
A Gene Encoding an Antigen Recognized by resistant transfectants were obtained for 
each group and they were divided into mi- Cytolytic T Lymphocytes on a Human Melanoma crocultures of 30 independent transfeaants. 
These microcultures were allowed to ex- 

P. VAN DER BRUGGEN, C. TRAVERSARI," P. CHOMEZ, C. LURQUIN, pand, duplicated, and tested for their ability 
E. DE PLAEN, B. VAN DEN EYNDE, A. KNUTH, T. BOON? to stimulate tumor necrosis factor (TNF) 

release bv anti-E CTL clone 82/30 (11). 
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Many human melanoma tumors express antigens that are recognized in vitro by This enables identification of those pools 
cytolytic T lymphocytes (CTLs) derived from the tumor-bearing patient. A gene was that contain one transfectant that expresses 
identified that directed the expression of antigen MZ2-E on a human melanoma cell antigen E (8). Two of the 14 groups of 
line. This gene shows no similarity to known sequences and belongs to a family of at cosmids produced positive microcultures, 
least three genes. It is expressed by the original melanoma cells, other melanoma cell and the E+ transfeaants were recovered 
lines, and by some tumor cells of other histological types. No expression was observed from the duplicates. After additional trans- 
in a panel of normal tissues. Antigen MZ2-E appears to  be presented by HLA-Al; fection experiments, a total of five E+ trans- 
anti-MZ2-E CTLs of the original patient r e c o e d  two melanoma cell lines of other fectants out of 29,000 independent geneti- 
HLA-A1 patients that expressed the gene. Thus, precisely targeted immunotherapy cin-resistant transfectants were obtained 
directed against antigen MZ2-E could be provided to individuals identified by HLA with the first positive group of cosmids and 
typing and analysis of the RNA of a small tumor sample. two out of 13,000 with the second group. 

By packaging the DNA of cosmid trans- 

M OST MOUSE TUMORS EXPRESS AN- enabled the isolation of genes for antigens fectants directly into lambda phage compo- 
tigens that constitute potential recognized by CTLs on mouse tumors (7). nents, it is sometimes possible to retrieve 
targets for rejection responses in This approach is based on the transfection of cosmids that contain the sequences of inter- 

syngeneic hosts (1). Against some of these cosmid libraries prepared with DNA of cells est (7, 12). This procedure was unsuccessful 
tumors, highly active and specific CTLs can that express the relevant antigen. Transfec- here, so we rescued the transfected sequence 
be derived from immunized animals by re- tants expressing the antigen are identified by by ligating DNA of the transfectant to ap- 
stimulation in vitro with tumor cells (2) .  their ability to stimulate the appropriate propriate restriction fragments of cosmid 
That the antigens recognized by these CTLs CTLs. As a first step, we tried to obtain vector pTL6 (13). This was tried with two 
in vitro can be effective tumor-rejection an- transfectants expressing antigen MZ2-E (E) transfectants and was successful with trans- 
tigens is indicated by the finding that tumor with genomic DNA of an E+ MZ2-MEL fectant 7.4: cosmid B3 was obtained, which 
cells that had escaped immune rejection in subline. The DNA was transfected into E- transferred the expression of antigen E at 
vivo were found to be resistant to the tu- antigen-loss variant MZ2-MEL.2.2, which high efficiency. Transfectants obtained with 
mor-specific CTLs (3). had been obtained by selection with an this cosmid were as sensitive to lysis by the 

