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Gut-associated lymphoid tissue (GALT) is a significant but understudied lymphoid organ, harboring a
majority of the body’s total lymphocyte population. GALT is also an important portal of entry for human
immunodeficiency virus (HIV), a major site of viral replication and CD4� T-cell depletion, and a frequent site
of AIDS-related opportunistic infections and neoplasms. However, little is known about HIV-specific cell-
mediated immune responses in GALT. Using lymphocytes isolated from rectal biopsies, we have determined
the frequency and phenotype of HIV-specific CD8� T cells in human GALT. GALT CD8� T cells were
predominantly CD45RO� and expressed CXCR4 and CCR5. In 10 clinically stable, chronically infected
individuals, the frequency of HIV Gag (SL9)-specific CD8� T cells was increased in GALT relative to
peripheral blood mononuclear cells by up to 4.6-fold, while that of cytomegalovirus (CMV)-specific CD8� T
cells was significantly reduced (P � 0.012). Both HIV- and CMV-specific CD8� T cells in GALT expressed
CCR5, but only HIV-specific CD8� T cells expressed ���7 integrin, suggesting that mucosal priming may
account for their retention in GALT. Chronically infected individuals exhibited striking depletion of GALT
CD4� T cells expressing CXCR4, CCR5, and ���7 integrin, but CD4�/CD8� T-cell ratios in blood and GALT
were similar. The percentage of GALT CD8� T cells expressing ���7 was significantly decreased in infected
individuals, suggesting that HIV infection may perturb lymphocyte retention in GALT. These studies demon-
strate the feasibility of using tetramers to assess HIV-specific T cells in GALT and reveal that GALT is the site
of an active CD8� T-cell response during chronic infection.

Gut-associated lymphoid tissue (GALT) is the largest lym-
phoid organ in the body, containing the majority of the body’s
lymphocytes (39). GALT is also an important portal of entry
for human immunodeficiency virus (HIV) and a frequent site
of AIDS-associated opportunistic infections (10, 72). HIV in-
fection of GALT is characterized by active viral replication (15,
23, 34, 55), depletion of CD4� T cells (48, 49, 63), and expan-
sion or infiltration of CD8� T cells (64). Because the majority
of HIV transmission occurs via mucosal surfaces, it is generally
agreed that a successful vaccine will need to induce strong
immune responses in these tissues. However, there are few
studies describing HIV-specific T-cell responses in human
GALT (50, 51), and analysis of these responses has been ham-
pered by the difficulty of obtaining tissue from human subjects
(3, 41).

Studies of murine viral infections demonstrated the cyto-
toxic effector functions of GALT CD8� T cells (30, 58) and
established a role for local T cells in protection from mucosal
challenge (4). These studies have also been critical in deter-
mining the molecular interactions responsible for lymphocyte
homing to GALT (28, 35, 36). GALT contains inductive sites,
Peyer’s patches and mesenteric lymph nodes, and effector sites,
located within the lamina propria and epithelium of the intes-

tinal wall (reviewed in reference 39). Antigen-specific T cells
that are primed in inductive sites enter peripheral circulation
but are apparently programmed for eventual return to the
intestinal lining (16, 33).

Two integrins, �4�7, which interacts with mucosal vascular
addressin on capillary endothelial cells (mucosal addressin cell
adhesion molecule-1 [MadCAM-1]), and �E�7, whose ligand
is E-cadherin on intestinal epithelial cells, are critical for lym-
phocyte homing to GALT (1, 7, 52). �4�7 is found on muco-
sally primed T cells in blood that will eventually return to
GALT, while �E�7 (CD103) is expressed once cells reach
GALT, tethering intraepithelial lymphocytes (IEL) to epithe-
lial cells (1, 7, 52). The chemokine CCR9 is also expressed on
T cells homing to the small, but not large, intestine. Its ligand,
TECK, is expressed selectively in this tissue (2, 19, 25, 45, 71).
In addition to GALT-specific interactions, some T-cell migra-
tion may occur in response to more general, inflammation-
related chemotactic signals (14, 33, 53). Recently, intestinal
epithelial cells were shown to express ligands for CXCR3 (i.e.,
IP-10, Mig, and I-TAC) during inflammatory responses (14,
53), and IEL and lamina propria lymphocytes (LPL) were
found to express CXCR3 (1, 2). Expression of �-chemokines
RANTES, MIP-1�, and MIP-1�, as well as their receptor,
CCR5, was increased in GALT of patients with HIV infection
and chronic inflammatory bowel disease (44). Thus, T cells
expressing CXCR3 and CCR5 may be recruited to GALT
during an inflammatory response (33).

Although studies of mucosal HIV-specific T-cell responses
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have been limited, vaccine studies with rhesus macaques have
supported a protective role for mucosal CD8� T cells against
simian immunodeficiency virus (SIVmac) challenge (20, 29,
40). In addition, CD8� T cells specific for SIVmac Gag have
been detected in GALT during chronic infection (12, 38, 47,
64). During acute infection of rhesus macaques, large numbers
of SIV Gag-specific CD8� T cells (3 to 11.5% of CD8� T cells)
were detected in intestinal mucosa (64). Concurrent with this
influx of CD8� T cells was dramatic depletion of CD4� T cells
in the jejunum, ileum, and colon (61, 63). This depletion has
been found at all stages of experimental SIVmac infection
(56).

