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Induction of Broadly Cross-Reactive Cytotoxic T 
Cells Recognizing an HIV-1 Envelope Determinant 

An immunodominant determinant for cytotoxic T lymphocytes (CTLs) exists in the 
hypervariable portion of human immunodeficiency virus-1 (HN-1) gp160. Three 
mouse CTL lines (specific for isolates MN, RF, and IIIB) were examined for 
recognition of homologous determinants fiom distinct isolates. Only MN-elicited 
CTLs showed extensive interisolate cross-reactivity. Residue 325 played a critical role 
in specificity, with MN-elicited CTLs responding to peptides with an aromatic or cyclic 
residue and IIIB-induced cells recognizing peptides with an aliphatic residue at this 
position. CTL populations with broad specificities were generated by restimulation of 
IIIB-gpl60 primed cells with MN-type peptides that have an aliphatic substitution at 
325. This represents an approach to synthetic vaccines that can generate broadly 
cross-reactive CTLs capable of effector function against a wide range of H N  isolates. 

among different clonal isolates (12, 13);thisTHEENVELOPEGLYCOPROTEINGP~~~ 

has been used in numerous prototype 
vaccine preparations designed for pro- 

phylaxis against or immunotherapy of infec- 
tion by HIV-1 or its close simian lentivirus 
relatives (1-4). Studies in humans and mice 
have revealed a small region of this protein, 
called the V3 loop, between cysteine residues 
303 and 338, that evokes the major neutral- 
izing antibodies to the virus (5-7) and stim- 
ulates both helper and cytotoxic T cell re- 
sponses in both species (8-11). This same 
region is one of the most variable in sequence 
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variation may arise by selection of mutant 
virus as a result of the intense immune pres- 
sure directed against this region of the mole- 
cule (14-17). Thus, this segment of gp160 is 
both an attractive candidate for a major com- 
ponent of an acquired immunodeficiency syn- 
drome (AIDS) vaccine because of its known 
antigenic properties, and a problem for the 
design of usell  vaccines because of the exten- 
sive diversity in its structure. Because an 
effective anti-HIV vaccine strategy must an- 
ticipate to the greatest extent possible such 
potential changes in viral antigenicity, we 
have examined in detail the specificity of CTZ 
recognition of diverse m-1isoiates and 
describe a method for imm*tion that 
generates broadly reactive m s  with an en- 
hanced capacity to respond to se-
quences at this critical immunodorninant site. 

wecould elicit from BALBIc (H-2d) mice 
CTL specific for the peptide SRKGP-
GRVIYATGQ (lsRF), the segment of the 
HIV-1 RF isolate corresponding to the 315 
through 329 region of gpl60 IIIB previous- 
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ly shown to be important for CTL recogni- ed that the amino acid at position 325 plays 
tion (8, 16). These RF-specific CTLs did not a critical role in the specificity of CTL 
cross-reactively kill targets treated with ho- responses to 18IIIB and 18MN (16, 17). 
mologous peptides from HIV-1 strains IIIB The peptides recognized by MN-specific 
or MN (18IIIB or 18MN, respectively). CTLs share a common structure of -(I)- 
Because we had already obtained HIV IIIB GPGRAF-X-(T)-, where X is a variable ami- 
and MN envelope-specific CTL lines from no acid at position 325 whose identity ap- 
BALB/c mice, both restricted by the same peared to determine target sensitivity to lysis 
D~ class I molecule (8, 16), we had three by a given CTL population. To examine 
noncross-reactive, type-specific CTL lines more systematically the effect of changes at 
that could kill targets infected with the this site, we synthesized a series of substitut- 
appropriate gpl60-expressing recombinant ed peptides, each with a single amino acid 
vaccinia virus and targets treated with the substitution at position 325 in 18MN (18). 
appropriate peptide. Taking advantage of The IIIB-specific CTL line strongly lysed 
these CTL lines and a series of synthetic targets sensitized with peptide 18MN(Y-V) 
peptides corresponding to the homologous consisting of the 18MN sequence with 325 
portion of 14 different HIV isolates (Table Y replaced by V (Table 2) (16). These CTLs 
l ) ,  we analyzed the cross-reactivity of each also recognized the substituted peptides 
CTL line for each peptide presented by 18MN(Y-I) and 18MN(Y-L) in which 
H-2d cells (Table 1). Neither IIIB-specific 325(Y) was replaced by either I or L, respec- 
CTLs nor RF-specific CTLs cross-reactively tively. The MN-specific CTL line strongly 
lysed targets incubated with peptides de- lysed targets sensitized with 18MN(Y-F), 
rived from other HIV isolates. However, 18MN(Y-H), or 18MN(Y-P) and moder- 
MN-specific CTLs did cross-reactively kill ately lysed targets with 18MN(Y-W) but 
targets incubated with the SC-, 2321-, failed to lyse cells treated with 18MN(Y-R). 
SF2-, and, weakly, NY5-derived peptides. These results are compatible with the results 

