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SUMMARY

We investigated the cellular requirement for primary in vitro generation of cytotoxic T-
lymphocytes (CTL) in BALB/c spleen cells against Ld-binding self-peptide p2Ca. Depletion of
CD4+ T-cells in vitro by pretreatment with anti-CD4 monoclonal antibody (mAb) and
complement or in vivo by administration of anti-CD4 mAb abrogated generation of CTL.
Depletion of adherent cells by passing spleen cells through a nylon wool (NW) column also
abrogated generation of CTL. Addition of peritoneal exudate cells (PEC) to spleen cells passed
through the NW column restored CTL generation. These findings indicate that both CD4+ T-cells
and antigen-presenting cells (APC) were necessary for CTL generation. Treatment of PEC with
paraformaldehyde (PFA), but not mitomycin-C (MMC) abrogated their ability to restore CTL
generation when mixed with spleen cells from the NW column, suggesting that an endocytic
pathway could be involved in presentation of p2Ca on APC.

INTRODUCTION

CD8 + cytotoxic T-cells (CTL) obtained from mice after
infection with virus recognize a peptide fragment in associa-
tion with a major histocompatibility complex (MHC) class I
molecule on infected cells." 2 A synthetic short peptide could,
thus, serve efficiently as a target antigen for CTL. On the other
hand, generation of CTL responses by sensitization either in
vivo3 or in vitro4 with a short peptide could not easily be
achieved. However, it was demonstrated that with high cell
densities of responding cells and high concentrations of
peptides, CTL responses were generated with some peptides
of either endogenous or exogenous origin.4-6 These findings
suggest that the general failure to generate CTL responses in
vitro is due to difficulty in achieving a sufficient density of
antigenic determinant with the peptide.5

CTL clone 2C was derived from BALB.B spleen cells
stimulated with the P815 (DBA/2) tumour and BALB/c spleen
cells.7 2C cells are specific for allogeneic Ld antigen and lyse
only Ld-bearing target cells. Some fractions of acid extract of
BALB/c thymocytes and spleen cells separated by reversed-
phase high-performance liquid chromatography (HPLC)-
induced target sensitivity of B2 cells that were produced by
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transfecting the Ld gene into low Ld-expressing SP2/0 BALB/c
myeloma cells against 2C CTL. The amino acid sequence of
the active fraction was determined by Edman degradation.
p2Ca was thus defined as an octamer peptide.8'9 In this study,
we showed that CD4+ T cells and antigen-presenting cells
(APC) were required for generation of CTL in BALB/c spleen
cells in an in vitro primary response against endogenous peptide
p2Ca.

MATERIALS AND METHODS

Mice
BALB/c (H-2d) and C57BL/6 (B6) (H-2b) mice were purchased
from Japan SLC (Shizuoka, Japan). These mice were bred in
our laboratory animal centre.

Tumours
P815 is a methylcholanthrene-induced mastocytoma in a DBA/
2 mouse.1.' RLS4 and RLY8 are radiation-induced leukemias
in BALB/c mice."1 RVA, RVC and RVD are leukemias
induced by injection of radiation-leukemia virus (RadLV)
into neonatal BALB/c mice.12 EL4 is a chemically induced
leukemia of B6 origin.'3 These tumours were maintained in
tissue culture.

Monoclonal antibody
Anti-L3T4 (CD4) monoclonal antibody (mAb), a rat antibody
of the IgG2b immunoglobulin class, produced by hybridoma
GK1.5,14 was provided by Dr F. Fitch (University of Chicago,
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Chicago, IL). Anti-Lyt-2.2 (CD8) mAb, a mouse antibody of
the IgG2a class, produced by hybridoma 19/17815 was provided
by Dr U. Hammerling (Memorial Sloan-Kettering Cancer
Center, New York, NY).'- Anti-Lyt-2.1 mAb, a mouse

antibody of the IgG2b class has been described previously.'5
Anti-H-2Kd and anti-H-2Dd mAbs are mouse IgG2a anti-
bodies produced by hybridomas HB159 and HB102, respec-