For human tumors, autologous mixed anti-E CTL clone. A transfectant was ob- anti-E CTLs as the original melanoma cell 
cultures of tumor cells and lymphocytes can tained that was lysed by autologous anti-E line (Fig. 1). 
generate CTLs that lyse the tumor cells (4). CTL clone 82/30 (8). Cosmid B3 was digested with Sma I and a 
These anti-tumor CTLs do not lyse targets A library of 700,000 independent 12-kb fragment could transfer the expres- 
of natural killer cells and autologous control cosmids was prepared with DNA of an E+ sion of the antigen (Fig. 1). After the frag- 
cells such as fibroblasts or EBV-transformed MZ2-MEL subline and groups of 50,000 ment was digested with Bam HI, a 2.4-kb 
B lymphocytes. However, it is difficult to cosmids were amplified (9 ) .  DNA from each fragment was found to transfer the expres- 
evaluate to what extent the antigens recog- group of cosmids was cotransfected into E- sion of antigen E at high efficiency (Fig. 1). 
nized on human tumors by autolo- line MZ2-MEL.2.2 together with plasmid This small fragment was used as a hybrid- 
gous CTLs are relevant for tumor rejection. pSVtkneop, that confers resistance to ge- ization probe on a Southern (DNA) blot 

We have obtained a panel of autologous neticin (10). Approximately 5000 geneticin- prepared with Bam HI-digested DNA of an 
CI'L clones (5) that lyse melanoma cell line 
MZ2-MEL, which was derived from patient 
MZ2. By selecting clonal sublines of MZ2- Targets 

MEL that are not killed by these CI'L 
clones, we obtained antigen-loss variants 
that were resistant to subsets of the CTL 8 
clones, demonstrating that autologous 1 80- 

g! 
CI'Ls recognize a total of six independent 6 s o  
antigens on MZ2-MEL (6). We then at- 

G tempted to identify the gene for one of these 
antigens, MZ2-E, by an approach that had @ 20- :: - 

s 0- 
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E+ subline of MZ2-MEL and of the E- 
antigen-loss variant. The arpeaed 2.4kb 
band was observed only with the DNA of 
the E+ melanoma cell (Fig. 2), indicating 
that the E- variant had lostthe ~[~ress ion  of 
the antigen as a result of a deletidn &- 
the ~levant gene. Partial or complete dde- 
dons of tumor-antigen gcws also occur in 
antigen-loss variants of mouse tumor cells 
(14). In addition to the 2.4kb band, the 
  robe hvbridized to s e v d  additional bands 
bf &nt intensities, suggesting that the 
gene responsible for the production of anti- 
gen E has sequence similarities to several 
other gems. 

The sequence of the am&aing 2.4kb 
genomic segment showed no significant 
similarity to any sequence presently record- 
ed in data banks (15). Northern (RNA) 
blots and a cDNA library were prepared 
with RNA of E+ subline MU-MEL.3.0 
(16). Thc 2.4kb segment hybridized to an 
mRNA of approximately 1.8 kb on a North- 
ern blot. ~ D N A  clones were obtained whose 
sequences were identical to parts of the 
2.4kb genomic hgment, thereby identify- 
ing two exons in this fragment. The position 
of one additional exon located upstream was 
obtained by sequencing segments of cosmid 
B3 that were located in front of the 2.4kb 
Bam HI fkgment. The gene artends over 
approximately 4.5 kb (Fig. 3). The starting 
point of the transaibcd region was con- 
h e d  by polymerase chain &action (PCR) 
amplification of the 5' end of the cDNA 
(17). Thc three exolls are 65,73, and 1551 
bp, rtspcaivcly (Fig. 3). An A X  located in 
position 66 of exon 3 is followed by an open 
reading frame of 828 bp. 

The ability of the 2.4kb gene fiagmcnt to 
mnsfer the &pression of an* ~~conficms 

& A &  
2 2 2  

kb Fig. 2. Identification ofa 
-12 p o m i c  deletion in the 

E- antigen-loss variant. 

- 8 
The 2.4kb Bun HI 
frament which sans- 

SmaI Bam HI 

4 4 + + 4 

U Y  

F W  -Iring 
expression of antigen E 

912 
ns 

Flg. 3. Suucturc of the gm of antigen MZ2-E 
and restriction sites. Exom arc indicated as black 
boxesandtheopcnreadingfnmcinexon3is 
markcdinwhile. Bodaliesoftansfectingfag- 
mats arc indicated relative m the first nuclcotlde 
of exon 3. 

gcnc that directs the expression of antigen 
MU-E and MAGE-2 and -3 for the two 
other gmes (Fig. 4). Analysii of the third 
exon showed that the two additional cDNAs 
are more closely dated to each other (12% 
differences) than to the first (18.1% and 
18.9% differences). Out of nine cDNA 
clones obtained with RNA of M U -  
MEL.3.0, three of each type were obtained, 
suggesting approximately equal expression 
of the three genes. It is possible that other 
closely dated genes are expressed in lower 
amounts in these cells. 

