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Impact of vaccine-induced mucosal high-avidity CD8�CTLs in delay of AIDS
viral dissemination from mucosa
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Natural HIV transmission occurs through
mucosa, but it is debated whether muco-
sal cytotoxic T lymphocytes (CTLs) can
prevent or reduce dissemination from the
initial mucosal site to the systemic circu-
lation. Also, the role of CTL avidity in
mucosal AIDS viral transmission is un-
known. To address these questions, we

used delay in acute-phase peak viremia
after intrarectal challenge as an indicator
of systemic dissemination. We found that
a peptide-prime/poxviral boost vaccine
inducing high levels of high-avidity muco-
sal CTLs can have an impact on dissemi-
nation of intrarectally administered patho-
genic SHIV-ku2 in macaques and that

such protection correlates better with mu-
cosal than with systemic CTLs and par-
ticularly with levels of high-avidity muco-
sal CTLs. (Blood. 2006;107:3258-3264)
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Introduction

The gastrointestinal and vaginal mucosae are the primary sites of
natural HIV transmission and the former is also a major reservoir
for HIV replication.1-4 This mucosa-centric nature of HIV infection
provides a strong rationale for development of mucosal HIV
vaccines to induce sufficient mucosal response to clear virus from
mucosal tissues.5-7 Indeed, we previously demonstrated that intra-
rectal immunization of macaques with a peptide vaccine was
superior to subcutaneous immunization both in the induction of
mucosal CD8�cytotoxic T lymphocyte (CTL) responses and in
limiting viral titers in the blood and intestine.8,9 In addition, control
of viremia in SIV/SHIV/HIV infection correlates with and is
dependent on CD8�CTLs in macaques and chimpanzees.10-12

However, it has been debated whether CTLs in the mucosa can
eliminate the first round of virally infected cells fast enough to
prevent or reduce dissemination of virus to the systemic circula-
tion. Data from several laboratories show that virus remains in the
mucosa from 2 to 7 days before spreading to other sites,2,13

suggesting that if CTLs are present at the local site of infection
early enough, it may be possible to eradicate the initial nidus of
infection before it spreads. However, no data have been available to
test this hypothesis, which is important to understand the role of
mucosal CTLs in protection and thus in the design of mucosal
AIDS vaccines. Here, we use the delay in acute-phase appearance
of virus in the systemic circulation after intrarectal inoculation as
an indicator of such dissemination from the mucosa to test this
hypothesis in rhesus macaques immunized intrarectally with an
experimental vaccine.

In murine studies, high-avidity CD8�CTLs are more effective
than low-avidity CD8�CTLs in clearance of viral infections.14-17

However, only limited indirect information has been available in
primates,18 and the role of CTL avidity has not been studied
explicitly in the mucosa. Here, while comparing mucosal vaccine
regimens in macaques for protection against mucosal transmission
of an AIDS virus, we made the unexpected observation that peptide
priming increased mucosal CTL avidity, and further found a
correlation between levels of high-avidity mucosal CTLs and
delayed appearance of circulating plasma viral particles, which we
interpret to reflect dissemination of virus from the initial mucosal
site of transmission.

Materials and methods

Macaques and vaccines

Indian rhesus macaques (Macaca mulatta; purchased from Covance and the
Caribbean Primate Research Center; Dr. Edmundo N. Kraiselburd, San
Juan, Puerto Rico) were matched for genetic origin, source, and comparable
age and weight, and maintained in accordance with guidelines of the
Association for Assessment and Accreditation of Laboratory Animal Care
(AAALAC) International (Rockville, MD) and under the approval of the
Applied BioScience Laboratories Animal Center Review Committee. All
were seronegative for SIV and simian retrovirus 1, 2, and 5. Animals
positive for simian T-cell leukemia/lymphotropic virus type 1 (STLV-1�)
and herpes B virus were equally distributed among the 4 groups. Mamu-
A*01� major histocompatibility complex (MHC) type was kindly deter-
mined by Dr David Watkins (Wisconsin Regional Primate Research Center,
Madison, WI) by polymerase chain reaction (PCR) sequence-specific
primers and direct sequencing.19 The peptides in Table 1 each contain an
HIV envelope helper epitope20 and an SIV Gag,21 Pol,22 Vif,22 or HIV Tat-2
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and Tat-3 (this study) CTL epitopes. Recombinant NYVAC-expressing
SIVmac239 Gag, pol (5 � 108/immunization) and recombinant NYVAC-
expressing HIV-1 IIIB envelope proteins (5 � 108/immunization) were a
kind gift of Dr James Tartaglia (Sanofi-Pasteur, Toronto, ON, Canada).23

