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Deletion mutants of the pathogenic clone of simian immunodeficiency virus isolate 239 (SIVmac239) were
derived that are missing nef, vpr, and upstream sequences (US) in the U3 region of the LTR (SIVmac239D3),
nef, vpx, and US (SIVmac239D3x), and nef, vpr, vpx, and US (SIVmac239D4). These multiply deleted derivatives
replicated well in the continuously growing CEMx174 cell line and were infectious for rhesus monkeys.
However, on the basis of virus load measurements, strength of antibody responses, and lack of disease
progression, these mutants were highly attenuated. Measurements of cell-associated viral load agreed well with
assays of plasma viral RNA load and with the strengths of the antibody responses; thus, these measurements
likely reflected the extent of viral replication in vivo. A derivative of SIVmac239 lacking vif sequences
(SIVmac239Dvif) could be consistently grown only in a vif-complementing cell line. This Dvif virus appeared to
be very weakly infectious for rhesus monkeys on the basis of sensitive antibody tests only. The weak antibody
responses elicited by SIVmac239Dvif were apparently in response to low levels of replicating virus since they
were not elicited by heat-inactivated virus and the anti-SIV antibody responses persisted for greater than 1
year. These results, and the results of previous studies, allow a rank ordering of the relative virulence of nine
mutant strains of SIVmac according to the following order: Dvpr > Dvpx > DvprDvpx > Dnef > D3 > D3x >
D4 > Dvif > D5. The results also demonstrate that almost any desired level of attenuation can be achieved,
ranging from still pathogenic in a significant proportion of animals (Dvpr and Dvpx) to not detectably
infectious (D5), simply by varying the number and location of deletions in these five loci.

Attempts to develop a vaccine for the prevention of AIDS in
humans have relied heavily on macaque monkey models that
utilize simian immunodeficiency virus (SIV) (9). SIV closely
parallels its human counterpart, human immunodeficiency vi-
rus (HIV), in genetic makeup and biological properties. We
have used SIVmac239 derived from infectious cloned DNA of
defined sequence (16) and uncloned, early-passage SIVmac251
(5, 21) for our vaccine studies. These viruses produce consis-
tently high virus loads that can be readily measured in rhesus
monkeys, and they induce AIDS in rhesus monkeys in a time
frame suitable for laboratory investigation. These strains re-
semble primary HIV type 1 (HIV-1) isolates in that they are
difficult to neutralize even with sera from infected animals
(24).

Trials in rhesus monkeys have shown that vaccine protection
against SIVmac239 and SIVmac251 is very difficult to achieve
even under idealized laboratory conditions. Vaccine trials that
have used inactivated whole virus, envelope protein, vaccinia
virus recombinants, multivalent vaccinia virus recombinants,
and multivalent vaccinia virus recombinants followed by par-
ticle boosting have shown little or no protection against chal-
lenge by these viruses (7, 10, 22, 26, 30, 31). These vaccine
failures have occurred despite extensive attempts to match the
strain of challenge virus closely to the vaccine and to time the
challenge at or near the peak of vaccine-induced immune re-
sponses.

In contrast to these vaccine failures, the live attenuated

vaccine approach has afforded impressive protection against
challenge by SIVmac251 and SIVmac239 (1, 4, 35). Some
studies have used vaccine strains with defined attenuating mu-
tations (1, 4, 35), while others have used attenuated or partially
attenuated strains whose attenuating mutations have not been
defined (2, 23). In our studies, we have demonstrated strong
protective immunity by vaccination with SIVmac239Dnef (lack-
ing nef sequences) and SIVmac239D3 (lacking nef, vpr, and US
[upstream sequences of U3]) (4, 35). The live attenuated vac-
cine approach has not, however, been universally successful in
protecting against SIV (2, 23, 35). The length of time between
vaccination and challenge appears to be one variable that in-
fluences protective efficacy with the live attenuated approach
(35); other factors that determine protective efficacy have not
been defined.

