
natively, the presence of the c2 homodimer 
might prevent the coupling of the TCR to 
phosphoinositide turnover in coinplexes 
containing c2. It should be noted that a 
dichotomy was found in MA 5.8 between 
the ability of anti-CD3-E and antigen to 
induce IL-2 production. A similar compari- 
son must be made for tyrosine phosphorpl- 
ation in the new variants to determine if 
CD3-cq is important for coupling TCR 
occupancy to a tyrosine kinase pathway. 

Although the generation of IP and the 
activation of PKC-dependent phosphoqrl- 
ation correlate with the amounts of CD3- 
{q, this does not constitute proof that these 
events are directly related to TCR composi- 
tion. However, the correlation benveen the 
structural and the physiological data does 
suggest a novel biological mechanism 
whereby a single ligand-binding molecule 
can initiate independent intracellular path- 
ways due to an association with different 
signal transducing elements. 

REFERENCES AND NOTES 

1. J. Borst, S. Alexander, J .  Elder, C. Terhorst, J. Biol. 
Chem. 258, 5135 (1983); J. Borst, M. A. Prendi- 
ville, C. Terhorst, Eur. J .  Immuttol. 13, 576; L. E. 
Samelson, J .  B. Harford, R. D. Klausner, Cell 43, 
223 (1985); H.  C. Oettgen, C. L. Pettey, W. L. 
Maloy, C. Terhorst, Nature 320, 272 (1986). 

2. M. Baniyash, P. Garcia-Morales, J. S. Bonifacino, L. 
E. Samelson, R. D. Klausner, J. B~ol .  Chem. 253, 
9874 (1988). 

3. A. M. Weissman et al., Sclence 239, 1018 (1988). 
4. 0. Leo, M. Foo, D. H.  Sachs, L. E. Samelson, J. A. 

Bluestone, Proc. .Vaatl. Acad. Sci. U . S . A .  84, 1374 
(1987). 

5. M. MerCep, J. A. Bluestone, P. D. Noguchi, J. D. 
Ashwell, J. Imm~mol. 140, 324 (1988). 

6. Two (BIO.A x AKR)FI mice were injected subcu- 
taneously with 2B4.11 T cells and treated with 
intraperitoneal injections of anti-CD3-E (2 kg per 
mouse eveq other day for 14 days). The tumors that 
appeared at the site of inoculation in both animals 
were excised and the cells cultured. One tumor line 
expressed low levels of TCR, as judged by immuno- 
fluorescence staining with MAb A2B4-2 (anti- 
TCR-a). Cloning by limiting dilution vielded five 
subclones, all of which stained onlv weakly with 
anti-TCR-a and responded poorly (with IL-2 pro- 
duction or inhibition of growth) to stimulation with 
antigen or anti-CD3-E. Imnunoblots detected little 
or no CD3-I chain on the five clones. The other 
tumor line was heterogeneous in its expression of 
anti-TCR-a-reactive material and was cloned nvice, 
yielding 6 and 150 subclones, respectively. Immu- 
noblots with anti-CD3-5 revealed manv of these 
subcloncs to be deficient in c D 3 - c ~  (2 of 6 in the 
first subcloning, 28 of 80 tested in the second 
subcloning) . Of these, two T cell hvbridomas from 
independent subclonings that expressed the lowest 
levels of CD3-(9 were selected for further analysis: 
EV.3 and 2M.44. 

7. J. J .  Sussrnan et a1 , Cell 52, 85 (1988). 
8. M. Mertep et al., unpublished obsen~ation. 
9. L. E. Samelson, R. N. Germain, R. H. Schwam, 

Roc. Natl. Acad. Sci. C . S . A .  80, 6972 (1983). 
10. M. Merdep ef al., data not shown. 
11. K. Resch, E. W. Gelfand, K. Hansen, E. Ferber, 

Eur. J. lmmu,~ol. 2, 598 (1972); D. Y. Hui and J. A. 
Harmony, Biochem. J. 192, 91 (1980); J .  B. Imbo- 
dcn and J. D. Stobo, J. Eup. Med. 161,446 (1985). 