Ex~criments with mouse tumors showed 
thatkantigensrecognizedby~cellscan 

previous observations that truncated genes result from point mutations in the coding 
lacking the promoter can efEaently transfer region of active genes. New antigens can 
CT'L. cpitopes (7). Smaller regions of the also arise from the activation of gems that 
gene corresponding to parts of the 2.4kb are not expressed in most nonnal cells (7). 
fragment were cloned and tested by trans- To darifj. this issue for antigen MU-E, we 
fe&on into E- cells. Three segments trans- 
ferred the expression of the antigen (Fig. 3). 
Thus, the gem probably encodes the anti- 
genic peptide mognked by the anti-E 
CTLs, as opposed to producing a protein 
that activates the encoding gene. The encod- 
ing sequence would be where all transticting 
fhgments overlap, as is the case for the four 
mouse nunor antigens that we have studied. 

Two nonidentical dlNA species wcre 
also found when the cDNA library was 
probed with the 2.4kb hgment. This con- 
finned the existence of a gene family sug- 

compared the MAGE-1 present in the 
melanoma cells to that present in normal 
cells of patient MZ2. We amplified by poly- 
merase chain reaction (PCR) the DNA of 
phytohemagglutinin-activated blood lym- 
phocytes with primers surrounding a 1300- 
bp stmch covering the 6rst half of the 
2.4kb fhgment. A A R  product was ob- 
tained, whereas none was obtained with the 
DNA of the E- variant. The sequence of 
this PCR product was identical to the cor- 
responding sequence of the gene carried by 
the E+ melanoma cells. Moreover, we found 

gated by the pattem OM on &e that antigen MU-E was expmsed by cells 
Southern blots (Fig. 2). In contrast with the trambd with the cJoned PCR product. 
first cDNA, the second and the third types Thus, the activation of a normal gene is 
of cDNA wcre unable to transfer the c*- responsible for the apptarana of &tigen 
sion of antigen E in transfertion expexi- MU-E. One may wonder how E- antigen- 
ments. No significant homology was found loss variants could be obtaimd in these cir- 
by comparing the sequences of the two cummms, because both copies of the gene 
additional cDNAs to those presently record- would have to be inactivated. The same phc- 
ed in gene banks (15). We propose the name nomenon has been observed with homoq- 
"MAGE" (melanoma antigen) for this new gous mouse tumor P815 (3). One qlana-  
gcnc family, w i t h M A ~ ~ - I  rekcring to the Gon would be the exheme among the 

fet;;d the expression of 
- 6 antigen MZ2-E, was la- 

beled with 3ZP and wd 
- 4  a s a p r o b e o n a S o u ~  

blot of Bun HI-digest- 
- 3 ed DNA of E+ clonal 

subline MZ2-MEL3.0 *- and of E- variant MZ2- 
- 2 MEL.2.2. The 2.4kb 

band is absent in the lam 
of the E- variant. The 
DNA of CTL done 821 
30 of patient MZ2 dis- 

- 1 played the same bands as 
the E+ mclanoma cells. 

Fig. 4.,Part ofexon 3 ofgcm MACE-I, which directs thc expression ofantigen MZZE, and ofrrlatcd 
genes MACE-2 and MACE-3. Lowercase kaas in dK two l a w  supaiccs indicate diff;aaws relative 
m MACE-1. Numbering is relative m thc 6rst nudcotide of aton 3. Oligonucleatides CHO-8 and 
CHO-9 wae uscd m prime the mast uanscriptio~ and PCR mplilication of Fig. 6. Oligonudeo- 
tides SEQ-4, CHO-2, and CHO-3 were used as s@c hybridization probes dkaimkting MACE-1, 
-2, and -3. The codom of the open reading h e  are indicated by points. 
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cultured d populations of a subset of cells 
that am haploid fbr the rrkvam chromosome. 

