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Introduction: 

The heat shock protein gp96 is normally resident in the endoplasmic reticulum and serves 
as a chaperone for peptides being sorted for MHC class I loading and transport to the cell 
surface. The strategic location and function of gp96 in the class I pathway makes it an ideal 
target for genetic engineering for the purpose of generating tumor specific CTL responses. The 
current work is concerned with studies converting gp96 with its associated peptides from an 
endoplasmic reticulum resident protein into a secretory protein. Insertion of secretory gp96 
(gp96-Ig) into tumor cells is postulated to increase the immunogenicity of the tumor, since it has 
been shown previously that heat shock proteins are highly immunogenic. In addition, insertion of 
secretory gp96 along with known tumor antigens such as her-2-neu into tumor cells, should 
result in the secretion of gp96-Ig with associated her-2neu peptides. Uptake of secreted gp96-Ig 
by APC (e.g. dendritic cells) is expected to render them sensitive to lysis by specific CTL. 

Body: 

Secreted heat shock protein gp96-Ig elicits CD8 cells for tumor rejection. Purified heat shock 
protein gp96 isolated from tumor cells is highly immunogenic and induces tumor specific 
immune responses. The endoplasmic reticulum (ER)-resident gp96 appears to chaperone 
peptides, including those derived from tumor antigens, on their way to presentation by MHC 
class I. Replacement of the ER-retention signal of gp96 with the Fc portion of murine IgGl, in 
this study, generated a secretory form of gp96, gp96-Ig. Tumor cells transfected with gp96-Ig 
exhibited decreased tumorigenicity and increased immunogenicity in vivo and were rejected 
after initial growth. Rejection of tumors secreting gp96-Ig required CD8 T cells during the 
priming and during the effector phase while CD4 T cells were not required for rejection in either 
phase. Carrageenan, a compound known to inactivate macrophages in vivo, also did not diminish 
tumor rejection. Thus, immunization with tumors secreting gp96-Ig, unlike immunization with 
purified, tumor derived gp96, or with irradiated tumor cells, generates efficient tumor rejecting 
CD8 CTL without requirement for CD4 or macrophage help. 

Characterization of Shared and Private Tumor Antigens Presented by HLA Al or HLA 
A2 Rejection of tumors by the immune system is believed to require the participation of CD4 
and/or CD8 CTL. Tumor derived peptides presented by MHC class I molecules are targets for 
CD8+ CTL. MHC restricted CD8+ CTL are also required for the identification and 
characterization of tumor antigens, including breast tumors antigens, useful for immune therapy. 
For many human solid tumors, however, tumor antigens remain undefined due to the difficulty of 
generating MHC restricted tumor specific CTL required for their analysis. Discovery of novel 
tumor antigens to breast tumors will greatly expand the opportunities for immune intervention in 
breast cancer. 

CD8+ CTL responses are modulated by CD4+ helper T cells and by antigen presenting cells. In 
this study highly purified CD8+ T cells were mixed with tumor cells in primary cultures in the 
absence of any other cells to reduce the complexity of CTL generation and to avoid potential 
immunosuppressive or tolerizing effects during CTL stimulation.. Tumor cells were transfected 
with HLA Al or A2 and used to stimulate HLA Al or A2 matched CD8+ T cells. MHC class I 



matching and omission of other cells in primary culture was highly effective in generating MHC 
class I-restricted CTL to poorly immunogenic small cell lung carcinomas (SCLC), used as 
model system in this study. Cytotoxicity was further enhanced by cotransfection of tumor cells 
with B7.1 (CD80). ICAM-1 (CD54) was not as effective. SCLC tumor cells were able to present 
tumor specific peptides with HLA Al and A2 and were lysed by Al or A2 restricted CD8+ CTL. 
Al and A2 restricted CD8+ CTL detected shared tumor antigens on unrelated SCLC tumor lines 
in addition to private antigens. The use of direct antigen presentation by MHC class I transfected 
tumors to MHC class I matched CD8+ T cells is an effective way to generate MHC class I- 
restricted CTL towards poorly immunogenic tumors in vitro permitting the molecular 
identification of their tumor antigens. Characterization and cloning of tumor antigens using this 
approach for CTL generation is in progress. 

Key research accomplishments: 

Demonstrate utility of tumor secreted gp96 
Demonstrate antigen specificity of secreted gp96 
Describe new pathway of CD4 T cell independent activation of CD8 CTL 
Postulate direct dendritic cell activation by gp96 independent of CD40 signals 

Reportable outcomes: 
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Conclusions: 

The work completed up to this point allows the formulation of the hypothesis that 
secreted heat shock protein gp96 is highly immunogenic by mediating direct activation of 
dendritic cells without CD4 help. We postulate that dendritic cells use receptors to endocytose 
gp96 along with its bound peptides and that receptor binding of gp96 results in the 
activation/maturation of dendritic cells and routing of the endocytosed peptides to the 
endoplasmic reticulum for loading onto class I MHC complexes. Using human dendritic cells, 
this hypothesis will be tested. In addition tumor vaccines and CTL assays are developed for 
clinical testing. 
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CHARACTERIZATION OF MHC RESTRICTED CTL FOR THE 
ISOLATION OF TUMOR ANTIGENS 

Koichi Yamazaki and Eckhard R. Podack 
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epodack@.miami.edu 

Rejection of tumors by the immune system is believed to require the participation 
of CD4 and/or CD8 CTL. Tumor derived peptides presented by MHC class I molecules are 
targets for CD8+ CTL. MHC restricted CD8+ CTL are also required for the identification 
and characterization of tumor antigens, including breast tumors antigens, useful for 
immune therapy. For many human solid tumors, however, tumor antigens remain 
undefined due to the difficulty of generating MHC restricted tumor specific CTL required 
for their analysis. Discovery of nove tumor antigens to breast tumors will greatly expand 
the opportunities for immune intervention in breast cancer. 

CD8+ CTL responses are modulated by CD4+ helper T cells and by antigen 
presenting cells. In this study highly purified CD8+ T cells were mixed with tumor cells 
in primary cultures in the absence of any other cells to reduce the complexity of CTL 
generation and to avoid potential immuno suppressive or tolerizing effects during CTL 
stimulation.. Tumor cells were transfected with HLA Al or A2 and used to stimulate HLA 
Al or A2 matched CD8+ T cells. MHC class I matching and omission of other cells in 
primary culture was highly effective in generating MHC class I-restricted CTL to poorly 
immunogenic small cell lung carcinomas (SCLC), used as model system in this study. 
Cytotoxicity was further enhanced by cotransfection of tumor cells with B7.1 (CD80). 
ICAM-1 (CD54) was not as effective. SCLC tumor cells were able present tumor specific 
peptides with HLA Al and A2 and were lysed by Al or A2 restricted CD8+ CTL. Al and 
A2 restricted CD8+ CTL detected shared tumor antigens on unrelated SCLC tumor lines 
in addition to private antigens. The use of direct antigen presentation by MHC class I 
transfected tumors to MHC class I matched CD8+ T cells is an effective way to generate 
MHC class I-restricted CTL towards poorly immunogenic tumors in vitro permitting the 
molecular identification of their tumor antigens. Characterization and cloning of tumor 
antigens using this approach for CTL generation is in progress. 
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Cutting Edge: Tumor Secreted Heat 
Shock-Fusion Protein Elicits CD8 Cells 
for Rejection1 

Koichi Yamazaki, Timmy Nguyen, and 
Eckhard R. Podack2 

The endoplasmic reticulum resident heat shock protein gp96 
chaperons peptides, including those derived from tumor Ags, 

on their way to presentation by MHC class I. Replacement of 
the endoplasmic reticulum retention signal of gp96 with the Fc 
portion of murine IgGl generated a secretory form of gp96, 

gp96-Ig. Tumor cells secreting gp96-Ig exhibited decreased tu- 
morigenicity and increased immunogenicity in vivo and were 
rejected after initial growth. Rejection required CD8 T cells 
during the priming and effector phase. CD4 T cells were not 
required for rejection in either phase. Carrageenan, a com- 
pound known to inactivate macrophages in vivo, did not 
diminish CD8-mediated tumor rejection. Therefore, immuniza- 
tion with tumors secreting gp96-Ig generates efficient tumor-re- 
jecting CD8 CTL without requirement for CD4 or macrophage 
help. In contrast, immunization with purified, tumor-derived 
gp96 or with irradiated tumor cells requires both. The Journal 
of Immunology, 1999,163: 5178-5182. 

The heat shock protein (hsp)3 gp96, localized in the endo- 
plasmic reticulum (ER), is thought to serve as a chaperon 
for peptides on their way to MHC class I and II molecules 

(1-4). Gp96-chaperoned peptides comprise the entire spectrum of 
peptides and larger protein fragments generated in cells and trans- 
ported into the ER (5-9). Gp96 obtained from tumor cells and used 
as a vaccine induces specific tumor immunity (3, 10-13), presum- 
ably through the transport of tumor-specific peptides to APCs. 

We developed a secretory form of gp96, gp96-Ig, and tested it 
in tumor models. Transfection of tumor cells with the cDNA for 
gp96-Ig resulted in gp96-Ig secretion. As shown in this publica- 
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tion, gp96-Ig-secreting tumor cells caused powerful immunization 

and tumor rejection in vivo dependent exclusively on CD8 cells. 

Materials and Methods 
Cell lines 

All cell lines were obtained from the American Type Culture Collection 
(Manassas, VA) and cultured in medium with 10% FCS. Human small cell 
lung carcinoma (SCLC) cell lines (SCLC-2 and SCLC-7) were established 
as described (14). Chicken OVA cloned into the expression vector, apc- 
NEO-OVA, was kindly provided by Dr. M. Bevan (Seattle, WA) (15) and 
used to transfect Lewis lung carcinoma (LLC). 

Construction of gp96-Ig 

To generate the gp96-Ig fusion protein, the KDEL sequence was deleted 
and replaced with the hinge, CH2 and CH3 domains of murine IgGl (16- 
23); double-stranded cDNA was prepared from Jurkat DNA (24) with the 
GeneAmp RNA PCR Kit (Perkin-Elmer Cetus, Norwalk, CT) and ampli- 
fied by PCR. The PCR primers were 5'-ATTACTCGAGGGCCGCACGC 
CATGAGGG-3' and 5'-GCCCGGATCCTTCAGCTGTAGATTCCTT 
TGC-3' (18, 19). The PCR primers included an Xhol site (forward primer) 
and a BamHl site (reverse primer). The hinge, CH2 and CH3 domains of 
murine IgGl, was amplified by using murine IgGl cDNA as a template and 
mutating the three cysteines of the hinge portion to serines (21, 25). The 
PCR primers were 5'-GCGAGGATCCGTGCCCAGGGATTCTGGTT 
CTAAG-3' and 5'-CTAAGCGGCCGCAAGGACACTGGGATCATTT 
ACCAGG-3'. The PCR primers.included a BamHl site (forward primer) 
and Noil site (reverse primer). Gp96 was inserted into Xhol and BamHl 
sites of the eukaryotic expression vector, pBCMGSNeo and pBCMGHis 
(26-29), and transfected into SCLC-2, SCLC-7, B16F10, MC57, LLC 
NIH3T3, EL4, E.G7, and P815. Transfected cells were selected with 1 
mg/ml of G418 or 2.5-10 mM of L-Histidinol (Sigma, St. Louis, MO). 

