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Rhesus macaques were immunized with a combination vaccine regimen consisting of adenovirus type 5 host
range mutant-simian immunodeficiency virus envelope (Ad5hr-SIVenv) recombinant priming and boosting
with native SIV gp120. Upon intravaginal challenge with SIVmac251, both persistently and transiently viremic
animals were observed (S. L. Buge, E. Richardson, S. Alipanah, P. Markham, S. Cheng, N. Kalyan, C. J. Miller,
M. Lubeck, S. Udem, J. Eldridge, and M. Robert-Guroff, J. Virol. 71:8531–8541, 1997). Long-term follow-up of
the persistently viremic immunized macaques, which displayed significantly reduced viral burdens during the
first 18 weeks postchallenge compared to controls, has now shown that one of four became a slow progressor,
clearing virus from plasma and remaining asymptomatic with stable CD4 counts for 134 weeks postchallenge.
Reboosting of the transiently viremic macaques did not reactivate latent virus. Rechallenge with two sequential
SIVmac251 intravaginal exposures again resulted in partial protection of one of two immunized macaques,
manifested by viral clearance and stable CD4 counts. No single immune parameter was associated with partial
protection. Development of a strong antibody response capable of neutralizing a primary SIVmac251 isolate
together with SIV-specific cytotoxic T lymphocytes were implicated, while CD81 T-cell antiviral activity and
mucosal immune responses were not associated with delayed disease progression. Our data show that even a
third immunization with the same Ad5hr-SIVenv recombinant can elicit significant immune responses to the
inserted gene product, suggesting that preexisting Ad antibodies may not preclude effective immunization.
Further, the partial protection against a virulent, pathogenic SIV challenge observed in two of six macaques
immunized with a vaccine regimen based solely on the viral envelope indicates that this vectored-vaccine
approach has promise and that multicomponent vaccines based in the same system merit further investigation.

While human immunodeficiency virus (HIV) can be trans-
mitted horizontally by blood and vertically from infected
mother to child, by far the most prevalent mode of transmis-
sion worldwide occurs sexually, across genital mucosal sur-
faces. In fact, heterosexual transmission accounts for 70 to
80% of all occurrences (1, 19, 21, 25, 31). Therefore, the need
for AIDS vaccines capable of eliciting effective immunity at
mucosal sites, including the vagina and rectum, is crucial. Sim-
ian immunodeficiency virus (SIV) and SIV-HIV (SHIV) chi-
mera infections of macaques have provided valuable models
for vaccine studies in nonhuman primates. These viruses can
infect macaques vaginally and rectally, and the consequences
of these infections with regard to pathogenesis and disease
progression have been described (16, 29, 40, 48, 52). Such
fundamental studies have provided the basis for investigations
of prophylactic vaccines aimed at preventing infection via these
routes. Various degrees of success have been achieved.

Vaccine approaches, including targeted iliac lymph node
immunization (37), infection with live, attenuated SIVmac251
with a deletion in the nef gene (17), exposure to naturally

attenuated HIV type 2 (HIV-2) (53) or SHIV (55), and im-
munization with NYVAC-SIV recombinant vaccines, in the
presence or absence of cytokine adjuvants (6), have shown
various degrees of protection against subsequent SIV intra-
rectal challenges. Psoralen- and formalin-inactivated SIV
preparations, in some cases encapsulated as microspheres,
have shown a degree of protection against both intrarectal and
intravaginal challenges (15, 43, 44, 64). However, the degree to
which human cellular antigens present in the inactivated viral
preparations and on the surface of the challenge viruses con-
tributed to this protection is not clear. Following oral immu-
nization with an attenuated SHIV with deletions in accessory
genes, 10 of 12 macaques were able to control virus replication
following intravaginal challenge with a pathogenic SHIV iso-
late, although sterilizing immunity was not achieved (30). In
addition, macaques immunized vaginally with an attenuated
SHIV were protected from intravaginal challenge with patho-
genic SIV (49).

The inability of the vaccine candidates tested to date to elicit
greater protective efficacy against highly virulent and patho-
genic SIV and SHIV isolates indicates that while protection via
these mucosal challenge routes is possible, the immunization
strategies used so far are not optimal. Attenuated live virus
vaccines have been most effective, as has also been observed
following intravenous challenges (2, 18, 67); however, the safety
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of these vaccines remains a concern (3, 4). In the development
of better strategies, the immune responses correlated with
protective outcomes could indicate the direction to pursue for
greater vaccine efficacy. In studies carried out to date, several
immune responses have been implicated in controlling viral
replication following mucosal transmission. These include lo-
cal SIV p27-specific immunoglobulin A (IgA)-secreting cells,
CD8-suppressor factor, and the chemokines RANTES and
MIP-1b (37) as well as SIV-specific CD81 cytotoxic T lympho-
cytes (49, 53), in some cases observed in gut-associated lymph
nodes (17). However, while cell-mediated immunity appears
highly important in controlling viral replication following mu-
cosal transmission, a strong antibody response is also critical.
Rapid disease progression following either intravenous or mu-
cosal exposure to pathogenic SHIV has been observed in an-
imals who fail to develop virus-specific antibodies (40).

