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Memory CD8 T cells can be divided into two subsets, central (Tcv) and effector (Tem), but their
lineage relationships and their ability to persist and confer protective immunity are not well
understood. Our results show that Tcy have a greater capacity than Ty to persist in vivo and are more
efficient in mediating protective immunity because of their increased proliferative potential. We also
demonstrate that, following antigen clearance, Tem convert to Tcw and that the duration of this
differentiation is programmed within the first week after immunization.We propose that Tcy and Tey
do not necessarily represent distinct subsets, but are part of a continuum in a linear naive — effector

— Tem — Teu differentiation pathway.

Memory T cells are well suited to combat pathogens because they are
present at higher numbers than naive cells, they persist for extended
periods due to antigen-independent homeostatic turnover and they
respond rapidly upon reencounter with pathogen'. Two subsets of
memory T cells were described based on their anatomical location,
expression of cell surface markers and effector functions®>. Memory T
cells that express molecules such as CD62L and CCR7, which allow
efficient homing to lymph nodes (LN), are termed central memory
cells (Tcm), whereas memory T cells that lack expression of these LN
homing receptors and are located in nonlymphoid tissues are termed
effector memory cells (Try). However, both T cell subsets are present
in the blood and spleen. Some studies have also shown that Tgy
acquire effector functions, such as cytokine production and killing,
more rapidly than Tey? ™.

The existence of Ty and Try subsets raises several important ques-
tions about memory T cell differentiation and protective immunity.
Recently, considerable interest has focused on memory T cell differ-
entiation, but it is unclear how Tcy and Tgy subsets are generated and
whether they represent separate or related lineages. One study exam-
ining T cell differentiation in vitro showed that Tcy and Try genera-
tion can be influenced by cytokines such as interleukin (IL)-2 and IL-
15°. Based on this study, a model was proposed in which Ty and Teu
can arise as separate branches during T cell differentiation®. However,
the lineage relationship between these two subsets after infection in
vivo has not been examined. A hallmark feature of memory T cells is
the ability to undergo antigen-independent homeostatic turnover and,
thus, maintain a stable pool of antigen-specific memory T cells'”. It
remains to be determined which memory T cell subset has the greater
capacity to persist long-term in vivo and undergo homeostatic prolif-
eration. A second defining characteristic of memory T cells is rapid
responsiveness to antigen upon secondary infection'. Try may provide

a first line of defense in nonlymphoid tissues and therefore may rep-
resent a more effective population for protection from reinfection?,
but a direct in vivo comparison of the protective capacity of Tcy and
Trwm 18 lacking.

To examine these questions, we used two well-studied models of
T cell immunity, acute infection of mice with lymphocytic chorio-
meningitis virus (LCMV) or the intracellular bacterium Listeria
monocytogenes (LM). LCMV and LM represent the prototypical
viral and intracellular bacterial pathogens used to study CD8 T cell
immunity to intracellular pathogens. Infection with either LCMV or
LM results in long-term protective immunity and the generation of a
memory CD8 T cell population that is maintained in the absence of
antigen®*'!. Here, we have taken advantage of the P14 transgenic
mouse bearing a T cell receptor (TCR) specific for the D-restricted
LCMYV gp33 epitope, as well as a recombinant LM expressing the
LCMYV gp33 epitope (LMgp33). Our results demonstrate that, fol-
lowing pathogen clearance, there is a linear differentiation path from
Tewm into Tey, indicating that these memory T cell subsets are part of
a continuum of T cell differentiation, rather than separate lincages
that arise early during infection. In the absence of antigen, Try con-
vert directly into Tcy and only then gain the ability to undergo effi-
cient homeostatic turnover. The rate at which the Try to Tey conver-
sion occurs is determined during the first week of stimulation in vivo
and may depend on the magnitude of the infection. Finally, protec-
tive immunity is more efficiently conferred by Tcy than Tey, due to
the greater proliferative capacity of Tcy. Thus, CD8 T cell differen-
tiation after acute infection follows a linear, naive — effector — Tgy
— Tou, pathway that culminates in the generation of a cell type, Tcu,
that has acquired the two hallmark characteristic of memory T cells:
rapid responsiveness to antigen and the stem-cell-like quality of
self-renewal.
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Results

Effector and memory T cell characterization

Normal B6 mice, as well as P14 transgenic mice expressing a TCR spe-
cific for the LCMV Db-gp33 epitope, were used in this study. B6 mice
were infected directly with LCMV Armstrong, whereas P14 transgenic
chimeras were generated by adoptively transferring naive P14 cells
(~7.5 x 10%) into naive B6 mice and then infecting these chimeric mice
with the Armstrong strain of LCMV?. Viral titers in the spleen peaked
at approximately 3 days post infection (d.p.i.), and virus was eliminat-
ed from all tissues by approximately day 8 (Fig. 1a and data not shown;
ref. 12). The LCM V-specific CD8 T cell response peaked on days 7-8,
underwent a contraction phase between days 8 and 30 and resulted in a
memory pool whose numbers remained stable over time'®'" (Fig. 1a).
Effector CD8 T cells at the peak of the response were highly cytolytic
directly ex vivo, but this lytic capacity per cell decreased gradually over
time'? (Fig. 1b). The amount of ex vivo cytotoxicity correlated well
with the intensity of staining for granzyme B protein in D"-gp33—spe-
cific CD8 T cells, which decreased as cells differentiated from effec-
tors, through the contraction phase and into memory cells (Fig. 1c).
Tissue homing properties also changed during the differentiation of
naive CD8 T cells into effectors and finally into memory cells (Fig. 1d).
Naive CD8 T cells efficiently homed to LN, but not to nonlymphoid
sites such as the lung and liver. In contrast, effector CD8 T cells had a
reduced ability to localize to LN, but gained the ability to enter non-
lymphoid organs. Resting memory T cells retained an enhanced capac-
ity to home to the lung and liver compared with naive cells, but, in con-
trast to effectors, regained the ability to enter LN. All three populations
homed to the spleen equally well. A similar pattern of activation and
memory CD8 T cell generation was observed after infection of P14
chimeras with LMgp33° (data not shown).