SHIV-ku2 virus stock

SHIV-ku2 is a chimeric virus containing the HIV-1 IIIB strain (HXBc2)
envelope gene and SIVmac239 gag and pol genes and is pathogenic in
rhesus macaques.24 The undiluted virus challenge contained approximately
10 animal infectious doses (AID50) per milliliter for intrarectal administra-
tion. Because of limited quantities of this titered virus remaining, the dose
used in this study was nominally 8 AID50.

Immunization and challenge of macaques

Each intrarectal peptide vaccine dose contained 0.5 mg of each peptide
(total 3.5 mg peptide) mixed with mutant Escherichia coli labile toxin
LT(R192G) as mucosal adjuvant (50 �g/immunization)8 and a synergistic
combination of cytokines (hGM-CSF, 30 �g/immunization and hIL-12
[Wyeth, Boston, MA], 15 �g/immunization) and 500 �g/immunization of
D-type CpG oligodeoxynucleotide (ODN). For intrarectal inoculations,
animals were sedated with ketamine hydrochloride (10 mg/kg intramuscu-
larly) and placed within a biosafety cabinet in ventral recumbency with the
hindquarters elevated. The tail was elevated dorsally and a 3-mL slip-tip
syringe was atraumatically inserted into the rectum. Vaccine or virus was
administered and the tail lowered to ensure complete delivery.

Biopsies and isolation of lamina propria lymphocytes

Mesenteric lymph nodes (MLNs) and intestinal tissue were obtained by
laparotomy. Para-aortic and para-iliac nodes were not accessible in this
procedure. Intestinal tissue was obtained from colonic wedge resection
(�4 cm2) at laparotomy. Lymphocytes were prepared as previously
established for macaques tissue.8

CTL, ELISPOT, and tetramer assays

Immune cells were activated overnight in 12-well plates in the presence of
0.02 �M synthetic CTL epitope peptides in CTM. Mamu-A*01 target cells
were pulsed with peptide from 10 �M to 10�4 �M for 2 hours during 51Cr
labeling, and cultured with effectors at 37°C for 4 hours.8 Specific release
was calculated as described.25,26 Soluble tetrameric Mamu-A*01/CM10
complexes conjugated to PE-labeled streptavidin were prepared as de-
scribed.27 A perforin-release enzyme-linked immunospot (ELISPOT) assay
was performed on macaque peripheral blood mononuclear cells (PBMCs)
per instructions (Mabtech, Nacka Strand, Sweden), stimulating with 0.1
�M concentration of CL10 peptide for 24 hours.

Determination of viral load

SIVmac251 mRNA in plasma was quantified by nucleic acid sequence-
based amplification (NASBA),28 with a lower limit sensitivity of 500
RNA copies/mL.

ELISA for anti-gp160 antibody

Enzyme-linked immunosorbent assay (ELISA) was performed as previ-
ously described.29

Software for fitting and statistical analysis

Statistical comparisons were performed using the Mann-Whitney, Wil-
coxon, Kruskal-Wallis, and �2 tests (Statistica 6; StatXact 6, StatSoft, Tulsa,
OK), as well as a nonparametric repeated measures ANOVA for plasma
viral loads over time,8,30,31 because the data could not be taken as normally
distributed.

