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TH E SPREAD OF A I D S AND H I V IN-

fection has become a global concern 
(1). Development of a safe and effi

cacious vaccine against HIV is an important 
component in control of this disease. Major 
advances made in recent years include the 
demonstration that inactivated whole virus 
vaccines protect macaques from infection by 
SIV (2-4), which is a lentivirus closely re
lated to HTV (5). However, concerns about 
insufficient inactivation and inadequate ani
mal models for safety testing confound the 
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use of whole inactivated HIV in seronega
tive humans. Most efforts in HIV vaccine 
development to date therefore have been 
focused on subunit vaccines (6). Recently, 
Stott et at. (7) reported that protection 
against SIV infection appears to correlate 
with antibodies against cellular components, 
rather than viral antigens. These findings not 
only complicate interpretations of earlier 
vaccine studies but also raise questions 
about subunit approaches to vaccine devel
opment. In the present study, we sought to 
demonstrate protective immunity in the 
SIV-macaque model by immunization with 
recombinant viral subunit vaccines. 

The approach we undertook was a com
bination immunization regimen that includ
ed the use of a live recombinant vaccinia 
virus for priming and a subunit immunogen 
for boosting. We have shown that rodents 
immunized with this combination regimen 
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generated greater HIV-specific antibody re
sponses than those that received either live 
recombinant virus or HIV-1 gpl60 alone (8). 
The target antigen we chose for the present 
work is the envelope glycoprotein gpl60 of 
SIV. Other studies have indicated partial pro
tection in macaques immunized with either 
an envelope-enriched virion protein prepara
tion (3, 9) or fusion proteins containing SIV 
envelope peptide sequences (10). 

Using described methods (11, 12), we 
inserted the entire SIV env into the genome 
of either vaccinia virus (New York City 
Board of Health strain) (13, 14) or baculo
virus (Autographa califomica) (15). The env 
we used was derived from an infectious 
molecular clone of SlVmne (clone 8), which 
was originally isolated from a pig-tailed 
macaque suffering from lymphoma (16). 
This gene encodes a full-length surface gly
coprotein, gpl20, and a truncated form of 
the transmembrane protein, gp32 (17). 
Both forms of the glycoproteins, as well as 
the precursor gpl60, were expressed by the 
recombinant vaccinia virus, V-SE5, under 
the control of the early-late 7.5K promoter 
(18). On the other hand, the SIV gpl60 
expressed in recombinant baculovirus (Ac-
SE5) infected insect cells (Spodoptera fru-
giperda, Sf 9) was not efficiently processed 
(19), as was observed previously in HIV-1 
gpl60 expressed by recombinant baculovi
rus (12). The STVmne gpl60 expressed by 
Ac-SE5 was partially enriched by lentil lectin 
affinity chromatography to approximately 
25 to 30% purity as determined by 
Coomassie staining of an SDS-polyacrylam
ide gel following electrophoresis (19). 

Four macaques (M. fascicularis) were first 
immunized with v-SE5 by skin scarification 
in two inoculations 12 weeks apart; each 
inoculation was 1 x 108 plaque-forming 
units per animal. After the primary irnmuni-

Protection of Macaques Against SIV Infection by 
Subunit Vaccines of SIV Envelope Glycoprotein gpl60 
SHIU-LOK H U , * KRAIG ABRAMS, GLEN N. BARBER, PATRICIA MORAN, 
JOYCE M. ZARLING, ALPHONSE J. LANGLOIS, LARENE KULLER, 
WILLIAM R. MORTON, RAOUL E. BENVENISTE 

Simian immunodeficiency virus (SIV) is a primate lentivirus related to human 
immunodeficiency viruses and is an etiologic agent for acquired immunodeficiency 
syndrome (AIDS)—like diseases in macaques. To date, only inactivated whole virus 
vaccines have been shown to protect macaques against SIV infection. Protective 
immunity was elicited by recombinant subunit vaccines. Four Macaca fascicularis were 
immunized with recombinant vaccinia virus expressing STVmne gpl60 and were 
boosted with gpl60 produced in baculovirus-infected cells. All four animals were 
protected against an intravenous challenge of the homologous virus at one to nine 
animal-infectious doses. These results indicate that immunization with viral envelope 
antigens alone is sufficient to elicit protective immunity against a primate immunode
ficiency virus. The combination immunization regimen, similar to one now being 
evaluated in humans as candidate human immunodeficiency virus (HIV)-1 vaccines, 
appears to be an effective way to elicit such immune responses. 