Most viral vaccines currently in use in humans are live at-
tenuated strains of virus. Extensive experience with the devel-
opment and testing of these viral vaccines in humans has dem-
onstrated the importance of seeking a critical balance between
safety and potency (28). The vaccine strain should be attenu-
ated enough to ensure relative safety in the target population
but potent enough to induce good protective immunity.
Whether this concept also holds for live attenuated vaccination
against SIV and HIV remains to be demonstrated.

We have targeted five regions of the SIV genome for atten-
uating mutations. These five regions are the nef gene, the vpx
gene, the vpr gene, the vif gene, and sequences in the upstream
region of U3 in the long terminal repeat (US). In all cases, we
have used the infectious, pathogenic SIVmac239 clone as the
starting parental strain and have introduced large deletions in
order to prevent reversion at the targeted locus (12). For
deletions involving vpr and vpx, we have demonstrated the
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normal expression of adjacent open reading frames (11). While
US is probably nothing more than nef coding sequence (13, 18,
19), it will be treated as a discrete entity for the purpose of this
report. Previous publications have described the properties of
Dnef, Dvpr, Dvpx, DvprDvpx, and D3 constructs in rhesus mon-
keys (11, 17, 35). Here we describe the properties of even more
highly attenuated strains D3x (missing nef, vpx, and US), D4
(missing nef, vpr, vpx, and US), and Dvif (missing vif) as they
relate to D3 and the other strains studied previously.

MATERIALS AND METHODS

vif-complementing CEMx174 cell line. The amphotropic Moloney murine
leukemia virus packaging cell line gpenvAm12 was propagated in Dulbecco
modified Eagle medium supplemented with 10% fetal bovine serum (FBS) and
2 mM glutamine (Gibco). Hypoxanthine, xanthine, and mycophenolic acid
(Gibco) were added on a weekly basis to select for cells expressing retrovirus
packaging components. The SIV vif gene was amplified by PCR from 10 ng of
pSIVSphSph59 plasmid template DNA with oligonucleotides 59SIVvifEcoRI and
39SIVvifBamHI. Amplified SIV vif DNA was molecularly cloned into bacterial
plasmid pCRII, using a TA cloning kit (Promega) according to the manufactur-
er’s directions. The TA vector intermediate was purified, verified by DNA se-
quencing across the vif gene, and digested with EcoRI and BamHI. Similarly
digested pLXSN Moloney murine leukemia virus bacterial plasmid was purified
by electrophoresis in low-melting-point agarose (FMC) and cut from the gel.
Melted gel fragments containing appropriate amounts of DNA were ligated,
thereby molecularly cloning the SIV and HIV-1 vif genes between the EcoRI and
BamHI restriction sites of pLXSN. The final plasmid, pLXSIVvif, and the empty
vector pLXSN were transfected into gpenvAm12 cells by using DEAE-dextran as
previously described (12). Transfected cells were selected with G418 (0.6 mg/ml;
Gibco) beginning 24 h posttransfection. The cell lines were then named gpenvSIVvif
and pgenvLXSN. Three weeks postselection, 5 ml of supernatant was drawn off
these cell lines and used to infect CEMx174 cells, which were selected with G418 (0.6
mg/ml) beginning 24 h postinfection. Resultant selected cell lines were designated
CEMxSIVvif and CEMxLXSN.

Virus inoculation into rhesus monkeys. In all cases except Dvif virus, virus
stocks were prepared by transfection of cloned DNA into CEMx174 cells by
using DEAE-dextran (12). For SIVDvif, the vif-complementing CEMx174 cell
line was used. Virus was harvested from the cell-free supernatant at or near the
peak of virus production, usually 8 to 11 days after transfection. All animals were
inoculated intravenously. Inocula were normalized according to the content of
p27gag antigen, determined with a commercial antigen capture kit (Coulter,
Hialeah, Fla.). Inocula containing 100 ng of p27 of SIVD3, SIVD3x, or SIVD4
were used for each animal in experiment A (Table 1). Viruses containing 34, 396,
and 325 ng of p27 were used for experiments B, D, and F, respectively, in Table
1. We noticed no effect of inoculum dose on virus load. SIVDvif-inoculated
animals 166-89 and 427-92 received virus containing 360 ng of p27, animal 151-93
received SIVDvif containing 180 ng of p27, and animal 180-93 received heat-
inactivated SIVDvif containing 180 ng of p27. Peripheral blood samples were
taken at intervals and used to assay the numbers of infectious cells in peripheral
blood mononuclear cells (PBMC) (4, 35) and to determine anti-SIV antibody
responses by enzyme-linked immunosorbent assay (ELISA) (6, 7, 11, 17, 35);
PBMC were stored for DNA and PCR (4, 35), and plasma was stored for RNA
quantitation.