To evaluate the expression ofMAGE-1 by 
various n o d  and tumor &, we hybrid- 
ized Northern blots with a probe covering 
most of the third exon. In contrast with the 
result obsavad with tumor ell line M U -  
MEL.3.0, no band was observed with RNA 
isolated from a CTL done of patient MZ2 
and phytohana&utinin-activated blood 
lymphocytes of the same patient. Also neg- 
ative were several normal tissues of other 
individuals (Fig. 5 and Table 1). Ten of 14 
melanoma d lines of other patients were 
positive to varying degrees. l'ko of four 
samples of melanoma tumor tissue, indud- 

ing a metastasis of patient MZ2, were pos- 
itive, excluding that the expression of the 
gene represented a tissue culture artifact. 
Some tumors of other histological types 
were also positive (Fig. 5 and Table 1). 
Thus,thelUACEgenefaadyisexpressed 
by many melanomas and also by other tu- 
mors. However, because the probe crass- 
hybridk, there was no dear indication as 
towhichofthethreegemswereexpressed 
by these cclls. We tlx&ore resorted to PCR 
a&plification and hybridization with specific 
oligonudeotide probes. d ) N h  were o b  
tained and amplified by PCR with oligonu- 
deotide primers that corresponded to se- 
qumces of exon 3 that were identical fbr the 

Other mebnoms Other tumors 

ol 0 
0 Q A 

Probes 

MAGE - 

Fig. 5. Norrhan blot analysis of the -ion of MAGE-1 in tumor cell lims, tumor samples, and 
n o d  human tissues. All lanes contained 20 oftotal RNA and werc hybridized with a 1.3-kb DNA 
probe a t c n d q  from positions 255 m 1544 of aon 3 of MACE-1 and with a pactin p& (21). 
Hybdkation with both probes was performed successively on the saw blot. Hybridization and 
washing conditions were the samc for all the expwhcnts. 

Normal Other Normal 
tlssues Melanomas tumors llssues Melanomas Other tumors 

Rg. 6. Detection of the atprrssion ofMAGE-1 and of related genes MAGE-2 and -3 by revase 
tramziption and PCR amplification. Total RNA was amactad from the tumor cdl lines, tumor 
samples, and normal human tissucs. Oligonuckotiidcs CHO-8 and CHO-9 (Fig. 4), which correspond 
m idcnfid regions in UAGE-1, -2, and -3 wac used m prime CDNA synthesis and PCR amplification 
(22). l'hc FCR products werc fadonated by size in agarose gcls and blotted on nidulosc. The 
blots wac hybdmd With o ~ u d e o t i d e s  probes SEQ-4, CHO-2, and CHO-3, which arc highly 
specific fbr scqua~cs ofMAGE-1, -2. and -3. ~~Y (Fig. 4). This wediatv is demonstrated in 
tbc right part &f the 6gurc s h o d  h;bridizahonhith th& &probes & ~ ~ ' a m ~ l i f i c d  MACE-1, 
-2, and -3 cDNA doncs. The nidulosc fitters comsponding m both panels wac hybridized, 

threeMAGEgenes .ThtPCRp~wae 
then tested fbr their abilitv to hvbridize to 
three other O l i g O n ~ L  &t s h o d  
complexe specificity tbr one of the three genes 
(Fig. 4). Control experknts that were done 
by diluting RNA of mtlanoma MZZ 
MEL.3.0 into RNA from negative cells indi- 
cated that unckr our conditions the intensity 
of the signal d d  proportionaliy to th; 
dilutionandthatpositivesignalscouldstillbe 
detected at a dilution of 1/300. The normal 