ELISA 

This was conducted using Abs to the Ig tag. Gp96-Ig-producing cells were 
plated at 106/ml in AIMV or IMDM with 10% FCS, and culture superna- 
tants were harvested at different time points. For analysis of intracellular 
expression of gp96-Ig, cells were lysed by three freeze-thaw cycles and 
centrifuged 60 min at 13,000 X g (30). 

Purification of gp96-Ig fusion protein 

Gp96-Ig was purified by affinity chromatography on a protein A column 
using standard procedures (Bio-Rad, Hercules, CA) (31). The concentra- 
tion of gp96-Ig was determined by the Micro BCA protein assay reagent kit 
(Pierce, Rockford, IL). SDS-PAGE and Western blotting were done using 
a standard procedure. 

FACS analysis 

For membrane staining of gp96-Ig-transfected SCLC, cells were stained 
with goat anti-mouse IgG-FITC or goat anti-rabbit IgG-FITC as a control 
for 15 min at 4°C and analyzed by a Becton Dickinson FACScan flow 
cytometer (San Diego, CA). For intracellular staining, cells were fixed with 
4% paraformaldehyde and permeabilized with 1% saponin followed by 
staining with goat anti-mouse IgG-FITC, goat anti-mouse IgG-PE, goat 

Copyright © 1999 by The American Association of Immunologists 0022-1767/99/$02.00 
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FIGURE 1. Characterization of 
gp96-Ig. a, Schematic representation 
of the gp98-Ig construct, b, ELISA 
for gp96-Ig of supernatants from 
gp96-Ig cDNA-transfected and un- 
transfected SCLC-7; cells were 
plated at 106/ml, and supernatants 
were harvested on day 3 and day 6; 
purified mouse IgG (500 ng/ml) 
served as standard. O, Murine IgG 
standard (500 ng/ml); A, SCLC-7 
gp96-Ig on day 3; A, SCLC-7 
gp96-Ig on day 6. c, SDS-PAGE of 
protein A-purified gp96-Ig. Lane 1, 
Coomassie blue stain (1/ng protein); 
lane 2, Western blot with monoclonal 
anti-gp96-Ig (anto-Grp94, 9G10) 
(100 ng protein), d, Accumulation of 
gp96-Ig. •, Gp96-Ig in the culture 
supernatant; O, Gp96-Ig in cell ly- 
sates. Gp96-Ig was quantitated by 
ELISA; SCLC-gp96-Ig was plated at 
106/ml. e, Intracellular staining of 
gp96-Ig by FACS analysis of perme- 
abilized SCLC-gp96-Ig; dashed line, 
goat anti-rabbit IgG-FITC (negative 
control); solid line, goat anti-mouse 
IgG-PE. /, SCLC surface stain and 
SCLC-gp96-Ig surface stain. Ab- 
sence of surface stain for gp96-Ig on 
unpermeabilized SCLC; left, untrans- 
fected; right, gp96-Ig-transfected 
SCLC. Dashed line in both panels is 
goat anti-rabbit IgG-FITC; solid line, 
goat anti-mouse IgG-FITC. 
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anti-rabbit IgG-FITC, or goat anti-syrian hamster IgG-FITC for 15 min at 
4°C and analyzed by a flow cytometer. 

Tumor inoculation and vaccination 

Tumorigenicity in vivo was determined by s.c. injection of live tumor cells 
in 200 jiil PBS into the flanks of mice. The size of tumors was measured in 
two dimensions twice weekly for at least 2 mo. When mean tumor growth 
exceeded 10 mm diameter, the mice were sacrificed. 

Mice were immunized by s.c. injection of 106 live E.G7-gp96-Ig or 
irradiated E.G7 as a control (in 200 ju,l PBS), given in the right flank. Two 
immunizations at 2-wk intervals were given. Two weeks later, mice were 
challenged by s.c. injections of the indicated number of live tumor cells 
(EL4, E.G7, LLC, or LLC-OVA in 200 jul PBS) into the left flank. 

Depletion of T cells or macrophages in vivo 

A total of 100 /xg of GK1.5 (anti CD4) or 2.43 (anti CD8) in 200 ;u,l PBS 
was administered by i.p. injection (32, 33). Depletion of CD4 and CD8 
cells was verified by FACS analysis. CD4 or CD8 levels remained low 
(>95% depletion) for >2 wk following Ab injection (data not shown). For 

functional inhibition of macrophages, 1 mg of Carrageenan (type II; 
Sigma) in 200 /id PBS was administered by i.p. injection (32, 34). 

Results 
The ER-resident hsp gp96 purified from tumor cells can provide 
tumor-specific immunity (35). The C-terminal sequence KDEL of 
gp96 serves as ER retention signal. Deletion of this sequence re- 
sulted in the secretion of gp96 together with bound peptides from 
transfected tumor cells and may render tumors more immunogenic 

to allow tumor rejection by the immune system. 

Characterization of secreted hsp gp96-Ig 

Replacing the KDEL sequence of gp96 with the hinge, CH2 and 
CH3 domain of murine IgGl (Fig. la), an Ig isotype inefficient in 
Fc receptor binding, and transfection of the cDNA into tumor cells 
resulted in the secretion of gp96-Ig into the culture supernatant, 
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Table I.   Secretion of gp96-fg into culture supernatant^1 

Cell Lines 
Gp96-Ig/106 Cells 

X 24 h (ng) 

SCLC-2 
SCLC-7 
NIH3T3 
EL4 
E.G7 
P815 
LLC 
B16F10 
MC57 

140 
500 
500 
160 
60 

<5 
70 

312.5* 
3,300 

" Gp96-Ig cDNA was expressed in a bovine papilloma virus-derived episomal 
vector under the CMV or metallothioneine promoter. 

b Metallothioneine promoter. 

where it was quantitated by ELISA (Fig. lb). Protein A purified 
gp96-Ig upon SDS-PAGE migrated with a major band of the pre- 
dicted molecular mass of 120 kDa for the fusion protein and two 
minor, higher molecular bands previously reported also for un- 
modified gp96 (Fig. lc) (10). Western blotting with a mAb specific 
for gp96 confirmed the identity of the fusion protein. Only the 
major band is stained, suggesting that the minor bands are glyco- 

sylation variants of gp96 not recognized by the Ab. 
Secretion of gp96-Ig resulted in its time-dependent, linear ac- 

cumulation in the supernatant (Fig. Id). Intracellular gp96-Ig was 
detected at a low and constant steady-state level in lysates of trans- 
fected cells, indicating that, it does not accumulate in the cell. 
FACS analysis of membrane-intact, transfected tumor cells re- 
vealed no staining with anti-mouse IgG above background, indi- 
cating that the Ig moiety of the fusion protein is not displayed on 
the outer leaflet of the plasma membrane (Fig. 1/). In contrast, 
upon permeabilization of the membrane, gp96-Ig is detected in- 
tracellularly with a goat anti-mouse IgG Ab, but not by control 
goat anti-rabbit IgG Abs (Fig. le). The transmembrane domain of 
gp96 does not interfere with the secretion of gp96-Ig and does not 
lead to intracellular accumulation. These data are consistent with 
previous reports suggesting that the transmembrane domain is not 
used for anchoring of gp96 in the membrane and that gp96 is not 
an integral membrane protein (36). 

All murine and human cell lines transfected with gp96-Ig se- 
creted the fusion protein (Table I). Mock-transfected cells did not 
secrete gp96-Ig. E.G7 is an OVA transfectant of the EL4 lym- 
phoma forming lethal tumors in syngeneic C57BL/6 mice. 
Gp96-Ig transfection of E.G7 allows the determination whether 
E.G7-gp96-Ig immunizes against the EL4 parent tumor in addition 

to E.G7, the OVA surrogate Ag-transfected tumor. As second tu- 
mor, LLC transfected with gp96-Ig or with OVA was used be- 
cause, in contrast to E.G7, it is a nonhemopoietic, low-immuno- 
genic tumor. Both cell lines secrete comparable amounts of 
gp96-Ig (Table I). 

Secreted gp96-Ig is responsible for decreased tumorigenicity 

Secretion of gp96-Ig decreases the tumorigenicity of E.G7 in 
C57BL/6 mice by > 100-fold when compared with mock-trans- 

fected or untransfected E.G7. Subcutaneous inoculation of 10 mil- 
lion hsp-secreting tumor cells caused tumors in only 10% of the 
inoculated mice (Fig. 2A). A similar reduction of tumorigenicity 
by gp96-Ig secretion was observed with transfected EL4 (data not 
shown). Gp96-Ig secretion by LLC resulted in a more moderate, 
~5-fold, decrease of tumorigenicity (Fig. 2B). 

To determine immunogenicity and immune memory responses, 
C57BL/6 mice were immunized twice at 2-wk intervals with a 

103 105      106 103      104      105 

Number of Cells Used for Challenge 

FIGURE 2. Decreased tumorigenicity of gp96-Ig-transfected E.G7 (A) 
and LLC (B). ■, Gp96-Ig transfected; O, mock transfected; and D, un- 
transfected cells. Groups of six mice were used per dose of inoculated cells. 
C-F, Secretory gp96-Ig vaccination generates tumor-specific memory. 
C57BL/6 mice were immunized twice in biweekly intervals with 106 gp96- 
Ig-transfected E.G7 (■ in all panels), with 106 irradiated E.G7 (D), or not 
immunized (•). Two weeks later, mice were challenged (six mice per 
group) with the number of tumor cells indicated in the panels. Mice not 
developing tumors were observed for 3 mo and then judged tumor free. 

dose of nonirradiated E.G7-gp96-Ig (106) that was rejected. Sub- 
sequently, they were challenged with untransfected or mock-trans- 
fected E.G7, parental EL4, untransfected LLC, and OVA-trans- 
fected LLC (Fig. 2, C-F). Mice immunized with irradiated E.G7 or 
unvaccinated mice served as controls. E.G7-gp96-Ig-immunized 
mice resisted a 10-fold higher tumor challenge by E.G7 than mice 
vaccinated with irradiated cells or unimmunized mice (Fig. 2C). 
Tumor growth in vaccinated mice was frequently delayed. The 

effect of immunization was even more pronounced when chal- 
lenged with EL4, allowing a fifty-fold dose increase of EL4 chal- 
lenge compared with the controls (Fig. 2D). As expected, E.G7- 
gp96-Ig immunization offered no protection against challenge with 
untransfected or vector-transfected LLC (Fig. IE), while a mod- 
erate, ~ 3-fold, increase in protection was observed when OVA- 
transfected LLC were used as challenge (Fig. 2F). The strong pro- 
tection of mice immunized with E.G7-gp96-Ig against EL4 
challenge may be due to multiple tumor Ags shared by E.G7 and 
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FIGURE 3. A, Effect of depletion of immunocompetent cells on the rejection of 106 E.G7-gp96-Ig during the priming phase; controls received PBS. 
Tumor growth curves of individual mice are shown. The depletion schedule is shown schematically on top. Depletion of immunocompetent cells was done 
with anti-CD8, anti-CD4, or Carrageenan 2 days prior to inoculation of 106 E.G7-gp96-Ig. B, CD4-deficient mice can reject E.G7-gp-Ig. Five CD4-deficient 
mice were challenged with unirradiated 106 E.G7-gp96-Ig s.c. Tumor growth was recorded, and the mean tumor diameter is reported. C, Effect of depletion 
of immunocompetent cells on the effector phase of E.G7 rejection. The schedule of immunization and immunodepletion is shown schematically on the top. 
For immunization, 106 unirradiated E.G7-gp96-Ig were inoculated twice s.c. into groups of six mice. Three days prior to challenge with 106 E.G7, immune 
cells were depleted as above; controls received PBS. Tumor growth was recorded and is reported as mean tumor diameter. 

