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We have shown that sequential replicating adenovirus type 5 host range mutant human immunodeficiency virus/simian immu-
nodeficiency virus (HIV/SIV) recombinant priming delivered first intranasally (i.n.) plus orally and then intratracheally (i.t.),
followed by envelope protein boosting, elicits broad cellular immunity and functional, envelope-specific serum and mucosal
antibodies that correlate with protection from high-dose SIV and simian/human immunodeficiency virus (SHIV) challenges in
rhesus macaques. Here we extended these studies to compare the standard i.n./i.t. regimen with additional mucosal administra-
tion routes, including sublingual, rectal, and vaginal routes. Similar systemic cellular and humoral immunity was elicited by all
immunization routes. Central and effector memory T cell responses were also elicited by the four immunization routes in bron-
choalveolar lavage fluid and jejunal, rectal, and vaginal tissue samples. Cellular responses in vaginal tissue were more compart-
mentalized, being induced primarily by intravaginal administration. In contrast, all immunization routes elicited secretory IgA
(sIgA) responses at multiple mucosal sites. Following a repeated low-dose intrarectal (i.r.) challenge with SIVmac251 at a dose
transmitting one or two variants, protection against acquisition was not achieved except in one macaque in the i.r. immunized
group. All immunized macaques exhibited reduced peak viremia compared to that of controls, correlated inversely with prechal-
lenge serum antienvelope avidity, antibody-dependent cellular cytotoxicity (ADCC) titers, and percent antibody-dependent cell-
mediated viral inhibition. Both antibody avidity and ADCC titers were correlated with the number of exposures required for
infection. Notably, we show for the first time a significant correlation of vaccine-induced sIgA titers in rectal secretions with de-
layed acquisition. Further investigation of the characteristics and properties of the sIgA should elucidate the mechanism leading
to this protective effect.

As the number of worldwide cases of human immunodefi-
ciency virus (HIV)/AIDS continues to rise, the generation of

an effective HIV/AIDS vaccine remains a global priority. Recent
results in Thailand with the recombinant canarypox (ALVAC-
HIV) prime-gp120 (AIDSVAX B/E) protein boost vaccine ap-
proach showed evidence of a modest protective effect and gave
hope that an AIDS vaccine is ultimately achievable (45). Never-
theless, the results from this trial, as well as the disappointing
outcome of the Step Study trial (6, 46), highlight the need to better
understand the immune correlates of vaccine-induced protection
and develop more efficacious HIV vaccines. One area for im-
proved design is elicitation of mucosal immunity. The mucosal
lining of the gastrointestinal and genital tracts is a primary area of
HIV transmission, with the draining lymph nodes associated with
these sites providing a reservoir of CD4� CCR5� cells susceptible
to HIV infection and viral replication. The replication of HIV at
mucosal sites results in the rapid systemic destruction of CD4� T
cells, an early marker of progressive HIV infection (33, 44). There-
fore, in addition to systemic immunity, a successful HIV vaccine
should induce both cellular and humoral immunity at mucosal
sites of transmission.

Adenovirus (Ad)-based vaccine vectors are one of the most

promising platforms for AIDS vaccine development. We have
been pursuing a replicating Ad-HIV/simian immunodeficiency
virus (SIV) recombinant prime/envelope protein boost approach
(16, 41) which elicits broad cellular immunity and functional,
envelope-specific serum and mucosal antibodies that correlate
with protection from HIV, SIV, and simian/human immunodefi-
ciency virus (SHIV) challenges in rhesus macaque and chimpan-
zee models (3, 9, 18, 30, 31, 40, 47, 53, 55). Vaccine-induced,
SIV-specific IgG and IgA memory B cells have also been shown to
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correlate with functional antibody responses and reduced viremia
(4). Our previous studies with macaques have used primarily im-
munization to the upper respiratory tract (URT), including intra-
nasal (i.n.), followed by intratracheal (i.t.), administration. Due to
the biology of the Ad vector and its propensity to replicate in the
URT, the i.n./i.t. route of administration can provide strong im-
munogenicity and broadly target mucosal effector sites. In our
nonhuman primate studies, we have also incorporated oral im-
munization into the preclinical vaccine regimen, directly admin-
istering a recombinant Ad in phosphate-buffered saline (PBS) to
the stomach following infusion of sodium bicarbonate. In fact, the
use of this oral administration technique together with i.n. prim-
ing followed by i.t. administration of Ad recombinants was par-
ticularly effective compared to a regimen in which two sequential
oral and i.n. administrations were used (43). Subsequent studies
showed that administration of Ad recombinants solely by the oral
route using readily deliverable enteric-coated tablets induced cel-
lular mucosal responses comparable to those achieved with an
i.n./oral priming regimen and similar protective efficacy against a
mucosal intrarectal (i.r.) SIVmac251 challenge (54). However, sys-
temic immunity following the oral/oral enteric tablet immuniza-
tions, as measured by immune responses in peripheral blood, was
poor, suggesting that such a vaccine regimen might be too ana-
tomically restrictive.

The sublingual (s.l.) route of oral administration has histori-
cally been used as a means to induce tolerance to allergens (13).
However, as a vaccine strategy, s.l. immunization has recently
been shown to be comparable to i.n. immunization and superior
to oral immunization in eliciting systemic and mucosal immune
responses against a cholera toxin-coupled protein antigen in the
murine model (8); perhaps this is attributable to the dense net-
work of dendritic cells in the lamina propria and epithelial com-
partment of the s.l. mucosa. The s.l. immunization of mice with
inactivated influenza vaccine has also induced both systemic and
mucosal immunity and protection against a lethal influenza chal-
lenge (49). In the HIV vaccine field, s.l. administration of an HIV
gp41 envelope vaccine together with a reverse transcriptase poly-

peptide coupled to the cholera toxin B subunit induced specific
IgA antibodies and antibody-secreting cells in the genital mucosa
(17). Moreover, s.l. immunization of mice with a replication-de-
fective Ad5-HIVgag vaccine elicited cytotoxic T lymphocyte re-
sponses in both the systemic and mucosal compartments at levels
comparable to those achieved by oral-gastric immunization (1).

With this background, it was of interest to examine s.l. immu-
nization of rhesus macaques with our replication-competent Ad
recombinants as an alternative to the URT. We conducted a com-
prehensive investigation of cellular and humoral, systemic and
mucosal immune responses induced following immunization by
the s.l. and i.n./i.t. routes. In view of the known compartmental-
ization of the mucosal immune system (21, 35), we also immu-
nized a small number of macaques by the intravaginal (i.vag.) and
i.r. routes in order to compare immune responses elicited locally
with those induced at the same rectal/genital sites following ad-
ministration of the replicating Ad recombinants at the distant
i.n./i.t. and s.l. sites. Subsequently, protective efficacy against a
repetitive low-dose SIVmac251 mucosal challenge of all of the im-
munized macaques was assessed.

