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The mucosal surface is a major natural route of HIV-1 entry and
the gut is a major site of HIV and simian immunodeficiency virus
(SIV) replication1. Thus, a successful HIV/SIV vaccine will likely
need to induce mucosal immunity2–5. Recent studies6–9 of viral
mucosal transmission indicate that cytotoxic T lymphocytes
(CTLs) are an important component of the mucosal immune bar-
rier. Therefore, we investigated whether CTLs generated in the
gut mucosa by mucosal immunization may be more effective
than CTLs generated elsewhere by systemic immunization.

In previous murine studies, we designed and tested prototype
HIV synthetic-peptide vaccines consisting of a multideterminant
peptide containing a cluster of overlapping helper epitopes (a
cluster peptide)10 colinearly synthesized with an epitope for neu-
tralizing antibodies and CTLs (refs. 3,11). This peptide vaccine
elicited neutralizing antibodies, CTLs and helper T cells12,13 as did
a similar vaccine studied by others in mice and monkeys14–16. This
vaccine, with cholera toxin (CT) adjuvant, was more effective
given intrarectally than intranasally or intragastrically in eliciting

both mucosal and systemic CTLs (ref. 2). Intrarectal immuniza-
tion generated strong CTL responses in both mucosa and spleen,
whereas subcutaneous (s.c.) immunization elicited only systemic
CTLs (ref. 2). Such compartmentalization was also seen in mice
by others17, but has not been demonstrated in primates.
Intrarectally immunized mice were resistant to mucosal transmis-
sion of a recombinant vaccinia expressing HIV-1 gp160
(vPE16)2,6. Protection was CD8-dependent and required CTL in
the mucosa6, suggesting that to prevent mucosal transmission, an
AIDS vaccine would need to induce CTL in the mucosa itself.

Here we investigated whether these results would translate to
retroviral infection in non-human primates. Mucosal and sys-
temic immunization with the same AIDS vaccine have not been
compared previously side-by-side in primates, and the role of gut
mucosal CTL in clearing virus from this major SIV reservoir has
not been examined. We again used a peptide vaccine to avoid
viral vectors that might spread when comparing routes to deter-
mine the impact of CTL on a limited number of epitopes, and to
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Given the mucosal transmission of HIV-1, we compared whether a mucosal vaccine could induce
mucosal cytotoxic T lymphocytes (CTLs) and protect rhesus macaques against mucosal infection
with simian/human immunodeficiency virus (SHIV) more effectively than the same vaccine
given subcutaneously. Here we show that mucosal CTLs specific for simian immunodeficiency
virus can be induced by intrarectal immunization of macaques with a synthetic-peptide vaccine
incorporating the LT(R192G) adjuvant. This response correlated with the level of T-helper re-
sponse. After intrarectal challenge with pathogenic SHIV-Ku2, viral titers were eliminated more
completely (to undetectable levels) both in blood and intestine, a major reservoir for virus repli-
cation, in intrarectally immunized animals than in subcutaneously immunized or control
macaques. Moreover, CD4+ T cells were better preserved. Thus, induction of CTLs in the intesti-
nal mucosa, a key site of virus replication, with a mucosal AIDS vaccine ameliorates infection by
SHIV in non-human primates.
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avoid inducing enhancing antibodies. We made analogous pep-
tide vaccines, that had the same helper cluster peptide segments,
but with several CTL epitopes from SIV Gag and Pol presented by
the rhesus major histocompatibility (MHC) class I molecule,
Mamu-A*01 (refs. 18–20) (Fig. 1). The cluster helper peptides
were broadly recognized by helper T cells from humans, mice and
macaques3,10,12 (and data not shown). All the animals except the
controls received a mixture of all 4 peptides. As a less toxic adju-
vant, we substituted for CT a mutant E. coli labile toxin
LT(R192G)21,22, that we had found more effective in inducing a
Th1 cytokine pattern and stronger CTL response7. For compari-
son with animals immunized intrarectally with peptides and
LT(R192G) (group C), other animals were immunized s.c. with
the peptides in Montanide ISA 51 (ref. 13) (group B),
or intrarectally with LT(R192G) alone (group A) (Fig.
1). For intrarectal challenge, we chose simian/human
immunodeficiency virus (SHIV)-Ku2 (refs. 23,24), a
pathogenic strain expressing HIV-1 IIIB gp160, includ-
ing the helper epitopes, and SIV Gag and Pol, includ-
ing the CTL epitopes.

