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It has recently been shown that rapid and profound CD4ⴙ T-cell depletion occurs almost exclusively within
the intestinal tract of simian immunodeficiency virus (SIV)-infected macaques within days of infection. Here
we demonstrate (by three- and four-color flow cytometry) that this depletion is specific to a definable subset
of CD4ⴙ T cells, namely, those having both a highly and/or acutely activated (CD69ⴙ CD38ⴙ HLA-DRⴙ) and
memory (CD45RAⴚ Leu8ⴚ) phenotype. Moreover, we demonstrate that this subset of helper T cells is found
primarily within the intestinal lamina propria. Viral tropism for this particular cell type (which has been
previously suggested by various studies in vitro) could explain why profound CD4ⴙ T-cell depletion occurs in
the intestine and not in peripheral lymphoid tissues in early SIV infection. Furthermore, we demonstrate that
an acute loss of this specific subset of activated memory CD4ⴙ T cells may also be detected in peripheral blood
and lymph nodes in early SIV infection. However, since this particular cell type is present in such small
numbers in circulation, its loss does not significantly affect total CD4ⴙ T cell counts. This finding suggests that
SIV and, presumably, human immunodeficiency virus specifically infect, replicate in, and eliminate definable
subsets of CD4ⴙ T cells in vivo.
CD4⫹ T-cell losses in the intestine, we hypothesized that SIV
optimally replicates within CD4⫹ T cells having an activated,
memory immunophenotype, which are present in abundance in
the intestinal tract. In vitro experiments with HIV have demonstrated that peripheral blood CD4⫹ T cells may remain
latently infected with provirus indefinitely. However, appropriate activation of these cells consistently results in productive
viral replication and cell lysis (16, 19). Several other in vitro
studies have confirmed that optimal viral replication occurs
only in CD4⫹ T cells having an activated and/or memory phenotype (8, 10, 11, 31, 33, 36, 47, 49, 52, 58). Moreover, activated
memory CD4⫹ T cells have been shown to express high levels
of CCR5, which is a major coreceptor for both SIV and HIV
(7, 17). Therefore, it was reasonable to hypothesize that the
reason intestinal lamina propria CD4⫹ T cells are eliminated
first is that they are predominantly activated and/or memory
cells. To test this hypothesis, four-color flow cytometry was
performed on lymphocytes isolated from both the intestinal
epithelium and lamina propria of the jejunum, ileum, and
colon and compared to results for lymphocytes from peripheral
and mesenteric lymph nodes, spleen, and blood. Lymphocyte
phenotypes were compared by using a panel of monoclonal
antibodies designed to distinguish naive from memory T cells,
as well as to categorize the expression of an array of markers
associated with cellular activation on well-defined T-cell subsets (Table 1). Since intestinal lamina propria CD4⫹ T cells are
essentially depleted within the first 2 weeks of SIV infection
(24, 48, 53), emphasis was placed on phenotyping percentages
and numbers of intestinal lamina propria CD4⫹ T cells in
uninfected, normal rhesus macaques and in those with very
early SIV infection (up to 2 weeks postinoculation [p.i.]). SIVinfected animals in the early stages of infection were also
compared to those in the terminal stage of disease (AIDS).

Although human immunodeficiency virus (HIV) infection is
generally associated with a prolonged period of clinical latency,
increasing evidence points to the importance of early events
for determining the outcome of HIV infection (25, 34). Unfortunately, early (first month) events in the pathogenesis of
HIV infection are poorly characterized, mainly due to the
difficulty in obtaining appropriate samples from humans with
primary infection. Furthermore, examination of peripheral
lymph nodes and blood provides a limited view of the immunopathologic processes that are occurring in early infection.
For example, it has recently been shown that simian immunodeficiency virus (SIV) infection causes profound loss of CD4⫹
T cells from within the intestinal immune system (which is the
largest immunologic organ in the body) long before any significant T-cell alterations occur in peripheral lymph nodes or
blood (24, 48, 53). Although mounting evidence also implicates
the intestinal tract as a major target organ in early HIV infection (12, 27, 46, 53, 54), it is difficult to adequately examine the
intestinal tracts of humans with early HIV infection. Fortunately, observations of viral loads and distribution of SIV in
lymphoid tissues of acutely infected macaques have been validated as an excellent model of the effects of HIV in human
tissues (38). Moreover, it has been demonstrated that the intestinal T-cell compartments of rhesus macaques are more
similar to those of humans than any other laboratory animal
(55). Thus, characterizing the effects of SIV infection on gutassociated lymphoid tissues in the SIV-rhesus model is highly
relevant to HIV infection in humans.
To explain the increased tissue viral loads and the rapidity of
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TABLE 1. Cell surface marker expression examined on
lymphocytes by four-color flow cytometry
Marker expressed
FL-1

