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ABSTRACT Stimulation of naive T cells by antigen-
presenting cells (APC) is thought to involve two qualitatively
different signals: signal one results from T-cell receptor
(TCR) recognition of antigenic peptides bound to major
histocompatibility complex (MHC) molecules, whereas signal
two ref lects contact with one or more costimulatory mole-
cules. The requirements for stimulating naive T cells were
studied with MHC class I-restricted CD81 T cells from a
T-cell receptor transgenic line, with defined peptides as
antigen and transfected Drosophila cells as APC. Three main
findings are reported. First, stimulation of naive T cells via
signal one alone (MHC plus peptide) was essentially nonim-
munogenic; thus T cells cultured with peptides presented by
MHC class I-transfected Drosophila APC lacking costimula-
tory molecules showed little or no change in their surface
phenotype. Second, cotransfection of two costimulatory mol-
ecules, B7-1 and intercellular adhesion molecule 1 (ICAM-1),
converted class I1 Drosophila cells to potent APC capable of
inducing strong T-proliferative responses and cytokine (in-
terleukin 2) production. Third, B7-1 and ICAM-1 acted syn-
ergistically, indicating that signal two is complex; synergy
between B7-1 and ICAM-1 varied from moderate to extreme
and was inf luenced by both the dose and affinity of the peptide
used and the parameter of T-cell activation studied. Trans-
fected Drosophila cells are thus a useful tool for examining the
minimal APC requirements for naive T cells.

Via antigen-specific ab T-cell receptors (TCR), T cells re-
spond to peptide fragments of antigen bound to cell-surface
major histocompatibility complex (MHC) molecules on anti-
gen-presenting cells (APC) (1, 2). TCR binding to peptidey
MHC complexes is aided by CD4 or CD8 coreceptors and
leads to T-cell proliferation and differentiation. TCR-
mediated triggering is generally ineffective, however, unless
accompanied by ‘‘costimulatory’’ signals (3, 4). These signals
control T-cell production of growth-promoting cytokines such
as interleukin 2 (IL-2) and result from interactions between
multiple sets of complimentary molecules on T cells and
APC—e.g., between CD28 on T cells and B7 on APC. A wide
variety of molecules on APC, including B7-1 (5–7), B7-2 (8, 9),
intercellular adhesion molecule 1 (ICAM-1) (10–12), and heat
stable antigen (13, 14), are known to express costimulatory
function under defined conditions in vitro. Which of these
molecules are crucial for costimulation, however, is unclear.
This question can be addressed by transfecting cells with genes
for known costimulatory molecules and then testing the cells
for APC function (15, 16). A drawback of this approach is that
nearly all cell types express at least a low level of certain
costimulatory molecules. Such background expression of co-
stimulatory molecules is less of a problem if nonmammalian
cells (e.g., Drosophila cells) are used for transfection.

Although Drosophila cells can be stably transfected with
mammalian class I molecules (17), the fact thatDrosophila cells
die rapidly at 378Cmakes these cells an unlikely source of APC.
In their favor, however, Drosophila cells lack TAP-1,2 peptide
transporters, with the result that the class I molecules reaching
the cell surface fall apart rapidly unless stabilized with exog-
enous peptide (18). This means that class I-transfected Dro-
sophila cells can be induced to express very high levels of
specific peptideyclass I complexes—i.e., the ligands for CD81

T cells.
Using defined peptides as antigen and TCR transgenic T

cells as responders, we show here that class I-transfected
Drosophila cells are nonimmunogenic for naive CD81 T cells.
When cotransfected with B7-1 and ICAM-1, however, class
I-transfected Drosophila cells exhibit potent APC function in
the absence of added lymphokines and induce strong prolif-
erative responses, cytokine (IL-2) production, and cytotoxic
activity to peptide antigens.

