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A B S T R A C T  

Cytotoxic T-lymphocytes (CTL) typically recognize foreign peptides 
bound to class I products of the major histocompatibility complex. A 
function of CTL is to identify and eliminate tumor cells that bear inap- 
propriately expressed peptide/class I complexes (Le., mutated self-peptides 
or self-peptides that are expressed at abnormally high levels). The proc- 
esses that result in tolerance to self-antigens can undermine the effective- 
ness of this system by deleting or inactivating T-ceils that might potentially 
be reactive with tumor-associated antigens. To up-regulate the response to 
tumor antigens it will be useful to develop methods whereby CTL re- 
sponses to specific self-peptides can be elicited without damage to normal 
tissue. In this report a CTL response was generated in BALB/c mice 
against the ubiquitous self-peptide p2Ca (LSPFPFDL), which binds to L d 
and is derived from the mitochondrial enzyme a-ketoglutarate dehydro- 
genase. CTL derived in vitro recognize specifically the p2Ca/L d complex 
and use VI~8 regions predominantly. The cultured cells lysed target cells 
with lower levels of p2Ca than the levels used for induction. This result 
suggests that it may be possible to use peptides at high concentrations to 
elicit CTL that react with endogenous levels of a peptide/class I complex. 
The in vivo potential of the response was demonstrated by the observation 
that BALB/c mice, coinjected with a syngeneic BALB/c myeloma and 
exogenous p2Ca, are able to reject the tumor. The p2Ca/L d system may 
thus provide a model for evaluating the parameters for effective immu- 
notherapy with tumor-associated peptides. 

INTRODUCTION 

It is thought that the T-cell response to tumors is largely dependent 
on the expression of tumor peptides, in association with a product of 
the major histocompatibility complex, that can serve as antigens for 
recognition (reviewed in Ref. 1). These peptides may be processed 
from a region of a protein that has undergone somatic mutation and 
thus the peptide is seen as "foreign" by host T-cells. Alternatively, the 
peptides may be processed from aberrantly expressed proteins that are 
not normally presented to the host immune system. The latter peptides 
can be further classified as either tumor-specific antigens, if they are 
expressed exclusively in tumor cells and not in normal host cells, or 
tumor-associated antigens, if they are expressed at higher levels in 
tumor cells than in normal host cells. 

Recent efforts have begun to identify tumor-specific or tumor- 
associated peptides that are bound to class I products. For example, 
several melanoma-derived peptides have been shown to be recognized 
by CTL 3 and thus offer potential as T-cell targets (2, 3). A nonapeptide 
encoded by the human gene MAGE-1 binds to HLA-A1 and the 
complex (MZ2-E) is recognized by CTL from melanoma patients (2). 
The MAGE-1 gene is expressed in approximately 30% of human 
melanomas and it apparently is not expressed in most normal tissues. 

The fact that tumor cells can escape elimination by the normal 
immune system indicates that such antigens do not always elicit an 
effective immune response against the tumor cell. A mechanism that 
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contributes to such unresponsiveness is the process that leads to tol- 
erance of T-cells against self antigens (4, 5). During thymic develop- 
ment, T-cells that recognize self-antigens are deleted or inactivated 
[reviewed in (6)]. Although this process reduces the risk of auto- 
immune destruction by T-cells, it also eliminates T-cells that could 
potentially have activity against tumor-associated antigens. 

Efforts to overcome tolerance to self-antigens have met with some 
success by manipulation of T-cells in vitro. It is possible to elicit a 
CTL (7) or T helper cell (5, 8-10) response by using high concentra- 
tions of a self-peptide or protein. CTL raised in vitro unfortunately did 
not recognize target cells that expressed endogenous levels of the 
peptide (7) and to date it has been difficult to demonstrate an in vivo 

CTL response to self-peptides. In contrast, the in vivo effectiveness of 
foreign peptides as immunogens has been shown by several labora- 
tories (11-17). In one study, in vivo immunogenicity of foreign pep- 
tides was directly correlated with the ability of the peptides to bind to 
and up-regulate the level of class I product on the surface of the target 
cell in culture (17). In a recent effort to examine the limits of self- 
tolerance, Greenberg et al. (18) showed that mice expressing a trans- 
gene for the envelope protein of the Friend murine leukemia virus 
accepted adoptively transferred envelope protein-specific T-cells 
without signs of autoimmunity. The adoptively transferred T-cells 
mediated rejection of Friend virus-induced leukemia cells, suggesting 
that the higher level of envelope protein in the leukemia cells allowed 
the T-cells to recognize them without causing autoimmune tissue 
damage. 