We have previously reported that after an initial oral plus
intranasal immunization and subsequent intratracheal admin-
istration of an adenovirus type 5 host range mutant-SIV enve-
lope (Ad5hr-SIVenv) recombinant vaccine followed by two
boosts with native SIV gp120 in Syntex adjuvant, six immu-
nized rhesus macaques developed SIV-specific humoral, cellu-
lar, and mucosal immune responses (8). After intravaginal
challenge with over 105 50% tissue culture infective doses
(TCID50) of pathogenic SIVmac251, four of the immunized
macaques and three control macaques became persistently
viremic while two immunized macaques and two controls ex-
hibited only transient viremia. A sixth control macaque showed
no signs of infection. Among the persistently viremic animals,
the immunized macaques exhibited lower viral burdens during
the acute phase of infection than did the controls. To deter-
mine whether the initial immunization regimen exerted any
long-lasting effect on the eventual disease outcome, we moni-
tored the animals over the next 140 weeks. In addition, to
further explore the effects of the combination vaccine regimen,
the remaining transiently viremic immunized macaques were
reboosted with the Ad5hr-SIVenv vaccine and native gp120 in
alum 64 weeks after the initial challenge and rechallenged
intravaginally 2 weeks later with twice the previous dosage of
infectious SIVmac251. The transiently viremic control ma-
caques, including the control animal which showed no evi-
dence of infection upon initial challenge, were similarly inoc-
ulated with the Ad5hr wild-type vector (Ad5hr-WT) and alum
alone and rechallenged. Postchallenge monitoring of these an-
imals indicated that the two immunized animals displayed a
better outcome than controls, with higher CD4-cell counts and
lower viral loads. One of the two animals actually cleared the
virus so that SIV RNA was no longer detected in the plasma.
Thus, overall, two of six immunized macaques exhibited partial
protection. Factors associated with the protective responses
were investigated, and the results are reported here.

MATERIALS AND METHODS

Immunogens. A previously described SIVsm envelope recombinant (Ad5hr-
SIVenv) based in an Ad5hr mutant capable of infecting rhesus macaque cells was
used in these studies (10). Native SIVmac251 gp120 protein was purified from a
productive tissue culture medium by disruption and affinity chromatography as
previously described for HIV-1 gp120 (32).

Immunization and challenge of macaques. The initial immunization and chal-
lenge of 12 adult multiparous female rhesus macaques were reported previously
(8) and are summarized in Fig. 1. Two immunized macaques, transiently viremic
as a result of the first vaginal challenge, were subsequently reboosted intratra-
cheally with 5 3 108 PFU of the Ad5hr-SIVenv recombinant and intramuscularly
with 100 mg of native SIV gp120 in alum at week 104 post-initial immunization.
Two transiently viremic control macaques and an additional control macaque
with no evidence of infection following the initial challenge (no. 359) were
administered the Ad5hr-WT vector and alum adjuvant alone. Two weeks later,
all five macaques were challenged intravaginally with 2 doses of over 105 TCID50

of SIVmac251 in 1 ml delivered via a tuberculin syringe into the vaginal canal as
previously described (48, 49), once in the morning and once in the evening of the
same day (Fig. 1). Macaques were sufficiently anesthetized so as to remain
immobile for 20 to 30 min postinoculation. Macaque 359 again failed to become
infected by the double challenge dose and is not considered further in this study.
The basis for its resistance to vaginal infection by SIVmac251 is under investi-
gation.

Sample collection. Blood samples were collected periodically following boost
and challenge for assessment of immunologic responses and the virological
statuses of the monkeys. Peripheral blood mononuclear cells (PBMCs) were
separated from heparinized blood by centrifugation on lymphocyte separation
medium (LSM; Organon Teknika Corp., Durham, N.C.). PBMCs were used
fresh or were frozen viably in liquid nitrogen in a freezing medium consisting of
8% dimethyl sulfoxide (Sigma Chemical Co., St. Louis, Mo.) in sterile fetal
bovine serum. Serum samples were stored at 270°C prior to use.

Nasal, vaginal, and rectal secretions were sampled by gently swabbing mucous
membrane surfaces with cotton-tipped applicator sticks, after which the appli-
cators were stored in transfer medium consisting of phosphate-buffered saline
(PBS) with 0.1% bovine serum albumin (Sigma), 0.01% thimerosal, and 750
Kallikrein inhibitor units of aprotinin/ml. Vaginal swab samples were not taken
when the animals were menstruating. Secretions showing contamination with
blood were not included in analyses. Saliva specimens were collected by placing
a needleless syringe inside the mouth, close to the cheek. Two milliliters of saliva
was collected and immediately added to 0.2 ml of 103 transfer medium. All
samples were stored at 270°C until use.

Assessment of Ad5hr-WT and Ad5hr-SIVenv recombinant replication. For
several days following immunization, fecal samples were collected as 10% sus-
pensions in Dulbecco’s modified Eagle medium containing gentamicin (200
mg/ml) and amphotericin (10 mg/ml) and stored at 270°C for further use. The
presence of Ad5hr DNA in stool specimens was assessed by PCR, using a
Perkin-Elmer Cetus (Norwalk, Conn.) PCR kit. The primers and reaction con-
ditions used were exactly as previously described (8).

A microneutralization assay was used as previously described (11) for the
assessment of neutralizing antibodies to the Ad5hr vector in serially diluted
macaque sera. The assay was carried out with the Ad5hr-WT virus and A549 cells
as targets for infection. The neutralizing titer was defined as the reciprocal of the
last serum dilution at which a cytopathic effect was not evident.

