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Live attenuated simian immunodeficiency viruses (SIV), such as nef deletion mutants, are the most effective
vaccines tested in the SIV-macaque model so far. To modulate the antiviral immune response induced by live
attenuated SIV vaccines, we had previously infected rhesus monkeys with a nef deletion mutant of SIV
expressing interleukin 2 (SIV-IL2) (B. R. Gundlach, H. Linhart, U. Dittmer, S. Sopper, S. Reiprich, D. Fuchs,
B. Fleckenstein, G. Hunsmann, S. Stahl-Hennig, and K. Uberla, J. Virol. 71:2225-2232, 1997). In the present
study, SIV-IL2-infected macaques and macaques infected with the nef deletion mutant SIVANU were chal-
lenged with pathogenic SIV 9 to 11 months postvaccination. In contrast to the results with naive control
monkeys, no challenge virus could be isolated from the SIV-IL2- and SIVANU-infected macaques. However,
challenge virus sequences could be detected by nested PCR in some of the vaccinated macaques. To determine
the role of immune responses directed against Env of SIV, four vaccinated macaques were rechallenged with
an SIV-murine leukemia virus (MLYV) hybrid in which the env gene of SIV had been functionally replaced by
the env gene of amphotropic MLV. All vaccinated macaques were protected from productive infection with the
SIV-MLYV hybrid in the absence of measurable neutralizing antibodies, while two naive control monkeys were
readily infected. Since the SIV-MLYV hybrid uses the MLV Env receptor Pit2 and not CD4 and a coreceptor for
virus entry, chemokine inhibition and receptor interference phenomena were not involved in protection. These
results indicate that the protective responses induced by live attenuated SIV vaccines can be independent of

host immune reactions directed against Env.

Despite extensive efforts, no safe and effective vaccine is yet
available to protect against human immunodeficiency virus
(HIV) type 1 (HIV-1) infection. Inoculation of rhesus mon-
keys with simian immunodeficiency viruses (SIV) is a useful
model to study the efficacy of different vaccination strategies.
The most effective vaccines in the SIV-macaque model are live
attenuated SIV such as nef deletion mutants. Macaques previ-
ously infected with attenuated immunodeficiency viruses were
protected from high-dose challenges with cell-free and cell-
associated pathogenic virus strains (1, 9, 27, 41). The protective
capacity increased with length of time of vaccination, although
protection could be achieved as early as 8 and 10 weeks postin-
fection in some animals (27, 41). There was a direct correlation
between the ability of the vaccine virus to replicate in the host
and the degree of protection that was conferred (23, 41). This
correlation between protection and the replicative capacity of
the vaccine virus in the host (23, 41) may hamper attempts to
further attenuate vaccine viruses without a loss of the capacity
to induce protection. One way to circumvent this problem may
be to enhance the immunogenicity of a more attenuated vac-
cine virus to afford the same degree of protection as that ob-
tained with a less attenuated virus. Such a result might be
achieved by local coexpression of viral antigen and immuno-
stimulating cytokines. Therefore, we replaced the nef gene of
SIVmac239 with the interleukin 2 (IL-2) coding region (15)
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and obtained SIV-IL2. The course of SIV-IL2 infection in rhe-
sus monkeys was similar to the course of infection with the nef
deletion mutant SIVANU, although mean capsid antigen levels
and urinary neopterin levels were higher in the SIV-IL2-infect-
ed macaques than in the SIVANU-infected animals during the
acute phase of infection (15). To determine the effect of IL-2
expression on vaccine protection, SIV-IL2- and SIVANU-in-
fected macaques were challenged with pathogenic STVmac239.

A number of effector mechanisms may mediate vaccine pro-
tection. Increased levels of neutralizing antibodies (6, 8, 23,
41), high cytotoxic T-lymphocyte (CTL) activity (25), and de-
tectable T-helper-cell proliferation after challenge (30) were
found to correlate with protection. Due to their inhibitory ac-
tivity, chemokines (4, 7, 29) and other soluble factors released
from CD8-positive cells (2, 22) may also be involved. In addi-
tion, nonimmunological mechanisms such as interference be-
tween vaccine virus and challenge virus may be responsible for
protection (23, 27). If the latter were the case, live attenuated
immunodeficiency viruses could hardly be used in humans,
since long-term persistence of the vaccine virus at levels that
can compete with the challenge virus likely would be required.
Therefore, it is important to understand the mechanisms me-
diating protection prior to the use of live attenuated HIV-1
vaccines in humans. However, since no inbred monkey strains
are available to allow cell transfer experiments, it is difficult to
establish any causal relationship between a potential mecha-
nism and protection.