The memory T cell compartment can be divided into Tey and Tey
subsets based on the expression of several cell surface molecules such
as the LN homing receptors>'*'“. Consistent with these reports, we
found that LCMV Dt-gp33—specific memory CD8 T cells present in the
spleen and peripheral blood mononuclear cells (PBMC) could be read-
ily distinguished based on CD62L and CCR7 (Fig. 2a,b and data not

CD62L and CCR7, and the other subset, representative of Tgy,
expressed low amounts of these two homing molecules. CD27 expres-
sion was also useful in distinguishing between these two subsets
because Tey cells were mostly CD27", whereas Ty cells were CD27'/int
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(Fig. 2b). We also examined expression of several canonical cell sur-
face markers of memory CD8 T cells on these two subsets and found
that CD44, CD11a, Ly6C, CD122 and CD132 were highly expressed
by both subsets (Fig. 2¢). Neither subset showed evidence of recent
TCR activation and both expressed low amounts of CD25 and CD69
and cell size was not increased (FSC; Fig. 2¢). Thus, both subsets rep-
resented “resting” memory CD8 T cells; the CD62LM"CCR7°CD27"

subset corresponded to what is termed Tcu, whereas the
CD62L"*CCR7 CD27"" subset corresponded to what is called Tgw.

Tew and Teuw have also been defined by anatomical location.
Specifically, Tey localize to LN, whereas Try are found in nonlymphoid
organs>*°. As expected, D*-gp33—specific memory CD8 T cells found
in LN were CD62L" Tcy, whereas most of those in nonlymphoid tis-
sues were of a CD62L" Tgy phenotype (Fig. 2d). Both Tcy and Tey sub-
sets were present in the spleen and PBMC (Fig. 2a and data not shown).
Also, the CD62L" D*-gp33—specific Tcy, but not the CD62LY Try;, sub-
set had the capacity to respond to the lymphoid chemokines CCL19 and
CCL21 in transwell migration assays (Fig. 2e; similar results were
observed at multiple chemokine concentrations), consistent with their
capacity to localize efficiently to LN in vivo.

We next analyzed the functional properties of gp33-specific Tcy and
Tem cells after peptide stimulation in vitro. For these experiments, we
used two approaches to obtain memory T cell subsets. Tcy and Tey
cells were purified from the spleen based on CD62L expression (Tcy,
92% pure; and Tev, 97% pure) or Tey from the LN were compared
with Ty isolated from the liver (similar results were observed for Try
derived from the lung; data not shown). The ability to produce the
antiviral cytokines interferon (IFN)-y and tumor necrosis factor
(TNF)-o was similar for Tey and Trew whether they were derived from
the LN, spleen or liver; all populations quickly produced these
cytokines (Fig. 2f,g). In other words, both Tcy and Tew were efficient
in producing the effector cytokines IFN-y and TNF-o upon restimula-
tion. However, only Tcy (LN or spleen) were capable of producing IL-
2 (Fig. 2f,g). Little virus-specific cytotoxicity was detected in 5 h
directly ex vivo for either Tew or Try, and neither subset expressed high
levels of granzyme B (Fig. 2h,i). Granzyme B staining of memory T
cells isolated from the liver was below the limit of detection (data not
shown). However, both memory T cell subsets were equally capable of
rapidly acquiring cytotoxic function upon restimulation with peptide,
as equivalent levels of target cell lysis were observed at 12 and 18 h
(Fig. 2h and data not shown).
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Figure |. Characterization of effector and memory T cells. (a) Viral load and D"-gp33-specific CD8 T cell numbers in the spleen after LCMV Armstrong infection
of Bé mice. (b) Cytotoxicity of D°-gp33—specific CD8T cells at days 8, 15 and 30 post LCMV Armstrong infection. E:T was 2:1 in all cases. (c) Intracellular granzyme B stain-
ing of D"-gp33—specific CD8T cells at 8, I5 and 125 (memory) d.p.i. The open histogram indicates naive cells. (d) In vivo homing of naive, effector and memory T cells. Naive,
effector (8 d.p.i.) and memory (~60 d.p.i.) P14 cells (Thyl.I*) were adoptively transferred into naive B6 (Thy|.2") recipients.After 12 h the number of donor (Thyl.I*) gp33-

specific CD8T cells was determined in the indicated organs by flow cytometry.
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Thus, the LCM V-specific memory CD8 compartment contained two
subsets that resembled Tew and Tew. GP33-specific Tew were
CD62LMCCR7'CD27", were capable of responding to CCL19 and
CCL21, were present in LN, spleen and PBMC and were able to pro-
duce IL-2 upon restimulation. Tgy, on the other hand, were
CDO62L°CCR7-CD27" were less responsive to CCL19 and CCL21,
were absent from LN but present in spleen, PBMC and nonlymphoid
tissues and did not produce IL-2. However, the canonical memory cell
markers CD44, CD11a, Ly6C and CD122 were highly expressed by
both subsets. In contrast to some reports®>*'*!*] but consistent with oth-
ers*'*”, we found that both memory T cell subsets were equally effi-
cient in acquiring effector functions (IFN-y and TNF-o. production and
cytotoxicity) upon restimulation with peptide in vitro.