In previous studies, we have demonstrat- obtained with naturally occurring variants 

Table 1. Cross-reactive(=TL activity for the homologous portion of the gp160 immunodominant site 
from different HIV isolates. Mice were immunized intravenously with lo7 plaque-forming units 
(PFUs) of recombinant vaccinia viruses. The recombinant vSC8 containing the bacterial lacZ gene as 
well as vSC-25, vMN, and vRF expressing the HIV env glycoprotein gp160 of the HIV IIIB, MN, 
RF isolates, respectively, without other HIV structural or regulatory proteins, have been described (16, 
23). Four to eight weeh later, immune spleen cells [5 x lo6 per milliliter in 24-well culture plates in 
complete T cell medium (17)] were restimulated for 6 days in vitro with either 0.3 pM peptide 18IIIB 
(RIQRGPGRAFVTIGK), 1 fl 18MN variant peptide (RIHIGPGRAFYITKN), or 1 pM 18RF 
variant peptide (SITKGPGRVIYATGQ) plus 10% Rat Con-A supernatant-containing medium [Rat T 
cell monoclone (Collaborative Research, Bedford, Massachusetts)]. After culture for 6 days, cytolytic 
activity of the restimulated cells was measured as described (8) in a 6-hour assay with various 51Cr- 
labeled targets. For testing the peptide specificity of (=TLs, effectors and "Cr-labeled targets were 
mixed with various concentrations of peptide at the beginning of the assay (8). The variant peptides 
were synthesized as described (16, 24). The percent-specific 51Cr release was calculated as 100 x 
[(experimental release - spontaneous release)/(maximum release - spontaneous release)]. Maximum 
release was determined from supernatants of cells that were lysed by addition of 5% Triton-X 100. 
Spontaneous release was determined from target cells incubated without added effector cells. Standard 
errors of the means of triplicate cultures were always less than 5% of the mean. In each sequence, the 
amino acid residue 325 is underlined. 

Specific lysis (%)* at various peptide concentrations 

HIV Sequence IIIB-specific MN-specific RF-specific 
isolates CTLs CTLs CTLs 

$315 3294 1 0 p M  1 p M  1 0 p M  1 p M  1 0 p M  1 p M  

IIIB RIQRGPGRAF TIGK 42.3 53.9 -0.5 -1.1 1.8 3.0 
MN RIHIGPGRAF 1 TTKN 0.3 -2.3 43.3 50.3 1.5 1.7 
RF SITKGPGRVI Y ATGQ 0.3 -1.2 -0.9 -1.2 38.5 40.4 
SC SIHIGPGRAF i ATGD 0.2 -1.6 46.2 42.2 3.0 -0.6 
WMJ-2 SLSIGPGRAF B TREI 0.7 -1.2 4.2 -1.0 1.8 -0.1 
2321 SISIGPGRAF E ATTD -0.3 -1.2 30.3 18.0 2.5 0.6 
SF2 SIYIGPGRAF B TTGR 0.3 -0.4 25.9 13.8 1.6 0.4 
NY5 GIAIGPGRTL I[ AREK -0.4 -0.7 10.2 1.O 1.4 -0.2 
CDC4 RVTLGPGRVW I[ TTGE 0.0 -2.0 1.0 -1.5 2.6 -0.2 
23 SIRIGPGKVF T AKGG 0.5 -2.3 -1.7 -1.2 1.5 4.0 
MAL GIHFGPGQAL i TTGI 0.2 -2.3 -1.4 -2.4 2.9 1.9 
26 STPIGLGQAL 1 TTRG -0.6 -1.7 -2.1 -2.7 -0.7 -0.9 
w1 STPIGLGQAL I[ TTRI 0.3 -2.3 1.2 -1.6 0.1 1.7 
ELI RTPTGLGQSL I[ TTRS 0.4 -0.6 -0.5 -2.5 2.1 0.9 

*Effector to target ratio is 10:1. 
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(Table 1). Our findings suggest a chemical 
basis for the observed cross-reactive CTL 
function, in that IIIB-specific CTLs tend to 
see an aliphatic amino acid at 325 like V, I, 
or L, whereas MN-specific CTLs tend to see 
an aromatic amino acid like Y, F, H,  or W or 
a ring structure such as P (19). This can 
explain why such CTLs did not cross-react 
with IIIB [325(V)] or WMJ-2 [325(R)]- 
derived peptides. However, the failure of 
MN-specific CTLs to lyse cells incubated in 
RF peptide, which has Y at 325, indicates 
that other residues play important roles in 
the recognition of this determinant. 