Results

To examine the role of mucosal CTL avidity in protection against
mucosal (intrarectal) AIDS viral transmission, we compared a
peptide-based vaccine versus a recombinant vaccinia-based vac-
cine versus a combination peptide prime-recombinant vaccinia
boost vaccine regimen in rhesus macaques (Table 1). The peptide
vaccine contained a mixture of epitopes presented by Mamu-A*01,
the class I antigen expressed by the macaques selected for study,
modified compared with that used previously8 by addition of 2 new
peptides from the HIV Tat protein and one from vif. These new Tat
epitopes were derived from HIV because the Tat genes of SHIV are
derived from HIV not SIV. They were selected by synthesizing 4
peptides predicted to bind to Mamu-A*01 based on a sequence
motif32 and then testing the ability of CTLs derived from primates
infected with SHIV-Ku2 in our previous study8 to recognize these
epitopes presented by MamuA*01. Two of the 4 selected epitopes
were recognized. These peptides were added to the peptide mixture
(Table 1). We also added a CTL epitope from SIV-vif.22 The
peptides were delivered intrarectally with a synergistic combina-
tion of molecularly defined adjuvants (GM-CSF, IL-12, and CpG
ODN). Previous studies showed synergy of GM-CSF and IL-12 for
induction of CTLs both systemically33-35 and mucosally.36 D-type
CpG oligonucleotides37 were chosen to mature dendritic cells
recruited by the GM-CSF, analogous to CD40L.38

We planned a prime-boost strategy with peptide and recombi-
nant poxviral vector because analogous strategies using DNA
priming and viral vector boosting have been shown previously to
elicit strong CTL responses,39-42 perhaps due to the ability of the
DNA prime to focus the immune response on the target antigens
before exposure to the viral vector expressing other antigens. We
reasoned that a peptide prime might similarly focus the response on
desired epitopes. Recombinant highly attenuated NYVAC SIV/
HIV was chosen as a boost because previous studies demonstrated
the ability to provide significant protection in the SIV macaque
model when given systemically,42 and NYVAC was found immuno-
genic when given mucosally.43 Even when complete protection is
not achieved, a vaccine’s impact on the initial nidus of infection

Table 1. Combined helper-CTL epitope peptides included in the vaccine

HIV/SIV constructs

Sequences

T-helper portion CTL portion

PCLUS3-CL10 (HIV-env � SIV-Gag_181) KQIINMWQEVGKAMYAPPISGQIR CTPYDINQML

PCLUS6.1-CL10 (HIV-env � SIV-Gag_181) DRVIEVVQGAYRAIRHIPRRIRQGLER CTPYDINQML

PCLUS3-Pol_143 (HIV-env � SIVPol_143) KQIINMWQEVGKAMYAPPISGQIR LGPHYTPKIV

PCLUS3-Gag_372 (HIV-env � SIVGag_372) KQIINMWQEVGKAMYAPPISGQIR LAPVPIPFA

PCLUS3-Tat2 (HIV-env � HIV-Tat2) KQIINMWQEVGKAMYAPPISGQIR KHPGSQPKTA

PCLUS3-Tat3 (HIV-env � HIV-Tat3) KQIINMWQEVGKAMYAPPISGQIR VDPRLEPW

PCLUS3-Vif (HIV-env � SIV-Vif) KQIINMWQEVGKAMYAPPISGQIR QVPSLQYLA
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may be revealed in a delay or reduction in systemic dissemination
reflected by the time of appearance as well as magnitude of acute
viremia. Thus, we have focused here on the acute phase of infection
and the relationship between vaccine-induced CTL activity and
avidity before challenge and the acute viremia kinetics and
magnitude shortly after challenge.

The immunization regimens consisted of the following: groups
1 and 2 were immunized intrarectally with the peptide vaccine
mixture and the cytokines and adjuvants 5 times at 3-week
intervals. Group 1 animals were boosted with 2 additional intrarec-
tal doses of peptide vaccine (with biopsies taken after the second
boost), whereas group 2 was boosted with 4 intrarectal doses of
recombinant NYVAC vaccinia (delivered in the absence of cyto-
kines and adjuvants); group 3 macaques were given only the
adjuvant mixture when groups 1 and 2 received peptide priming
and then were immunized only with NYVAC at the same time
that group 2 macaques were boosted with NYVAC; finally, group
4 control macaques were given only the cytokines and adju-
vants. Two weeks after the last immunization, the macaques
were subjected to survival surgery for isolation of cells to be used
in CTL assays.