MATERIALS AND METHODS

Mice. 2C TCR transgenic mice were obtained (19) and were
bred and maintained in the rodent breeding colony at the
Scripps Research Institute.
Cell Lines, Cytokines, and mAbs. The following mAbs were

used (20): 3.168 (anti-CD8), RL172 (anti-CD4), J11d (anti-
heat stable antigen), 28–16-8s (anti-I-Ab), S4B6 (anti-IL-2)
(PharMingen), and BVD4-1D11 (anti-IL-4) (PharMingen).
The RMA-S.Ld cell line and the hybridoma producing the
anticlonotypic 1B2 mAb were kindly provided by H. Eisen
(Massachusetts Institute of Technology) (21). Recombinant
IL-2 was purchased from Genzyme.
Peptides. Peptides used in this study were synthesized on an

Applied Biosystems model 431 A synthesizer. All peptides
were purified with C18 reverse-phase HPLC. The concentra-
tions of peptides was determined by quantitative amino acid
analysis (22).
Media. RPMI 1640 medium was supplemented with 10%

fetal calf serum (Irvine Scientific), 5% NCTC 109, 2 mM
glutamine, 5 3 1025 M 2-mercaptoethanol, and antibiotics (20).
Generation of Drosophila Cell APC Expressing Murine

Class I Molecules and Costimulation Molecules. cDNA en-
coding B7-1 (23) or ICAM-1 (24) were generated by reverse
transcription–PCR of template mRNA from concanavalin
A-stimulated spleen cells from BALByc mice using oligonu-
cleotides based on the published sequences. These cDNA were
fully sequenced and thereafter inserted into the Drosophila
expression vector pHMRa-3 containing the metallothionein
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promoter. The generation of pHMRa-3-based expression con-
structs for Ld and murine b2-microglobulin has been described
(17). Generation of stable cell lines expressing the various
combinations of MHC class I and costimulatory molecules was
achieved as follows: 24 mg of the appropriate recombinant
plasmid DNA (equal amounts of each construct) was trans-
fected together with 1 mg of phshneo DNA into Schneider SC2
cells by the calcium phosphate method. Stably transfected cells
were selected by culture in Schneiders Drosophila medium
containing 8% fetal calf serum (GIBCOyBRL) and 500 mgyml
geneticin (GIBCOyBRL). Twenty-four hours before use of the
stable cell line, expression of the transfected genes was induced
by addition of CuSO4 to a final concentration of 1 mM.
Purification of CD81 and CD82 T Cells. As described

previously (25), cell suspensions prepared from pooled lymph
nodes of young adult 2C mice were first treated with a mixture
of mAbs (anti-CD4, anti-HSA, anti-I-Ab) plus C (complement)
for 45 min at 378C. The surviving cells were further separated
into CD81 cells by panning at 48C for 60–90 min on Petri
dishes coated with anti-CD8 mAb.
Proliferation Assay. Purified populations of CD81 2C cells

were cultured with transfected Drosophila cells in 200-ml wells
in the presence or absence of peptides. Unless stated other-
wise, responder cells were used at 5 3 104 per well; the dose
of stimulator cells varied but was generally 23 105 per well. To
measure T-cell proliferation, cultures were pulsed with 1 mCi
[3H]thymidine 8 hr before harvest (1 Ci 5 37 GBq). All of the
data shown in the table and figures refer to the mean of
triplicate cultures; SD were generally within 5–15% of the mean.
IL-2 Production. The biological activity of IL-2 produced by

2C cells was measured by using an IL-2-dependent cell line,
CTLL (25). At the time indicated, 50 ml of supernatants were
collected from each culture well and added to 5000 CTLL cells
for 24 hr; 1mCi [3H]thymidine was added and the cultures were
harvested 16 hr later.
Generation of Cytotoxic T Lymphocytes (CTLs). Using