456 SCIENCE, VOL. 255 



zation with V-SE5, all animals showed local- 
ized lesions ("takes"), between 7 and 14 
days after inoculation, which reached maxi- 
mal sizes between 1.5 to 2.5 an in diameter. 
All lesions were healed by week 3, and no 
untoward effects of vaccination was ob- 
served. All animals seroconverted with low- 
titered antibodies to SIVmne gp120 and 
gp32. Their antibody titers i n a d  after 
the second immunization with V-SE5 (Fig. 
lA), despite minimal "takes." T o t -  anti- 
body titers dedined 50 to 90% over 20 
weeks after the peak level was reached (2 to 
4 weeks after the second V-SE5 inoculation) 
but was still detectable by enzyme-linked 
immunosorbent assay (ELISA) (18) and by 
Western blot (Fig. 1) a year later. We also 
observed that animal 87210 (and 87217 to a 
lesser degree) developed reactivity to p28 
after immunization (Fig. 1B). A similar 
phenomenon has been observed by ShafFer- 
man et al. (10) and was most likely due to 
antibodies generated against an  epitope 
within gp32 that shares sequence homology 
with thegag antigen p28. Only low levels of 
neutrahng antibody were detected to the 
homologous virus (SIVrnne CL E l l s )  and 
by a different assay to a closely related 
isolate, SIVmac251 (Fig. 2B). 

Despite the weak antibody response, all 
animals immunized with V-SE5 showed ac- 
tivated SIV-spea6c helper T cell functions, 
as indicated by their lyrnphoproliferative 
responses to SIV antigens (18). To enhance 
spea6c B cell responses to SIV envelope 

antigens, we used a subunit antigen boost- cells. Two animals received gp160 (0.5 mg 
ing regimen shown to be successful in mice per dose of total protein) formulated in 
immunized with HW-1 envelope antigens incomplete Freund's adjuvant and two in 
(8). At weeks 62 and 70, all four V-SE5- alum. Within 2 weeks of the first gp160 
immunized macaques were boosted intra- boost, all animals showed a dramatic (30- 
muscularly with partially purified gp160 to 50-fold) increase in antibody response 
produced in baculovirus-infected insect against SIV envelope antigens (Fig. 1A). 

This increase was also concordant with a 
sienificant rise in serum neutralizing activ- 

Fig. 2. Serum neutralization titers of control and s 

Fig. 1. SW-specific antibody responses in immu- 4 -  

nized and control macaques. (A) Enzyme-Med A ?. 
immunoassay. Dilutions of macaque sera collect- 
ed at the indicated times were reacted with dis- 
rupted, gradient-purified SWmn virion proteins 
immobilized on microtiter plans as described 
(18). End point titers were defined as the highest 
serum dilution that gave an optical absorbance 
value at least threefold higher than the average 
values obtained with SW-negative macaque sera. 
bed macaques: a, 87201; A, 87210; V, , 
87217; and *, 87221. Control macaques: 0, o 10 20 30 40 50 w 70 80 

88033; A, 89079; V, 89134; and 0, 89152. 
A A  & A A  

V-SE5 gp160 challenge 
Carets indicate the times of immunization with Weeks aRer primary Immunization 
V-SE5 at weeks 0 and 
12. and with m160 

imm* macaques. (A) Neutralization assay - 
against SIVmne. AA-2 CLl cells (lo4) were plat- 
ed in microtiter plates that had been coated with 2 4--  

at weeks 62 k;;i 70, 
and of challenge at 
week 74. Conuol, 
dotted line; immu- 
nized, solid line. (8) 
Western blot analysis 
of SIV-specific anti- 
body responses in im- 
munized macaques. 
Macaque sera (diluted 
100-fold) were r e a d  
with d~~rupted, gradi- 
ent-purified SIVmne 
CL E l l s  virion pro- 
teins immobilized on 
Immobilon filters as 
described (17, 29). 

