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An important goal of vaccination is to achieve long-term survival
of functional memory T cells. Using a MHC-compatible adoptive
transfer system, we show here that a short, 3-day IL-4 but not IL-2
or IL-12 exposure during in vitro T cell receptor stimulation of naive
CD81 T cells induced long-lasting in vivo memory. Such long-term
memory CD81 T cells expressed antigen-specific cytotoxicity and
the potential for IFN-g and IL-4 production. Our results support the
concept that functional T cell longevity can be regulated by
cytokines during initial antigen encounter and provide a rational
foundation for vaccine development. They also may have implica-
tions in formulating optimal therapeutic regimens of ex vivo
expanded autologous cancer- and HIV-specific CD81 T cells. In
addition, the availability of large numbers of memory CD81 T
cells generated through our high-efficiency system should facili-
tate progress in the molecular dissection of CD81 T cell memory
development.

The study of CD81 T cell immunological memory can be
divided into the induction phase, during which antigen is

encountered, and the subsequent maintenance phase. Although
maintenance mechanisms have been studied intensely (1–5),
little information exists on how interactions encountered during
the induction phase may direct activated T cells toward diamet-
rically opposite fates of apoptosis vs. memory. Because of the
many well documented examples of cytokine influence of cell
fate determination, particularly T helper 1 (Th1) and Th2
development as the result of IL-12 and IL-4 presence during
primary antigen encounter (6–8), we hypothesized a role for
cytokines on long-term memory development during primary
stimulation of naive CD81 T cells. Here, we present supporting
data for this hypothesis in that naive CD81 T cells activated in
vitro in the presence IL-4 but not IL-2 or IL-12 were able to
develop into functional long-term memory cells upon transfer
into MHC-compatible congenic hosts in the absence of antigenic
stimulation.

Materials and Methods
Mice. The MHC I-restricted 2C T cell receptor (TCR)-transgenic
mice (9) and the C57BLy10ScN (B10) mice were maintained as
described previously (10). The derivation of B10.Thy-1aCD8a

(B10.TL) congenic strain was as described previously (11). In
some experiments, 2C transgenic (H-2bThy-1bCD8b) males were
crossed with B10.TL (H-2bThy-1aCD8a) females and offspring
were screened to obtain 2C TCR-expressing F1 mice.

T Cell Isolation. CD81 T cells obtained by panning (12) were stained
with fluorescein isothiocyanate (F)-anti-CD8 (53–6.7; ref. 13),
PE-anti-CD4 (GK1.5; ref. 14), Cy5-anti-CD44 (IM7; ref. 15), and
TR-anti-CD62L (Mel-14; ref. 16) and subjected to cell sorting
(FACStar1; Becton Dickinson). CD81CD42CD44lowCD62Lhi

phenotype (Fig. 1c) was the sorting criteria for naive CD81 T cells.
The purity of sorted cells was always 99%. Donor memory cells
from B10.TL hosts were isolated by staining Ig2 spleen cells (12)

with F-anti-CD8.2 (clone 2.43; ref. 17), followed by cell sorting of
CD8.21 cells.