With vaccine and challenge viruses containing env genes
from heterologous immunodeficiency viruses, protection was
observed in the absence of detectable neutralizing antibodies
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or antibodies cross-reacting with challenge virus Env at the
time of challenge (5, 12, 25, 31, 33), suggesting that neutraliz-
ing antibodies were not required for protection by live atten-
uvated immunodeficiency virus vaccines. To further evaluate
the importance of Env-directed immune responses, SIV-IL2-
and SIVANU-infected macaques were challenged with an SIV-
murine leukemia virus (MLV) hybrid in which the env gene of
SIV was functionally replaced by the env gene of amphotropic
MLYV. The lack of homology between SIV Env and MLV Env
allowed the importance of the Env-specific humoral and cel-
lular immune responses to be analyzed. Since cell entry by
MLV Env is not inhibited by chemokines (10), it was also
possible to investigate a potential contribution of chemokines
to vaccine protection. The role of receptor interference could
also be evaluated, since SIV and MLV use different receptors
for entry into cells.

MATERIALS AND METHODS

Viruses and cell cultures. SIV-IL2 and SIVANU (SIVmac239) were described
previously (15). An SIVmac239 nef-open (18) challenge virus stock was prepared
on rhesus monkey peripheral blood mononuclear cells (PBMCs). The median
tissue culture infective dose (TCIDs,) was 10>%/ml when the virus stock was
tested on C8166 cells as described previously (17). The median monkey infective
dose (MIDs) was 10%/ml when 10-fold dilutions (1072 to 10~7) of the virus stock
were injected intravenously into two monkeys each. Construction of MuSIV™*,
which only differs from MuSIV (32) by the presence of a full-length nef gene, will
be described elsewhere (32a). An MuSIV™" stock (was prepared on rhesus mon-
key PBMCs (38), and the TCIDs, of the virus stock (10*%/ml) was determined on
C8166 cells (17). Positive cultures were identified by immunoperoxidase staining
with serum from an SIV-infected macaque essentially as described previously
(28). The only modification was the use of concanavalin A-coated microtiter
plates instead of poly-L-lysine-coated plates to increase the adherence of the
cells. The minimal number of PBMCs of infected macaques required for virus
isolation in cocultures with C8166 or Raji cells was determined as a measure of
cell-associated viral load (16). Positive cultures were identified by immunoper-
oxidase staining as described above.

Infection of rhesus monkeys. Animals were housed at the German Primate
Center in Goéttingen, Germany. Care of the monkeys and collection of specimens
were carried out in accordance with institutional guidelines as described previ-
ously (36). One hundred MIDsgs of STVmac239 was injected intravenously into
eight rhesus monkeys at 38 weeks (monkeys 7738-IL2, 7741-1L2, 7742-1L2,
7756ANU, 7761ANU, and 7763ANU; see legend to Fig. 1 for explanation of
designations) or 46 weeks (monkeys 7744-IL2 and 7755ANU) after infection with
SIV-IL2 or SIVANU (15). Two rhesus monkeys of Indian origin (seronegative
for SIV, type D retroviruses, and simian T-cell leukemia virus type 1) were
infected intravenously with SIVmac239 at the same time and at the same dose.
Monkeys 7738-1L2, 7741-1L2, 7761ANU, and 7763ANU were rechallenged in-
travenously with 1,000 TCIDsos of MuSIV*. Again, two naive rhesus monkeys
were infected with MuSIV™ in parallel as a control.

