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ABSTRACT Studies in melanoma patients have revealed
that self proteins can function as targets for tumor-reactive
cytotoxic T lymphocytes (CTL). One group of self proteins
MAGE, BAGE, and GAGE are normally only expressed in
testis and placenta, whilst another group of CTL recognized
proteins are melanocyte-specific differentiation antigens. In
this study we have investigated whether CTL can be raised
against a ubiquitously expressed self protein, mdm-2, which is
frequently overexpressed in tumors. The observation that
T-cell tolerance is self major histocompatibility complex-
restricted was exploited to generate CTL specific for an
mdm-2 derived peptide presented by nonself major histocom-
patibility complex class I molecules. Thus, the allo-restricted
T-cell repertoire of H-2d mice was used to isolate CTL specific
for the mdm100 peptide presented by allogeneic H-2Kb class
I molecules. In vitro, these CTL discriminated between trans-
formed and normal cells, killing specifically Kb-positive mel-
anoma and lymphoma tumors but not Kb-expressing dendritic
cells. In vivo, the CTL showed antitumor activity and delayed
the growth of melanoma as well as lymphoma tumors in H-2b
recipient mice. These experiments show that it is possible to
circumvent T-cell tolerance to ubiquitously expressed self
antigens, and to target CTL responses against tumors ex-
pressing elevated levels of structurally unaltered proteins.

In the recent past a number of antigens recognized by cytotoxic
T lymphocytes (CTL) isolated from melanoma patients have
been identified at the molecular level. Although some mela-
noma-reactive CTL recognized novel antigens encoded by
mutated genes, this was the exception and in the majority of
cases the CTL recognized unaltered self proteins (1). The
MAGE, BAGE, and GAGE proteins (2–4) are normally
expressed only in the testis and the placenta, and aberrant
expression in tumors can lead to the induction of CTL re-
sponses. The CTL can also recognize melanocyte lineage-
specific antigens such as tyrosinase, Melan-AyMart-1, gp100,
and gp75 (5–9). There are several explanations why the CTL
repertoire may not be tolerant to these proteins. First, they are
not normally expressed in the thymus, and second, melano-
cytes may occupy immunologically privileged sites.
Mdm-2 is a zinc finger protein that can bind to p53 and

neutralize its transcriptional activation properties (10).
Mdm-2, p53 as well as the cell cycle control gene cyclin-D1 are
frequently overexpressed in human tumors of different tissue
origin (11–13), and therefore represent potential targets for
tumor-reactive CTL. However, these self proteins are ubiqui-
tously expressed in many different tissues including the thy-
mus, where autoreactive CTL are likely to be deleted. In a
recent study we found that the CTL repertoire of H-2b mice
was indeed tolerant to the majority of peptides derived from

murine mdm-2, cyclin-D1, and p53 (14). Only one peptide
derived from mdm-2 failed to establish complete tolerance,
and low numbers of potentially autoreactive CTL were detect-
able. This peptide bound inefficiently to H-2Db class I mole-
cules that might explain why not all autoreactive CTL were
deleted from the repertoire of H-2b mice. In contrast, toler-
ance to an mdm-2 peptide that bound strongly to H-2Kb class
I molecules was complete, and high avidity CTL against this
peptide were not detectable (14).
Here, we have investigated possibilities to overcome toler-

ance and to raise high avidity CTL against self peptides that
bind efficiently to major histocompatibility complex (MHC)
class I molecules. We took advantage of the observation that
T lymphocyte tolerance is self MHC-restricted (15, 16). The
CTL repertoire is rendered tolerant to peptides presented by
self MHC class I molecules, but not to peptides presented by
allogeneic class I alleles. Consequently, it may be possible to
raise CTL specific for peptides presented by allogeneic class I
molecules, even if the peptides are derived from normal
cellular proteins. Such allo-restricted CTL may discriminate
between physiological protein levels in normal cells and over-
expression in tumors. To test these predictions we exploited
the allo-restricted CTL repertoire of H-2d mice to raise CTL
specific for an mdm-2 peptide presented by H-2Kb class I
molecules.

