
tral role in infection and pathogenesis. 
These proteins should be considered in 
elucidation of the steps involved in infec- 
tion, design of vaccines, preparation of 
experimental virus-challenge stocks, and 
determination of the pathological mecha- 
nisms of immunodeficiency viruses. 
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Protective Effects of a Live Attenuated SIV 
Vaccine with a Deletion in the nef Gene 

Muthiah D. Daniel, Frank Kirchhoff, Susan C. Czajak, 
Prabhat K. Sehgal, Ronald C. Desrosiers* 

Vaccine protection against the human immunodeficiency virus (HIV) and the related simian 
immunodeficiency virus (SIV) in animal models is proving to be a difficult task. The difficulty 
is due in large part to the persistent, unrelenting nature of HIV and SIV infection once 
infection is initiated. SIV with a constructed deletion in the auxiliary gene nef replicates 
poorly in rhesus monkeys and appears to be nonpathogenic in this normally susceptible 
host. Rhesus monkeys vaccinated with live SIV deleted in nefwere completely protected 
against challenge by intravenous inoculation of live, pathogenic SIV. Deletion of nefor of 
multiple genetic elements from HIV may provide the means for creating a safe, effective, 
live attenuated vaccine to protect against acquired immunodeficiency syndrome (AIDS). 

T h e r e  are good reasons for believing that 
development of an effective vaccine for 
AIDS will be a difficult task. Infection of 
humans with human immunodeficiencv vi- 
rus type-1 (HIV-1) and of rhesus monkeys 
with SIVmac is fatal most or all of the time 
despite an apparently strong host immune 
response to the infecting virus. Infected 
individuals maintain vigorous humoral and 
cellular immune responses for months or 
years only to succumb eventually to the 
virus. The ineffective nature of the natural 
immune response suggests that a vaccine 
will have to provide highly stringent pro- 
tective immunity, perhaps even sterilizing 
immunity, in order to achieve protection. 
These difficulties are compounded by the 
large number of HIV- 1 strains that are non- 
or minimally cross-neutralizing. 

The predicted difficulty in achieving 
protection against HIV and SIV has been 
borne out to varying degrees by vaccine 
trials in animal models. Inactivated whole 
virus has protected rhesus monkeys against 
challenge by live, pathogenic SIV (1-4) 
but primarily under highly specific condi- 
tions that use human cells for the produc- 
tion of both vaccine antigen and challenge 
virus. Even formalin-fixed. uninfected hu- 
man cells can provide protection under 
these conditions (5) .  Apparently, an im- 
mune response to some cellular antigen or 
antigens is critical for this protection. The 
inactivated whole virus vaccine approach 
has been largely unsuccessful against SIV 
grown in rhesus monkey lymphocytes (6, 
7). Priming with vaccinia recombinants 
followed by boosting has protected rhesus 
monkeys against challenge by homologous 
cloned SIV ( 8 ) ,  but little or no protection 
has been observed against homologous un- 
cloned SIV (9-1 1). Tests of several prod- 
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ucts have shown only limited success in 
chimpanzee trials (12). What is most dis- 
appointing about these studies is that the 
numerous failures have occurred despite 
extensive efforts to maximize, in an unreal- 
is tic fashion, the likelihood'of vaccine pro- 
tection. The vast majority of studies have 
used a minimal dose of challenge virus, 
matched to the strain used for vaccination, 
at or near the peak of vaccine-induced 
immune response. 

We investigated an approach that uses 
live attenuated SIV as a vaccine. Six rhesus 
monkeys that were infected with cloned 
SIVmac239 that contained a constructed 
deletion in the auxiliary gene nef have 
maintained extremely low virus burdens 
and normal CD4+ lymphocyte concentra- 
tions and have remained healthy for more 
than 3 years after experimental inoculation 
with the mutated virus (1 3, 14). Eleven of 
twelve rhesus monkeys infected with wild- 
type SIV in parallel have died over this 
same period. The rhesus monkeys infected 
with SIVmac239Jnef-deletion have shown 
no clinical signs whatsoever over the entire 
period of observation. 