Four weeks following the last administration of vaccine, all
macaques were subjected to intrarectal challenge with approxi-
mately eight 50% infectious doses (AID50) of SHIV-Ku2 and then
monitored to ascertain plasma viral load and immune responses.

CTL responses in mucosal and systemic lymphoid tissue of
macaques and effect of peptide priming on CTL
magnitude and avidity

We enumerated antigen-specific CD8 CTLs in the colonic lamina
propria at the first biopsy and in peripheral blood using a CL10

tetramer-binding assay. All freshly isolated lamina propria lympho-
cytes and peripheral blood cells in groups 1, 2, and 3 were positive
in the tetramer-binding assay (Figure 1A-B), with the most CL10
tetramer-positive CD8 cells in the colons of group 2 macaques.
However, CL10 tetramer-positive CD8 cells in blood were more
equally distributed between groups 1, 2, and 3, with only slightly
more in group 2. All animals in control group 4 were tetramer-
negative (Figure 1A-B).

We also asked whether mucosal immunization with peptide and
recombinant vaccine induced antigen-specific CD8 CTLs systemi-
cally (in peripheral blood) that expressed perforin on stimulation.
By ELISPOT assay, we studied the number CL10-specific perforin-
positive CD8�CTLs in the blood after intrarectal immunization in
all 4 groups (Figure 1C). A significant number of perforin-
producing CD8� CTLs appeared only in group 2 (prime-boost;
Figure 1C), not in groups 1, 3, and 4 (Figure 1C), suggesting that
this regimen induced more functionally active T cells.

To understand the role of vaccine-induced CTL avidity in
protection, we studied mucosal CTL avidity after the various
immunizations. We examined CTL avidity in the MLNs, where
sufficient cells were available. It was impossible to study CTL

Figure 1. Mucosal prime-boost SHIV vaccine strategy induces CL-10–specific
CD8 CTLs in mucosal and systemic lymphoid tissues. (A) Number of CL-10–
specific tetramer-positive cells in colonic lamina propria. (B) Number of CL-10–
specific tetramer-positive cells in peripheral blood. (C) Number of CL-10–specific
cells secreting perforin in peripheral blood by ELISPOT assay. Individual data points
for macaques in group 1 are color-coded as red; group 2, green; group 3, blue; and
group 4, black.

Figure 2. Mucosal prime-boost SHIV vaccine strategy induces high avidity and
high magnitude of CD8� CTL responses in mucosal and systemic lymphoid
tissues. (A) CTL activity as a function of peptide concentration for SIV Gag CL10,
Gag 372, Pol 143, Vif, HIV Tat 2, Tat 3, as indicated, in MLNs after mucosal
immunizations with HIV/SIV peptide vaccines with GM-CSF, rhIL-12, CpG ODN, and
LT(R192G) (group 1), recombinant NYVAC (group 3), HIV/SIV peptide prime and
recombinant NYVAC boost (group 2), or GM-CSF, rhIL-12, CpG ODN, and LT(R192G)
alone without a specific antigen (group 4). Mamu-A*01� target cells were pulsed with
different concentration of peptides from 10 �M to 10�4 �M, as indicated, and lysis by
MLN cells stimulated just overnight (to avoid skewing the repertoire) was studied by
51Cr-release assay at 100:1 effector-target ratio. (B-C) High-/low-avidity CTL ratio. (B)
CL-10 peptide, (C) Gag372 peptide. Ratio between percent specific lysis against
0.001 �M peptide (high-avidity CTLs) to percent specific lysis against 10 �M peptide
(total low- and high-avidity CTLs).
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avidity in colonic tissue because of the limited number of cells
recoverable from the colon wedges.