METHODS

Animals. C57BLy6 mice (H-2b) and BALByc (H-2d) mice
were supplied by the breeding colony of the Royal Postgrad-
uate Medical School, Hammersmith Hospital (London). Mice
were used at the age of 8–10 weeks.
Peptides. The mdm100 peptide corresponds to amino acid

100–107 (YAMIYRNL) of the murine mdm-2 protein. In a
previous study (14) we showed that this peptide bound effi-
ciently toH-2Kb class I molecules. Other peptides derived from
mdm-2 or cyclin-D1 that were found to bind to H-2Kb or Db
class I molecules served as controls. All peptides used in this
study were synthesized by the central peptide synthesis labo-
ratory of the Imperial Cancer Research Fund (London), using
fluorenylmethoxycarbonyl chemistry. The quality of the pep-
tides was assessed by HPLC analysis and the expected molec-
ular weight was observed using matrix-assisted laser desorp-
tion ionization mass spectrometry. The peptides were dis-
solved in PBS (pH 7.4) to give a concentration of 2 mM and
stored at 2208C.
Cell Lines. RMA cells (H-2b) originated from a Rauscher

virus-induced C57BLy6N T-cell lymphoma. RMA-S cells were
derived from RMA cells after mutagenesis with ethyl-
methane-sulfonate followed by five rounds of selection with
anti-H-2 alloantisera and rabbit complement treatment to
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obtain cells with decreased levels of MHC class I expression
(17). RMA-S cells were found to have a point mutation at
nucleotide 97 of the TAP2 gene, which generates a premature
stop codon (18). B16-F1 and B16-F10 are variants of the
C57BLy6 derived melanoma cell line B16, with low and high
metastatic potential, respectively (19). The human cell line T2
is a fusion hybrid of a B-lymphoblastoid cell line and a
T-lymphoblastoid cell. These cells have no TAP transporter
genes and express reduced levels of HLA-A2 and no detect-
able endogenous HLA-B5 (20). T2 cells transfected with
murine H-2Kb expressed Kb class I molecules at levels that
were similar to the levels of HLA-A2. The T2-Kb cells were a
gift from T. Elliott (John Radcliffe Hospital, Oxford).
CTL Induction. Allo-restricted CTL were generated by in

vitro stimulation of naive BALByc splenocytes with peptide-
coated RMA-S and T2-Kb stimulator cells. BALByc spleno-
cytes (4 3 106) were stimulated in 24-well plates with 4 3 105
RMA-S cells coated with mdm100 peptide in complete RPMI
1640 medium containing 10% fetal calf serum and 500 nM
peptide. After 5 days, CTL were seeded in 96 well plates at 10,
100, and 1000 responder CTL per well. Each well contained
3 3 105 irradiated BALByc splenocytes as feeders, and 104
irradiated T2-Kb stimulator cells that were previously pulsed
with mdm100 peptides. The culture media was the same as
above, except that recombinant interleukin 2 was added at a
concentration of 10 unitsyml. Fresh medium containing feed-
ers and stimulator cells were added after 14 days, and after an
additional five days each 96-well plate was tested in a CTL
assay against mdm100-coated target cells and control targets.
Microcultures that showed mdm100-specific killing were ex-
panded and used for limiting dilution cloning on 96-well plates
using 0.1, 1, and 10 CTL per well, 105 BALByc splenocytes as
feeders and 104 T2-Kb stimulator cells. CTL clones were
expanded and used in the described experiments.

CTL Assays. Cytotoxic activity was determined in 4-hr
51Cr-release assays against target cells coated with mdm100
peptides or MHC class I-binding control peptides as described
(21). In some experiments dendritic cells were used as CTL
targets. They were prepared from C57BLy10 splenocytes after
removal of plastic adherent cells and centrifugation on a layer
of 14.5% (wtyvol) metrizamide as described (22).
Isolation of Natural Peptides and HPLC Separation. RMA

lymphoma cells (4 3 108) were lysed in 4 ml of 2% trif luor-
acetic acid in H2O. The suspension was homogenized by
ultrasonication and cell debris was removed by centrifugation
in a centrifuge (Sigma 2K15) at '27,000 3 g for 1 hr at 48C.
The supernatant was then transferred into Centricon 10 filter
units (Amicon), which were spun at 5000 3 g for 2.5 hr at 48C.
The filtrate containing peptides,10 kDa was HPLC separated
over a Superpac PepS column (Pharmacia) using as buffer A
0.1% trif luoracetic acid in H2O and as buffer B 0.1% trif lu-
oracetic acid in acetonitrile. The flow rate was 1 mlymin and
the concentration of buffer B was increased from 0% to 60%
at 1% per min. Fractions (1 ml) were collected, dried in a
Servant speed vacuum drier, and resuspended in 100 ml PBS.
A total of 10 ml of each HPLC fraction was used to coat
51Cr-labeled T2-Kb cells, which then served as targets for
mdm100 peptide-specific CTL.