To avoid the need for adoptively transferred cells, it would be 
advantageous to identify conditions that allow T-cells to be elicited 
against self-antigens. In this report we evaluate such a system using a 
ubiquitously expressed self-peptide, p2Ca. p2Ca (LSPFPFDL) is de- 
rived from the mouse mitochondrial enzyme o~-ketoglutarate dehy- 
drogenase. 4 Peptide p2Ca, which binds to the L d class I product, was 
originally identified as the ligand for an alloreactive CTL clone, 2C 
(19). The peptide is present in every tissue of BALB/c mice that has 
been examined, including the spleen and thymus. It is also expressed 
by mouse tumor cell lines such as the mastocytoma P815 (19). The 
Vot3V/38 receptor from 2C undergoes negative selection in TCR 
transgenic animals that express L d (20), presumably because such 
T-cells recognize the p2Ca/L d complex and are eliminated. 

We show here that CTL specific for the complex of p2Ca and L d 
were readily elicited in BALB/c cultures by adding synthetic peptide. 
The CTL were restricted in T-cell receptor usage in that more than 
60% expressed the same V/3 region (V/38) as the p2Ca-specific clone 
2C. The polyclonal syngeneic cells recognized not only tumor cells 
incubated with exogenous peptide p2Ca but also an Ld-bearing tumor 
cell that expresses the endogenous p2Ca/L d complex. Thus, once 
activated these CTL apparently are able to recognize the endog- 
enously processed self-protein. Furthermore, syngeneic tumor cells 
that exhibit up-regulation of L d upon incubation with exogenous 
p2Ca, were rejected by BALB/c mice. Together these results further 

4 K. Udaka, T. J. Tsomides, E Walden, and H. N. Eisen. A ubiquitous protein is the 
source of naturally occurring peptides that are recognized by a CD8 + clone. Proc. Natl. 
Acad. Sci. USA, in press. 
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support the concept that tumor-associated peptides may serve as tar- 

gets for CTL in vivo and that the CTL may be effective mediators of 

tumor therapy. 

M A T E R I A L S  AND M E T H O D S  

Animals and Cell Lines. BALB/c(H-2 a) and BALB/c-H-2 din2 (H-2 d, L d 
negative) mice were purchased from The Jackson Laboratory (Bar Harbor, 
ME). For some experiments, BALB/c mice were obtained from Harlan Spra- 
gue Dawley (Indianapolis, IN). P815 is a DBA/2(H-2d)-derived mastocytoma. 
P815V is a spontaneous variant of P815 that is not killed by 2C due to lower 
cell surface levels of Ld: These lines were maintained in culture with RPMI 
1640 containing 10% fetal calf serum, 10 mM 4-(2-hydroxyethyl)-l-pipera- 
zineethanesulfonic acid, 2 mM L-glutamine, 100 units/ml of penicillin, 100 
/zg/ml of streptomycin, and 50 /ZM 2-mercaptoethanol. B2, derived from the 
BALB/c myeloma Sp2/0 (19), expresses a transfected L a gene at levels that are 
approximately 75% that of P815. 5 B2, generously provided by Drs. Udaka and 
Eisen, was maintained in culture with the antibiotic G418. 

Peptide p2Ca. p2Ca (LSPFPFDL), a peptide associated with L d (19), was 
synthesized in the University of Illinois Genetic Engineering Facility. The 
purity was assessed by high-performance liquid chromatography and concen- 
trations were determined by quantitative amino acid analysis. 

mAb. 30.5.7, a mouse IgG anti-L d mAb (21), and 34.1.2s, a mouse IgG 
anti-K d, D b mAb (22), were used as inhibitors in 51Cr release assays. 30.5.7 
was purified by binding to protein A-agarose. 34.1.2s was used as culture 
supernatant for which the antibody concentration was determined by radial 
immunodiffusion using an IgG specific kit (Binding Site, Birmingham, Eng- 
land). GK1.5 [rat IgG anti-mouse CD4 (23)], 53.6.72 [rat IgG anti-mouse CD8 
(24)], F23.1 [mouse IgG anti-V/38.1, 8.2 and 8.3 (25)], and 1B2 [clonotypic 
mouse IgG anti-TCR of the alloreactive clone 2C (26)] were used in flow 
cytometry as culture supernatants. 28.14.8 [mouse IgG anti-L a (27)] was 
purified by binding to protein A-agarose. 