EL4. The weak protection against challenge with LLC-OVA de- 
pends on T cells recognizing a single or limited number of epitopes 
derived from the OVA surrogate Ag for T cell recognition. 

CD8 cells are required in the priming and effector phase 

The involvement of immune mechanisms in the rejection of E.G7- 
gp96-Ig was further examined by in vivo depletion/inactivation of 
immunocompetent cells. It has been reported that Meth A tumor- 
derived gp96 requires CD4 cells, CD8 cells, and macrophages for 
eiFective immunization, while immunization with irradiated Meth A 
tumor cells required CD4 and CD8 cells but no macrophages (3). 

For priming one million unirradiated, live E.G7-secreting 
gp96-Ig were inoculated s.c. This dose is sufficient to establish 
tumors that grow to a mean diameter of about 8 mm, subsequently 
shrink, and are rejected. Tumor rejection is blocked in mice treated 
with the anti-CD8 Ab 2.43, either 2 days before (Fig. 3A) or up to 
3 days after tumor inoculation (not shown). The anti-CD4 Ab 
GK1.5 had no effect on tumor rejection (Fig. 3A) regardless of time 
of injection, even though it completely depleted CD4 cells for > 14 
days (data not shown). CD4-deficient mice were able to reject 
E.G7-gp96-Ig (Fig. 3B), supporting the importance of CD8 cells. 
E.G7 not secreting gp96-Ig forms tumors in untreated and im- 
mune-depleted mice. Carrageenan, known to inactivate macro- 
phages in vivo (34), had no effect on tumor rejection. However, 
because the effect of Carrageenan is difficult to assess, these ex- 

periments cannot rule out a role for APCs in the gene-ration of 
CD8 CTL. 

To study the effector phase of tumor rejection, mice were im- 
munized twice at 14-day intervals with live E.G7-gp96-Ig. Eleven 
days later (day 25), immune cells were depleted, and after 3 days 
the mice were challenged with untransfected E.G7. Only CD8 cells 
are required in the effector phase; depletion of CD4 cells or Car- 
rageenan inactivation of macrophages had no influence on E.G7 
rejection in the eflFector phase (Fig. 3Q. 

Discussion 
Deletion of the endoplasmic retention signal of gp96 and replace- 
ment with the Fc portion if IgGl readily results in the secretion of 
gp96-Ig, which appears to be dimerized through the IgGl H chain. 
E.G7-secreted gp96 is able to provide long-lasting specific immu- 
nity, suggesting that it chaperons tumor peptides. In contrast, ir- 
radiated or mock-transfected E.G7 are not able to provide protec- 
tive immunity. Corynebacterium parvum also failed to serve as 
adjuvant for E.G7 immunization (37). Secreted gp96-Ig provides 
immunologic specificity for both the surrogate Ag OVA and other 
EL4 Ags, but does not cross-immunize to LLC-derived tumor Ags. 

The data are consistent with the explanation that peptides asso- 
ciated with secreted gp96-Ig are transferred to and presented by 
class I MHC and stimulate a tumor-specific CD8+ CTL response 
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causing tumor rejection. The CD8 response appears to be inde- 
pendent of CD4 help and does not require macrophages. Whether 
the cellular requirements are due to gp96-Ig dimerization is not 
known. 

It is instructive to compare the mechanisms of immunization by 
purified tumor-derived gp96 and by tumor-secreted gp96-Ig. 
Udono et al. (32), using gp96 purified from Meth A tumor cells for 
immunization, reported a requirement for CD8 cells and macro- 
phages in the priming phase and a requirement for CD4 and CD8 
cells as well as macrophages in the effector phase of tumor rejec- 
tion of Meth A tumors. Immunization with irradiated Meth A tu- 
mors required CD4 cells in the priming phase, and both CD4 and 
CD8 cells in the effector phase. Irradiated EG7 do not produce 
immunity against subsequent challenge. The dramatic effect of tu- 
mor-secreted gp96-Ig is entirely dependent on CD8 cells without 
CD4 help. CD8 cells are required in the priming and effector phase 
of the CTL response to the tumor. Macrophages appear not to be 
needed. The role of dendritic cells or other APCs in the presenta- 
tion of gp96-chaperoned peptides to CD8 cells is not known, but 
remains a possibility. It is also possible that gp96-Ig-secreting EG7 
stimulate CD8 cells directly. 

Regardless of the underlying mechanism, tumor-secreted 
gp96-Ig is a powerful vaccine for some tumors. The precise mech- 
anism CD8 CTL activation by tumor-secreted gp96-Ig and its ac- 
tion in different tumors remains to be determined. 
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ABSTRACT 

Tumor-derived peptides presented by MHC class I molecules are tar- 
gets for tumor rejection by CD8+ CTLs. MHC-restricted CD8+ CTLs are 
required also for the identification and characterization of tumor antigens 
that will be useful for immune therapy. For many human solid tumors, 
however, tumor antigens remain undefined because of the difficulty of 
generating MHC-restricted, tumor-specific CTLs required for their anal- 
ysis. CD8+ CTL responses are modulated by CD4+ helper T cells and by 
antigen-presenting cells. In this study, highly purified CD8+ T cells were 
mixed with tumor cells in primary cultures in the absence of any other 
cells to reduce the complexity of CTL generation. Tumor cells were 
transfected with HLA-A1 or HLA-A2 and used to stimulate partly 
matched HLA-A1- or HLA-A2-positive CD8+ T cells. Partial MHC class 
I matching of tumor and CD8+ T cells and omission of other cells in 
primary culture was highly effective in generating MHC class I-restricted 
CTL to poorly immunogenic small cell lung carcinomas (SCLCs). Cyto- 
toxicity was further enhanced by cotransfection of tumor cells with B7.1 
(CD80). ICAM-1 (CD54) was not as effective as costimulation. SCLC cells 
presented tumor-specific peptides with HLA-A1 and HLA-A2 and were 
lysed by Al- or A2-restricted CD8+ CTLs. Al- and A2-restricted CD8+ 

CTLs detected shared tumor antigens on unrelated SCLC tumor lines in 
addition to private antigens. The use of direct antigen presentation by 
MHC class I-transfected tumors to MHC class I-matched CD8+ T cells is 
an effective way to generate MHC class I-restricted CTLs toward poorly 
immunogenic tumors in vitro, permitting the molecular identification of 
their tumor antigens. 

INTRODUCTION 

Tumor progression in vivo requires evasion of an effective immune 
response. Tumors have evolved various strategies for immune avoid- 
ance (1, 2). Immunosuppressive tumors, such as gliomas, produce or 
stimulate production of factors including transforming growth factor 
ß (3) and IL3-10 (4) that suppress or deviate a cellular cytotoxic 
immune response to the tumor. Immunogenic tumors represented by 
melanomas and renal cell carcinomas provoke an immune response 
that, however, does not proceed to tumor cell lysis, in part because of 
the expression of death ligands, such as Fas-L (5) or other death 
ligands (6, 7). Another large group of tumors that includes lung 
carcinomas avoid an immune response by reducing their immunoge- 
nicity through the down-regulation of MHC class I molecules (8-10) 
or by blockade of antigen processing or peptide transport for MHC 
class I loading (9-11). Individual tumors may use several components 
of these strategies concurrently. 

Cosfimulatory molecules for T-cell activation, such as B7.1 and 
B7.2, are highly expressed on activated APCs. Transfection of B7.1 or 
B7.2 and expression in tumor cells has been shown to increase their 
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immunogenicity and mediate their in vivo rejection in experimental 
animals (12, 13) as well as facilitate CTL generation against mela- 
noma in vitro (14, 15). 

A number of tumor antigens have been identified for immunogenic 
tumors such as melanoma (16-23), but little is known about tumor 
antigens in low or nonimmunogenic tumors, such as lung tumors, and 
their MHC presentation (24-26). To begin to identify tumor antigens 
on this large group of human tumors, it is necessary to devise methods 
to render these tumors antigenic and to define MHC restriction ele- 
ments for tumor peptides. MHC restriction of CTL responses to tumor 
antigens in humans has been studied extensively in melanoma, and 
many of the identified tumor antigens can be presented by HLA-A2 
and HLA-A1 (17-21, 27-30). The frequency of HLA haplotype 
expression is thought to reflect their use for directing T-cell responses 
to viral and tumor-derived peptide recognition (31). HLA-Al and 
HLA-A2, expressed with high frequency in the Caucasian population, 
therefore, were chosen in this study to survey the presence of tumor 
antigens on SCLC cells and their restriction by HLA-A1 or HLA-A2. 

CD8+ CTL responses to tumors are thought to be important for 
tumor rejection. MHC class I-restricted, peptide-specific CD8+ CTLs 
are also required for the discovery and analysis of tumor antigens 
(17-19, 21-23, 29). However, CD8+ CTL activation is a complex 
process, usually involving at least three cell types in addition to the 
tumor cells, i.e., APC, CD4+ helper T cells, and CD8+ CTLp (32- 
34). The role of the APC is to present peptide via MHC classes I and 
II and to provide appropriate costimuli such as B7 (32, 35, 36), 
whereas CD4+ helper T cells have recently been shown to induce B7 
expression on APCs through CD40-Ligand/CD40 interaction (37- 
40). CD4+ helper T cells, in addition, produce IL-2 and other cyto- 
kines that facilitate CD8+ CTL expansion. The complexity of CD8+ 

CTL induction is further compounded by the potential of APCs to 
induce tumor-specific tolerance (41) and of CD4+ T cells to be 
suppressive (42, 43). We therefore sought to define a less complex 
system for the generation of MHC class I-restricted CD8+ CTLs 
specific for non- or low immunogenic tumors. As described in this 
report using transfected SCLC cells and purified CD8+ T cells with- 
out additional cells in primary stimulation, we were able to generate 
SCLC-specific CTLs and to demonstrate the presence of shared 
antigens that can be restricted by HLA-Al and HLA-A2. 