RESULTS

Isolation of High Avidity CTL from the Allo-Restricted
Repertoire. In a previous study we identified an mdm-2-
derived peptide (mdm100) that efficiently bound to H-2Kb
class I molecules (14). However, in C57BLy6 mice (H-2b) this
peptide only stimulated low avidity CTL that recognized target
cells coated with the synthetic mdm100 peptide, but not target
cells expressing mdm-2 endogenously. One possible explana-

FIG. 1. Characterization of allo-restricted CTL clones specific for the mdm100 peptide. (A) Recognition of peptide-coated T2-Kb cells by six
CTL clones specific for the mdm100 peptide. In total, 33 CTL clones were analyzed and the peptide titration curves for 16 were similar to that
of the clones 3F3F, 1F1H and 3F10A, while 17 clones showed titration curves similar to that of the clones 3B11C, 6A6G, and 6A6D. B and C show
lysis of RMA cells ({) and RMA-S cells coated with either mdm100 peptides (●) or with class I binding control peptides (E) by a representative
low-avidity CTL clone 6A6G (B) or by a representative high-avidity clone 3F3F (C). (D) Lysis of dendritic cells coated with either mdm100 peptides
(m) or with class I binding control peptides (M) by high-avidity clone 3F11A.
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tion was that high avidity CTL that can recognize low con-
centrations of naturally produced peptides were deleted from
the repertoire of H-2b mice. Since tolerance isMHC-restricted,
the CTL repertoire of BALByc mice (H-2d) would not be
expected to be tolerant to mdm100 peptides presented by
H-2Kb class I molecules, and it should be possible to isolate
high avidity CTL. Thus, allo-restricted CTL were generated by
stimulating naive BALByc splenocytes with peptide-coated
RMA-S (H-2b) and T2-Kb cells. Thirty-three CD81 CTL
clones were isolated that lysed RMA-S and T2-Kb cells only
when they were coated with mdm100 peptides, but not when
they were coated with other H-2b class I binding peptides (Fig.
1 B and C). Syngeneic P815 cells (H-2d) were unable to present
the mdm100 peptide to these H-2d-derived CTL clones (data
not shown). Peptide titration experiments revealed that 16
clones were of high ‘‘avidity’’ requiring 10212 to 10214 molar
peptide concentration for half maximal target cell lysis (Fig.
1A). In contrast, 17 CTL clones were of low ‘‘avidity’’ requiring
1028 to 1029 molar peptide concentration (Fig. 1A).
Allo-Restricted CTL Lyse Tumor Cells but Not Normal

Cells. The avidity of CTL clones was functionally important,
since it determined the level of tumor cell lysis. All high-avidity
CTL clones efficiently killed RMA lymphoma cells (H-2b),
whilst lysis by all low avidity CTL clones was inefficient (Fig.
1 B and C). To determine whether high-avidity CTL could
discriminate between transformed and normal cells, we used
dendritic cells as targets because they express high levels of
MHC class I molecules as well as costimulatory molecules that
are important for T-cell activation (23). The mdm-2 expression

levels in dendritic cells have not yet been determined, but they
might be similar to those found in tissues that consist primarily
of nonproliferating cells. For example brain, heart and muscle
contained considerable levels of mdm-2 RNA (24), although
the levels were higher in tissues with a high proliferation index
such as testis and thymus. Fig. 1D shows that the levels of
mdm-2 expression in dendritic cells were insufficient to trigger
lysis by high-avidity CTL clones. Importantly, dendritic cells
coated with the mdm100 peptide were efficiently lysed, indi-
cating that these cells were not inherently resistant to CTL
mediated killing (Fig. 1D). These in vitro experiments indi-
cated that high-avidity CTL could discriminate between trans-
formed RMA tumor cells and normal dendritic cells. In vivo
experiments also suggested that normal tissues were not
attacked by high-avidity CTL, since intravenous injection of
107 CTL on three consecutive days was well tolerated by
H-2Kb-positive C57BLy6 mice (data not shown).
Tumor cell recognition by high-avidity CTL was not limited

