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Since most human immunodeficiency virus (HIV) infections are initiated following mucosal exposure to the
virus, the anatomic containment or abortion of an HIV infection is likely to require vaccine-elicited cellular
immune responses in those mucosal sites. Studying vaccine-elicited mucosal immune responses has been
problematic because of the difficulties associated with sampling T lymphocytes from those anatomic compart-
ments. In the present study, we demonstrate that mucosal cytotoxic T lymphocytes (CTL) specific for simian
immunodeficiency virus (SIV) and simian HIV can be reproducibly sampled from intestinal mucosal tissue of
rhesus monkeys obtained under endoscopic guidance. These lymphocytes recognize peptide-major histocom-
patibility complex class I complexes and express gamma interferon on exposure to peptide antigen. Interest-
ingly, systemic immunization of monkeys with plasmid DNA immunogens followed by live recombinant
attenuated poxviruses or adenoviruses with genes deleted elicits high-frequency SIV-specific CTL responses in
these mucosal tissues. These studies therefore suggest that systemic delivery of potent HIV immunogens may
suffice to elicit substantial mucosal CTL responses.

Events at mucosal surfaces play a central role in human
immunodeficiency virus (HIV) pathogenesis. Most HIV infec-
tions occur as a result of genital or rectal mucosal exposure to
the virus (9, 10, 29). If an infection can be anatomically con-
tained or aborted during an early phase of the infection pro-
cess, this control must occur in mucosal tissue (8). Consider-
able interest, therefore, exists in the development of vaccines
that can elicit HIV-specific immunity in mucosal sites.

There is a growing appreciation for the importance of CD8�

cytotoxic T lymphocytes (CTL) in containing HIV replication.
CD8� lymphocytes can inhibit HIV replication in autologous
CD4� T lymphocytes in vitro (30). A temporal correlation has
been demonstrated in infected individuals between the partial
containment of HIV replication during the period of primary
infection and the emergence of HIV-specific CD8� CTL (13).
Monkeys depleted of CD8� lymphocytes by monoclonal anti-
CD8 antibody infusion never control an AIDS virus infection
and die with a rapidly progressive clinical disease course (23).
Finally, recent studies have shown that vaccine-elicited CD8�

CTL can contribute to the partial containment of subsequent
AIDS virus infections in monkeys (2, 3, 4, 22, 26). Taken
together, these findings argue that an HIV vaccine should be
capable of eliciting a virus-specific CTL response. Moreover,
there is reason to presume that such vaccine-elicited cell pop-
ulations should exist in mucosal sites.

Nonhuman primate models have been crucial in AIDS vac-
cine development efforts. Asian macaques infected with vari-
ous simian immunodeficiency virus (SIV) and chimeric simian
HIV (SHIV) isolates have provided important models in which
to test prototype HIV vaccines (16). Studies of these nonhu-
man primate models have been facilitated by the genetic char-
acterization of Indian-origin rhesus monkeys and the definition
of specific dominant CTL epitopes and the major histocom-
patibility complex (MHC) class I molecules that present those
peptide epitopes to CD8� T lymphocytes. In particular, the
rhesus monkey MHC class I molecule Mamu-A*01 has been
shown to present a nine-amino-acid fragment of SIV Gag,
called p11C, as a dominant epitope to CD8� T lymphocytes (1,
18). The quantitation of SIV- and SHIV-specific CTL popula-
tions that recognize this dominant epitope has provided a
valuable tool for comparing various immunization modalities
that are being considered for human vaccine trials (4, 26).

The present studies were initiated to explore approaches to
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sampling mucosal lymphocyte populations in SIV- and SHIV-
infected and vaccinated rhesus monkeys for evaluating virus-
specific CTL. In the course of these studies, we found that
distal colonic mucosal T-lymphocyte populations in infected
monkeys contain an extremely high frequency of virus-specific
CTL. Moreover, pilot studies indicate that CTL populations
are readily elicited in mucosal sites by systemic vaccination
strategies.