Generation of Polycional Cultures. Spleen cells from BALB/c or BALB/ 
c-H-2 am2 mice (6-10 weeks old) were cultured at 5 • 106 cells/well in a 
24-well tissue culture plate in the presence and absence of p2Ca (3 or 30/~M) 
for 5 days. For some experiments, cultures were restimulated every 5-7 days 
with 1 p, ra peptide and 10% supernatants from concanavalin A-stimulated rat 
spleen cells, 5% a-methylmannoside, and irradiated (1500 rads) or mitomycin 
C-treated BALB/c splenocytes (2 • 106/well). 

Measurement of L a Levels. 125I-labeled anti-L d antibody was used to 
monitor cell surface L d levels. Thirty /zg of anti-L d antibody 28.14.8 were 
labeled using 1 mCi 125I and Iodobeads (Pierce Chemical Co., Rockford, IL). 
Approximately 106 cells were incubated with 106 cpm of labeled antibody at 
room temperature for 30 min. After washing, the amount of 125I bound to cells 
was measured in a gamma counter. Saturation binding experiments showed 
that this concentration of labeled antibody yielded >80% maximum cpm bound 
at even the highest L d cell surface levels. 

Cytotoxicity Assay. Cytolysis was measured in a 51Cr release assay as 
described (26). Briefly, 104 51Cr-labeled target cells were incubated with 
effector cells at various effector:target cell ratios. After 4 h of incubation at 
37~ supernatant was collected and radioactivity was monitored in a gamma 
counter. The percentage of specific 51Cr release was calculated as 

100 X 
experimental release - spontaneous release 

maximum release - spontaneous release 

For inhibition experiments, target cells were preincubated with monoclonal 
antibodies for 30 min at room temperature before the addition of effector cells. 
Where indicated, target cells were incubated with p2Ca (0.3-30/XM) during the 
4-h assay and the same amount of peptide was included in the 51Cr labeling 
reaction with target cells before the assay. 

Flow Cytometry. One million cells were incubated with 50/~1 of a mAb 
culture supernatant on ice for 30 min. After washings, cells were further 
incubated with either fluoresceinated goat anti-mouse IgG (H + L) or goat 
anti-rat IgG (H + L) antibody (Kirkegaard and Perry, Gaithersburg, MD). 

5 W. F. Soo Hoo, B. A. Tjoa, T. J. Tsomides, H. N. Eisen, and D. M. Kranz. Effects of 
peptide and L a density on recognition by the alloreactive CTL clone 2C, submitted for 
publication. 

Fluorescence was monitored by a Coulter EPICS flow cytometer (Coulter 
Electronics, Hialeah, FL) at the University of Illinois Cell Science Center. 

RESULTS 

BALB/c C T L  Specific for p2Ca Can Be Elicited in Vitro. To 

determine whether CTL could be generated against the self-peptide 
p2Ca, spleen cells from BALB/c mice were incubated with 0, 3, or 30 
/~M p2Ca for 5 days. Cultured cells were assayed for cytolytic activity 
against a target cell, P815V, that expresses a low level of the endog- 

enous p2Ca/L d complex.The P815V target cell was chosen because it 

should have a minimal level of background lysis in the absence of 
exogenous p2Ca (P815V was in fact originally identified based on the 

observation that it was not lysed by the La-aUoreactive clone 2C but 

it was lysed in the presence of exogenous p2Ca). 5 
Polyclonal cultures were capable of lysing P815V tumor cells in the 

presence but not in the absence of exogenous p2Ca (Fig. 1). Spleen 
cells that were cultured in the absence of p2Ca did not lyse any of the 
target cells (data not shown). Restimulation of the cultured cells 

yielded CTL that were considerably more efficient at specifically 

recognizing the p2Ca peptide (Table 1). The generation of p2Ca- 
specific CTL was observed in cultures from three independent 
BALB/c cell lines. After 10 days in culture the polyclonal populations 
were predominantly CD8 § (88 and 94%, respectively, for two inde- 
pendently generated cultures; flow cytometry data not shown). 