12. J .  J. O'Shea et a1 , J .  In~munol. 139, 3463 (1987). 
13. J. J. Sussman eta!., Nature 334, 625 (1988). 
14. P. C. Sternweis and A. G. Gilman, Pror, hbtl .  Acad. 

Sci. U . S . A .  79,4888 (1982); P. F. Blackmore, S. B. 
Bocckino, L. E. Waynick, J. H. Exton, J .  Biol. Chem. 

260, 14477 (1985); C. F. Strnad and K. Wong, 
B~ociiem Biophys. Res. Cornmun. 133, 161 (1985). 

15. M. Patel, L. E. Sanelson, R. D. Klausner, J .  Biol 
Chem. 262, 5831 (1987). 

16. L. E. Samelson, M. D. Patel, A. M. Weissman, J. B. 
Harford, R. 13. Klausner, Cell 46, 1083 (1986). 

17. In experiments ( n  = 2) to analyze tyrosine phospho- 
rylation of CD3-(, unlabeled 2B4.11 and EV.3 cells 
were stimulated with LK 35.2 ceUs and a 4% find 
concentration of anti-CD3-E supernatant. Antigen 
receptors were immunopurified as above and sub- 
jected to SDS-PAGE. The proteins were transferred 
to nitroceilulose, and CD3-I chains phosphorylated 
on tyrosine residues were detected with affinity- 
purified antibodies to phosphotyrosine and 1251- 
labeled protein A (14). To normalize for differences 
in receptor nunber benveen the two cell types, 
2B4.11 and EV.3 cells were labeled with "P and 
stimulated with doses of PMA that give maximal 
and stoichiometric CD3-y phosphoiylation (15). 
The level of phosphonilation was determined by 
dcnsitometry after NEPHGEISDS-PAGE, Relative 

tyrosine phosphorylation of CD3-5 is expressed as 
the ratio of arbitrary absorbance units: (EV.351 
EIT.3y) to (2B4.11j12B4.11y). In experiments ( t i  = 
2) to analyze phosphoinositide hydrolysis, relative 
receptor density was evaluated by indirect immuno- 
Auoresence. Comparison of this technique with 
densitolnetric analysis of PMA-induced phosphoryl- 
ation yielded comparable results when used for 
normalization. The data represent the arithmetic 
average of niro independent experiments each. 

18. L. E. Samelson et al., J. Immunol. 137, 3254 
(1986). 

19. S.  M. King, T. Otter, G. B. Witman, Proc. ,Vat/. 
Acad. SCI .  L7.S.A. 82, 4717 (1985). 

20. J. Kappler, J. White, D .  Wegnlann, E. Mustain, P. 
~ a r r a c k ,  ib~d. 79, 3604 (1982). LK 35.2 cells 
provide the Epk:Eek class I1 mo1;cule necessary for 
presentation of pigeon cytochrome c to 2B4.11 cells 
aid the Fc receptors necessary for cross-linking the 
anti-CD3-E. 

13 June 1988; accepted 1 September 1988 

Limited Immunological Recognition of Critical 
Malaria Vaccine Candidate Antigens 

Current vaccine development strategies for malaria depend on widespread immuno- 
logical responsiveness to candidate antigens such as the zygote surface antigens and the 
sporozoite coat protein, the circumsporozoite (CS) protein. Since immunological 
responsiveness is controlled mainly by genes mapping within the major histocompati- 
bility complex (MHC), the humoral immune response to the zygote surface antigens 
and the cytotoxic T lymphocyte (CTL) response to the CS protein were examined in 
MHC-disparate congenic mouse strains. Only two of six strains responded to the 230- 
kilodalton zygote surface antigen and another two strains responded to the 48/45 
kilodalton surface antigen. From two mouse strains, expressing between them five 
different class I MHC molecules, there was recognition of only a single CTL epitope 
from the CS protein, which was from a polymorphic segment of the molecule. The 
restricted CTL response to this protein parallels the restricted antibody response to 
this protein observed in humans and mice. These findings suggest that subunit malaria 
vaccines now being developed may be ineffective. 