Protective immunity by Tcy and Tem

We used the following experimental design to address the ability of
Tew and Try to mediate protective immunity (Fig. 3a). First, to provide
a source of Ty and Tgy cells, B6-P14 chimeric mice were infected
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with LCMV Armstrong or LMgp33°. Between 30 and 60 d after reso-
lution of the acute infection, memory T cell subsets were isolated from
various tissues of these mice. Then, equal numbers of these memory T
cell subsets were adoptively transferred to separate naive recipients
and these mice were tested for their ability to control viral infection.
Splenic Tey and Tey were purified on the basis of CD62L expression
by either flow cytometry or magnetic bead separation (Fig. 3b; purity
ranged from 80% to 99%). To compare protective capacity of these
memory T cell subsets on a per-cell basis, it was critical to demon-
strate that the total number of Tcy and Try was the same after adoptive
transfer to naive recipients. After transfer, the total number of CD62L"
and CD62L" memory gp33-specific CD8 T cells recovered from sev-
eral organs (LN, lung, liver, spleen and bone marrow (BM)) was
equivalent (Fig. 3¢). As expected, Tcy homed more efficiently to the
LN, whereas Tgy had a modest advantage in homing to the lung and
liver, confirming the known recirculation properties of these memory
T cell subsets''®. Both subsets were equally efficient in homing to the
spleen and BM.
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Figure 2. Characterization of memory T cell subsets. (a) LCMV D"-gp33-specific memory CD8T cells (~2—3 months p.i.) were costained for CD62L expression (his-
togram is gated on CD8'DP-gp33* cells). (b) D*-gp33—specific memory T cells (2—4 months p.i.) were costained for CD62L and CCR7 expression (left) or CD62L and CD27
expression (right). Plots are gated on CD8'DP-gp33* cells. (c) Phenotypic analysis of CD62L" and CD62L" subsets of D"-gp33—specific memory CD8T cells. Histograms are
gated on either CD62L" (top) or CDé62L" (bottom) CD8'D*-gp33* memory cells (~1-2 months p.i.). Open histograms indicate naive cells. (d) LCMV gp33-specific memo-
ry (=60 d.p.i.) cells from LN, liver and lung of P14 chimeras were stained for CD62L expression. Histograms are gated CD8'D*-gp33* memory cells. Similar results were
observed for normal Bé mice. (e) Splenocytes from P14 LCMV-immune chimeras (> 30 d.p.i.) were added to a transwell plate and migration in the presence or absence of
added chemokine (100 nM) was assessed. (f) IFN-y, TNF-o. and IL-2 production by gp33-specific Tcy and Tew P14 splenocytes separated using magnetic beads (92% and 97%
pure, respectively) was assessed by ICS following gp33 peptide stimulation. (g) ICS by Tcy from LN and Tgv from the liver. (h) A 5- and 18-h gp33-specific *'Cr release assay
using splenic Tew and Tey purified as in (f) (left) or using memory T cells from spleen versus liver. All immune mice used in functional experiments were > 30 d.p.i. Background
lysis in the absence of gp33 peptide was similar for Tcy and Tew and has been subtracted. (i) Granzyme B staining of memory T cell subsets from the spleen.Tcy are gated on
CDé62L" and Ty on CD62L" DP-gp33*CD8 T cells at ~60 d.p.i. Open histograms indicate staining with an isotype control antibody.
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Figure 3. Protective immunity by memory T cell subsets. (a) Thyl.l* gp33-specific P14 transgenic memory 5
cells were generated by infecting B6 chimeric mice containing P14 cells with LCMV (Armstrong) or recombinant LM 2 oo
expressing the gp33 epitope (LMgp33). CD62L" or CD62L" splenocytes |- to 2-months p.i. were purified by flow 5 E 5
cytometry or magnetic bead separation. Equal numbers of CD62L" or CD62L" gp33-specific P14 cells were adop- :>% 5
tively transferred to separate naive mice. Two days later, recipients were challenged as indicated. n = 3—6 mice in all 83
— 4

groups for all experiments. (b) Purity of CD62L" and CDé2L" populations before transfer. (c) To determine the num-
ber of Tcw and Tem present in recipient mice following adoptive transfer, the number of Db-gp33*Thy|.1*CD8* cells in
the indicated organs was measured by flow cytometry (2 d after transfer into naive Thyl.2* mice). (d) Control of
LCMV clone-13 infection by Tey or Tew (7.5 X 10* of each) following intravenous (i.v.) challenge. (e) Control of VVgp33
infection by Tey or Tew (2.5 X 10° of each) following i.p. challenge.VV ovary titers were determined on day 5 (Tew ver-
sus Tew, P = 0.08). (f) Control of LCMV clone-13 infection by LMgp33-induced Tevor Tew (I X 10° of each) following

Naive
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+Tem (spleen)

*+Tem (lung)

i.v. challenge. Day 8 serum viral titers are shown (Tewm versus Tew, P = 0.02). (g) Induction of DTH response by LMgp33-

induced Tewor Tew (2 X 10° of each) following footpad injection of LCMV clone-13.

Footpad thickness was measured

daily. (h) Control of VVgp33 infection by LCMV-induced Tcw, Tem or lung-derived Tew (3 X 10° of each) following i.n. challenge (Tem spleen versus Tcw, P = 0.04; Tew lung ver-
sus Tew, P = 0.003).VV lung titers were determined on day 5. For all protection experiments at least two doses of cells were transferred. The number of memory cells

transferred in the experiments shown is indicated in parentheses above.

To evaluate the protective capacity of Tey and Teyv, we used four dif-
ferent challenge models that assess viral control by LCMV- or LM-
induced memory CD8 T cells. First, after intravenous infection with a
virulent strain of LCMV (clone-13), Tcy cells mediated considerably
more rapid control of a viral infection than did the Tgy subset (Fig. 3d).
Though less effective than Ty, Trw administered to mice caused a more
rapid reduction in viremia compared with control mice. Reduced
viremia in this model represents viral control in multiple tissues. To
examine control of viral replication in a more localized tissue, naive
recipients of purified Tcy and Try were challenged intraperitoneally
(i.p.) with vaccinia virus (VV) expressing the gp33 epitope (VVgp33)
and viral control was examined in the ovary on day 5. Ty again pro-
vided better control of viral replication than did the Try cells (Fig. 3e).
Thus, whether viral titers were determined in the blood after LCMV
clone-13 infection or in a peripheral tissue (ovary) after VV infection,
the Tew subset controlled virus more effectively than did Teu. To deter-
mine whether memory T cell subsets induced by a different pathogen
also displayed similar properties, Tcy and Tey were generated by
immunization with LMgp33, and purified populations of Tcy and Try
were adoptively transferred to naive recipients. These mice were then
challenged with LCMV clone-13. Serum viral titers 8 d after systemic
LCMV challenge were substantially lower in mice that received Tey
than in those that received Try cells (Fig. 3f). Tcy also elicited a more
rapid virus-specific delayed-type hypersensitivity (DTH) response

volume 4 no 3 .
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(Fig. 3g) after subcutaneous (s.c.) infection of the footpad with LCMV,
demonstrating that Tcy could more rapidly initiate a response and accu-
mulate at a site of peripheral challenge than Tyy. Thus, whether mem-
ory CD8 T cell subpopulations were generated following an acute viral
or bacterial infection, Ty consistently demonstrated more effective and
rapid pathogen control.

Our next experiment was designed to address protection using an
intranasal (i.n.) challenge and to test the capacity of memory T cells
derived from a nonlymphoid tissue, the lung, to mediate protection.
Spleen-derived Tey or Trw and Try isolated from the lung (70%
CD62L") were adoptively transferred and recipients infected i.n. with
VVgp33. After 5 d, recipients of Tcy, but not Ty (either lung- or spleen-
derived), showed significant control of viral replication in the lungs
(Fig. 3h). In an additional experiment, liver-derived Try were compared
with Tey in their ability to control virus after a systemic LCMV infec-
tion and, once again, the Ty cells were superior (data not shown).