established procedures (25), 5 3 105 CD81 2C cells were
cultured with 2 3 106 transfected Drosophila cells plus 10 mM
peptides in a volume of 2 ml in a 24-well culture plate. After
4 days, the cells were pooled and adjusted to the required
number. To prepare targets, RMA-S.Ld cells were labeled with
51Cr (100 mCiy1-2 3 106 cells) at 378C for 90 min in the
presence or absence of peptides. After labeling, the cells were
thoroughly washed and resuspended in medium with or without
peptides. Specific 51Cr release was calculated as described (25).
FlowCytometric Analysis. For analysis of surface expression

of Ld on transfected Drosophila cells, 1 3 106 cells were
incubated with anti-Ld mAb (PharMingen) for 30 min on ice,
washed, and then stained with fluorescein isothiocyanate
(FITC)-conjugated goat F(ab9)2 anti-mouse Fcg antibody
(Jackson ImmunoResearch). FITC-conjugated anti-B7-1 and
anti-ICAM-1 mAbs were used to analyze the expression of
B7-1 and ICAM-1 on the transfected Drosophila cells. For
analysis of surface expression of CD25 and CD69 on CD81 2C
cells, resting and activated 2C cells were stained with biotin-
ylated anti-CD25 or biotinylated anti-CD69 mAb (PharMin-
gen) and then stained with FITC-conjugated 1B2 mAb (21),
Red 613-conjugated streptavidin and phycoerythrin-conjugat-
ed anti-CD8 mAb (GIBCOyBRL). Propidium iodide (PI) was
included in the last step of staining at 0.5 mgyml. Live cells (PI
negative) were acquired and analyzed on a FACScan using
LYSYS software (Becton Dickinson).

RESULTS

Experimental Approach. To test for APC function, Dro-
sophila cells were transfected with a murine class I gene, Ld,
linked to the metallothionein promoter and then tested for
their capacity to present antigen to T cells from the 2C line of
transgenic mice (19). With mouse cells as APC, this line

displays strong alloreactivity for Ld molecules complexed with
an endogenous 8-mer peptide, p2Ca (LSPFPFDL) derived
from a Krebs cycle enzyme, 2-oxoglutarate dehydrogenase
(OGDH) (26, 27). The p2Ca peptide is exposed naturally on
the surface of H-2d (e.g., B10.D2) cells bound to Ld; p2Ca has
intermediate binding affinity for soluble Ld molecules (43 106
M21) and high affinity for 2C TCR molecules (23 106 M21 to
1 3 107 M21) (22, 28). A closely related 9-mer peptide, QL9,
has even higher affinity for these molecules (2 3 108 M21 for
Ld and 2 3 107 M21 for 2C TCR) (29). Except for one
additional amino acid (glutamine) at the N terminus, QL9 has
an identical sequence to p2Ca and, like p2Ca, forms part of the
native sequence of OGDH.
With p2Ca and QL9 peptides (prepared in synthetic form)

we studied the APC requirements for mature unprimed 2C
CD81 cells in vitro. The responder CD81 cells were purified
from lymph nodes of 2C mice on a C57BLy6 (B6, H-2b)
background by mAb plus C treatment followed by positive
panning (Materials and Methods); .95% of the CD81 cells
obtained were clonotype-positive (IB21) and 98% of these
cells displayed a naive (CD44lo) phenotype. To study APC
function, purified CD81 2C cells were cultured in the presence
of peptides with a panel of Ld-transfected Drosophila cells
expressing Ld alone (Ld), Ld plus B7-1 (Ld.B7), Ld plus
ICAM-1 (Ld.ICAM), or Ld plus B7-1 plus ICAM-1
(Ld.B7.ICAM). By fluorescence-activated cell sorter (FACS)
analysis, cell-surface expression of these molecules on Dro-
sophila cells was moderate (Fig. 1) and no higher than on
normal Ld (B10.D2) spleen cells (not shown). When cultured
at 378C, the viability of Drosophila cells declined to,1% by 12
hr as measured by PI exclusion. However, most of the cells
failed to disintegrate and remained intact for several days.
Early Events. TCR stimulation elicits a complex pattern of

intracellular events which lead to early up-regulation of CD25
[IL-2 receptor (IL-2R)] and CD69 on the cell surface (1, 2, 30,
31). These changes are apparent within a few hours of stim-
ulation and are followed by cytokine synthesis and cell prolif-
eration. Fig. 2a shows CD25 and CD69 expression on purified
naive CD81 2C cells stimulated for 12 hr with transfected
Drosophila cells and a high concentration (10 mM, 1025 M) of
QL9 or p2Ca peptide. The effects of reducing the concentra-