A 
?'- 

iges against both SIVmne and ~ 1 ~ k c 2 5 1  
(Fig. 2). There was no significant differ- 
ence between the antibody titers in animals 

10 pg of ply-L-lysine. Approximately lo3 infec- 
tious partides of SIVmne CL E l l s  were incubat- 3-. 
ed overnight at 4°C with twofold dilutions of 

,6 
heat-inactivated (56"C, 30 min) sera and then a 

added to the cells for 2 hours at 37°C. The virus 2.- 

was removed, the cells were washed, and the E 
phtes were incubated. The number of giant cells 

growth. Control wells wntaincd virus and pre- 
inea&wellwasd&edafeer4to6daysof ; 1 0 ~ z o ~ o ~ x , m 7 o s o w 1 ~ 1 1 0 1 2 0  

A  A A  
uLsE5 W l ~ ~ r n  

inoculation or preimmunization sera and typically W e e h  after primary lmmunttltlon 
yielded 20 to 50 giant cells per well. A serum 
dilution was considered to have virus neutraliza- 5-  

tion activity if it inhibited the formation of giant B 
cells by 50% or greater. The minimal serum 
dilution used was 1 : 12. (B) Neutralization assay 5 4-- 

against SIVmac 251 (30). The virus pool was - 
ii 

rnately 100 syncytia-forming units per 30-p1 vol- ' diluted with growth medium to contain approxi- = 3 

z ume. Twofold serum dilutions (heat-inactivated 
at 56OC130 min) were made in 96-well half-area : '.. 
wells. A 30-p1 volume of virus was added to the - 
wells, and the cultum were incubated at 37°C for i 

30min.HUT-78targetcells(3~1O~cellsin30 0, '0, 2 0 J 0 4 0 " m 7 0 s 0 9 0 1 w 1 1 0  A A A  

4) were then added and syncytia were enumerat- -5 0~160- 
ed 3 to 4 days after challenge. The neutralization Weeb M w  primary Immunization 
titer is expressed as the reciprocal serum dilution 
inhibiting syncytia formation by 90% as estimated by plotting syncytia number versus serum dilution. 
Control dotted line; imm- solid line. 

that received gp160 formulated in alum 
(872 10,87221) as compared to those that 
received antigens formulated in incomplete 
Freund's adjuvant (87201, 87217). The 
antibody titers declined five- to tenfold 
during the next 8 weeks but seemed to 
stabilize after the second gp160 boost giv- 
en at week 70. 

To determine if the immunity generated 
was protective, we challenged at k&k 74 the 
four immunized animals, together with four 
control macaques of the same species with 
an intravenous inoculation of the homolo- 
gous virus SIVmne. The challenge stock was 
derived from cell-free supernatants obtained 
from a single-cell clone of SIVmne-infed 
HUT-78 cells (CL E l l s )  (17), the same 
clone from which the molecular clone was 
derived. This stock has been titered in vitro 
and in vivo and has been shown to be 
infectious and pathogenic in multiple 
macaque species (20). The challenge dose 
contained between 100 to 900 tissue culture 
infectious doses (TCID), corresponding to 
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one to nine macaque infectious doses (20). 
After the challenge, the four control ani- 

mals seroconverted within 4 to 7 weeks 
(Fig. 3A). The antibodies developed were - to thegag (~28 ,  p16, p8, and p6), 
the x-ORF or sid (p14) (21), and the env 
(gp120 and gp32) antigens. The intensity of 
Western blot reactivity increased through- 
out the 39-week period afar challenge. Vi- 
rus was readily detected in d t u r c s  of 
lymphocytes from the four animals begin- 

ning at 2 to 4 we& afar infection (Table 
1). In contrast, all fbur immunized animals 

the exception of the pmakhg cross-reac- 
tivity to thegug antigen p28. F i ,  no sign 
of infection was observed in four animals remained virus-negative (longer than 1 year 

after the challenge) with virus isolation (Ta- 
ble 1) and with polymerase chain reaction 
analysis (Fig. 4) (18). An a n a r n d c  re- 
sponse was not observad, consistent with 
the lack ofviral replication (Figs. 2 and 3B). 
Furthermore, none of the immunized ani- 
mals developed antibodies to the core anti- 
gens of SIV afar challenge (Fig. 3B), with 

that were inoculated intravenously with 
lymph node ells (20 x 106) and peripheral 
blood mononudear ells (PBMC) (10 x 
106) collested from each of the four immu- 
nized animals at 46 weeks after challenge 
(22). Taken together, these results indicate 
that a "sterihzing immunitf' against the 
challenge infection was achieved in the im- 
munized animals. 