These data from the four challenge models showed that Tcy more
effectively controlled viral replication (either LCMV or vaccinia) on a
per cell basis than Tgy, irrespective of the route of infection (intra-
venous, intraperitoneal, intranasal or subcutaneous) or the site of infec-
tion (lung, ovary or viremia). This was true whether Tcy and Try were
defined phenotypically and purified from the same tissue (splenic
CD62L" CCR7" versus CD62L" CCR7) or defined anatomically and
isolated from nonlymphoid tissue (lung or liver). It should also be noted

march 2003 . www.nature.com/natureimmunology
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that these experiments were designed to test the contribution of only the
adoptively transferred, gp33-specific Tew or Tey cells to protective
immunity, as either highly purified gp33-specific CD8 T cells were
transferred or the only shared determinant between the immunizing and
challenge pathogen was the gp33 epitope itself (for example, LCMV
primed, VVgp33 challenge).

Antigen-driven proliferation of Tcyand Tem

What properties endow Tcy with greater protective capacity than Try?
Because effector functions were very similar between Ty and Teu
(Fig. 2f-i and data not shown), we examined the in vivo expansion of
these subsets after viral challenge. Donor (Thyl.1%) gp33-specific
CDB8 T cells were enumerated after either systemic or respiratory viral
challenge of recipients of Tey or Try. Five days after systemic chal-
lenge, Tcw showed greater expansion (two- to five-fold higher fre-
quencies; 2.7- to 4.4-fold greater total numbers/organ) in all tissues
examined (Fig. 4a). Following respiratory challenge the difference in
in vivo expansion of Tcy and Tgy was even more dramatic. Ty recipi-
ents contained 10- to 13-fold more virus-specific CD8 T cells in the
lung than Ty recipients (Fig. 4b). Several recent studies have demon-
strated that initial T cell activation in vivo occurs in draining LN
despite, in some cases, the presence of T cells at the site of inocula-
tion'?!. Therefore, it is likely that the greater expansion of Tcy cells
after infection is a reflection of their ability to localize to the LN.
However, it is also possible that the Ty cells have a stronger intrinsic
capacity to proliferate following antigenic stimulation than Ty cells.
To directly test this hypothesis, we stimulated D°*-gp33—specific Tcy or
Trm in vitro with gp33 peptide and analyzed cell division by division
by carboxyfluorescein succinimidyl ester (CFSE) dilution (Fig. 4c¢).
Tem showed more proliferation than Ty, indicating that Tey have an
inherent proliferative advantage over Try following antigenic stimula-
tion. Thus, it is likely that the substantially greater expansion of Tey in
vivo after infection is due to both their inherent capacity to proliferate
and their ability to localize to the LN.
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We next examined the phenotype of transferred Tey and Try in sever-
al tissues after infection (Fig. 4d). Each transferred population was
greater than 95% CD62L" or CD62L" at the time of transfer (Fig. 4d,
pre-challenge). As expected, when CD62L" Try cells were transferred
they remained CD62LP after infection (left column). However, when
CDG62L" Tey cells were transferred, nearly 90% of all gp33-specific CD8
T cells in the spleen, PBMC and liver had become CD62L" by 5 d.p.i.
Even in the LN, approximately 65% of the gp33-specific memory cells
were CD62L". Similar results were observed following respiratory chal-
lenge (data not shown). This conversion from CD62LY to CD62L"
required reexposure to antigen because cells recovered from all organs
after adoptive transfer in uninfected mice maintained their pre-transfer
phenotype. In the absence of infection, transferred Tcy in the spleen, LN,
liver and lung remained 94%, 91%, 82% and 84% CD62L", respectively
(data not shown). Collectively, these results show that, following antigen
challenge, Ty can rapidly convert to CD62L" effector cells and that Tey-
derived secondary effectors can efficiently localize to nonlymphoid tis-
sues including the site of infection. Thus, the major difference in Tey and
Trm seems to be not a difference in immediate effector functions (both
subsets were equally good), but rather a difference in the ability of Tey
to rapidly proliferate and expand after reencountering antigen.

In vivo persistence and lineage relationship

One of the cardinal properties of memory T cells is their long-term,
antigen-independent persistence®?. Given the different properties of
Tewm and Ty, it is important to determine which population persists for
extended periods and to understand the lineage relationship between
these subsets. The total number of gp33-specific memory T cells in the
spleen remained constant between 1 and 3 months post infection (p.i.)
with LCMV (Fig. 5a) and were stably maintained even at 400 d.p.i.
(data not shown). However, during this time the absolute number of Tey
cells declined, whereas the number of Tcy cells increased proportional-
ly (Fig. 5a, top). At very late time points (for example, day 400) 295%
of the LCMV-specific memory CD8 T cells were CD62L" (data not
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Figure 4.Antigen-driven proliferation of memory T cell subsets. (a) In vivo T cell expansion following systemic challenge. D*-gp33*CD8* T cells were enumerated in
spleen, PBMC, LN and liver of Tcw and Tew recipients 5 d after i.p. VVgp33 challenge (Fig. 3e). All D*-gp33*CD8* T cells were donor derived (Thyl.1*; data not shown). Tcu
recipients had significantly more total Thy|.1"D-gp33*CD8"* T cells in all locations examined (P < 0.05). (b) In vivo T cell expansion following respiratory challenge. Thyl.1*
(donor) D*-gp33*CD8* T cells were enumerated in spleen, PBMC, LN and lung of Tcy and Ty recipients 5 d after i.n.VVgp33 challenge (Fig. 3h). Ty recipients had signifi-
cantly more total Thy|.1*Db-gp33*CD8* T cells in lung, spleen and PBMC (P < 0.05). (c) In vitro proliferation of Tcy and Tew P14 cells in response to gp33 peptide. The mean
division number for Tcy and Tew was 3.4 and 2.0, respectively. No division was observed in the absence of gp33 peptide (data not shown). (d) Five days after i.p.VVgp33 chal-
lenge, recipients of Tcy or Tew were sacrificed and the expression of CD62L on secondary effectors in the spleen, PBMC, LN and liver was assessed by flow cytometry.The
phenotype of the pretransfer populations of gp33-specific memory cells are shown at the top. Data are representative of 3—4 mice/group.

www.nature.com/natureimmunology

march 2003

volume 4 no 3 nature immunology 229



'@ © 2003 Nature Publishing Group http://www.nature.com/natureimmunology

ARTICLES

shown). A similar trend was also observed for CCR7 expression (Fig.
5a, bottom) and CD27 expression (data not shown). This pattern of the
number of Tgy cells decreasing and the number of Tcy cells increasing
was seen in both the spleen and PBMC. This suggested that either death
of the Trv subset was compensated by a reciprocal increase in the Tey
population or there was conversion of Ty to Tew. To investigate this
issue, gp33-specific memory CD8 T cells were again separated into Tey
and Ty on the basis of CD62L and adoptively transferred into naive
recipients (Fig. 5b). After 25 d the transferred CD62L" Tcy population
remained uniformly CD62L", but approximately half of the transferred
CD62L" Ty cells had converted to CD62L" cells, demonstrating that
the Tcy subset can arise directly from Tey (Fig. 5b).