Once activated in culture, these CTL lines were capable of recog- 
nizing target cells that had 10- to 100-fold less exogenous peptide 
(i.e., 0.3 W~) than the original culture (Table 1). To examine whether 

the cultured p2Ca-specific CTL might also be able to recognize the 
endogenous peptide, P815 was used as a target cell. As described 

above, P815 expresses the p2Ca/L d complex at levels that are ap- 
proximately threefold higher than P815V. 5 Although the extent of 
lysis was less than that of P815V incubated with 0.3 /XM p2Ca, P815 
was killed by the CTL that were generated in vitro (Table 1). 

Polyclonal p2Ca-specific C T L  Are Restricted by L d. Because 
p2Ca has been shown to bind to L d (19), it was reasonable to assume 
that L d was required for the generation of the p2Ca specific CTL. Two 
independent lines of evidence confirmed that L a is necessary for the 
generation of these CTL and for the recognition of the P815V target 
cells: (a) cultures of spleen cells from the BALB/c strain that lacks L d 
(BALB/c-H-2 am2) were not able to lyse P815V incubated with exog- 
enous p2Ca (Fig. 2,4); (b) an anti-L d antibody, but not an anti-Ka/D a 
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Fig. 1. CTL generated in vitro are specific for p2Ca. Splenocytes from naive 6- to 
8-week-old BALB/c mice were cultured in the presence of 30 /XM p2Ca for 5 days as 
described in "Materials and Methods." 51Cr release assays were performed with P815V 
target ceils incubated with 0.3 or 30/XM p2Ca. E:T, effector:target cell ratio. 
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Table 1 Percentage of 51Cr release mediated by naive BALB/c splenocytes cultured with p2Ca 

% for Target at following E:T a ratio 

P815V + 0.3 /~ra p2Ca P815V + 30 ~M p2Ca P815 
Days in Responder 
culture mouse 100:1 50:1 10:1 3:1 1:1 100:1 50:1 10:1 3:1 1:1 10:1 3:1 1:1 

5 b 1 5 5 2 12 12 5 
2 24 21 9 31 28 18 
3 5 2 1 

10 c 1 70 37 20 97 47 27 34 19 10 
2 23 13 8 
3 44 24 12 30 17 8 

a E:T, effector:target cell. 
b BALB/c splenocytes were cultured in the presence of 30 ~M p2Ca (mouse 1) or 3 ~tM p2Ca (mice 2 and 3) for 5 days as described in "Materials and Methods." Spleen cells cultured 

in the absence of peptide did not recognize P815V even when preincubated with 30 IXM p2Ca (data not shown). 
c Cultures were further maintained in culture for a total of 10 days in the presence of 1 /~ra p2Ca as described in "Materials and Methods." 

Fig. 2. Induction of p2Ca-specific CTL and lysis 
of target cells requires L a. In A, splenocytes from 
naive 6- to 8-week-old BALB/c (1t-2 a) and BALB/c 
H-2 r (H-2 d, Lanegative) mice were cultured in the 
presence of 3 ~M p2Ca and maintained in culture for 
a total of 10 days as described in "Materials and 
Methods." Cytotoxicity was measured in a SlCr re- 
lease assay using P815V as target cells in the pres- 
ence of 0.3/xM p2Ca. B, inhibition of lysis by p2Ca- 
specific CTL with anti-L d antibody. CTL were 
assayed with P815V target cells in the presence of 
0.3 txra p2Ca at an effector: target cell (E:T) ratio of 
4:1.51Cr-labeled P815V cells were preincubated for 
30 rain at room temperature with different concen- 
trations of 30.5.7 (anti-L a) or 34.1.2s (anti-Kd,Da). 
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antibody was effective at inhibiting the cytolytic activity of the p2Ca- 

specific CTL (Fig. 2B). Thus, it appears that L d is required for both the 

generation of  p2Ca-specific CTL and for recognition by the activated 
CTL. 