MATERIALS AND METHODS

Animals, viruses, and mucosal biopsies. All rhesus monkeys (Macaca mulatta)
evaluated in this study were screened for the presence of the Mamu-A*01 allele
using a PCR-based technique described previously (12). For distal-colon biop-
sies, the monkeys were anesthetized with ketamine (10 to 20 mg/kg of body
weight). A commercially available, disposable, sterile 2-mm3-pinch biopsy for-
ceps was inserted approximately 3 to 4 cm into the rectums of the monkeys, and
10 to 12 biopsy specimens were obtained from the distal colonic segment. For
duodenal biopsies, the monkeys fasted for 12 h and were anesthetized with
telazol (5 mg/kg) and intubated. An Olympus GIFxP10 or P20 pediatric gastro-
scope was used. With the animal in left lateral recumbency, the scope was
inserted through the oral cavity and advanced through the stomach and gastric
duodenal sphincter to the duodenum. Six to eight mucosal biopsies were ob-
tained using Olympus 1.9-mm endoscopic-biopsy forceps. The biopsy specimens
were placed in RPMI 1640 medium supplemented with 12% fetal calf serum, 100
U of penicillin/ml, 100 �g of streptomycin/ml, and L-glutamine (R12 medium)
and transported on ice for immediate processing.

The monkeys were infected by intravenous inoculation with SIVmac251; the J5
clone of the 32H strain of SIVmac251, a virus with limited pathogenic potential;
or SHIV 89.6P (Table 1). The rhesus monkeys used in this study were maintained
at the New England Regional Primate Research Center and at Bioqual Inc.
(Rockville, Md.). These animal facilities are accredited by the American Asso-
ciation for the Accreditation of Laboratory Animal Care International and meet
National Institutes of Health standards as set forth in the Guidelines for Care and
Use of Laboratory Animals.

T-lymphocyte subsets and plasma viral RNA assays. Peripheral blood CD4�-
and CD8�-T-lymphocyte absolute counts were derived by multiplying the total
lymphocyte counts by the percentages of CD3� CD4� and CD3� CD8� T cells
as determined by cell staining and flow cytometric analysis. Plasma viral RNA

levels were determined by a quantitative branched-chain DNA assay (Bayer
Diagnostics, Berkeley, Calif.). The results of this assay were expressed in copies
per milliliter of plasma with a detection limit of 500 copies per ml (21).

Isolation of lymphocytes from gastrointestinal mucosal biopsies. Duodenal
and colonic biopsy specimens were transported in R12 medium. Samples were
then transferred into RPMI medium containing collagenase type IV (300 IU/ml)
and DNase (30 IU/ml) (Sigma Chemicals) and incubated in a water bath at 37°C
for 1 h to release the lymphocytes. The biopsy tissues were then filtered through
a thin mesh, pelleted at 450 � g for 7 min, placed in a Percoll gradient (65 and
30%), and subjected to centrifugation for 25 min at 1,000 � g. The lymphocytes
were collected at the interface between 65 and 30% of the Percoll gradient and
washed twice in R12 medium. There was a consistent yield of 1 � 106 to 3 � 106

lymphocytes from 6 to 8 duodenal and 5 � 105 to 1 � 106 lymphocytes from �10
distal-colonic 2-mm3 biopsy specimens.

Mamu-A*01/p11C tetramer complex staining. The Mamu-A*01/p11C tet-
ramer was produced as previously described (14) by mixing biotinylated Mamu-
A*01/p11C complex with phycoerythrin (PE)-labeled ExtrAvidin (Sigma, St.
Louis, Mo.) at a 4:1 molar ratio. The monoclonal antibodies (MAbs) utilized in
this study were directly coupled to fluorescein isothiocyanate (FITC), PE-Texas
Red (ECD), or allophycocyanin (APC). These MAbs included anti-CD8�–ECD
(7pt3F9; Beckman Coulter Inc., Fullerton, Calif.), anti-CD3–FITC (SP34; BD
Pharmingen, San Diego, Calif.), and anti-gamma interferon (IFN-�)–APC (B27;
BD Pharmingen). All cells referred to as CD8� T lymphocytes were CD8��

CD3� cells, and tetramer staining of CD8�� cells was performed on gated CD3�

cells. Samples were analyzed on a FACSCalibur instrument using CELLQuest
software.