Induction of mucosal CTLs and helper T cells in primates
We first compared the CTLs and helper responses to
the peptide vaccine delivered mucosally or s.c. after
each immunization cycle (Fig. 1). After the first cycle,
three of five intrarectally immunized macaques (group
C) (694L, 698L, and 699L) had CTLs specific for the
immunodominant Gag181 CL10 SIV (CTPYDINQML)
epitope in mesenteric lymph nodes (MLN), and in two
animals we obtained a large enough colonic biopsy to
measure modest CTL responses in the colon (data not
shown). All four s.c.-immunized macaques (group B)
had substantial CL10-specific CTLs in the axillary
lymph nodes (ALN), and two had these CTLs in pe-
ripheral blood mononuclear cells (PBMCs). Thus, one
cycle of four intrarectal doses did not induce any
higher a CTL response than four s.c. doses in the re-
spective target sites of each immunization route.

However, after two cycles of four intrarectal vaccine
doses, three of the five macaques (694L, 695L and
699L) made substantial Gag CL10 SIV-specific CTL re-
sponses in the MLN and colonic lamina propria as
well as in systemic lymphoid tissues, that is, the ALN

and PBMCs (Fig. 2). These animals also had CTLs to the Pol and
other Gag epitope in the MLN (Fig. 2) and similarly in ALN (data
not shown). Although macaques 697L and 698L failed to mani-
fest a response against Gag 181 CL10 in any tissue, macaque 698L
did mount a strong CTL response in the MLN (Fig. 2) and ALN
(data not shown) against the SIV Gag 372 epitope, which was also
part of the vaccine. Overall, SIV-specific Mamu-A*01-restricted
CTLs were found both in mucosa and in systemic lymphoid tis-
sues of four of five macaques given two cycles of intrarectal vac-
cine.

All four macaques (701L-704L) given two cycles of s.c. vaccine
displayed substantial CL10 SIV Gag-specific CTLs in the ALN, and
in the two macaques with the highest of these responses (701L
and 702L), in PBMCs and the MLN as well (Fig. 3). These latter
two macaques also responded to the Gag 372 and the Pol 143 epi-
topes in the ALN (Fig. 3). However, none of the control macaques
(group A) exhibited CTL responses in any tissue (data not
shown).

To further evaluate the CTL responses in immunized
macaques, we quantified the number of CL10 Gag-specific CD8+

T cells by stimulating in vitro with CL10 Gag-specific peptide and
analyzing the CD8+ CD3-gated T cells by flow cytometry using
Mamu-A*01/C9M tetramers. Although the number of tetramer-
positive cells in freshly isolated tissues from immunized animals
was not significantly greater than in control animals (data not

a Fig. 1 Synthetic HIV/SIV vaccine constructs used for the immunizations, and
scheme of immunization and challenge. a, Peptide vaccine constructs. The
helper portion is underlined. A mixture of all 4 peptides was used in all the
immunized animals. b, Scheme of immunizations and challenge, and
groupings of Mamu-A*01-positive macaques.

Fig. 2 Induction of CTLs specific for SIV Gag CL10, Gag 372 or Pol 143, as indicated,
in MLN, colonic lamina propria, PBMCs and ALN of group C macaques after 8 in-
trarectal immunizations with HIV/SIV peptide and LT(R192G). �, lysis of targets
with specific peptide; �, lysis of control targets without peptide. E:T, effector to tar-
get ratio.

b
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shown), macaque 694L of group C with the highest level of
colonic CTLs showed a substantial number of tetramer-positive
cells in stimulated cells from the colon (9%), MLN (2%) and ALN
(9%). The rank of tetramer-positive cells generally correlated with
that of CTLs. Similarly, in macaques 701L and 702L, with the
highest CTL levels among s.c.-immunized macaques, tetramer-
positive cell levels in the ALN were higher than in other group B
macaques (17 and 25% versus 6 and 5%). Thus, tetramer staining
and CTL lytic activity gave the same rank order of response for
macaques in both the intrarectal- and s.c.-immunized groups.