Plasma RNA quantification. Virion-associated SIV RNA in plasma samples
was quantified as an index of ongoing viral replication by using a real-time
reverse transcription-PCR assay on an Applied Biosystems Prism 7700 sequence
detection system as described in detail elsewhere (32). For each test specimen,

three reactions that each used 20% of the total extracted RNA were performed.
Duplicate aliquots were separately reverse transcribed and amplified, and the
amplification cycle during which detectable PCR product was first observed
(threshold cycle) was determined from real-time kinetic analysis of fluorescent
product generation as a consequence of specific amplification (32). One reaction
was processed and amplified without addition of reverse transcriptase. Nominal
copy numbers for test samples were then automatically calculated by interpola-
tion of the experimentally determined threshold cycle values onto a regression
curve derived from control transcript standards, followed by normalization for
the volume of the extracted plasma specimen. Results shown are averages of
duplicate determinations. The average interassay coefficient of variation was
25% on replicate plasma aliquots.

Western blot analysis of sera from infected monkeys. One milligram (Lowry
protein) of sucrose density gradient-purified SIV (Mne)/HUT78 clone E11S was
subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(20) using a 12- by 14-cm gel. A 5-mm-wide lane of prestained molecular weight
standards (Kaleidoscope; Bio-Rad) was included on each gel. A single 12.2-cm-
wide lane was used for the virus. The separated proteins were electroblotted (34)
to an Immobilon membrane (Millipore) for 1 h at 1.5 A in transfer buffer (0.025
M Tris base, 0.192 M glycine, 15% methanol, and 0.01% SDS in Milli-Q water).
The membrane was blocked with 3% gelatin in Tris-buffered saline (TBS; 20 mM
Tris-HCl [pH 7.5] and 0.5 M NaCl in Milli-Q water), air dried, and sliced into
4-mm-wide strips (strips represent ;30 mg of SIV). Plasma samples (10 ml) were
preincubated with 90 ml of heat-inactivated FBS for 1 h at 37°C in 15-ml tubes
in an attempt to adsorb any antibodies that bind to FBS proteins. (FBS proteins
are contaminants of the purified SIV used to make the strips). After addition of
5 ml of TBS containing 1% gelatin, strips were added and incubated overnight at
room temperature on a rocking platform. Each strip was decanted, transferred to
an incubation tray, and washed five times for 10 min each with TBS containing
1% Tween 20 and 0.1% SDS. Three milliliters of 1:10,000 peroxidase-labeled
goat anti-human immunoglobulin G (Sigma) in TBS containing 1% gelatin was
added to each strip and incubated for 1 h at room temperature on a rocking
platform. After five washes as before, 2 ml of enhanced chemiluminescence
(ECL) reagent (Amersham) was added to each strip. After 1 min, strips were
arranged on a clear sheet protector and placed on X-ray film (Lumi-Film;
Boehringer Mannheim) for 1 to 10 min. Films were developed with an auto-
mated processor (Konica SRX-101).

Western blot analysis of virus preparations. Wild-type SIVmac239open and
SIVmac239Dvpr virus stocks were prepared by transfection of cloned DNAs into
CEMx174 cells as described previously (12). For SIVmac239Dvif, the vif-com-
plementing CEMx174 cell line was used. Cells were removed from 250 ml of
culture by centrifugation at 17,500 rpm for 3 h in a type 19 rotor. Virus pellets
were resuspended in 50 ml of phosphate-buffered saline (PBS) containing 0.5%
Triton X-100, and p27gag antigen concentrations of the virus stocks were deter-
mined by using a commercial antigen capture kit (Coulter).