CTL activity in MLNs obtained 2 weeks after completion of the
immunization schedule (week 34) (Figure 2A) was measured after
just overnight stimulation to avoid skewing the CTL repertoire or
avidity by culturing for a week.44 Most group 2 macaques made a
substantial CTL response to all SIV and HIV epitopes and most
group 1 macaques had somewhat lower, but still considerable CTL
responses to all epitopes (except the HIV-Tat3 epitope). In contrast,
most group 3 macaques registered somewhat weaker CTL re-
sponses only against the 2 gag CTL epitopes, as neither Tat nor vif
is expressed by the recombinant NYVAC. The ability of the
NYVAC boost to increase the response to HIV Tat or SIV vif in
group 2 may represent a bystander effect, for example, through the
induction of T-cell help. Finally, the group 4 unimmunized
macaques manifested virtually no responses to any of the epitopes.

To examine avidity, these CTL responses were evaluated by
plotting specific lysis versus epitope concentration. We observed
that the shape of the dose-response curves was more convex in the
groups receiving the peptide vaccine compared with those receiv-
ing NYVAC alone, indicating a higher proportion of high-avidity
CTLs that could kill targets at low peptide concentrations. We
calculated the ratio between the percent specific lysis against a low
(0.001 �M) epitope concentration (reflecting high-avidity CTLs)
and the percent specific lysis against a high (10 �M) concentration
(reflecting both high- and low-avidity CTLs) for the CTLs to the
SIV-CL10 or SIV-Gag372 epitopes. We reasoned that higher values
of this ratio (close to 1) indicate skewing of the CTL population
toward high-avidity cells, whereas lower values of this ratio
indicate skewing toward low-avidity cells. Despite the higher
magnitude of the group 2 CTL response versus the group 1 CTL
response (Figure 2B), both groups had avidity ratios that were not
statistically different from each other for CTLs against the SIV-
CL10 epitope and both groups had substantially higher ratios than
group 3 CTLs (P � .05); similarly, although the avidity ratio of
group 2 was higher than that of group 1 for CTLs against the
SIV-Gag372 epitope, the ratios of both of these groups was higher
than that of group 3 (P � .05; Figure 2C). Thus, both regimens
including peptides, cytokines, and CpG ODNs led to similar
avidity profiles, whereas mucosal NYVAC immunization alone led
to CTL responses lower in both magnitude and avidity. Thus, the
peptide/cytokine/CpG immunization improved CD8�CTL avidity
and therefore quality, whereas boosting with recombinant vaccinia

vector increased the magnitude of the CD8�CTL responses, so that
the combination gave the highest high-avidity response.

Peak viremia delay during acute infection after intrarectal
SHIV-Ku2 challenge

As noted, macaques in each group were subjected to intrarectal
challenge with SHIV-Ku2. However, 3 macaques in group 4, the
control group, did not become infected as determined by 3
independent criteria: the NASBA assay for viral RNA in the
peripheral blood, PCR assay for the detection of proviral DNA in
cells, and ELISA for the detection of anti-HIV gp160 on day 14
after viral challenge. In addition, 2 macaques in group 2 did not
become viremic although they were clearly infected as determined
by detection of proviral DNA in cells and anti-HIV gp160 on day
14 after viral challenge. It is possible that this lack of viremia was
due to protection from productive infection by the immunization;
however, we cannot exclude the alternative possibility that the
virus dose administered to these macaques was lower than ex-
pected due to deterioration in storage. In any case, in the following
analysis we considered only those macaques that became viremic.

The various immunization regimens resulted in several notable
differences in the patterns of viremia exhibited in the 4 groups.
First, group 2 macaques exhibited a delay in the peak of viremia of
approximately 2.5 weeks compared with group 1 and 3 macaques
given peptide or NYVAC alone (from day 19 or 21 to day 38), or
indeed compared with unimmunized group 4 macaques (peak day
20; Figure 3, P � .006). This delay was also accompanied by a
reduction in the magnitude of the peak viral load, which did not
quite attain statistical significance (P 	 .05, P � .10). These data
indicate that peptide priming followed by NYVAC boosting led not
only to the greatest high-avidity mucosal CTL response but also to
the greatest delay in acute viremia, most likely reflecting a
retardation of the dissemination of virus from the mucosa.