FIG. 1. Expression of Ld, B7-1, and ICAM-1 by transfected Dro-
sophila cells. Drosophila cells were transfected with cDNAs encoding
Ld, b2-microglobulin, B7-1, and ICAM-1 under the control of the
metallothionein promoter as described. Transfected cells were sepa-
rated with a FACS to obtain cells expressing Ld molecules and were
maintained in vitro. The data show Ld, B7-1, and ICAM-1 expression
on the cell lines 24 hr after induction with 1 mM CuSO4. The higher
staining for B7-1 on Ld.B7.ICAM than Ld.B7 cells was not seen in
other experiments.
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tions of these peptides are illustrated in Fig. 2b for CD25
expression; near-identical results applied to CD69 expression
(not shown).
With Ld APC, the stronger QL9 peptide caused a slight

increase in CD25 and CD69 expression on 2C T cells, but only
at a high concentration of peptide; no increase in the expres-
sion of these markers was seen with p2Ca peptide. With Ld.B7
and Ld.ICAM APC, both peptides at high concentration
caused moderately strong up-regulation of CD25 and CD69;
with lower concentrations, QL9 peptide was much more
effective at inducing these markers than p2Ca peptide. With
Ld.B7.ICAMAPC, up-regulation of CD25 and CD69 was even
stronger than for Ld.B7 and Ld.ICAM APC and was apparent
with very low concentrations of peptide—e.g., 100 fM (10213 M)

for QL9 peptide. With Ld.B7 or Ld.ICAM APC, by contrast,
a 100-fold higher concentration of QL9 peptide (10211 M)
caused no up-regulation of CD25 or CD69. Thus, at low
concentrations of peptide, the up-regulation of CD25 and
CD69 involved a marked synergy between B7 and ICAM.
Proliferation and IL-2 Production. Consistent with their

minimal capacity to induce CD25 and CD69 expression,
Drosophila cells transfected with Ld alone failed to cause
proliferation of 2C CD81 cells to either p2Ca or QL9 peptide
in the absence of exogenous lymphokines (Fig. 3). When
supplemented with exogenous IL-2 (the ligand for CD25), QL9
peptide induced a significant proliferative response, but only at
a high dose of peptide (10 mM) (Fig. 3). Responses elicited by
p2Ca peptide, however, were virtually undetectable.
These findings on the effects of adding exogenous IL-2 are

thus in close accord with the data on CD25 expression (Fig. 2).
With Drosophila cells as APC, the capacity of signal one alone
to cause signs of T-cell activation (up-regulation of CD25
leading to responsiveness to IL-2) was therefore apparent only
with a very high affinity peptide (QL9), and then only with a
high concentration of this peptide.
The data in Table 1 show day 3 proliferative responses

elicited by Drosophila cells in the absence of added lympho-
kines; peptides were added at a high concentration, 10 mM.
With the weaker p2Ca peptide, proliferative responses of
CD81 2C cells to Ld, Ld.B7, or Ld.ICAMDrosophilaAPC were
undetectable. The lack of proliferation with these APC cor-
related with a failure to synthesize IL-2 (Table 1). In marked
contrast, Ld.B7.ICAM APC induced quite strong proliferative
responses and high IL-2 production in response to p2Ca
peptide. This finding implies that, as for CD25 and CD69
up-regulation, B7 and ICAM acted synergistically, both for
proliferation and for IL-2 production. Interestingly, responses
to p2Ca were very low with a mixture of Ld.B7 and Ld.ICAM