Polyclonal Vpr-specific and Vif-specific antisera were raised in rabbits by using
a-b-galactosidase-Vpr and -Vif fusion proteins, respectively. Monoclonal anti-
body to SIV p27gag was harvested from the FA2 hybridoma cell line (33). Virus
preparations containing 200 ng of p27gag were treated with Laemmli sample
buffer, electrophoresed through an SDS–15% polyacrylamide gel, and electro-
blotted onto Immobilon-P membranes (Millipore, Bedford, Mass.). Membranes
were first blocked with 8% skim milk in PBS–0.05% Tween 20 (PBST) for 1 h
and then incubated with a 1:500 dilution of the corresponding antiserum in the
same blocking solution for 1 h at room temperature. Primary antibodies were
removed by washing the membranes three times with PBST at room tempera-
ture. Dilutions of the secondary antibodies and detection were performed ac-
cording to the protocol for the Amersham ECL system.

TABLE 1. Summary of attenuated mutants of SIVmac239

Strain Gene(s) deleted No. of monkeys
analyzed

Expt(s)
(no. of animals studied) AIDS Relative virulencea

SIVmac239 None NAb Yes 1.0
SIVmac239Dvpr vpr NA Yes 0.5
SIVmac239Dvpx vpx NA Yes 0.1
SIVmac239DvpxDvpr vpx, vpr NA No 0.01
SIVmac239Dnef nef NA No 0.01
SIVmac239D3 nef, vpr, US 9 A (4), B (5) No 0.005
SIVmac239D3x nef, vpx, US 6 A (4), C (2) No 0.001
SIVmac239D4 nef, vpx, vpr, US 6 A (4), D (2) No 0.0001
SIVmac239Dvif vif 3 E (3) No 0.00005
SIVmac239D5 nef, vpx, vpr, US, vif 2 F (2) No 0

a The extent of viral replication in vivo as reflected by cell-associated viral loads, plasma viral RNA loads, and strengths of antibody responses.
b NA, not applicable.
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RESULTS

Stocks of SIVmac239D3, -D3x, and -D4 were produced by
transfection of cloned DNA into CEMx174 cells and harvest-
ing virus from the cell-free supernatant at or near the peak of

virus production. The precise size and limit of deletions in
these strains can be found in reference 12. Virus stocks were
stored in the vapor phase of liquid nitrogen at approximately
2160°C. All three of these multiply deleted viruses replicated
well in CEMx174 cells (12). In one experiment (experiment A
[Table 1]), four rhesus monkeys were inoculated intravenously
with normalized amounts of each strain, D3, D3x, and D4,
containing 100 ng of p27 antigen. Other monkeys were infected
with these same strains at different times (experiments B to D
[Table 1]). We observed no unusual variations in the behavior
of these viruses with infections initiated at different times.

Cell-associated virus loads were measured by limiting dilu-
tion culture of PBMC (Fig. 1). Peak virus loads in this assay
around week 2 decreased stepwise in the order D33D3x3D4.
This result is consistent with previous virus load measurements
in animals infected with Dvpr, Dvpx, and DvprDvpx in which
deletion of vpx had a greater effect than deletion of vpr and
deletion of vpx and vpr had a much greater effect than deletion
of either element alone (11). Peak viral loads occurred around
week 2 postinoculation. With parental SIVmac239, an average
of 305 PBMC were required to recover virus at peak, com-
pared to 4,115 PBMC for D3, 106 PBMC for D3x, and .106

PBMC for D4. Thus, peak loads in this assay for the parental
wild type were 13.5 times higher than those obtained with D3,
which in turn were 243 times higher than those obtained with
D3x. Peak virus loads with this assay were thus approximately
3,000 times higher with parental SIVmac239 than with D3x and
even greater than with D4. While not evident in Fig. 1, SIVD4
was occasionally recovered from inoculated animals in bulk
cultures when 5 3 106 or more PBMC were used in both
experiments A and D. SIVD4 was recovered from one animal
at week 1 only, one animal at weeks 2 and 4 only, and one
animal at week 40 only, all with $5 3 106 PBMC. SIV was
never recovered from two of the six SIVD4-infected animals
that were studied. Virus was more frequently recovered in
these bulk cultures with SIVD3x-infected animals in experi-
ments A and C.