Polyclonal p2Ca-specific CTL Use the VIB8 Region Predomi- 
nantly. Previous studies showed that La-alloreactive T-cells (28), T- 

cells that are specific for the peptide tum- restricted by L a (29), and 

T-cells that are specific for a peptide from cytomegalovirus restricted 

by L d (30) all use predominantly the V/38 as part of  their TCR. In 

addition, CTL clone 2C, which recognizes p2Ca/L a as an alloantigen, 

expresses a V/38 region (20). To determine whether  the repertoire of  
CTL against a self-peptide restricted by L a would show the same bias, 

p2Ca-specific cultures were analyzed with the V/38-reactive mono-  
clonal antibody, F23.1 (25). As shown in Fig. 3, the majority of  T-cells 

expressed the V/38 region. The frequency of  cells that expressed V/38, 

Control 

+ F23.1 

d t 

Log Fluorescence Intensity 

Fig. 3. Vl38 is expressed preferentially by p2Ca/La-specific T-cells. BALB/c anti-p2Ca 
cells maintained in culture for 10 days were incubated with (broken line) or without (solid 
line) the anti-V/38 antibody F23.1 followed by fluorescein isothiocyanate conjugated 
anti-mouse IgG. Fluorescence levels were monitored in a flow cytometer. 

from five independently derived p2Ca cultures, ranged from 58 to 

80% (cultures that ranged in length of  time in vitro from 10 to 20 

days). To determine whether  these cells might  express the same TCR 

clonotype as CTL clone 2C, a 10-day culture was also examined with 

mAb 1B2. 1B2 requires both the V/38 and V a 3  chains expressed by 

2C (20, 31). No detectable staining was observed with 1B2 (data not 

shown). 

A BALB/c  Myeloma Coinjected with p2Ca is Rejected by 
BALB/c  Mice. The in vivo effectiveness of self-peptide treatment 

was evaluated using a syngeneic system with the BALB/c  derived 

mye loma Sp2/0. Because Sp2/0 expresses very low levels of  L d 

(greater than 10-fold lower than P815), 5 an Ld-transfected line of 

Sp2/0, B2, was used for these studies. A previous study has shown that 

CTL 2C recognizes B2 only in the presence of exogenous p2Ca (19). 

Based on the observation that the in vivo effectiveness of  a foreign 

peptide correlates with the ability of  that peptide to up-regulate the 

level of  class I product (17), the ability of  p2Ca to increase the L d 

levels on B2 was first examined. 

As shown for other L d binding peptides (32, 33), the L a levels on 

B2 can be elevated by incubation with exogenous p2Ca. The concen- 

tration of  p2Ca required for these effects and the kinetics of  up- 
regulation on B2 were determined by incubating B2 with either 3 or 

30 ~ra p2Ca for various times in culture at 37~ (Fig. 4). The maximal  

up-regulation occurs within the first 10 h of culture, at both p2Ca 

concentrations. The extent of  up-regulation was greatest at 30 /XM 

p2Ca, which yielded approximately a 2.5-fold increase in L d levels. If 

this increase is due largely to the p2Ca complexed with L d as de- 

scribed for other peptides (33), it would  indicate that as many as 106 

molecules are present on these cells. Because it has previously been 

estimated there may be approximately 100 endogenous p2Ca mol- 
ecules per cell (19), this represents an increase of  several orders of  
magnitude above normal levels. 

To examine whether  exogenous p2Ca may be effective at eliciting 
an antitumor response in vivo, BALB/c  mice were coinjected with 30 
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Fig. 4. Time course of p2Ca-mediated increase in L d levels on myeloma B2. B2 [an L d 
transfectant of Sp2/0 (19)] was incubated for the indicated times with 3 or 30/am p2Ca or 
without p2Ca. A binding assay with 125I-labeled anti-L d antibody 28-14-8 was performed 
as described in "Materials and Methods." 

nmol of p2Ca and 3 • 105 B2 cells (Fig. 5). The amount of p2Ca was 
chosen based on the estimation that at the initial period within the 
peritoneal cavity this concentration would yield approximately that 
used in the in vitro up-regulation studies (i.e., 30 ~M). TWO indepen- 
dent experiments were performed. In both experiments, all 10 of the 
animals given injections of B2 alone died in 3 to 6 weeks. In contrast, 
5 of 5 of the animals which received a coinjection of p2Ca with B2 
survived beyond 12 weeks in one of the experiments and 4 of 5 of the 
animals survived beyond 12 weeks in the other experiment. 