PCR. To characterize isolates recovered at different times after infection,
CEMXx174 cells infected with the different isolates were lysed in buffer K (50 mM
KClI, 15 mM Tris, 2.5 mM MgCl,, 0.5% Tween 20, 100 pg of proteinase K per ml)
and subjected to PCR. With primers SL16 and SL17 (20), which flank the
deletions in nef and the U3 region, fragments were amplified from the lysates
under the following conditions: 94°C for 2 min and 39 cycles of 40 s at 94°C, 1 min
at 61°C, and 1 min at 72°C. After each cycle, the extension time was prolonged
by 1 s. PCR products were size separated by agarose gel electrophoresis side by
side with PCR products derived from plasmids containing full-length nef, SIV-
IL2, or SIVANU sequences. This procedure allowed us to discriminate between
these viruses. To detect challenge virus sequences without prior cultivation,
PBMCs or lymph node cells were lysed in buffer K. Genomic DNA was
purified by phenol-chloroform extraction and concentrated by ethanol preipi-
tation, if necessary. Genomic DNA (1 to 10 pg) was used in a 100-pl PCR for 25
cycles with primers $9261s (5'-TAC-TCC-AGA-GGC-TCT-CTG-CGA-3’) and
S10241a (5'-GCG-ACT-GAA-TAC-AGA-GCG-AAA-TGC-AGT-3") under the
conditions described above. A 1-ul quantity of the PCR product was amplified in
a second round for 39 cycles with primers SL16 and S10020a (5'-GGT-ATC-
TAA-CAT-ATG-CCT-CAT-AAG-T-3'), which does not bind to SIV-IL2 or
SIVANU, thereby allowing selective amplification of full-length nef sequences.
With this nested PCR, a minimum of four copies of nef could be detected in the
presence of 10 pg of genomic DNA.

Immunological methods. PBMCs were phenotypically characterized by three-
color fluorescence analysis on a FACScan flow cytometer (Becton-Dickinson,
Heidelberg, Germany). For determination of lymphocyte subsets, a gate was set
on forward and side light scattering to include T cells, B cells, and NK cells with
a minimum of contaminating macrophages. These cell populations were defined
by monoclonal antibodies against CD3 (FN18; M. Jonkers, Biomedical Primate
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Research Center, Rijswijk, The Netherlands), CD20 (H299; Coulter, Krefeld,
Germany), CD16 and CD56 (3G8 and B159, respectively; Immunotech, Ham-
burg, Germany), and CD14 (RM052; Immunotech). CD4™ T cells (OKT4; Or-
tho, Neckargemuend, Germany) were further differentiated into naive and mem-
ory T-helper cells on the basis of low-level or high-level (CD29") expression of
CD29 (4B4; Coulter).

The humoral immune response of infected monkeys against SIV antigens was
determined by an enzyme-linked immunosorbent assay (ELISA) with pelleted,
whole SIVmac251 as an antigen as described previously (37). Antibody titers
against MLV Env were determined by immunofluorescence analysis. 293T cells
were transfected with the MLV env expression plasmid pHIT456 as described
previously (35). Two days after transfection, cells were air dried on glass slides
and fixed in ice-cold acetone for 15 min. Serial dilutions of sera (starting with a
1:20 dilution) in phosphate-buffered saline containing 5% bovine serum albumin
were incubated with transfected and mock-transfected 293T cells, washed, and
stained with a 1:50 dilution of a fluorescein isothiocyanate (FITC)-labelled sec-
ondary rabbit anti-human immunoglobulin G (IgG) antibody (DAKO, Glostrup,
Denmark). In a blinded fashion, the highest antibody dilution giving clear stain-
ing of transfected but not mock-transfected 293T cells was determined and taken
as the anti-MLV Env antibody titer. Neutralizing antibody titers were deter-
mined on CEMx174-SEAP cells, which express the secreted alkaline phospha-
tase gene under the control of the SIV long terminal repeat, essentially as
described previously (24). Sera (20 pl) were diluted with 180 pl of RPMI
medium containing 10% fetal calf serum. This dilution was inactivated at 56°C
for 30 min and further diluted in seven twofold steps. Serial dilutions (25 pl)
were incubated with 25 pl of an MuSIV™ stock in triplicate for 2 h. CEMx174-
SEAP cells (150 pl) (2 X 10° cells/ml) were added and incubated for 3 days. The
SEAP activity of the culture supernatants was determined with a Phospha-Light-
kit (Tropix, Bedford, Mass.).