DNA was prepared from selected PBMC samples obtained

FIG. 1. Cell-associated virus loads. The numbers of infectious cells in PBMC
are expressed in code on the y axis as a function of weeks after inoculation of
virus. Each curve represents the average of multiple animals. For SIVmac239,
averages of 16 and 18 animals were used for weeks 1 and 2; averages of 5 to 9
animals were used for the subsequent times due to the lack of sampling of
individual animals at those times or due to the planned sacrifice of the animal.
Five animals from experiment B were used for D3, two animals from experiment
C were used for D3x, and two animals from experiment D were used for D4. Four
animals that received SIVmac239D4 at TSI Mason Laboratories yielded very
similar results (22a). Code for PBMC load: 0, virus was not recovered even when
106 PBMC were used; 1, virus was recovered with an average of 106 but not fewer
PBMC; 2, 333,333 PBMC; 3, 111,111 PBMC; 4, 37,037 PBMC; 5, 12,345 PBMC;
6, 4,115 PBMC; 7, 1,371 PBMC; 8, 457 PBMC.

FIG. 2. Plasma SIV RNA levels at the indicated weeks postinoculation for animals infected with wild-type SIVmac239 (A), D3 (B), D3x (C), and D4 (D) for the
12 animals in experiment A and two controls analyzed separately. Dashed lines indicate threshold sensitivity of the assay, 300 copy eq/ml.
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at 2 and 16 weeks postinfection and used in a sensitive nested
PCR assay for the detection of viral DNA (4, 35). The results
overall were in good agreement with the cell-associated viral
load measurements. Viral DNA was detected in two of three
animals infected with D3 at 2 weeks after infection and in three
of three animals infected with D3 at 16 weeks after infection. In
contrast, viral DNA was detected in none of four animals
infected with D4 at both 2 and 16 weeks after infection.

Plasma samples from all 12 animals infected with D3, D3x,
and D4 in experiment A were used to quantify viral RNA
burdens (Fig. 2). While there was some overlap in peak levels
for individual animals infected with different viruses, the re-
sults overall agreed quite nicely with the cell-associated viral
load measurements shown in Fig. 1. For all of the viruses
evaluated, plasma SIV RNA levels peaked within the first 2
weeks following inoculation (Fig. 2). Early plasma RNA viral
loads exhibited a similar rank order, i.e., wild type @ D3 .

D3x . D4 (Fig. 3). For animals infected with all viruses other
than wild type, plasma SIV RNA levels decreased to below the
threshold sensitivity of the assay used (300 copy eq/ml) be-
tween 8 and 12 weeks postinoculation (Fig. 2).

The strengths of the anti-SIV antibody responses varied with
each mutant strain, with the same rank ordering as the levels of
replicating virus and plasma RNA that were detected. This is
best illustrated by the 12 animals infected in parallel in exper-
iment A, whose antibody responses are shown in Fig. 4.
SIVmac239D3x infection induced anti-SIV antibodies that
were readily detected by ELISA, but they were considerably
lower in strength than those detected in the animals infected
with D3 (Fig. 4A and B). Under the identical assay conditions
and parallel testing, anti-SIV antibodies were not evident in
the D4-inoculated monkeys (Fig. 4C). However, in a much
more sensitive ELISA testing format, the induction of anti-SIV
antibodies could be readily measured in the D4-infected ani-

FIG. 3. Early plasma SIV RNA loads. The median plasma RNA values at week 1 postinoculation (A) and at peak (B) for each group of infected animals are derived
from the data shown in Fig. 2. The dashed lines indicate the threshold sensitivity of the assay.