In HIV-infected humans, profound CD4� T-cell depletion
also occurs in both the small and large intestines (11, 48, 49).
However, the kinetics of this depletion have not been thor-
oughly studied, nor has the magnitude of the HIV-specific
CD8� T-cell response in GALT been determined. The devel-
opment of major histocompatibility complex (MHC) class I
tetrameric complexes has enabled rapid assessment of the fre-
quency of antigen-specific T cells isolated from primate tissues
(17, 57), and similar methods may be applied to human tissues.
In an earlier study, we generated bulk cultures of rectal and
duodenal mononuclear cells from HIV-positive individuals
(50) and identified HIV- and cytomegalovirus (CMV)-specific
CD8� T cells in these cultures. However, these expanded cul-
tures could not give an accurate assessment of CD8� T-cell
frequency and phenotype. In this report, we assess the pheno-
type, trafficking patterns, and relative frequencies of HIV- and
CMV-specific CD8� T cells in rectal mucosa. Our findings
demonstrate that GALT is the site of an active HIV-specific
CD8� T-cell response during chronic infection.

MATERIALS AND METHODS

Biopsy and blood samples. Eleven HIV-positive individuals and five seroneg-
ative controls were studied. Informed consent was obtained from all volunteers,

and the study protocol was approved by the Committee for Human Research of
the University of California, San Francisco. Viral load and CD4� T-cell counts
were obtained from clinic records.

Rectal biopsy tissue was obtained by flexible sigmoidoscopy from sites located
in the rectum at 10 cm from the anal verge. A flexible sigmoidoscope with a
biopsy channel (EC3831L; Pentax Precision Instrument Corporation, Orange-
burg, N.Y.) was employed with single-use biopsy forceps (Radial Jaw 3; Boston
Scientific, Miami, Fla.) for rectal biopsies. At each procedure, a total of 20 to 25
tissue samples were obtained and the specimens were pooled for lymphocyte
extraction and analysis. As previously described by Anton et al. (3), flexible
sigmoidoscopy at 10 to 30 cm from the anal verge, accompanied by up to 30 pinch
biopsies, was well tolerated. Patients reported a mild pinching sensation during
the procedure and mild bleeding that generally subsided within 24 h. No adverse
clinical events were reported. Some patients were biopsied on multiple occasions,
up to a maximum of three visits within a 2-year period.

Patient screening and inclusion criteria. Data for the HIV-positive patients
and controls are summarized in Table 1. Eleven HIV-positive individuals were
selected from volunteers who were clinically stable and had CD4� T-cell counts
above 250/�l. Peripheral blood mononuclear cells (PBMC) and rectal tissue were
also obtained from five healthy, HIV-negative controls. Most patients were not
on antiretroviral therapy at the time of biopsy and had plasma viral loads of
�10,000 copies/ml (Table 1). All HIV-positive patients also had circulating
antibodies indicating previous exposure to CMV. The study was designed to
include patients likely to have detectable HIV- and CMV-specific CD8� T-cell
responses in peripheral blood and tissues (42, 43). To facilitate quantification of
antigen-specific CD8� T cells by using MHC class I tetramers, potential volun-
teers were prescreened for the presence of the HLA-A*0201 allele. Candidates’
PBMC were screened by flow cytometry with a monoclonal antibody specific for
HLA-A2 (ExAlpha, Inc.) and/or by molecular genotyping (HLA-ABC SSP Uni-
Tray system; Pel-Freez Clinical Systems, Brown Deer, Wis.). PBMC from HLA-
A*0201-positive subjects were then tested for binding to the following tetramers:
HIV-1 Gag (SL9) (amino acids [aa] 77 to 85, SLYNTVATL) and Pol (IV9) (aa
476 to 484, ILKEPVHGV) and CMV pp65 (aa 495 to 503, NLVPMVATV). The
tetramer staining protocol is described below. Subjects with detectable responses
to one or more of these tetramers were recruited for GALT biopsy.

Mononuclear cell preparation. Tissue biopsies were washed once in RPMI
medium containing 15% fetal calf serum (FCS), L-glutamine, and antibiotics
(designated R-15 medium) and then transferred to a 50-ml conical tube (5 to 10
samples per tube). Samples were incubated for 30 min at 37°C, with shaking, in
RPMI–7.5% FCS containing 0.5 mg of collagenase type II (Sigma-Aldrich, St.
Louis, Mo.) per ml. After the collagenase digestion, tissue fragments were fur-
ther disrupted by repeated passage through a 10-ml disposable syringe with a

TABLE 1. Patient characteristics

Patienta Genderb Age
(yr) Ethnicityc HLA-A2

% of blood CD8� T cells specific for HLA-A*0201-
restricted peptidesd in:

CD4�

T cellse
Viral load

(Copies/ml)e
Antiretroviral

therapyHIV Gag HIV Pol CMV pp65

PBMC GALT PBMC GALT PBMC GALT

C01 M 23 H � 0.00 0.00 ND ND 0.33 0.20 ND
C02 F 40 C � 0.00 0.00 0.00 0.00 0.02 0.00 ND

G01 M 54 C � 0.02 ND 0.02 ND 0.01 ND 871 �50 Yes
G02 M 33 C � 0.28 0.55 0.02 ND 1.06 0.09 394 72,000 No
G03 M 41 C � 0.02 0.02 0.01 0.02 0.68 0.30 136 169,000 Yes
G04 F 46 C � 0.69 1.20 0.85 1.00 2.02 0.18 170 260,000 No
G05 M 35 C � 0.00 0.07 0.00 ND 3.53 0.27 417 13,017 No
G10 M 45 C � 0.00 0.00 0.02 ND 1.22 0.07 235 8,000 No
G11 F 44 A � 0.68 2.60 0.02 ND 0.15 0.02 324 5,130 No
G12 M 52 C � 0.17 0.28 ND ND 0.42 0.18 350 12,858 No
G13 M 37 A � 1.53 0.57 0.02 ND 2.81 0.41 329 148,000 Yes (6 days)
G22 M 29 C � 1.28 1.22 0.76 ND 0.05 0.03 ND ND No
G25 M 39 A, H � 0.18 0.60 0.00 ND 0.13 0.04 671 45,378 Yes

a C01 and C02 are HLA-A*0201-positive, HIV-negative controls. C01 is CMV seropositive, and C02 is CMV seronegative.
b M, male; F, female.
c C, Caucasian; A, African American; H, Hispanic or Latino.
d As determined by tetramer staining. Samples with a distinct tetramer binding population consisting of �0.03% CD8� T cells were considered positive (see text).
e CD4� T-cell count and viral load were obtained from most recent clinic records.
f ND, not determined.
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blunt-ended 16-gauge needle (Stem Cell Technologies, Vancouver, British Co-
lumbia, Canada). Cells liberated from the tissue matrix were then separated from
the remaining fragments by passage through a sterile plastic strainer (Falcon
2350). These cells were immediately washed twice in R-15 medium to remove
excess collagenase. The remaining tissue fragments were returned to a 50-ml
conical tube, and the entire procedure, including 30-min incubations, was re-
peated two additional times.

Cells liberated from all three collagenase incubations were combined, overlaid
onto a discontinuous 35 to 60% Percoll gradient (Pharmacia, Uppsala, Sweden),
and then centrifuged at 1,800 rpm in a Sorvall Legend RT centrifuge for 20 min
at 4°C. Epithelial cells, located at the interface between the medium and 35%
Percoll, were discarded. Mononuclear cells, located at the interface between 35
and 60% Percoll, were harvested, transferred to a 50-ml conical tube, and washed
twice in 40 ml of phosphate-buffered saline. Yield and viability were assessed by
manual cell counts with trypan blue staining. Typical yields ranged from 3 � 106

to 8 � 106 viable cells for 20 to 25 pinch biopsy samples.
Tetramer staining. To assess the percentage of antigen-specific CD8� T cells

in blood and GALT, cells were stained with a mixture of surface antibodies and
MHC class I tetramers conjugated to phycoerythrin or allophycocyanin for 30
min at 4°C. Cells were then washed twice in phosphate-buffered saline–2% FCS,
fixed in 1% paraformaldehyde, and assessed by four-color flow cytometry, col-
lecting 100,000 events in the live lymphocyte gate whenever possible. MHC class
I tetramers were provided by Graham S. Ogg (Oxford University, Oxford, United
Kingdom), and by Beckman-Coulter Immunomics (Hialeah, Fla.). Specificity of
the MHC class I tetramers was assessed by using blood and GALT from control
individuals who were either HIV positive and HLA-A*0201 negative or HIV
negative and HLA-A*0201 positive. Results for three such individuals (patients
C01, C02, and G01) are presented in Table 1. Based upon these results, re-
sponses were considered positive if a distinct population representing �0.03% of
CD8� T cells bound tetramer. This cutoff was similar to that used in previous
studies (42, 43). To increase the level of confidence in low-frequency popula-
tions, apparent tetramer binding populations representing fewer than 0.1% of
CD8� T cells were considered equivocal unless observed in at least two inde-
pendently stained samples. Because of the limited number of cells available,
GALT from patients whose PBMC did not recognize the HIV Pol (IV9) tet-
ramer were not tested with this tetramer.

Surface antigen staining and phenotypic analysis. Fresh mucosal lymphocytes
were assessed for expression of phenotypic markers by using fluorescent anti-
bodies specific for CD3, CD4, CD8, T-cell receptor � and 	 chains, activation
markers CD25 and CD69, maturation markers CD45RA and CD45RO, chemo-
kine receptors CXCR4 and CCR5 (BD-PharMingen), and integrins CD103
(�E�7integrin; Caltag Laboratories, Burlingame, Calif.) and �4�7 (Act-1; Mil-
lenium Pharmaceuticals, Cambridge, Mass.). Because the yield of viable mucosal
lymphocytes varied from approximately 3 � 106 to 10 � 106, it was not possible
to perform all staining combinations with each sample.