To assess helper responses, we measured in vitro T-cell prolifera-
tion induced by the helper peptides in MLN or ALN cells after
two vaccine cycles (Fig. 4a). Although the macaques were all se-
lected for Mamu-A*01, they were outbred for MHC class II and
therefore heterogeneous in their helper T-cell response. In group
C, the highest helper T-cell proliferative responses were noted in
macaques 694L, 695L and 698L, which
displayed the highest CTL responses,
whereas macaque 697L, which exhib-
ited no CTLs, showed only background
proliferative responses (stimulation
index ∼1). Only in macaque 699L was a
disparity between proliferation and cy-
tolytic activity noted. A similar pattern
was seen in group B, in that macaques
701L and 702L with the highest CTL re-
sponses also displayed the highest 
proliferative responses. This correlation
between levels of vaccine-induced pro-
liferative response and CTLs (Fig. 4b) 
(P < 0.002), which has not been previ-
ously examined in a primate, suggests

that T-helper responses have an important role in
the induction of optimal CTL responses in both mu-
cosal and systemic tissues, and underscores the im-
portance of this vaccine component.

Notably, a Mamu-A*01-restricted CTL epitope has
been identified in PCLUS3 (YAPPISGQI)25. We think
it unlikely that CD8+ T cells represent a major part
of the proliferative response, because unless exoge-
nous IL-2 is added, most of this response is from
CD4+ T cells. To confirm this interpretation, using
antibodies to CD4 or CD8 and magnetic beads, we
depleted the PBMCs of two representative animals
that had remaining cells. The proliferative response
was enriched in the CD8-depleted population and
diminished in the CD4-depleted population, con-
firming that approximately 65–93% of the response
was due to CD4+ T cells (data not shown). In addi-
tion, after the second cycle, we detected no antibod-
ies to PCLUS6.1 in any of the animals, nor to
PCLUS3 in any of group C, but we detected low lev-
els against PCLUS3 in three group B macaques
(701L, 703L and 704L) (data not shown).

Vaccine effect on intrarectal challenge with SHIV-Ku2
Eight weeks after the two cycles of peptide vaccine,
all of the macaques were given an additional dose of
vaccine plus adjuvant or adjuvant alone and then,
two weeks later (week 25), were exposed intrarec-
tally to approximately ten 50% animal infectious
doses (AID50) of pathogenic SHIV-Ku2 (ref. 23,24)

(one ill macaque was removed; see Methods). One macaque in
each of groups A and C did not become viremic (as detected by
the NASBA assay for viral RNA) whereas the remaining 9
macaques exhibited a peak plasma viral load between 1 × 105–107

mRNA copies per ml within 3 weeks following challenge expo-
sure (Fig. 5). However, by the more sensitive PCR assay for provi-
ral DNA in cells, we were able to detect infection in spleen cells in
these two animals later at necropsy. As neither of these animals
had a detectable immune response, it is unlikely that lack of
viremia was due to an immune response, but probably represents
a technical difficulty in obtaining reproducible infection in
macaques by mucosal challenge. Therefore in addition to analyz-
ing the data on the whole group, we have also examined the sub-
set of animals that did become viremic, as only in the latter group
could the effect of immunization on plasma viral load kinetics be
followed.

Fig. 3 Induction of CL10 SIV Gag-specific CTLs in ALN, MLN and PBMC and SIV Pol 143-
and SIV Gag 372-specific CTLs in ALN of group B macaques after 8 s.c. immunizations with
HIV/SIV peptide in Montanide ISA 51. �, lysis of targets with specific peptide; �, lysis of
control targets without peptide.