T HE ABILITY OF AN INDIVIDUAL TO 

respond to a given antigen is gov- 
erned by immune response (IY) genes 

and the repertoire of immunoreactive lym- 
phocytes. Iv genes, which encode the poly- 
morphic MHC molecules, function by the 
ability of their gene products to bind T cell 
antigenic sites derived from the antigen (1). 
IY genes control both CTLs (by class I MHC 
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molecules) and helper T cells. Helper T cells 
are responsible for helping antibody produc- 
tion by B cells as well as for antibody- 
independent cellular immunity (by class I1 
MHC molecules). Although there are con- 
straints on which regions of a protein can 
function as T cell epitopes (2), it was expect- 
ed that most foreign proteins would contain 
sufficient T epitopes such that they would be 
recognized by most members of the species. 
Indeed, foreign proteins such as hepatitis B 
surface antigen with a monomeric size of 26 
kD and staphylococcal nuclease (17 kD) are 
recognized by most strains of congenic mice 
that differ in their MHC-encoding region 
(H-2) (3) .  

Natural immunity to malaria is often slow 
to develop, and in regions endemic for 
malaria, children are fully susceptible for a 
number of years. Most adults in endemic 
regions are parasitemic because of poor im- 
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munity to blood stage parasites and little or 
no immunity to sporozoite or hepatic stage 
parasites (4). Despite repeated infections, 
most adults from malaria-endemic regions 
lack transmission blocking immunity- that 
would block infection of malaria to mosqui- 
toes and thus prevent fUrther transmission 
of the disease (5, 6). If such lack of immuni- 
ty reflects a lack of responsiveness to critical 
individual antigens as a result of Zr gene 
control, the subunit vaccine approach for 
malaria would be challenged. We examined 
whether there was widespread Zr gene-con- 
trolled nonresponsiveness to critical anti- 
gens. 

We initially examined the humoral im- 
mune response to zygote surface antigens 
that are known targets of antibody-depen- 
dent transmission blocking immunity (7). 
Different strains of H-2 congenic mice were 
immunized with three injections of purified 
zygotes (8) of the 3D7 clone of Plmmodium 

a 
Strain 

I -A  
I -E 

falcipatum (9). The sera produced were used 
to immunoprecipitate either ' 2 5 ~  surface- 
labeled zygotes or ["Slcysteine metabolical- 
ly labeled zygotes (10). Three major surface 
antigens are targets for transmission-block- 
ing antibodies (11-13). The 230-kD and 
48145-kD antigens are present in the game- 
tocytes that circulate within the human host 
and are readily iodinated, whereas the 25- 
kD antigen is expressed on the zygote and 
ookinete, both of which occur only in the 
mosquito (14). As shown in Fig. la, most 
strains were nonresponsive to either the 
230-kD or 48145-kD antigens. Although 
there was some variation within strains, 
most of the variation was between strains. 
Some of the weaker immunoprecipitation of 
the 230-kD antigen (for example, sera 1 and 
5 fiom the B10.D2 group) may represent 
coprecipitation with the 48145-kD antigen, 
as described (15). Note that only one strain, 
BlO.BR, recognized a 40-kD gamete sur- 

Flg. 1. (a) Restricted recognition of 230-kD and 48145-kD $metelzygote surface antigens by MHC- 
disparate conge~c  mouse strains. Immunoprecipitation of *'I surface-labeled zygotes by sera from 
individual mice, as indicated (10). Lanes: MAb, immunoprecipitation by a mixture of monoclonal 
antibodies (MAbs) IIC5-B10 (12) and 1B3 (1 1) to the 48145-kD and the 230-kD antigens, respectively; 
antigen, a portion of nonprecipitated antigen was separated by electrophoresis; NMS, a pool of 
preimmune normal sera. I-A and I-E refer to the two class I1 molecules expressed by these Merent H-2 
congenic strains. B10 and BlO.S(A) strains do not express an I-E molecule. (b) Widespread 
recognition of 25-kD zygote surface antigen. Immunoprecipitation of ["S]cysteine metabolically 
labeled zygotes by sera as in (a). Lane MAb, immunoprecipitation by MAb 1C7 (26). 

face antigen. The antibody response to the 
25-kD antigen, apparent from the experi- 
ment depicted in Fig. la, was shown better 
when the antigen was metabolically labeled 
with [35S]cysteine (Fig. lb). In contrast to 
the immune responses to the 230-kD and 
48145-kD antigens, most strains responded 
well to this antigen. 