Intracellular cytokine staining. To determine the cytokine expression capacity
of SIVmac- and SHIV-specific CTL, we stained lymphocytes with the anti-IFN-�
antibody B27 (BD Pharmingen) after stimulating them with either phorbol
myristate acetate (PMA) plus ionomycin or the optimal nine-amino-acid Mamu-
A*01-restricted Gag CTL epitope peptide p11C (17). Approximately 2 � 105

lymphocytes from mucosal tissue or 150 �l of whole blood was suspended in 350
�l of R12 medium. These cells were stimulated with either PMA (200 ng/ml) and
ionomycin (1 �g/ml) or the peptide p11C (CTPYDINQM) (5 �g/ml) in the
presence of 2 �g of anti-CD28 and anti-CD49d MAbs/ml. Cells in a third tube
contained R12 medium with no lectin or peptide. All tubes contained 10 �g of
brefeldin A (BD Pharmingen)/ml, an inhibitor of intracellular transport, to
prevent cellular secretion of any cytokines produced. Each cell population was
then incubated at 37°C for 6 h in a water bath, washed twice with phosphate-
buffered saline–2% fetal calf serum, and incubated at room temperature for 15
min in the dark with the Mamu-A*01/p11C tetramer, anti-CD3–FITC, and
anti-CD8–ECD. When whole blood was analyzed, red blood cells were lysed and
the specimens were fixed (with the Immunoprep reagent system and a Q-prep
workstation [Beckman Coulter, Inc.]). The cells were washed once with phos-
phate-buffered saline–2% fetal calf serum and permeabilized with 500 �l of
Cytofix/Cytoperm (BD Pharmingen). The cells were then washed twice with 1�
Perm/Wash buffer (BD Pharmingen), stained with 1 �g of anti-cytokine antibody
(anti-IFN-�–APC; BD Pharmingen), and incubated for 45 min. The cells were
washed twice with 1� Perm/Wash buffer, fixed with 1.5% formaldehyde, and
analyzed by flow cytometry. The proportion of cytokine producing CD8� CD3�

p11C tetramer� T cells in each sample was determined. Samples were analyzed
on a FACSCalibur utilizing CELLQuest software.

Immunohistochemistry. Immunohistochemical staining for CD8� T cells was
performed on 5-�m-thick sections of cryopreserved jejunum and distal colon as
previously described (20). Briefly, formalin-fixed, paraffin-embedded sections
were deparaffinized and unmasked using Trilogy reagent solution (Cell Marque
Corp., Hot Springs, Ark.) according to the manufacturer’s instructions. The
sections were then blocked for 5 min with 0.3% hydrogen peroxide, washed for
5 min in phosphate-buffered saline containing 0.1% fish skin gelatin (Sigma),
incubated for 10 min with Protein Block (Dako, Carpinteria, Calif.), washed, and
incubated with anti-CD8 (Novacastra clone 1A5) for 1 h at room temperature.
The sections were then washed and incubated for 30 min with horseradish
peroxidase-labeled polymer (Dako) and developed with diaminobenzidine
(Dako).

Vaccination protocols. Two groups of vaccinated monkeys were evaluated in
this study. Group I monkeys (128-97, 135-97, 90-98, and 95-98) were immunized
four times by the intramuscular route with 8 mg of plasmid DNA containing nef,
env, pol, and gag CTL epitope genes; rested for 10 months; and boosted by
intramuscular inoculation with 108 PFU each of two recombinant modified
vaccinia virus Ankara (MVA) isolates, one expressing full-length sequence of the
SIVmac239 gag-pol and the second expressing the HIV type 1 (HIV-1) 89.6 env
gene (7). Colonic mucosal biopsies were performed on these monkeys 3 weeks
after the final recombinant MVA inoculations. Group II monkeys (AW2P and

