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Cloning Genes Encoding MHC 
ical purification approach. T cell recognition of 
1359mel was HLA-DR-restricted because in- 
hibition was observed with antibody L243 to 

Class Il-Restricted Antigens: DR (Fig. 1B). DR molecules expressed by pa- 
tient 1359 included pl"0301, pl"0401. 

Mutated CDC27 as a Tumor Antigen 
P3*0101: and P4*0101. We therefore used 
HLA-DRp 1*0401 as the Ag-presenting mole- 
cule for the cDNA librarv screenine. 

0 

Rong-Fu Wang," Xiang Wang, Alicia C. Atwood, The vector pTSX was constructed, which 
Suzanne L. Topalian, Steven A. Rosenberg allo\ved the fusion of 1359mel cDNAs to a 

gene fragment encoding the first 80 amino 
In an effort to identify tumor-specific antigens recognized by CD4+ T cells, an acids of Ii (Fig. 1C) (15). After screening the 
approach was developed that allows the screening of an invariant chain- cDNA library. we isolated six positive cDNA 
complementary DNA fusion library in a genetically engineered cell line ex- clones (16, 17). The CD4+ TIL1359 recog- 
pressing the essential components of the major histocompatibility complex nized 293IMDR4 transfected with the posi- 
(MHC) class II processing and presentation pathway. This led to  the identifi- tive cDNA E12-6, but not with a control 
cation of a mutated form of human CDC27, which gave rise to an HLA-DR4- cDNA: nor 293IMDR1 transfected with ei- 
restricted melanoma antigen. A mutated form of triosephosphate isomerase, ther cDNA E12-6 or control cDNA: suggest- 
isolated by a biochemical method, was also identified as an HLA-DRI-restricted 
antigen. Thus, this approach may be generally applicable to the identification 
of antigens recognized by CD4+ T cells, which could aid the development of 
strategies for the treatment of patients with cancer, autoimmune diseases, or 
infectious diseases. 

CD4+ T cells play a central role in antitumor 
inmune responses and autoimmune and infec- 
tious diseases (1-3). Identification of the anti- 
gens (Ags) recognized by CD4+ T cells can 
provide opportunities for the development of 
cancer vaccines and stsatenies for the tseatment - 
of patients with autoimmune and infectious dis- 
eases. CD4+ T cells recognize peptides bound 
to MHC class I1 n~olecules on the surface of 
Ag-presenting cells. Assembly of the a and P 
chains of MHC class I1 molecules as well as 
their association with the invariant chain (Ii) 
begills in the endoplasnlic reticulum. A target- 

presentation of class 11-restricted Ags (4, 5, 10). 
The resultant line 293IMDR1 expressed DMA. 
DMB, and Ii in addition to DRa and 
DRpl"0101; 293IMDR4 cells expressed the 
same set of genes except DRpl"0401: and 
293DR4 cells expressed only DRa and 
DRpl"0401. 

We also made Ii-cDNA fusions such that 
the translated fusion proteins could be target- 
ed to MHC class I1 compartnlents where 
antigenic peptides could be generated by pro- 
teolytic degradation of the Ii fusion proteins 
and loaded onto MHC class I1 molecules. We 

ing that T cells recognized an Ag encoded by 
E12-6 in the context of HLA-DR4 (Fig. ID). 

DNA sequencing analysis indicated that all 
six positive clones contained an identical 
cDNA insert, which was a partial cDNA encod- 
ing the human CDC27 protein involved in cell 
cycle regulation (18). A point mutation (C+T) 
at amino acid position 71 1 resulted in a non- 
conselvative substitution of leucine for sesine. 
The C+T mutations were identified in the 
MHC class I-restsicted mutated inelanoma Ags 
CDK4 and p-catenin recognized by CD8+ cy- 
tolytic T lymphocytes (19, 20), suggesting that 
the C-T mutation fsequently occurs in malig- 
nant melallolnas and may be a consequence of 
ultraviolet light exposure (21). 