In Vitro Activated Donor Cells for Adoptive Transfer. Naive 2C CD81

T cells (1–2 3 105 cellsyml) were stimulated for 3 days by B10.A
peritoneal cells (anti-Thy-1 1 C-treated, 750R-irradiated;
1–1.5 3 105 cellsyml) or CD40L-activated B cell blasts (mito-
mycin-treated; 5 3 105 cellsyml; ref. 18), with or without added
rIL-4 (PeproTech, Rocky Hill, NJ; expressed in amounts equiv-
alent to an IL-4 standard provided by William E. Paul, National
Institutes of Health), rIL-2 (Biogen; expressed as National
Cancer Institute Biological Response Modifiers Program equiv-
alent using IL-2-responsive CTLL cell bioassay), or 2 ngyml
IL-12 (PharMingen). Exogenously added IL-2 and IL-4 were
always 0.5 ngyml and 1.5 ngyml (3,000 unitsyml), respectively.
The amount of IL-2 and IL-12 used was based on their respective
abilities to maximally stimulate T cell proliferation and induce
Tc1 effector generation as monitored by IFN-g production. 2C
CD81 T cells mount excellent proliferative responses to allo-
stimulation without added cytokine, presumably because of their
ability to produce IL-2 (10). The activated cells were washed and
rested for 2 days at 2 3 105 cellsyml in the presence of rIL-2 and
1 mgyml anti-Ld mAb (19) to block possible antigen carryover.
Indicated numbers of rested CD81 T cells were injected i.v. into
B10.TL hosts. In certain experiments, naive 2C CD81 T cells
were stimulated with syngeneic macrophages 1 SL8 (0.5 mgyml
SIYRYYGL; ref. 20), followed by a 2-day rest in IL-2-containing
medium. Polyclonal activation of naive CD81 T cells were
induced by (i) 100 ngyml 500A.A2 anti-CD3 mAb (21), with or
without 100 ngyml of anti-CD28 mAb (22), in the presence of
syngeneic peritoneal cells (anti-Thy-1 1 C-treated, 750R-
irradiated; 1–1.5 3 105 cellsyml), or (ii) phorbol 12-myristate
13-acetate (PMA) (2 ngyml) 1 ionomycin (0.15 mM) without
accessory cells, at cell concentrations identical to the activation
of 2C CD81 T cells. Polyclonally activated cells similarly were
rested and injected into B10.TL hosts as 2C CD81 T cells.

Effector Cell Generation. Naive and memory 2C effectors were
generated by a 3-day allostimulation culture with or without
added IL-4, followed by a 2-day rest in IL-2-containing culture
as described in the preceding paragraph.

Flow Cytometric Analysis of Adoptively Transferred Donor Cells.
Blood from B10.TL hosts (tail artery puncture) was treated
with ACK buffer (0.83% NH4CLy0.1% KHCO3) to lyse RBCs.

Abbreviations: TCR, T cell receptor; B10, C57BLy10ScN mouse strain; B10.TL, B10 congenic
strain that expresses Thy-1a and CD8a alleles; F, fluorescein isothiocyanate; PMA, phorbol
12-myristate 13-acetate.
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For Figs. 1 and 2, peripheral blood lymphocytes (PBLs) were
stained with F-anti-Thy-1.2 (30H12; ref. 13) 1 Cy5-anti-CD8
(53–6.7) and analyzed by f low cytometry. Frequencies of
donor (Thy-1.21CD81) and host (Thy-1.22CD81) T cells were
determined from 50,000 live cells (see Fig. 1d). Donor CD81

T cells were expressed as the percentage of total (donor 1
host) CD81 T cells. Donorytotal CD81 ratios of #0.1% were
plotted as 0.1% and constituted experiment end point. For Fig.
3, PBLs were stained with F-anti-Thy-1.2 (30H12) 1 Cy5-anti-
Thy-1.1 (LS693; courtesy of Irv Weissman, Stanford Univer-
sity), and the relative percentages of Thy1.11Thy-1.21 and
Thy-1.12Thy-1.21 cells are shown.

Cytokine Gene Activation. Culture supernatant was assayed for
IL-4 by bioassay (24) and for IFN-g by ELISA (PharMingen).
Total RNA was extracted from indicated cells and reverse-
transcribed into cDNA as described (25). For Fig. 4, 103 cell-
equivalent cDNA was subjected to PCR amplification by using
IL-4- and IFN-g-specific primers (26). IFN-g PCR was 35 cycles
(94°C, 30 s; 56°C, 45 s; 72°C, 20 s). IL-4 PCR was 38 cycles,
followed by 10 additional cycles using 10% of first-round PCR
products (94°C, 30 s; 56°C, 45 s; 72°C, 40 s). For Fig. 5, 102

cell-equivalent cDNA was subjected to nested PCR by using
IFN-g-specific primers. First-round PCR (20 cycles; 94°C, 30 s;
56°C, 45 s; 72°C, 20 s) was performed by using external primers:
forward, 59-tgaacgctacacactgcatcttgg-39; reverse, 59-cgactccttttc-
cgcttcctgag-39. Second-round PCR contained a mixture of 5 ml
of 1:1,000-diluted first-round PCR product and 5 ml of compet-
itor PQRS DNA (26) at indicated concentrations. The cycling
conditions of the second-round PCR was identical to that of
first-round PCR, except that the cycle number was increased to
35 and that previously described internal IFN-g-specific primers
were used (26).