tively.'6 Both mAbs were obtained from the American Type
Culture Collection (ATCC, Rockville, MD). Anti-H-2Ld mAb
is a mouse IgG2a antibody produced by a hybridoma 30-5-7.16
Anti-IAd mAb is a mouse IgG2b antibody produced by
hybridoma MK-D6. 17 Anti-IEk d mAb is a mouse IgG
antibody produced by hybridoma ISCR3.18 These mAbs are

provided by Dr N. Shinohara (Mitsubishi Kasei Institute of
Life Science, Machida, Japan). Anti-mouse IgD mAb, a rat
antibody of the IgG2b immunoglobulin class, produced by
hybridoma R12.256, was provided by Dr N. Tada (Tokai
University School of Medicine, Isehara, Japan).

Peptides
The amino acid sequence of the p2Ca peptide (LSPFPFDL)
is derived from mouse 2-oxoglutarate dehydrogenase.9 The
amino acid sequence of the tum- peptide corresponds to
residues 12-24 (ISTQNHRALDLVA) of the mutant protein
P91A- (exon 4) from the tum- P815 variant.19 The amino
acid sequence of the murine cytomegalovirus (MCMV) peptide
corresponds to residues 168-176 (YPHFMPTNL) of the
MCMV immediate early protein pp89.20 These peptides were

synthesized by the standard solid-phase method using Fmoc
chemistry in an Applied Biosystems 430A peptide synthesizer
(Foster City, CA). Cleavage of the peptide from the resin
and removal of the side-chain protecting groups were carried
out using trifluoroacetic acid (TFA). The peptides were purified
by reversed-phase HPLC on a Vydac C4 column in 0 05%
trifluoroacetic acid (TFA) with an acetonitrile gradient.

Paraformaldehyde fixation
Peritoneal exudate cells (PEC) were fixed in 0-1% para-
formaldehyde (PFA) in phosphate-buffered saline (PBS) for
30 min on ice, and washed three times before use.

Generation of concanavalin A blasts
A sample of 2 x 107 spleen cells was cultured with concanavalin
A (Con A) at a concentration of 5 yg/ml for 3 days to generate
Con A blasts.

Generation ofprimary CTL responses in vitro on stimulation
with p2Ca peptide and allogeneic stimulator cells
BALB/c spleen cells were cultured with various concentrations
of the p2Ca peptide or mitomycin C (MMC)-treated B6 spleen
cells in 24-well tissue culture plates in 2ml of RPMI-1640
(Gibco Laboratories, Grand Island, NY) containing 10%
fetal calf serum (FCS), 2mM L-glutamine, 100 U/ml penicillin,
100 g/ml of streptomycin and 5 x 10-5M 2-mercaptoethanol
(2ME) for 5 days at 370 under 5% CO2 in air. Cells were

treated with MMC at a concentration of 50 yg/ml at 370 for
30 min.

Cell-mediated cytotoxicity assay

Cell-mediated cytotoxicity was tested by conventional 4 hr
chromium-release assay as described." 1 Briefly, P815 cells

pulsed with or without peptide, tumour cells and Con A
blasts were labelled with 1 85 MBq of Na2CrO4 (New England
Nuclear, Boston, MA) for 1 hr at 370 under 5% CO2 in air.
Then they were washed and used as target cells. For pulsing
target cells with peptide, P815 cells (5 x 105) were incubated
with various concentrations of peptide for 16hr at 370 under
5% CO2 in air. The mean radioactivity of duplicate samples
was calculated and the percentage of specific lysis was

determined by the following equation:

percent 51Cr release =

experimental release - spontaneous release
100 X maximum release - spontaneous release

spontaneous release being measured as counts from target cells
incubated in medium alone, and maximum release as counts
from target cells exposed to 1% Triton-X.