FL-2

FL-3

FL-4

CD45RA
CD45RA
␥␦ TCR
CD20
CD25
CD38
CD38
CD8
CD38
CD4

CD62L
CD62L
CD8
CD2
CD69
HLA-DR
HLA-DR
CD28
CD56
HLA-DR

CD3
CD3
CD3
CD3
CD3
CD3
CD3
CD3
CD3
CD34

CD4
CD8
CD4
CD4
CD4
CD8
CD4
CD4
CD8
CD8

Cell type defined

Naive or memory CD4⫹ T cells
Naive or memory CD8⫹ T cells
␥␦ T cells
B cells, T cells
Activated T cells
Activated MHC II⫹ CD8⫹ T cells
Activated MHC II⫹ CD4⫹ T cells
Costimulatory T cells
NK cells (CD3⫺ CD8⫹ CD56⫹)
Pluripotential stem cells

Examination of T-cell subsets and activation state by flow cytometry. To assess
lymphocyte activation and distinguish naive from memory T cells, a variety of
antibodies against cell surface markers were used in various combinations, based
on current knowledge of T-cell activation and memory (Table 1). Activation
markers included CD69, a cell surface antigen expressed very early in T-cell
activation (59), CD28, a costimulatory molecule important in T-cell activation
and cytokine regulation (6, 15, 26, 28, 51), CD38, a transmembrane glycoprotein
thought to be involved in T-cell signaling, activation, and adhesion (2, 32, 42),
and HLA-DR (a major histocompatibility complex type II [MHC II] molecule),
which is also upregulated on activated lymphocytes. To distinguish naive from
memory CD4⫹ T cells, expression of CD45RA and CD62L (L-selectin) was
examined. Although the concept of naive and memory T cells is continuously
being revised (reviewed by Bell et al. [3]), it is currently thought that CD4⫹ T
lymphocytes that have not previously (or at least not recently) encountered their
T-cell receptor (TCR)-specific antigen express the CD45RA isoform of the
common leukocyte antigen, CD45. Lymphocytes that have previously encountered antigen are known to express the CD45RO isoform (3). Unfortunately,
existing anti-human CD45RO monoclonal antibodies do not cross-react in the
rhesus macaque, and so memory and naive CD4⫹ T lymphocytes are defined in
this report as either CD45RA⫹ (naive) or CD45RA⫺ (memory). Since there is
a transient switching period in which cells may express both isoforms of CD45,
antibodies against CD62L were simultaneously used to help distinguish truly
naive (CD45RA⫹ CD62L⫹) from memory (CD45RA⫺ CD62L⫹/⫺) lymphocytes
in peripheral blood and lymph nodes, using previously described methodology
(40, 43). However, it is important to note that CD62L (a peripheral lymph node
homing receptor) is not usually expressed on intestinal lamina propria lymphocytes (LPL) (4). Since CD62L is shed rapidly upon lymphocyte activation (51),
this may be another reflection of the highly activated state of intestinal LPL.
Although CD62L plays a minor role in trafficking of naive lymphocytes to the
intestinal inductive lymphoid tissues (Peyer’s patches and lymphoid follicles),
other homing molecules (such as ␣4␤7 and ␣E␤7) primarily govern the homing
of lymphocytes to the diffuse effector lymphoid tissues (lamina propria) of the
intestine (9). Therefore, while CD62L is particularly useful in defining resting
naive lymphocytes (CD62L⫹ CD45RA⫹) in peripheral lymphoid tissues, it may
not be as useful in discriminating naive and memory cells in the intestine. For
these reasons, naive and memory CD4⫹ T cells in the intestine were defined
primarily on the basis of CD45RA expression. With this rationale, activated
memory CD4⫹ T cells should be both CD45RA and CD62L negative, regardless
of the tissue examined.
Animals and virus. A total of 39 rhesus macaques were examined in this study.
Of these, 29 were sacrificed by barbiturate overdose, and lymphoid tissues were
harvested at necropsy. An additional 10 animals were followed prospectively,
with sequential intestinal lymphoid tissues collected by biopsy in three of these
animals. Of the 29 animals from which tissues were collected at necropsy, 10
were uninfected controls, 15 were juvenile (1- to 2-year-old) males in the acute
stage of infection, and 4 were adults with terminal AIDS. Of the sacrificed
controls, seven were adult (5- to 20-year-old) females, two were adult males, and
one was a 2-year-old juvenile. The 15 animals in the acute stage of infection were
juveniles infected with equal doses (50 ng of p27) of SIVmac239 or SIVmac251
intravenously. We have previously shown that these two viruses have identical
effects on intestinal lymphocytes (53) and virtually identical courses of disease in
macaques (56). Therefore animals infected with these viruses were grouped
together. Of the 15 acutely infected animals, 5 were sacrificed and examined at
7 days p.i., 4 were sacrificed and examined at 14 days p.i., and an additional 6
animals in groups of two were sacrificed and examined at 3, 21, and 50 days p.i.
Data on the intestinal CD4 depletion from some of the acutely infected animals
have previously been reported (53). The four animals sacrificed in the terminal
stages of infection (AIDS) had been inoculated with similar doses of either
SIVmac239 or SIVmac251 at least 1 year prior to sacrifice.
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MATERIALS AND METHODS

