV,
and spleen cells were harvested
on day 0 (naive), day 8 (effector),
or day 45 (memory). As a posi-
tive control, memory T cells
were also generated using the
adoptive transfer method de-
scribed in the legend to Fig. 1
(Tg memory). (A) Specific CD81

T cells were stained with PE-
labeled p33-pulsed H-2Db tetra-
mers and analyzed by flow cy-
tometry. (B) Tetramer-positive
T cells were sorted, fixed and
permeabilized, and stained for the
expression of Lck (green). The
nuclei were stained using PI (red).
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and associated with the coreceptor. Surprisingly, however,
in naive cells only a few CD8 molecules are associated with
Lck and the kinase is homogeneously distributed inside the
cell. Thus, in effector and memory T cells, Lck is located in
a strategically important position at the cell surface and
therefore is able to rapidly react to TCR triggering. In sup-
port of this notion, it has been recently shown that Lck
must be localized to the plasma membrane to function
properly in TCR signaling (43).

The mechanism of this developmentally regulated tar-
geting of Lck to the plasma membrane in effector and
memory T cells is presently not known. It is possible that
membranes of effector and memory T cells may be en-
riched in glycolipid microdomains, which preferentially
bind src kinases (44, 45). However, preliminary evidence
suggests that effector but not memory T cells are enriched
in such glycolipid microdomains (not shown), indicating
that a different mechanism is responsible for the targeting
of Lck to the cell membrane in memory T cells. Interest-
ingly, it has recently been shown that targeting of Lck to
the plasma membrane requires the attachment of S-acyl
groups to Cys3 and Cys5 of the molecule (43). Therefore,
it is possible that in T cells the posttranslational S-acylation
of Lck is the mechanism that regulates the intracellular lo-
calization of Lck. This notion is supported by the observa-
tion that palmitylation of other src family members can oc-
cur reversibly and therefore may represent an important
mechanism for the regulation of their activity (46, 47).
Moreover, it has recently been shown that various palmity-
lated signaling molecules are recruited to glycolipid micro-
domains in the plasma membrane upon activation of T cells
(48, 49), further indicating that T cell activation may alter
the intracellular distribution of signaling molecules.

During the interaction of T cell clones with APCs, the
coreceptors are recruited to triggered TCRs and are down-
regulated with identical kinetics. This process is the conse-
quence of binding of coreceptor-associated Lck to ZAP-
70/z and takes place whenever the TCR is triggered (39).
We found that in naive mouse T cells, the CD8 coreceptor
molecules are not downregulated with the triggered TCRs.
Nevertheless, the results do not exclude that few CD8

molecules are associated with Lck and are recruited to the
TCR also in naive cells. However, the limited sensitivity of
the method does not allow the measurement of their
downregulation or degradation. This is also suggested by
the fact that proliferation of naive T cells induced by the
wild-type agonist can be selectively inhibited by anti-CD8
antibodies. The fact that the responses of effector and
memory cells to the strong agonist are not affected by anti-
CD8 antibodies is in line with previous findings using T
cell clones (39). Indeed, the intracellular interaction be-
tween Lck and the CD3 components does not require the
extracellular binding of CD8 to the cognate MHC mole-
cule, probably because in mouse (50) as well as in human
(39) T cells, a fraction of TCRs are constitutively associated
with the coreceptor via Lck. The fact that proliferation of
naive T cells can be inhibited by anti-CD8 antibodies
might therefore be explained by the lack of constitutive as-
sociation between CD8 and TCR/CD3 in these cells.
Therefore, few Lck-associated CD8 molecules are not easily
available and likely need to bind the MHC molecules to be
recruited to the T cell–APC contact region.

It has been shown that effector T cells (21) and also mem-
ory T cells (19) are more rapidly committed for proliferation
than naive T cells. According to our findings, effector and
memory T cells might reach thresholds for proliferation
more rapidly than naive T cells, due to the Lck-mediated
amplification of the signals delivered by the TCRs. In addi-
tion, in contrast to naive T cells, memory T cells have been
reported to receive a survival signal from noncognate
MHC class I molecules (14), a finding which is possibly also
related to the enhanced TCR signaling machinery present
in memory T cells.

In B cells, the high rate of somatic mutation in the Ig
variable regions may lead to the generation of memory cells
with high-affinity receptors. This study indicates that in T
cells, the “memory bonus” is not offered by the receptor
itself but by its enhanced capacity to transduce activation
signals. To our knowledge, this finding represents the first
evidence of a biochemically controlled process that func-
tionally differentiates memory from naive T cells.
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