MATERIALS AND METHODS 

Cell Lines, cDNAs, and Transfection 

Human SCLC cell lines (SCLC#2 and SCLC#7) and human lung adeno- 
carcinoma cell lines (AD#100 and AD#101) were established as described 
(44). The human melanoma cell line, MEL#113, was obtained from Dr. Levy 
of the Department of Microbiology and Immunology. K562 was provided by 
American Type Culture Collection. All cells were cultured in IMDMEM 
medium (Life Technologies, Inc., Grand Island, NY) supplemented with 10% 
heat-inactivated FCS (Life Technologies, Inc.). Lung carcinoma cell lines and 
melanoma cell lines were maintained as monolayer cultures and passaged by 
short trypsinization with 0.05% trypsin plus EDTA (Life Technologies, Inc.) as 
required. 

HLA-A0101 (Al) and HLA-A0201 (A2) cDNAs were kindly provided by 
Dr. Peter Parham (Stanford University, Palo Alto, CA). They were cloned into 
the eukaryotic expression vector, pBCMGSNeo (45), or a new double expres- 
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sion vector, B45NeoCM, constructed from B45Neo (46) to express two genes 
by two different promoters, the cytomegalovirus promoter and the mouse 
metallothionein promoter.4 Human B7.1 cDNA was generated by reverse 
transcription-PCR with primers that amplified the cDNA between the ATG 
codon of the leader peptide and the termination codon (47). The PCR product 
was cloned into the eukaryotic expression vector, pBCMGHis (48 -50), or the 
double expression vector, B45NeoCM. Human ICAM-1 was kindly provided 
by Dr. Lewis L. Lanier (DNAX Research Institute of Molecular and Cellular 
Biology, Palo Alto, CA) in a hygromycin-selectable expression vector, 
SRa296-hygro. The cDNAs were used to transfect SCLC#2, SCLC#7, 
AD#100, AD#101, and MEL#113 by Lipofectin (Life Technologies, Inc.). 
Transfected cells were selected with 1 mg/ml of G418 (Life Technologies, 
Inc.) for pBCMGSNeo or B45NeoCM, with 5-10 mM of L-Histidinol (Sigma 
Chemical Co., St. Louis, MO) for pBCMGHis, or with 800 jug/ml of hygro- 
mycin B (Calbiochem-Novabiochem Corporation, La Jolla, CA) for SRa296- 
hygro for at least 2 weeks. Cells highly expressing HLA-Al, HLA-A2, B7, or 
ICAM-1 were sorted on a FACStar flow cytometer (Becton Dickinson, Moun- 
tainview, CA) and expanded to cell lines. 

Antibodies 

Mouse anti-human CD8 monoclonal antibody OKT8 (IgG2a) was 

purified from hybridoma supernatants, followed by protein G affinity 

chromatography. Monoclonal antibodies against HLA-Al, A36 and 

HLA-A2, A24 (IgM) were purchased from One Lambda (Canoga 

Park, CA) and used diluted at optimal concentration. Phycoerythrin- 
labeled anti-BBl/B7 antibody (B7-PE) was purchased from Becton 

Dickinson. Biotin-labeled anti-human CD54 (ICAM-1-Biotin) was 

purchased from Southern Biotechnology Associates (Birmingham, 
AL). Secondary antibodies for fluorescence-activated cell sorting 
included FITC-conjugated goat anti-mouse IgG and FITC-conjugated 
goat anti-mouse IgM (Boehringer Mannheim, Indianapolis, IN) at a 
dilution of 1:40 and streptavidin-PerCP (Becton Dickinson) at a 
dilution of 1:10. Microbeads conjugated with goat anti-mouse IgG 
(Miltenyi Biotec, Sunnyvale, CA) were used as secondary reagent for 
magnetic cell sorting. 

Immunofluorescence Phenotyping of MHC Class I Molecules, 
B7.1 and ICAM-1 

For surface expression of HLA-Al and HLA-A2, 5 X 105 tumor 
cells were incubated with optimal concentrations of anti-HLA-Al, 
A36 or anti-HLA-A2, A24 monoclonal antibody or isotype-matched 
control antibody for 30 min at 4°C, followed by incubation with 
FITC-conjugated goat anti-mouse IgM for 15 min at 4°C. For surface 
expression of B7.1, 5 X 105 tumor cells were incubated with optimal 
concentrations of B7-PE or isotype-matched control antibody for 30 
min at 4°C. For surface expression of ICAM-1, 5 X 105 tumor cells 
were incubated with optimal concentrations of ICAM-1-Biotin or 
isotype-matched control antibody for 30 min at 4°C, followed by 
incubation with streptavidin-PerCP for 15 min at 4CC. The cells were 
washed, resuspended in PBA [PBS supplemented with 0.5% BSA 
(Sigma, St. Louis, MO) and 5 mM EDTA (Sigma), pH 7.2], and 
analyzed by a Becton Dickinson FACScan flow cytometer. For double 

or triple staining of HLA-Al orHLA-A2, B7, and ICAM-1, cells were 
stained in the order of HLA-Al or HLA-A2, B7, and ICAM-1. 

HLA Typing 

HLA typing of tumor cells or of PBLs from normal healthy volunteers was 
done in the Division of Transplantation Surgery, University of Miami (51). 

Isolation of CD8+ T Cells 

PBMCs were obtained from peripheral blood from two normal healthy 
volunteers. Heparinized samples were diluted with PBS, overlaid onto Ficoll- 

Paque (Pharmacia Biotech, Uppsala, Sweden), and centrifuged at 1400 rpm for 
30 min. The lymphocyte-rich layer at the interface was then washed three times 
with PBS and resuspended in PBS to stain for isolation of CD8+ T cells. CD8+ 

T cells were obtained by magnetic cell sorting (52). Briefly, PBMCs were 
labeled with mouse anti-human CD8 monoclonal antibody OKT8 for 15 min 
at 4°C, followed by incubation with microbead-conjugated goat anti-mouse 
IgG for 15 min at 4°C in PBA. Cells were immediately applied to a MACS 
separation column type AS (Miltenyi Biotec), which was placed in the sepa- 
rator. The quality of the separation was subsequently determined by flow 
cytometry after labeling with FITC-conjugated goat anti-mouse IgG. It is 
important to obtain highly purified CD8+ T cells and eliminate dimly CD8+- 
positive NK cells by using low concentrations of anti-CD8 antibody (1:4000) 
to avoid overgrowth of cultures by NK-type cells. 

Establishment of CTL Lines in Microcultures 

Various numbers (103, 3 X 103, and 104) of highly purified, NK 
(CD8+dim)-depleted, CD8+ T cells were mixed in 96 round-bottomed 
microwells (Costar, Cambridge, MA) with 300 tumor cells, irradiated 
with 12,000 rads from a Cobalt source as stimulator cells in 160 /xl of 

complete medium prepared from IMDMEM medium supplemented 

with 10% FCS, 50 JUM of ß-mercaptoethanol (Bio-Rad Laboratories, 

Hercules, CA), and 50 /xg/ml of gentamicin (Life Technologies, Inc.), 

and incubated at 37°C in 5% C02. IL-2 (Hoffman-La Roche, Nutley, 

NJ), at a final concentration of 25 IU/ml, and IL-4 (Genzyme, Cam- 

bridge, MA), at a final concentration of 50 IU/ml, were added on day 

5 (final volume, 200 jul). The microcultures were restimulated on days 

8 and 15 by replacing 100 /xl of fresh complete medium containing 
IL-2 (50 IU/ml), IL-4 (100 IU/ml), 300 irradiated tumor cells, and 105 

allogeneic or autologous PBLs, irradiated with 4000 rads, as feeder 
cells. Proliferating cells were transferred into 96 flat-bottomed mi- 
crowells (Costar) on days 14 to 19. When the number of the cells 
reached approximately 3 X 105/well, they were transferred into 24- 
well plates (Costar). On day 20, cytotoxic activity of the cells was 
tested against wild-type, HLA-matched, and HLA-mismatched tumor 
cells and K562 by 4-h Cr-release assays. Long-term culture of CTLs 
was achieved by repeating restimulation as above. 

CTL Cloning 

Expanded CTL lines were seeded at 3, 1, and 0.3 cells/well in 200 jid of 
complete medium containing IL-2 (25 IU/ml), IL-4 (50 IU/ml), 300 irradiated 
tumor cells, and 105 irradiated allogeneic PBMCs in 96 round-bottomed 
microwells. The microcultures were restimulated on days 8 and 15 by replac- 
ing 100 iA of fresh complete medium containing IL-2 (50 IU/ml), IL-4 (100 
IU/ml), 300 irradiated tumor cells, or 105 irradiated allogeneic PBMCs. In the 
third week, cytotoxic activity of the cells was tested against wild-type, HLA- 
matched, and HLA-mismatched SCLC cells and K562 by Cr-release assays. 

Cytotoxicity Assays 

Target tumor cells were labeled with Na2
51Cr04, and 100-^x1 aliquots 

containing 5 X 103 labeled tumor cells were distributed into 96 round- 
bottomed microwells containing 100 ßl of medium alone or 5 X 104 CTLs in 
medium to result in an E:T ratio of 10:1. To analyze MHC class I specificity 
of tumor-specific CTLs, at least 1.5 X 105 effector cells were required. The 
plates were then centrifuged for 30 s at 200 X g and incubated for 4 h at 37°C 
in 5% C02. The plates were centrifuged again for 5 min at 200 X g, and 100 
/A of supernatant were collected and counted in a gamma counter (LKB- 
Wallac RiaGamma; Wallac Oy, Finland). The percentage of 51Cr-specific 
release was calculated as follows: 

• specific release 
ER - SR 

MR- SR 
X 100 

4 Unpublished data. 

where ER was the observed experimental 51Cr release, SR was the spontaneous 
release measured by incubation of 5 X 103 labeled cells in 200 fü of medium 
alone, and MR was the maximum release obtained by adding 100 /u.1 of 2% 
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Triton X-100 (Sigma) to 100 /xl of the target cells. The spontaneous release of 
most target cells ranged between 10 and 15% of the maximum release. 

Evaluation of Results and CTLp Frequency 

Specific Lysis. Values of specific lysis exceeding three times the SD of the 
spontaneous release were considered significant lysis in the whole study. For 
example, if spontaneous lysis was 10% with 3% SD, then specific lysis by CTL 
had to be >19% to be considered as significant. In most experiments, specific 
lysis exceeded spontaneous lysis by 10% or more. 

MHC Restriction of Lysis and Specificity. Differences in lysis observed 
with different tumor targets, i.e., wild-type, Al-, or A2-transfected, were 
evaluated using the Student ttest. We defined a 30% difference in the specific 
lysis of different targets as significant. For example, Al-restricted CTLs are 
expected to lyse Al-transfected targets at least 1.3 times better than the A2 or 
wild-type targets. Experiments were set up in triplicate, and a significant 
difference in the lysis (P < 0.05) of different target cells was observed in most 
experiments. 