Stained mononuclear cell populations were analyzed for expression of cell
surface markers by flow cytometry on a FACSCalibur (Becton Dickinson). Lym-
phocyte populations were gated based on forward and side scatter and in some
cases based on expression of the CD3 surface antigen. Appropriate isotype
controls were used to set quadrant markers. For multicolor analysis, electronic
compensation for spectral overlap was set by using PBMC stained with single-
color reagents. Preliminary studies demonstrated that collagenase treatment did
not significantly affect monoclonal antibody recognition of most surface and
intracellular proteins. All statistical analyses, including linear regression analysis,
Student’s t tests, and Mann-Whitney rank sum tests, were performed with the
Sigma Plot and Sigma Stat software packages (SPSS Software, Chicago, Ill.).

RESULTS

Chronically infected individuals show significant CD4� T-
cell depletion in rectal tissue. We used four-color flow cytom-
etry to assess the relative percentages of CD4� and CD8�

lymphocytes in peripheral blood and GALT of healthy control
individuals and HIV-infected subjects (Fig. 1). Because GALT
samples were pooled and disrupted by collagenase digestion
prior to analysis, it was not possible to determine the absolute
number of lymphocytes per unit area. Therefore, we deter-
mined the ratio of CD4� to CD8� lymphocytes in PBMC and
GALT by staining with monoclonal antibodies to CD3, CD4,
and CD8 and gating on viable lymphocytes, as determined by

forward versus side scatter. Lymphocytes isolated by this
method represent a mixture of LPL and IEL, and include both
CD4� and CD8� T cells. In healthy controls, CD4�/CD8�

T-cell ratios in blood and GALT were similar, and they were
greater than 1.0 in both compartments (means of 2.3 in blood
and 2.2 in GALT [n 
 5]) (Fig. 1). There was a strong positive
correlation between CD4�/CD8� ratios in blood and GALT
(r2 
 0.969; P 
 0.002).

Dramatic depletion of CD4� T cells was observed in blood
and GALT of most HIV-positive individuals (mean CD4�/
CD8� ratio, 0.4 [n 
 10]; range, 0.1 to 0.9). The difference in
mean CD4�/CD8� ratios between HIV-positive and control
individuals was highly significant for both blood and GALT (P
� 0.001 [10 HIV-positive individuals versus five controls]). Of
note is that only two HIV-positive patients had GALT CD4�/
CD8� ratios of greater than 0.5. Patient G01 was on combi-
nation antiretroviral therapy, with a plasma viral load of �50
copies/ml and �800 CD4� T cells/�l (Table 1). The second,

FIG. 1. CD4�/CD8� T-cell ratios in blood and GALT. Values were
determined by four-color flow cytometry. Results shown are for 5
healthy controls (left) and 10 HIV-positive individuals (right). Linear
regression analysis was used to generate lines and curves with a 95%
confidence interval.

FIG. 2. Phenotype of GALT CD8� T cells. PBMC and GALT from
HIV-positive individuals and controls (not shown) were stained with
monoclonal antibodies to the �� T-cell receptor (top left), CD45RO
isoform (top right), CD69 antigen (bottom left), and CD25 (bottom
right). The results shown are gated on CD8� T cells and are typical of
those for HIV-positive patients and controls. Grey lines indicate
PBMC, and black lines indicate GALT cells.
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patient G02, was naive to antiretroviral drugs and had been
clinically healthy since seroconversion (17 months prior to
biopsy). Four patients demonstrated slightly greater CD4�

T-cell depletion in GALT than in PBMC; however, overall
there was a strong positive correlation between CD4�/CD8�

ratios in blood and GALT (r2 
 0.852; P 
 0.0001) (Fig. 1).
GALT CD8� T cells are mainly T-cell receptor �� memory

cells with a partially activated phenotype. Greater than 90% of
CD8� T cells in GALT, as in PBMC, expressed the T-cell
receptor �� isoform (Fig. 2). A minority (�20%) of GALT T
cells expressed the TCR 	� isoform; however, these were pri-
marily CD4�/CD8�, as previously described (31, 32, 60) (not
shown). Consistent with the interpretation that GALT T cells
have a memory phenotype, the majority of GALT CD8� T
cells expressed CD45RO, while in general fewer than 50% of
blood CD8� T cells expressed this marker. This was true for
HIV-infected individuals (P 
 0.015 [blood versus GALT; n 

5]) and healthy controls (P 
 0.013 [blood versus GALT; n 

3]) (Fig. 2).

Relative to blood lymphocytes, an increased percentage of
GALT CD8� T cells expressed the early activation marker
CD69 (Fig. 2). It was recently reported that the level of CD69
expression by human IEL was comparable to that by 48- to
72-h phytohemagglutinin-stimulated PBMC blasts (54). How-
ever, GALT T cells did not express another marker typical of
activation, the interleukin-2 receptor � chain CD25 (Fig. 2)

(67). These observations were similar for healthy and HIV-
infected individuals and are consistent with previously re-
ported findings for human intestinal lymphocytes (31, 49). Mu-
rine CD8� IEL have also been reported to exhibit a memory
phenotype with partial activation, expressing CD69 but not
CD25 (67).