Four of the rhesus monkeys infected 
with nef-deleted SIV were challenged with 

Table 1. Challenge of rhesus monkeys immu- 
nized with SIV deleted in nef All four rhesus 
monkeys received a single inoculation of SIV- 
mac2391nef-deletion 2.25 years before chal- 
lenge. Attempts to recover SIV from l o 6  PBMCs 
on the day of challenge yielded negative results 
(dashes). The titers of neutralizing antibodies 
were measured on the day of challenge ( I ) .  

Rhesus SIV Antibody Challenge 
monkey recovery titer virus 

353-88 - 1 : 1280 SIVmac2391 
nef-open 

397-88 - 1 : 1280 SIVmac2391 
nef-open 

71 -88 - 1 :320 SIVmac251 
255-88 - 1.2560 SIVmac251 
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wild-type, pathogenic SNmac 2.25 years 
after the initial inoculation with the mutat- 
ed virus (Table 1). No booster immuniza- 
tions of any type were used. Two of the 
vaccinated rhesus monkeys were challenged 
with cloned pathogenic SIVmac239lnef- 
open (intact nef), and two were challenged 
with uncloned pathogenic SIVmac25 1, a 
strain distinct from but closely related to 
SIVmac239 (1 5). SIVmac239 shares ap- 
proximately 93% amino acid identity in the 
gp120 Env protein with clones derived from 
SIVmac251-infected cells (1 6). In both 
cases, virus stocks were prepared in primary 
rhesus monkey peripheral blood mononu- 
clear cell (PBMC) cultures (17), and ali- 
quots of the frozen virus stocks were care- 
fully titered in rhesus monkeys before the 
challenge experiment (18). In both cases, 
ten rhesus monkey infectious doses were 
used for the challenge. Neutralizing anti- 
body titers on the day of challenge ranged 
from 1:320 to 1:2560 in the four rhesus 
monkeys previously vaccinated with live 
nef-deletion virus (Table 1). Virus loads, 
measured by limiting dilution co-culture 
and semiquantitative polymerase chain re- 
action (PCR) (1 3, 14), were extremely low 
before challenge. We were unable to recov- 
er SIV from lo6 PBMCs of the four rhesus 
monkeys on the day of challenge (Table 1). 
Two nalve rhesus monkeys served as con- 
trols for each of the challenge viruses. 

Several parameters were monitored for 
evidence of protection against the chal- 
lenge viruses. All four control monkeys 
showed a spike of plasma antigenemia 2 
weeks after challenge, as we have always 
seen previously with infection by these 
viruses (Table 2). In some cases, the plasma 
antigenernia persisted and in others it 
dipped below detectable levels only to re- 
appear at a later time. No plasma antigen- 
emia was detected at any time in any of the 
four previously vaccinated monkeys (Table 
2). 

We also evaluated virus loads by measur- 
ing the numbers of PBMCs required to 
recover SIV by limiting dilution co-culture. 
All four unvaccinated control monkeys ex- 
hibited high virus burdens, as we have 
always seen previously with infection by 
these wild-type viruses (Table 3). General- 
ly, 1,000 to 20,000 PBMCs were needed for 
SIV recovery from the control animals. 
One test monkey, 397-88, showed a spike 
in virus recovery at 4 weeks after the chal- 
lenge in that SIV was recovered with 
74,000 or more PBMCs. SIV recovery in 
subsequent weeks from monkey 39788, 
however, was negative even with 10"' cells. 
Virus loads with this measurement were 
also stably low in the other three previously 
vaccinated animals because virus recovery 
required r lo6 PBMCs (Table 3). 