FIG. 2. Expression of activation markers on CD81 2C cells is
influenced by peptide and costimulation. (a) Expression of CD69 and
CD25 on CD81 2C cells stimulated with 10 mM peptides presented by
transfected Drosophila cells. Purified CD81 2C cells were incubated
with transfected Drosophila cells plus p2Ca or QL9 peptides (10 mM)
in bulk (2 ml) culture for 12 hr and then stained for the markers shown.
The data show staining of gated CD81 cells. (Top) Staining of
noncultured 2C cells is shown as a control. (b) Influence of peptide
dose on expression of CD25 on CD81 2C cells. Purified CD81 2C cells
were cultured with the indicated concentration of peptides presented
byDrosophila cell APC for 12 hr and then stained for CD25 expression
on gated CD81 cells.

FIG. 3. IL-2-dependent proliferative responses of CD81 2C cells to
peptides presented by Drosophila cells transfected with Ld only.
Responses to p2Ca (a) and QL9 (b) peptides were measured by
culturing 53 104 purified CD81 2C cells with 23 105 Drosophila cells
in the presence or absence of the indicated concentrations of peptides
for 3 days. [3H]thymidine was added during the last 8 hr of culture;
recombinant IL-2 was added at a final concentration of 20 unitsyml.
The data refer to the mean of triplicate cultures.
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APC, indicating that both molecules had to be expressed on
the same cell. Similar synergy between B7 and ICAM applied
to the response to the stronger QL9 peptide. With this peptide,
however, synergy was more stringent for IL-2 production than
for proliferation (but see below for low doses of peptide). Thus,
in contrast to p2Ca, QL9 peptide elicited significant prolifer-
ative responses with APC expressing either B7 or ICAM.
For p2Ca peptide, optimal proliferative responses elicited by

Ld.B7.ICAM APC on day 3 required high concentrations of
peptide—e.g., 10 mM (1025 M) (Fig. 4a). With QL9 peptide,
by contrast, proliferative responses with Ld.B7.ICAM APC on
day 3 were maximal with 100 nM (1027 M) and were clearly
apparent with doses as low as 10 pM (10211 M) (Fig. 4a).
The kinetics of the proliferative response of CD81 2C cells

to QL9 peptide are shown in Fig. 4 b and c. With an
intermediate dose of 0.1 mM (1027 M) QL9, proliferative
responses to Ld.B7.ICAM APC were high on day 3, reached a
peak on day 4, and then declined to low levels on day 5 (Fig.
4b). With a high dose of 10 mM (1025 M) QL9, however, the
response was low on day 3 but then increased markedly to
reach a high peak on day 5 (Fig. 4 b–d). This prolonged
proliferative response was associated with high and sustained
production of IL-2 in the cultures (Table 1 and data not shown).
These data applied with the highly immunogenic

Ld.B7.ICAM APC. With the less immunogenic Ld.B7 or
Ld.ICAM APC, proliferative responses to QL9 peptide
reached a peak on day 3–4 (rather than day 5) (Fig. 4c) and
required a high dose of peptide (Fig. 4 a and d). With low doses
of QL9 [e.g., 1 nM (1029 M)], proliferative responses with
Ld.B7 and Ld.ICAM APC were completely undetectable
(,100 cpm) (Fig. 4a). This was in striking contrast to
Ld.B7.ICAM APC where 1 nM QL9 led to high responses
(.100,000 cpm). Thus, in contrast to the results with high
doses of QL9 peptide (Table 1), the synergistic interaction
between B7 and ICAM for proliferative responses became
extreme at low peptide doses.
CTL Generation. The capacity of Ld.B7, Ld.B7.ICAM, and