Trafficking of antigen-specific CD8� T cells to GALT. Stud-
ies with mice and nonhuman primates have demonstrated that
antiviral CD8� T cells are capable of localization and persis-
tence in mucosal tissues (35, 36, 47, 64). However, little is
known of HIV-specific T-cell responses in anatomical com-
partments other than peripheral blood. To determine the mag-
nitude of the HIV-specific CD8� T-cell response in GALT, we
used MHC class I tetramer staining and flow cytometry. Of the
11 HIV-seropositive individuals analyzed, 10 were positive for
the HLA-A*0201 allele. Preliminary screening identified seven
patients whose peripheral blood CD8� T cells recognized the
HLA-A*0201-restricted Gag SL9 epitope (Gag aa 77 to 85)
(Table 1; Fig. 3A). Direct ex vivo analysis of GALT mononu-
clear cells revealed that all seven subjects also had SL9-specific
CD8� T cells in rectal tissue. In addition, one patient appeared
to have a minor population of SL9-specific CD8� T cells in
GALT, although staining of PBMC did not show a well-de-
fined tetramer binding population (patient G05) (Table 1).
Interestingly, in six of seven patients the frequency of SL9-
specific, tetramer binding CD8� T cells in GALT was equal to

FIG. 3. MHC class I tetramer staining of HIV- and CMV-specific CD8� T cells from blood and GALT. (A) Representative results for an
HIV-positive individual. Plots are gated on CD3� lymphocytes. Numbers in the upper right corner of each plot represent the percentage of CD8�

T cells bound by HLA-A*0201-HIV Gag SL9 (left) or CMV pp65 (right) tetramers. (B) Combined results of MHC class I tetramer staining for
peripheral blood and GALT from 10 HLA-A*0201-positive, HIV-infected individuals. Each patient is represented by a different symbol, and lines
between symbols identify PBMC and GALT samples from a single individual.
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or greater than that in PBMC (Table 1; Fig. 3B). Patient G13
presented an exception to this trend, with 0.57% of GALT
CD8� T cells specific for SL9 and 1.53% of blood CD8� T cells
recognizing this epitope. Interestingly, this patient had begun
antiretroviral therapy 6 days prior to biopsy. There was no
correlation between the frequency of SL9-specific CD8� T
cells and plasma viral load or CD4� T-cell count (data not
shown).

PBMC from eight patients were screened with the HIV-1
Pol IV9 tetramer (Pol aa 476 to 484). Of these, two patients
(G04 and G22) had substantial populations of IV9-specific
CD8� T cells in blood. In Patient G04, IV9-specific CD8� T
cells were distributed in GALT (1.00%) and blood (0.85%) at
frequencies similar to those for SL9-specific cells (Table 1).
Thus, in this individual, both populations appeared to be
present at slightly higher frequencies in GALT than in blood.
Insufficient GALT cells were isolated from patient G22 to
perform Pol staining in addition to other assays.

All 11 HIV-positive subjects were also seropositive for CMV
as demonstrated by enzyme-linked immunosorbent assay.
Screening of PBMC with MHC class I tetramers revealed that
10 of 10 HLA-A*0201-positive individuals had detectable re-
sponses to the CMV pp65 epitope (aa 495 to 503, NLVPM-
VATV) (Fig. 3A). CMV can be an important pathogen of the
gastrointestinal tract in AIDS patients (9), and CMV-specific
CD8� T cells have been detected in rectal tissue from HIV-
positive individuals (51). Surprisingly, the relative frequencies
of HIV and CMV-specific populations differed markedly in
GALT. A striking reduction in the frequency of CMV-specific
CD8� T cells relative to PBMC was observed in GALT from
all 10 patients (P 
 0.012) (Fig. 3B). Thus, in this group of
chronically HIV-infected individuals without symptoms of ac-
tive gastrointestinal disease, the frequency of HIV-specific
CD8� T cells was increased in GALT relative to PBMC, while
that of CMV-specific CD8� T cells was markedly decreased.
The simplest model to account for this observation is that
many HIV-specific CD8� T cells are primed within intestinal
lymphoid tissue, and these mucosally primed cells preferen-
tially return to GALT effector sites in the epithelium and the
lamina propria (39). Accordingly, the frequency of HIV- and
CMV-specific CD8� T cells detected in rectal mucosa may be
linked to the extent of HIV and CMV viral replication in
GALT.