RESULTS

To study the effect of IL-2 on SIV replication, pathogenesis,
and immunogenicity, we had previously infected four rhesus
monkeys with SIV-IL2 and four with SIVANU. The expression
of IL-2 by the nef deletion mutant did not fundamentally alter
the attenuated phenotype of this nef deletion mutant, although
there was a slight increase in virus replication and immune
stimulation during the acute phase of infection (15). The con-
sequences of IL-2 expression by a live attenuated virus on
vaccine protection were analyzed by intravenous inoculation of
100 MID4s of pathogenic STVmac239 at 38 and 46 weeks after
infection with SIV-IL2 or SIVANU. At the time of challenge,
virus could be isolated only from one of the SIV-IL2-infected
monkeys (7744-IL2) and not from the other, SIV-IL2- or
SIVANU-infected monkeys (Fig. 1B and C). The virus recov-
ered from monkey 7744-1L2 contained a deletion in the in-
serted IL-2 coding region similar to that in a virus recovered
from this monkey 16 weeks after infection with SIV-IL2 (15).
In contrast, virus containing a full-length IL-2 coding region
could be isolated from monkey 7741-IL2 up to 28 weeks
postinfection (data not shown). When genomic DNA from the
PBMCs of SIV-IL2-infected monkeys was analyzed 32 weeks
postinfection by nested PCR, deletions in the IL-2 coding
region of SIV-IL2 were detected in all animals (data not
shown). A full-length IL2 coding region was present at the
same time in genomic DNA isolated from the PBMLs of three
of the four SIV-IL2-infected monkeys (data not shown). No
apparent differences were observed in the SIV antibody titers
between SIV-IL2- and SIVANU-infected macaques prior to or
at the time of challenge (Table 1). SIV-specific T-helper-cell
proliferation was detectable in all SIV-IL2- and SIVANU-
infected macaques 2 weeks prior to challenge and in all in-
fected macaques but 7738-IL2 at the time of challenge (data
not shown).

After inoculation of SIVmac239 into two naive control mon-
keys, high cell-associated viral loads were observed 2 weeks
postinfection and persisted for the entire observation period
(Fig. 1A). In contrast, four macaques previously infected with
SIV-IL2 (Fig. 1B) or SIVANU (Fig. 1C) had low or undetect-
able cell-associated viral loads. From monkey 7744-1L2, which
was virus isolation positive at the time of challenge, virus could
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FIG. 1. Cell-associated viral load after inoculation of naive rhesus monkeys
(A), SIV-IL2 infected-rhesus monkeys (B), and SIVANU-infected rhesus mon-
keys (C) with STVmac239. Infectious cells/10° PBMCs were calculated from the
minimal number of PBMC:s required for virus isolation in cocultures with C8166
cells. Isolates were characterized by PCR as described in Materials and Methods.
V, vaccine virus. The four-digit numbers are monkey designations, and the letters
following the numbers indicate the virus with which the monkeys were first
infected: IL2, SIV-IL2; ANU, SIVANU; SIV, SIVmac239.

be isolated repeatedly after challenge. Characterization by
PCR revealed the presence of the vaccine virus but not the
challenge virus (Fig. 1B). Similarly, isolates recovered 1 and 2
weeks after challenge from monkeys 7738-1L2 and 7763ANU,
respectively, contained the vaccine virus and not the challenge
virus (Fig. 1B and C). However, with a sensitive nested PCR,
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TABLE 1. SIV antibody titers after challenge with SIVmac239

Antibody titer” (10°) at the following wk
postchallenge with STVmac239:

Animal

-12 0 24 37
7738-1L.2 51 102 51 51
7741-1L2 102 205 102 205
7742-1L2 51 51 51 51
7744-11L2 102° 102 102 205
7755ANU 1022 102 51 51
7756ANU 26 26 26 51
7761ANU 205 410 410 410
7763ANU 205 205 205 205
8143SIV ND 0 819 ND
8149SIV ND 0 102 ND

¢ Serum dilution giving absorbance values twice the background values. ND,
not done.
> Determined at week —22.