to RMA lymphoma cells, but was also seen against B16
melanoma cells. However, melanoma recognition was depen-
dent upon the levels of MHC class I expression. CTL killing
was observed against the Kb-positive B16-F10 melanoma
variant (Fig. 2B), whilst the Kb-negative B16-F1 variant was
resistant to CTL lysis (Fig. 2A). The relative inefficient lysis of
B16-F10 (Fig. 2B) compared with RMA (Fig. 1C) correlated
with low and high levels of Kb expression in these tumor cells
(data not shown). Increasing the density of Kbypeptide ligands
by coating B16-F10 cells with mdm100 peptides resulted in
enhanced CTL killing (Fig. 2B).
Evidence That the mdm100 Peptide Is Naturally Produced

in Tumor Cells. The experiments described above have shown
that CTL clones raised against the synthetic mdm100 peptide
were able to recognize Kb-positive tumor cells. To address
whether fortuitous cross-recognition of unrelated peptides
accounted for CTL recognition of tumor cells, low molecular
weight peptides were isolated from RMA cells and separated
by reverse phase HPLC. Individual HPLC fractions were

FIG. 2. Recognition of B16 melanoma cells by high-‘‘avidity’’
mdm100-specific CTL. A representative high-avidity CTL clone
(1F7E) was analyzed in a 4-hr 51Cr-release assay against the nonmeta-
static B16-F1 melanoma variant (A) and against the metastatic variant
B16-F10 (B). B16-F1 and B16-F10 cells were either coated with
mdm100 peptides (open symbols) or with MHC class I binding control
peptides (solid symbols). Staining experiments revealed that B16-F1
cells were H-2Kb negative and that B16-F10 cells expressed low levels
H-2Kb (not shown).

FIG. 3. CTL recognition of naturally produced peptides extracted
from RMA lymphoma cells. (A) HPLC elution profile of 1 mg of the
synthetic peptide mdm100. (B) CTL recognition profile of HPLC
fractions containing naturally produced peptides extracted fromRMA
cells. Peptides were prepared from RMA lymphoma cells as described
and separated by HPLC using the same conditions as in A.
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collected and used to coat T2-Kb cells, which were then used
as CTL targets. Only fractions 31 and 29 contained CTL
recognized peptides (Fig. 3B). HPLC separation of synthetic
mdm100 peptides revealed a major peptide peak in fraction 31
and minor peaks in fraction 29 (Fig. 3A). Mass spectrometry
revealed that fraction 31 contained the mdm100 peptide
(YAMIYRNL) and fraction 29 contained the same peptide
with an oxidized methionine at position 3. The coelution of
synthetic and naturally produced peptides strongly suggest that
RMA tumor cells naturally produce the mdm100 peptide. The
oxidized version of this peptide is probably not naturally
produced, but might be the product of methionine oxidation
during the trif luoracetic acid isolation procedure. Formal
proof that RMA cells produce the mdm100 peptide would
require sequence analysis by Edman degradation or mass
spectrometry of material present in fractions 29 and 31 (Fig.
3B).
Allo-Restricted CTL Can Delay Tumor Growth in H-2b

Mice. High-avidity CTL were tested for their ability to control

the growth of RMA lymphoma and B16-F10 melanoma tu-
mors in vivo. C57BLy6 mice injected with RMA cells devel-
oped tumors at day 9 and died of large tumor burden within
14–15 days (Fig. 4 A and B). In contrast, tumor development
was completely inhibited for 15–17 days in mice that were
injected with RMA cells and CTL. The level of tumor pro-
tection was dose dependent and greater in mice injected with
a large dose of CTL (Fig. 4A), compared with mice injected
with a low dose of CTL (Fig. 4B). Similar results were obtained
with the B16-F10 melanoma. Mice injected with B16-F10 cells
only developed tumors after eight days and died of tumor
burden after 11–13 days, whilst mice injected with B16-F10
cells and CTL were tumor free until day 15 (Fig. 4C). Immune
responses of recipient H-2b mice against the injected H-2d-
derived CTL clones is expected to limit their half life in vivo,
and may explain why tumor protection was not complete.
Further experiments will reveal to what extent immunosup-
pression of recipient mice can enhance tumor protection by
transferred CTL clones. The experiments described here have
established that allo-restricted CTL clones specific for peptides
derived from the normal mdm-2 protein can potentially con-
trol the growth of lymphoma and melanoma tumors in vivo.