Elimination of CD4 + T cells in vitro
A sample of 5 x 107 spleen cells was incubated with anti-L3T4
(CD4) mAb (diluted 1: 20 with MEM) in a volume of 200 yl for
30 min on ice. The cells were then washed once and resuspended
in 750 p1 of preselected rabbit serum (diluted 1: 12 with MEM)
as a source of complement (C). After incubation for 30 min at
370, the cells were washed three times before use.

Depletion of CD4 + T cells in vivo
BALB/c mice were treated intravenously with anti-L3T4 (CD4)
mAb (diluted 1: 4 with MEM) in a volume of 200,1 on days
-7 and -3 before removal of the spleens for culture.

RESULTS

Generation of cytotoxicity in BALB/c spleen cells by primary
in vitro stimulation with p2Ca peptide

BALB/c spleen cells (5-7 5 x 106) were cultured with p2Ca
peptide for 5 days and cytotoxicity was determined on 5 Cr-
labelled P815 (DBA/2) target cells pulsed with p2Ca by
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Figure 1. Generation of cytotoxicity in BALB/c spleen cells by primary
in vitro stimulation with p2Ca peptide. For (a), samples of 7 5 x 106
responding BALB/c spleen cells were cultured for 5 days in the presence
of 10-4 (0), 10-5 (0), 10-6 (El) and 10-7M (A) p2Ca peptide.
Effector cells were assayed on P815 target cells that had been incubated
for 16hr with 10-4M p2Ca peptide. For (b), P815 target cells were

incubatedfor 16hrwith 10-2(0), 10-3(EI), 10-4(A)and 1O-5M(E)
p2Ca peptide. (0), untreated P815 target cells.
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Figure 2. Antibody blocking (a) and direct cytotoxicity (b) of BALB/c
anti-p2Ca CTL. For (a), antibody was present throughout the 4-hr
51Cr-release assay. The effector cell to target cell ratio in these tests was
75. The antisera added were anti-Lyt-2.2 (CD8) mAb (0), anti-L3T4
(CD4) mAb (A), anti-Kd mAb (0), anti-I-Ad mAb ( x ), anti-I-Ed mAb
(E1), anti-Dd mAb (A) or anti-Ld mAb (AL). (®), none. P815 cells
incubated for 16 hr with 10-4 M p2Ca peptide were used for targets. For
(b), the target cells were P815 cells pulsed with MCMV (A\), tum- (E)
and p2Ca (0) peptide. (V), P815 cells alone.
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Figure 4. Effect of in vivo depletion of CD4+ cells on generation of
p2Ca CTL. Spleen cells from BALB/c mice that had been treated in vivo
with anti-L3T4 (CD4) mAb (0), R12.256 mAb (control) (A) or MEM
(0) 7 and 3 days previously, were cultured in the presence of p2Ca (a)
or with MMC-treated B6 spleen cells (b) as described in the legend of
Fig. 3. The target cells were P815 pulsed with p2Ca (a) and EL4 (b).

overnight incubation. As shown in Fig. 1, the optimal
concentration of p2Ca was 10-5_10-6M for in vitro sensitiza-
tion and 1O-21O-4 M for pulsing P815 target cells. From these
results, a concentration of 1O-5M p2Ca was used for in vitro
sensitization of BALB/c spleen cells and of 1O-4 M for pulsing
51Cr labelled P815 target cells in subsequent analyses.

Antibody blocking of cytotoxicity

Blocking of cytotoxicity by addition of mAbs to assay cultures
was investigated in the absence of exogenously added
complement. As shown in Fig. 2a, cytotoxicity was blocked
by anti-Lyt-2.2 (CD8) mAb and anti-Ld mAb, but not by
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Figure 3. Effect of in vitro elimination of CD4+ cells on generation of
p2Ca CTL. BALB/c spleen cells were treated with anti-L3T4 (CD4)
mAb (0) or R12.256 mAb (control) (A) and complement (C). (0), C
alone. For (a), remaining spieen cells (7-5 x 106) were cultured for 5
days in the presence of 10-5M p2Ca, and cytotoxicity was measured by
4hr 5'Cr-release assay. The target cells were P815 pulsed with p2Ca.
For (b), remaining spleen cells (3 x 106) were cultured with 2 x 106
MMC-treated B6 spleen cells for 5 days and cytotoxicity was assayed
similarly. EL4 cells were used as targets.

anti-L3T4 (CD4) mAb, anti-Kd mAb, anti-Dd mAb, anti-IAd
mAb or anti-IEd mAb.