We also performed genetic analysis of 

viral DNA present in cells infected with lenge (1 9). The size of the amplified prod- 
recovered virus and in DNA direct from uct at all three times was shorter than the 
PBMCs. The nef sequences were amplified product expected from amplification of 
by PCR from DNA obtained from cells wild-type, nef-open sequences used for chal- 
infected with SIV recovered from animal lenge and also shorter than the product 
255-88 at 12, 24, and 31 weeks after chal- expected from amplification of nef-deletion 

Fig. 1. Analysis of nef gene sequences present A 
in virus reisolated from rhesus monkev 255-88. 1 2 3  4 5  , - - -  - -  

DNA was prepared from cells infected with 
recovered virus and used for PCR amplifica- 
tion. (A) Ethidium bromide stain of DNA frag- 
ments after agarose gel electrophoresis. (B) 
Southern blot hybridization of DNA fragments 
transferred to nitrocellulose with a 32P-labeled 
Hinc I I  restriction fragment (bp 8,536 to 
10,196). Washing was carried out at 68°C in 1 x 
saline sodium citrate. The sizes of the frag- 
ments in base pairs (bp) are indicated in the - 
right margin relative to marker DNA. A size of I 2 3 
570 bp corresponds to the size expected for a 
fragment containing the original deletion in nef 
with the primer pairs used, and a size of 752 bp 
corresponds to the size expected for a frag- ( I )  - 752 

-570 ment containing a nefiopen sequence with the 
primer pairs used. Lanes 1 to 3, DNA from -310 

SIV-infected cells from animal 255-88 at 12, 24, 
and 31 weeks after infection; lanes 4, nefi 
deletion control; lanes 5, nef-open control; lanes 6, uninfected CEMx174 DNA prepared at the 
same time. For PCR analysis, 0.5 pg of genomic DNA was subjected to 10 cycles (1 min, 94°C; 1 
min, 50°C; and 1 min and 15 s, 72°C) of amplification at a low concentration (5 pmol) of primers 9067 
to 9087 (TACCTACAATATGGGTGGAGC) and 9818 to 9799 (GCCTTCTTCTAACCTCTTCC). 
Thereafter, the primer concentration was increased to 50 prnol, and 35 additional cycles of 
amplification were performed. PCR products (20 of 50 pl) were separated by electrophoresis 
through a 1.5% agarose gel. 

Tabk 2. Protective effects of live attenuated nef-deletion vaccine on plasma antigenemia. The limit 
of detection of the assay used was approximately 0.05 nglrnl. W, weeks after challenge; D, dead. 

Vaccine Plasma antigenemia (nanograms of p27 per milliliter of plasma) 
virus/challenge monkey virus WO W2 W4 W6 W8 W12 W16 W24 W31 W36 

Table 3. Protective effects of live attenuated nefdeletion vaccine on virus load, which was 
measured by serial three-fold dilutions starting with 106 PBMCs in duplicate by cocultivation with 
CEMx 174. V i s  load is expressed in terms of the number of PBMCs necessary to recover SIV. W, 
weeks after challenge. NS, no sample.' 

Vaccine Virus load (PBMCs) 
Rhesus viruslchallenge monkey virus W4 W8 W12 W24 W31 W36 

2,743 
8,230 
>I06 

106 
2,743 
Dead 
>lo6 
>lo8 

111,111 Dead 
37,037 12,345 Dead 

>I06 >l06 >I06 
106 108 >I06 

4,115 2,743 Dead 
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sequences present in the vaccine strain 
(Fig. 1A). Sequence analysis of this product 
revealed deletion of base pairs 9251 to 
9432, which are the sequences in nef delet- 
ed in the vaccine strain, as well as deletions 
of base pairs 9476 to 9586 and 9650 to 
9800. Thus, SIV recovered from animal 
25588 at weeks 12, 24, and 31 after chal- 
lenge contained the original deletion pre- 
sent in the vaccine strain plus additional 
deletiom in the region of the nef gene that 
overlaps the right long terminal repeat. The 
polypurine tract, the NF-KB binding site, 
and the Spl binding sites, critical for virus 
replication, were all retained in this virus. 
The important point is that we were not 
able to detect any of the wild-type nef-open 
viral sequences in the recovered SIV either 
by ethidium bromide staining of the ampli- 
fied products (Fig. 1A) or by Southern 
(DNA) blot hybridization of the products 
(Fig, 1B). 