Figure 3. Mucosal prime-boost SHIV vaccine induces delay in viremia after
intrarectal infection of rhesus macaques. Viral load is expressed as viral RNA
copies per milliliter plasma (by NASBA assay) versus time after challenge. By the
exact Wilcoxon-Mann-Whitney test (StatXact 6), the prime-boost group 2 peak viral
titers (tmax) were significantly delayed (P � .006) compared with those of groups 1
and 3, whereas groups 1 and 3 were not significantly different from control group 4.
The day (mean 
 SE) of tmax peaks for groups 1, 2, 3, and 4 were 18.8 
 1.7
(median, 17), 38.0 
 4.04 (median, 38), 21.2 
 1.72 (median, 24), and 20.5 
 3.50
(median, 20.5), respectively.

Figure 4. The viral load during the early stages of infection inversely correlated
with number of CL-10–specific tetramer-positive CD8�CTLs in colonic lamina
propria before SHIV challenge, but not in blood. (A) Correlation between log viral
load in blood on day 17 and number of CL-10–specific tetramer-positive CD8�CTLs
in colonic lamina propria before SHIV challenge. (B) Correlation between log viral
load in blood on day 17 and number of CL-10–specific tetramer-positive CD8� CTLs
in peripheral blood before SHIV challenge. (C) Correlation between CL-10–specific
perforin-positive CD8� T cells in peripheral blood and log viral load in blood on day
17. Animal (67M) in group 2 with more than 1600 spots/million cells was included in
determining the correlation but is not shown on this scale.
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Relation of mucosal versus systemic CTL responses prior to
viral challenge to acute viremia after viral challenge

To understand the role of vaccine-induced mucosal versus systemic
immune responses in protection, we studied the correlation be-
tween log of viral load in blood on day 17 after challenge and the
number of CL10-specific tetramer-positive CD8�CTLs in the
colonic lamina propria and in peripheral blood prior to SHIV
challenge for all infected animals that were vaccinated (Figure
4A-B). We found a strong inverse correlation (r � �0.84; P � .001)
between numbers of tetramer-positive cells in the colon and the
level of viremia on day 17 (Figure 4A). These data suggested the
importance of local mucosal CD8�CTLs in the colon for protection
against dissemination of virus from the mucosa after mucosal
challenge with pathogenic SHIV virus. In contrast, we found no
correlation (r � .007, P � .77) between numbers of tetramer-
positive cells in peripheral blood and the level of viremia on day 17
(Figure 4B). Also, we found a very weak and barely significant
inverse correlation (r � �0.4, P � .049) between the number of
CD8 cells in peripheral blood releasing perforin in response to the
CL10 peptide and the log viral load in the blood on day 17 (Figure
4C). These results suggest that mucosal CTLs play a more
important role than systemic ones in preventing virus from
disseminating from the initial mucosal site of infection.

To study the relation between the avidity of the mucosal CTLs
after immunization but before viral challenge and the acute plasma
viral load after viral challenge, we constructed correlation plots of
CTL avidity before challenge (derived from SIV-CL10 CTL data in
MLNs harvested after completion of immunization) versus viral
load at 2 different time points after viral challenge. In this analysis,
cytotoxicity values obtained at different epitope concentrations for
each macaque in every group (Figure 2A) were plotted against the
viral load for that macaque. Because the values at the different
epitope concentrations were a measure of CTL avidity (high avidity
represented by cytotoxicity at low epitope concentrations and vice
versa), these plots allowed us to estimate the correlation coefficient
values at different levels of CTL avidity for the entire study group.

By this analysis, at day 17 after viral challenge when the viral
loads were generally near their peak, there was a strong inverse
correlation (correlation coefficient 	 0.6) for both high- and high-
plus low-avidity CTLs, but the correlation was better for the higher
avidity CTLs (Figure 5A). In contrast, a similar analysis at day 31
showed a strong correlation only with high-avidity CTLs (data not
shown). Consistent with their generally higher CTL response and
lower viral load, the group 2 animals clustered in the high-avidity,
low viral load portion of the plot, contributing to the correlation
observed. In contrast, the group 3 animals clustered mostly at the
opposite end of the curve. However, the correlation among all the
animals makes the point that regardless of the immunization
regimen, those animals that responded to the vaccine with a
stronger, higher avidity CTL response were more protected.