Fig. 4 Helper T-cell response correlates with CTL response. a, In vitro proliferative response against 
T-helper peptides PCLUS3 (�) and PCLUS6.1 (�) after 8 intrarectal (694L-699L) or s.c. (701L-704L) im-
munizations. The stimulation index was calculated as the ratio of thymidine incorporation into cellular
DNA in wells with antigen over that in control wells with medium alone. b, Correlation of proliferative re-
sponse to PCLUS3 with CTL response. �, group C MLN; �, group B ALN; r = 0.87; P = 0.002.
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The outcome of SHIV infection in intrarectally immunized
macaques (group C) differed substantially from the s.c. immu-
nized (group B) or control macaques (group A). In the peak viral
load, the differences between groups were not statistically signifi-
cant (Fig. 5a–c). However, in all the group C macaques that be-
came viremic, the viral load decreased substantially between days
20 and 70 after challenge, and the viral load reached a ‘set point’
below the level of detection (2000 mRNA copies/ml) before day
80. By contrast, in group B, one animal had a set point greater
than 1 × 105 copies per ml; two fluctuated between 2 × 103 and 3 ×
104 copies per ml; and one fluctuated up to 1 × 104 on day 63, but
fell below the detection limit after day 70 (Fig. 5a–c).

Statistical analysis showed that the concentration of SIV
mRNA in the circulation dropped with similar half-lives (t1/2 of
10 days, 9.8 days and 9.2 days in groups C, B and A, respec-
tively); however, in macaques immunized intrarectally, viral
mRNA fell to an undetectable level by day 63, and remained un-
detectable subsequently (Fig. 5d). At day 63, early in the set-
point, groups B and C were statistically different according to
the Wilcoxon rank-sum test (P < 0.05). Moreover, the viral loads
at all time points measured during the steady-state or set-point
phase (days 63–200) showed a significant difference between
the intrarectal group C and the s.c. group B by a non-parametric
repeated measures ANOVA26,27 (see Fig. 5 legend). This compari-
son remained statistically significant even when the number of

time-points in the analysis was reduced. Thus, despite small
sample sizes, these results suggest that mucosal immunization
was more effective than s.c. immunization.

In addition to plasma viral load, we also assessed the number of
both CD4+ and CD8+ T cells and clinical course. The former was
assessed by plotting scatter plots of the absolute number of CD4+

and CD8+ T cells in all peripheral blood specimens taken at vari-
ous times starting on day 35 after viral challenge in all viremic
macaques. By inspection, CD4 counts for group C are mostly
higher than those for group A (Fig. 5f; P = 0.005) or group B (Fig.
5g; P = 0.004). Although CD8+ T-cell counts differed less (horizon-
tal axis), some expansion of CD8+ T cells was noted in a kinetic
plot (Fig. 5e). Clinically, in each of groups A and B the animal
with the highest viral load developed evidence of opportunistic
infection (746L, gingivitis and pneumonia; 704L, severe gingivi-
tis, blepharitis, facial dermatitis and pathologic evidence of pul-
monary pneumocystis). None of the animals in group C showed
evidence of AIDS-like illness.

Two hundred days after SHIV-Ku2 virus challenge, we killed
the macaques and determined CTL responses in colon and ALN,
and viral loads in gut tissue. We could measure CTL activity in
freshly obtained cells without stimulation in vitro, as has been
seen in HIV infection28. Notably, compared with control target
background, intrarectally immunized group C macaques that ex-
hibited viral set-points below the level of detection (694L, 695L

a b c

d e f g

Fig. 5 Intrarectal and s.c. immunization of macaques with HIV/SIV pep-
tide vaccine differentially protect against intrarectal challenge with path-
ogenic SHIV-Ku2. a–c,Viral load is expressed as viral RNA copies per ml
plasma (by NASBA assay) versus time after challenge for macaque groups
A–C. a, Group A, immunized intrarectally with LT(R192G) only. �, 745L;
+, 746L; �, 747L. b, Group B, immunized s.c. with HIV/SIV peptides in
Montanide ISA51. �, 701L; �, 702L; �, 703L; +, 704L. c, Group C, in-
trarectally immunized with the HIV/SIV peptides plus LT(R192G). 
�, 694L; �, 695L; �, 698L; �, 697L. By a non-parametric repeated mea-
sures ANOVA, intrarectal group C viral titers were significantly lower than
those of s.c. group B (P = 0.013), the critical comparison, and showed a
trend toward difference from those of group A (P = 0.14), whereas s.c.
group B was not significantly different from control group A (P = 0.92).
Examining only macaques with detectable viremia, as the kinetics of viral
load could not be followed in the two others, the significance levels im-
proved for group C versus A (P < 0.01), and the differences remained sig-
nificant for group C versus B (P = 0.031) and not significant for group B