Allogeneic and Promiscuous CTLs Are Defined as CTLs That Lyse 
Wild-Type and Transfected SCLC Cells Equally Well and at Least 10% 
Above Spontaneous Release. Nonspecific or noncytotoxic cells are those that 
lyse only K562 or none of the target cells used in the cytotoxicity assay. 

Costimulatory Molecules. To compare the costimulatory efficacy of MHC 
class I molecules with B7.1 and ICAM-1, 104 CD8+ T cells were stimulated 
and restimulated with 300 irradiated wild-type or transfected SCLC cells. More 
than 150 wells for each condition were set up in 20 experiments with CD8+ T 
cells from Al- and A2-positive volunteers. The significance of the difference 
between using different costimulators was evaluated on the basis of the Student 
/ test. 

CTLp Analysis. For CTLp analysis, the percentage of negative wells in 
cytotoxicity assays was plotted on a logarithmic scale against the number of 
responder CD8+ T cells plated at the beginning of the experiment on a linear 
scale (53, 54). Linear regression analysis of number of responder cells/well 
against log percentage of negative wells was then performed, and the fre- 
quency of CTLp was determined on the basis of the Poisson distribution (53). 

RESULTS 

Partial MHC Class I Matching of Stimulator Tumor Cells and 
Responder CD8+ T Cells Generates Tumor-specific, MHC Class 
I-restricted CTLs. HLA-A1 and HLA-A2 are frequently expressed 
MHC alleles in the Caucasian population and are effective in present- 
ing tumor peptides to CD8+ T cells. Al and A2, therefore, are ideal 
molecules to test the presentation of tumor peptides in tumors with as 
yet undefined tumor antigens and restriction elements. To affect 
optimal CTL stimulation by tumor cells, high expression of matched 
HLA and costimulatory molecules may be necessary, especially for 
poorly immunogenic tumors such as lung tumors. 

SCLC tumor cells frequently show low expression of MHC class I 
molecules. This was observed also for the cell lines used in this study; 
HLA-A2 was detected in SCLC#7 at a very low level, whereas 
HLA-Al was not detected in any of the tumor cell lines used in this 
study. Expression of high levels of HLA-Al or HLA-A2 on tumor 
cells was achieved by transfection of the tumor cells with HLA-Al or 
HLA-A2 cDNA. 

Singly transfected tumor cells expressing HLA-Al or HLA-A2 or 
B7.1 (CD80) or ICAM-1 (CD54), double transfectants expressing 
HLA-A1 and B7.1, HLA-A2 and B7.1, HLA-A1 and ICAM-1, or 
HLA-A2 and ICAM-1, and triple transfectants expressing HLA-A1, 
B7.1, and ICAM-1, or HLA-A2, B7.1, and ICAM-1 were prepared 
from the two SCLC cell lines, SCLC#2 and SCLC#7. The transfec- 
tants were used for both purposes, as stimulator cells for mixed CD8+ 

T-cell tumor cell cultures and as target cells for cytotoxicity assays. 
Fig. 1 shows expression levels of the transfected cDNAs HLA-A1, 
HLA-A2, B7.1, and ICAM-1 on SCLC#2 and SCLC#7 by flow 
cytometry. Neither wild-type SCLC#2 nor SCLC#7 expresses HLA- 

Al. SCLC#7 is HLA-A2 positive by HLA typing, but its expression 
level of HLA-A2 was much lower than that of HLA-A2 on PBLs of 
a healthy volunteer (not shown). After transfection of tumor cells with 
HLA-Al or HLA-A2, their expression levels increased to the levels 
found on PBLs. Wild-type SCLC#2 expressed very low levels of 
ICAM-1 but no B7.1, whereas wild-type SCLC#7 expressed neither 
B7.1 nor ICAM-1. However, after transfection with B7.1 or ICAM-1, 
their expression levels increased, as shown in Fig. 1. Double and triple 
transfectants were made by transfection and sorting for the positive 
population and then transfecting with the next cDNA. Almost 100% 
of the cells expressed HLA-A1 or HLA-A2, B7.1, and/or ICAM-1 in 
each double or triple transfectant, as determined by two- and three- 
color flow cytometric analysis (not shown). HLA-A2 expression 
levels were very similar on single, double, or triple transfectants of 
SCLC#7 (Fig. 1). However, HLA-A1 expression levels on the triple 
transfectant SCLC#2-HLA-A1-B7-ICAM-1 was somewhat lower 
than on the other SCLC#2 transfectants, despite selection pressure. 
We were unable to generate stable HLA-Al expressing double or 
triple transfectants with SCLC#7. After initial HLA-A1 expression, 
the cells invariably lost their expression within two to three weeks 
after transfection, even when sorted for high-level HLA-A1 expres- 
sion and maintained under selection pressure. Similarly, HLA-A2 
expression on double and triple transfectants of SCLC#2 was unstable 
for reasons that are not clear. Therefore, the series of SCLC#2- 
HLA-A1 transfectants were used as stimulators to generate HLA-A1- 
restricted CTLs and the series of SCLC#7-HLA-A2 transfectants as 
stimulators to generate HLA-A2-restricted CTLs. 

Highly purified, HLA-Al -positive CD8+ T cells were stimulated 
with irradiated wild-type SCLC#2, SCLC#2-B7, SCLC#2-HLA-A1, 
or SCLC#2-HLA-A1-B7. During primary culture, only tumor cells 
and highly purified CD8+bnght T cells were present. The presence of 
other cells including CD8+d,m during primary culture diminished 
tumor specificity and HLA-A1 restriction while increasing nonspe- 
cific proliferation. After 7 and 14 days, the proliferating CD8+ T cells 
were restimulated with the same transfectants used originally, together 
with irradiated autologous or allogeneic PBLs. During secondary and 
tertiary stimulation, feeder cells were required to enhance prolifera- 
tion of tumor-specific CTLs. Cytotoxic activity toward several target 
cells was tested in triplicate on the 20th day by Cr-release assay at an 
E:T ratio of 10:1. Wells stimulated with SCLC#2-HLA-A1 or 
SCLC#2-HLA-A1-B7 proliferated sufficiently to generate enough 
cells for Cr-release assays, but wells containing wild-type SCLC#2 as 
stimulators frequently did not have enough cells for assay. To assess 
the specificity of the CTLs generated, their cytotoxicity was assessed 
routinely with four targets: against the HLA-A1-transfected, matched 
tumor cells used as stimulator; against mock-transfected, wild-type 
tumors, against the mismatched HLA-A2 transfectants; and against 
the NK target K562. 

The stimulation of Al-matched CD8+ T cells with HLA-A1- 
transfected SCLCs is expected to produce HLA-Al -restricted CTLs, 
if HLA-Al can serve as a restricting element for tumor peptides and 
if CD8+ CTLp with appropriate specificity are present. Because 
allogeneic responses to unmatched HLA alleles will also occur in this 
system, it is critical to distinguish Al (or A2 when applicable) 
restricted lysis from allogeneic or other CTL responses. This is 
particularly important because the microcultures may have several 
clonal specificities in each well, including the desired Al (or A2)- 
restricted CTLs, allogeneic CTLs, or promiscuous CTLs. The assay 
system is designed to distinguish between HLA-Al (or A2)-restricted 
CTL responses and other allogeneic or nonspecific responses by 
analyzing CTL activity against the four targets as noted above. Three 
types of specificities were observed in the analysis of CTL microcul- 
tures and were defined as follows. HLA-A1 (or A2)-restricted CTLs 
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Fig. 1. Analysis of wild-type and transfected SCLC#2 (A) and SCLC#7 (B) by flow cytometry. Tumor cells were stained with anti-HLA-Al or anti-HLA-A2 antibody, followed 
by FITC-conjugated goat anti-mouse IgM and anti-B7-PE or by anti-ICAM-1-Biotin and streptavidin-PerCP and analyzed by flow cytometry. Black histograms, samples stained with 
specific antibodies; white histograms, samples stained with isotype immunoglobulin control. The specificity of the antibody is to the antigen noted inside the box; the transfectant used 
is noted above the box. 

are required to lyse HLA-matched SCLC cells at least 1.3 times better specific or noncytotoxic cells are those that either lyse only K562 or 
than wild-type SCLC cells or HLA-mismatched SCLC cells (Fig. 2, none of the target cells used in the cytotoxicity assay. In Fig. 2, the 
arrows). Allogeneic or promiscuous CTLs are defined as CTLs that results of a representative experiment are shown comparing the effects 
lyse wild-type and HLA-transfected SCLC cells equally well. Non- of stimulator cell transfection with Al and B7 on the specificity of the 
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Fig. 2. Specificity of HLA-A1-positive CD8 CTLs after stimulation with mock-transfected or HLA-Al/B7.1-transfected tumor cells. Six wells were used for each tumor stimulator, 
SCLC# 2 (mock), SCLC#2-A1, and SCLC#2-A1-B7.1 for stimulation of CD8 T cells as described. Cytotoxicity was examined on day 20 of culture. The E:T ratio was 10:1 and in 
4-h assays against the four targets indicated at the abscissa of the graph, SCLC#2 (mock), SCLC#2-A 1, SCLC#2-A2, and K562. The specific cytotoxicity of individual wells is plotted. 
Arrows, wells that fulfill criteria for MHC restriction by Al, defined as 1.3-fold or higher lysis in comparison with mock-transfected or A2-transfected SCLCs. 
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Fig. 3. Frequency of specificity of CD8 CTLs after stimulation with 
wild-type, B7.1-transfected, class I-transfected, or double transfected 
SCLCs. For stimulation in the left panel, SCLC#2 and HLA-A1 was 
used; in the right panel, SCLC#7 and HLA-A2. The data from 20 
experiments are calculated, and the frequency of wells containing MHC- 
restricted CTLs versus nonrestricted CTLs is shown in dependence of 
the transfection of the stimulator tumor cell. Statistical significance is 
indicated by Ps. Culture conditions were as described in "Materials and 
Methods." 
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CD8+ CTL response. When wild-type SCLCs were used as stimula- 
tors, only three of six wells proliferated sufficiently to allow analysis. 
Of the three CTL microcultures generated with wild-type SCLCs, 
none fulfilled the criteria for Al restriction (Fig. 2, left panel). Al 
transfection increased CTL expansion during culture, and one of six 
wells (Fig. 2, middle panel, arrow) lysed Al-transfected targets with 
higher specificity than other targets. Double transfection of SCLCs 
with Al and B7 further increased cytotoxicity and frequency of Al 
restriction {arrows). 

The cumulative results of 480 wells analyzed against four targets in 
20 similar experiments using Al or A2 as restriction element for 
SCLCs and their statistical analyses are summarized in Fig. 3. In the 
absence of HLA transfection, wild-type and B7.1-transfected tumor 
cells produced only allogeneic responses, lysing untransfected and 
Al- or A2-transfected SCLCs to a similar extent. HLA-A1-transfected 
stimulators increased the frequency of HLA-Al -restricted CTLs sig- 
nificantly (P < 0.05). B7 transfection of SCLCs, together with HLA, 
had two effects. It increased the frequency and level of cytotoxicity in 
all wells, and significantly, it increased the frequency of Al-restricted 
CTLs (P < 0.05). Similarly, SCLC#7-HLA-A2 stimulation helped to 
generate HLA-A2-restricted CTLs (P < 0.05 versus SCLC#7 and 
SCLC#7-B7). Double transfection of SCLC#7-HLA-A2-B7 increased 
the frequency of HLA-A2-restricted CTLs, compared with HLA-A2 
transfection alone, although the value was not significant (P = 0.075). 