To identify the peptide epitope froin CDC27 
recognized by CD4+ TIL1359, \ve made five 
15-residue peptides spanning the segment con- 

ing sequence in the cytoplasmic tail of Ii is tested this hypothesis by using the hemagglu- taining the mutation (22), but none of them was 
~esponsible for tsanspolt of llonameric (apIi)3 tinin (HA) Ag from influenza A virus and recognized (13). Because CD4+ TIL1359 rec- 
complexes from the endoplasmic reticulum to constructing several HA-green fluorescellt ognized 293IMDR4 tsansfected \vith a plasmid 
i~ltsacellular compartments with endosomal or protein (GFP) fusion genes with or lvithout containing Ii fused \vith the COOH-terminus 
lysosomal cllaracteristics and ultimately to various lengths of Ii (11, 12). After analyzing of CDC27. 15 more 15-residue peptides over- 
acidic endosoinal- or lysosomal-like structures the ability of 293IMDR4 cells to process and lapping by five amino acids were tested for 
called MHC class I1 compartments (4, 5).  present HA peptides derived from the various recognition. One of these peptides starting at 
Several approaches have been tried to identi- Ii fusion constructs and examinillg the intra- amino acid 758 to 772 \vas recognized by 
fy Ags recognized by MHC class 11-restrict- cellular localization of HA (12, 13). we chose CD4.' TIL1359 (13). The defined lninimal 
ed CD4+ T cells (6-5): but a generally ap- the Ii(1-80) fusion construct to make Ii fu- peptide sequence was FSWAMDLDPKGA 
plicable method has not emerged. sion libraries. This choice was supported by (23) required for T cell recognition (Fig. 2A): 

Our approach was to generate a cell line with previous studies showing the critical role of Ii and the sequence suggested that Phe (F) at 
a high transfectability as well as \vith the ability 
to process and present class 11-restricted Ags to 
T cells. and to create an Ii filsion libraly for 
targeting Ii fi~sion proteins to the endosomal or 
lysosomal compartrne~lt for efficient Ag pro- 
cessing. We genetically engineered HEK 293 
cells: a tsansfonned huinan ludney emblyonic 
cell line, to express DRa, DRP, DMA, DMB, 
and Ii (9): which are required for processing and 
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fusion in enhallcing the presentation of Ags 
through the MHC class I1 pathlvay (14). 

We evaluated the utility of this system for 
the identificatioil of u ~ ~ l u ~ o w n  MHC class II- 
reshicted inelalloina Ags recognized by CD4+ 
T cells. CD4+ tumor-infiltrating lymphocytes 
(TIL) cultured from an intsamuscular metastatic 
lesion in patient 1359 could recog~ize autolo- 
gous \vhole 1359mel tumor cells. but not MHC 
class 11-positive HEK 293 cells, autologous 
Epstein-Bass vinls (EBVFB cells (1359EBV), 
nor other MHC class 11-positive EBV-B and 
tumor cell lines (Fig. 1A). CD4+ TIL1359 did 
not recognize cell lysates of 1359mel pulsed 
onto 1359EBV-B cells (13). thus excludillg the 
possibility of identifying the Ag by a biochem- 

alnino acid position 760 was the P1 anchor 
residue for MHC binding. conforming to the 
HLA-DR4 binding motif (24). Substitution of 
lysine (K) with phenylalanine (F) at position 
769 (FSWAMDLDPFGA) resulted in a loss 
of T cell reactivity (Fig. 2A), indicating that 
this residue might be involved in a T cell 
receptor contact. Peptide titration experiinents 
sho\ved that TIL1359 could recognize the 12- 
residue peptide at 100 nglml (Fig. 2B). 

Because CD4+ TIL1359 recognized a non- 
mutated CDC27 epitope expressed in 1359mel 
but not in other MHC class I1 matched tumors 
or EBV-B cells (Fig. 1A). \ve examined wheth- 
er T cell recognition of 1359mel was due to 
overexpression or protein accumulation of 
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CDC27 in 1359mel. Protein immunoblot anal- 
ysis (25) showed that expression of CDC27 in 
1359mel was equal to or slightly lower than that 
in other tumor lines tested (Fig. 3A). Although 
HLA-DR4+ HEK 293 cells expressed more 
CDC27 protein, they did not stimulate 
TIL1359, suggesting that there was no correla-. 
tion between the amount of CDC27 protein and 
T cell recognition. DNA sequence analysis re- 
vealed that the C+T mutation was present in 
the 1359mel cell line and fresh (primary) tumor 

Fig. 1. ldentification of a 
mutated CDC27 as a tu- 
mor Ag recognized by CD4+ 
TIL1359. (A) Specific recog- 
nition of 1359mel by CD4+ 
TIL1359. TIL1359 recognized 
the autologous 1359mel but 
did not recognize autologous 
1359EBV, other EBV-B cell 
lines and allogeneic mela- 
noma cell lines, nor HEK 
293-derived cell lines. Both 
1088mel and 1102mel share 
DRP1*0401 with 1359mel. 
(B) HLA restriction of T cell 
recognition. CD4+ TIL1359 
cells were cocultured with 

R E P O R T S  

1359FT, but not in the autologous 1359EBV-B 
cells, nor in 1102mel or HEK 293 cells (13). 
Thus, it appeared that the Ser71'+Leu muta- 
tion was responsible for T cell recognition. 