MATERIALS AND METHODS
Animals, immunization, and challenge. Twenty-seven Indian rhesus
macaques (Macaca mulatta), 20 male and 7 female, were housed and
maintained at Bioqual Inc. (Rockville, MD) according to the standards of
the American Association for Accreditation of Laboratory Animal Care.
All were negative for prior exposure to SIV, simian retrovirus type D, and
simian T cell leukemia virus. Rhesus macaques were immunized at weeks
0 and 12 with the replication-competent Ad5 host range SIVsmH4env/rev
(Ad5hr-SIVsmH4env/rev) mutant plus Ad5hr-SIV239gag (5 � 108 PFU/
recombinant) as outlined in Table 1, six via the s.l. route, six via the
intranasal/intratracheal (i.n./i.t.) routes (first administration i.n. and sec-
ond i.t.), three via the i.vag. route, and three via the i.r. route. The priming
immunizations also included 5 � 108 PFU of an Ad5hr-green fluorescent
protein (Ad5hr-GFP) recombinant in order to investigate the biodistri-
bution of the replicating vector as described elsewhere (L. J. Patterson et
al., submitted for publication). The macaques were boosted intramuscu-
larly (i.m.) with native SIVmac251 gp120 protein in a monophosphoryl

TABLE 1 Immunization regimen

Route (no. of animals) Primed Booste Macaque(s)a

s.l. (6) Ad5 h-SIV env/rev � Ad5hr-SIV gag SIV gp120 � MPL-SE G403 G409, G414, G416, G418,b G433 (F)
Ad5 h � GFP

i.n./i.t. (6) Ad5hr-SIV env/rev � Ad5hr-SIV gag SIV gp120 � MPL-SE G400 G405, G407, G408, G432,b G434 (F)
Ad5hr � GFP

i.vag. (3) Ad5hr-SIV env/rev � Ad5hr-SIV gag SIV gp120 � MPL-SE G415 (F) G430c (F), G431 (F)
Ad5hr � GFP

i.r. (3) Ad5hr-SIV env/rev � Ad5hr-SIV gag SIV gp120 � MPL-SE G401b G404, G412 (F)
Ad5hr � GFP

Control (6) Ad5hr-vector MPL-SE G402b G411, G417, G420, G422, G428 (F)
Ad5hr � GFP

Control (3) Naive G419,b G421,b G423b

a (F), female macaque.
b Mamu A*01-positive macaque.
c Mamu B*08-positive macaque.
d At 0 and 12 weeks, various routes.
e At 24 and 36 weeks, i.m.
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lipid A-stable emulsion (MPL-SE) adjuvant at weeks 24 and 36. Control
macaques received the empty Ad5hr vector (a total dose of 1.5 � 109 PFU)
and adjuvant alone. Four Mamu A*01-positive macaques and one Mamu
B*08-positive macaque were distributed among the five groups as shown
in Table 1. An additional three naïve Mamu A*01-positive macaques were
added to the control group at the time of challenge. All macaques were
challenged intrarectally at week 45 with a low dose (a 1:500 dilution equiv-
alent to 130 50% tissue culture infective doses [TCID50]) of the highly
pathogenic SIVmac251 challenge stock originally provided by Ronald C.
Desrosiers and obtained from Nancy Miller, Division of AIDS, National
Institute of Allergy and Infectious Diseases (NIAID), NIH. Doses were
administered weekly until plasma viral RNA was positively detected by
quantitative nucleic acid sequence-based amplification (NASBA) assay.

Sample collection. Peripheral blood mononuclear cells (PBMC) ob-
tained throughout the immunization course and postchallenge were Fi-
coll treated and used immediately for intracellular cytokine staining as-
says. Bronchoalveolar lavage (BAL) fluid samples, jejunal strips, rectal
pinch biopsy specimens, and vaginal biopsy samples were collected and
processed as previously described (39). Lymphocytes were isolated from
BAL fluid and jejunal, rectal, and vaginal biopsy specimens using Percoll
gradients of 35% and 65% layered solutions. Serum samples were col-
lected, aliquoted, and stored at �70°C until use. Saliva samples were col-
lected using Sarstedt Salivette devices. Nasal, rectal, and vaginal secretions
were collected by using Weck-Cel sponges, as described previously (25),
and stored at �70°C until analyzed.

Intracellular cytokine staining. Freshly isolated PBMC (2 � 106)
were stimulated with peptide pools of SIVmac239 Gag or SIVsmH4 Env at a
1-�g/ml final concentration in the presence of anti-CD28 –phycoerythrin
(PE)-Cy7 (1 �g/ml) and anti-CD49d (5 �g/ml) antibodies and brefeldin
A (10 �g/ml). For each assay day, an unstimulated control and a positive
control (Staphylococcus enterotoxin B) were included in the experiment.
Tubes were incubated at 37°C for 6 h. Cells were washed twice with PBS,
resuspended in 95 �l of PBS plus 5 �l of AquaBlue viability dye (a 1:50
dilution of a dimethyl sulfoxide stock; Invitrogen) and incubated at room
temperature (RT) for 10 min. Cells were washed once with PBS and sur-
face stained for 30 min at RT with CD4-Qdot605 (Invitrogen), CD8-
Qdot655 (Invitrogen), and CD95-PE-Cy5 (BD Biosciences) antibodies at
concentrations determined by dilution of stock or according to the man-
ufacturer’s instructions. Cells were washed with PBS containing 2% fetal
bovine serum (FBS), fixed with Cytofix/Cytoperm solution (BD Biosci-
ences), permeabilized with 1� Perm/Wash, and incubated with CD3-
Alexa 700 (BD Biosciences), gamma interferon (IFN-�)-allophycocyanin
(APC) (BD Biosciences), tumor necrosis factor alpha (TNF-�)-perdinin
chlorophyll protein-Cy5.5 (BioLegend), and interleukin-2 (IL-2)–APC-
Cy7 (Invitrogen) antibodies. After 30 min of incubation at 4°C in the dark,
cells were washed once with 1� Perm/Wash and once with PBS contain-
ing 2% FBS and resuspended in 1% paraformaldehyde in PBS. Approxi-
mately 500,000 lymphocytes were acquired for analysis using an LSRII
Flow Cytometer. A singlet, followed by live/dead and then lymphocytic
gates, was first applied. CD3� T cells were divided into CD4� and CD8�

populations, and each population was further subdivided into CD28�

CD95� central memory (CM) and CD28� CD95� effector memory (EM)
cells. The percentage of cytokine-secreting cells in each memory cell sub-
set was then determined following subtraction of the values obtained with
nonstimulated samples. Data were analyzed using FlowJo software (Tree-
Star Inc.) and Pestle and Spice (version 4.2.2) programs (Mario Roederer,
Vaccine Research Center, NIAID).