FIG. 4. Antibody responses. Plasma samples from the 12 rhesus monkeys infected in parallel in experiment A were tested for the development of anti-SIV antibody
responses by ELISA reactivity to whole lysed virus. All of the samples in panels A to C were tested on the same day under identical conditions. The samples from the
D4-infected monkeys were retested under the high-sensitivity ELISA conditions (D).
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mals (Fig. 4D). The ultrasensitive assay conditions included
more virus antigen per well (lysed virus containing 91 ng of p27
antigen per well) and testing of test serum at a dilution of 1:10
and the alkaline phosphatase-conjugated goat anti-human de-
tection serum at 1:40. The levels of anti-SIV antibodies result-
ing from D3 infection were similar to those resulting from
parental SIVmac239 infection (data not shown).

The properties of virus from which a large segment of vif
sequences had been deleted were investigated next. The dele-
tion in Dvif encompasses bp 5421 to 5655 (12, 29). The only
way we have been able to grow the Dvif virus is in vif-comple-
menting cell lines. Transfection of Dvif proviral DNA into
CEMx174 cells did not yield detectable levels of replicating
virus, but transfection into a vif-complementing CEMx174 cell
line yielded high levels of replicating virus. SIVmac239Dvif
derived from the vif-complementing cell line did not replicate
appreciably in CEMx174 cells but replicated to high levels in
the vif-complementing CEMx174 cells (Fig. 5). The Dvif virus
also did not replicate detectably in lectin-stimulated rhesus
monkey PBMC cultures in the presence of interleukin-2 (data
not shown). The deletion in Dvif was demonstrated not to
affect the normal expression of vpr and vpx by Western blot
analysis (Fig. 6).

Rhesus monkeys 166-89 and 427-92 were inoculated intra-
venously with SIVmac239Dvif containing 360 ng of p27 pre-
pared in the vif-complementing CEMx174 cell line. Attempts
to recover SIV from PBMC were repeatedly negative, even
with bulk cultures containing 106, 5 3 106, or 107 PBMC and
the vif-complementing CEMx174 cell line. Analysis of sequen-
tial sera from these animals in the usual ELISA format did not
reveal evidence for the emergence of anti-SIV antibodies in
these animals. However, with the ultrasensitive ELISA format,
anti-SIV antibodies clearly were demonstrable over time fol-

lowing the inoculation of the Dvif virus, and these antibodies
persisted over the starting baseline levels for more than 1 year
(Fig. 7).

To investigate further whether the antibody response elic-
ited by Dvif was indeed due to replicating virus, a vial of the
Dvif stock virus produced in the vif-complementing cell line
and containing 180 ng of p27 was thawed and split evenly into
two tubes. One tube was heat inactivated at 56°C for 30 min,
and the other tube was kept on ice. One rhesus monkey (180-
93) was inoculated intravenously with the heat-inactivated Dvif
virus, and another rhesus monkey (151-93) was inoculated with
the Dvif virus that had not been heat inactivated. While 151-93
showed the same sort of anti-SIV antibody response with the
sensitive ELISA system as was seen previously with 166-89 and
427-92, 180-93 had no such anti-SIV antibody response (Fig.
8). Repeated attempts to recover SIV with CEMx174 and the
vif-complementing CEMx174 cell lines were again negative.
These results provided further evidence that the anti-SIV an-
tibody responses to Dvif virus were due to low levels of repli-
cating virus.

We also attempted to detect SIV DNA by PCR in the ani-
mals inoculated with Dvif. SIV sequences were not detected in
DNA of PBMC obtained at weeks 2 and 16 from animals
166-89, 427-92, 151-93, and 180-93 in the same nested PCR
assays that readily detected SIV DNA in D3-inoculated ani-
mals (see above).

We analyzed plasma samples from selected animals for
Western blot reactivity to viral antigens (Fig. 9). Plasma sam-

FIG. 5. Replication of SIVmac239Dvif. Stock viruses containing 10 ng of p27
were tested in parallel for replication in CEMx174 cells and in the vif-completing
CEMx174 cell line.