Because Ser711 is a putative phosphoryl- 
ation site (26) and phosphorylation-dephospho- 
rylation is a signal for proteins to be targeted for 
degradation and relocalization (27-29), we 
evaluated the effect of the mutation in CDC27 
on Ag processing. Wild-type and mutated full- 
length (intact) CDC27 were transfected into 

lOB8ml 
1102mcl 
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autologous 1359mel cells in the 
Dresence or absence of various an- - 
iibodies t o  MHC. Cranulocyternac- C; 

rophage colony-stimulating factor 
(CM-CSF) release was determined Targeting sequence - - .  
after an 18-hour incubation. T cell 
recognition of 1359mel was specif- P ~ X  

icallv blocked bv an anti-DR. but not Ampicillin f / ~ ~ 4 0 0 r i t  

by  inti-^^^ ckss I or anti-DQ. HLA 
genotyping of 1359mel was HLA-DR P1*0301, P1*0401, D 
P3*0101, and P4*0101. (C) Avector containingan li DNA 
fragment encoding the first 80 amino acids followed by a E12-6 
multiple cloning site was generated. cDNA inserts were 
cloned into the vector to  generate an li fusion cDNA 
library. After expression in 2931MDRl or 2931MDR4, these " 
li fusion proteins were targeted to  the MHC class II loading None 

compartment and presented to T cells. CMV, cytomega- 
lovirus: ~olvA. ~olvadenvlate: SV40, simian virus 40 origin 9 E12-6 

1 
locus. (D) 1:6 x ?05 li-CDNA library clones 8 LconmlcDN~ 
ated from 1359mel RNA were screened, positive cDNA 
pools were identified on the basis of CM-CSF release from 1 3 ~ m e 1  

CD4+ TIL1359. Recognition of 1359mel by TIL1359 was 
used as a positive control 

GM-CSF release (pdml)  

Fig. 2. Identification of epitopes A R - - 
recognized by CD4+ ~ 1 ~ 1 3 5 9 .  (A) 

- 
293DR4 + btlb 

Characterization of CDC27 pep- gzEE'sE 
tides recognized by CD4+ TIL1359. MNISWAMDLDPKG 

A series o f  synthetic peptides were mmSWAMDLDPK 

pulsed onto 2931MDR4 for 90 min. MNISWAMDLDP HN~SWAMDLD 

After three washes, T cells were 
added and tested for reactivity 
on the basis of CM-CSF release. A MSWAMDLDPFGAN 

TSWAMDLDPKGAN 
12-amino acid peptide was de- SIULMDLDPKGAN 

fined as the minimal T cell WAMDLDPKGAN 
AMDLDPKGAN 

e ~ i t o ~ e .  (B) Pe~tide titration of MDLDPKGAN 

f ceil re;ognit/on. The 293DR4 
cells were pulsed with different o 200 400 800 0.01 0.1 1 10 

concentrations of the 12-amino GMCSF r r l ~ ~ ~  (p@n~) COUCCD~COM (Wd) 
acid CDC27 peptide for 90 min 
and washed with medium. T cells were added and incubated for 18 to  24 hours, and CM-CSF release 
was measured. TIL1359 recognized the 12-amino acid peptide at a concentration of 100 nglml. 

293IMDR4 cells. The CD4+ TIL1359 recog- 
nized the mutated CDC27 (pcDNA-CDC27m) 
transfected cells, but not those with wild-type 
CDC27 (pcDNA-CDC27w) (Fig. 3B). To ex- 
amine possible alterations of cellular relocaliza- 
tion of protein that conferred access of the 
mutated CDC27 protein to the MHC class I1 
endosomal Ag presentation pathway instead of 
being targeted directly to the nucleus and cen- 
trosome (It?), we constructed a hsion gene 
containing an Ii targeting sequence hsed in- 
frame to the wild-type CDC27 cDNA. Trans- 
fection of pIi-CDC27w into the 293IMDR4 
cells conferred recognition by CD4+ TIL1359 
comparable to pIi-CDC27m, which contained 
the Ii targeting sequence and mutated CDC27 