Systemic binding, neutralizing, and nonneutralizing antibodies. Se-
rum binding antibodies to SIVmac251 gp120 Env protein were assessed by
enzyme-linked immunosorbent assay (ELISA) as described previously
(7). The antibody titer was defined as the reciprocal of the serum dilution
at which the optical density (OD) of the test serum was two times greater
than that of the negative-control serum diluted 1:50.

Neutralizing antibody titers against the primary SIVmac251 CS.41 pseu-
dovirus were determined using the TZM-bl Luc cell line and those against

T cell line-adapted (TCLA) SIVmac251 (H9 grown) were determined using
M7-Luc cells as previously described (39). The titer was defined as the
reciprocal serum dilution at which there was a 50% reduction in relative
luminescence units compared to virus control wells which contained no
test sample.

Antibody-dependent cellular cytotoxicity (ADCC) titers were deter-
mined by the RFADCC assay as described previously (15) using human
PBMC effector cells and CEM-NKr target cells coated with SIVmac251

gp120 at an effector-to-target cell ratio of 50:1. Tenfold serial dilutions of
serum starting at 1:10 were evaluated. The ADCC titer was defined as the
reciprocal of the serum dilution at which percent killing was greater than
the mean plus 3 standard deviations of all negative-control samples.

Antibody-dependent cell-mediated viral inhibition (ADCVI) was as-
sessed as previously described (11, 53). Rhesus PBMC targets were stim-
ulated with 2 �g/ml phytohemagglutinin (Sigma-Aldrich) and 0.5 ng/ml
recombinant IL-2 (Invitrogen) for 72 h, washed, and infected with
SIVmac251 (200 TCID50). After adsorption for 1 h, cells were washed and
incubated in R-10 medium at 37°C in 5% CO2 for 48 h. Infected target
cells (5 � 104/50 �l/well) were plated in 96-well round-bottom microtiter
plates, and a 1/200 dilution of test serum (100 �l) was added to the target
cells, along with 50 �l of rhesus PBMC effector cells at an effector-to-
target cell ratio of 20:1. A serum control in the absence of effector cells was
not needed, as all sera were negative for neutralization of primary
SIVmac251 pseudovirus at a 1:20 dilution (data not shown). After 7 days of
incubation, supernatant fluids were collected and assayed for p27 by an-
tigen capture ELISA (ABL). All samples were tested in triplicate, and per-
cent virus inhibition was calculated as the decrease in the p27 concentra-
tion of the test sample relative to that of the matched prebleed sample.

Serum antibody avidity. The avidity of Env-specific antibody was
evaluated by parallel ELISA as previously described (53). Briefly, serum
samples were serially diluted and applied in duplicate to a 96-well plate
coated with 1 �g/ml SIVmac251 gp120 protein (ABL). After 2 h of incuba-
tion, the plate was washed and half of the samples were treated with 100 �l
of PBS while the paired samples were treated with 1.5 M sodium thiocy-
anate (NaSCN; Sigma-Aldrich) for 10 min at room temperature. Horse-
radish peroxidase (HRP)-conjugated goat anti-monkey IgG (AlphaDiag-
nostic) and the substrate, 3,3=,5,5=-tetramethylbenzidine (TMB; Sigma-
Aldrich), were used in sequential steps, and then the OD at 450 nm was
read. The avidity index was calculated by multiplying by 100 the ratio of
the NaSCN-treated serum dilution giving an OD of 0.5 to the PBS-treated
serum dilution giving an OD of 0.5. Preimmune sera served as negative
controls. A standard serum with known avidity was included on every
96-well plate.

Env-specific secretory IgA (sIgA) in mucosal samples. Nasal, sali-
vary, rectal, and vaginal secretions were tested for blood contamination
using Chemstrips 5 (Boehringer Mannheim). Due to significant blood
contamination in many of the samples, Env-specific sIgA in the secretions
was determined by ELISA using anti-monkey secretory component.
Briefly, mucosal samples were 2-fold serially diluted and applied to a
half-area 96-well plate (Greiner Bio-One) coated with 1 �g/ml SIVmac251

gp120 protein and incubated at 4°C overnight. HRP-conjugated goat anti-
monkey secretory component (GAMon/SC/PO; Nordic) and the TMB
substrate were used in sequential steps, followed by reading of the OD at
450 nm. High-titer sera positive for reactivity against SIV gp120 were
negative in this assay at a serum dilution of 1:10. Endpoint titers were
defined as the reciprocal of the dilution at which the OD of the test sample
was equal to twice the mean background OD.

Quantitation of viral RNA. SIVmac251 RNA in plasma was quantified
by the NASBA assay (26, 48). The threshold of detection was 50 SIV RNA
copies/ml plasma.

TRIM5� polymorphisms. TRIM5� genotypes were determined as
previously described (10). Briefly, genomic DNA was isolated from
PBMC using the QIAamp DNA Blood mini kit (Qiagen) by following the
manufacturer’s protocol. A 526-nucleotide portion of the B30=2/SPRY
domain of TRIM5� was amplified by PCR using AmpliTaq gold 360 mas-
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ter mix (Applied Biosystems); the forward (CAGTGCTGACTCCTTTGC
TTG) and reverse (GCTTCCCTGATGTGATAC) primers both at 0.2
�M, and 200 to 400 ng DNA. Following initial denaturation at 95°C for 5
min, 35 cycles of denaturation at 95°C for 15 s, annealing at 55°C for 30 s,
and extension at 72.5°C for 1 min were carried out, followed by a final
extension at 72.5°C for 7 min. TRIM5� amplicons were isolated on 1%
agarose gels and purified using the Invitrogen PureLink Quick Gel Extrac-
tion Kit according to the manufacturer’s instructions. Sequencing was
conducted using the same forward and reverse primers by the NCI Se-
quencing and Gene Expression Core Facility. Sequences were then aligned
with the genomic DNA sequence of the rhesus macaque (accession num-
ber DQ842021.1) using Sequence Massager (Attotron Biotechnologies
Corp.) and Clustal W2 multiple-sequence alignment (European Bioinfor-
matics Institute) to characterize polymorphisms at nucleic acid positions
997, 1015 to 1020, and 1022 of TRIM5�.