Assessment of cell-mediated immune responses. Cytotoxic T-cell (CTL) ac-
tivity was monitored following double in vitro stimulation of effector cells as
described elsewhere (65). Briefly, autologous B cells, obtained by herpesvirus
papio transformation of PBMCs, were infected with vaccinia virus expressing
either SIVmac251 Env (V194) (35) or SIVsmH4 Env and Gag (Wyeth-SIV[vJS-
11]) (24) at a multiplicity of infection of 10 for 2 h at 37°C. Infected cells were
centrifuged, resuspended in 1 ml of RPMI 1640 medium containing 10% fetal
calf serum and antibiotics (R10 medium), and incubated at 37°C overnight. The
next day, the cells were pooled, pelleted, and resuspended in 1 ml of glutaral-
dehyde and then used as stimulators. The stimulators were washed three times
with 13 PBS, resuspended in 1 ml of R10 medium plus 10% interleukin-2 (IL-2),
and added to effector PBMCs at an effector-to-stimulator (E:S) ratio of 10:1 in
approximately 5 ml of the same medium. The effector cells were incubated at
37°C for 7 days, separated on LSM, and resuspended in approximately 5 ml of
R10 plus 10% IL-2. Washed stimulators were added again at an effector-to-
stimulator ratio of 10:1, and the cultures were incubated at 37°C for another
week. The effector cells were subsequently used in a conventional CTL assay, as
described previously, with autologous cells infected with vaccinia virus-SIV-
mac251 env and -SIVsmH4 env and gag as targets (8). Vaccinia virus expressing
b-galactosidase (VSC-8) (9) served as control.

FIG. 1. Immunization and challenge protocol. Twelve macaques, six immu-
nized (no. 353 to 358) and six controls (no. 359 to 364), were immunized and
challenged according to the schedule shown at the top of the figure (in weeks) as
reported previously (8). Subsequently the five macaques indicated were re-
boosted and rechallenged as described at the bottom of the figure. Macaque 359
did not become infected following the second challenge and was not included
further in this study.
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The antiviral activity of CD81 T cells was assayed by an endogenous suppres-
sion assay (42) modified from a previously described method (38) by the inclu-
sion of CD28 costimulation (5). Briefly, macaque effector CD81 T cells were
positively selected by using anti-CD8 antibody-coated immunomagnetic beads
according to the manufacturer’s instructions (Dynal, Lake Success, N.Y.). The
CD81 cells were stimulated for 3 days in culture medium (R10 plus 10% IL-2)
with goat antimouse IgG immunomagnetic beads (Dynal) coated with 2 mg of
anti-CD3 (33) and 2 mg of anti-CD28 (Immunotech, Westbrook, Maine) anti-
bodies per 107 beads. Target CD41 T cells were negatively selected from PBMCs
of an SIVmac251-infected animal by using anti-CD81 antibody-coated immu-
nomagnetic beads and stimulated for 3 days with phytohemagglutinin (PHA; 3
mg/ml) in culture medium. After the 3-day stimulation, the effector and target
cell populations were pelleted, resuspended in culture medium, and distributed
into replicate wells of a microtiter plate so that each well contained 7 3 104

SIV-infected target cells and various numbers of CD81 effector cells to give
effector-to-target (E:T) ratios of 4:1, 2:1, 1:1, 0:5:1 and 0.25:1 in a total volume
of 200 ml. Wells containing no effector cells served as controls. The plates were
incubated for up to 14 days, and supernatants were collected on days 5, 7, 10, and
14. Replacement medium was added to the wells as necessary. The level of p27
in culture supernatants was measured by antigen capture assay (Coulter, West-
brooke, Maine). The percent suppression of SIV replication was determined by
comparing the amount of p27 antigen in control wells containing target cells
alone with the amount of p27 antigen in wells containing effector-target cocul-
tures.

Assessment of humoral and mucosal immune responses. Neutralization assays
using cell-free, lab-adapted SIVmac251 were carried out as previously described
(8). Titers were expressed as the reciprocal of the serum dilution at which
infectivity was 50% of the control value following normalization of the data to
control infectivity levels in the presence of normal macaque serum. Antibodies
able to neutralize primary isolates were also evaluated by using an infectivity
reduction assay, modified from that described by Mascola et al. (45) by using
PBMC target populations depleted of CD81 T cells. Briefly, human PBMCs
were obtained by Ficoll-Hypaque separation and depleted of CD81 cells by the
use of anti-CD81 immunomagnetic beads (Dynal). The remaining cells were
adjusted to a concentration of 1 3 106 to 2 3 106/ml in R10. PHA-M (GIBCO-
BRL) was added to a final dilution of 1:100, IL-2 (Boehringer-Mannheim, Indi-
anapolis, Ind.) was added to a final concentration of 10%, and the cells were
cultured at 37°C for 48 to 72 h. A primary virus stock of SIVmac251 was serially
diluted in R10 plus 10% IL-2, and 20-ml aliquots were plated into wells of a
96-well microtiter plate in quadruplicate. Twenty microliters of test serum, heat
inactivated at 56°C for 30 min and diluted 1:10 in R10 plus 10% IL-2, was added
to each well, and the plate was incubated for 30 min at 37°C or 1 h at room
temperature. The stimulated, CD81 T-cell-depleted PBMCs were washed and
adjusted to a concentration of 107/ml, and 10 ml of the cell suspension was added
to each well along with 50 ml of R10 containing 10% IL-2. Following a 24-h
incubation at 37°C, the cells were washed three times with RPMI 1640 and
resuspended in 100 ml of R10 containing 10% IL-2. Twenty microliters of each
of these cell suspensions was transferred into wells of another microtiter plate,
each containing 200 ml of R10 plus 10% IL-2. Following a 7-day incubation, cell
supernatants were tested for SIV p27 by antigen capture assay (Coulter). Fifty
percent infective doses (ID50) were calculated by using computer software and
the statistical method of Spearman-Karber (62). Fold reduction was calculated
by dividing the ID50 obtained in the presence of a prebleed serum by the ID50
obtained in the presence of test serum.