A principal attribute of memory T cells is their ability to undergo
homeostatic proliferation to maintain their numbers*>. To examine
homeostatic proliferation of memory T cell subsets, purified Tcy and
Tem were labeled with CFSE and transferred to naive mice (nonirra-
diated). Thirty days later the division profile of the transferred cells
revealed that Tcy cells had undergone more divisions (69% divided)
compared with Ty cells (36% divided; Fig. 5¢). As our data (Fig.
5b) suggested that the Try population may give rise to Teu, We next
examined the phenotype of CFSE-labeled transferred Tey and Ty
cells during homeostatic division. One day after adoptive transfer of
purified Tceu and Try, each population maintained its phenotype and,
at this early time point, no cell division had occurred (Fig. 5d). By

4321 0
a b C
icDe2LN
1073 -@-Total |
- cpeL”

+ € -+ cDeaL® E G -
50 4,320 0
I J
52 10 .jcpeaLle
=

10’ : y : d CFSE —————————— >
0 25 50 75 100 -
Days post infection = ;
100 R 85 "Day I | Day 30

) Pre-transfer o |
o m 754 TEI"I
§B
Sar sl -m- CCR7*
£o I CCR7 qog4 1 9%

o ) + f

7 Day 25 ,
post transfer - 3
o .
0 25 50 75 100 B ) |
A Ten |4
Days post infection CDé2L. ——— !
o 3t
o
ol
o
e f g
6+ 654321 0 21
: . . =1 23.7%
icDe2Lh i
6+ 654321 0 3 :
1 -
cpeé2L 3 ]
8 6.5% i
I [ ]
| CFSE ———————— ] 40
d;n“ T R AT ST

CFSE —————— B>

Tet" capable of

making IL-2 (%)

0
0 30 60 120 180

Days post infection

Figure 5. Lineage relationship between memory T cell subsets. (a) The number of total and CD62L" and CDé62L" memory D*-gp33*CD8* T cells and the percent-
age of CCR7* and CCR7- D"-gp33* CD8T cells in the spleens of LCMV immune P14 chimeric mice are plotted over time. n = 2—4 mice/time point. (b) Column-purified
CDé62L" or CD62L" D*-gp33* memory T cells were adoptively transferred into separate naive mice.After 25 d, CD62L expression on splenic D*-gp33*CD8" T cells of recip-
ients was determined. (c) Purified Tcy and Tew cells were CFSE-labeled and transferred into separate naive recipients (nonirradiated). Division of the transferred Thyl.1* P14
memory cells was assessed after 30 d. (d) Purified Tewor Tew DP-gp33* cells were CFSE labeled and transferred to naive mice (nonirradiated).After | and 30 d, CD62L expres-
sion was examined as a function of division. Dot plots are gated on Thyl.I* PI4 memory CD8T cells from the spleen. (¢) CCR7 and CD27 expression was examined as a
function of cell division on transferred Tem cells 30 d post transfer. (f) Purified Tcw and Tey D®-gp33* CFSE-labeled memory CD8T cells were transferred separately into naive
irradiated recipients. Division of the transferred Thyl.I* P14 memory cells was analyzed after 8 d. (g) LCMV immune (~85 d.p.i.) mice were fed BrdU in their drinking water
for 8 d and splenocytes were stained for BrdU incorporation. D®-gp33 tetramer staining versus CD62L is shown for gated CD8 cells. Histograms are gated on D®-
gp33"CD8'CD62L" (top) or CD62L"° (bottom) memory T cells. (h) D*-gp33*CD8* memory T cells (~30 d.p.i.) from a P14 chimera were stained for CD62L expression and
the percentage of cells increased in size was indicated by high forward scatter was assessed. Plots are gated on D"-gp33*CD8" cells. (i) IL-2 production by D-gp33—specific
memory CD8T cells was assessed at the indicated times p.i. by intracellular cytokine staining following gp33 peptide stimulation.
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Figure 6. The effect of HD versus LD infection on the duration of Tem to Tcw conversion. (a) P14 chimeras were infected with a LD (500 c.fu.) or HD (3 x 10*
c.f.u)) of LMgp33 or with LCMV and the percentage of gp33-specific CD8 T cells (P14 cells) that were CD62L" or CD62L" in the blood was determined longitudinally in
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harvested, CD8 T cells column purified (both > 96% pure) and CD8 T cell populations from LMgp33 and LCMV infected mice mixed and transferred into the same recipi-
ents. Reexpression of CD62L was monitored on LD LMgp33-induced (Thyl.I*) and HD LCMV-induced (Thy|.2*) P14 cells parked in the same mice. P14 cells in the PBMC

were analyzed over time. Data are representative of four independent experiments.