Wlth few exceptions (9, lo), protection 
against SIV infection has only been achieved 
by immunization with inactivated whole 

T ~ 1 . D n r a i o n o f v i r u s i n ~ ~ w i t h S n r m r w . P B M C w a r i s d a a c d f i . a n h c p p d t P a t d  
M o o d s a m p l e s a t d u ~ n u m b a o f h a f t e r ~ P B M C ( 4 x  106)werrculnaedwith5 x 
lob AA-2 CLl & (28); - a  ( l ~ ) a n d i n m k u l r i n - 2 ( 1 0 9 6 ) w a r p r c s c o t ~ t b c  
~ 7 w o f ~ W ~ 9 . F w a r ~ m + B l i d l n ~ ~ ( ~ ) .  
N u m b a s i n p p r m t h e s c s i n d i c a & h o f c u l t u r i n g b c f b r r v i n s w a s ~ a n d a r c a n ~  
m a s r n r O f d u ~ l o a d ( ~ b e r o f i n f m c d P B M C ) .  (+) = vinsisdaaad,(-) =novinsisdatlonaiirr 
i o ~ i n ~ ~ ~ w i t h ~ i n a a v c n o u s ~ ~ o f t h e h o m d o g a r P v i n s , s w ~ ( a  
Ells), at one to nine animal inktiow doses per animal 

virus vaccines (5). However, the correlates 
of protaction have not been identified. With 
the observation that uninticted cells could 
also immunize against SIV W o n  (7), the 
question remains whether immune respons- 
es to any viral antigens would be necessary 
or sufKcient to confer protection. Because 
only recombinant viral antigens were used in 
the experhent rrported here, the possibility 
of anticellular immunity Wing responsible 
for the protection observed. was remote. 
Indeed, we (18) and Iangbis et al. (23) have 
shown that sera tiom these animals did not 

V i  isolation at the following w& after chilllengc: 
Animal 

0 2 4 7 11 17 22 30 39 

Control - 
+(3) 
+(2) +(3) 

+(3) 
zmmuniad 

- - 

A 
88033 89152 89079 8' 

Week 0 2 4 11 22 39 0 2 4 11 22 39 0 2 4 11 22 39 O 2 4 

LIrnrnunizedJL Control -I 

Fig. A Polymerase chair d o n  (PCR) analysis 
of viral nuckic acid in macaques lftcr SWmne 
challenge. PBMC were isolated from EDTA- 
treated blood by HypaqucFicoll gndicm ccnaif- 
ugation. T d  n&c acid (1 e) was used as 
templates for amplification in a two-step PCR. 
Nested-set oligomdeotide primers spec16c for the 
long t e n n i ~ I  q e a t  (LTR) regions were used; 
for dK k stcp: 5'-TGGAAGGGATITATTA- 
CAGTGAAA-3' and 5'-TCGAGTACCGAGT- 
TGACCAGGCGG-3': for the second NED: 5'- 

PIS- 
~ 1 4 4  

pa- 
p*- 

CCAGATTGGCAGAA?TACACCT~G 
CAGG-3' and 5'-CAGAGATGGGAGCACAG 
ACTGCCITA-3'. The primers were anncakd at 
60°C and the templates amplified at 72°C for 35 
cydes. Products fiom dK amplification stcp 
were d i l d  100-fold and aliquots of 3 p1 each 
were used as templates for the second round of 
amplifications. The final amplified merit was 
approximately 850 basc pairs in kngth and was 
resolved by agarose gel ekcnophorcsis and detat- 
ed by ethidium bromide staining (arrow). Nudeic 
acid from PBMC of minkted macaques was 
used as negative control [SIV(-)I. Sampks of 
plasmid DNA containing 3,30, or 300 copies of 
the LTR saqucnce w m  used as Wtive controls. 
Analysis was perf;ormed for PBMC wllected at 
multiple time points from 2 to 46 weelrs a h  
challenge. Samples from immunizai animals were 
d o n n l y  negative by this assay (18). Redis 
w m  shown for sampks c d l d  at 11 weeks 
lftcrchallengc. 