The criteria used to define MHC restriction used are conservative 
and are likely to underestimate the true frequency. For instance, CTLs 
that lyse wild-type and HLA-Al -transfected SCLCs equally well may 
contain both allogeneic CTLs and Al-restricted CTLs. They would, 
however, not be counted as Al restricted by the definition used 
because the allogeneic specificity cannot be distinguished from Al 
restriction without cloning. 

To confirm specificity and HLA-Al or HLA-A2 restriction of 
CTLs, single-cell cloning experiments using limiting dilution tech- 
niques were carried out. Expansion of clones from 3, 1, or 0.3 
cells/well required 3 weeks of culture with periodic restimulation. All 
clones were analyzed for specificity on a panel of target cells as 
above. An example of one cloning experiment is shown in Fig. AA. 
Eight clones generated by limiting dilution and culture for 3 weeks 

were compared with the specificity of the uncloned parent Al-specific 
CTL line containing also lytic activity for K562. During the cloning 
period, cytotoxic activity decreased, but MHC class I-restricted spec- 
ificity was increased. Thus, after cloning, few allogeneic or promis- 
cuous CTL clones were present, despite their presence at the initiation 
of the cloning procedure. A large fraction of clones were HLA-A1- 
restricted CTLs with high specificity for HLA-Al and variable cross- 
reactivity for HLA-A2 but low activity for K562 or wild-type SCLCs 
(Fig. AB). The cumulative data of 48 clones generated from >10 
Al-restricted lines indicate that an equal number of clones retained 
Al specificity or lost their activity for any of the target cells tested, 
respectively. Only very few clones retained allogeneic specificity. 

The data suggest that continuous culture and restimulation of tu- 
mor-specific CTLs with HLA-matched SCLC cells for longer periods 
of time increased the specificity and frequency of MHC class I-re- 
stricted CTLs over that of allogeneic or promiscuous CTLs (Fig. 4). 
However, prolonged culture of CTLs also resulted in a gradual de- 
crease of cytotoxicity and a decreased rate of proliferation (not 
shown). 

Shared and Private HLA-A1- and HLA-A2-restricted Tumor 
Antigens Expressed by Two Unrelated SCLC Lines. The develop- 
ment of immunological tumor therapy is facilitated by the presence of 
shared tumor antigens expressed by the majority of tumors of the 
same type obtained from different patients. It was therefore important 
to determine whether Al-restricted CTLs could lyse unrelated SCLC 
lines after transfection with Al. Two unrelated Al- and A2-trans- 
fected SCLC lines were used as targets. As additional controls, 
non-SCLC and melanoma cells were transfected with HLA-Al and 
used as targets. Thirty-six of 47 individual, Al-restricted CTL lines 
(76.6%) generated with SCLC#2-HLA-A1 also lysed the unrelated 
SCLC#7-HLA-A1, indicating the presence of one or more shared 
peptide epitopes presented by Al (Table 1). Eleven of the 47 CTL 
lines lysed only the Al-transfected SCLC#2 line that was used for 
CTL generation but not SCLC#2, suggesting that these CTLs recog- 
nized Al-restricted, private antigens not expressed by unrelated 
SCLCs. The reciprocal experiments showed comparable results in that 
29 of 40 CTL lines (72.5%) lysed the two unrelated Al-transfected 
tumors. Fewer A2-restricted CTL lines were tested, but three of four 
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Fig. 4. Frequency of specificity of CTL clones 
generated by limiting dilution analysis. A, one 
HLA-Al-restricted CTL line was diluted and 
seeded at 3, 1, and 0.3 cells/well, together with 
irradiated SCLC#2-HLA-A1 and irradiated alloge- 
neic PBMCs in 96 round-bottomed microwells. The 
microcultures were restimulated on days 8 and 15. 
On day 20, all clones that proliferated were ana- 
lyzed for specificity on the panel of target cells as 
indicated by Cr-release assays. B, cumulative fre- 
quency of HLA-Al-restricted CTLs, allogeneic 
CTLs, and noncytotoxic cells obtained from the 
analysis of 48 clones obtained in a similar way as 
in A. 
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Table 1 Shared antigens presented by HLA-A1 in the two unrelated lines, SCLC#2 and 
SCLC#7 

CTLs were generated from purified CD8 cells, as described in the text, using the 
stimulator cells indicated. Individual CTL lines were tested against either Al-transfected 
SCLC line in Cr-release assays for 4 h. Lysis was scored positive when the unrelated 
target showed 80% or more of the lysis compared with lysis of the stimulator cell. 

Target cells lysed/CTL lines tested 

Stimulator cells SCLC#2-A1                         SCLC#7-A1 

SCLC#2-A1 
SCLC#7-A1 

47/47                                   36/47 
29/40                                   40/40 

the signals derived from B7.1 are presented by the same cell as MHC 
class I (in eis). In the trans situation, when SCLC#2-HLA-A1 (or -A2) 
and SCLC#2-B7 were mixed and used as stimulators, the frequency of 
CTL generation was reduced in comparison with the effect of double 
transfectants of B7.1 and HLA-A1 (or HLA-A2) on the same cell 
(P < 0.01). 

Analysis of CTLp Frequency in CD8+ T Cells of Normal 
Healthy Volunteer's PBMCs. MHC class I-restricted CTLp fre- 
quencies were measured by stimulation of T cells with tumors coex- 
pressing HLA-A1 or HLA-A2 with B7.1. Poisson analysis of the 
number of responder cells generating specific CTLs (Fig. 6; Ref. 53) 

A2-restricted, CTLs tested detected shared A2-restricted antigens in 
an unrelated line (Table 2). In contrast, only one of seven Al- 
restricted SCLC-specific CTL lines lysed other Al-transfected tumor 
types such as non-SCLCs and a melanoma (Table 3). Apparently, the 
majority of SCLC-specific CTLs recognize antigens not found on 
other tumors. These data also exclude the possibility that HLA-A1- or 
HLA-A2-restricted CTLs are specific for peptides derived from the 
bovine papilloma virus expression vector that was used for the ex- 
pression of HLA-A1 and other cDNAs in all tumor lines used. 

MAGE 1 and MAGE 3 is expressed by several tumors, including 
melanoma and lung tumors, and their peptides are presented by Al 
(18, 29). However the HLA-Al-restricted CTL line in Table 3 that 
lysed several Al-transfected tumors did not lyse MAGE-peptide 
pulsed Al-positive B cells (data not shown). 

Role of B7.1 and ICAM-1 in CTL Generation. ICAM-1 inter- 
action with LFA-1 is thought to deliver an important first signal for 
T-cell activation, rendering T cells permissive to subsequent signaling 
by other molecules (55). Because SCLC lines express very low to 
undetectable levels of ICAM-1, we determined the effect of ICAM-1 
transfection on CTL generation of stimulator tumor cells together with 
B7.1 transfection (Fig. 5). ICAM-1 cotransfection with MHC class I 
had only a modest effect on the frequency of MHC class I-restricted 
CTL generation when compared with B7.1 plus MHC class I. When 
ICAM-1 was cotransfected in triple transfectants with MHC class I 
and B7.1, it reduced the frequency of CTL generation in comparison 
to the double transfectants of B7.1 and MHC class I, although the 
effect was not statistically significant. The effect of ICAM-1 expres- 
sion, although detectable, did not seem limiting or essential in this 
system. In contrast, the costimulatory effect of B7.1 is significant if 
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showed CD8+ CTLp frequencies of 0.45 X 10~4 and 0.38 X 10~4 in 
the HLA-A1 and HLA-A2 volunteers, respectively. 

DISCUSSION 

Several tumor antigens have been identified in human tumors 
(16-23), allowing their evaluation in immunotherapy. However, most 
human tumors are poorly immunogenic and remain largely unex- 

Table 2 Shared antigens presented by HLA-A2 in two unrelated lines, SCLC#2 and 
SCLC#7 

CTLs were generated from purified CD8 cells, as described in the text, using the 
stimulator cells indicated. Individual CTL lines were tested against either A2-transfected 
SCLC line in Cr-release assays for 4 h. Lysis was scored positive when the unrelated 
target showed 80% or more of the lysis compared with lysis of the stimulator cell. 

Target cells lysed/CTL lines tested 

Stimulator cells SCLC#2-A2                         SCLC#7-A2 

SCLC#7-A2 3/4                                       4/4 

Table 3 Infrequent antigen sharing between Al-transfected SCLC, non-small lung 
adenocarcinomas, and melanoma 

CTLs were generated from purified CD8 cells, as described in the text, using the 
stimulator cells indicated. Individual CTL lines were tested against Al-transfected 
SCLCs, adenocarcinoma of the lung (AD), and melanoma (MEL) in Cr-release assays for 
4 h. Lysis was scored positive when the unrelated target showed 50% or more of the lysis 
of the stimulator cell. 

Target cells lysed/CTL lines tested 

Stimulator cells SCLC#2-A1 AD#100-A1       AD#101-A1       MEL113-A1 

SCLC#2-A1 7/7 1/7                      1/6                      1/6 
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HLA A1 CD8+ responders 

| A1-restricted 
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HLA A2 CD8+ responders 

| A2-restricted 
|/^| Allogeneic/Promiscuous 

P<0jp5_ 

p=0.223 

SCLC#2 SCLC#2  SCLC#2 SCLC#2 SCLC#2 SCLC#7 SCLC#7 SCLC#7 SCLC#7 SCLC#7 
-A1           -A1           -A1 -A1 -A1 -A2 -A2 -A2 -A2 -A2 

-B7          -ICAM-1 -B7 + -B7 -ICAM-1 -B7 + 
-ICAM-1 SCLC#2 

-B7 

-ICAM-1 SCLC#7 
-B7 

Stimulator cells 
Fig. 5. Effect of B7.1 and ICAM-1 transfection on the frequency in generation of HLA-restricted CTLs. Al and A2 responder CD8 cells were stimulated with class I-matched tumor 

transfectants and with double and triple transfectants, as indicated on the abscissa of the graph. In addition, stimulation was carried out by mixing class I-transfected and B7.1-transfected 
cells with CDS responder cells. To evaluate MHC restriction, all wells were analyzed against four targets at an E:T ratio of 10:1; the four targets were SCLC#2 (mock), 
SCLC#2-HLA-A1, SCLC#2-HLA-A2, and K562 (left panel) or SCLC#7 (mock), SCLC#7-HLA-A1, SCLC#7-HLA-A2, and K562 (rightpanel). Results are means of 12 experiments 
for HLA-A1 CTL response and eight experiments for HLA-A2 CTL response; bars, SD. Significance values were calculated according to the Student t test. Class I-restricted CTLs 
lyse the appropriate target at least 1.3 times more than mismatched or wild-type targets. 

plored because of the difficulty of generating CTL responses against 
these tumors. It is generally accepted that CD8+ T cells physiologi- 
cally are activated by APCs with CD4 help in a pathway known as 
cross-priming or indirect antigen presentation. Indirect antigen pres- 
entation, however, is not easily replicated in vitro and does not lend 
itself to the discovery of MHC-restricted tumor antigens. It is, there- 
fore, desirable to devise a method of direct antigen presentation that 

allows the exploration of the important field of tumor antigenicity in 
poorly immunogenic solid tumors. 