DISCUSSION

We have demonstrated that it is possible to circumvent self
tolerance by exploiting specificities present in the allo-
restricted CTL repertoire. CTL clones specific for a peptide
presented by nonself H-2Kb class I molecules were obtained
from the allo-restricted repertoire of BALByc mice. Approx-
imately 50% of the CTL clones were of high avidity and
efficiently recognized mdm-2 expressing tumor cells, whilest
low avidity CTL only recognized targets coated with synthetic
peptides. The high-avidity CTL clones displayed tumor-
specificity and did not lyse dendritic cells or concanavalin
A-stimulated T-cell blast in vitro (not shown). Although intra-
venous injection of high-avidity CTL clones was well tolerated
by H-2b recipient mice, further experiments are required to
exclude the possibility that some normal tissues might be
recognized by these CTL clones.
In a previous study we found that the repertoire of H-2b mice

was deleted of high-avidity CTL specific for the mdm100
peptide. This peptide stimulated only low-avidity CTL that did
not recognize mdm-2 expressing tumor cells (14). Therefore,
the isolation of CTL capable of recognizing tumor cells was
constrained by tolerance to the mdm-2 protein. Similarly,
targeting of tumors overexpressing normal p53 protein was
also limited by CTL tolerance. In an elegant series of exper-
iments (25), the CTL repertoire of HLA-A2.1 transgenic mice
was exploited to circumvent tolerance to human p53. The CTL
repertoire of these transgenic mice was tolerant only to murine
p53 peptides. Two p53 peptides with sequence differences
between man and mouse were found to stimulate high-avidity
CTL that recognized HLA-A2.1-positive tumor cells but not
dendritic cells. These studies showed that HLA transgenic
mice can be exploited to generate murine CTL against human
tumors overexpressing cellular proteins. This approach is
dependent upon the availability of transgenic mice, and is
limited to peptides with sequence differences between man
and mouse. The advantage of the approach described here is
that CTL can be generated against any peptide expressed at
elevated levels in tumors.
Can allo-restricted CTL clones be exploited for adoptive

tumor immunotherapy? Immune responses by immunocom-
petent recipients against transferred, allogeneic CTL clones
might be a major limitation. Therefore, adoptive immunother-
apy with these CTL clones may be most effective in immuno-
suppressed cancer patients. For example, patients with chronic
myeloid leukemia are ideally suited for immunotherapy with
allo-restricted CTL clones. chronic myeloid leukemia patients

FIG. 4. Control of tumor growth by high-avidity, mdm100-specific
CTL. (A) Eight C57BLy10 mice were injected subcutaneously with 105
RMA lymphoma cells (M) or with 105 lymphoma cells together with
106 CTL (E). (B) Eight C57BLy10 mice were similarly injected with
5 3 105 RMA lymphoma cells (M) or with 5 3 105 lymphoma cells
together with 5 3 105 CTL (E). (C) Ten C57BLy6 mice were injected
with either 105 B16-F10 melanoma cells (h), or with 105 B16-F10 cells
together with 106 CTL (E). Similar results were obtained when either
individual high-avidity CTL clones or a mixture of clones were used for
these experiments. Mice were monitored daily and the tumor growth
for each individual mouse is shown. The crosses indicate that the mice
died or were sacrificed because of large tumor burden.
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frequently receive allogeneic bone marrow transplants, which
requires immunosuppression to favor bone marrow engraft-
ment. It has been known for some time that the prognosis of
these patients is improved when donor derived T lymphocytes
mount an immune response against patient’s leukemic cells
(26). However, this graft-versus-leukemia reaction is often
associated with detrimental graft-versus-host disease. The
murine experiments described here indicate that it is possible
to generate allo-restricted CTL clones that can specifically kill
leukemic cells. These results suggest that it should be possible
isolate human CTL clones specific for peptides presented at
elevated levels in leukemic cells. Such CTL clones could be
used for adoptive immunotherapy of chronic myeloid leukemia
patients, and would be expected to mediate antileukemia
effects without causing graft-versus-host disease.
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