full-length nef sequences were detected in PBMCs or lymph
node cells isolated 6 or 37 weeks after challenge from all
SIVANU-infected animals and two of the SIV-IL2-infected
animals (Table 2). The load of the challenge virus must have
been rather low, since only one or two of five independent
PCRs were positive in each of the two PCR-positive SIV-IL2-
infected macaques and only one of four independent PCRs
was positive in each of the SIVANU-infected macaques (Table
2).
The PCR data suggest that the spread of the challenge virus
was controlled efficiently in the absence of sterilizing immunity.
Determination of SIV antibody titers did not reveal an in-
crease in antibody titers after challenge (Table 1). Challenge
virus replication must have been too low to induce an ana-
mnestic humoral immune response. Although the viral load
determinations did not give any evidence for progression to
AIDS in the vaccinated macaques, the percentage of CD29™"
CD4" lymphocytes was determined, since a drop in this pop-
ulation is an early prognostic marker for a decline in immune
function in humans (3, 11) and macaques (19, 26). A reduction
in the percentage of CD29" CD4™" cells was observed in the
control monkeys (Fig. 2A) but not in the vaccinated monkeys
(Fig. 2B and C). A reduction in the percentage of CD29" CD4™"
cells in macaque 7738-IL2 at week 20 was only transient, since
normal values were obtained for a follow-up sample (data not
shown). The CD4/CDS ratio did not decrease in the vaccinated

TABLE 2. Detection of full-length nef sequences after
challenge with SIVmac239 and MuSIV**

Detection of full-length nef sequences at the
indicated wk postchallenge with:

Animal

SIVmac239 MuSIV*
6 37 37 (LN) 2 4
7738-11.2 —/= - —/= - +/—-
7741-1L2 +/+ - —/= + —/—-
7742-11.2 —/— - —/— ND ND
T744-11L2 —/= - +/— ND ND
7755ANU + - —/— ND ND
T756ANU + - —/— ND ND
7761ANU + - —/— - —/=
7763ANU - + —/— + —/=

“ Nested PCR was performed on DNA from PBMCs or lymph node cells (LN).
Results obtained from the same DNA sample in two independent PCRs are
separated by a slash. +, sequences were detected; —, sequences were not de-
tected; ND, not done.
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FIG. 2. Percentage of CD29" CD4™ cells in peripheral blood lymphocytes of
macaques infected with SIVmac239 (A), SIV-IL2 (B), or SIVANU (C). Numbers
of CD29" CD4" cells are expressed as a percentage of total lymphocytes.

monkeys, but a two- to threefold reduction was seen in the
naive control monkeys (data not shown).

Concordant with the laboratory findings, both naive control
animals succumbed to AIDS-like disease. Monkey 8148SIV
died 33 weeks postinfection due to massive Pneumocystis cari-
nii (PC) pneumonia. PC structures were detectable in the lung
alveoli, and lung tissue was also PC positive when analyzed by
immunohistochemistry. The other control monkey had gener-
alized lymphadenopathy and severe splenomegaly. It had to be
euthanatized 45 weeks postinfection due to partial paralysis of
the lower extremities and urinary retention. Necropsy findings
included multiple neoplasias in the thoracic and pelvic cav-
ities; these neoplasias were histologically identified as nodal
and extranodal malignant lymphoma. Since all vaccinated ma-
caques were clinically asymptomatic, SIV-IL2 and SIVANU
induced efficient control of challenge virus replication and
solid protection against the pathogenic consequences of SIV
infection in the absence of sterilizing immunity.

To further examine the mechanisms involved in protection,
two of the SIV-IL2-infected macaques and two of the SIVANU-
infected macaques which were protected from productive SIV-
mac239 infection were exposed intravenously to 1,000 TCID5,s
of an SIV-MLYV hybrid virus (MuSIV ") 37 weeks after the first
challenge. In MuSIV™" (Fig. 3A), the env gene of STVmac239 is
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FIG. 3. Challenge of vaccinated macaques with MuSIV™. (A) Map of the
SIV-MLYV hybrid MuSIV™*. MLV-derived sequences are marked by black boxes;
inactivated reading frames are shaded. (B) Cell-associated viral load in macaques
challenged with MuSIV ™. Infectious cells/10° PBMCs were calculated from the
minimal number of PBMCs required for virus isolation in cocultures with Raji
cells. LTR, long terminal repeat; SU, surface protein; TM, transmembrane pro-
tein.

functionally replaced by the env gene of amphotropic MLV as
previously described for MuSIV (32). MuSIV™ replicates in
CD4 " cell lines and is inhibited by an anti-MLV Env antibody
(data not shown). Due to the lack of homology between MLV
and SIV, SIV Env-directed immune responses should not
cross-react with MLV Env. Indeed, no MLV Env binding an-
tibodies and no MLV Env neutralizing antibodies could be
detected at the time of challenge (Table 3).