Bcl-2 and Bcl-xl. Total RNA (2 3 103 cell-equivalent amounts) was
first subjected to a 25-cycle reverse transcription–PCR amplifi-
cation by using external primers (Bcl-2: forward, 59-aggattgtg-
gccttctttgag-39, and reverse, 59-agacagccaggagaaatcaaac-39; Bcl-
xl: forward, 59-gagctttgagcaggtagtg-39, and reverse, 59-
ttgttcccgtagagatcc-39). First PCR products (5%) were used for a
second 35-cycle PCR by using nested (internal) primers (Bcl-2:
forward, 59-atgtgtgtggagagcgtcaac-39, and reverse, 59-tcagaga-
cagccaggagaaatc-39; Bcl-xl: forward, 59-tgagcaggtagtgaatgaac-39,
and reverse, 59-tccacaaaagtgtcccag-39). Both rounds of PCR
used identical conditions (94°C, 30 s; 58°C, 45 s; 72°C, 40 s).
Fidelity of the 184-bp bcl-2 and the 210-bp bcl-xl PCR products
were verified by DNA sequencing.

Results and Discussion
Purified naive CD44lowCD62LhiCD81 T cells from Ld-
alloreactive 2C TCR transgenic mice on B10 background (H-
2bThy-1bCD8b) were isolated (sorting criteria shown in Fig. 1c),
activated in vitro by Ld-bearing B10.A stimulators for 3 days with
or without exogenously supplied test cytokines, then rested for
2 days in IL-2-containing medium. The cells then were trans-
ferred into histocompatible B10.TL congenic hosts. Staining
with F-anti-Thy-1.2 1 Cy5-anti-framework CD8 allowed quan-
titation of donor (Thy-1.21) and host (Thy-1.22) CD81 T cells
(Fig. 1d). Using donorytotal CD81 T cell ratio as a relative index,
the decay of donor cells activated in cultures without cytokine
addition was dose-dependent and approximated first-order ki-
netics whether B10.A macrophages (Fig. 1a) or B cell blasts (Fig.
2a) were used as stimulator cells. In marked contrast, IL-4
addition during the 3-day activation culture of 2C CD81 T cells
resulted in long-term survival with not a decrease but a slight
increase in donorytotal CD81 ratios over the 5-month observa-
tion period (Figs. 1b and 2a). Although the optimal induction of
long-term CD81 T cell survival required 1.5 ngyml IL-4 (the
standard dose used for all experiments reported here), signifi-
cant survival-potentiating activity was observed for the lowest
concentration of 0.25 ngyml IL-4 we have tested so far (data not
shown). In an experiment identical in design to Fig. 1b, we found
a total of 8.1 3 106, 5.0 3 106, and 2.8 3 106 donor cells per
spleen from hosts that received 5 months previously 10 3 106,
6 3 106, and 4 3 106 donor cells (activated by B10.A macro-
phages 1 IL-4), respectively. Because cells present in the spleen
represent only a fraction of the total of the entire mouse and
donor cells found in the spleen approached the number of
adoptively transferred cells, substantial expansion of donor cells
must have taken place. This is consistent with the observed rise
in donorytotal CD81 T cell ratios, especially in early time points,

Fig. 1. Induction of long-term CD81 T cell survival by short-term IL-4 expo-
sure during TCR stimulation. Donorytotal CD81 T cell ratios were determined
as a function of time for individual B10.TL hosts (400R-irradiated) that had
received indicated numbers of 2C CD81 T cells activated in culture by B10.A
peritoneal cells without IL-4 addition (a) or 2C CD81 T cells activated in culture
by B10.A peritoneal cells 1 IL-4 (b). Each line trace represents data derived
from a single B10.TL host over time. (c) Criteria for naive CD81 T cells.
Correlated CD44yCD62L expression is shown for 2C tg CD8142 T cells, with a
box marking naive cells. CD81CD42CD44lowCD62Lhi was the criteria for sorting
naive CD81 T cells. (d) PBLs from a B10.TL mouse that received 8 3 106 activated
2C CD81 T cells 109 days previously were stained with F-anti-Thy-1.2 (30H12)
1 Cy5-anti-CD8 (53–6.7); regions of donor and host CD81 cells are marked. (e)
2C naive CD81 T cells (4 3 106) activated by B10.A B cell blasts 1 IL-4 were
transferred into a B10.TL host. Day 168 posttransfer, host spleen cells were
stained with F-anti-CD8.2 1 Cy5-anti-CD44 1 TR-anti-CD62L; CD44yCD62L-
correlated expression was restricted to CD8.21 donor cells. ( f) 2C naive CD81