1 p c D N A C D ~ 2 7 r n - r n  

1 pll-cDC27w - 
1 pll-CDCnm .- 

: None 
L 1 ,  - 

0 (W 290 3W 1W 500 000 
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Relevant : Irrelevant DNA 

Fig. 3. Protein immunoblot analysis and T cell 
recognition. (A) Cell lystates were prepared and 
equal amounts of proteins were loaded and sep- 
arated by SDS-PACE (25). After being transferred 
to  a membrane, two CDC27 bands (unphosphor- 
ylated and phosphorylated) were detected with 
monoclonal anti-CDC27 and the ECL system. 
CDC27 protein was recognized by CD4+ T cells 
but was expressed at a lower level in the 1359mel 
line than in other cell lines tested. (B) 2931MDR4 
cells were transfected with pcDNA-CDC27w 
(wild type), pcDNA-CDC27m (mutant), and their 
respective li fusion constructs pli-CDC27w and 
pli-CDC27m. T cell recognition was evaluated on 
the basis of CM-CSF release after coculture of 
CD4+ T cells with transfectants for 18 to  24 
hours. The wild-type CDC27 was recognized by 
CD4+ T cells only when targeted by the li se- 
quence. (C) Recognition of 2931MDR4 transfected 
with pli-CDC27m (li-fused CDC27m) and pcDNA- 
CDC27m (without li fusion) by CD4+ TIL1359 at 
different relevantirrelevant cDNA ratios. 
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(Fig. 3B). Thus, the efficient targeting or relo- 
calization of CDC27 to the MHC class I1 Ag 
presentation pathway was necessary and suffi- 
cient for Ag presentation to TIL1359. 

Although the mutated CDC27 @DNA- 
CDC27m) could be recognized by CD4+ 
TIL1359 when transfected int,o 293IMDR4, the 
reactivity was relatively weak compared with 
the Ii-fused mutated CDC27 (pIi-CDC27m) 
(Fig. 3B). Titration experiments demonstrated 
that CD4+ TIL1359 could recognize the Ii- 
h e d  mutated CDC27 at dilutions of greater 
than 1 : 128 but failed to recognize the mutated 
CDC27 without Ii h i o n  at any dilutions great- 
er than 1 :2 (Fig. 3C). These results suggested 
that the Ii h i o n  significantly increased the 
efficiency of Ag processing and presentation 
through the MHC class I1 pathway and thus the 
sensitivity of T cell recognition. 

We next examined whether the Ser711+Leu 
mutation affected the intracellular relocaliza- 
tion of CDC27 with an antibody to CDC27 
and found that CDC27 was predominantly 
located in the cytoplasmic compartments of 
1359mel cells (Fig. 4). In contrast, CDC27 in 
1102mel and HEK 293 cells was mainly lo- 
cated in the nucleus, and only a small pro- 
portion in the cytoplasm (Fig. 4). This sup- 
ported the hypothesis that the Ser7I1+Leu 
mutation affected relocalization of the 
CDC27 protein, which led to the generation 
of an epitope for T cell recognition in the 
MHC class I1 pathway. 

To determine whether this genetic approach 
could be used to identify other Ags presented on 
MHC class I1 molecules and recognized by 
CD4+ T cells, we studied CD4+ TIL1558 cells 
derived from melanoma patient 1558. These 
CD4+ TIL1558 could recognize an autologous 
tumor cell line (1558mel), but not autologous 
EBV-B cells (158EBV), nor other MHC class 
II-positive EBV-B and tumor cell lines (Fig. 
5A). CD4+ TIL1558 recognized both whole 
(class II+) 1558 tumor cells and cell lysates of 
1558mel pulsed on MHC-matched EBV-B cells 
and restricted by HLA-DRpl*0101. The Ag 
recognized by TIL1558 is a mutated Ag identi- 
fied with a biochemical approach (7). An Ii- 
cDNA hsion library was prepared from 
1558mel RNA, 5.0 X 104 cDNA clones ex- 
pressed in 293IMDR1 cells were screened with 
TIL1558, and positive pools were identified. 
After the second screening, 10 positive cDNA 
clones were isolated. The CD4+ TIL1558 rec- 
ognized 293IMDR1 transfected with cDNA 
clones 1 to 10 but not with a control cDNA (Fig. 
5B). DNA sequencing analysis indicated that all 
10 positive clones contained a mutation (C+T) 
at nucleotide position 450 in triosephosphate 
isomerase (TPI) (30). This mutation resulted in 
the substitution of isoleucine (ATT) for threo- 
nine (ACT) at amino acid position 28 and was 
identical to the previously identified mutation 
(7). The mutation was present in the 1558mel 
tumor cells but not in 1558EBV-B cells (7, 13). 