Ld.ICAM APC to induce CTL activity to 10 mM QL9 peptide
in bulk cultures is shown in Fig. 5a; CTL activity was tested on
51Cr-labeled RMA.S-Ld targets sensitized with p2Ca peptide
or an irrelevant peptide (P1A). As expected, strongly immu-
nogenic Ld.B7.ICAM APC were highly efficient in generating
CTL (Fig. 5a Right). Significantly, Ld.B7 APC were also
effective in generating CTL (Fig. 5a Left). The surprising
finding, however, was that Ld.ICAM APC were totally unable
to stimulate CTL generation (Fig. 5a Center) unless stimulated
with exogenous IL-2 (Fig. 5b Right). This finding was unex-
pected because Ld.ICAM APC were no less efficient than
Ld.B7 APC at inducing proliferative responses (Fig. 4 a, c, and
d). As mentioned earlier, neither Ld.B7 nor Ld.ICAM APC
elicited detectable IL-2 production in culture supernatants.

Nevertheless, IL-2 mRNA was clearly apparent for Ld.B7
APC, though very low for Ld.ICAM APC (data not shown).
Hence the capacity of Ld.B7 but not Ld.ICAM APC to elicit
CTL generation could reflect low but significant IL-2 produc-
tion by Ld.B7 APC. In support of this possibility, adding
anti-IL-2 mAb to Ld.B7 APC substantially reduced (Fig. 5b
Left) or abolished (Fig. 5c) CTL generation, depending on the
concentration used; anti-IL-4 mAb was ineffective (Fig. 5 b
Right and c).

FIG. 4. Features of proliferative responses of CD81 2C cells to
peptides presented by transfected Drosophila cells. (a) Influence of
peptide concentration on the day 3 response of CD81 2C cells to
different Drosophila APC. (b) Influence of the dose of QL9 peptide
on the kinetics of the response of CD81 2C cells with Ld.B7.ICAM
APC. (c) Kinetics of the response of CD81 2C cells to 10 mM QL9
peptide presented by different Drosophila APC. (d) Influence of
peptide dose on the day 5 response of CD81 2C cells with different
Drosophila APC. CD81 cells (5 3 104) were cultured with 2 3 105
Drosophila APC. The data show the mean of triplicate cultures.

Table 1. Capacity of transfected Drosophila cells to stimulate primary proliferative responses and IL-2 production by CD81 2C lymph
node cells

Assay
Peptides
added

[3H]Thymidine incorporation (cpm 3 103) with transfected Drosophila cells expressing

Ld Ld.B7 Ld.ICAM Ld.B7.ICAM Ld.B7 1 Ld.ICAM*

Proliferation — 0.2* 0.1 0.3 0.2 —
(day 3) p2Ca 0.2 0.3 1.5 142.0 1.5

QL9 0.3 60.9 73.9 263.7 132.9
IL-2 production — 0.3 0.2 0.1 1.2 —
(day 2) p2Ca 0.2 0.2 0.1 64.6 0.3

QL9 0.1 0.4 0.2 158.6 0.5

Doses of 5 3 104 highly-purified naive-phenotype CD81 2C lymph node cells were cultured at 378C with 3 3 105 transfected Drosophila cells 6
peptides (10 mM final concentration) in 0.2 ml in 96-well plates (25). Proliferative responses were measured by adding [3H]thymidine (3HTdR) (1
mCiywell) 8 hr before harvest. IL-2 production was measured by removing supernatants from the cultures at 48 hr and adding 50 ml supernatant
to the IL-2-responsive indicator line, CTLL (25). Proliferation of the indicator line was measured by addition of [3H]thymidine. It should be noted
that Drosophila cells die rapidly at 378C and fail to incorporate [3H]thymidine at this temperature. Data are given as the mean of triplicate cultures;
SD were generally within 5–15% of the mean.
*Values are 1.5 3 105 of each population.
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DISCUSSION