Although the CD4 (T helper) epitopes 
have not been determined for the 230-kD 
and 48145-kD gamete surface antigen vac- 
cine candidates, our data suggest that they 
must be limited in number. Since antibody 
is the critical form of immunity (7), an 
infection with a parasite not containing a 
helper T epitope for a given antigen would 
not stimulate an antibody response to that 
antigen (16). Although gametocytes infec- 
tious to mosquitoes appear only 12 or more 
days after blood infection, infection would 
not boost immunity, and transmission to 
mosquitoes would go unimpeded. We pro- 
pose that these parasite antigens have 
evolved to have limited T cell epitopes so as 
not to boost transmission blocking immuni- 
ty during infection. In contrast, antibody 
response to the 25-kD protein is not restrict- 
ed. This protein is expressed in the mosquito 
and probably not in humans (14). Thus, 
there may never have been immune pressure 
on this protein to evolve limited T cell 
epitopes, as antibody to 25-kD antigen is 
not induced during infection (6). 

The different Zr gene control of the anti- 
body immune response to the different ga- 
mete surface antigens indicates that T cells 
that recognize one membrane-associated 
antigen cannot provide help for B cells that 
recognize a different antigen. This is in 
contrast to the immune response to certain 
viral proteins, where helper T cells specific 
for an internal viral protein can provide help 
for B cells specific for a surface viral protein 
(17). 

We next examined the immune response 
to the arcumsporozoite (CS) protein, 
which is a target antigen of antibody before 
hepatocyte invasion by sporozoites and of 
CTLs, probably after invasion of hepato- 
cytes (18, 19). The antibody response to the 
CS protein of P. falcipatum is restricted in 
terms of the number of individuals that 
respond to it in both humans (20) and mice 
(22). The studies in mice showed that this 
was the result of Zr gene control. Further- 
more, whereas proliferating T cells fiom 
40% of humans living in a malaria-endemic 
region of West Afiica are unable to respond 
to any of a series of overlapping peptides 
that span the entire protein, in the 60% who 
do respond, most of the response is specific 
for the polymorphic segment of the protein 
(20). While antibody to CS protein can 
protect fiom malaria sporozoites, murine 
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studies suggest that CTLs can protect more 
efficiently (18, 19). In terms of the CS 
protein-specific CTL response, human epi- 
topes have not been determined, but CTLs 
from B1O.BR (H-2k) mice immunized with 

Fig. 2. Expression of CS protein by transfected 
fibroblasts (18). Imrnunoblot of electrophoresed 
solubiliztd extracts from CS-vaccinia-infected 
3T3 cells; (lane 2); CS-transfected 3T3 cells (lane 
3 with done A2, lanc 4 with clone A3, lanc 5 with 
done A5, and lane 6 with clone B1) and uninfect- 
ed unaansfected 3T3 (H-2d) fibroblasts (lanc l), 
and CS-transfected (lane 7) and -untransfected 
(lane 8) L cell (H-2k) fibroblasts with peroxidase- 
conjugated MAb to CS protein (21). (*) Expres- 
sion of the 60-kD CS protein in both CS-vaccin- 
ia-infected and CS-transfected fibroblasts. The 
observed size of the CS protein after gel electro- 
phoresis is greater than the predicted size (27). 

either P. falciparum sporozoites or a CS- 
recombinant vaccinia virus recognize the CS 
protein (18). When the epitope was mapped 
by the use of CTLs derived from CS-vaccin- 
ia-immunized mice the response was shown 
to be restricted to a single peptide epitope 
from a polymorphic segment of the protein 
(18). This epitope was also recognized by 
CTLs derived from sporozoite-immunized 
mice. 