For pepscan analysis, a series of 20-mer overlapping peptides (with a 14-
amino-acid overlap) of SIVmac251 gp120 were synthesized in solid phase on
96-well crowns (Chiron Corporation, Emeryville, Calif.). The peptides were
cleaved from the crowns with 0.1% trifluoroacetic acid, which was subsequently
removed from the peptides by evaporation under nitrogen. The peptides were
reconstituted in 0.1% glacial acetic acid at a concentration of 2 mg/ml. Microtiter
plates were coated with 100 ml of the peptides at a concentration of 20 mg/ml in
50 mM bicarbonate buffer containing 4 mg/ml of bovine serum albumin. After
incubation at 4°C, the plates were aspirated and blocked with 200 ml of 1.25% dry
milk in water/well for 1 h at room temperature. One hundred microliters of
macaque serum diluted 1:100 in DILSIM (Organon Teknika) was added to each
of the wells, and the plates were incubated at 37°C for 1 h. The plates were
washed four times with PBS-Tween 20 (0.5%). One hundred microliters of
horseradish peroxidase-conjugated goat anti-human IgG was added to each well,
and the plates were incubated at 37°C for 1 h. The wells were again washed four
times with PBS-Tween 20, and TMB-peroxidase substrate (100 ml; Kirkegaard &
Perry Laboratories, Inc., Gaithersburg, Md.) was added to each. After 30 min at
room temperature, the reaction was stopped by the addition of 100 ml of sulfuric
acid and the plates were read at 450 nm.

For titrations of peptide 52, serial twofold dilutions of macaque serum begin-
ning at 1:50 were assayed, as described above, on microtiter plates coated with 1
mg of peptide 52/well. Endpoint titers were defined as the reciprocal of the serum
dilution at which the absorbance of the test serum was equivalent to the absor-
bance of the prebleed serum diluted 1:50.

Mucosal immune responses in vaginal, rectal, and nasal secretions were as-
sessed for SIV gp120-specific IgA, IgG, and IgM antibodies by enzyme-linked
immunosorbent assay (ELISA) as previously described (8).

Virologic assays to assess SIV infection. Virus isolations from macaque
PBMCs on human PHA-stimulated PBMCs or on CEMX174 cells, assessment of
SIV proviral DNA in macaque PBMCs by nested PCR using gag primers and
probe, and quantification of SIV RNA in plasma by the nucleic acid sequence
based amplification (NASBA) technique were carried out as described previ-
ously (8).

RESULTS

Outcome of first vaginal challenge with SIVmac251. As pre-
viously reported (8), following immunization with an Ad5hr-
SIVenv recombinant priming-SIV gp120 boosting regimen and
intravaginal challenge with a single dose of .105 TCID50 of
SIVmac251, both persistent and transient viremia were ob-
served among immunized and control macaques. Transient
viremia following intravaginal exposure to both SIV and SHIV
has been well described (48, 49), and it complicated the inter-
pretation of the vaccine challenge results. Nevertheless, it was
clear that among persistently viremic animals, immunized ma-
caques exhibited significantly lower viral burdens during the
acute infection period than did the controls (8). To evaluate
whether these lower viral loads would translate into delayed
disease progression, the persistently viremic macaques were
monitored long-term, up to 140 weeks postchallenge. As illus-
trated in Fig. 2, one of the four immunized macaques, no. 353,
became a slow progressor. By week 10 postchallenge, SIV
RNA was rarely detected in its plasma, and only at low levels.
Virus could be isolated from the PBMCs of macaque 353 until
week 28 but subsequently was isolated only once (at week 94)
during the entire follow-up period (data not shown). The CD4-
cell number remained stable until recently, when it dropped at
week 134, signaling the onset of disease. In contrast, the other
persistently viremic macaques all expressed SIV RNA contin-
uously in plasma and exhibited significantly decreased CD4-
cell numbers within a year of viral challenge. The remaining
three immunized macaques (no. 355, 356, and 357) have died,
as have two of the control macaques (no. 362 and 363). The
remaining control animal (no. 360) has exhibited CD4-cell
counts of 100 or less for over a year. Overall, immunized
macaque 353 has exhibited a much slower disease course than
the other persistently viremic animals.

Occult infection of macaques following vaginal infection
with SIV has recently been reported (47), raising the possibility
that the slow disease progression of macaque 353 was simply a
manifestation of this phenomenon rather than a consequence
of vaccination-induced immune responses. This does not seem
to be the case, since in animals with natural occult infections,
detection of virus or viral nucleic acids is very rare. In tran-
siently viremic animals, virus can only be intermittently iso-
lated during the first 10 weeks postexposure, and detection of
proviral DNA by PCR techniques is generally limited to this
initial period as well (48). Moreover, transiently viremic ani-
mals rarely, if ever, seroconvert (47, 48). In contrast, macaque
353 exhibited a solid acute SIV infection characterized by the
presence of SIV RNA in the plasma for the first 6 weeks of the
acute infection period and intermittently thereafter. Moreover,
proviral DNA was consistently detected in PBMCs through
week 32, and virus could be isolated for the first 28 weeks
postchallenge (8). In addition, an increase in the neutralizing-
antibody response was seen following challenge, as was also
observed in the other immunized and persistently viremic ma-
caques (Fig. 3). Two of the three persistently viremic control
animals also developed neutralizing antibodies within 4 to 6
weeks, although due to the absence of immunization the titers
were approximately 10-fold lower. The third control, macaque
363, failed to develop an antibody response within 10 weeks
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but quickly exhibited a high viral burden of nearly 109 copies of
RNA/ml of plasma (Fig. 2 and 3).