Analysis of specificity of BALB/c anti-p2Ca CTL

Direct cytotoxicity was examined with BALB/c anti-p2Ca CTL
against a panel of targets. P815 pulsed with peptides that bind
to Ld, BALB/c leukemias RL&4, RLY8, RVA, RVC and RVD,
and BALB/c spleen Con A blasts. No cytotoxicity was

observed on these cells (Fig. 2b).

Requirement of CD4+ T cells in BALB/c spleen cells for
primary in vitro generation of CTL against p2Ca

The requirement of CD4+ T cells in BALB/c spleen cells for
primary in vitro generation of CTL against p2Ca was

investigated. As shown in Fig. 3, elimination of CD4+ T cells
from spleen cells before culture by treatment with anti-L3T4
(CD4) mAb and complement-diminished CTL generation on
stimulation with p2Ca, but not on stimulation with allogeneic
B6 cells. We further examined the requirement of CD4 + T cells
for generation of CTL by in vivo depletion experiments.
Treatment of BALB/c mice with anti-L3T4 (CD4) mAb
abrogated the in vitro generation of CTL in spleen cells on

stimulation with p2Ca, but not on stimulation with allogeneic
B6 cells (Fig. 4).

Requirement of APC in BALB/c spleen cells for primary
in vitro generation of CTC against p2Ca

The requirement ofAPC in BALB/c spleen cells for primary in
vitro generation of CTL against p2Ca was investigated. As
shown in Fig. 5, passage of spleen cells through a nylon wool
(NW) column before culture abrogated the generation of CTL
on stimulation with p2Ca. Addition ofPEC to spleen cells from
an NW-column restored CTL generation. Treatment of PEC
with PFA, but not MMC, abrogated the effect of PEC in
restoring generation of CTL by spleen cells from the NW
column.

40

.(n 30

*5 20-
a)
0.
Co

o10

0

635



H. Wada et al.

60 -

50 -

u, 40-
._'

0

=530-

(n

$ 20-

10

0 -

100 50 25 13

Effector to target cell ratio

Figure 5. Effect of depletion of adherent cells from BALB/c spleen cells
in generation of p2Ca CTL. Untreated BALB/c spleen cells (0),
BALB/c spleen cells passed through an NW column (A), BALB/c
spleen cells passed through an NW column admixed with PEC that had
been treated with MMC (A) or PFA (El) were cultured in the presence

of l0-5 M p2Ca for 5 days. CD3 + TCR-aB T cells in spleen cells were

enriched to 78 5-90 5% by passage through the NW column.

Effects of addition of anti-I-Ad and/or anti-I-Ed mAb to
cultures for in vitro sensitization

Anti-I-Ad mAb and/or anti-I-Ed mAb was added to cultures for
in vitro sensitization with p2Ca and effects on CTL generation
were examined. As shown in Table 1, generation of cytotoxicity
was inhibited by the addition of both anti-I-Ad and anti-I-Ed
mAb, but not of either alone.

DISCUSSION

In this study, we investigated the cellular requirements for
primary in vitro generation of CTL in BALB/c spleen cells
against Ld-binding self-peptide p2Ca and demonstrated that
both CD4 + T cells and APC were necessary. Cytotoxic effector
cells generated in BALB/c spleen cells on stimulation with p2Ca
efficiently lysed P815 targets pulsed with p2Ca, but lysed
unpulsed P815 cells only slightly, consistent with previous
findings by Tjoa & Kranz.2' Elimination and antibody blocking
of cytotoxicity indicated that CTL generated against p2Ca were

mainly CD8 + T cells and their recognition was restricted to Ld.
Depletion of CD4+ T cells in vitro by pretreatment with anti-
CD4 mAb and complement or in vivo by administration of anti-
CD4 mAb abrogated the generation of CTL. Depletion of
adherent cells by passing spleen cells through an NW column
also abrogated generation of CTL.