Transfection experiments indicated that CD4+ 
TIL1558 recognized 293IMDRl transfected 
with the mutated 111-length TPI gene but not 
with the wild-type TPI gene, nor 293IMDR4 
transfected with either the mutated or wild- 
type TPI (Fig. 5C), suggesting that the endo- 
genously expressed mutated TPI protein can 
be processed and presented by DRl molecules 
to CD4+ TIL1558. In this case, the mutation 
itself constituted a T cell epitope recognized 
by CD4+ TIL1558 (Fig. 5C) (7). Thus, two 
independent approaches identified the same 
mutated Ag recognized by CD4+ TIL1558, 
further validating this genetic approach for the 
identification of MHC class 11-restricted Ags. 

We have described a general method for the 
screening of cDNA libraries to identify MHC 
class 11-restricted Ags recognized by CD4+ T 
cells. This approach was used to identify an Ag 
that could not be identified by a biochemical 
approach because tumor lysates pulsed exog- 
enously onto Ag-presenting cells were not pro- 
cessed and presented efficiently for T cell rec- 
ognition. Therefore, this genetic approach is 
generally applicable to the identification of au- 
toantigens, mutated and xenogeneic Ags recog- 
nized by CD4+ T cells derived from patients 
with cancer, autoimmune diseases, or infectious 
diseases, and may be useful for the develop- 
ment of preventive and therapeutic vaccines. 

Fig. 4. lntracellular staining of CDC27 in 1359me1, 1102me1, and HEK 293 cells. The 1359me1, 
1102me1, and HEK 293 cells were fixed with 1% paraformaldehyde (PFA) and then permeabilized. 
Anti-CDC27 was used as a primary antibody followed by incubation with a fluorescein isothio- 
cyanate-conjugated anti-mouse antibody. DAPl (4',6'-diamidino-2-phenylindole) stainings in (A), 
(D), and (C) were used t o  visualize the nucleus. The same set of cells stained with anti-CDC27 (B, 
E, and H) are indicated. The overlay of DAPl and anti-CDC27 staining is shown in (C), (F), and (I). 
CDC27 in 1359mel was predominantly located in the cytoplasm, whereas CDC27 in 1102mel and 
HEK 293 cells was stained mainly in the nucleus. 
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Fig. 5. Characterization of CD4+ TIL1558 and identification of mutated triosephosphate isomerase (TPI) 
as a DRI-restricted Ag. (A) Specific -recognition of 1558mel by CD4+ TlL1558. 1363mel shared 
DR~1*0101 with 1558meL (B) After screening 5 X lo4 li-cDNA library clones generated from 1558mel 
RNA, positive cDNA pools were identified on the basis of CM-CSF release from CD4+ TIL1558. (C) 
Transfedion of 2931MDRl with the mutated plasmids pTPlm and pli-TPlm conferred T cell recognition. 
However, transfedion of 2931MDRl with wild-type plasmid pTPlw and 2931MDR4 with either wild-type 
or mutated plasmids failed to  stimulate CM-CSF release from CD4+ TIL1558. 
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BRCAI Inhibition of Estrogen 
Receptor Signaling in 

Transfected Cells 
S. Fan,'* J.-A. ~ a n g , '  R. Yuan,' Y. Ma,' Q. Meng,' 

M. R. E r d o ~ , ~  R. G. P e ~ t e l l , ~  Fang Yuan,' K. J. Auborn,' 
I. D. Goldberg,'r3 E. M. Rosenl* 

Mutations of the breast cancer susceptibility gene BRCA7 confer increased risk 
for breast, ovarian, and prostatic cancers, but it is not clear why the mutations 
are associated with these particular tumor types. In transient transfection 
assays, BRCA7 was found to inhibit signaling by the ligand-activated estrogen 
receptor (ER-a) through the estrogen-responsive enhancer element and to block 
the transcriptional activation function AF-2 of ER-a. These results raise the 
possibility that wild-type BRCA1 suppresses estrogen-dependent transcription- 
al pathways related to mammary epithelial cell proliferation and that loss of 
this ability contributes to  tumorigenesis. 

Germ llne mutations of the BRCAl gene for ovarian and prostatlc cancers (2). The 
(17q21) (1) account for 40°4 to 50% of hered- BRCAl gene ellcodes an 1863-amino acid pro- 
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