TABLE 1. Clinical profiles of chronically SIVmac251-infected,
SHIV 89.6P-infected, and vaccinated Mamu-A*01� rhesus monkeys

Monkey Virus or
vaccine

No. of CD4�

T lympho-
cytes (�l)

Plasma viral
load (RNA
copies/ml)

Duration of
infection

(days)

138–88 SIVmac251 135 �500 2,860
93–98 SIVmac251 695 �500 850
191–96 SIVmac251 450 �500 1,275
94–98 SIVmac251 206 �4,091 850
154–97 SIVmac251 244 1,368 1,550
403–91 SIVmac251(J5) 479 �500 3,315
448–98 SIVmac251 590 �500 NAc

253–96 SIVmac251 637 839 1,315
88–98 SIVmac251 84 1,030,655 1,215
H547 SHIV 89.6P 213 55,023 580
H544 SHIV 89.6P 804 �500 580
AW2P DNA/rAd5a 1,328
AW28 DNA/rAd5 2,401
90–98 DNA/rMVAb 1,190
95–98 DNA/rMVA 1,114
128–97 DNA/rMVA 1,889
135–97 DNA/rMVA 1,349

a Immunized with plasmid DNA containing the SIVmac239 gag-pol-nef and
HIV-1 89.6P env gene and boosted with recombinant adenovirus serotype 5
constructs expressing the SIV gag-pol-nef and HIV-1 89.6P env genes.

b Immunized with plasmid DNAs containing the SIVmac239 gag, pol, and nef
and the HIV-1 89.6 env epitope genes and boosted with recombinant MVA
vectors expressing SIV gag-pol and HIV-1 89.6 env.

c NA, data not available.
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AW28) were injected three times (weeks 0, 4, and 8) intramuscularly with 5 mg
of a plasmid DNA vaccine containing HIV-1 89.6P env (KB9) and 5 mg of a
plasmid DNA vaccine containing SIVmac239 gag-pol-nef and boosted by intra-
muscular inoculation with recombinant adenovirus serotype 5 constructs with the
E1 gene deleted and the E3 gene inactivated. These recombinant adenoviruses
carried the same viral env and gag-pol-nef gene inserts as the plasmid DNA
vaccine constructs. Colonic mucosal biopsies were performed on these monkeys
4 weeks following the recombinant adenovirus inoculations.

RESULTS

Gastrointestinal mucosal CD8� lymphocytes in SIVmac-
and SHIV-infected rhesus monkeys. In initiating studies of
mucosal CTL populations in infected and vaccinated rhesus
monkeys, we sought to determine the distribution of CD8�

lymphocytes in accessible mucosal sites in these animals. Since
T-lymphocyte populations can be obtained from the gastroin-
testinal mucosa of monkeys through biopsies, we concentrated
our attention on this anatomic compartment. Histologic sec-
tions of duodenal and distal-colonic mucosal tissues of chron-
ically SIVmac-infected monkeys were first obtained at nec-
ropsy and evaluated for the presence of CD8� lymphocytes by
using immunohistochemical staining techniques (Fig. 1). These
studies demonstrated the presence of CD8� cells diffusely dis-
tributed throughout the mucosa and submucosa of the tissues.
Interestingly, CD8� lymphocytes were present at a much
higher density in the duodenal than in the distal-colonic mu-
cosal tissues.

Studies were then initiated to sample lymphocyte popula-
tions from these mucosal sites in chronically SIVmac-infected
monkeys. Pinch biopsy specimens were obtained from the du-
odenal and distal colons of the monkeys. We found that sub-
stantial numbers of lymphocytes could be harvested from these
gastrointestinal compartments. Moreover, consistent with the
histologic findings, greater numbers of cells were obtained
from the duodenal than from the distal colonic biopsy speci-
mens. Consistently, 1 � 106 to 3 � 106 duodenal lymphocytes
and 5 � 105 to 1 � 106 distal-colonic lymphocytes were ob-
tained from 10 2-mm3 biopsy specimens.