Viral RNA extraction and cDNA synthesis. From each plasma spec-
imen and the viral inoculum stock, 20,000 viral RNA copies were ex-
tracted using the QIAamp Viral RNA mini kit (Qiagen). RNA was eluted
and immediately subjected to cDNA synthesis. Reverse transcription of
RNA to single-stranded cDNA was performed using SuperScript III re-
verse transcriptase according to the manufacturer’s recommendations
(Invitrogen). In brief, a cDNA reaction mixture of 1� reverse transcrip-
tion buffer, 0.5 mM each deoxynucleoside triphosphate, 5 mM dithio-
threitol, 2 U/ml RNaseOUT (RNase inhibitor), 10 U/ml SuperScript III
reverse transcriptase, and 0.25 mM antisense primer SIVEnvR1 (5=-TGT
AAT AAA TCC CTT CCA GTC CCC CC-3=) was incubated at 50°C for 60
min and 55°C for 60 min, heat inactivated at 70°C for 15 min, and then
treated with 2 U of RNase H at 37°C for 20 min. The newly synthesized
cDNA was used immediately or frozen at �80°C.

Single-genome amplification of SIVmac251 env. The entire env gene
from each animal at peak viremia was sequenced using a limiting dilution
PCR so only one amplifiable molecule was present in each reaction mix-
ture. Single-genome amplification was performed by serially diluting
cDNA distributed among independent PCRs to identify a dilution where
amplification occurred in �30% of the total number of reactions. PCR
amplification was performed with 1� PCR buffer, 2 mM MgSO4, 0.2 mM
each deoxynucleoside triphosphate, 0.2 �M each primer, and 0.025 U/�l
Platinum Taq polymerase (Invitrogen) in a 20-�l reaction mixture. The
first-round PCR was performed with sense primer SIVEnvF1 (5=-CCT
CCC CCT CCA GGA CTA GC-3=) and antisense primer SIVEnvR1
(5=-TGT AAT AAA TCC CTT CCA GTC CCC CC-3=) under the follow-
ing conditions: 1 cycle of 94°C for 2 min and 35 cycles at 94°C for 15 s,
55°C for 30 s, and 68°C for 4 min, followed by a final extension of 68°C for
10 min. Next, 1 �l of the first-round PCR product was added to a second-
round PCR mixture that included sense primer SIVEnvF2 (5=-TAT AAT
AGA CAT GGA GAC ACC CTT GAG GGA GC-3=) and antisense primer
SIVEnvR2 (5=-ATG AGA CAT RTC TAT TGC CAA TTT GTA-3=); the
conditions were the same as those used for the first-round PCR but with a
total of 45 cycles. Correct-size amplicons were identified by agarose gel
electrophoresis and directly sequenced with second-round PCR primers
and six SIV-specific primers using BigDye Terminator technology. To
confirm PCR amplification from a single template, chromatograms were
manually examined for multiple peaks, indicative of the presence of am-
plicons resulting from PCR-generated recombination events, Taq poly-
merase errors, or multiple variant templates. Sequences containing two or
more ambiguous sites were excluded from analysis.

Statistical analysis. Analyses of intracellular cytokine responses, anti-
body titers, and viral loads used the exact Wilcoxon rank sum test for
two-group comparisons, and the exact Kruskal-Wallis test for compari-
sons across the four immunization groups or all five groups at once. The
Spearman rank correlation test was used to assess relationships between
immune responses and virologic parameters. For associations with de-
layed acquisition and peak viremia, prechallenge antibody responses were
analyzed. For associations with decreased chronic viremia in the s.l.
group, prechallenge antibody parameters and pre- and postchallenge cel-

lular responses were analyzed. The number of challenges required for
infection was modeled as a function of log-transformed antibody titers in
mucosal secretions using proportional hazards regression and Monte
Carlo estimation of Wald test P values. Results of statistical analyses were
considered significant if they produced P values of �0.05.

Nucleotide sequence accession numbers. All 241 sequences deter-
mined in this study were deposited in GenBank under accession numbers
JQ085996 to JQ086220.

RESULTS
Induction of systemic SIV-specific memory T cell responses. As
reported elsewhere in a paper focused on the biodistribution of
the replicating Ad5hr vector, no significant differences between
immunization groups in cellular immune responses as measured
by IFN-� enzyme-linked immunosorbent spot assay or T cell pro-
liferation assays were observed (Patterson et al., submitted). Here
we investigated the induction of SIV Env- and Gag-specific CM
and EM CD4� and CD8� T cell responses in PBMC over the
course of immunization by intracellular cytokine staining for the
production of IFN-�, IL-2, and TNF-�. Both CD4� and CD8�

memory T cells specific for SIV Env and Gag were expanded and
detectable at week 16 after two Ad priming immunizations and
were markedly elevated by week 40 after two envelope protein
boosts in all immunized groups (Fig. 1A to D). The increased Gag
responses presumably result from replication-competent Ad5hr
recombinant expression, which persists at least 25 weeks following
the last Ad recombinant immunization (Patterson et al., submit-
ted), and the use of MPL-SE adjuvant in the Env boost, which can
enhance both antibody and T cell responses (19). For CD4� CM T
cells (Fig. 1A), the low-level responses to Env and Gag seen in the
s.l. group in comparison to those of the other three groups re-
sulted in significant differences over all four immunization groups
for Env (P � 0.0006)- and Gag (P � 0.0023)-specific responses
separately, as well as for the sum of the Env and Gag responses
(P � 0.0005).

Env- and Gag-specific CD4� EM responses were also observed in
all immunization groups at 40 weeks postimmunization (Fig. 1B).
Again, significant differences were obtained for Env-specific re-
sponses across all immunization groups (P � 0.0092), mainly due to
the low-level response in the s.l. group, and for Gag-specific responses
(P � 0.0006), due to the elevated response in the i.n./i.t. group. Over-
all, a significant difference in the sum of the Env and Gag responses
across all four groups was also obtained (P � 0.0006).

In contrast to the CD4� memory T cells, by week 40 postim-
munization, Env- and Gag-specific CD8� CM and CD8� EM T
cell levels were remarkably similar in all four immunization
groups (Fig. 1C and D), with no significant differences observed.
Thus, overall, mucosal immunization by any of the tested routes with
the replicating Ad recombinants was able to elicit comparable levels
of systemic memory T cells, although with some variability seen in the
CD4� memory T cell responses in the s.l. and i.n./i.t. groups.