GALT T cells express mucosal trafficking markers. Integrins
�4�7 and ���7 have been implicated in T-cell trafficking to
GALT. Integrin �4�7 is expressed on circulating lymphocytes
that have been primed in, and will ultimately return to, muco-
sal tissues (66). �4�7 integrin interacts with MAdCAM-1 on
high endothelial venules, facilitating rolling and arrest prior to
extravasation (reviewed in reference 66). Recent evidence sug-
gests that T cells primed in mesenteric lymph nodes begin
expressing this integrin within 2 days of exposure to antigen
(6). Expression is maintained on lymphocytes that have re-
turned to mucosal tissue. In peripheral blood of two healthy
individuals, means of 48.9% of CD4� and 80.1% of CD8� T
cells expressed this marker (Fig. 4). In GALT of the same
healthy controls, �4�7 integrin was present on 63.5% of CD4�

and 86.3% of CD8� T cells.
In contrast, ���7 integrin (CD103) is expressed by fewer

than 5% of peripheral blood lymphocytes but by 30 to 40% of

LPL and 80 to 90% of IEL (7) (Fig. 4). Expression of ���7 is
believed to be important for tethering of IEL, which are pri-
marily CD8� T cells, to adjacent intestinal epithelial cells
(IEC) (7). This interaction involves binding of ���7 to its
ligand, E-cadherin, on epithelial cells. In GALT from four
healthy controls, ���7 integrin was expressed by means of
11.2% of CD4� and 68.3% of CD8� T cells (Fig. 4). Greater
than 95% of GALT lymphocytes expressing ���7 also ex-
pressed �4�7.

Expression of �7 integrins in HIV-infected subjects suggests
subtle alterations in CD8� T-cell trafficking to GALT. Expres-
sion of �4�7 integrin by GALT T cells was similar in healthy
controls and HIV-infected individuals. However, HIV-infected
individuals had fewer circulating �4�7� CD8� T cells than
healthy controls (means of 59.1 versus 80.1% [P 
 0.014] for
six HIV-positive patients and two controls) (Fig. 4B). This
result suggests two possible interpretations: first, priming of
antigen-specific CD8� T cells in mucosal tissues may be some-
what impaired in chronically HIV-infected individuals; second,
induction of �4�7 integrin expression on mucosally primed
CD8� T cells may be slightly reduced due to impaired signal-
ing.

While the differences observed in �4�7 integrin expression
were relatively minor, GALT T cells from HIV-infected pa-
tients showed a striking reduction in ���7 integrin expression.
Mean expression was 1.4% on GALT CD4� T cells and 41.1%
on GALT CD8� T cells (P 
 0.003 and 0.004, respectively, for
six HIV-positive patients versus four controls) (Fig. 4B). The
apparent depletion of CD4� T cells expressing ���7 integrin
suggests that these cells serve as targets for HIV infection. The
reduction of ���7 integrin expression on GALT CD8� T cells
suggests that tethering of CD8� IEL to adjacent epithelial cells
may be impaired during HIV infection. This defect might re-
duce the ability of circulating CD8� T cells to remain in
GALT, resulting in eventual local impairment of CD8� T-cell
mediated immune surveillance.

Depletion of GALT CD4� T cells expressing CXCR4 and
CCR5. The particular susceptibility of lamina propria CD4� T
cells to HIV infection is believed to be related to two factors:
expression of viral coreceptors CXCR4 and CCR5 and activa-
tion status (i.e., CD69�, HLA-DR�, and CD38�) (26, 46, 65).
This enhanced susceptibility of LPL to HIV infection, com-
pared to PBMC, likely accounts for the rapid depletion of
lamina propria CD4� T cells during acute infection of rhesus
macaques with SIVmac (65).

In three healthy control individuals, greater than 90% of
blood T cells expressed CXCR4 but only a minority expressed
CCR5 (means of 6.9 and 21.8% for CD4� and CD8� cells,
respectively) (Fig. 5) (69). As previously reported, the majority
of GALT T cells expressed both chemokine receptors (3);
59.3% of GALT CD4� and 75.9% of GALT CD8� T cells
from uninfected controls expressed CCR5. Furthermore,
GALT T cells stained with antibodies to CXCR4 showed
greater mean fluorescence intensity, suggesting greater recep-
tor density, than blood T cells (Fig. 5A).

In seven HIV-positive individuals, the percentage of muco-
sal CD8� T cells expressing CCR5 was similar to that observed
in controls (mean of 75.1%) (Fig. 5B) (3). However, the pop-
ulation of CXCR4�/CCR5� GALT CD4� T cells observed in
healthy controls was nearly absent in HIV-positive individuals
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(mean of 12%; P � 0.001 for seven HIV-positive patients
versus three healthy controls) (Fig. 5B). This observation sup-
ports the earlier finding that GALT CD4� T cells expressing
both HIV coreceptors are preferentially depleted.