To compare the potency of the cross-
reactive peptides for the IIIB-specific CTL 
line, we titrated either peptide concentration 
at the same effector to target ratio (Fig. 1) or 
effector to target ratio at a constant concen- 
tration of peptide (20). The potency of 
18MN(Y-V) was within 10-fold of that of 
the original peptide 18IIIB, whereas both 
18MN(Y-I) and 18MN(Y-L) were 10 to 
100 times less active (Fig. 1A). For the 
MN-specific CTL line (Fig. lB), the 
18MN(Y-F) substitution reduced the ability 
to sensitize targets approximately 10-fold 
compared to 18MN, the 18MN(Y-H) and 
18MN(Y-P) substitutions reduced the po- 
tency nearly 30-fold, and the 18MN(Y-W) 
substitution reduced the potency 100-fold. 
For both CTL lines, it is the bulkiest substi- 
tution in the relevant chemical category of 

-
0.01 

1 0 
0.1 1 10 

Peptide concentration @M) 

1 
100 

201 B MN CTL line 

-1 0 
0.01 0.1 1 10 100 

Peptide concentration @M) 

Fig. 1. Relative sensitization potencies of substi- 
tuted MN peptides. CTL lines specific for IIIB 
(A) or MN (6)were cocultured with 'lCr-labeled 
BALB/c 3T3 fibroblast targets in the presence of 
the indicated concentrations of peptides at a 5 to 
1effector to target ratio. 
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amino acid that had the least activity. This 
observation suggests that the T cell recep- 
tors (TCRs) of these CTLs have relatively 
hydrophobic pockets that can distinguish 
aliphatic from aromatic residues but are too 
constrained to accept easily the bulkiest of 
each category of side chain. 

Highly isolate-specific CTL immunity on 
vaccination is unlikely to provide appropri- 
ate protection against the range of HIV-1 
variants present in the population. To exam- 
ine whether a broader range of effector CTL 
specificities could be induced by varying the 
epitopic structure of the antigen during 
priming and boosting, we restimulated im- 
mune spleen cells from mice primed with 
recombinant vaccinia virus expressing IIIB 
gp160 with either 18IIIB or several different 
18MN-like peptides substituted at position 
325. The pattern of CTL cross-reactivity 
induced by restimulation with the original 
18IIIB appears the same as that of the 
IIIB-spec& CTL line (Table 2). However, 
we could generate CTL populations with 
significantly broader specificity when the 
IIIB-gpl60-primed spleen cells were re-
stimulated with 18MN-based peptides con- 
taining aliphatic substitutions such as 
18MN(Y-V), 18MN(Y-I), or 18MN(Y-L) 
(Table 2). Such CTLs cross-reactively lysed 
targets sensitized not only with the aliphatic 
substituted peptides themselves, but also 
targets exposed to 18MN(Y-F), 18MN(Y- 
R), 18MN(Y-K), and, more weakly, 
18MN, 18MN(Y-W), and 18MN(Y-Q). 
Despite the cross-reactive killing by such 
effectors of targets sensitized with 18MN 
and 18MN-related peptides with aromatic 
or basic residues at 325, restimulation of 
IIIB-gpl60-primed spleen cells with 18MN 
itself [325(Y)] or 18MN-substituted pep- 
tides containing such aromatic or basic 
substitutions did not induce any cross-
reactivity or indeed much specific CTL 
activity (Table 2). The increased breadth of 
cross-reactivity elicited by the procedure of 
priming with gp160 IIIB-expressing vac- 
cinia virus and boosting with 18MN(Y-V) 
peptide was also apparent when the CTLs 
were tested on natural HIV variant se-
quences. The CTLs elicited by this proce- 
dure now lysed cells incubated with pep- 
tides corresponding to isolates RF, MN, 
SF2, and WMJ-2 (26, 28, 12, and 7% 
specific lysis, respectively), whereas CTLs 
raised only against the IIIB isolate did not 
(<1% lysis) (Table 1). They also lysed 
targets infected with recombinant vaccinia 
viruses vIIIB (vSC25) and vMN expressing 
the HIV-1 IIIB and M N  gp160 proteins 
endogenously, whereas CTLs elicited by 
restimulation with the IIIB peptide only 
lysed targets infected with vIIIB (20). 