Induction of cellular immunity at mucosal sites. To evaluate
the effect of priming by different routes on the induction of local
mucosal cellular immunity, which is believed to be crucial for HIV
vaccine efficacy, we collected mucosal biopsy specimens at weeks
16 (4 weeks after the second Ad recombinant administration) and
28 (4 weeks after the first envelope boost) and analyzed Env-spe-
cific T cell memory responses. Representative staining of BAL cells
and rectal tissue is shown in Fig. S1 in the supplemental material.
Gag-specific responses were not evaluated due to the limited
number of available cells. Initially, we examined memory T cell
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responses in BAL cells (Fig. 2A). The lung is a mucosal effector site
that is thought to provide a “window” to events occurring in the
intestine (42). Not surprisingly, therefore, proportionately more
CD4� and CD8� EM responses than CM responses were seen
early in the course of immunization at week 16. As the s.l. and
i.n./i.t. routes are proximal to the lung, responses in both of these
groups tended to be higher than in the others. Among the CM
responses, the CD8� CM Env-specific response in the i.n./i.t.
group was significantly higher at this time point than in the other
groups (P � 0.003). By week 28, Env-specific CD4� and CD8�

CM-positive cells became more apparent. In general, although
Env-specific T cell responses developed in all immunization
groups, compared to the i.vag. and i.r. groups, stronger responses
tended to remain in the s.l. and i.n./i.t. groups, although signifi-
cant differences were not obtained.

In both jejunal (Fig. 2B) and rectal (Fig. 2C) biopsy specimens, the
i.r. group in general exhibited the highest Env-specific responses, per-
haps reflecting a compartmentalization effect of the immunization
route. In the jejunum, CD4� and CD8� CM responses tended to be
higher than EM responses; however, a significant difference across all

four immunization groups was observed only among CD8� EM cells
(P � 0.0053), where the difference was due mostly to elevated re-
sponses in the i.r. and i.vag. groups. In rectal biopsy specimens, re-
sponses were sporadic at week 16 but more consistently observed at
week 28. No significant differences across immunization groups were
observed at either time point.

As expected, i.vag. immunization induced the greatest propor-
tion of memory T cells in vaginal biopsy specimens (Fig. 2D),
although this result stems from only three females in the i.vag.
group and one female in each of the other groups. The other
routes elicited no responses at this site, with the exception of
CD4� CM T cells seen in i.r.-immunized macaques (Fig. 2D). It
should be pointed out that the jejunal and vaginal biopsy speci-
mens were obtained only after the second Ad immunization,
whereas BAL fluid and rectal biopsy specimens were also exam-
ined following the first envelope boost, where responses tended to
be stronger. This may have resulted in the detection of lower-level
Env-specific responses in the jejunal and vaginal tissues.

Taking all of the cellular immune data together, there was an
overall trend indicating a diverse and rapidly expanding popula-

FIG 1 Intracellular cytokine staining of PBMC for SIV-specific CD4� and CD8� memory T cells secreting IFN-�, IL-2, and TNF-�. (A to D) Stacked responses
to SIV Env and Gag peptide pools by CD4� and CD8� CM and EM cells over the course of immunization. Dashed arrows mark the Ad recombinant
administrations at weeks 0 and 12. Solid arrows mark the gp120 protein boosts at weeks 24 and 36. In panel A, *** signifies P values across the four immunization
groups of 0.0006 for Env, 0.0023 for Gag, and 0.0005 for the sum of both. In panel B, *** signifies P values across the four immunization groups of 0.0092 for Env,
0.0006 for Gag, and 0.0006 for the sum of both.
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tion of memory cells in both blood and multiple tissue compart-
ments following immunization by multiple mucosal routes with
the replication-competent Ad recombinants.

Systemic Env-specific antibody responses. SIV Env-specific
binding antibody titers in serum were detected only in the i.n./i.t.
group at week 16 following the second Ad priming immunization
but were significantly boosted to titers of over 105 in all immuni-
zation groups following the second envelope protein immuniza-
tions (Fig. 3A). One week postchallenge, binding antibody titers
had slightly declined but quickly rebounded to comparable values
in all immunization groups by week 2 postchallenge (Fig. 3B).
Serum neutralizing antibodies against TCLA SIVmac251 were in-
duced by week 40 following the second envelope protein boost.
Although the i.n./i.t. and i.r. groups exhibited somewhat higher
neutralizing antibody titers than the s.l. and i.vag. groups, the
values overall were comparable and remained so postchallenge,
with no significant differences detected (Fig. 3C). None of the
immunized macaques developed antibodies at any time point able
to neutralize primary SIVmac251 pseudovirus (data not shown).
Furthermore, none of the control macaques developed binding or
neutralizing antibodies prior to challenge.

Antibody maturation following vaccination was evaluated
by assessing avidity, a measure of the strength of the binding
interaction between an antigen with multiple antigenic deter-
minants and multivalent antibodies. As shown in Fig. 3D, all
immunization groups developed similar levels of Env-specific
antibody avidity, higher than the controls at week 40 following
the second protein immunization. Thus, mucosal priming by
the four routes tested was able to prime similar levels of ma-
ture, systemic antibody.

Recent studies have shown significant correlations between
nonneutralizing antibody activities and protective efficacy against
both HIV and SIV (see references 5 and 52 for reviews). Therefore,
we evaluated the ability of vaccine-elicited antibodies to mediate
both ADCC and ADCVI. Sera of all immunized macaques exhib-
ited ADCC activity, with comparable mean titers across all immu-
nization groups (Fig. 3E). Similarly, the majority of the immu-
nized macaques developed antibodies able to mediate low levels of
ADCVI (Fig. 3F). Again, no significant differences between immu-
nization groups were observed. Thus, the route of Ad recombinant
administration did not affect the development of serum antibodies
able to mediate nonneutralizing antibody activities.

FIG 2 Intracellular cytokine staining for SIV-specific CD4� and CD8� memory T cells secreting IFN-�, IL-2, and TNF-� in mucosal tissues. Env-specific
responses of CD4� and CD8� CM and EM cells in BAL fluid (A), jejunal biopsy specimens (B), rectal pinch biopsy specimens (C), and vaginal biopsy specimens
(D) at week 16 (after two Ad recombinant immunizations) and/or at week 28 (after the first envelope boost). **, P � 0.003 for CD8� CM cells in BAL fluid of
the i.n./i.t. group compared to the other groups; ††, P � 0.0053 for the difference in jejunal CD8� EM cells across all four immunization groups.
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Mucosal Env-specific antibody responses. We further inves-
tigated whether the immunization regimens elicited virus-specific
antibody at mucosal sites by examining saliva and nasal, rectal,
and vaginal secretions at week 40 following the second envelope
protein boost. Many of the secretions exhibited significant blood
contamination, precluding an assessment of whether the antibody
originated locally or systemically. Therefore, the secretions were
evaluated by ELISA as described in Materials and Methods using
HRP-conjugated anti-monkey secretory component to detect
sIgA bound to SIV gp120. As shown in Table 2, Env-specific sIgA
was readily induced in all immunization groups and regularly ap-
peared in all secretory fluids except saliva. Not surprisingly, given
the propensity of the Ad5hr vector to replicate in the URT, sIgA
titers were highest in nasal secretions regardless of the immuniza-

tion route. Titers in rectal and vaginal secretions across the four
immunization groups were comparable. Immunization via the
rectal route elicited the highest sIgA titers overall, followed by the
i.n./i.t. and i.vag. routes.