versus A (P = 0.65). The overall comparison of A versus B versus C was sig-
nificant (P = 0.017). d, Typical time-course of mean viral load in the
viremic subset macaques of groups A (circles), B (triangles), and C
(squares), curve-fit as described in the Methods. Fit parameters: group A,
b = 0.076, c = 0.0005; group B, b = 0.071, c = 0.0003; group C, 
b = 0.0693. Log(V) is log10 of the viral load. e, Time-course of mean
CD3+CD8+ T lymphocyte counts per µl in the subsets of macaques in
groups A (�), B (�), and C (�) that were actually viremic, parallel to d. 
f and g, At the several time- points during the steady-state phase of the
infection process (35–176 d), PBMCs were analyzed by FACScan for the
absolute number of CD3+CD8+ or CD4+ cells per ml, and plotted as a scat-
ter diagrams comparing group C (�) with group A (�) in f or with group
B (�) in g. In both cases, in the vertical dimension, group C exhibited
larger numbers of CD3+CD4+ cells than groups A or B (P = 0.005 and P =
0.004, respectively, by the Mann–Whitney test). The absolute numbers of
CD3+CD8+ cells were higher in group C than group A (P = 0.01), but not
significantly different between group C and group B.
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and 698L) consistently exhibited substantially higher CL10 SIV
Gag-specific CTL activity in the colon than s.c. immunized group
B macaques (Fig. 6a), and control group A had almost none. In
contrast, while CTL levels in ALN were also increased after viral
challenge, in this case the increase in both groups was equiva-
lent. In both cases, macaques that made a strong CTL response
after vaccination were the ones that showed activity ex vivo 200
days after viral infection. These results suggest that the vaccine-
primed CTL memory cells were reactivated by the SHIV infection,
as recently reported for a DNA vaccine29.

These data suggest an explanation for the lower plasma set-
points in the intrarectally immunized macaques as the gut mu-
cosa is a major site of viral replication1; we therefore hypothe-
sized that higher levels of CTLs at this site might lead to better
control of infection. Such control of virus in the gut mucosa has
not been previously examined. To test this new hypothesis, we
measured virus levels in the colon and jejunum at the time of
necropsy, 200 days after challenge (Fig. 6c and d). Notably, none
of the group C animals had detectable virus (< 2000 copies) in
colon or jejunum, whereas the group A and B animals all had lev-
els 10–100-fold over the detection limit (except for animal 703L,
that also had the lowest plasma viral load in group B). Thus, the
difference in viral load in the major gut reservoir is even more

pronounced than the difference in viremia. Group C was signifi-
cantly different from groups B and A (see figure legend). In the
colon, virus levels were largely inversely related to CTL levels (Fig.
6a and c). These results indicate that the better control of plasma
viremia in the intrarectally immunized macaques was mediated
by a higher level of CTLs in the gut. Virus was more effectively
cleared from this major site of replication, which seeds the blood
stream. This key role of gut mucosal CTLs in control of HIV/SIV
infection has not been previously recognized.

Discussion
In these studies we demonstrated by several independent criteria
that intrarectally administered synthetic multiepitope HIV/SIV
peptide vaccine with mutant LT (R192G) as an adjuvant induces
a mucosal CTL response. This novel vaccine provided better pro-
tection against intrarectal SHIV infection than a s.c.-administered
vaccine comprising the same peptides that induce as high or
higher systemic CTL responses. Reduction of viremia correlated
with preservation of CD4+ T-cell counts, with post-infection CTL
activity in the gut and with clearance of SHIV from the gut mu-
cosal tissues. These data represent the first evidence from non-
human primates for the concept that HIV/SIV-specific CTL
responses in the mucosa are at least as important as systemic
CTLs in protection against HIV/SIV infection. This is not only be-
cause of the importance of mucosal transmission, but also be-
cause the gut is a major reservoir of virus. This fundamental
concept will be important for the optimal design of effective
AIDS vaccines.