T cells (10 3 106) activated by B10.A peritoneal cells 1 IL-4 were transferred
into a B10.TL host. Day 98 posttransfer, donor cell CD44yCD62L-correlated
expression was performed as in e.
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for adoptively transferred 2C CD81 T cells activated in the
presence of IL-4 (Figs. 1b and 2a). Virtually all (98%) of
Thy-1.21 donor cells coexpressed the 2C transgenic TCR as
detected by 1B2 mAb, and their in vivo expansion most likely
involved TCR-independent pathways because (i) 2C CD81 T
cells cannot be stimulated by B10.TL (H-2b) APC to enter cell
division and (ii) activation-associated CD25 expression and TCR
down-regulation were not found for memory CD81 T cells in
adoptive hosts (data not shown).

Addition of IL-12, a potent inducer of Th1 differentiation, to
activation cultures did not significantly alter the rapid decay rate of
donor cells (Fig. 2a). IL-4-mediated induction of long-term mem-
ory CD81 T cell survival was not due to activation of gc chain alone
because addition of IL-2, a known gc activator (27), failed to
enhance donor cell survival (Fig. 2b). This result offers a possible
reason for the limited success of IL-2-based immunotherapy (28,
29) and provides an impetus to examine potential therapeutic values
of IL-4-grown antigen-specific T cells. The uniformly CD44hi

phenotype of memory cells generated in our system (Fig. 1 e and
f) agrees well with previously published results (30). In addition, the
mostly CD62Lhi expression is consistent with the reported finding
of long-term, virus-specific memory CTLp within the CD62Lhi

rather than CD62Llow compartment (31).
To extend the positive IL-4 effect on long-term 2C tg CD81

T cell memory development to nontransgenic mice, B10 naive
CD81 T cells were stimulated with PMA 1 ionomycin, with or
without added IL-4, and transferred into unirradiated B10.TL
hosts. Again, IL-4 but not IL-12 presence during the 3-day
activation phase induced long-term memory CD81 T cell sur-
vival (Fig. 2c). Three additional points can also be made. (i)
Because B10 CD81 T cells were activated without accessory
cells, IL-4 acted on CD81 T cells directly to promote long-term
memory development. (ii) Enhanced memory development oc-
curred in unirradiated hosts, ruling out radiation-induced effects
as major contributory factors. (iii) PMA and ionomycin, being
pharmacological agents with well defined half-lives in vivo, are

unlikely to remain cell-associated for the duration of our exper-
iment, thus ruling out their carryover as the cause of ‘‘chronic’’
stimulation, which, in turn, can lead to long-term survival (32).
However, activation induced by PMA 1 ionomycin may be
significantly different from TCR stimulation. Therefore, B10
naive CD81 T cells were activated by anti-CD3 mAb in the
presence of syngeneic macrophages. Once more, IL-4 presence
during TCR stimulation of CD81 T cells resulted in highly
enhanced long-term survival (Fig. 2d). To address CD28 in-
volvement, B10 naive CD81 T cells activated by anti-CD3 1
anti-CD28 were transferred into unirradiated B10.TL hosts.
Without cytokine addition, CD3yCD28 coengagement yielded
poor survival kinetics (Fig. 2e). Again, IL-4 but not IL-2 addition
during naive CD81 T cell activation resulted in highly enhanced
long-term survival (Fig. 2e).

Because the number of CD81 T cell divisions has been
positively correlated with memory development (33), it is pos-
sible that the IL-4-potentiated CD8 memory development we
have observed is a result of its growth-promoting activity,
resulting in more rapid cell growth and, therefore, more cell
divisions. This possibility is unlikely because addition of IL-2 to
our 3-day TCR stimulation phase always yielded slightly more
cells than cultures receiving IL-4 (data not shown), yet IL-4 but
not IL-2 presence induced long-term survival.