In contrast to the persistently viremic animals, immunized
macaques 354 and 358 and control macaques 361 and 364
fulfilled the criteria of occult infection, exhibiting signs of viral
infection on only one or two occasions, as previously reported
(8). None of these four animals developed an increase in neu-
tralizing antibodies following virus challenge. In fact, the im-
munized macaques possessed neutralizing titers of over 1,000
at the time of challenge but did not exhibit an anamnestic
response following intravaginal virus exposure (Fig. 3).

Humoral immune responses at first challenge. Immune re-
sponses in the persistently viremic, immunized macaques at the
time of the first vaginal challenge were compared in an attempt
to determine if the slower disease progression in macaque 353
was associated with a particular immunological parameter. As
shown in Table 1, there was no clear correlation between titers
of neutralizing antibodies and disease progression. In fact, the
slow progressor macaque 353 had the lowest neutralizing-an-
tibody titer for lab-adapted SIVmac251 among the persistently
infected macaques. Serum of macaque 353 did exhibit the
greatest ability to inhibit infection of the SIV251 primary iso-
late; however, the difference in infectious titer compared to the
other progressor macaques was minimal.

To further compare the humoral immune responses of the
persistently viremic, immunized macaques, we carried out a
pepscan analysis, reacting macaque sera against a series of
overlapping peptides of SIVmac251 gp120 by ELISA. As
shown in Fig. 4A, the slow progressor macaque 353 exhibited
a broad pattern of reactivity, but the linear envelope epitopes
recognized were not appreciably different from those observed
in progressing macaques. The only correlation observed be-

tween two persistently viremic macaques which progressed
rapidly (macaques 355 and 357) compared to the slow progres-
sor 353 and macaque 356, which exhibited a moderate rate of
progression and survived 116 weeks postchallenge, was in re-
activity to peptide 52. Macaques 355 and 357, which died
quickly, had poor reactivity to peptide 52, exhibiting low serum
antibody titers to this peptide, while the other two macaques
had approximately four- to sixfold higher titers (Fig. 4A; Table
1). Peptide 52, with the amino acid sequence PVTIMSGLVF
HSQPINDRPK, represents the central region of the V3 loop,
which in SIV is highly conserved among isolates (36).

Cellular immune responses at first challenge. Unfortu-
nately, autologous B lymphocytes of macaque 353 could not be
transformed by herpesvirus papio. Therefore, a possible con-
tribution of a strong CTL response at the time of the first
challenge to development of slow disease progression could
not be assessed in comparison to the other persistently viremic
animals. Assays for CD81 T-cell suppressor activity also were
not carried out at this time. However, T-cell proliferative re-
sponses against a variety of SIV and HIV-2 antigens were
measured and, as summarized in Table 1, were seen in all
persistently viremic, immunized macaques over the immuniza-
tion course prior to challenge. The animal with the broadest
proliferative response, however, was macaque 355, which died
the earliest. Thus, T-cell proliferation could not be correlated
with slow disease progression.

Mucosal immune responses at first challenge. Antibody re-
activities in secretory fluids were evaluated as a measure of
mucosal immunity. As previously reported (8), virus-specific
IgG was observed in nasal, rectal, and vaginal secretions of the
immunized macaques over the course of the immunization
period. Virus-specific IgA was observed only in nasal and rectal

FIG. 2. Long-term follow-up of persistently viremic macaques following the first vaginal challenge with SIVmac251. The death of a macaque is indicated by a dagger
symbol. The lower limit of detection of RNA by the NASBA technique is indicated by the dashed line. After its CD4-cell count had been approximately 100 for over
50 weeks, macaque 360 was treated with a peptide polymer modeling the CD4 binding site on SIV gp120 on four occasions (weeks 113, 117, 123, and 128) with no
apparent effect on CD4-cell number or viral load (51a). Macaque 356 was similarly treated once at week 113 when its CD4-cell count was already below 100. It was
euthanized at week 116.
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secretions, never in vaginal fluids. As summarized in Table 1,
at the time of the first vaginal challenge, only macaques 356
and 354 had significant anti-SIVenv IgG in their vaginal secre-
tions. Macaque 353 had poor secretory immune responses at
the time of challenge, which therefore did not correlate with
the slow disease progression of this animal.

Reboost and rechallenge of the transiently viremic ma-
caques. Transient viremia and occult SIV infection of ma-
caques are generally observed following a low-dose virus ex-
posure. Therefore, to further evaluate the protective efficacy of
the combination vaccine regimen, the animals exhibiting tran-
sient viremia following the first virus challenge were rechal-
lenged vaginally with a higher dose of SIVmac251. The two
transiently viremic control macaques and the two transiently
viremic immunized macaques were first reboosted either with
the Ad5hr-WT vector and alum or with the Ad5hr-SIVenv
recombinant and gp120 protein as outlined in Fig. 1. Replica-
tion of the Ad5hr-WT and Ad5hr-SIVenv recombinant vectors
subsequently was assessed by examining the shedding of Ad5hr
DNA in stool and nasal secretions of the macaques by nested
DNA PCR specific for the Ad5 fiber gene as described in
Materials and Methods. Ad5hr DNA could not be detected in
stool samples. However, Ad5hr DNA was shed in the nasal
secretions of immunized macaque 354 for a 4-day period.
Shedding was not seen in any of the other macaques. Consis-
tent with the poor replication of the Ad5hr vectors following
this third administration, increases in Ad5 neutralizing-anti-
body titers of 1 doubling dilution or more were not seen at all
in the control animals. Ad5 neutralizing-antibody titers in im-
munized macaque 354 increased from 32 at the time of booster
immunization to 64 at the time of challenge, and in immunized

macaque 358 they increased from 12 to 128 over the same time
period.