In two naive control monkeys infected with MuSIV™" in
parallel, the cell-associated viral load determined on CD4~
Raji cells revealed peak titers of up to 250 infectious units/10°
PBMC:s (Fig. 3B). In contrast, no virus could be isolated from
any of the vaccinated macaques by use of cocultures with Raji
cells (Fig. 3B). When CD4" C8166 cells were used for cocul-
turing, virus could be isolated only from monkey 7761ANU 8
weeks postchallenge and from monkey 7763ANU 20 and 24
weeks postchallenge. Since the isolates contained a deletion in
the nef gene, the vaccine virus was isolated, but MuSIV™" or
SIVmac239 was not. For three of the vaccinated macaques,

TABLE 3. Antibody titers against MLV Env

Titer of the following antibodies against MLV Env at
the indicated wk postchallenge with MuSIV™*:

Animal Binding Neutralizing
0 16 0 16
7738-11.2 <1:20 <1:20 <1:20 <1:20
7741-1L2 <1:20 <1:20 <1:20 <1:20
7761ANU <1:20 <1:20 <1:20 <1:20
7763ANU <1:20 <1:20 <1:20 <1:20
8491 MuSIV <1:20 1:320 <1:20 1:320
8492MuSIV <1:20 1:320 <1:20 1:640
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TABLE 4. SIV antibody titers after challenge with MuSIV™"

Antibody titer” (10°) at the following wk
postchallenge with MuSIV™":

Animal

0 4 8 16
7738-11L.2 51 51 51 26
7741-11.2 205 205 205 205
7761ANU 410 205 205 410
7763ANU 205 205 410 205
8491MuSIV 0 0.05 0.2 0.2
8492MuSIV 0 0.2 0.1 0.2

“ Serum dilution giving absorbance values twice the background values.

full-length nef sequences could not be detected in PBMCs or
lymph nodes at the time of the second challenge in three in-
dependent PCRs. For two of the macaques, full-length nef
sequences were detectable shortly after the second challenge in
one of three independent PCRs (Table 2). This finding could
have been due to low-level infection with MuSIV™* or reacti-
vation of the first challenge virus. If infection with MuSIV*
occurred, replication must have been rather weak, since nei-
ther of the vaccinated macaques developed antibodies against
MLV Env (Table 3). In contrast, antibodies and neutralizing
antibodies against MLV Env were detectable in the naive con-
trol monkeys 16 weeks after infection with MuSIV™ but not
prior to infection (Table 3). This seroconversion confirms in-
fection of the naive control animals but not of the vaccinated
animals with MuSIV™. Analyses of SIV antibody titers in the
vaccinated macaques after challenge with MuSIV" did not
reveal an anamnestic immune response (Table 4), which could
have indicated infection with MuSIV™.

DISCUSSION

Macaques preinfected with an IL-2-expressing nef deletion
mutant of SIV were protected from productive infection after
challenge with a high dose of pathogenic STIVmac239 9 and 11
months after vaccination. Although no challenge virus could be
isolated, nested PCR indicated the presence of challenge virus
sequences in two of the SIV-IL2-infected macaques either 6 or
37 weeks postchallenge. Rather than that sterilizing immunity
was induced, the spread of the challenge virus seemed to be
controlled efficiently in these two monkeys. Since all animals
vaccinated with SIVANU were protected to a similar degree
following challenge with SIVmac239, there is no evidence that
SIV-IL2 is superior to SIVANU with respect to vaccine effi-
ciency. An earlier challenge might help to clarify whether pro-
tective responses are induced faster by SIV-IL2 than by SIVANU.
However, since the viral load in SIV-IL2-infected macaques
was higher than that in SIVANU-infected macaques during the
acute phase of infection (15), SIV-IL2 does not seem to be a saf-
er vaccine than SIVANU. Therefore, other cytokines, such as
gamma interferon (14), might be better suited to further at-
tenuate nef deletion mutants of SIV without affecting protec-
tive properties.