The degree of Zr gene-controlled respon- 
siveness to the CS protein was determined 
by transfecting fibroblasts (3T3 cells) of a 
different MHC haplotype (H-2d) with the 
CS gene (18). Expression was confirmed by 
immunoblot (21) (Fig. 2) and immunofluo- 
rescence (data not shown). B1O.BR (H-2k) 
and B10.D2 (H-2d) mice were then immu- 
nized intravenously with lo7 PFU (plaque- 
forming units) of the CS (7G8 done)- 
recombinant vaccinia virus (22). Spleen cells 
taken after 3 weeks were stimulated with 
either CS-transfected fibroblasts of the same 
H-2 haplotype, or CS-vaccinia-infected syn- 
geneic spleen cells (1 8,23). B1O.BR (H-2k) 
mice responded to the CS protein as previ- 
ously reported (Fig. 3). In contrast, spleen 
cells from B10.D2 mice immunized with the 
CS-recombinant vaccinia virus could not be 
stimulated to generate specific CTL for CS- 
transfected 3T3 cells, although they generat- 
ed vaccinia-specific CTLs (Fig. 3). Similar 
results were obtained for BALBJc (H-2d) 
mice. It is unlikely that these findings were 

Fig. 3. The CS protein is a target for CTL in H-2k mice, but not H-2* mice. a, Spleen cells pooled from 
two CS-vaccinia-imm- B1O.BR mice were stimulated in v i m  with CS-transfected L cells (done 
1) or CS-vaccinia-infected spleen cells (18), and CTL activity was measured against a panel of m d e d  
or unmodified target L cells as indicated. These CTLs do not recognize L cells transfected with an 
irrelevant gene (18). 0, spleen cells pooled from two CS-vaccinia-immunized BlO.D2 mice were 
stimulated in vitro with either CS-vaccinia-infected spleen cells or with CS-transfected 3T3 cells (18). 
The transfectant used in the experiment here was done A3, but similar d t s  were obtained with clones 
A2, AS, and B1. Specific lysis was calculated as described (18). Error bars represent +SEM (triplicate 
assays). 

due to failure of antigen processing by the 
3T3 cells, since these cells can process a 
similarly transfected protein of the human 
immunodeficiency virus (23), as well as vac- 
cinia-specific proteins (Fig. 3). Also, spleen 
cells taken from 7G8 sporozoite-immunized 
B10.D2 mice were stimulated with CS- 
transfected 3T3 cells. These also failed to 
generate CTLs even though the donor mice 
developed specific antibodies to CS protein 
of equivalent titer to those produced by 
B1O.BR mice whose spleen cells were capa- 
ble of generating CTLs after sporozoite 
inoculation. As a fiuther control, addition of 
interleukin-2 (IG2)-containing supernatant 
to the cultures did not permit the generation 
of CS-specific CTLs from CS-vaccinia-irn- 
munized or sporozoite-immunized B10.D2 
mice. Thus the defect in response was due to 
lack of ability of the protein to stimulate 
CTLs, not helper T cells. 

Thus, for two strains of MHC-disparate 
mice, one (which expresses three dass I 
molecules: Kd, D ~ ,  and L ~ )  fads to recog- 
nize the CS protein, while the other strain 
(which expresses two different class I mole- 
cules: Kk and Dk) appears to recognize a 
single epitope from a polymorphic region of 
the protein. The limitation of T cell epitopes 
within the CS protein, as well as the varia- 
tion within the single known CTL T cell 
epitope, may be the result of escape from 
immune surveillance of infected hepatocytes 
containing parasites lacking CS T cell epi- 
topes or bearing variant T cell epitopes. 