Because our congenic transfer system uses donor cells that
differ from the host at Thy-1 and CD8 alleles, a possible reason
for the poor survival of CD81 T cells activated without IL-4
addition is that they are more efficient than cells activated in the
presence of IL-4 at inducing Thy-1- andyor CD8-specific host
rejection responses. To address this possibility, 2C tg CD81 T
cells from [B10 (H-2bThy-1bCD8b) 3 B10.TL (H-2bThy-
1aCD8a)]F1 and B10 backgrounds were activated separately by
B10.A B cell blasts with or without added IL-4, respectively.
Equal numbers of these two activated cell populations were
mixed and transferred into the same unirradiated B10.TL re-
cipients. Relative donor cell survival was monitored by simul-

Fig. 2. IL-4-induced long-term CD81 T cell survival in alloantigen-, anti-CD3-, and PMA 1 ionomycin-induced activation systems. Naive CD81 T cells were
activated in the presence of indicated cytokines and transferred into B10.TL congenic hosts, and donorytotal CD81 T cell ratios were determined as in Fig. 1. Donor
CD81 T cells were 2C naive CD81 T cells activated by B10.A B cell blasts (a), 2C naive CD81 T cells activated by B10 macrophages 1 0.5 mgyml SL8 (SIYRYYGL) peptide
(b), B10 naive CD81 T cells activated by PMA 1 ionomycin without added accessory cells (c); B10 naive CD81 T cells activated by anti-CD3 mAb 1 syngeneic
peritoneal macrophages (d), or B10 naive CD81 T cells activated by combined anti-CD3yanti-CD28 mAbs 1 syngeneic B cell blasts (e). Donor cells identified by
F-anti-Thy-1.2 were 98% CD81, except for PMA 1 ionomycin-activated donor CD81 T cells, most of which had lost CD8 expression (23) but remained Thy-1.21.
In this case, Thy-1.21 alone was used as the criteria to score cells of donor origin. The number of cells transferred into each B10.TL host was 5 3 106 for a, c, d,
and e and 6 3 106 for b. B10.TL recipients were unirradiated for b, c, d, and e and 400R-irradiated for a.
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taneous Thy-1.1 and Thy-1.2 staining. The finding of similar
numbers of 2C CD81 T cells activated with or without IL-4 on
day 1 posttransfer (Fig. 3a) is consistent with similar homing
properties. The relative presence of CD81 T cells activated in the
presence of IL-4 rapidly increased over those activated without
IL-4 such that 98% of donor cells were derived from CD81 T
cells activated in the presence of IL-4 by day 60 postadoptive
transfer. Similar results were obtained in another experiment in
which B10.A peritoneal macrophages were used as stimulator
cells (Fig. 3b). Relative cell survival of naive CD81 T cells
activated in the presence of exogenously added IL-2 and IL-4
also was performed (Fig. 3c). Clearly, CD81 T cells exposed to
IL-4 displayed strikingly enhanced survival over those exposed
to IL-2. These results rule out immunological rejection as the
cause of rapid decay of CD81 T cells activated without IL-4
addition. In addition, the enhanced survival of CD81 T cells
briefly exposed to IL-4 during TCR stimulation is an acquired
intrinsic property that displays little influence on cells not
similarly potentiated.

Because high-level IFN-g production is widely considered a
unique property of memory CD81 T cells (34–40), its induction
was compared for 2C naive and memory effectors. With effec-
tors generated in the absence of added IL-4, CD3yCD28 stim-
ulation induced a much more potent 486.3-ngyml IFN-g pro-
duction by memory than the 82.3 ngyml by naive effectors (Fig.
4a). Both naive and memory effectors generated under IL-4

influence produced high levels of 246.1 ngyml and 318.4 ngyml
IFN-g, respectively, upon CD3yCD28 stimulation (Fig. 4a). The
25-fold higher IFN-g production by freshly explanted 2C mem-
ory than naive CD81 T cells in response to B10.A B cell
stimulation (data not shown) is also consistent with the expected
high-level IFN-g production associated with memory CD81 T
cells (34–40).