FIG 3 Vaccine-induced antibody responses in serum. Shown are prechallenge (A) and postchallenge (B) geometric mean antibody binding titers against
SIV gp120 protein and geometric mean neutralizing antibody titers against TCLA-SIVmac251 (H9 grown) over time (C). The arrow indicates the time of
SIVmac251 challenge. Also shown are the avidity of anti-Env antibody at week 40 (D), serum ADCC titers at week 40 (E), and percent ADCVI at week 40 (F).

TABLE 2 Env-specific sIgA titers after second gp120 boost

Secretion

Immunization group (Mean log2-transformed sIgA titerb � SEM)

s.l. i.n./i.t. i.v. i.r. Control

Rectal 1.3 � 0.7 2.2 � 0.8 1.7 � 0.3 3.0 � 0.6 0.5 � 0.2
Nasal 3.2 � 0.5 3.8 � 0.5 3.0 � 1.0 4.0 � 1.0 0.5 � 0.2
Vaginala 1.0 2.0 2.0 � 0.6 7.0 0
Saliva 0 � 0 0 � 0 0 � 0 0.7 � 0.3 0.2 � 0.2
a One female macaque per group except three in i.v. group.
b Titers of �2 were scored as 1 (log2 transformed � 0).

Xiao et al.

4650 jvi.asm.org Journal of Virology

http://jvi.asm.org


Low-dose challenge with SIVmac251. At week 45, vaccinated
and control macaques were challenged intrarectally with weekly
low doses of SIVmac251, a highly virulent and pathogenic SIV
strain, to assess the protective efficacy of the vaccine regimens
primed via different mucosal immunization routes. The low dose
used (a 1:500 dilution, equivalent to 130 TCID50) was subse-
quently shown to transmit a single SIV variant in 8 of the 9 control
macaques (see Fig. S2 in the supplemental material). Two variants

were transmitted to the remaining macaque. Plasma samples were
assayed 5 days after each challenge for SIV RNA by NASBA, and
uninfected animals were rechallenged 2 days later. Challenges
were terminated once an animal tested positive for SIV plasma
viremia. All animals became infected after 9 challenges (Fig. 4A to
E), except one (G412) in the i.r. group (Fig. 4D). This animal was
notable in exhibiting high Env-specific sIgA titers in rectal, nasal,
and vaginal fluids (titers of 16, 32, and 128, respectively) and was

FIG 4 Time of infection and plasma viral loads following repeated low-dose intrarectal challenges with SIVmac251. Panels A to E illustrate results for the s.l.,
i.n./i.t., i.vag., i.r., and control groups, respectively. Arrows mark sequential low-dose challenges. The macaques in each group are listed. * and † denote Mamu
A*01- and Mamu B*08-positive macaques, respectively. Three naïve macaques (G419, G421, and G423) were added to the study at the time of challenge. (F)
Kaplan-Meier plot of the percentage of uninfected macaques versus the number of challenges.
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one of only two macaques to exhibit a positive titer (of 2) in saliva.
It also developed the highest Env-specific serum binding antibody
titer (2 � 106) shared by only one other macaque (G430) and the
highest avidity index of 42.2, compared to the mean among im-
munized macaques of 34.3 � 1.5, indicating strong antibody mat-
uration. No correlations can be drawn, however, with only a single
macaque completely protected. Overall, none of the immuniza-
tion groups provided significant protection against acquisition.
No significant differences were observed in the number of chal-
lenges required for infection of the animals in the five groups (s.l.,
2.7 � 0.6 [mean � standard error of the mean]; i.n./i.t., 4.8 � 1.3;
i.vag., 4.3 � 1.5; i.r., 5.0 � 1.0; control, 4.3 � 1.5), whether they
were analyzed together (Fig. 4F) or separately (see Fig. S3 in the
supplemental material).

While protection from SIV acquisition was not observed, all
vaccinated macaques exhibited a modest but significant reduction
in peak viremia compared to controls (P � 0.0033, Fig. 5A), al-
though this did not extend to the chronic phase, as shown by
similar median viral loads in the vaccinated and control macaques
(Fig. 5A). Although macaques in the s.l. group displayed declining
viral loads during the chronic phase of infection (Fig. 4A), a sig-
nificant difference from vector/adjuvant controls or macaques in
the other immunization groups was not reached. Note that the
three naïve macaques added at the time of challenge were not
included in this chronic viral load analysis, as they were all Mamu
A*01 positive. One of these (G423) showed a rapid decline to
undetectable viremia during the chronic phase of infection (Fig.
4E). Previous studies have shown that Mamu-A*01-positive ma-
caques control SIV replication better than Mamu-A*01-negative

macaques (36, 37). Mamu B*08-positive macaques have also been
associated with elite control of SIV viremia (29). Here, among the
immunized and mock-vaccinated macaques, a single Mamu
A*01-positive macaque was included in each group (except for the
i.vag. group, which had a B*08-positive animal instead) in order
to balance this effect.

To evaluate SIV replication at the site of transmission, rectal
pinch biopsy specimens were obtained from all macaques at weeks
2 and 12 postinfection for analysis of viral RNA. The uninfected
macaque, G412, was again negative at both time points, confirm-
ing lack of transmission, and was excluded from further statistical
analysis, as were the three naïve control macaques. All other sam-
ples were positive at similar levels at the 2-week time point (Fig.
5B). By week 12, 3 macaques in the s.l. group had dropped to
undetectable levels, consistent with the lower plasma viremia lev-
els seen in this group during the chronic phase of infection. A
comparison of the rectal viral loads across the four immunization
groups showed that they approached a significant difference (P �
0.063).

Immunological correlates of viremia control. To elucidate
the basis for the significantly reduced acute viremia in the immu-
nized macaques, we investigated several immune responses po-
tentially correlated with the outcome. Cellular immune responses
prior to challenge were not associated with the reduced viremia,
nor were binding or neutralizing antibody titers. However, the
avidity of Env-specific serum binding antibodies at week 40 was
significantly correlated with reduced peak viremia (r � �0.743,
P � 0.001; Fig. 6A).