day 30 post transfer the Tcy population had undergone efficient
homeostatic proliferation and also retained its phenotype (CD62LM;
Fig. 5d). These cells also remained CCR7" and CD27" (data not
shown). In contrast, Ty cells again showed a phenotypic change and
by day 30 a substantial proportion (~42%) of Ty cells had convert-
ed to CD62L"—it was predominantly this population that had divid-
ed (Fig. 5d). At day 1 post-transfer there were very few, if any,
CD62L" cells in the Try population but on day 30 there were a sub-
stantial number of memory T cells that had not yet divided but had
already converted to CD62L" (Fig. 5d, box). This shows that the
emergence of CD62L" Tey cells from the CD62L" Ty population
truly represents a conversion of the two subsets and is not simply due
to proliferation of a few contaminating Tcy cells in the purified Tem
population. This Try — Tcu conversion was also accompanied by
increased CCR7 and CD27 expression (Fig. Se). Similar results were
observed in multiple tissues (data not shown). These results demon-
strate that long-term persistence of memory T cells is primarily in
the form of Tcu. Further, the Try subset does not seem to be a per-
manent memory population, but rather converts to Tey and in so
doing acquires the ability to undergo efficient, antigen-independent,
homeostatic proliferation. This advantage of Tcw in proliferative
renewal was confirmed using three additional approaches. Purified
Temand Tey were CFSE labeled and adoptively transferred to naive
irradiated recipients in which, after 8 d, substantially more division
was observed by the transferred Tcy than Tpy cells (Fig. 5f).
Additionally, bromodeoxyuridine (BrdU) labeling was used to ana-
lyze memory cell turnover in an unmanipulated mouse (that is, no
adoptive transfer). Gated CD62L" gp33-specific Tcy contained
~24% BrdU" cells after one week of BrdU pulse compared with only
6.5% for Tey cells (Fig. 5g). Finally, high forward scatter can be used
to identify T cells that are currently, or have recently been, in cycle®.
The D-gp33—specific Tcu subset contained approximately four-fold
higher frequency of cells with high forward scatter than the Ty pop-
ulation (Fig. Sh).
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Thus, during this memory T cell differentiation not only does the
expression of LN homing receptors convert from CD62L°CCR7" to
CDG62LMCCRT7, but the memory pool also acquires both homeostatic
and antigen-driven proliferative potential. A third functional quality of
Tewm is the ability to produce IL-2 after antigenic stimulation. To test
whether this functional property also changed during this memory T
cell differentiation, the ability of the memory T cell population to pro-
duce IL-2 was examined over time. The proportion of the memory pool
capable of IL-2 production gradually increased consistent with an accu-
mulation of Tey cells in the memory pool (Fig. 5i). These results
demonstrate that, over time, the memory T cell pool converts both phe-
notypically and functionally from a Tgy population that is
CD62L"°CCRT7, has reduced antigen-driven and little homeostatic pro-
liferative potential and does not produce IL-2 to a Ty subset that is
CDG62LMCCRTY, proliferates vigorously to antigen, is capable of effi-
cient homeostatic proliferation and has gained the ability to make IL-2
following antigen stimulation.

Programmed Tem — Tem conversion rate

We next determined if the differentiation from Try to Tew was affected by
the magnitude of the infection and the duration of antigenic stimulation
in vivo. We used conditions of low dose (LD) and high dose (HD) immu-
nization that resulted in relatively short (2-3 d) or more prolonged (at
least 5—7 d) exposure to antigen. After infection with a LD (500 colony-
forming units (c.fu.)) of LMgp33, antigen can be detected for only
48-72 1. In contrast, following HD (3 x 10* c¢.f.u.) LMgp33 or LCMV
infection, antigen can be detected for at least 5—7 d° (unpublished data).
P14 chimeric mice were immunized with either a LD or HD of LMgp33,
or with an alternative HD with 2 x 10° p.f.u. LCMV (Armstrong). The
rate of reversion of gp33-specific T cells from CD62L" to CD62L" was
monitored in the PBMC of individual mice over time (Fig. 6a). The
reversion from Try to Tew occurred much more rapidly in LD immunized
mice compared with the HD immunized group. To investigate whether
this property of reversion was programmed during the phase of initial
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T cell priming or was a result of persisting antigen or the environment,
mice containing Thy1.2* P14 cells were immunized with LCMV (HD)
and a separate group of mice containing Thyl.1" P14 cells was immu-
nized with LD LMgp33 (Fig. 6b). On day 8 p.i., effector CD8 T cells
were purified from each group, mixed and adoptively transferred to naive
recipients. If a low amount of persisting antigen in HD infected mice or
the environment was responsible for the slower conversion after HD
infection, then after mixing the LD and HD primed effector CD8 T cells
and transferring them to a new naive recipient, the two cell populations
should both revert at the same rate. If, however, the Ty — Ty conver-
sion was programmed during the period of initial T cell priming, then the
rate of reversion of HD- and LD-primed T cells parked in the same recip-
ient should remain as observed in the original mice. The results of our
experiment were consistent with the latter model. The conversion rate of
the LD- and HD-primed cells in the mixed recipients was nearly identi-
cal to that observed in the original mice; that is, the HD effectors still
reverted slowly and the LD effectors reverted quickly (Fig. 6b).

Discussion

There has been considerable interest in understanding the develop-
mental pathways of memory T cells'*%*¥# The results of our study
now allow us to propose a model of T cell differentiation that incor-
porates the recently defined memory T cell subsets®. The essence of
this model is that Ty are a transitory population representing an
“intermediate” cell type in the effector-to-memory transition. Thus,
according to this model, Tey and Try cells are not distinct subsets but
are part of a continuum that ends with the development of Tcy cells.
Teu are the “true” memory cells because it is only this population that
exhibits both of the two hallmark characteristics of memory T cells;
long-term persistence in vivo by self-renewal and the ability to rapid-
ly expand upon reencounter with pathogen. This model also predicts
that memory development is a gradual process and that memory cells
only develop several weeks after clearance of the acute infection. Our
recent data analyzing global gene expression patterns during memory
T cell development are consistent with this model of progressive dif-
ferentiation*’. Our study also shows that the rate at which a T cell
population converts from Tgy — Tew can vary depending on the
nature of the immunization (high antigen dose versus low antigen
dose), and that this conversion rate is programmed during the initial
period of encounter with antigen in vivo. A strong initial antigenic
stimulus imprinted a Try — Tev differentiation program that occurred
over several months, whereas a lower amount of priming antigen
resulted in more rapid differentiation of Tgy to Tew. Thus, the duration
of Trm — Tou conversion is not constant, but is imprinted during
effector generation and varies depending on the magnitude of the ini-
tial stimulation.

Our results demonstrate that both Tcy and Tey can rapidly elicit
effector functions in vitro and can both become effectors in vivo fol-
lowing reinfection. However, our results also demonstrate that Tey
convert to effectors and subsequently to Ty only in the presence of
antigen. We found no evidence for Tcy converting to Ty in the
absence of antigen—even in nonlymphoid tissues after adoptive
transfer. While this does not formally exclude that in some locations
(such as the intestinal mucosa) or in response to some cytokines an
antigen-independent Tcy — Trw reversion may occur, our results
suggest that this reversion back to effectors or Tpy is primarily an
antigen-driven process.