We also tried the analogous experiment 

Table 2. Effect of position 325 substitutions on CTL effector function and induction of CTL with 
broader specificities. CTL lines shown on the left, specific for either the IIIB or MN HIV gp160, 
were cocdtured during the CTL assay with 51Cr-labeled BALB/c 3T3 fibroblast targets in the 
presence of a series of substituted MN peptides at 10 pM. Effector to target ratio was 5 to 1. On 
the right, immune spleen cells from mice immunized with recombinant vaccinia virus vSC25 
expressing the IIIB-gpl60 gene (vIIIB) were restimulated for 6 days with either 18IIIB or 18MN 
peptides (1 @) substituted at position 325, plus interleukin-2. The resulting CTLs were assayed 
on targets incubated with the indicated peptides. Effector to target ratio was 10 to 1. 

Substituted Specific lysis (%) 
peptides used 
to sensitize CTL line vIIIB-immunized spleen cells restimulated with peptide (1 pM): 

IIIB MN 18MN 18MN 18MN 18MN 18MN 18MN 
(10 PM) line line 18111B (Y-V) (Y-I) (Y-L) (Y-F) (Y-R) (Y-K) 

18IIIB 
18MN 
18MN(Y-V) 
18MN(Y-I) 
18MN(Y-P) 
18MN(Y-L) 
18MN(Y-W) 
18MN(Y-F) 
18MN(Y-S) 
18MN(Y-E) 
18MN(Y-R) 
18MN(Y-H) 
18MN(Y-K) 
18MN(Y-Q) 
No peptide 

with MN; spleen cells immunized with re- 
combinant vaccinia virus expressing the 
HIV-MN gp160 gene were restimulated 
either with several aromatic substituted 
18MN peptides or with 18IIIB [325 (V- 
Y)]. However, we could not generate any 
significant amount of specific CTL activity 
by restirnulation with the former peptides, 
despite the fact that we could elicit specific 
CTLs from such immune cells when they 
were restimulated with 18MN itself, and res- 
timulation with 18IITB[325 (V-Y)] resulted 
in CTLs with specificity no different from 
that of CTLs stimulated with 18MN (20). A 
similar discordance between the capacity of a 
peptide to stimulate a response and to sensi- 
tize a target for lysis was observed when we 
tried to restimulate IIIB-primed T cells with 
MN peptides lacking aliphatic residues at 
325. Such restimulation did not yield active 
CTLs, yet CTLs from the same primed cells 
restimulated with the aliphatic substituted 
MN peptides were able to kill targets sensi- 
tized with the aromatic variants. 

These latter findings are consistent with 
recent data indicating that priming or re- 
stimulation of T cells is a much more strin- 
gent process than elicitation of effector func- 
tion, especially cytotoxicity, from already 
stimulated CTLs (21). At present, it remains 
unclear if these differences reflect simple 
quantitative changes in thresholds for intra- 
cellular signaling or more complex events 
such as receptor-dependent elicitation of 
costimulatory molecules on the antigen-pre- 
senting cell (22). Such costimulation is 

needed for synergizing with TCR signals in 
driving a T cell out of the resting state but 
not for evoking effector functions indepen- 
dent of new gene activation. 

Whatever the mechanism, these observa- 
tions suggest that vaccine design should take 
into account the nonreciprocal nature of 
determinant cross-reactivity in the various 
stages of T cell priming and effector func- 
tion. Our data suggest a method of immu- 
nization (IIIB priming followed by aliphatic 
MN substitution antigen boosts) that may 
be able to elicit CTL populations or individ- 
ual clones with broad specificity. Although 
the immunization experiments presented 
here could be carried out only in an animal 
model, because the same epitope is also 
recognized by human CTLs with more than 
one histocompatibility antigen (HLA) class 
I molecule (II) ,  the same approach, if not 
the identical substituted peptides, should be 
applicable to human immunization. These 
cross-reactivity experiments thus provide an 
approach for eliciting broadly cross-reactive 
CTLs that may suffice to protect against at 
least low-level exposure to a variety of HIV 
isolates. 

Note added in prooj Evidence recently 
reported suggests the selection of HIV es-
cape mutants by CD8+ CTLs in infected 
humans (25). One way to deal with such a 
problem is to induce broadly cross-reactive 
CTLs by the approach we have indicated to 
prevent the outgrowth of escape mutants 
rather than require the immune system to  
deal with them after they arise. 
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Evidence of a Pre-Angiosperm Origin of Endosperm: 
Implications for the Evolution of Flowering Plants 