In this report, the response of purified human CD8+ T cells to 
transfected SCLC cells matched at one MHC class I locus is analyzed. 
We demonstrate the presence of shared, HLA-A1- or HLA-A2-re- 
stricted antigens in addition to private, not shared antigens in two 
unrelated SCLC lines. HLA-A1 or HLA-A2 transfection and expres- 

HLA A1 CD8+ Responders       HLA A2 CD8+ Responders 

Fig. 6. CTLp frequencies of CD8+ T cells of two healthy 
volunteers for SCLC#2-HLA-A1 and SCLC#7-HLA-A2. 
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sion of tumors are critical for the generation of HLA-A1- or HLA- 
A2-restricted CTL responses. Single-cell cloning confirmed that mi- 
crocultures contained the relevant MHC class I-restricted CTLs, along 
with allogeneic and promiscuous CTLs. Coulie et al (56) and Maz- 
zocchi et al. (54) showed that CTLp frequencies for autologous 
melanoma cells ranged from 1/720 to 1/33,000 in PBLs of melanoma 
patients. It is likely that, in some melanoma patients, expansion of 
CTLp takes place and may explain the high frequency in some patient 
samples. CTLp frequencies of 1/24,000 in our study are derived from 
healthy volunteers and represent the unexpanded, HLA-A1- or HLA- 
A2-restricted CD8+ CTLp repertoire for the two SCLC lines. 

What is the nature of the tumor antigen recognized by the CTLs? 
About 75% of the MHC-restricted, SCLC-specific CTL lines recog- 
nize antigens shared by the two SCLC lines used, whereas the other 
25% recognize private antigens. The molecular nature of the antigens 
is not known presently, and efforts are under way using these CTLs to 
define the antigen(s). By analogy to melanomas (17, 20, 21, 27, 28, 
57), the most likely interpretation of our data would suggest that 
SCLCs express both shared and private tumor antigens. The shared 
antigens may represent unmutated embryonal antigens, whereas the 
private antigens may come from specific mutations. 

For the generation of CTLs in the direct antigen stimulation mode, 
costimulation is very important. Suboptimal costimulation or culture 
conditions resulted in lower apparent CTLp frequencies and increased 
frequencies of allogeneic responses. Overgrowth of allogeneic CTLs 
is not a problem in the culture systems described. This is attributable 
largely to MHC class I transfection and high level expression by the 
tumor. Equally important is the omission of APCs and CD4 T cells in 
primary stimulation, reducing allogeneic stimulation. To obtain 
MHC-restricted CTLs, it was important to use highly purified CD8 
cells and to exclude CD8dim NK cells. IFN-y (58) or IL-12 had no 
further effect on CTL generation in our system (data not shown), 
suggesting that class I expression is not limiting after transfection of 
the tumor with HLA. Limiting dilution cloning of CTLs confirmed the 
specificity that had been deduced. 

B7.1 expression on the tumor cells, in conjunction with MHC class 
I, effectively bypassed the need for CD4+ helper T cells in the 
generation of CD8+ CTLs. The molecular mechanism of CD4+ 

helper T cells for the generation of CD8+ CTLs has recently been 
clarified. CD40-Ligand expressed by CD4+ helper T cells interacts 
with CD40 on APCs and up-regulates B7, which is used as costimulus 
for CD28 signaling of CD8+ T cells (37-40). In agreement with the 
proposed function of CD40-Ligand, our analysis suggests that over- 
expression of B7.1 and MHC class I on tumor cells is sufficient to 
activate CD8+ CTLs directly and to bypass the need for APCs. 

Although this study focused on MHC class I-restricted CD8+ CTL 
responses to SCLCs, we have generated similar data also for HLA-A1 
and B7.1-transfected non-SCLCs,5 and we suggest that this concept 
may be generalizable to other tumors. Our studies indicate that match- 
ing of MHC class I alleles between the transfected tumor cells and the 
responder CD8+ T cells is an important factor for generation of CTLs 
with defined MHC class I restriction. Although HLA-A1 and 
HLA-A2 are suitable for this purpose, other alleles could also be used 
and investigated in a similar strategy. Methods to identify tumor 
antigens rely on the generation of MHC class I-restricted CTLs. Using 
partial MHC class I matching and direct stimulation of purified CD8+ 

T cells opens a novel avenue in this effort. 

REFERENCES 

1. Van Waes, C, Monach, P. A., Urban, J. L., Wortzel, R. D., and Schreiber, H. 
Immunodominance deters the response to other tumor antigens thereby favoring 

10. 

16. 

17. 

20. 

21. 

22. 

23. 

24. 

' Unpublished observations. 

escape: prevention by vaccination with tumor variants selected with cloned cytolytic 
T cells in vitro. Tissue Antigens, 47: 399-407, 1996. 
Seung, L. P., Seung, S. K., and Schreiber, H. Antigenic cancer cells that escape 
immune destruction are stimulated by host cells. Cancer Res., 55: 5094-5100, 1995. 
Samuels, V., Barrett, J. M., Bockman, S., Pantazis, C. G., and Allen, M. B., Jr. 
Immunocytochemical study of transforming growth factor expression in benign and 
malignant gliomas. Am. J. Pathol., 134: 894-902, 1989. 
Huettner, C, Paulus, W„ and Roggendorf, W. Messenger RNA expression of the 
immunosuppressive cytokine IL-10 in human gliomas. Am. J. Pathol., 146: 317-322, 
1995. 
Hahne, M., Rimoldi, D., Schröter, M., Romero, P., Schreier, M., French, L. E., 
Schneider, P., Bornand, T., Fontana, A., Lienard, D., Cerottini, J., and Tschopp, J. 
Melanoma cell expression of Fas(Apo-l/CD95) ligand: implications for tumor im- 
mune escape. Science (Washington DC), 274: 1363-1366, 1996. 
Wiley, S. R., Schooley, K., Smolak, P. J., Din, W. S., Huang, C. P., Nicholl, J. K., 
Sutherland, G. R., Smith, T. D., Rauch, C, Smith, C. A. Identification and charac- 
terization of a new member of the TNF family that induces apoptosis. Immunity, 3: 
673-682, 1995. 
Chicheportiche, Y., Bourdon, P. R., Xu, H., Hsu, Y. M., Scott, H., Hession, C, 
Garcia, I., and Browning, J. L. TWEAK, a new secreted ligand in the tumor necrosis 
factor family that weakly induces apoptosis. J. Biol. Chem., 272: 32401-32410,1997. 
Browning, M. J„ Krausa, P., Rowan, A., Bicknell, B. C, Bodmer, J. G., and Bodmer, 
W. F. Tissue typing the HLA-A locus from genomic DNA by sequence-specific PCR: 
comparison of HLA genotype and surface expression on colorectal tumor cell lines. 
Proc. Natl. Acad. Sei. USA, 90: 2842-2845, 1993. 
Kaklamanis, L., Leek, R., Koukourakis, M., Gatter, K. C, and Harris, A. L. Loss of 
transporter in antigen processing 1 transport protein and major histocompatibility 
complex class I molecules in metastatic versus primary breast cancer. Cancer Res., 
55: 5191-5194, 1995. 
Sanda, M. G., Restifo, N. P., Walsh, J. C, Kawakami, Y., Nelson, W. G., Pardoll, 
D. M., and Simons, J. W. Molecular characterization of defective antigen processing 
in human prostate cancer. J. Natl. Cancer Inst., 87: 280-285, 1995. 
Restifo, N. P., Esquivel, F., Kawakami, Y., Yewdell, J. W., Mule, J. J., Rosenberg. 
S. A., and Bennink, J. R. Identification of human cancers deficient in antigen 
processing. J. Exp. Med., 177: 265-272, 1993. 
Chen, L., Ashe, S., Brady, W. A., Hellstrom, I., Hellstrom, K. E., Ledbetter, J. A., 
McGowan, P., and Linsley, P. S. Costimulation of antitumor immunity by the B7 
counterreceptor for the T lymphocyte molecules CD28 and CTLA-4. Cell, 71: 
1093-1102, 1992. 
Townsend, S. E., and Allison, J. P. Tumor rejection after direct costimulation of 
CD8+ T cells by B7-transfected melanoma cells. Science (Washington DC), 259/ 
368-370, 1993. 
Yang, S., Darrow, T. L., and Seigler, H. F. Generation of primary tumor-specific 
cytotoxic T lymphocytes from autologous and human lymphocyte antigen class 
I-matched allogeneic peripheral blood lymphocytes by B7 gene-modified melanoma 
cells. Cancer Res., 57: 1561-1568, 1997. 
Imro, M. A., Dellabona, P., Manici, S., Heltai, S., Consogno, G., Bellone, M., Rugarli, 
C, and Protti, M. P. Human melanoma cells transfected with the B7-2 co-stimulatory 
molecule induce tumor-specific CD8+ cytotoxic T lymphocytes in vitro. Hum. Gene 
Ther., 9: 1335-1344, 1998. 
van der Bruggen, P., Traversari, C, Chomez, P., Lurquin, C, De Plaen, E., Van den 
Eynde, B„ Knuth, A., and Boon, T. A gene encoding an antigen recognized by 
cytolytic T lymphocytes on a human melanoma. Science (Washington DC), 254: 
1643-1647, 1991. 
Brichard, V., Van Pel, A., Wolfel, T., Wolfel, C, De Plaen, E., Lethe, B„ Coulie, P., 
and Boon, T. The tyrosinase gene codes for an antigen recognized by autologous 
cytolytic T lymphocytes on HLA-A2 melanomas. J. Exp. Med., 178: 489-495, 1993. 
Gaugler, B., Van den Eynde, B., van der Bruggen, P., Romero, P., Gaforio. J. J., De 
Plaen, E., Lethe, B., Brasseur, F., and Boon, T. Human gene MAGE-3 codes for an 
antigen recognized on a melanoma by autologous cytolytic T lymphocytes. J. Exp. 
Med., 179: 921-930, 1994. 
Bakker, A. B. H., Schreurs, M. W. J., de Boer, A. I, Kawakami, Y., Rosenberg, S. A.. 
Adema, G. J., and Figdor, C. G. Melanocyte lineage-specific antigen gplOO is 
recognized by melanoma-derived tumor-infiltrating lymphocytes. J. Exp. Med., 779.- 
1005-1009, 1994. 
Kawakami, Y., Eliyahu, S., Delgado, C. H., Robbins, P. F., Rivoltini, L., Topalian, 
S. L„ Miki, T., and Rosenberg, S. A. Cloning of the gene coding for a shared human 
melanoma antigen recognized by autologous T cells infiltrating into tumor. Proc. 
Natl. Acad. Sei. USA, 91: 3515-3519, 1994. 
Van den Eynde, B., Peeters, O., De Backer, O., Gaugler, B., Lucas, S., and Boon, T. 
A new family of genes coding for an antigen recognized by autologous cytolytic T 
lymphocytes on a human melanoma. J. Exp. Med., 182: 689-698, 1995. 
Boel, P., Wildmann, C, Sensi, M. L., Brasseur, R., Renauld, J-C, Coulie, P., Boon, 
T., and van der Bruggen, P. BAGE: a new gene encoding an antigen recognized on 
human melanomas by cytolytic T lymphocytes. Immunity, 2: 167-175, 1995. 
Shichijo, S„ Nakao, M., Imai, Y., Takasu, H., Kawamoto, M., Niiya, F., Yang, D., 
Toh, Y., Yamana, H., and Ito, K. A gene encoding antigenic peptides of human 
squamous cell carcinoma recognized by cytotoxic T lymphocytes. J. Exp. Med., 187: 
277-288, 1998. 
Slingluff, C. L., Jr., Cox, A. L„ Stover, J. M., Jr., Moore, M. M., Hunt, D. F., and 
Engelhard, V. H. Cytotoxic T-lymphocyte response to autologous human squamous 
cell cancer of the lung: epitope reconstitution with peptides extracted from HLA- 
Aw68. Cancer Res., 54: 2731-2737, 1994. 