Neither of the immunization regimens led to CTL responses
sufficient to reduce initial viral expansion and dissemination.
Nevertheless, intrarectal immunization with the peptide vaccine
did have a positive impact on infection during the plateau phase,
in that the set point actually dropped below the level of detec-
tion. The difference in viremia between intrarectal and s.c.
groups was significant whether or not one included the two ani-
mals that never became viremic, although without these two, the
smaller number of animals reduced the power of the test and
made the difference, although still significant, statistically less ro-
bust. Because these animals had no detectable immune response,
their lack of viremia is likely due to inadequate intrarectal chal-
lenge, and in any case, prevented study of the kinetics of their
viremia.

Intrarectal immunization also led to greater preservation of
CD4+ T cells than s.c. immunization. This is another measure of
infection outcome, independent of viral load, indicating that in-
trarectal immunization is superior to s.c. immunization in pro-
tection against intrarectal infection.

We hypothesize that rectal immunization with peptide vaccine
was able to greatly reduce viral replication in the main site of viral
burden, the mucosal tissues, because mucosal immunization in-
duced mucosal memory CTLs. Indeed, protection correlated best
with CTLs present in the colon after challenge, and the difference
between intrarectal and s.c. immunization in reducing viral bur-
den in the gut was even more pronounced than that in plasma
(Fig. 6). A recent study of a systemically administered DNA vac-
cine showed a similar reduction in plasma viral set-point, but
only when given with a chimeric interleukin-2/immunogloblulin
construct29. Mucosal immunization may achieve the result with-
out cytokine amplification because it focuses the CTLs in the
major site of viral replication. Other studies have shown that ani-
mals previously infected with SIV, which is known to infect the
gut and could induce mucosal immunization, were protected

a b

c d

Fig. 6 Intrarectal peptide vaccine was more effective than s.c. peptide vac-
cine at priming colonic CTLs for a secondary response induced by challenge
infection with SHIV, and clearing virus from the gut. Intestinal tissue and
ALN were obtained at the time of necropsy, 200 d after the challenge with
pathogenic SHIV-ku2. a and b, Freshly isolated lymphocytes from colonic
lamina propria (a) and ALN (b) were used as effector cells, without restimu-
lation in vitro, at an effector-to-target ratio of 100:1. Results show specific
lysis of peptide-pulsed targets less that of control unpulsed targets. c and d,
Viral RNA load in the colon (c) and jejunum (d) were determined on tissues
obtained at the same time-point. The lower limit of detection was 2000
copies per 6 mg tissue, corresponding to a log10 value of 3.3 on the ordi-
nate. In the colon (c), although the numbers are small, group C differs sig-
nificantly by the χ2 median test from group A (P = 0.014) and from group B
(P = 0.005). In the jejunum (d), group C is different from A (P = 0.008) and
from group B (P = 0.05). In all cases, groups A and B are not significantly
different from each other.
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against mucosal transmission of SIV (refs. 8,30). Murphey-Corb et
al.8 found that during SIV infection, protection correlated in
some animals with CTLs in the jejunum. Targeted iliac lymph
node immunization has also protected against mucosal SIV infec-
tion (ref. 4) A recent study of DNA/modified vaccinia Ankara
(MVA) prime-boost strategy also showed reduction of viral load31.
Here we establish the importance of mucosal immunization by a
direct comparison of mucosal and systemic immunization
against SIV/HIV in a primate, and by examining the effect on
viral levels in the gut reservoir.

Such focusing of CTLs in the gut tissues where HIV and SIV
replicate depends not only on immunization through a mucosal
route, as we have done, but also on the existence of a compart-
mentalized mucosal CTL response. We2,32 and others17 have seen
this compartmentalization in mice, but not in primates. This
asymmetry in trafficking suggests that mucosal immunization,
which can induce CTLs in both compartments (in contrast to sys-
temic immunization), may be effective at eliminating both sys-
temic as well as mucosal virus. Our results also suggest that this
compartmentalization applies to non-human primates, although
definitive proof is lacking because we could not obtain colonic
biopsies from the s.c.-immunized macaques before challenge.
Furthermore, post-challenge CTL responses in the colon were
higher in the intrarectally immunized group than the s.c. group.
Because the control-infected animals had almost no specific
colonic CTLs, such CTLs likely represent in part a secondary re-
sponse induced by infection but dependent on priming by the
vaccine. Thus, these data provide further evidence for more effec-
tive priming of gut CTLs by mucosal immunization.