DISCUSSION 

The present study demonstrates that it is possible to generate CTL 
against the ubiquitously expressed self-peptide, p2Ca. Once activated, 
the p2Ca-specific CTL were able to recognize and lyse target cells that 
express a lower level of the peptide, including P815 which expresses 
the endogenous peptide. Syngeneic tumor cells that were coinjected 
with the self-peptide were rejected by recipient BALB/c  mice, which 
suggests that CTL are elicited in vivo also. We believe this possibility 
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Fig. 5. Coinjection of p2Ca inhibits B2 tumor growth in BALB/c mice. Two indepen- 
dent experiments with 10 mice each were performed. Groups of 6- to 8-week-old female 
BALB/c mice (n = 5) were given i.p. injections of 3 • 105 B2 cells in 0.9% (w/v) NaCI 
in the presence or absence of 30 nmoles p2Ca. The percentage of survival is indicated 
versus time. 

is favored over the induction of a humoral response because: (a) it has 
not been possible to generate antibodies to the p2Ca/L d complex (data 
not shown) or to peptide/class I complexes in general and (b) free 
peptides, that are not covalently linked to carrier molecules, normally 
do not elicit antibodies. 

The ability to raise strong primary in vitro responses was first 
demonstrated with a synthetic peptide from the influenza virus nu- 
cleoprotein (34). A subsequent study showed that a cytomegalovirus 
peptide or the tum- peptide could elicit primary CTL in vitro in the 
context of L d (35). The observation that higher amounts of peptides 
were required for the in vitro priming of CTL than for the lysis of 
target cells by the activated CTL suggested a possible means of 
vaccination; i.e., once elicited with synthetic peptides, CTL may be 
able to recognize endogenous levels of a peptide. 

Despite these early studies, it was somewhat surprising to find that 
p2Ca-specific CTL could be elicited with relative ease. This was 
because the p2Ca peptide, unlike foreign peptides or tumor-specific 
antigens, is derived from an enzyme that is likely to be present in 
mitochondria of virtually all metabolically active normal cells. Thus, 
tolerance to the p2Ca/L d complex would be expected to be complete 
and operative at all stages of development in BALB/c mice. It is likely 
that the ability to overcome such tolerance is a function of raising the 
peptide concentration above physiological concentrations, as shown in 
previous studies (4, 5, 7-9). These nontoleragenic conditions presum- 
ably allowed some T-cell clones to be activated during the in vitro 

period. Once activated, the CTL are apparently able to recognize 
lower concentrations of the ligand. These findings are encouraging in 
that peptides which are less ubiquitous, such as tumor-specific pep- 
tides, might be even more effective T-cell immunogens. 

The fact that most p2Ca/Ld-specific CTL, like T-cells directed 
against other La-restricted peptides (28--30), expressed Vfl8 suggests 
that this V region has an affinity for L d. In the tum-/La-specific T-cells 
analyzed previously, the TCR repertoire was biased toward the ex- 
pression of V/38 but the T-cells were otherwise diverse (29). Our 
recent analysis of the polyclonal CTL specific for p2Ca suggest that 
they also are quite diverse. 6 Thus, the selection mechanisms that lead 
to elimination of self-reactive T-cells must allow many different T- 
cells that can potentially react with higher than normal levels of a 
self-antigen to be maintained in vivo. Although results are preliminary, 
BALB/c-H-2  am2 mice which lack L d do not appear to be able to mount 
a response as rapidly as BALB/c mice against the p2Ca/B2 tumor. 
This finding may suggest that there are more p2Ca/L d precursor CTLs 
in BALB/c mice, perhaps because a large fraction of these CTL have 
undergone positive selection on L d. 

It has been suggested that the "window" that exists between toler- 
ance and autoimmunity may allow tumor-associated peptides to be 
used therapeutically (18). The results with p2Ca support this possi- 
bility but among the many issues to be addressed is whether other 
self-peptides will behave similarly and whether animals that reject the 
p2Ca/B2 tumor cells (Fig. 5) suffer any autoimmune consequences or 
side effects. 
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