Differential trafficking of antigen-specific CD8� T cells to
GALT. The high percentage of CCR5� T cells in GALT sug-
gests a role for CCR5 ligands (i.e., MIP-1�, MIP-1�, and
RANTES) in chemotaxis to GALT during an inflammatory
response (24). Furthermore, it was previously reported that
MIP-1�, MIP-1�, and RANTES are expressed at high levels in
GALT of HIV-positive individuals and patients with inflam-
matory bowel disease (44). To elucidate the basis for differen-
tial trafficking of HIV- and CMV-specific CD8� T cells, we
assessed expression of CCR5 on tetramer binding CD8� T
cells from blood and GALT of four patients: G04, G12, G13,
and G25. As shown in Fig. 6A for patient G04, antigen-specific
CD8� T cells in blood included both CCR5� and CCR5�

subsets. However, in GALT, the majority of HIV- and CMV-

specific CD8� T cells expressed CCR5. There were no consis-
tent, significant differences in CCR5 expression between the
two populations. Thus, while chemokine-mediated chemotaxis
may contribute to the presence of antigen-specific, CCR5� T
cells in GALT, it cannot explain the retention of HIV- but not
CMV-specific CD8� T cells in intestinal tissue.

We next assessed expression of ���7 integrin on HIV- and
CMV-specific CD8� T cells in GALT and PBMC from pa-
tients G05, G10, G22, and G25. Patients G22 and G25 had
relatively high frequencies of Gag-specific T cells in GALT and
blood but few CMV-specific CD8� T cells in either compart-
ment. In GALT from patients G22 and G25, respectively, 30
and 60% of HIV-specific CD8� T cells expressed ���7 inte-
grin; however, few if any CMV-specific CD8� T cells expressed
���7 (Fig. 6B). Patients G05 and G10 had very high frequen-
cies of CMV-specific CD8� T cells in blood (i.e., �1%). How-
ever, even in these patients, few CMV-specific CD8� T cells
expressed ���7 in GALT (Fig. 6C). Taken together, these

FIG. 4. Expression of �7 integrins in blood and GALT. (A) Expression of integrins �4�7 and ���7 on CD4� and CD8� T cells from blood
and GALT of HIV-negative (top) and HIV-positive (bottom) individuals. Numbers indicate the percentage of CD4� or CD8� lymphocytes in each
quadrant. (B) Mean (bar height) and standard deviation (error bars) �4�7 and ���7 levels for HIV-infected individuals and controls as stated in
the text. Top, �4�7 expression. �, P 
 0.014 for blood CD8� T cells from six HIV-positive versus two HIV-negative individuals. Bottom, ���7
expression. � and ��, P 
 0.003 for GALT CD4� T cells and P 
 0.004 for GALT CD8� T cells, respectively, from six HIV-positive versus four
HIV-negative individuals.
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results suggest that HIV-specific CD8� T cells present at a
moderately high frequency in GALT likely underwent initial
priming within mucosal inductive sites, inducing expression of
homing receptors that enabled their localization and retention
in GALT. Accordingly, if mucosal trafficking of antigen-spe-
cific T cells is driven by local viral replication, these data
suggest ongoing, active replication of HIV, but not CMV, in
GALT of these patients. Additional studies to assess HIV and
CMV replication in tissues should help to clarify this issue.

DISCUSSION

These studies demonstrate that GALT is the site of an active
CD8� T-cell response during chronic HIV infection. In the
relatively healthy, chronically infected individuals studied, we
observed a similar or increased frequency of HIV-specific
CD8� T cells in GALT and blood, with maximal responses in
the range of 1 to 3% of CD8� T cells. These findings are
similar to those reported for rhesus macaques experimentally
infected with SIVmac, although the frequencies of antigen-
specific CD8� T cells are lower than those detected in simian
GALT following acute infection (47, 64). It has been suggested
that HIV-specific CD8� T cells may fail to home to tissue
reservoirs for viral replication, notably lymph nodes, because
of decreased expression of CCR7 and CD62L (8). In contrast,
our results demonstrate the capacity of HIV-specific CD8� T
cells to localize to GALT and suggest that an inability to home

to this important site of viral replication is not a major factor
in immune failure.

Although both HIV- and CMV-specific CD8� T cells were
detected in GALT, CMV-specific cells were found at much
lower frequency in rectal mucosa than in peripheral blood of
most patients. This finding was somewhat surprising in light of
recent studies in mice, which demonstrated long-term persis-
tence of CD8� T cells specific for vesicular stomatitis virus,
Listeria monocytogenes, and vaccinia virus in mucosal tissues
(35, 36). CD8� T cells specific for both HIV and CMV in rectal
tissue expressed CCR5, suggesting a role for CCR5 ligands in
chemotaxis to intestinal mucosa. The chemokines MIP-1�,
MIP-1�, and RANTES are expressed at high levels in GALT
of patients with both HIV infection and inflammatory bowel
disease (44). Thus, CCR5-mediated chemotaxis may play an
important role in CD8� T-cell trafficking to GALT during HIV
infection and other inflammatory conditions. Two alternative
explanations should also be considered. First, the possibility
exists that T cells upregulate CCR5 expression after migrating
to GALT, perhaps as a consequence of exposure to locally
produced cytokines that may upregulate CCR5 expression (18,
70). Second, T cells localized to GALT have a CD45RO�

memory phenotype. Accordingly, expression of CCR5 in these
cells might be related to the T-cell differentiation state rather
than to trafficking per se (13, 59, 68).