The detection of DNA sequences direct- 
ly from PBMCs required sensitive arnplifi- 
cation procedures because of the extremely 
low virus burdens present in the vaccinated 
and challenged monkeys. We were able to 
amplify DNA sequences directly from the 
PBMCs of all four test animals by using a 
PCR amplification protocol that included 
both nested reactions (20, 21) and turbo- 
boosting (22) (Fig. 2). Negative control 

DNA prepared at the same time tested 
negative for the presence of viral DNA 
sequences. Multiple PCR reactions were 
performed with PBMC DNA samples taken 
from each test animal 36 and 40 weeks after 
challenge; five or more PCR reactions were 
performed with at least one DNA sample 
from each animal. Viral DNA was detected 
in nine out of nine amplifications from 
animal 71-88 and in five out of seven 
amplifications from animal 397-88, and the 
amplified product in all cases except one 
corresponded to the nefdeletion used orig- 
inally for vaccination. Viral DNA in the 
one exception contained the original dele- 
tion in nef plus an additional 138-bp dele- 
tion. Viral DNA was also detected in 15 
out of 15 amplifications from the PBMCs of 
animal 255-88. The predominant product 
from the PBMCs of animal 255-88 at 36, 
37, and 40 weeks after infection was the 
triply deleted variant that was also observed 
in the recovered virus from this same ani- 
mal 12, 24, and 31 weeks after infection. 
Multiple amplifications with different sets 
of primers revealed by nucleotide sequence 
analysis smaller amounts of the original 
single nef-deletion and of variants with 
additional deletion of 1 1 1, 141, or 15 1 bp. 
Viral DNA was usually not detected from 
the PBMCs of animal 353-88 (Fig. 2), but 
in the two reactions in which it was detect- 

Fig. 2. Analysis of nef , m * u, co - - P Z 2 Z Z Z Z = : 
gene sequences pres- 
ent in the PBMCs of 
rhesus monkeys. DNA 
was prepared directly 
from PBMCs and used 
for turbo-boosted, nest- 
ed PCR reactions. The 
sizes of the fragments 
in base pairs (bp) are 
indicated in the right 
margin relative to mark- 
er DNA. A size of 472 
bp corresponds to the 
size expected for a 
fragment containing the 
original deletion in nef 
with the primer pairs 
used, and a size of 654 bp corresponds to the size expected for a fragment containing a nef-open 
sequence with the primer pairs used. Lane 1, animal 246-90 (infected with nef-open SIV); lane 2, 
animal 364-90 (infected with nef-open SIV); lane 3, animal 221-88 (uninfected); lane 4,,animal 
251-87 (uninfected); lanes 5 through 7, animal 71-88 at 36 and 37 weeks after initial challenge and 
3 weeks after high-dose challenge; lanes 8 through 10, animal 255-88 at 36 and 37 weeks after 
initial challenge and 3 weeks after high-dose challenge; lanes 11 and 12, animal 353-88 at 36 and 
40 weeks after initial challenge; lanes 13 and 14, animal 397-88 at 36 and 40 weeks after initial 
challenge; and lanes 15 through 18, four different animals infected with the SIVmac239lnef-deletion. 
For PCR analysis, 2.5 pg of total genomic DNA from the PBMCs was first subjected to ten cycles 
of amplification (1 min, 94°C; 1 min, 55OC; and 1 min and 45 s, 72°C; 2.5 mM MgCI,) with 5 pmol of 
primers 9065 to 9087 (CCTACCTACAATATGGGTGGAGC) and 9800 to 9776 (CCTCTGACAG- 
GCCTGACTTGCTTCC). Thereafter, an additional 35 cycles were performed with 50 pmol of each 
primer. For the nested reaction, 5 pI of the 100 pl from the first reaction was amplified with 50 pmol 
of primers 9110 to 9135 (CCGTCTGGAGATCTGCGACAGAGACT) and 9764 to 9741 (GG- 
TATCTAACATATGCCTCATAAG) (35 cycles; 1 min, 94°C; 1 min, 55°C; and 1 min and 45 s, 72°C; 
3.5 mM MgCId. PCR products (25 pl of 100 pI) were separated by electrophoresis through a 1.5% 
agarose gel. 