Results we present here have shown that IL-4 priming potently
induced long-term CD81 T cell memory development. Because
IL-4 priming also is known to induce Tc2 differentiation (42), we
next examined IL-4 production by naive and memory effectors.
Although CD3yCD28 stimulation did not induce IL-4 production
(assessed by bioassay and reverse transcription–PCR) by naive and
memory effectors generated in cultures without added IL-4 (Fig.
4a), it did activate IL-4-primed 2C naive and memory effectors to
produce 140.0 unitsyml and 76.3 unitsyml IL-4, respectively (Fig.
4a). The 140.0 unitsyml of IL-4 produced by IL-4-primed naive
effectors corresponds to 70 pgyml, a seemingly low amount. How-
ever, this response was derived from 104 effectors and translates to
'0.7 ngyml when responding cells are normalized to 106 cellsyml.
This level is comparable to similarly normalized '1.4 ngyml
reported for anti-H-Y TCR-transgenic Tc2 effectors (43).

Fig. 3. Failure for long-term survival not resulting from immunological rejec-
tion. (a) 2CCD81 Tcells from[B10 (H-2bThy-1bCD8b)3B10.TL (H-2bThy-1aCD8a)]F1

and from B10 genetic backgrounds were activated in separate cultures by B10.A
B cell blasts with or without IL-4 addition, respectively. Each of three unirradiated
B10.TL recipients was transferred with a mixture containing equal numbers (4 3
106 each) of the two differentially primed donor CD81 populations. Staining PBL
with F-anti-Thy-1.2 (30H12) 1 Cy5-anti-Thy-1.1 (LS693) allowed unambiguous
detection of the relative percentage of the two types of donor cells (total donor
cells as 100%), with Thy-1.11Thy-1.21 and Thy1.12Thy-1.21 phenotypes repre-
senting donor cells that were primed originally with or without IL-4, respectively.
Because of the Thy-1.22 nature of host B10.TL T cells, they were clearly distin-
guishable from Thy-1.21 donor CD81 T cells. (b) 2C CD81 T cells from B10 and
(B10 3 B10.TL)F1 genetic backgrounds were activated in separate cultures by
B10.A peritoneal macrophages, with or without IL-4 addition, respectively. Each
of four unirradiated B10.TL recipients was transferred with a mixture containing
equal numbers (4 3 106 each) of the two differentially primed donor CD81

populations. The relative percentage of IL-4-treated and untreated donor 2C
CD81 T cells was determined identically as in a, except that Thy1.12Thy-1.21 and
Thy-1.11Thy-1.21 phenotypes represented donor cells that originally were
primed with or without IL-4, respectively. (c) 2C CD81 T cells from [B10 3 B10.TL]
F1 and from B10 genetic backgrounds were activated by B10 macrophages 1 0.5
mgyml SL8 peptide in separate cultures supplemented with IL-4 and IL-2 addition,
respectively. Each of three unirradiated B10.TL recipients was transferred with a
mixturecontainingequalnumbers (33106 each)of thetwodifferentiallyprimed
donor CD81 populations. The relative percentage of IL-4- and IL-2-treated donor
2C CD81 T cells was determined identically as in a. Donorytotal CD81 ratios also
were determined by staining with F-anti-Thy-1.2 1 Cy5-anti-CD8 and consistent
results with those presented in Figs. 1 and 2 were obtained (data not shown).