We have previously shown that antibody avidity is directly cor-

FIG 5 Peak acute and median chronic plasma viremia (A) and rectal tissue viral loads (B, C). In panel B, the viral loads of all immunized macaques and controls
are shown. In panel C, the viral loads of individual immunization groups are shown.
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related with functional antibody activities, such as ADCC and
ADCVI. Therefore, we investigated whether either or both activ-
ities were also correlated with reduced peak viremia. As shown in
Fig. 6B and C, both ADCC and ADCVI activities were inversely
correlated with peak viremia, suggesting a role in the modest
viremia reduction observed.

During the chronic phase of infection, the s.l. group exhibited
a gradual decline in plasma viremia relative to the other groups of
macaques (Fig. 4) and, compared to the macaques overall (Fig.
5B), also exhibited better control of rectal tissue viral loads (Fig.
5C). Although these outcomes were not statistically significantly
different from those of the control macaques, it was nevertheless
of interest to examine immunologic parameters that might have
influenced this result. Twelve weeks postchallenge, CD4� CM T
cells in PBMC of the s.l. group exhibited somewhat higher recall
cytokine responses against both Env and Gag peptides (Fig. 7A)
compared to other immunization groups. The sum of percentages
of CD4� CM cells secreting IFN-�, IL-2, and TNF-� in response
to Env and Gag stimulation of all immunized macaques taken
together was inversely correlated with median chronic viremia
(for Gag, r � �0.5607, P � 0.0192; for Env, r � �0.6687, P �
0.0033 [data not shown]). Moreover, this same relationship was
seen for macaques in the s.l. group alone (P � 0.0167 and P �
0.033 for Env and Gag, respectively; Fig. 7B and C). Thus, vaccine-
induced cellular immunity apparently contributed to control of
SIV in the s.l. group. However, it is possible that SIV-specific
CD4� CM cells were simply better preserved in macaques with
lower viremia, as described previously (38).

Factors associated with delayed acquisition. We also investi-

gated parameters that might have contributed to delayed acquisi-
tion. We first tested whether TRIM5�, an innate restriction fac-
tor that is polymorphic in rhesus macaques, might have played
a role by typing our rhesus macaques for TRIM5� polymor-
phisms. Overall, 15 of the macaques had restrictive alleles,
while 6 had sensitive alleles and 6 were heterozygous. However,
no correlation between the number of challenges required for
infection and the TRIM5� genotype was observed (data not
shown). This is consistent with recent results showing that mu-
cosal infection by SIVmac251 is not influenced by TRIM5�, in
contrast to intravenous infection (10).

However, the avidity of week 40 binding antibodies (Fig. 8A)
and ADCC titers at the same time point (Fig. 8B) were directly
correlated with the number of challenges required for infection in
all immunized macaques (r � 0.7105 and P � 0.0013 for avidity;
r � 0.6467 and P � 0.0033 for ADCC). More strikingly, titers of
anti-Env sIgA in rectal secretions were significantly associated
with delayed acquisition in the immunized macaques. Higher ti-
ters were associated with a greater number of exposures (P �
0.0019 by the score test of the proportional hazards regression
model using the log titers). The dichotomization into the two
groups in a Kaplan-Meier plot (Fig. 8C) gave a significant differ-
ence (P � 0.020), corrected for the number of possible dichoto-
mizations.

DISCUSSION

Most HIV infections occur via a mucosal route, including the
gastrointestinal and genital tracts, suggesting that induction of
mucosal immunity will be necessary for an efficacious HIV vac-

FIG 6 Immune responses correlated with reduced peak acute viremia. Significant correlations between reduced peak acute viremia in all immunized macaques
and antibody avidity (P � 0.001) (A), ADCC titers (P � 0.0016) (B), and percent ADCVI (P � 0.049) (C). The correlation coefficients (r values) and P values are
from Spearman rank analysis.
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cine. One criterion for the use of Ad as an HIV vaccine vector is its
propensity for replication in cells lining the URT and other mu-
cosal epithelia, hence targeting mucosal inductive sites. We have
routinely used i.n., i.t., and oral routes of Ad recombinant admin-
istration in our preclinical studies and have observed induction of
strong systemic and mucosal immunity (3, 9, 30, 31, 39, 40). How-
ever, recent descriptions of use of the s.l. route for vaccine admin-
istration prompted us to investigate it in comparison to the i.n./i.t.
route. While several groups have evaluated oral and tonsillar
routes of vaccine administration (12, 32, 50, 51), assessment of the
s.l. route for Ad-based SIV vaccine administration in the rhesus
macaque model has not been described previously. In order to
evaluate immunogenicity and protective efficacy resulting from
the i.n./i.t. and s.l. routes relative to local immunization at key sites
of potential infection, we also investigated the i.vag. and i.r. routes.

Overall, administration of Ad5hr-SIV recombinants by any of
the mucosal routes resulted in highly effective priming of systemic
immunity. As reported elsewhere, no differences were seen in the
secretion of IFN-� and T cell proliferative responses by PBMC
across the four immunization routes (Patterson et al., submitted).
Similarly, here we observed no difference in CM or EM CD8� T
cell responses among groups. However, CD4� T cell memory re-
sponses were not equivalent among the groups, with the s.l. group
showing somewhat weaker Env- and Gag-specific responses than
the other administration route groups and the i.n./i.t. group
showing elevated Gag-specific responses (Fig. 1A and B). With
regard to systemic humoral immunity, anti-envelope binding an-
tibody titers were slightly diminished at week 40 in the s.l. group as
reported elsewhere (Patterson et al., submitted) but were very

comparable among the groups postchallenge (Fig. 3B). Moreover,
functional antibody responses, including neutralization, ADCC,
and ADCVI, and avidity indices showed no differences among the
four groups. The reasons for the slightly lower CD4� memory
responses in PBMC from the s.l. group are not immediately ap-
parent. This administration route was subject to the greatest vari-
ability in terms of administration, as the vaccine was simply placed
in liquid form under the tongue, and some swallowing or dilution
and/or loss of the inoculum in saliva may have occurred. Future
applications for s.l. delivery should be formulated in a more stable
form.