In a longitudinal analysis we plotted correlation coefficients
from this type of analysis for a series of time points after challenge
covering the acute phase of infection for cytotoxicity values
obtained at each of 3 epitope concentrations (Figure 5B). A
significant inverse correlation between high-avidity CTL response
(0.001 �M) and viral load was seen through the first 45 days after
challenge, whereas a significant inverse correlation was seen with
the total (high- plus low-avidity) CTL (10 �M) response only
during the first few weeks after challenge (Figure 5B). (The
negative values of r below the dashed line in Figure 3D at
approximately �0.5 were statistically significant.) Thus, in the first

7 weeks after challenge, CTL avidity correlated with viral load and
the higher the avidity the better the inverse correlation. This early
period reflects, in part, the time in which viral load kinetics were
delayed in some animals, suggesting a relationship between
high-avidity CTLs and the delay in peak viral load in group 2.

To examine whether these correlations could be generalized
beyond the Gag CL10 immunodominant epitope, we studied the
correlation of CTL response and avidity before challenge specific
for another (non–immunodominant) CTL epitope, Gag372, in
MLNs versus plasma viral load at day 17 after viral challenge.
Consistent with the CL10 correlation data, we found very strong
inverse correlations between CTL avidity after immunization and
viral load (Figure 5C). The correlation was again stronger for the
response measured at 0.1 �M, corresponding to the higher avidity
population for this subdominant epitope.

Discussion

It is now clear that the role of mucosal tissues in HIV infection
extends beyond its well-known function as an initial site of HIV
entry and transmission. Recent studies establish that the gastrointes-
tinal mucosa also serves as a reservoir of HIV infection and
persistence.1,3,4 Thus, a primary goal of an HIV vaccine is to
establish immunity in the mucosal tissues that prevents the virus

Figure 5. The viral load during the early stages of infection inversely correlated
with the level of high-avidity SHIV-specific CD8�CTLs in the mucosal lymphoid
tissues but not in blood. (A) Dynamics of the relationships between log viral load in
blood on day 17 and avidity of the CL10-specific CTLs (against target cells pulsed
with 10 �M, 1 �M, 0.1 �M, and 0.01 �M peptide) in MLNs before SHIV challenge.
Individual data points for macaques in group 1 are color-coded as red squares; group
2, green diamonds; and group 3, blue circles. Spearman correlation coefficient and
its P value were calculated. (B) Dynamics of correlation between high-avidity
(0.001 �M), intermediate-avidity (1 �M), or low-avidity (10 �M) CL10-specific
responses and log plasma viral load over time. The dynamics of high-avidity (0.001
�M) CTLs were significantly different from those of the CTLs measured at 1 and 10
�M peptide (P � .001). All correlation coefficients were negative (inverse correla-
tion), but those with absolute value � 0.5 were not significant (above the horizontal
line). (C) Correlation between high- and intermediate-avidity (0.1 �M and 1 �M)
Gag372-specific responses before viral challenge and log of plasma viral load on
day 17.
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from establishing the mucosa as a site of continued replication and
dissemination to other tissues.8,9,45-47

Previous studies from our laboratory as well as from other
laboratories focusing on responses of the gastrointestinal mucosa
and intrarectal viral challenge provide support of this thesis.5,8,48-50

Thus, in studies in mice infected with a surrogate virus, a
recombinant vaccinia virus expressing HIV gp160, we have shown
that mucosal CTLs are essential for resistance to mucosal transmis-
sion of the surrogate organism.5 Later, in studies in primates
infected with SHIV, we demonstrated that intrarectal immunization
of rhesus macaques with a peptide vaccine was more effective than
systemic immunization with the same vaccine in reducing the set
point plasma viral load, due to reduction of the mucosal viral
reservoir seeding the bloodstream.8 Thus, although a systemically
administered AIDS vaccine might also contribute to mucosal
immune responses (both CD8 CTLs and antibody) and protec-
tion,51-53 these results strongly suggested that mucosal immuniza-
tion more effectively reduces the mucosal reservoir.