The formation of a polyploid endosperm tissuehas long been considered a unique and 
d e w  feature (autapomorphy) of angiosperms. Contemporaneous with the fertili- 
zation of an egg nucleus by a sperm nucleus in Ephedra tn~rca(a nodowering seed 
plant closely related to angiosperms), a second fedkation event has previously been 
shown to occur between a second sperm nucleus and the sister nucleus of the egg 
nucleus. Development of the second fertilization product is now shown to be 
fundamentally similar to that of endosperm in primitive flowering plants: both are 
characterizedby an initial period of Eroe nuclear proliferation Mowed by a process of 
cellularization.In Ephtdra, however, the second fertilization product ultimately yields 
additional embryos. If double fktikation in Ephedra and angiosperms is evolution-
arily homologous, it is likely that endosperm evolved from a supernumerary fertiliza- 
tion event that d g h l l y  produced embryos into one that produced a specialized 
nonembryo tissue dedicated to the nourishment of the zygotic embryo. 

"The unravelling of the history of the 
phylogenetic evolution of the process of 
endosperm formation should prove one of 
the most interesting developments in bot- 
any, and if accomplished will go far to 
solve the problem of the origin of An-
giosperms." These words, written in 1907 
by the botanist E. N. Thomas (1)  are still 
true today. Despite considerable research 
into developmental, physiological, and 
ecological aspects of endosperm (Z),rela-
tively little is known of the sequence of 
evolutionary events that led to the origin 
and establishment of this distinctive feature 
of angiosperm reproduction. 

Double fertilization and the associated 
formation of polyploid endosperm have 
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long been considered unique and defining 
features of angiosperms (3).Recent studies, 
however, have established that a process of 
double fertilization also occurs in members 
of the genus Ephedra (4-6). These findings 
are si@cant in view of the critical phylo- 

Fig. 1. Fluorescence views (stained with DAPI) 
of double fedization and early post-fertilization 
fm nudcar development in dure individual egg 
cells of E.m$m. Early stage of double fertiliza- 
tion: (A) second sperm nudcus (S2) and vena l  
canal nudeus (V) and (B) first sperm n u b  (Sl) 
and egg nudcus (E). Fusion products of double 
fertilization: (C) second fertilization product (F2) 
and (D) first fertilization product (Fl). Mitosis of 
fusion products of double fertilization: (E) xc-
ond fertilization product and (F) first fertilization 
product. Jacket cell nudci (J) in jacket cells adja-
cent to the egg cell are visible in several frames. 
Scale bar, 25 pm. 

slngle core midue, when the rest of the pcptide, the 
presenting class I major histocompatibility complex 
(MHC) m o l d ,  Dd, and the antigen-presenting 
cells and their processing machinery arc held con- 
stant, could not simply be explained by arbitrary 
levels of peptide contaminants or differences in 
antigen processing. 

20. H. Takahashi a al., unpublished observations. 
21. M. k Alexander, C. A. Damico, K. M. Wietia, T. 

H. Hanscn, J. M. Connolly, J.Erp. Med. 173,849 
(1991). 

22. 	B. D. Evavold and P. M. Men, Science 252, 1308 
(1991). 

23. S. Chakrabarti, M. Robert-Gutoff, F. Wong-Saal, 
R. C. Gdo. B. Moss. Nature 320. 535 (1986). 

24. 	R. k Houghten, P&. Natl. Acad: Sci. U.SA: 82, 
5131 (1985). 

25. R. E. Phillips et al., Nature 354, 453 (1991). 
26. 	We thank B. Moss and S. Merli for the generous 

g h  of recombinant vaccinia v i m  and W. Biddi- 
son and J. Yewdell for critical reading of the manu- 
script and helpful suggestions. This work was s u p  
p o d  in part by grants from the Minisuy of 
Education, Culture, and Science and from the Min-
isay of Health, Japan. 

23 August 1991; accepted 18 November 1991 

genetic position of Ephedra, which is a basal 
member of the most closely related extant 
group of seed plants (Gnetales) to an-
giosperms (7).Thus, the presence of double 
fertilization in Ephedra and angiosperms 
suggests that this important feature of re- 
production may be evolutionarily homolo- 
gous in both groups of seed plants, having 
been inherited from a common pre-an-
giosperm ancestor (4, 5, 8). 

Although a pattern of double fertilization 
has been established in Ephedra neuadensk 
(4, 5) and Ephedra tntrca (6),the fate of the 
second fertilization product has remained 
uncertain. In this report, evidence is ad-
vanced that supernumerary embryos are 
formed from the fusion product of the sec- 
ond fertilization event in E. tntrca. These 
findings have profound implications for our 
interpretation of the evolutionary history of 
endosperm and the origin of angiosperms. 

Ovules of E. tnfirrca were collected from 
naturally occurring populations near Tuc- 
son, Arizona, from 1987 through 1990. 
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