Fig. 4. Ex vivo activity of IL-4-induced long-term CD81 memory T cells. (a)
Memory cells were from a B10.TL host 179 days after receiving 107 2C CD81 T
cells activated by B10.A peritoneal cells 1 IL-4. Naive and memory effectors
were generated with or without IL-4 as described in Materials and Methods
and stimulated (105 cellsywell per ml) in wells coated with 10 mgyml each of
anti-CD3 1 anti-CD28. At 24 h poststimulation, IL-4 and IFN-g gene activation
was analyzed according to Materials and Methods. All effectors cultured in
wells not coated with anti-CD3yCD28 did not produce detectable IFN-g or IL-4.
(b) Memory CD81 T cells were from a B10.TL host 168 days after receiving 4 3
106 2C CD81 T cells activated by B10.A peritoneal cells 1 IL-4. Sorted naive and
memory CD81 T cells were stimulated by B10.A B cell blasts. On day 3, activated
cells were recovered, counted, and assayed for CTL activity at indicated
effector-to-target cell ratios, using Ld-bearing P815 target cells (41). Complete
blocking of cytotoxicity by 30-5-7 anti-Ld mAb (19) confirmed the 2C TCR
recognition specificity (data not shown). B10.A B cell blasts (5 3 104 cellsy0.1
ml) stimulated naive and memory CD81 T cells (104 cellsy0.1 ml) to incorporate
20,726 cpm and 18,185 cpm of [3H]thymidine (,100 cpm for responding cells
to which no B10.A B cell blasts were added). (c) Donor cells were isolated from
B10.TL hosts 7 days after receiving 5 3 106 2C CD81 T cells activated either by
B10.A B cell blasts 1 IL-2 or by B10.A B cell blasts 1 IL-4. Duplicate samples were
subjected to nested bcl-2 and bcl-xl reverse transcription–PCR (RT-PCR) ampli-
fication as described in Materials and Methods. Representative results from
one of the duplicate samples taken at indicated cycle number of the second-
round PCR are shown. Identical b-actin RT-PCR products for the two donor cell
groups were found (data not shown). (d and e) Spleen cells from the same
hosts as in c were examined for IL-2Rb expression by flow cytometric analysis
after staining with F-anti-CD8.2 1 biotin-anti-IL-2Rb (PharMingen; detected
by TR-streptavidin). IL-2Rb expression (solid lines) and control staining (anti-
IL-2Rb mAb omitted; dotted lines) among donor CD81 T cells are shown (d,
IL-2-activated donor cells; e, IL-4-activated donor cells).
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Cytotoxicity next was examined for naive and memory effectors
generated by stimulation with B10.A B cells (without IL-4 addition).
Memory effectors were '3-fold more efficient in killing of Ld-
bearing target cells than naive effectors (Fig. 4b), a result that
similarly has been seen in two other experiments (data not shown).
The longevity of memory CD81 T cells and its heightened potency
in cytolytic effector function may be responsible for the observed
antitumor response induced by IL-4-transfected cancer cells (44).
Similar proliferation responses were found for naive and memory
CD81 T cells stimulated by B10.A B cell blasts (see legend for Fig.
4b). This appears to contrast results of deficient in vitro proliferation
by 2C memory CD81 T cells reported recently by Cho et al. (38).
One potential contributing factor for this apparent difference may
be the use by Cho et al. of lymphocyte-deficient RAG-null hosts
whereas our studies used hosts that contain normal numbers of
lymphocytes.

Whether IL-4-mediated potentiation of CD81 T cell survival
also is seen in vivo is unknown. In this regard, a recent paper
reported enhanced memory CD81 T cell generation and main-
tenance in IL-4-null mice (45). Although IL-4 may play no in vivo
role in CD8 memory generation, it is equally possible that both
IL-4-dependent and independent pathways exist.

Our initial effort in addressing the mechanism of IL-4-mediated
long-term memory development focused on bcl-2ybcl-xl (46, 47)
and IL-2Rb (1). The finding of nearly identical bcl-2ybcl-xl expres-
sion in donor cells activated in IL-4 or in IL-2 (Fig. 4c) makes its role
in memory development unlikely. Similar levels of Fas and FasL
expression were observed for freshly isolated naive and memory
CD81 T cells and for naive and memory CD81 T cells that had been
subjected to a 6-h stimulation by plate-bound anti-CD3 1 CD28
(data not shown). On the other hand, IL-2Rb expression was
positively correlated with long-term memory development (Fig. 4
d and e). IL-4 therefore may mediate enhanced long-term CD81

memory T cell survival by activating genes that lead to constitutive
IL-2Rb expression. Engagement of IL-2Rb by IL-15 then maintains
a stable pool of long-lived memory cells (1). The involvement
of Jak-1, Jak-3, Stat-6, IRS-1y2, or other signaling molecules
(48, 49) in IL-4-induced long-term CD8 memory requires further
experimentation.