to be negative fbr the &pression of the three 
MACE genes, suggesting a 1 4  of expm- 
sion of < lMOO that of the MZ2 melanoma 
cell line (Fig. 6). Some melanomas cxprtsscd 
m E  genes 1,2, and 3 deltas othes 
e x p d  only MACE-2 and -3 (Fig. 6 and 
Table 1). Some of the other tumors also 
e x p k  all thnx genes, 0 t h  ex- 
p d  only MACE-2 and -3 or only 
MCE-3. The MACE gene f h d y ,  thus, is 
e x p m d  by a large array of difiimat tumors 
andnotbymostnormalcells.TheMACE 
genes may participate in tumor transfixma- 
tion or in aspects of tumor progression such 
as the abiity to metamsize. The ohsexvation 

mas shows that & ofdi&rent patients 
can express the same tumor rejection antigen 
rrcogtllzad by autologom CTLs. 

We also deermined the associated major 
himcompatibility complex (MHC) dass I 
molecule. The dass I specificities of patient 
MZ2 are HLA-A1, A29, B37, B44, and C6. 
Four other melanomas of patients that had 
A1 in common with MZ2 were cotrans- 
fected with the 2.4-kb fragment and pSVt- 
w. Three of them yielded noo' tramfix- 
tants that stimulated TNF release by anti-E 
CTL clone 82/30, which is CD8+ (Table 1). 
No E+ tt.dnsfectant was obtained with fbnr 
other melanomas, some of which shared 
A29, B4-4, or C6 with MZ2. Thus, the 
presenting molecule fbt antigen MZ2-E is 
probably HLA-Al. E i t  melanomas of pa- 
tients with HLA haplotypes that did not 
include A1 were aumimd for their sensitiv- 
ity to lysis and for their ability to stimulate 
TNF release by the CTLs. None were pos- 
itive even tho;gh three expressed MICE-I 
(Table 1). Out of six melanoma cell lines 
derived fiom tumors of HLA-A1 patients, 
the two lines that expressed UAGE-1 also 
stimulated TNF release by anti-E CT'L clone 
82/30 of patient MZ2. One of these tumor 
cell lines, MI13443-MEL, also s h o d  high 
sensitivity to lysis by these antiB CIZs 
(Fig. 1). The ability of some human anti- 
tumor CTLs to lyse allogeneic tumors that 
share an appropriate Hif i  spediaty with 
the original tumor has been reported (18). 

It is dEcult to definitively establish that 
washed, and aumradiographcd together. 
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mor cells by autologous (;TLs constitute po- 
tential targets for immune rejection in vivo. 
This relevance has been demonstrated for 
mouse tumor antigen P815A (3), and we find 
a striking similarity between this mouse tu- 
mor rejection antigen and antigen E of hu- 
man melanoma MZ2-MEL. Both antigens 
are on tumors that express four to six antigens 
recognized by autologous CTLs (3, 6).  The 
genes coding for both antigens appear to be 
silent or quasi-silent on most normal tissues 
and are activated in the tumors. The se- 
quences of both genes appear to be identical 
in normal tissues and in the tumors. Finally, 
both genes are expressed in several indepen- 
dent tumors, resulting in the expression of the 
antigen in those tumors that cany the appro- 
priate class I MHC molecule. 

The finding that a potential tumor rejec- 
tion antigen is shared by a significant pro- 
portion of human tumors and the ability to 
identify these tumors readily on the basis of 
their expression of the relevant gene may 
have important implications for cancer im- 
munotherapy. Small tumor samples of 
HLA-A1 individuals [26% of total in Cau- 
casian populations (19)] could be frozen and 
the RNA tested by reverse transcription and 
PCR amplification to identify the tumors 
that express IMAGE- 1. These tumors should 
express antigen E and may therefore be 
sensitive to an anti-E T lymphocyte re- 
sponse. Additional study will be required to 
assess how much W G E - 1  expression is 
needed for effective production of antigenic 
peptides as well as the critical density of class 