To determine whether age differences could account for the differences observed between the control and uninfected animals, a prospective analysis was
performed on an additional 10 juvenile macaques intravenously infected with
SIVmac251 (50 ng of p27). From these, peripheral blood was examined before
infection and at 7, 14, 21, and 30 days following infection. In addition, sequential
endoscope-guided intestinal pinch biopsies of duodenum and colon were obtained from three of these animals prior to infection and at 7, 14, 21, and 35 days
p.i. to assess longitudinal changes in intestinal lymphocyte subsets.
Isolation of lymphocytes and flow cytometry. Segments of intestine 6 to 8 cm
long from jejunum, ileum, and colon were collected from the 29 animals that
were killed, and lymphocytes were separately isolated from the intestinal epithelium (intraepithelial lymphocytes [IEL]) and lamina propria (LPL) from each
intestinal segment as previously described (53, 55). Sections of jejunum were
consistently taken between 30 and 40 cm distal to the pylorus (proximal jejunum)
to obtain representative LPL and IEL (which comprise the effector arm of the
intestinal immune system) with minimal contamination from organized lymphoid
tissues (the inductive arm of the intestinal immune system). In contrast, cells
obtained from sections of ileum and colon were more likely to contain lymphocytes from both effector sites (LPL and IEL) and inductive sites (Peyer’s patches
and solitary lymphoid follicles), the latter of which contain higher proportions of
naive resting lymphocytes.
Endoscope-guided pinch biopsies from the proximal jejunum and distal colon
were collected from three juvenile macaques at multiple time points. These
biopsies were processed and examined separately, but no attempt was made to
separate IEL from LPL in these samples. Since IEL are essentially all CD8⫹ T
cells, this resulted in slightly lower percentages of CD4⫹ T cells in these samples,
but since CD4⫹ T cells are mostly found in the lamina propria (55), no differences in phenotypes of the CD4⫹ T cells obtained by this method would be
expected. Histologic examinations of adjacent tissues were routinely performed
in all cases to ensure the quality of the samples taken.
Briefly, IEL were isolated from intestinal segments by using EDTA and mechanical agitation, and LPL were isolated from remaining intestinal pieces by
using collagenase. Biopsy specimens were similarly treated with EDTA and
collagenase, but cells derived from these samples were pooled. Lymphocytes
from all regions were enriched by Percoll density gradient centrifugation (55).
Intestinal cell viability was always greater than 90%, as determined by trypan
blue dye exclusion. In all cases, cells were stained the day of sampling and cell
suspensions were kept on ice between each incubation so that no changes in cell
surface expression could occur after the tissues were harvested. Previous studies
have shown that these procedures do not affect the expression of cell surface
markers, including those associated with cell activation (60). Lymphocytes were
also obtained from the spleen and axillary, inguinal, and mesenteric lymph nodes
(from sacrificed animals only) by gently cutting and pressing tissues through
nylon mesh screens. Peripheral blood from all animals was stained by a whole
blood lysis technique as described below.
Cells were stained for four-color flow cytometric analysis using monoclonal
antibodies to the panel of markers listed in Table 1. Cells were stained by
incubating 106 cells from each of the above-described samples with excess
amounts of monoclonal antibodies at 4°C for 30 min, followed by a wash (400 ⫻
g, 7 min) and fixation in 2% paraformaldehyde. Blood was stained by incubating
100 l of whole blood with monoclonal antibodies for 30 min at 4°C, followed by
a 7-min lyse with FACS (fluorescence-activated cell sorting) lysing solution