FIG. 6. Synthesis of vpx and vpr by SIVmac239Dvif. Virion proteins of
SIVmac239open (wild type [WT]), SIVmac239Dvpr (DVPR), and SIVmac239Dvif
(Dvif) containing 200 ng of p27gag were separated in an SDS–15% polyacrylamide
gel and electroblotted onto membrane filters. Vpr, Vpx, and p27gag proteins were
detected by anti-Vpr (aVPR), anti-Vpx (aVPX), and anti-p27gag (ap27) antisera,
respectively, using the Amersham ECL detection system. Sizes are indicated in
kilodaltons.

FIG. 7. Antibody responses to SIV in rhesus monkeys inoculated with
SIVmac239Dvif. Sequential plasma samples from the rhesus monkeys inoculated
with SIVmac239Dvif containing 360 ng of p27 were tested for the presence of
antibodies to SIV under high-sensitivity conditions.

FIG. 8. Effect of heat inactivation of SIVmac239Dvif on antibody responses
in inoculated rhesus monkeys. Sequential plasma samples were analyzed as
described in the legend to Fig. 7.
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ples taken at week zero (preinoculation) and weeks 32 to 40
(postinoculation) were used. The results agreed very nicely
with the quantitative ELISA measurements shown in Fig. 4
and in Fig. 7. Plasma from the Dvif-infected animals showed
little or no reactivity under the standard conditions used (Fig.
9). Week 34–36 plasma samples from D4-infected animals
showed weak but definite antibody levels that were consider-
ably lower than those in the D3- and D3x-infected animals (Fig.
9).

DISCUSSION

Our results together with those of previous studies (11, 17,
35) demonstrate that almost any desired level of attenuation
can be achieved simply by varying the number and location of
deletion mutations in the five loci described in this report.
Other loci, such as the NF-kB and Sp1 transcriptional control
elements, can also be targeted singly and in combinations for
attenuating deletion mutations (14, 15). The SIVmac239D4
and -Dvif mutant strains described in this report are extremely
attenuated yet are still apparently infectious. However, animals
infected with these attenuated strains routinely score negative
in standard assays for infection, including routine antibody
tests. A strain with deletions in all five loci (12) was not de-
tectably infectious for rhesus monkeys in our hands. Our re-
sults allow ranking of the relative virulence of deletion mutants
of SIVmac239 according to the following order: Dvpr . Dvpx .
Dvpr Dvpx 5 Dnef . D3 . D3x . D4 Dvif . D5. We have shown
good protective efficacy in a vaccine format with Dnef and D3
(4, 35). The vaccine capabilities of other strains remain to be
determined.

To what extent can the relative virulence of these SIV strains
be extrapolated to HIV-1? A number of long-term nonpro-
gressing humans who are naturally infected with nef-deleted
HIV-1 have been identified (8, 18). The level of attenuation of
HIV-1Dnef in humans appears to be quite similar to the level

of attenuation of SIVmac239Dnef in rhesus monkeys. How-
ever, there is no information on the attenuating effects of loss
of other HIV-1 genes. There is no reason to presume a priori
that the effects of loss of a corresponding gene or genes will
necessarily be the same. Answers to this can probably only be
derived from identification of rare individuals harboring non-
revertible defects at individual genomic locations.

While our studies to date have characterized the overall
level of attenuation of these mutant strains, it will also be
important to determine whether any of these mutations affect
specific aspects, features, or characteristics of the infection.
For example, mutation of specific genetic elements could con-
ceivably alter cell type or tissue targeting, the primary site of
replication within an individual lymphoid tissue, or viral de-
pendence on the state of cellular activation. It is also possible
that none of these mutations alters what the virus does or
where it goes but simply results in the virus doing it less effi-
ciently. Along these lines, it is worth noting that none of the
infectious mutants that we have studied resulted in lack of
persistence as a consistent phenotype. Several groups (3, 25,
27, 35) have noted rare animals with apparently transient in-
fections, sometimes even with wild-type virus, in which anti-
SIV antibodies increase after infection but subsequently de-
cline to basal levels below the limit of deletion; none of the
mutants exhibited these features of a nonpersisting infection as
a consistent phenotype.
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