Under physiological conditions, stimulation of naive T cells is
controlled by professional APC such as dendritic cells (33). To
define the features of professional APC, we constructed
artificial APC from Drosophila cells by gene transfection.
Using a TCR transgenic model where the binding affinities
involved in TCRypeptideyMHC interaction are clearly de-
fined, we show here that class I-transfected Drosophila cells
expressing two costimulatory molecules, B7 (B7-1) and ICAM
(ICAM-1), act as highly potent APC for naive CD81 cells.
These artificial APC elicit strong IL-2 production, a sustained
T-cell-proliferative response and differentiation into effector
T cells. In addition, we show that the qualitative features of the
primary response of CD81 cells are influenced by a number of
factors, including the concentration of peptide used, the
affinity of TCRypeptideyMHC interaction, and the particular
costimulatory molecules expressed on APC.
The finding that Ld-transfected Drosophila cells were non-

immunogenic unless these cells coexpressed costimulatory
molecules confirms the crucial importance of costimulation for
activating naive T cells (7). However, the data are difficult to
reconcile with a simple two-signal model for T-cell activation.
Here, the prevailing view is that signal one (reflecting TCR
recognition of MHCypeptide) leads to partial T-cell activation
(e.g., IL-2R expression), whereas signal two (costimulation)
elicits cytokine production. In the case of signal one, exposing
2C CD81 cells to a high concentration of the strong QL9
peptide presented by Drosophila cells expressing Ld alone led
to significant proliferative responses in the presence of exog-
enous cytokines, indicative of IL-2R up-regulation. Despite
this finding, FACS analysis showed that IL-2R (and CD69)
expression elicited by Ld APC plus QL9 was very low relative
to the high levels induced by Ld.B7 or Ld.ICAM APC. More-
over, with the weaker p2Ca peptide, even high doses of peptide
elicited no detectable evidence of T-cell activation with Ld
APC; yet this peptide was strongly immunogenic when pre-
sented by Ld.B7.ICAM APC. Thus, in terms of surface phe-
notype, the capacity of Signal one to elicit signs of T-cell
activation was minimal.
Another problem with the two-signal model is that, at least

for the weaker p2Ca peptide, IL-2 synthesis was virtually
undetectable at the protein level unless the APC expressed

three different ligands—i.e., Ld, B7, and ICAM. The data are
thus more compatible with a ‘‘three-signal’’ model than a
two-signal model (but see below). The marked synergy ob-
served between B7 and ICAM has been reported previously
for CD41 cells and transfected fibroblasts as APC (16) and is
shown here to apply to CD81 cells and to affect three different
parameters for T-cell activation, namely IL-2R (and CD69)
expression, IL-2 synthesis and proliferation. Although the data
are consistent with a three-signal model, it should be stressed
that the nature of the synergy between B7 and ICAM is still
unclear. In particular, it has yet to be proved that T-cell
interaction with B7 and ICAM activates two discrete signaling
pathways. In the case of B7, it is well accepted that B7
interaction with CD28 on T cells initiates a distinct signal
transduction pathway that synergizes with TCRyCD3 signals
(5–9). The situation with ICAM is more complex. Through
binding to lymphocyte function-associated antigen 1 (LFA-1)
and CD43 counterreceptors on T cells, ICAM is known to
facilitate cell adhesion (34, 35). Hence the ‘‘costimulation’’
induced by ICAM may not reflect the induction of a unique
signaling pathway but simply enhanced TyAPC interaction
leading to more effective TCRyCD3 crosslinking. Alterna-
tively, ICAM may be bifunctional and induce both signal
transduction and enhanced cell adhesion (10, 35–37). The data
in this paper do not discriminate between these two possibilities.
In the case of Ld.ICAM cells, it is of interest that these APC

were able to elicit proliferative responses to QL9 peptide but
failed to generate CTL unless supplemented with exogenous
IL-2. These findings correlated with a failure of Ld.ICAMAPC
to elicit IL-2 production and are in agreement with the
evidence from IL-22/2 mice that exposure to IL-2 is not
essential for proliferation of CD81 cells but is obligatory for
CTL generation (38). It is notable that Ld.B7 APC generated
strong CTL responses even though IL-2 production was ap-
parent only at the level of mRNA. Yet, adding anti-IL-2 mAb
ablated CTL generation. The concentration of IL-2 required
for CTL production thus appears to be extremely low.
Bearing in mind thatDrosophila cells die rapidly at 378C, the

capacity of transfected Drosophila cells to act as an extremely
potent source of APC for naive CD81 cells might seem
surprising. One has to consider the possibility that Drosophila
cells are not a completely neutral vector. Thus one might argue