To analyze the importance of Env for vaccine protection, four
macaques which were immunized with SIV-IL2 or SIVANU
and which were previously protected from productive infection
following STVmac239 challenge were exposed to MuSIV™, an
SIV-MLYV hybrid in which the env gene of SIV is functionally
replaced by the env gene of amphotropic MLV. All four ma-
caques were protected from this challenge, as indicated by a
lack of challenge virus isolation, the absence of seroconversion
to MLV Env, and a missing anamnestic immune responses.
However, since there is no established mechanism which could
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mediate sterilizing immunity against MuSIV™, low-level infec-
tion with MuSIV™ probably occurred, in agreement with our
PCR data. Env-independent mechanisms must have controlled
MuSIV* replication in the vaccinated macaques. Therefore, a
number of Env-dependent mechanisms that have been pro-
posed to be involved in protection induced by live attenuated
SIV vaccines did not seem to be required. Since SIV and MLV
belong to different interference groups (34), protection did not
depend on receptor interference. Although the kinetics of viral
load and strength of protection argue against interference phe-
nomena between vaccine and challenge viruses, Env-indepen-
dent interference phenomena (39) still cannot be excluded.

Chemokines could also play an important role in the control
of immunodeficiency virus infection. RANTES, MIP1«a, MIP1B,
and SDF inhibit immunodeficiency virus replication by pre-
venting the interaction of Env with its coreceptors, members of
the chemokine receptor family (4, 7, 10, 13, 29). This inhibition
is highly specific for the coreceptor used by the respective Env
and can be overcome by pseudotyping with an immunodefi-
ciency virus Env targeting a different coreceptor. Since MLV
Env-mediated cell entry is not inhibited by the chemokines
analyzed (10) and since MLV Env uses an unrelated receptor
(40), protection against MuSIV™ did not seem to depend on
chemokine inhibition. In addition, protection occurred in the
absence of neutralizing antibodies. Evidence for protection in
the absence of neutralizing antibodies was previously obtained
by use of a chimeric SIV in which the env gene of SIV was re-
placed by the env gene of HIV-1 (SHIV) as a challenge virus
(5, 12, 33). Since no antibodies directed against Env of the
challenge virus were detected at the time of challenge, protec-
tion was most likely mediated by cytotoxic T cells directed
against the SIV genes present in the challenge virus. However,
cellular immune responses recognizing Env of the vaccine virus
and Env of the challenge virus could not be excluded. After
challenge, cross-reacting, Env-specific T-helper cells might al-
low more rapid production of antibodies directed against Env
of the challenge virus and thereby facilitate control of the
challenge virus. When monkeys infected with attenuated SHIV
were challenged with pathogenic SIV, they were protected in
two studies (25, 31) but not in another one (21). The different
outcomes after challenge with SHIV or SIV could have been
due to the fact that the SHIV used as the vaccine virus was too
attenuated to induce high levels of protection. Alternatively,
since the SHIV used as the challenge virus in the earlier ex-
periments seemed to be less pathogenic than SIV, induction of
protection against SHIV might have been easier to achieve
than that against fully pathogenic SIV. Like the SHIV used in
the previous challenge studies, MuSIV™* is also attenuated.

With more virulent challenge viruses or homologous chal-
lenge viruses, Env-dependent mechanisms might facilitate pro-
tection. In addition, it seems likely that the best protection is
achieved by vaccines eliciting a combination of antiviral im-
mune responses. Nevertheless, this study shows that live atten-
uated SIV vaccines can protect against viruses carrying an
unrelated env gene. Since inhibition by chemokines, neutral-
ization by antibodies, and receptor interference did not seem
to be required for protection, Env-independent effector mech-
anisms, such as cytotoxic T cells directed against other viral
proteins, must have been responsible. Immunization with viral
proteins other than Env should also be considered for vacci-
nation against HIV.
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