ed both the original nefdeletion and addi- 
tionally deleted variants were detected. 
Thus, sequences that correspond to wild- 
type nef-open challenge virus were not de- 
tected in any of the samples analyzed from 
the four test animals. 

Control animals 148-88, 246-90, and 
388-90 showed declines in CD4+ Iympho- 
cyte concentrations after the challenge, 
and by 36 weeks all control animals had 
either died (148-88 and 208-89) or had to 
be killed when moribund (388-90 and 
246-90). All four previously vaccinated 
animals are still alive, healthy, and have 
shown no declines in CD4+ lymphocyte 
concentrations. 

At 37 weeks after the initial challenge, 
two of the test animals (71-88 and 255-88) 
were challenged with 1000 rhesus monkey 
infectious doses of the uncloned SIV- 
mac251 stock. At weeks 3, 5, and 12 after 
this highdose challenge, SIV was not re- 
covered from their PBMCs even with the 
use of 106 cells, and PCR analysis revealed 
no evidence of wild-type nef-open chal- 
lenge virus (Fig. 2). Thus, early data sug- 
gest that these vaccinated monkeys may 
even be resisting highdose challenge. 

Rhesus monkeys vaccinated with SIV- 
mac239hf-deletion appear by all criteria 
used to have resisted challenge by wild-type 
pathogenic SIV. Previously vaccinated an- 
imals showed no evidence of plasma anti- 
genemia at any time after challenge and 
maintained extremely low virus burdens as 
was observed before the challenge. Further- 
more, genetic analysis of recovered virus 
and viral DNA present in their PBMCs 
revealed no evidence of wild-type, nef-open 
challenge virus. All four unvaccinated con- 
trols died, whereas all four previously vac- 
cinated animals are alive and healthy and 
show no signs of the presence of wild-type 
virus. These are the most impressive pro- 
tective effects we have seen in any of our 
vaccine experiments, including those ex- 
periments with inactivated whole virus (I), 
vaccinia recombinants expressing SIV mu 
(9), multivalent vaccinia recombinant ex- 
pressing gag, pol, and mu that can be 
assembled into SIV pseudovirion particles 
(9), and multivalent vaccinia recombinant 
priming followed by SIV particle boosting 
(9) 

We do not know the mechanisms that 
are responsible for the protective immunity 
observed in these experiments. In our pre- 
vious vaccine experiments with vaccinia 
recombinant priming and SIV particle 
boosting, we were able to achieve neutral- 
izing antibody titers that were 4 to 12 times 
higher on the day of challenge than those 
present in the monkeys vaccinated with 
SIVhf-deletion (9). Yet, we have been 
unable to achieve a single vaccine protec- 
tion with these priming-boosting protocols 
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(9), including challenges performed with 
the same doses of the same challenge stocks 
that were protected against by the SIVlnef- 
deletion vaccine. Either the nature of the 
neutralizing antibodies being elicited is dif- 
ferent with the different approaches or the 
key protective component is something 
other than neutralizing antibodies. A pos- 
sible role of cytotoxic T lymphocytes is 
certainly worthy of intensive investigation. 