CCR5 expression cannot account for the differential reten-
tion of HIV- and CMV-specific CD8� T cells in GALT, since

FIG. 5. Expression of CXCR4 and CCR5 in blood and GALT. (A) Expression of chemokine receptors CXCR4 and CCR5 on CD4� and CD8�

T cells from blood and GALT of HIV-negative (top) and HIV-positive (bottom) individuals. Numbers indicate the percentages of CD4� or CD8�

lymphocytes in each quadrant. (B) Mean (bar height) and standard deviation (error bars) values for HIV-infected individuals and controls as stated
in the text. ��, P � 0.001 for GALT CD4� T cells expressing CXCR4� and CCR5� from seven HIV-positive versus three HIV-negative individuals.
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expression of this receptor was common to HIV- and CMV-
specific T cells in the patients tested. Although the complex
homing patterns of antigen-specific T cells remain incom-
pletely understood, current dogma suggests that most activated
T cells preferentially survey the original site of infection (27,
39). Thus, T cells primed in mucosal inductive sites express
integrins that direct their homing to mucosal effector sites (39).
In mice, CD8� T cells primed in mesenteric lymph nodes begin
expressing the �4�7 integrin within 2 days of antigen exposure
(6). Thus, the trafficking of HIV-specific CD8� T cells to
GALT might be explained by local priming in response to
ongoing HIV replication in GALT. The selective retention of
HIV-specific T cells in GALT (Table 1; Fig. 3), coupled with
the expression patterns of ���7 integrin by HIV- and CMV-
specific CD8� T cells (Fig. 6), appears to support this hypoth-
esis.

None of the patients studied had evidence of active CMV
disease, although all were CMV seropositive. The major tissue
reservoir for CMV during latent infection is not known, but
recent work with mice suggests that capillary endothelial cells
and monocyte/macrophage progenitors in bone marrow may
be important sites (21, 22). CMV can be an important gastro-
intestinal pathogen in advanced HIV disease (9). To further
address the trafficking patterns of CMV-specific T cells, it will

be of interest to study patients with clinical evidence of active
CMV disease and to determine whether some patients have
evidence of ongoing CMV replication in GALT.

The most direct effect of HIV infection on GALT is deple-
tion of CD4� T cells (11, 48, 62), particularly CXCR4�/
CCR5� memory cells and those expressing ���7 integrin.
Among the chronically infected individuals studied here, only
two had CD4�/CD8� T-cell ratios of greater than 0.5 in
GALT. One of these patients reported high compliance on
combination antiretroviral therapy, with complete suppression
of plasma viremia. These findings warrant further investigation
and suggest that GALT CD4� T cells are relatively well main-
tained (or restored) in patients with suppressed viremia due to
combination therapy (37). It will also be of interest to study
GALT T-cell populations in long-term nonprogressors.

In most patients, the extents of CD4� T-cell depletion in
blood and GALT were similar. Rhesus macaques infected with
SIVmac undergo profound depletion of GALT CD4� T cells
within 2 weeks of infection, during which time peripheral blood
CD4� T-cell counts remain relatively stable (63, 65). However,
little is known about the kinetics of CD4� T-cell depletion in
human GALT; thus, our findings may be more typical of
chronic HIV infection. Other significant effects of HIV infec-
tion on GALT T cells include decreased expression of ���7

FIG. 6. Antigen-specific CD8� T cells express lymphocyte trafficking markers. (A) Expression of CCR5 by HIV Gag (left)- and CMV
(right)-specific CD8� T cells in blood and GALT of patient G04. (B) Expression of ���7 integrin by HIV Gag (left)- and CMV (right)-specific
CD8� T cells in blood and GALT of patient G25. (C) Expression of ���7 integrin by CMV-specific CD8� T cells in blood and GALT of patient
G05.
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integrin by CD8� T cells. Although antigen-specific CD8� T
cells remained capable of localizing to GALT in the patients
studied, decreased expression of �4�7 integrin by blood CD8�

T cells, coupled with decreased expression of ���7 integrin
within GALT, might be predicted to reduce the efficiency of
mucosal antigen-specific T-cell responses over time. In this
regard, it will be of interest to determine whether decreased
expression of �7 integrins correlates with disease progression.

These findings demonstrate the feasibility of using rectal
biopsy tissue to study immune responses to HIV and other
pathogens in humans. Much work remains to fully characterize
the mechanisms of induction, trafficking patterns, and effector
pathways utilized by mucosal CD8� T cells. Although MHC
class I tetramers provide a rapid, quantitative assessment of
CD8� T-cell frequency, their use remains limited to a short list
of immunodominant epitopes. Recent studies suggest that the
overall HIV-specific CD8� T-cell response is not adequately
predicted by the response to a single epitope (5). Accordingly,
it will be important to extend these studies to other epitopes,
using methods such as cytokine flow cytometry and ELISpot, in
order to provide a more complete picture of mucosal immunity
to HIV. Because lymphoid tissues harbor a majority of the
body’s lymphocytes, including CD4� T cells, which are highly
susceptible to HIV infection, additional studies of GALT and
other mucosal sites will be of great relevance to our under-
standing of viral pathogenesis.
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