Correspondingly, female rhesus macaques chronically infected
with SIV after intravaginal inoculation of SIV developed SIV-
specific CD8�intraepithelial lymphocytes mostly located in the
vaginal tissue.54 Such intravaginal infection may be initially
localized to the mucosa because SIV is found only in endocervical
tissue during the first 2 to 7 days of infection.2,13 These studies
raise the question whether early CTL responses in mucosal
tissues may be able to limit HIV infection to the mucosal area, at
least for a period of time, and eradicate the infection before it
becomes systemic.

In the current study, we tested this hypothesis that mucosal
CTLs of sufficiently high avidity and quantity can actually affect
dissemination from the initial mucosal nidus of infection. The
inverse correlations with viral load were stronger for CTL re-
sponses in the colon and MLNs than for those in peripheral blood,
and particularly strong for high-avidity mucosal CTLs. Animals in
group 2 showed a significant delay in the time of peak of viremia
(and a decrease in the magnitude of the peak just missing statistical
significance) compared with that observed in the other experimen-
tal groups, correlating with their higher avidity and magnitude CTL
response. This delayed onset of acute infection is based only on
animals that became viremic and is primarily a comparison with the
groups immunized with other regimens, so it is a robust finding
despite the failure of some control group 4 macaques to become
infected. Indeed, group 2 also initially contained 2 macaques
with definite evidence of having been infected that never
expressed virus in the blood, whereas other macaques that never
expressed virus in the blood had no evidence of ever being
infected. Thus, although prevention of mucosal transmission of
virus was not complete in group 2, there was considerable
evidence that movement of virus away from the initial site of
infection was being resisted.

A major finding was that both the intrarectally administered
peptide vaccine regimen and the combined peptide/NYVAC regi-

men induced a higher CTL response in the colon and MLNs, more
than in the peripheral blood, as well as a higher avidity mucosal
CTL response than did the intrarectal NYVAC regimen alone. This
result may relate to the effect of the adjuvant cocktail on dendritic
cells presenting the peptide antigen. Thus, our laboratory has
previously shown that the augmentation of T- cell costimulation
(signal 2) could compensate for stimulation with low level of
antigen (signal 1) and induce high-avidity CTLs.55 Furthermore,
we found that the delivery of antigen as well as IL-15 by a single
vaccine vector also augments induction of high-avidity CTLs by
promoting avidity maturation over time.56 These findings suggest
that in the current study the repeated use of GM-CSF, IL-12, and
D-type CpG ODNs as adjuvant with peptide augmented both
costimulation and IL-15 production by the dendritic cells present-
ing the peptide and thus contributed to both of these mechanisms of
induction of high-level, high-avidity CTLs.

One possible reason for the greater ability of high-avidity CTLs
to clear viral infection is suggested by our previous studies that
such CTLs kill recently infected cells expressing low levels of viral
antigen.16 Thus, in the mucosa of the macaques under study here,
high-affinity CTLs were potentially better able to recognize
infected cells expressing low levels of SHIV antigens and eliminate
these cells before much viral progeny were made. The correlations
with avidity extend the evidence for greater efficacy of high-avidity
CTLs against viral infection from mice14-16 to nonhuman primates,
and from systemic immunity to mucosal immunity.

In conclusion, the time to peak viremia may be an important
measure of control of the primary local mucosal infection, and the
data therefore emphasize that both the level of the mucosal CTL
response (its quantity) as well as its avidity (quality) determine the
effectiveness of a mucosal vaccine. Furthermore, the strong inverse
correlation between colonic CTL and high-avidity CTL activity in
the MLNs before challenge and the plasma viremia early after
challenge (ie, the delay in the acute phase of infection) supports the
conclusions that it is indeed possible for mucosal CTLs to have
an impact on the initial mucosal nidus of infection before it
disseminates and that high-avidity mucosal CTLs are likely to
be important for protection against mucosal transmission of
AIDS viruses in primates.
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