Tetramer� CD8� T lymphocytes are present in the gastro-
intestinal mucosa of SIVmac- and SHIV 89.6P-infected mon-
keys. To assess the distribution of virus-specific CTL in muco-
sal compartments of chronically infected monkeys, studies
were done with monkeys expressing the MHC class I allele
Mamu-A*01. By using these genetically selected monkeys,
CTL that recognize the Mamu-A*01-restricted dominant Gag
epitope p11C could be monitored using the tetramer technol-
ogy. We thus quantitated Mamu-A*01/p11C tetramer-binding
CD8� T lymphocytes in selected tissues of a cohort of SIVmac-
and SHIV 89.6P-infected, Mamu-A*01� rhesus monkeys (Ta-
bles 1 and 2). The distribution of tetramer-binding CD8� T
lymphocytes was evaluated in the peripheral blood, lymph
node, duodenum, and distal colon of the monkeys. Interest-
ingly, a significantly higher proportion of CD8� T lymphocytes
were tetramer� in the distal-colonic mucosa than in the other
evaluated anatomic compartments. The percentage of tet-
ramer� cells in the colonic mucosal compartment ranged from
0.80 to 28.14% of the CD8� T cells, while in the peripheral
blood the tetramer� cells ranged from 0.31 to 6.79%. The
representation of tetramer� cells in the CD8� T lymphocytes
in the duodenal mucosal compartment was comparable to that

in the peripheral blood of the monkeys, while the proportion of
CD8� T lymphocytes that were tetramer� cells in the lymph
nodes was higher than in the peripheral blood or duodenal
mucosa.

Mucosal tetramer� CD8� T lymphocytes secrete IFN-�. To
assess the functional capability of the Mamu-A*01/p11C-bind-
ing mucosal CD8� T cells, we evaluated the abilities of these
cells from five chronically SIVmac-infected Mamu-A*01� rhe-
sus monkeys to secrete IFN-� (Fig. 2). Cytokine secretion was
assessed in the isolated lymphocyte populations following ei-
ther nonspecific (PMA plus ionomycin) or peptide antigenic
(p11C) stimulation (Table 3). On stimulation with PMA plus
ionomycin, the proportion of IFN-�-secreting tetramer�

CD8� T cells in the blood ranged from 92 to 99% (mean,
96.4%), while IFN-�-secreting tetramer� cells from the colonic
mucosa ranged from 95 to 99.5% (mean, 97.5%). Similarly, a
mean of 38.9% (range, 26.4 to 62.2%) of the tetramer� CD8�

T cells secreted IFN-� following stimulation by Gag epitope
peptide (p11C) in the blood compared to a mean of 49.2%

FIG. 1. Immunohistochemically stained serial sections from distal
colon (A) and jejunum (B) of a SIVmac-infected rhesus monkey dem-
onstrating distribution of CD8� lymphocytes. Bar, 200 �m.
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(range, 36.5 to 70.2%) in the colonic mucosa. Thus, the pro-
portions of p11C tetramer� CD8� T cells secreting IFN-�
were comparable in the blood and the colonic mucosa.

Mucosal CTL responses can be elicited by systemic priming
with plasmid DNA vaccines and boosting with either recom-
binant MVA or recombinant adenoviruses. To assess the effi-
ciency of systemic vaccination strategies in inducing cellular
immune responses in mucosal sites, we evaluated six monkeys
that were vaccinated according to two different vaccine regi-
mens (Table 4). Group I consisted of four monkeys (135-97,
128-97, 90-98, and 95-98) that were immunized by the intra-

muscular route with a plasmid DNA construct encoding
Mamu-A*01-restricted epitopes derived from nef, env, pol, and
gag and boosted with two recombinant modified vaccinia vi-
ruses (MVA), one expressing full-length sequences of SIV
gag-pol and the other expressing full-length sequence of the
HIV-1 89.6 env gene. Group II consisted of two monkeys
(AW2P and AW28) immunized by the intramuscular route
with plasmid DNA vaccines containing HIV-1 89.6P env (KB9)
and SIVmac239 gag-pol-nef and boosted with a recombinant
adenovirus type 5 with genes deleted expressing these same
genes.