Our results highlight the challenges of 
subunit vaccine development (at least for 
sporozoite and sexual stages). The limitation 
of the CTL response as well as limitation of 
and variation within CS protein-specific 
CD4 (T helper) epitopes (20, 24), strongly 
suggest that the CS protein either alone or 
as expressed by a recombinant vector, will 
not be a suitable vaccine. It may be necessary 
to fuse the CS protein with an immunogenic 
carrier protein and rely solely on antibody- 
mediated protection. Recipients of such a 
vaccine would not always benefit from natu- 
ral boosting of their antibody response after 
natural challenge, since boosting requires 
recognition of CS-specific T cell epitopes 
(1 6). For transmission-blocking vaccines it 
will probably be necessary to fuse nonmalar- 
ial proteins as a source of stimulation for T 
helper cells, and again natural boosting dur- 
ing infection will often not occur. However, 
a ''cocktad" vaccine containing all zygote 
surface antigens could be expected to have 
greater acacy. It is possible that humans 
may have a less resmcted response to these 
critical immunogens than mice. However, it 
should be noted that two major murine T 
helper epitopes from the CS protein coin- 
cide precisely with the two immunodomin- 

SCIENCE, VOL. 242 



ant human T cell epitopes from this protein 
(20, 22, 25). The challenge facing us now is 
to use the skills of modern molecular immu- 
nology to identify means of circumventing 
immunological nonresponsiveness. 
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Single Subunits of the GABAA Receptor Form Ion 
Channels with Properties of the Native Receptor 

The a and P subunits of the y-aminobutyric acidA (GABAA) receptor were expressed 
individually in Xenopus oocytes by injection of RNA synthesized from their cloned 
DNAs. GABA-sensitive chloride channels were detected several days after injection 
with any one of three different a RNAs (al, az, and a$) or with P RNA. The channels 
induced by each of the &-subunit RNAs were indistinguishable, they had multiple 
conductance levels (10, 19,28, and 42 picosiemens), and their activity was potentiated 
by pentobarbital and inhibited by picrotoxin. The P channels usually expressed poorly 
but showed similar single channel conductance levels (10,18,27, and 40 picosiemens), 
potentiation by pentobarbital and inhibition by picrotoxin. The finding that both ol 
and p subunits, examined separately, form GABA-sensitive ion channels with perme- 
ation properties and regulatory sites characteristic of the native receptor suggests that 
the amino acid sequences that confer these properties are within the homologous 
domains shared by the subunits. 

ABA, A MAJOR INHIBITORY NEU- 

. rotransmitter, binds to specific re- 
ceptors in the vertebrate central 

nervous system. Ligand binding to the 
GABAA receptor activates chloride channels 
of multiple conductance states ( 1,2) that are 
modulaied by barbiturates and th; convul- 
sant picrotoxin (3). Immunoprecipitation 
and ~urification studies indicate that the 
native GABAA receptor consists of at least 
two subunits (a  and (3) (4-6). Photoafiity 
labeling with the GABA agonist, [3H]mus- 
cimol, suggests that the lihd-binding site 
is on the (3 subunit (7, 8). Recently, cDNAs 
encoding one P and three a subtypes (al,  
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1x2, and a j )  have been isolated from bovine 
brain (9, 10); their high degree of homology 
(-35% sequence identity) suggests that a 
and (3 subunits arose from gene duplication. 
We report that the a and p subunits of the 
GABAA receptor, expressed separately, are 
each able to form ligand-sensitive ion chan- 
nels with normal conductance, ion seleaiv- 
ity, and pharmacological properties. 

RNA was synthesized separately from a 
and (3 cDNAs and injected singly into Xeno- 
pus oocytes. Expression was assayed with 
two-electrode voltage-clamp and patch- 
clamp techniques (1 1) .  We detected GABA- 
evoked currents in oocytes injected with 
either a or (3 RNA ( ~ i ~ . .  1).   he responses 
were dose-dependent, enhanced by 50 p M  
pentobarbital, and reduced by 2.5 p M  pic- 
rotoxin. No response was seen to glycine 
(up to 100 pM). Desensitization increased 
with elevation of GABA from 1 p M  to 1 
rnM (Fig. 1A). Measurements made during 
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