I molecules and adhesion molecules re- 
quired at the cell surface. But eventually this 
should lead to precisely targeted strategies of 
active or passive immunization. A promising 
possibility for active immunization involves 
the use of cells engineered for high expres- 
sion of IMAGE-1, HLA-A1, and possibly 
genes coding for some adhesion molecules 
and interleukins. 
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Cell-Free, De Novo Synthesis of Poliovirus 

cell-free translation of poliovirus RNA in an extract of uninfected human (HeLa) cells 
yielded viral proteins through proteolysis of the polyprotein. I n  the extract, newly 
synthesized proteins catalyzed poliovirus-specific RNA synthesis, and formed infec- 
tious poliovirus de novo. Newly formed virions were n e u t r a k d  by type-specific 
antiserum, and infection of human cells with them was prevented by poliovirus 
receptor-specific antibodies. Poliovirus synthesis was increased nearly 70-fold when 
nucleoside triphosphates were added, but i t  was abolished in the presence of inhibitors 
of translation or  viral genome replication. The ability to conduct cell-free synthesis of 
poliovirus will aid in the study of picornavirus proliferation and in the search for the 
control of picornaviral disease. 

v IRUSES ARE COMPLEX AGGREGATES 

of organic macromolecules that as- 
semble from multiples of either a 

few or many distinct building blocks (1). 
Cell-free morphogenesis of infectious virus 
particles, in contrast to de novo synthesis, 
has been reported with some plant viruses 
and bacteriophages (2). In these cases, the 
viral structural components were isolated 
from virions or from infected cells. ALL pre- 
viral attempts to assemble animal viruses, 
including members of the Picornaviridae 
family, have been unsuccessll. 

The prototype picornavirus, poliovirus, is 
a non-enveloped, icosahedral particle con- 
sisting of a single-stranded RNA genome 
that is surrounded by 60 copies each of 
capsid polypeptides VP1 and VP3,58 to 59 
copies each of VP2 and VP4, and one to 
two copies of VPO, the precursor to VP2 
and VP4 (3-5). Poliovirion formation in- 
volves the proteolysis of the capsid polypep- 
tide P1 and the formation of 
"immature" protomers [(VPO,VPl, and 
VP3),], procapsids (an empty shell consist- 
ing of 12 inimature protomers) and, possi- 
bly, "provirions" (3). Provirions are nonin- 
fectious RNA-containing particles whose 
VPO polypeptides have notbeen cleaved to 
yield the mature virion (6). The formation 
of provirions in a cell-free extract of polio- 
virus-infected HeLa cells has been described 
but, for unknown reasons, these particles 
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did not "mature" to virions (7). Palmenberg 
(8) and Grubman et al. (9) have succeeded in 
assembling capsid intermediate structures by 
translating, in rabbit reticulocyte lysates, 
RNAs of the picornaviruses encephalomyo- 
carditis virus and foot-and-mouth disease 
virus. Formation of infectious particles in 
these lysates was not reported, and it is 
conceivable that the rabbit reticulocyte ly- 
sate lacks components essential for morpho- 
genesis (1 0). 

Numerous problems concerning the 
structure and replication of picornaviruses 
remain unsolved. These include the function 
of virus-encoded polypeptides, the, mecha- 
nism of initiation of polyprotein synthesis, 
the mechanism of genome replication, spe- 
cific steps in morphogenesis, and the in- 
volvement of cellular components in viral 
proliferation. Here we describe a procedure 
for de novo synthesis of infectious polio- 
virus in a cell-free system. We provide evi- 
dence not only for the formation and prote- 
olytic processing of the polioviral polygro- 
tein in vitro, a result reported previously 
(11), but also for viral RNA synthesis and 
assembly. 

We have prepared a cell-free extract from 
uninfected HeLa cells (12) capable of trans- 
lating RNA of poliovirus type 1 (Mahoney) 
[PVI(M)] with great accuracy (Fig. 1). ALL 
viral proteins were visible, with the excep- 
tion of capsid proteins VP2 and VP4. On 
longer exposure of gels (approximately 96 
hours) a band migrating to the position of 
VP2 emerged (13). However, there was too 
little material to confirm the identity of the 
polypeptide by immunoprecipitation with 
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