To determine if the reboosting reactivated latent SIV in the
transiently viremic animals, plasma samples obtained from
each animal 1 and 2 weeks following the reboost were assessed
for viral RNA by the NASBA technique. SIV RNA was not
detected in any of the samples (data not shown), indicating
that reactivation had not occurred.

Two weeks following the booster immunization and 66
weeks following the first single intravaginal SIV exposure, the
transiently viremic macaques were rechallenged intravaginally
with two sequential doses of .105 TCID50 of the virulent
SIVmac251, one in the morning and one in the evening. As
summarized in Fig. 5, the four macaques became persistently
viremic. Virus was isolated from their PBMCs, and viral RNA
appeared in the plasma with typical kinetics. The animals were
monitored for 70 weeks following this second challenge. As
illustrated, macaque 354 maintained a stable CD4-cell number
for nearly a year following infection, with a significant decline
occurring only at week 48 after the second challenge. In line
with this slower disease progression, virus could be isolated
from the blood of this animal for 8 weeks postchallenge but not
thereafter. In contrast, the other three macaques displayed
immediate drops in CD4-cell numbers. Virus isolation was
sporadic in macaque 358 (Fig. 5), while the control macaques,
361 and 364, exhibited more-consistent virus isolation and
higher viral burdens. These control animals died at weeks 73
and 57 postchallenge, respectively.

Humoral immune responses at rechallenge. Factors associ-
ated with the slower disease progression of macaque 354 rel-
ative to the other animals were investigated. The two immu-

FIG. 3. Neutralization of lab-adapted SIVmac251 by macaque sera after the first vaginal challenge. Neutralizing-antibody assays were carried out over 10 weeks
postchallenge as described in Materials and Methods.
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nized transiently viremic macaques, 354 and 358, had the
highest overall neutralizing-antibody titers, including inhibi-
tion of a primary SIV251 isolate by using an infectivity reduc-
tion technique, at the time of the first challenge (Table 2).
However, since transient viremia was also seen among the
controls lacking antibody, this parameter could not be corre-
lated with their development of occult infection. Neutralizing-
antibody responses were subsequently assessed following the
rebooster immunization. Both macaques 354 and 358 had per-
sistent neutralizing antibody resulting from their previous im-
munization history. At the time of the reboost, macaque 354
had a neutralizing-antibody titer against lab-adapted SIVmac251
of 870 and macaque 358 had a titer of 510. Both animals
displayed significant responses to the booster immunization,
with approximate 10-fold increases in neutralizing-antibody
titers 2 weeks later, at the time of the second challenge (Table
2). However, at the second challenge, macaque 354 was able to
strongly neutralize primary SIVmac251, as shown in an infec-
tivity reduction assay, whereas macaque 358 (as well as the
control macaques) could not (Table 2).

Although the patterns of reactivity against linear SIV pep-
tides in a pepscan assay for macaques 354 and 358 were similar
(Fig. 4), a higher titer against peptide 52 was seen for macaque
354 (Table 2), in line with its slower disease progression as
discussed above for persistently viremic animals 353 and 356.

Cell-mediated immune responses at rechallenge. CTL activ-
ity was assessed by chromium release assay following the re-
boost, as described in Materials and Methods, using double in
vitro stimulation of effector cells. As summarized in Fig. 6, in
spite of the relatively poor replication of the Ad5hr-SIVenv
recombinant following the reboost, both immunized macaques
developed significant CTL activities of 10 to 15% over back-
ground lysis by the day of challenge. Of interest is the fact that
the activity was greatest against target cells infected with vac-
cinia virus-SIVsm rather than vaccinia virus-SIV251. The
Ad5hr-SIVenv recombinant contains the SIVsm sequence. It is
also notable that macaque 354, which exhibited the highest
level of Ad5hr replication as indicated by shedding in nasal
secretions, also displayed the highest CTL activity. Control
macaque 364 was not able to lyse vaccinia virus-SIVsm-in-
fected autologous target cells and showed only minimal killing
of vaccinia virus-SIV251. CTL activity of control macaque 361
could not be assessed due to the inability of herpesvirus papio
to transform autologous B cells.

The ability of macaque CD81 T cells to suppress SIV rep-
lication in macaque CD41 lymphocytes infected with SIV in
vivo was also evaluated. As illustrated in Fig. 7, macaque 358
exhibited good CD81 T-cell antiviral activity, both at the time
of challenge and following SIV challenge. In contrast, macaque
354 showed no CD81 T-cell suppressor activity at any of the
three time points tested, and control macaque 364 exhibited
only minimal inhibitory activity. Thus, the slower disease pro-
gression of macaque 354 could not be attributed to this non-
major histocompatibility complex-restricted activity.