It is becoming clear that the outcome of SIV/HIV infection de-
pends on the interplay of the CD4+ T-helper function and the
preservation of CD8+ CTL function33. With regard to the need for
helper T-cell induction by vaccines, we and others have demon-
strated the importance of a linked helper epitope for CTL induc-
tion in mice34–36, but the requirement for help to induce CTLs is
not known in primates. Thus, our results are important in show-
ing that SIV-specific CTL activity correlated with the HIV helper
epitope-specific T-cell proliferative activity, not previously re-
ported in a primate.

We are not convinced that we have optimized mucosal immu-
nization. We used mutant E. coli labile toxin LT(R1926)22 as an al-
ternative adjuvant to the more usual CT, because it is less toxic
and does not inhibit endogenous interleukin-12 production as
does CT (refs. 7,37). It is also apparent that we had to vary the ad-
juvant at the same time we varied the immunization route. A re-
cent study by Allen et al.38 showed that CTLs specific for a single
TAT epitope can select for new viral variants within two months
of infection. Our data show that even a synthetic vaccine with
only two helper and three CTL epitope peptides, given mucos-
ally, can impact the course of pathogenic SHIV infection. A mu-
cosal vaccine that incorporates more epitopes and
immuno-enhancing molecules may be even more effective at
controlling virus infection by reducing the viral reservoir in the
gut, independent of the route of exposure.

Methods
Macaques and vaccines. Indian rhesus macaques (Macaca mulatta) 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 International and under the
approval of the Applied BioScience Labs Animal Center Review Committee.
All were seronegative for SIV, simian retroviruses 1, 2 and 5, and simian 
T-cell leukemia/lymphotropic virus type 1 (STLV-1) prior to the study, and

were Mamu-A*01-positive MHC type as determined by PCR-sequence–spe-
cific primers and direct sequencing39. The peptides in Fig. 1 each contain an
HIV-envelope helper epitope10 and an SIV Gag19 or Pol20 CTL epitope.

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 macaques23,24. SHIV-Ku2 stock was isolated from
PBMC of SHIV-Ku2–infected macaques and titered in vivo intrarectally using
10-fold serial dilutions. Inoculation with 1 ml undiluted virus infected 8/8
(100%), as shown by the SIV plasma RNA within 2 weeks after virus chal-
lenge. Virus stock diluted 1:10 infected 2/4 macaques (50%), and none was
infected with dilutions ≥ 1:100. Thus, the undiluted virus challenge dose
contained ∼10 AID50 for intrarectal administration.

Immunization and challenge of macaques. Each intrarectal peptide vac-
cine dose contained 0.5 mg of each peptide (total 2 mg peptide) mixed
with mutant Escherichia coli labile toxin LT(R192G) as mucosal adjuvant (50
µg per immunization)22. Each s.c. vaccine dose was administered in the
upper arm with the same peptide mixture emulsified 1:1 with Montanide
ISA 51 adjuvant (Seppic, Fairfield, New Jersey). Control macaques received
intrarectal LT(R192G) alone (50 µg per dose) by the same schedule (Fig. 1).
For intrarectal inoculations, animals were sedated with ketamine hy-
drochloride (10 mg/kg i.m.) and placed within a biosafety cabinet in ven-
tral recumbency with the hindquarters elevated. The tail was elevated
dorsally and a 3-cc slip-tip syringe was atraumatically inserted into the rec-
tum. Vaccine or virus was administered and the tail lowered assuring com-
plete delivery.

Before challenge, one animal, #699L, that had received the intrarectal
vaccine (group C), developed peritonitis following laparatomy for the final
colonic biopsy, requiring urgent surgery to remove a large segment of devi-
talized bowel, and nearly died. Thus, shortly prior to challenge with SHIV-
Ku2 the immune system of this macaque was under considerable stress, as
corroborated by greatly decreased numbers of circulating lymphocytes (in-
cluding CD8+ T cells), monocytes and neutrophils immediately prior to
challenge. Although challenged, this animal could not be included in the
analysis because of the apparent immune deficiency related to the severe
peritonitis.