A population of tetramer-binding CD8� T lymphocytes was
detectable in the colon and peripheral blood of all the monkeys
in both groups of vaccinated animals. Group I vaccinated an-
imals had a mean of 0.45% (range, 0.15 to 0.68%) tetramer�

CD8� T cells in the colonic mucosa and a mean of 0.75%
(range, 0.33 to 1.39%) tetramer� CD8� T cells in the periph-
eral blood, while group II animals had a mean of 1.37% (range,
1.00 to 1.75%) tetramer� CD8� T cells in the colonic mucosa

FIG. 2. IFN-� expression by p11C tetramer� CD3� CD8� T lymphocytes from peripheral blood and distal-colonic mucosal lymphocytes of a
SHIV 89.6P-infected rhesus monkey. Tetramer-binding peripheral blood (A to C) and distal-colonic mucosal (D to F) CD8� T lymphocytes stain
with monoclonal anti-IFN-� antibody after exposure in vitro to PMA plus ionomycin (B and E) or the Gag epitope peptide p11C (C and F).
Percentages of p11C tetramer� CD3� CD8� T lymphocytes positive for IFN-� are shown in each panel.

TABLE 2. Distribution of p11C tetramer-binding CD3� CD8�

T lymphocytes in systemic and mucosal lymphoid compartments
of chronically SIVmac- and SHIV 89.6P-infected

Mamu-A*01� rhesus monkeys

Monkey Virus

% p11C tetramer-binding CD3� CD8�

T lymphocytesa

PBLb Lymph nodec Duodenumd Colone

138–88 SIVmac251 4.85 NA f 2.83 28.14
93–98 SIVmac251 6.79 12.69 5.69 14.74
191–96 SIVmac251 1.70 22.10 10.18 26.87
154–97 SIVmac251 1.36 12.06 11.09 20.46
94–98 SIVmac251 0.38 0.54 1.27 2.84
403–91 SIVmac251 1.79 0.95 0.81 0.80
448–98 SIVmac251 3.39 NA NA 15.31
88–98 SIVmac251 0.16 1.03 0.54 1.48
H–544 SHIV 89.6P 1.65 NA NA 11.19
H–547 SHIV 89.6P 0.31 NA NA 6.24

a Staining with PE-coupled tetrameric Mamu-A*01/p11C complex and gated
on CD8� T lymphocytes

b PBL, peripheral blood lymphocyte.
c Lymphocytes from femoral lymph node obtained by incisional biopsy.
d Lymphocytes isolated from duodenal mucosal specimens obtained by endo-

scopic pinch biopsy.
e Lymphocytes isolated from distal-colonic mucosal biopsy specimens obtained

by pinch biopsy.
f NA, not available.

TABLE 3. IFN-� production by peripheral blood and colonic
mucosal tetramer� CD8� T lymphocytes of chronically

infected Mamu-A*01� rhesus monkeys

Monkey

% IFN-�� p11C tetramer� CD8� T lymphocytes

Peripheral blood lymphocytes Distal-colonic lymphocytes

Unstimu-
lated

PMA �
Ionoa p11C Unstimu-

lated
PMA �

Iono p11C

138–88 1.50 97.60 37.80 0.60 95.30 60.00
191–96 2.50 94.60 41.30 4.00 95.50 36.50
448–98 0.19 98.80 27.22 2.67 98.60 70.20
93–98 0.80 92.11 26.40 1.6 99.50 43.70
H–544 0.00 98.90 62.20 0.26 98.60 36.00

a Iono, ionomycin.
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and a mean of 2.38% (range, 2.30 to 2.46%) in the peripheral
blood.

A pilot study was then done to evaluate the functional ca-
pabilities of such vaccine-elicited mucosal CTL (Table 5). The
tetramer� CD8� T cells from two of the vaccinated monkeys
were assessed for the capacity to secrete IFN-�. The potent
polyclonal stimulation by PMA plus ionomycin induced �94%
of both the peripheral blood and colonic mucosa tetramer�

CD8� T cells to produce IFN-�. Therefore, these vaccine-
elicited mucosal tetramer� CD8� T lymphocytes were func-
tional.