It is generally difficult to generate CTL by primary in vitro
stimulation with MHC class I binding peptides.22 Recently,
however, several peptides5 21'23 have been shown to be capable
of generating CTL using rather high concentration of the
peptides for priming. The MHC class I binding peptides added
to the culture bind to the cognate class I molecules directly with
empty molecules or by peptide exchange" 2'24 on APC, and the
complex of the peptide and the MHC class I molecule is
recognized by pCTL through T-cell receptor (TCR). The

Table 1. Effects of mAbs on in vitro sensitization
with p2Ca of cultured BALB/c spleen cells

% 5'Cr release

mAb 05%* 025%*

none 71 -

anti-I-Ad 64 70
anti-I-Ed 60 69
anti-I-Ad + anti-I-Ed 37 42
anti-Lyt-2.1 (control) 59 68

*Concentration of mAb added to cultures.
BALB/c spleen cells (5 x 106) were sensitized in
vitro with p2Ca (1 x 10-5M) in 24-well plastic
plates in the presence of mAbs. Effector to target
cell ratio was 100.

requirement of CD4+ T cells for generation of CD8+ CTL
against Ld-binding p2Ca peptide appears contradictory. The
cellular mechanisms involved are unknown, but the following
possibilities may be considered. In experiments, the concentra-
tions of the peptides required for generation of in vitro CTL
responses were rather high (10-5_1-6 M). The peptides bound
to the cognate MHC class I molecules at high concentration
somehow stimulated CD4 + T cells to help in generating CTL.
There are several reports showing a requirement of CD4 +
T cells for generation of a CD8 + CTL response in in vivo
priming with peptides,25-27 although other reports showed that
CD4 + cell and MHC class II + cell-independent generations of
primary CTL responses specific for peptide were induced by
peptide-loaded RMA-S cells.28 Alternatively, the peptides
could bind to MHC class II as well as class I molecules when
present in cultures at high concentrations and serve as helper
and target epitopes, respectively. The finding that peptides
isolated from class II molecules were heterogeneous29 is
consistent with this notion, although there are some specific
motifs for particular class II molecules.30 Binding of class I
peptides to class II molecules could occur directly or by an
endosomal pathway. However, treatment of APC with PFA,
but not MMC, abrogated generation of CTL. Furthermore,
anti-I-Ad mAb plus anti-I-Ed mAb present in the culture of
spleen cells for in vitro sensitization with p2Ca diminished CTL
generation. This finding suggests that both I-A and -E
molecules are involved in presentation of p2Ca on APC
through the endocytic pathway. Thus, it is likely that the
peptides bound to MHC class II antigen on APC stimulated
CD4 + T cells and helped CD8 + CTL to respond to the peptide
bound to MHC class I molecules.

APC such as macrophages and dendritic cells have been
shown to have potent stimulatory effects on T cells.3' The
present finding that NW-adherent cells were necessary for
CTL generation suggests that presentation of the peptide
on MHC class I (and class II, see above) molecules on APC
and co-stimulation are necessary for primary in vitro gener-
ation of CD8 + CTL in stimulation with Ld-binding p2Ca
peptide.

p2Ca is a naturally occurring peptide in BALB/c thymo-
cytes and spleen cells. The finding that CTL were generated
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in BALB/c spleen cells on stimulation with p2Ca suggests
that T cells reactive with p2Ca are present and not clonally
eliminated in BALB/c mice. pCTL could not be stimulated
to differentiate into functional CTL because of the physio-
logical level of the peptide expressed in the mouse.6 The
findings that CTL generated against p2Ca did not lyse BALB/c
leukemias and spleen Con A blasts are consistent with this
notion.
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