Many characteristics of T cells change as they differentiate from naive
cells to effectors and subsequently to memory cells*. Our results demon-
strate that this differentiation process continues long after infection has
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been resolved as Try convert to Tey. During this Tey — Teu conversion
memory T cells gradually acquire the ability to undergo efficient homeo-
static turnover and to rapidly respond to antigen, and gain the ability to
produce IL-2. In contrast, effector-like qualities such as granzyme B
expression and the ability to rapidly kill ex vivo are lost during the E —
Temw — Tew transition. During this differentiation process hallmark phe-
notypic changes also occur, some of which (such as CD62L and CCR7
reexpression) affect homing and recirculation properties''#4+7, Effector
cells have an increased capacity to migrate to nonlymphoid tissues, but
do not home to LN following adoptive transfer>#*. During the transition
from effector to memory cells, the ability to migrate to nonlymphoid sites
is reduced, though it is still much greater than for naive T cells, but these
cells regain the ability to enter LN, a property mainly of Tey. It is likely
that the various functional and phenotypic characteristics that change
during the E — Ty — Tew transition do so at different rates. For exam-
ple, ex vivo lytic activity and granzyme B expression are lost before con-
version from CD62L" to CD62L" or acquisition of the ability to produce
IL-2. A key component of this N — E — Ty — Tew model of progres-
sive differentiation is that these qualitative changes occur gradually as the
memory population converts to Tew. The ultimate outcome is the forma-
tion of a memory population with all of the characteristic properties of a
self-renewing, antigen-responsive Tc.

Several recent studies have proposed lineage relationships between
memory T cell subsets based on the phenotypic analysis of T cells from
human PBMC and analyses of T cells restimulated in vitro>164149:50,
Although these reports provide valuable information characterizing
human T cell populations and on the antigen-driven conversion of
memory T cells into effectors, it is difficult to draw conclusions about
the differentiation of memory T cells in vivo from such experiments.
Our study has two advantages over these approaches. First, the timing
and duration of antigen exposure are known. After acute LCMV or LM
infection, antigen is eliminated in approximately 1 week®'? and the
memory T cells examined several months later have been differentiat-
ing in the absence of antigen for a defined period. In the studies ana-
lyzing human T cell responses to persisting viruses such as EBV, CMV
or HIV, the frequency and amount of stimulation with antigen can vary
considerably. Not only do these viruses differ substantially in their level
of viral load, but there can also be considerable variation among differ-
ent individuals. Without precise information about antigen levels, it is
difficult to determine whether the memory T cells being analyzed are
going through an antigen-independent process of E — Try — Tew dif-
ferentiation that is likely to occur after acute infections or antigen-dri-
ven Tew — E, or Teyw — E activation of memory T cells. Thus, T cell
populations in the PBMC specific for persisting viruses may contain
one population of T cells that has not encountered antigen for several
days or weeks and another that has been recently exposed to antigen,
resulting in a mixture of recently generated effector cells and Try and
Tewm cells. The second advantage of our study is that the differentiation
of a labeled (Thyl.1* and/or CFSE-labeled) memory CD8 T cell popu-
lation was tracked in vivo. Such longitudinal studies are essential for
defining lineage relationships between different cell populations. Using
this approach, the lineage relationship between Try and Tey in vivo was
directly demonstrated in our studies. In contrast to previous proposals
based on in vitro studies***, our results demonstrate that the Tgy sub-
set is not continually replenished from Tcy in the absence of antigen,
but rather that Tcy cells undergo this differentiation primarily as a result
of reencounter with antigen.

Thus, the findings of our study and the proposed model of linear dif-
ferentiation (N — E — Try — Tew) are likely to provide the paradigm
for acute infections. We propose that this will be the natural course of
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memory T cell differentiation in the absence of antigen. It is possible,
however, that under certain conditions®*, especially chronic infections
where antigen persists at high amounts'®#’, one may see a different pat-
tern of memory T cell differentiation. Perhaps in these circumstances
T cells are caught in a cycle of transition between effector cells and Tgy.
This could ultimately lead to terminal differentiation, as has been pro-
posed'® or exhaustion and/or deletion®!*2,

One of the findings of this study was that, on a per-cell basis, Ty con-
trolled systemic and even peripheral or mucosal challenge infections
substantially better than did Trv. The enhanced protection by Tey cells
did not correlate with a difference in effector functions, as both T¢y and
Tew (defined both phenotypically and anatomically) produced the effec-
tor cytokines IFN-y and TNF-o rapidly and also quickly acquired CTL
function upon reexposure to antigen. Rather, more effective protective
immunity by Tcy was likely a result of greater expansion of this subset
after infection. This greater expansion is at least in part due to an inher-
ent difference in proliferative capacity of Tcy and Tryv. This may be relat-
ed to IL-2 production by Tcu or may represent additional developmen-
tal changes that favor rapid proliferation. Localization of Tey to LN
in vivo may provide an additional advantage to this subset because den-
dritic cells efficiently drain from infected sites to LN and in vivo T cell
responses seem to be initiated in draining LNs rather that at the site of
primary infection—even in the presence of tissue resident memory
T cells'?!. The proliferative advantage of Ty is therefore likely the
result of a combination of intrinsic differences in proliferative potential
and more efficient antigen presentation in vivo.

It should be noted that in all of the challenge models tested in this
study, proliferation of antigen-specific CD8 T cells was necessary for
efficient pathogen control. In some circumstances, for example after a
LD infection in which pathogen control can be achieved without sub-
stantial expansion of antigen-specific memory T cells, Try cells present
at the site of initial infection may be more efficient than Ty cells in
protective immunity. However, in many instances of protective recall
responses, such as vaccine-induced memory T cells responding to a vir-
ulent infection, substantial clonal expansion of memory T cells is nec-
essary for efficient pathogen control. Thus, the increased proliferative

sYo) potential is likely to be one of the most important properties acquired

as Tgy differentiate into Tey.

The findings of this study have implications for vaccination, especial-
ly in terms of determining the optimal time for boosting. Because Tcu
cells proliferate substantially better than Try cells upon reexposure to
antigen, our results suggest that one should wait until a sufficient number
of memory cells have acquired the Tew phenotype before giving the
booster immunization. Also, the optimal time interval between the first
and second immunization is likely to vary depending on the strength of
the primary vaccination. Based on our results, we would predict that
stronger vaccines will require a longer interval between the “prime” and
“boost” than weaker vaccines. A kinetic analysis of the rate of Try — Teu
conversion in the blood after vaccination may allow one to design opti-
mal boosting regimens tailored for individual T cell vaccines. Such an
approach would be particularly useful for designing therapeutic vaccina-
tion of HIV-infected individuals on antiretroviral therapy. Consistent with
this idea, the proliferative capacity of HIV-specific CD8 T cells is signif-
icantly greater in long-term nonprogressors who maintain HIV control
than in other HIV* individuals®, suggesting that CD8 T cells with strong
proliferative potential should be the goal of vaccination approaches.