DISCUSSION

The limitations in our understanding of the biology of mu-
cosal T lymphocytes in nonhuman primates and humans can be
attributed at least in part to the difficulties associated with
accessing these cell populations for study. Murphey-Corb et al.
were forced to use tissues obtained at necropsy to evaluate
intestinal T-cell responses in rhesus monkeys that had been
exposed to SIV by the colonic route (19). Belyakov et al.
resorted to laparotomy and colonic wedge resection in mon-
keys to sample mucosal T lymphocytes in their evaluation of
the efficacy of a vaccine strategy specifically devised to elicit
mucosal immunity (6). Duodenal lymphocytes from SIV-in-
fected monkeys have recently been accessed by endoscopy-
guided biopsy, a procedure that is also relatively noninvasive
(24). Mucosal lymphocytes sampled from the seminal fluid of
monkeys obtained by electroejaculation, a strategy for access-
ing cells that is not uniformly successful, have also been studied
(11). The procedure employed for harvesting mucosal lympho-
cytes in the present study, isolating them from proctoscopy-
guided pinch biopsy specimens, represents a more reproduc-
ibly successful and less invasive approach to sampling mucosal
lymphocytes from monkeys than the strategies that have pre-
viously been used.

While the techniques employed in the present study should
lend themselves to routine use in monitoring mucosal T-cell
populations in nonhuman primates, they are still far from ideal
for studying T-lymphocyte biology. Relatively small numbers
of lymphocytes can be obtained from an animal at any one

time, usually only �106 cells. This drastically limits the diver-
sity of studies that can be carried out on a sampled lymphocyte
population. Moreover, in that these studies are dependent on
the use of tetramer staining for defining antigen-specific T
lymphocytes, this work can only be done with monkeys with a
defined, shared MHC class I haplotype and known CTL
epitopes (24). The number of monkeys that can be used for any
single study at the present time is therefore also limited.

The reason that a particularly high concentration of Gag-
specific CD8� CTL exists in the distal-colonic mucosal tissue
of SIV- and SHIV-infected monkeys is not readily apparent.
The kinetics of the evolution of duodenal and peripheral blood
CTL during primary SIV infection have been shown to be
comparable (27). However, previous studies have demon-
strated that SIV-specific CTL are variably localized in different
anatomic compartments in the chronically infected monkey.
Thus, these CTL populations are present at higher frequencies
in the bone marrow, spleen, and liver than in lymph nodes and
peripheral blood (15). It is possible that the CTL localize to the
distal-colonic tissue because of a particularly high frequency of
virus-infected cells in that anatomic location. It has certainly
been well documented that the gastrointestinal tissue is a ma-
jor site of SIV replication in the infected animal (28). It is also
possible that subpopulations of CTL express cell surface mol-
ecules that favor the homing of these cells to the distal-colonic
mucosa (27). Precedent exists for this as well, since it has been
previously shown that the CTL localized to the liver in SIV-
infected monkeys express CD62L, a molecule that mediates
adhesion of lymphocytes to high endothelial venules (25). Fi-
nally, it is possible that the absolute numbers of CD8� CTL are
comparable in the duodenum and distal colon of the infected
monkeys. The differences in percent tetramer-binding CD8� T
lymphocytes in these two regions of the gastrointestinal mu-
cosa may simply reflect differences in numbers of resident
CD8� lymphocytes that are not virus-specific CTL. The sub-
stantial differences in absolute numbers of tetramer� CD8�

lymphocytes in the duodenum and distal colon of infected
monkeys shown in the present study are consistent with this
possibility.