Mucosal immune responses at rechallenge. SIV-specific IgG
antibody responses were seen at nasal and rectal sites of the
two immunized macaques after the reboost, with macaque 354
exhibiting the highest level of response 1 week following the
immunization and macaque 358 showing the highest level of
response 2 weeks after the boost at the time of challenge (Fig.
8). Modest increases in SIV-specific IgA were also seen 2
weeks following the reboost in both animals. Overall, the more
slowly progressing macaque 354 did not exhibit higher levels of
mucosal immune response at challenge than macaque 358.
Notably, SIV-specific antibodies, both IgG and IgA, were ab-
sent in vaginal fluids of both animals.
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DISCUSSION

We have previously reported that following an Ad5hr-SIV-
env priming-gp120 boosting regimen, immunized macaques
which became persistently viremic after intravaginal challenge
nevertheless displayed significantly decreased viral burdens
during the first 18 to 20 weeks postchallenge compared to
control animals (8). To determine whether this decreased viral
load would ultimately translate into delayed disease progres-
sion, the animals were followed long-term. One of the four
immunized but persistently viremic animals, macaque 353, was
a slow disease progressor, displaying stable CD4-cell counts
and plasma viral RNA at the threshold of detection for 115

weeks postchallenge. CD4-cell counts of macaque 353 began to
decline only at week 134, coincident with a modest rise in
plasma RNA levels. In contrast, the control macaques exhib-
ited falling CD4-cell numbers by 40 weeks postchallenge and
sustained high viral burdens. Two of the control animals died,
at weeks 47 and 79. The third control remains alive at the time
of writing has displayed CD4-cell counts of approximately 100
for the previous 80 weeks. The other three immunized ma-
caques have died, two rapidly at weeks 43 and 67 and one after
a slower disease course at week 116. Thus, following the initial
SIVmac251 challenge, one of four immunized animals exhib-
ited a significant level of protection, even though sterilizing
immunity was not obtained.

To elucidate the basis for the partial protection of macaque
353, we reexamined several immunologic parameters at the
time of challenge and compared them with those of the three
other immunized animals. Neutralization of lab-adapted SIV
was not correlated with slow disease progression. Moreover,
while macaque 353, among the four persistently viremic and
immunized animals, exhibited the greatest ability to neutralize
the SIVmac251 primary isolate, the fold reduction in infectious
titer in the presence of macaque 353 serum was not quite
twofold greater than that displayed by the other immunized
animals. Therefore, it is debatable whether this difference
translated into meaningful protection in vivo, where serum
concentrations would be 10-fold higher. Of interest was the
observation that macaque 353 as well as macaque 356, which
exhibited a somewhat delayed disease progression, had higher
antibody titers to a linear peptide, no. 52, in the V3 region of

FIG. 4. Pepscan analysis of macaque sera, using SIVmac251 gp120. Sera of
persistently viremic immunized macaques were subjected to an ELISA at the
time of the first challenge (19 March 1996), and transiently viremic immunized
macaques were assayed at the time of the rechallenge (2 July 1997).
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SIV gp120 than the two more rapidly progressing macaques.
The V3 region of SIV was originally thought to lack any linear
neutralizing epitopes (28, 56), unlike the V3 region of HIV,
which is a major neutralization site (23, 46, 50, 59). However,
weakly neutralizing monoclonal antibodies have been gener-
ated against a linear peptide that includes the amino acids of
peptide 52 (34), and more recently a synthetic peptide with the
sequence MSGLVFHSQPINDRPKQAWC was shown to
elicit a broadly reactive neutralizing antibody with a high titer
in goats (51). In this latter report, however, SIVmac251-in-
fected macaques did not exhibit any antibodies that reacted
with this peptide. Thus, this linear epitope appears to be
weakly immunogenic in monkeys. Amino acids of the epitope,
underlined in the peptide above, are also present in peptide 52
described in the present study, which has in addition the ami-
no-terminal residues PVTI. It is possible that neutralizing an-
tibody mediated by this epitope contributed to the slow pro-
gression of macaque 353 and the delayed death of macaque
356.

Unfortunately, CTL responses could not be evaluated in
macaque 353, and CD81 T-cell-mediated suppressive activity
was not assessed. The only possible comparison of cell-medi-
ated immunity among the persistently viremic, immunized ma-
caques, therefore, was T-cell proliferative responses. Such re-

sponses have been associated with long-term nonprogression
in HIV-infected humans (58). Macaque 353 exhibited an in-
termediate level of T-cell proliferative response which could
not be correlated with its slow disease progression. In addition,
at the time of challenge, this animal displayed poor mucosal
immune responses which also did not correlate with the slow
progression. Therefore, while macaque 353 exhibited a good
humoral immune response, the basis for its slow disease pro-
gression could not be determined.

Among the four transiently viremic macaques after the first
SIVmac251 challenge, the immunized animals (no. 354 and
358) exhibited neutralizing-antibody activity which was higher
than that seen in immunized animals which became persis-
tently viremic (Table 1). In an effort to determine if macaques
354 and 358 could better resist intravaginal infection than
mock-immunized controls, we conducted a second challenge
experiment using two sequential SIVmac251 vaginal expo-
sures. Prior to the rechallenge, the immunized macaques were
reboosted and the full complement of immune responses, in-
cluding functional CD8 T-cell-mediated activities, were evalu-
ated. While both immunized macaques exhibited high levels of
neutralizing-antibody activity against the lab-adapted SIV iso-
late, the more slowly progressing macaque, no. 354, was also
able to strongly neutralize the primary SIV isolate. The serum

FIG. 5. Outcome of second vaginal challenge of macaques transiently viremic following the first challenge. Results of virus isolation attempts (VI) following the
rechallenge are shown (1, virus isolation positive; 2, virus isolation negative). Control macaques 364 and 361 were also treated with the peptide polymer modeling
the CD4 binding site on SIV gp120, as outlined in the legend to Fig. 2, on three and four occasions, respectively (weeks 46, 50, 56, and 61), with no apparent benefit.
The macaques subsequently were euthanized at weeks 57 and 73, respectively.

TABLE 2. Immune responses of transiently viremic, immunized macaques at the time of the first and second SIVmac251 challenges

Challenge Macaque
no.