FIG. 5. Generation of primary CTL from naive CD81 2C cells cultured with QL9 peptide presented by Drosophila cell APC. (a) CTL activity
of CD81 2C cells stimulated with Ld.B7, Ld.B7.ICAM, or Ld.ICAM APC plus QL9 peptide (10 mM) in the absence of exogenous cytokines. (b
Left) CTL activity of CD81 2C cells stimulated with Ld.B7 APC plus QL9 peptide (10 mM) in the absence or presence of anti-IL-2 andyor anti-IL-4
mAb (2 mgyml). (b Right) CTL activity of CD81 2C cells stimulated with Ld.ICAM APC plus QL9 peptide (10 mM) in the absence or presence
of recombinant IL-2 (20 unityml). (c) CTL activity of CD81 2C cells stimulated with Ld.B7 APC plus QL9 peptide in the absence or presence of
either anti-IL-2 or anti-IL-4 mAb (20 mgyml). Purified CD81 2C cells (5 3 105) were cultured with 2 3 106 Drosophila APC. After 4 days, the cells
were harvested and CTL activity was tested against [51Cr]-labeled RMA-S.Ld target cells loaded with p2Ca or control P1A.35-43 peptide (32); P1A
peptide binds strongly to Ld but has no detectable affinity for the 2C TCR (32). The data show the mean level of specific 51Cr release from duplicate
cultures.
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that some of the constitutive surface molecules on Drosophila
cells (e.g., carbohydrate moieties) can be recognized by T cells
and provide some form of costimulation. Although it is
difficult to exclude this possibility, it is striking that peptide-
induced up-regulation of IL-2R and CD69 elicited by Dro-
sophila cells expressing Ld alone was very limited. This finding
implies that the ‘‘background’’ level of costimulatory mole-
cules on Drosophila cells must be extremely low.
Despite their rapid loss of viability at 378C, Drosophila cells

remained intact for several days and thus presumably contin-
ued to display high levels of peptideyMHC complexes on the
cell surface. We attribute the strong APC function of Dro-
sophila cells to the lack of TAP-1,2 peptide transporters in
these cells. Because of this deficit, the density of antigen
(peptideyMHC) on the cell surface is very high. TCR stimu-
lation via Signal one is thus intense and, when combined with
appropriate costimulation, induces the responding T cells to
mount a prolonged proliferative response and strong and
sustained production of IL-2. Similar findings apply with
professional APC—e.g., with B10.D2 (Ld) dendritic cells
(DC). When CD81 2C cells respond to B10.D2 DC without
exogenous peptide, the low level of endogenous p2Ca and QL9
peptides on these cells stimulates only low IL-2 production and
a brief proliferative response (39). However, augmenting the
avidity of TyAPC interaction by adding exogenous QL9 pep-
tide stimulates high IL-2 production and a prolonged prolif-
erative response (39).
The capacity of Drosophila cells to present a high density of

peptideyMHC complexes suggests that Drosophila cells could
be used as APC for normal (nontransgenic) CD81 cells. In
fact, we have found that Ld.B7.ICAM APC plus QL9 peptide
elicit significant primary responses by normal allogeneic B6
(H-2b) CD81 cells (unpublished data). In addition, transfected
Drosophila cells are also capable of inducing normal syngeneic
T cells to mount primary proliferative and CTL responses to
several different peptides, including tumor-specific peptides
(32). Drosophila cells could thus be a useful tool for tumor
immunotherapy.
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