A definition of the functional repertoire of gut-associated
virus-specific CTL in SIV-infected monkeys has been incom-
plete. In previous studies of jejunal CTL in infected animals, it
was shown that these lymphocytes express CD11a, CD49d, and
CD95, suggesting that they are highly activated (24). It was also
shown that lymphocytes obtained from duodenal biopsy spec-

TABLE 4. Mucosal p11C tetramer-binding CD3� CD8�

lymphocytes in systemically vaccinated Mamu-A*01�

rhesus monkeys

Vaccine Monkey

% p11C tetramer-binding CD3�

CD8� T lymphocytes

Peripheral blood Distal colon

DNA/rMVAa 135–97 1.39 0.66
DNA/rMVA 128–97 1.04 0.68
DNA/rMVA 90–98 0.34 0.34
DNA/rMVA 95–98 0.33 0.15
DNA/rAd5b AW2P 2.30 1.00
DNA/rAd5 AW28 2.46 1.75

a Immunized with plasmid DNAs containing the SIVmac239 gag, pol, and nef
and the HIV-1 89.6 env epitope genes and boosted with recombinant MVA
vectors expressing SIV gag-pol and HIV-1 89.6 env.

b Immunized with plasmid DNA containing the SIVmac239 gag-pol-nef and
HIV-1 89.6P env gene and boosted with recombinant adenovirus serotype 5
constructs expressing the SIV gag-pol-nef and HIV-1 89.6P env genes.

TABLE 5. Intracellular cytokine staining in peripheral blood and
mucosal (distal-colon) tetramer� CD8� lymphocytes from

DNA-primed and recombinant-adenovirus-boosted
rhesus monkeys following in vitro stimulation

Monkey

% p11C tetramer� IFN-�� CD8� T cells

Peripheral blood lymphocytes Distal-colonic lymphocytes

Unstimulateda PMA � Ionob Unstimulated PMA � Iono

AW28 0.40 98.91 3.40 97.93
AW2P 0.00 98.37 3.00 94.28

a Peripheral blood and colonic lymphocytes containing brefeldin A (10�g/ml)
were cultured for 6 h at 37°C suspended in RPMI containing 12% fetal calf
serum.

b Iono, ionomycin.
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imens mediate SIV-specific lytic activity (24). Our demonstra-
tion in the present experiments that the CD8� tetramer-bind-
ing lymphocytes in the distal colon of infected monkeys
produce IFN-� on exposure to a dominant epitope peptide
provides further evidence that these are normally functioning
CTL populations.

A number of factors make it unlikely that the cells evaluated
in the mucosal biopsy specimens of the vaccinated monkeys in
these studies represent contaminating blood lymphocyte pop-
ulations. First, the sampled tissue specimens were washed ex-
tensively prior to lymphocyte isolation. Second, the finding that
tetramer-binding CD8� CD3� lymphocyte populations were
present in much higher numbers in distal-colonic mucosa than
in other anatomic compartments of infected monkeys (Table
2) argues that the technique employed for isolating these cell
populations was valid. Finally, the consistency of finding larger
tetramer-binding CD8� CD3� lymphocyte populations in the
blood than in the colonic tissue—an observation made in five
of the six evaluated vaccinated monkeys—argues for its valid-
ity. Nevertheless, future studies will be done to assess tet-
ramer-binding lymphocyte populations in mucosal tissues us-
ing in situ staining techniques to address the possibility
formally.

Since an extremely high percentage of new HIV infections
are initiated through mucosal exposure to the virus, there is a
consensus among investigators that an HIV vaccine should
elicit a potent mucosal immune response. Therefore, a variety
of targeted vaccine strategies are being pursued to elicit mu-
cosal immunity to the virus through the use of novel adjuvants
and localized mucosal application of antigen. Many of these
strategies are being evaluated in nonhuman primate models.
For example, Belyakov et al. have recently reported the mu-
cosal administration of peptide antigen formulated with an
Escherichia coli toxin to elicit mucosal T-cell immune re-
sponses (5, 6). In the present study, we have shown that certain
systemic immunization strategies can elicit high-frequency
CTL responses in a mucosal tissue compartment. This finding
raises the possibility that it may not be necessary to employ
specific mucosally targeted vaccination strategies to elicit mu-
cosal HIV-specific CTL. Nevertheless, mucosal routes of im-
munization may prove even more efficient at eliciting mucosal
cellular immunity than systemic immunization.
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