3. WeSam blot 

cific antibody re- 
I sponscin(A)control 

and (B) immmked 
macaqucs&viral 
-. 
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contain evidence of anticellular antibodies. 
Results presented here therefore demon- 
strate that SIV envelope antigens alone are 
sufficient to elicit protective immunity in 
macaques against a low-dose intravenous 
challenge by the homologous virus. Similar- 
ly, envelope glycoproteins of HIV-1 have 
also been shown to elicit protective irnmu- 
nity in the chimpanzee model (24). 

A successful vaccine must be able to pro- 
tect against multiple viral isolates. The im- 
munized macaques described here generated 
antibodies that neutralized not only the ho- 
mologous strain of SIV but also an un- 
cloned stock of SIVmac251, which is ap- 
proximately 9% divergent from SIVmne in 
the env region (25). I t  remains to be shown 
whether recombinant subunit vaccines 
could protect against heterologous virus 
challenge, as has been demonstrated for 
whole inactivated SIV vaccines (26). 

A combination immunization regimen 
similar to this model is now under evalua- 
tion in humans as candidate AIDS vaccines 
(27). Although protection in the SIV system 
does not necessarily predict efficacy in hu- 
mans against HIV-1 infection, our findings 
do argue for further testings of this combi- 
nation immunization approach to define the 
limits and the correlates for protection in 
animal models and, ultimately, to determine 
efficacy in humans. 
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Modulation of Activity of the Promoter of the 
Human MDRl  Gene by Ras and p53 

Drug resistance in human cancer is associated with overexpression of the multidrug 
resistance (MDR1) gene, which confers cross-resistance to  hydrophobic natural 
product cytotoxic drugs. Expression of the M D R l  gene can occur de novo in human 
cancers in the absence of drug treatment. The promoter of the human MDR1 gene was 
shown to  be a target for the c-Ha-Ras-1 oncogene and the p53 tumor suppressor gene 
products, both of which are associated with tumor progression. The stimulatory effect 
of c-Ha-Ras-1 was not specific for the M D R l  promoter alone, whereas a mutant p53 
specifically stimulated the M D R l  promoter and wild-type p53 exerted specific repres- 
sion. These results imply that the M D R l  gene could be activated during tumor 
progression associated with mutations in Ras and p53. 

D RUG RESISTANCE IS A MAJOR OB- 

stacle to the successful chemothera- 
py of human malignancies. The 

expression of the human MDRl gene, 
which encodes an energy-dependent efflux 
pump, is responsible for the resistance of 
tumor cells to various hydrophobic cyto- 
toxic drugs (1). MDR 1 RNA and its prod- 
uct, P-glycoprotein (also called the multi- 
drug transporter), are found at substantial 
levels in normal colon, small intestine, kid- 
ney, liver, and adrenal gland (2) as well as in 
capillaries of the brain and testis (3). The 
localization of P-glycoprotein on the apical 
surface of transporting epithelia and endo- 
thelia suggests that it may have a normal 
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physiological role in transporting cytotoxic 
compounds or metabolites. However, the 
endogenous substrate or substrates of the 
multidrug transporter remain unknown. In 
rat liver, expression of mdr RNA is modu- 
lated in response to toxic insults such as 
carcinogens and mdr RNA is increased in 
regenerating liver after partial hepatectomy 
and in mouse uterus by progesterone (4). 
MDRl gene expression is regulated by heat- 
shock, arsenite, and cadmium in a human 
kidney cell line and also by chemotherapeu- 
tic agents in rodent cells (5 ) .  

Expression of the MDRl gene occurs 
commonly in human cancers derived from 
normal tissues that express the multidrug 
transporter, such as carcinomas of the colon, 
liver, kidney, pancreas, and adrenal gland, 
and mav contribute to the broad soectrum 
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