Methods

Mice, virus and infections. C57BL/6 mice were purchased from The Jackson
Laboratory (Bar Harbor, ME). Thyl.1* P14 mice bearing the D"gp33-specific TCR
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were fully backcrossed to C57BL/6 and maintained in our animal colony’. LCMV
Armstrong and clone-13 strains, the recombinant Listeria monocytogenes (LMgp33)
strain and the recombinant vaccinia virus (VVgp33), the latter two of which both express
the LCMV gp33 epitope, were propagated, titered and used as described”*. B6 mice
were directly infected with LCMV Armstrong (2 x 10° plaque-forming units (p.f.u.) i.p.).
P14 chimeric immune mice were generated by adoptively transferring ~5 x 10* to 7.5 x
10* naive TCR transgenic T cells into naive B6 mice followed by LCMV Armstrong
infection (these are referred to as P14 chimeras)’. Infection of P14 transgenic chimeras
with LCMV Armstrong and LMgp33 has been described’. All LCMV or LMgp33
immune mice were used at least 30 d.p.i. Mice were challenged with 2 x 10° p.f.u.
LCMV clone-13 i.v., 1 X 10° p.f.u. LCMV clone-13 in the footpad (s.c.), or 5 x 10° p.f.u.
VVgp33 ip. or i.n. LCMV stocks were grown and plaque assays performed as
described"'. Vaccinia virus expressing the LCMV gp33 epitope has been described?®.
Vaccinia plaque assays were performed essentially as described for LCMV'", except
after 2.5 d of incubation monolayers were overlayed with crystal violet (0.1% w/v in
20% methanol) and plaques counted. For the footpad challenge, footpad thickness was
measured using a Mituoyo Micrometer (Mitutoyo Corporation, Japan). All mice were
used in accordance with NIH and the Emory University Institutional Animal Care and
Use Committee guidelines.

Isolation of T cell subsets. Tcy and Tgy were purified by FACS sorting CD8'De-
gp33'CD62L" or CD8'DP-gp33°CD62L" cells. Alternatively, Tey and Ty or total CD8 cells
were purified using anti-CD62L or anti-CD8 magnetic beads (Miltenyi Biotec, Auburn, CA)
according to the manufacturer’s instructions. The purity of FACS-sorted samples (Fig. 3d)
was 93% for Tey and 95% for Ty, and ranged from 80% to 99% for Tey and Tey purified
by magnetic beads. Lymphocytes were isolated from nonlymphoid tissues as described®*.
Briefly, mice were euthanized, the hepatic vein cut and 5 ml ice-cold PBS injected directly
into the hepatic artery to perfuse the liver, or the left ventricle cut and PBS injected in the
right ventricle to perfuse the lungs. Liver or lung tissue was homogenized using a wire
screen. Homogenized lung was first incubated in 1.5 mM EDTA at 37 °C for 30 min and
both liver and lung were then incubated in 0.25 mg/ml collagenase B (Boehringer
Mannheim) and 1 U/ml DNase (Sigma) at 37 °C for 45 min. Digested tissue was applied to
a 44/56% Percoll gradient and centrifuged at 850g for 20 min at 20 °C. The intrahepatic
lymphocyte population was harvested from the interface and red blood cells were lysed
using 0.83% ammonium chloride and washed, and the resulting lymphocytes counted. This
procedure was found to have little impact on the expression of most cell surface molecules
including CD62L (data not shown). Splenocytes isolated in the same manner as liver lym-
phocytes exhibited similar functional properties to splenocytes isolated by standard proce-
dures (data not shown).

Flow cytometry, intracellular cytokine staining and CTL assays. MHC class I pep-
tide tetramers were made and used as described''. All antibodies were purchased from
Pharmingen (San Diego, CA). Staining for granzyme B expression was performed using
PE-labeled anti-human granzyme B (Caltag, Burlingame, CA). Though a mouse anti-
body, isotype control staining was low (Fig. 2i). The specificity of this reagent was fur-
ther confirmed by the absence of staining in granzyme B~ mice (T. Ley, personal com-
munication). CCR7 staining was carried out using CCL19-Ig as described’. For intracel-
lular cytokine staining (ICS), lymphocytes (10¢/well) were stimulated with gp33-41 pep-
tide (0.2 pg/ml) in the presence of BFA for the indicated periods of time followed by sur-
face staining for CD8 and intracellular staining for IFN-y, TNF-o or IL-2. *'Cr release
assays were performed as described'!, except in all cases the starting E:T ratio was
adjusted to obtain identical ratios of D*-gp33—specific CD8 T cells to target cells for all
T cell populations. In addition, the total number of cells/well was kept constant by the
addition of naive C57Bl/6 splenocytes. Background cytotoxicity against nonpeptide-
pulsed targets was similar for different effector populations and in some cases (Fig. 2h)
has been subtracted.

Chemotaxis assay. Transwell migration assays were performed as described®. Briefly,
LCMV-immune splenocytes (3 X 10°) from chimeric mice were incubated in the top of
a 5 uM transwell plate. We added 100 nM, 10 nM or no chemokine to the lower well
and cells were incubated at 37 °C for 4 h. Following incubation, lymphocytes were
counted in the upper and lower wells and stained for CD8, CD62L and D-gp33
tetramer” memory cells. The percent of the gp33-specific CD62L" and CD62L" memo-
ry cells added to the upper well that migrated into the lower well was calculated. The
chemokines CCL19 (Mip3f) and CCL21 (SLC; 6Ckine) were purchased from R & D
Systems (Minneapolis, MN).

Proliferation. Cells were labeled with CFSE (Molecular Probes, Eugene, OR) as
described®. For in vitro proliferation, 1 X 10* of either CD62L" or CD62L" D-gp33* cells
were cultured in a total of 1 x 10° splenocytes in the presence of 0.2 ng/ml gp33 peptide for
60 h. For in vivo proliferation, ~1.5 x 10° (irradiated recipients) or 5 x 10° (nonirradiated
recipients) CFSE-labeled P14 memory CD8 T cells were adoptively transferred. BrdU
labeling and staining were performed as described®.
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