Cellular responses at mucosal sites were more sporadic and
showed greater variability among groups, overall. However, ad-
ministration of the replicating Ad recombinants at all four muco-
sal sites resulted in responses in the lung, intestine, and rectum.
Nevertheless, responses in the lung tended to be higher in the s.l.
and i.n./i.t. groups, while jejunal and rectal responses tended to be
higher following i.r. priming. Not surprisingly, vaginal immuni-
zation appeared to be optimal for achieving measurable cellular
responses at the vaginal site, reflecting greater mucosal compart-
mentalization. In contrast to the cellular immune responses,
greater uniformity was observed with Env-specific sIgA, which
was elicited at multiple mucosal sites by all four priming regimens.
Vaginal antibody measurements were limited because of the small
number of female macaques in the study, and salivary antibody
exhibited low or negative titers. Note that because sIgA is a dimer,
the overall sIgA titers are lower than titers one would expect to see
if IgA were measured at these mucosal sites. However, due to
significant blood contamination in many of the samples, the sIgA

FIG 7 Postchallenge immune responses contributing to decreased viremia in macaques after s.l. immunization. (A) Env- and Gag-specific CD4� CM responses
in PBMC at 12 weeks postchallenge. (B, C) Inverse correlation of summed percentages of Env- and Gag-specific CD4� CM cells, respectively, secreting IFN-�,
IL-2, and TNF-� with median chronic viremia.
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measurement gave the most accurate assessment of mucosal anti-
body induction.

Originally, a single high-dose challenge was planned for this
study. However, repeated low-dose challenges have convinc-
ingly been shown to recapitulate mucosal HIV infection, trans-
mitting, on average, a single viral variant (23, 24, 28, 34).
Therefore, although statistical power was limited, we added an
additional three naïve macaques to the control group and con-
ducted a repeated low-dose i.r. challenge as a pilot study, using
a dilution of SIVmac251 that transmitted a single variant. Pro-
tection against SIV acquisition was not observed, as only one
macaque in the i.r. group remained uninfected following nine
sequential challenges. However, modestly reduced peak
viremia was observed in the immunized macaques, compared
to that of controls (P � 0.0033), and correlated inversely with
prechallenge serum envelope avidity (P � 0.001) and nonneu-
tralizing ADCC and ADCVI activities (P � 0.0016 and P �
0.049, respectively). This result suggests that although lacking
the ability to neutralize the challenge virus, vaccine-elicited
antibody had a transient effect on early infection events, per-
haps delaying systemic spread from initial foci of infected cells
in the mucosa.

No overall effect on viremia levels of immunized versus control
macaques during the chronic phase of infection was observed;
however, the s.l. group of macaques exhibited a much broader
spread in chronic viremia levels (Fig. 4A) and a trend, although
not significant, toward lower overall median values (data not
shown). Rectal tissue viral loads of the s.l. group were also low at
12 weeks postchallenge (Fig. 5C). As shown in Fig. 7, median

chronic viremia levels in the s.l. group were significantly corre-
lated with postchallenge CD4� CM. The marginal improvement
in viremia control in the s.l. group was somewhat surprising, as
prechallenge CD4� CM and EM T cell responses in PBMC tended
to be lower than those of the other immunized groups. Assess-
ment of mucosal cellular responses in BAL fluid and rectal and
jejunal biopsy specimens was not performed at week 40 following
the last immunization, and it is possible that these assays would
have revealed enhanced cellular memory in the s.l. group. Taken
together, these data hint that Ad recombinant administration via
the s.l. route may target important antigen-presenting cells, per-
haps at sites not assessed here. Investigation of Ad-GFP recombi-
nants administered by these four mucosal routes has shown no
differences in the levels of GFP expression in macrophages and
myeloid dendritic cells in the lung and rectum among the four
groups (Patterson et al., submitted). Future studies should exam-
ine the elicitation of cellular responses at additional sites through-
out the gastrointestinal tract following s.l. immunization.

Although protection from SIV acquisition was achieved in only
a single immunized macaque in the i.r. group, the significant cor-
relation of the prechallenge secretory antibody titer in rectal se-
cretions with delayed acquisition in the immunized macaques
overall is notable. This mechanism of protection has not been
previously described yet is not unexpected. Mucosal antibody has
been expected to be important in the control of SIV infection.
Here we show that all four mucosal immunization routes induced
sIgA at multiple mucosal sites, suggesting that mucosal humoral
immunity may be less compartmentalized than its cellular coun-
terpart, as reflected by restricted induction of i.vag. cellular im-

FIG 8 Immune responses correlated with delayed SIV acquisition. Significant correlation of the serum avidity index (A) and the week 40 ADCC titer (B) with
the number of challenges needed for infection. (C) Significant correlation between Env-specific sIgA titers in the rectal secretions of immunized macaques and
delayed SIV acquisition.

Env-Specific Rectal IgA and Delayed SIV Acquisition

April 2012 Volume 86 Number 8 jvi.asm.org 4655

http://jvi.asm.org


munity following s.l. and i.n./i.t. immunization. Studies are ongo-
ing to fully characterize the properties of the sIgA induced and
elucidate its functional properties.

Here we have demonstrated that, regardless of the mucosal
route of administration, replication-competent Ad5hr-SIV re-
combinants can effectively elicit systemic, as well as mucosal, cel-
lular immune responses at multiple mucosal sites and prime sys-
temic and mucosal antibody responses following an envelope
subunit boost. This is in line with their broad dissemination with
concomitant transgene expression in vivo (Patterson et al., sub-
mitted) and contrasts with nonreplicating Ad vectors whose in-
duction of cellular immunity following mucosal administration
has been reported to be more restricted and dependent on the
mucosal immunization route in the murine system (22). Recently,
i.m. administration of replication-defective Ad recombinants was
shown to elicit long-term memory T cell responses in peripheral
blood, as well as in lung, intestinal, and vaginal tissues of nonhu-
man primates (27). Possible mechanisms for this result include
the induction of retinoic acid in dendritic cells infected by Ad,
leading to their expression of �4�7 on antigen-specific CD8� T
cells (2, 14). Additionally, a recently described mechanism in mice
for selecting avid effector memory cells at mucosal sites involves
interaction of the major histocompatibility complex class I thy-
mus leukemia antigen (TL) on dendritic cells with CD8�� on
activated CD8��� T cells, leading to affinity-based selection of
memory precursor cells. Further, expression of TL on epithelial
cells can lead to selection of mature CD8�� memory cells in the
intestine (20). Whether the latter mechanism is operative in hu-
mans or nonhuman primates is not known. It will be of interest to
determine if mucosal immunization with the replicating Ad vec-
tor will induce a longevity of cellular memory similar to or greater
than that induced by the nonreplicating vector. Moreover,
whether the nonreplicating Ad vector administered systemically
will elicit similarly potent systemic and mucosal antibody re-
sponses as the replication-competent Ad vector will await future
studies.
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