Most viral vaccines currently in use in 
humans are of the live attenuated variety. It 
is simply difficult to match live virus infec- 
tion for the strength, breadth, nature, and 
duration of the immune response that is 
generated. Our results suggest that live 
attenuated HIV-1 may also be the most 
potent, effective vaccine for the prevention 
of AIDS. Concern for safety is likely to be 
the kev issue for the eventual develooment 
of this approach. In addition to nef, other 
genetic elements can be deleted from 
HIV- 1 to help ensure long-term safety. 
Gibbs et al. (23) have identified an SIV 
mutant deleted in three genetic elements 
that replicates well in cell culture, infects 
rhesus monkevs. and induces neutralizing , , - 
antibody responses that are only slightly less 
than those induced bv the SIVmac239lnef- 
deletion mutant. The use of deletion muta- 
tions is an important part of this strategy. 
The use of deletion mutants eliminates the 
possibility of reversion and helps to ensure 
the safetv of inoculation with the attenuat- 
ed virus. If other vaccine approaches indeed 
show little or no efficacv under field condi- 
tions, limited safety testing of live, multiply 
deleted HIV-1 in high-risk human volun- 
teers seems warranted. 
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Targeted Degradation of c-Fos, But Not v-Fos, by 
a Phosphorylation-Dependent Signal on c-Jun 

Athanasios G. Papavassiliou, Mathias Treier, Catherine Chavrier, 
Dirk Bohmann* 

The proto-oncogene products c-Fos and c-Jun heterodimerize through their leucine zip- 
pers to form the AP-I transcription factor. The transcriptional activity of the heterodimer 
is regulated by signal-dependent phosphorylation and dephosphorylation events. The 
stability of c-Fos was found to also be controlled by intracellular signal transduction. In 
transient expression and in vitro degradation experiments, the stability of c-Fos was 
decreased when the protein was dimerized with phosphorylated c-Jun. c-Jun protein 
isolated from phorbol ester-induced cells did not target c-Fos for degradation, which 
suggests that c-Fos is transiently stabilized after stimulation of cell growth. v-Fos protein, 
the retroviral counterpart of c-Fos, was not susceptible to degradation targeted by c-Jun. 

T h e  AP-I family consists of dimeric, se- 
quence-specific DNA binding transcription 
factors that are part of the pathway by 
which intracellular signals are converted 
into changes of gene activity. Stimulators 
of AP-1 include tumor-promoting agents 
[phorbol 12-myristate 13-acetate (TPA)], 
growth factors, and oncogene products, all 
of which have been im~licated in the stim- 
ulation of cell growth ( i )  . Two components 
of AP-1. the oroducts of the c-iun and the 
c-fos proto-oncogenes (c-Jun and c-Fos, 
respectively), are required for the stimula- 
tion of growth of quiescent cells and for 
continuous cell proliferation (2). These 
 rotei ins also function in the transformation 
of cells by nonnuclear oncogenes, such as 
activated alleles of ras (3). The function of 
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c-Jun and c-Fos as dominant regulators of 
cell growth is under stringent control. In- 
ducible phosphorylations and dephospho- 
rylations of c-Jun may modulate its DNA 
binding and transcription activation poten- 
tial (4-6). We have found that the stability 
of c-Fos is also regulated by phosphorylation 
of c-Jun. 

We expressed human c-Jun in HeLa and 
293 cells to measure the stability of differ- 
entially phosphorylated forms of the c-Fos- 
c-Jun heterodimer in an in vitro protein 
degradation assay. Tissue culture cells were 
transiently transfected with cytomegalovi- 
rus (CMV)-based plasmid vectors that en- 
code a c-Tun derivative with an artificial 
hexahistidine sequence at its NH,-terminus 
that allows rapid purification (7, 8) while 
preserving the posttranslational phospho- 
rylation of the protein (6). This expression 
system yields a c-Jun protein (cmv-H6cJun) 
that is phosphorylated in the TPA-respon- 
sive manner described for the endogenous 
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