Biopsies and isolation of lamina propria lymphocytes. MLN and intesti-
nal tissue were obtained by laparotomy. MLN were chosen as an interface
between intestinal and systemic immune systems, and para-aortic and
para-iliac nodes were not accessible in this procedure. Intestinal tissue was
obtained either from colonic-wedge resection (∼4 cm2) at laparotomy, or at
the time of necropsy (∼100 cm2). Lymphocytes were prepared as previously
established for human tissue40.

Lymphocyte proliferation assay. Lymphocytes from blood and lymph
nodes were freshly isolated by density-gradient centrifugation on Ficoll, re-
suspended in complete T-cell medium (CTM)6, and cultured at 3 × 105 cells
per well in 96-well plates for 3 d in the absence or presence of T-helper pep-
tides (PCLUS3 or PCLUS6.1)10,41, using PHA as a positive control, and then
pulsed for 8 h with 1 mCi [3H]thymidine.

CTL and tetramer assays. Immune cells were cultured 7 d at 5 × 106 per ml
in 12-well plates with separate synthetic SIV CTL epitope peptides in CTM.
On day 3 rhIL-2 (Boehringer) (20 international units per ml) was added.
Autologous B-lymphoblastoid cell line (B-LCL) target cells were pulsed with
1 µM peptide for 2 h during 51Cr labeling, and cultured with effectors at 37
°C for 4 h. Specific release was calculated as described6,32. Spontaneous re-
lease was < 15% of maximal release in all assays. Soluble tetrameric Mamu-
A*01/CM9 complex conjugated to PE-labeled streptavidin prepared as
described19,42 was used to stain CD8+ cells gated on CD3+ cells (as CD8+-spe-
cific monoclonal antibodies can bind to natural killer cells of rhesus
macaques43) and analyzed on FACScan (Becton-Dickinson).

Determination of viral load. SIVmac251 mRNA in plasma was quantified by
nucleic acid sequence-based amplification (ref. 44), with a detection limit
of 2 × 103 RNA copies. For colon and jejunum, snap-frozen samples of
300–500 mg were homogenized and lysed in 1 ml of lysis buffer. 20-µl
samples were analyzed, and the results normalized to 6 mg tissue.
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For detection of virus in spleen cells at necropsy, thawed cells were
washed in medium with 10% FCS, centrifuged at 10,000g for 15 min, lysed
in DNA-STAT (Tel-Test, Friendswood, Texas), and processed according to
the directions. The DNA was resuspended in 10 mM Tris and 0.1 mM
EDTA, and amplified in 50 µl PCR buffer, 2 µM primers, and 200 µM NTPs,
for 25 cycles of 95 °C (30 s), 50 °C (30 s) and 72 °C (3 min). The amplified
product was run on a 2% agarose gel. The sensitivity was about 1000
copies of DNA per sample.

Software for fitting and statistical analysis. The kinetics of plasma viral
mRNA during the ‘decay stage’ (21 d after challenge) were analyzed by an
exponential function: V(t) = Vie–bt, where Vi is the maximum number of
mRNAs extrapolated on day 0, b is the rate of mRNA decline in plasma, and
t is time (days). Alternatively we used the model, V(t) = Vie–bt + ct^2 (where c is
the non-negative constant), which assumes a ‘virus-escape’ mechanism.
Curve fitting and statistical analysis were performed in MLAB (Civilized
Software, Silver Spring, Maryland), and parameters estimated using the
Marquardt–Levenberg method. Statistica-6 (StatSoft, Tulsa, Oklahoma)
and SigmaPlot-2000 (SSPS, Chicago, Illinois) were also employed.
Statistical comparisons were performed using the Mann–Whitney,
Wilcoxon, Kruskal–Wallis and χ2 tests, as well as a non-parametric repeated
measures ANOVA for plasma viral loads over time26,27 because the data
could not be taken as normally distributed. We found no significant inter-
action between time and treatment by this repeated measures ANOVA,
consistent with the initial assumption of lack of interaction between time
and treatment. Software for the non-parametric repeated measures
ANOVA is available from V. Kuznetsov (vk28u@nih.gov).
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