In vivo activity of CD8 memory T cells also was studied. First,
addition of BrdUrd in drinking water for 9 days resulted in
BrdUrd incorporation in 12.1% of memory CD81 T cells (Fig.
5a), consistent with the established rapid turnover nature of
CD81 memory T cells (50). Because high-level IFN-g is regarded
as an important function of memory CD81 T cells (34–40), its
response to i.p. injected antigen (Ld)-bearing P815 cells was
studied. Memory CD81 T cell activation was examined at 2.5
days post-P815 injection because in vivo generated 2C CD8
memory T cells previously had been shown to infiltrate the
peritoneal cavity by this time whereas their naive counterparts
take much longer (5 days) before they migrate into the peritoneal
cavity (51). Nearly all memory CD81 T cells from the peritoneal
cavity displayed increased cell size (Fig. 5d). In addition, they
expressed '50-fold more IFN-g than control 2C memory cells
from the spleen of a host not given P815 cells (Fig. 5e). In marked
contrast, memory CD81 T cells from the spleen of the same
P815-exposed mouse were small in size and expressed IFN-g
comparable to control memory CD81 T cells from an unimmu-
nized host (Fig. 5 d and e). The failure of i.p. injected P815 cells
to migrate to the spleen (Fig. 5 b and c) offers a likely reason for
the lack of memory CD81 T cell response there. The low
endogenous IFN-g expression by freshly isolated spleen memory
CD81 T cells from mice not exposed to P815 cells (Fig. 5e) is
consistent with previously published results (4, 40).

Besides adding another item to a long list of diverse IL-4
functions (52, 53), results presented in this report support the
notion that functional T cell longevity can be regulated by
cytokines during initial antigen encounter and provide a foun-

dation on which rational and possibly CTL-specific vaccine
development can be approached. These potentials are made
more relevant in view of the critical role played by CD81 T cells
in combating cancer and virus infection and the relative paucity
of effective antivirus and anticancer drugs.
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manuscript. This work was supported by grants from Academia Sinica
and National Science Council (NSC87-2311-B-001-110).

Fig. 5. In vivo activity of IL-4-induced long-term CD81 memory T cells. (a)
Each of two B10.TL hosts was transferred with 107 2C CD81 T cells activated by
B10.A B cell blasts 1 IL-4 as described in Materials and Methods. On day 88
postadoptive transfer, one host was given BrdUrd drinking water (1 mgyml
BrdUrdy2.5% glucose) and the other was given regular drinking water. On day
9, spleen cells were stained with Cy5-anti-Thy-1.2, followed sequentially by
paraformaldehyde (0.5%) and acid (3 M HCly0.5% Tween 20, 20 min) fixation,
neutralization, F-anti-BrdUrd staining, and dual-parameter flow cytometric
analysis. Histograms of BrdUrd incorporation by donor (Thy-1.21) memory
cells are shown. There were 12.1% BrdUrd1 cells among memory CD81 T cells
residing in hosts given BrdUrd drinking water (similar levels of BrdUrd labeling
were observed for two similarly treated B10.TL hosts; data not shown). Neg-
ligible BrdUrd1 cells were found in the adoptive host given regular drinking
water. (b– e) Each of two B10.TL mice was transferred with 3 3 106 Ld-reactive
2C CD81 T cells activated by B10.A B cell blasts 1 IL-4. On day 277 postadoptive
transfer, one host received an i.p. injection of 107 Ld-bearing P815 mastocy-
toma cells whereas the other did not. On day 2.5 post-P815 stimulation, cells
recovered from the spleen and peritoneal cavity were analyzed. First, they
were stained with F-anti-Ld to identify P815 cells in the spleen (b) and the
peritoneal cavity (c). Second, they were stained with F-anti-Ld 1 Cy5-anti-Thy-
1.2. Light-scatter histograms of donor (Thy-1.21Ld-) cells from the spleen and
peritoneal cavity are shown (d). Similarly identified donor spleen cells from
the control host (no P815 challenge) had a nearly superimposable light-scatter
distribution to the one shown for donor spleen cells from the P815-challenged
host and was only marginally higher than the light-scatter distribution of
freshly isolated naive (CD44lowCD62Lhi) CD81 T cells (data not shown). Total
recovered 2C donor cells from the P815-challenged mouse: spleen, 0.4 3 106;
peritoneal cavity, 0.26 3 106. Total recovered 2C donor cells from P815-
unchallenged mouse: spleen, 0.23 3 106; peritoneal cavity, not found. Third,
they were stained as in c, and Thy-1.21Ld-donor cells were isolated by cell
sorting and analyzed for IFN-g mRNA by nested competitive PCR (e). The
concentrations of PQRS competitor DNA are as shown. The PCR products are:
higher band, PQRS competitor; lower band, wild-type cDNA. Arrows mark
equivalent amounts of wild-type and competitor PCR products.
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