4649 



HLA-A1 AND -A2 RESTRICTED SCLC TUMOR ANTIGENS 

25. Takenoyama, M, Yoshino, I., Fujie, H., Hanagiri, T., Yoshimatsu, T., Imabayashi, S., 
Eifuku, R., Nomoto, K., and Yasumoto, K. Autologous tumor-specific cytotoxic T 
lymphocytes in a patient with lung adenocarcinoma: implications of the shared 
antigens expressed in HLA-A24 lung cancer cells. Jpn. J. Cancer Res., 89: 60-66, 
1998. 

26. Weynants, P., Thonnard, J., Marchand, M., Delos, M, Boon, T., and Coulie, P. G. 
Derivation of tumor-specific cytolytic T-cell clones from two lung cancer patients 
with long survival. Am. J. Respir. Crit. Care Med., 159: 55-62, 1999. 

27. Darrow, T. L., Slingluff, C. L., Jr., and Seigler, H. F. The role of HLA class I antigens 
in recognition of melanoma cells by tumor-specific cytotoxic T lymphocytes: evi- 
dence for shared tumor antigens. J. Immunol., 142: 3329-3335, 1989. 

28. Crowley, N. J., Slingluff, C. L., Jr., Darrow, T. L., and Seigler, H. F. Generation of 
human autologous melanoma-specific cytotoxic T-cells using HLA-A2-matched al- 
logeneic melanomas. Cancer Res., 50: 492-498, 1990. 

29. Traversari, C, van der Bruggen, P., Luescher, I. F., Lurquin, C, Chomez, P., Van Pel, 
A., De Plaen, E., Amar-Costesec, A., and Boon, T. A nonapeptide encoded by human 
gene MAGE-1 is recognized on HLA-A1 by cytolytic T lymphocytes directed against 
tumor antigen MZ2-E. J. Exp. Med., 176: 1453-1457, 1992. 

30. Celis, E., Fikes, J., Wentworth, P., Sidney, J., Southwood, S„ Maewal, A., Del 
Guercio, M. F., Sette, A., and Livingston, B. Identification of potential CTL epitopes 
of tumor-associated antigen MAGE-1 for five common HLA-A alleles. Mol. Immu- 
nol., 31: 1423-1430, 1994. 

31. Sidney, J., Grey, H. M., Kubo, R. T., and Sette, A. Practical, biochemical and 
evolutionary implications of the discovery of HLA class I supermotifs. Immunol. 
Today, 17: 261-266, 1996. 

32. Huang, A. Y., Golumbek, P., Ahmadzadeh, M., Jaffee, E., Pardoll, D., and Levitsky, 
H. Role of bone marrow-derived cells in presenting MHC class I-restricted tumor 
antigens. Science (Washington DC), 264: 961-965, 1994. 

33. Bennett, S. R. M., Carbone, F. R., Karamalis, F., Miller, J. F. A. P., and Heath, W. R. 
Induction of a CD8+ cytotoxic T lymphocyte response by cross-priming requires 
cognate CD4+ T cell help. J. Exp. Med., 186: 65-70, 1997. 

34. Ossendorp, F., Mengede, E., Camps, M., Filius, R., and Melief, C. J. M. Specific T 
helper cell requirement for optimal induction of cytolytic T lymphocytes against 
major histocompatibility complex class II negative tumors. J. Exp. Med., 187: 
693-702, 1998. 

35. Linsley, P. S., and Ledbetter, J. A. The role of the CD28 receptor during T cell 
responses to antigen. Annu. Rev. Immunol., 11: 191-212, 1993. 

36. Bluestone, J. A. New perspectives of CD28-B7-mediated T cell costimulation. 
Immunity, 2: 555-559, 1995. 

37. Bennett, S. R. M., Carbone, F. R., Karamalis, F., Flavell, R. A., Miller, J. F. A. P., and 
Heath, W. R. Help for cytotoxic-T cell responses is mediated by CD40 signalling. 
Nature (Lond.), 393: 478-480, 1998. 

38. Grewal, I. S., and Flavell, R. A. A central role of CD40 ligand in the regulation of 
CD4+ T-cell responses. Immunol. Today, 17: 410-414, 1996. 

39. Ridge, J. P., Di Rosa, F., and Matzinger, P. A conditioned dendritic cell can be a 
temporal bridge between a CD4+ T-helper and a T-killer cell. Nature (Lond.), 393: 
414-41%, 1998. 

40. Schoenberger, S. P., Toes, R. E. M., van der Voort, E. I. H., Offringa, R., and Melief, 
C. J. M. T-cell help for cytotoxic T lymphocytes is mediated by CD40-CD40L 
interactions. Nature (Lond.), 393: 480-483, 1998. 

41. Sotomayor, E. M., Borrello, I., and Levitsky, H. I. Tolerance and cancer: a critical 
issue in tumor immunology. Crit. Rev. Oncog., 7: 433-456, 1996. 

42. Thornton, A. M., and Shevach, E. M. CD4+CD25+ immunoregulatory T cells 
suppress polyclonal T cell activation in vitro by inhibiting interleukin 2 production. 
J. Exp. Med., 188: 287-296, 1998. 

43. Groux, H., O'Garra, A., Bigler, M., Rouleau, M., Antonenko, S„ de Vries, J. E., and 
Roncarolo, M. G. A CD4+ T-cell subset inhibits antigen-specific T-cell responses 
and prevents colitis. Nature (Lond.), 389: 737-742, 1997. 

44. Savaraj, N., Wu, C. J„ Xu, R., Lampidis, T., Lai, S„ Donnelly, E., Solomon, J., and 
Feun, L. G. Multidrug-resistant gene expression in small-cell lung cancer. Am. J. 
Clin. Oncol., 20: 398-403, 1997. 

45. Karasuyama, H., Kudo, A., and Melchers, F. The proteins encoded by the Vprep and 
A5 pre-B cell-specific genes can associate with each other and u. heavy chain. J. Exp. 
Med., 772: 969-972, 1990. 

46. Ohe, Y., Zhao, D., Saijo, N., and Podack, E. R. Construction of a novel bovine 
papillomavirus vector without detectable transforming activity suitable for gene 
transfer. Hum. Gene Ther., 6: 325-333, 1995. 

47. Freeman, G. J., Freedman, A. S., Segil, J. M., Lee, G., Whitman, J. F., and Nadler, 
L. M. B7, a new member of the Ig superfamily with unique expression on activated 
and neoplastic B cells. J. Immunol., 143: 2714-2722, 1989. 

48. Karasuyama, H, and Melchers, F. Establishment of mouse cell lines which consti- 
tutively secrete large quantities of interleukin 2, 3, 4 or 5, using modified cDNA 
expression vectors. Eur. J. Immunol., 18: 97-104, 1988. 

49. Hartman, S. C, and Mulligan, R. C. Two dominant-acting selectable markers for gene 
transfer studies in mammalian cells. Proc. Natl. Acad. Sei. USA, 85: 8047-8051, 
1988. 

50. Nishio, M., and Podack, E. R. Rapid induction of tumor necrosis factor cytotoxicity 
in naive splenic T cells by simultaneous CD80 (B7.1) and CD54 (ICAM-1) co- 
stimulation. Eur. J. Immunol., 26: 2160-2164, 1996. 
Terasaki, P. I„ Bernoco, F., Park, M. S„ Ozturk, G., and Iwaki, Y. Microdroplet 
testing for HLA A, B, C and D antigens. Am. J. Clin. Pathol., 69: 103-120, 1978. 
Miltenyi, S., Muller, W., Weichel, W., and Radbruch, A. High gradient magnetic cell 
separation with MACS. Cytometry, 11: 231-238, 1990. 

53. Lefkovits, I., and Waldmann, H. Limiting dilution analysis of the cells of immune 
system. I. The clonal basis of the immune response. Immunol. Today, 5: 265-268, 
1984. 

54. Mazzocchi, A., Belli, F., Mascheroni, L., Vegetti, C, Parmiani, G., and Anichini, A. 
Frequency of cytotoxic T lymphocyte precursors (CTLp) interacting with autologous 
tumor via the T-cell recepto: limiting dilution analysis of specific CTLp in peripheral 
blood and tumor-invaded lymph nodes of melanoma patients. Int. J. Cancer, 1994: 
330-339, 1994. 
Altmann, D. M., Hogg, N, Trowsdale, J., and Wilkinson, D. Cotransfection of 
ICAM-1 and HLA-DR reconstitutes human antigen-presenting cell function in mouse 
L cells. Nature (Lond.), 338: 512-514, 1989. 
Coulie, P. G., Somville, M., Lehmann, F., Hainaut, P., Brasseur, F., Devos, R., and 
Boon, T. Precursor frequency analysis of human cytolytic T lymphocytes directed 
against autologous melanoma cells. Int. J. Cancer, 50: 289-297, 1992. 

57. Weynants, P., Lethe, B„ Brasseur, F., Marchand, M., and Boon, T. Expression of 
mage genes by non-small-cell lung carcinomas. Int. J. Cancer, 56: 826-829, 1994. 

58. Pfizenmaier, K, Bartsch, H., Scheurich, P., Seliger, B., Ucer, U., Vehmeyer, K, and 
Nagel, G. A. Differential y-interferon response of human colon carcinoma cells: 
inhibition of proliferation and modulation of immunogenicity as independent effects 
of y-interferon on tumor cell growth. Cancer Res., 45: 3503-3509, 1985. 

51 

52. 

55 

56. 

4650 