Disease
outcome

Immune response

Humoral Cellular

Neutralizing antibody
Binding antibody

to Peptide 52
(titer)

T-cell
proliferation
(relative SI)

CTL
CD81 T-cell
suppression

(%)b
Lab-adapted
SIVmac251

(titer)

Primary
SIVmac251

(fold reduction)

SIV251
targets

(% lysis)a

SIVsm
targets

(% lysis)a

First 354 Transient viremia 2,255 8.0 NDc 111 2.1 0 ND
358 Transient 2,335 4.6 ND 1 1.6 0 ND

Second 354 Slow progressor 7,835 34.5 1,020 ND 1 15.1 0
358 Slow progressor 4,415 1.4 235 ND 5.1 10.6 75

a Percent lysis by CTL is reported at E:T ratios of 100:1 following subtraction of percent lysis obtained using control target cells expressing b-galactosidase.
b Values of percent CD81-cell suppression are reported at E:T ratios of 1:1.
c ND, not done.
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of this animal also exhibited a higher binding titer against
peptide 52. Taken together, the results indicated that this ma-
caque possessed a strong, broad antibody response which likely
contributed to its slower disease progression. Antibody re-
sponses have been shown to play a role in protection of chim-
panzees against HIV infection (7, 14, 20, 41, 57, 68). In the
macaque system, they have been shown to participate in more-
rapid viral clearance (27). Moreover, passive transfer of im-
mune serum has protected macaques from infection (12, 39,
54, 60). Primary-isolate neutralization and the development of
a mature antibody response have also been correlated with
protection of macaques against SIV infection (13, 67). In con-
trast, macaques unable to mount an antibody response follow-

ing exposure to SIV or SHIV quickly develop virulent infec-
tions and progress rapidly to AIDS and death (40, 61, 63).

Both immunized macaques exhibited significant CTL activ-
ity following the reboost. This is notable in view of the fact that
both had previously received the same Ad5hr-SIVenv recom-
binant on two occasions. Thus, preexisting antibody to the
recombinant vector did not preclude a boosting effect, since a
cellular immune response to the inserted gene product was
elicited. Sequential boosting with Ad recombinants based in
different serotypes should theoretically induce better immune
responses as a result of better recombinant replication. This
remains to be determined in future experiments. The viral
specificity of the CTL response elicited was evidence by the
fact that SIVsm target cells rather than SIV251 target cells
were recognized and killed. The SIVenv gene present in the
Ad5hr recombinant immunogen was derived from the SIVsm
virus.

Macaque 354 exhibited a slightly higher level of CTL killing
than macaque 358, providing some correlation with the slower
progression of disease in the former animal than in the latter.
Overall, both CTL responses likely contributed to the greater
longevity of the immunized macaques compared to the con-
trols. Previous studies have associated development of CTL
with protection against HIV and SIV in chimpanzees and ma-
caques, respectively (17, 22, 41, 53).

In contrast to strong humoral and CTL responses, assess-
ments of CD81-T-cell suppressive activity and mucosal im-
mune responses did not demonstrate any correlation with
slower disease progression in these reboosted and rechal-
lenged animals. We have previously shown that high levels of
antiviral activity present postchallenge correlate with de-
creased viremia and a slow rate of disease progression and that
the viral burden is lower and the eventual disease outcome is
better if prechallenge activity levels are also high (38). While
this study lacked the statistical power to investigate such an
association, macaque 358 likely benefited from both effects.
Such antiviral activity, together with b-chemokines, has been
associated with protection of macaques against SIV challenge
(37, 66).

With regard to mucosal immunity, it is again notable that
antibody levels at nasal and rectal sites were boosted, albeit
modestly, following the third immunization with the Ad5hr
SIVenv recombinant and native gp120, suggesting the occur-
rence of effective boosting at mucosal inductive sites in spite of

FIG. 6. CTL activity after reboost and at the time of the second vaginal
challenge. Assays were carried out on viably frozen lymphocytes. vac, vaccinia
virus recombinant containing the indicated gene insert.

FIG. 7. CD81 T-cell antiviral activity pre- and post-second challenge. Assays
were carried out on viably frozen lymphocytes. Suppression by macaque 361
PBMCs could not be determined because control levels of infection in the
endogenous assay were too low. Additional PBMCs of macaque 361 were not
available for reassay.

FIG. 8. Antibody reactivity of macaque sera to SIV gp120 in secretory fluids
at the time of the reboost and rechallenge. No binding antibodies were detected
in vaginal fluids.
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minimal recombinant replication (Fig. 8). However, neither
immunized animal exhibited vaginal SIV-specific IgA or IgG at
the time of challenge. One would expect mucosal immune
responses to exert their effect at the time of viral exposure, and
in fact, SIV-specific antibody in vaginal secretions has been
associated with protection from a vaginal SIV challenge (44).
However, sterilizing immunity was not seen here, perhaps due
in part to a lack of antibodies at the vaginal site. It is not
surprising that SIV-specific antibodies present at other secre-
tory sites did not influence initial infection. Once systemic
infection was established, these immune responses would be
expected to have little effect on the rate of progression to
AIDS and death.

Overall, we have demonstrated that following immunization
with a combination vaccine regimen based on priming with an
Ad-SIV envelope recombinant and boosting with an envelope
protein, reduction in viral load and slow disease progression
were achieved in two of six immunized macaques. No single
immune response was associated with the better outcome.
Rather, both strong antibody and CTL responses to the SIV
envelope immunogens were observed. Others have shown that
vaccines incorporating core viral components in addition to the
envelope have greater protective efficacy (26). Subsequent
studies will assess the utility of such multicomponent Ad-vec-
tored vaccines in eliciting better protection.
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