(Becton Dickinson, San Jose, Calif.). Cells were then washed (400 ⫻ g, 7 min)
and resuspended in 2% paraformaldehyde. All antibodies were directly conjugated to either fluorescein isothiocyanate (FITC), phycoerythrin (PE), peridinin
chlorophyll protein (PerCP), or allophycocyanin (APC) or (for CD3) were biotinylated and stained in a second step with streptavidin 613 (Gibco). Monoclonal
antibodies used were Leu-5b (CD2-PE), Leu-18 (CD45RA-FITC), Leu-8 (Lselectin or CD62L-PE), Leu-16 (CD20-FITC), Leu19 (CD56-PE), Leu-2b (CD8FITC, CD8-PE), anti-HLA-DR-PE, Leu-28 (CD28-PE), Leu3a (CD4-APC),
and anti-interleukin-2 receptor (CD25-FITC), all obtained from Becton Dickinson. OKT4 (CD4-FITC) and OKT10 (CD38-FITC) were obtained from Ortho
Diagnostics (Raritan, N.J.), 5A6.E9 (pan-␥␦ TCR-FITC) was obtained from
Endogen (Woburn, Mass.), QBEND-10 (CD34-biotin) was obtained from Immunotech (Westbrook, Maine), 3B5 (CD8-APC) and BL-Ac/p26 (CD69-PE)
were obtained from Caltag Laboratories (San Francisco, Calif.), and 6G12 (CD3biotin) was kindly provided by J. Wong, Massachusetts General Hospital (22).
Controls consisted of appropriate unstained and irrelevant isotype-stained samples as well as single-color-stained samples to verify the staining specificity of
experimental antibodies. Data were acquired by using a Vantage or FacsCalibur
flow cytometer (Becton Dickinson) and analyzed with Cell Quest software (Becton Dickinson).
Statistical analyses. Differences in percentages and numbers of lymphocytes
were compared between groups of animals at different time points, using a
Student pairwise t test and commercial statistical software (SigmaPlot; SPSS,
Chicago, Ill.).
Immunohistochemistry and quantitative analysis. For determination of numbers of T cells per square millimeter of lamina propria, immunohistochemistry
for CD3 was performed on 6-m-thick sections of paraffin-embedded jejunum
from 4 uninfected and 10 acutely infected macaques as previously described (55).
Diaminobenzidine was used as the chromagen, and slides were lightly counterstained with hematoxylin. Thus, all CD3⫹ cells were dark brown and negative
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cells were light blue. Positive (brown) cells were then counted using an Olympus
Vanox-S microscope interfaced to a Quantimet 570C image analysis system
(Leica, Cambridge, Mass.). First, a detection threshold that would detect all
brown cells and discard blue cells for all sections was determined. Then, a
two-dimensional, irregularly shaped field was carefully drawn around the lamina
propria (from the basal villi to the lamina muscularis [excluding crypts and
solitary lymphoid follicles]), and the total area in square millimeters was determined. The positive cells within this field were then counted using a computer
program designed by one of us to exclude artifacts and distinguish adjacent cells.
The number of CD3⫹ T cells per square millimeter was then determined by
dividing the total positive cells in a particular field by the area in square millimeters of the field in which they were counted. At least five fields (0.5 to 1.0 mm2,
total area) were counted for each section. The mean number of T cells per square
millimeter was determined by averaging all fields counted in each section.

RESULTS
Normal intestinal lamina propria CD4ⴙ T cells have an
activated memory phenotype. As previously described, the proportions of the major intestinal T-cell subsets of normal macaques are similar, if not identical, to those found in humans
(55). Macaque IEL are predominantly CD3⫹ CD8⫹, whereas
LPL consist of approximately equal percentages of CD4⫹ and
CD8⫹ T cells (55). In this study, three- and four-color flow
cytometry of lymphocytes from uninfected adult macaques revealed that the vast majority (mean, 93%) of the CD3⫹ CD4⫹
double-positive (DP) T cells in the lamina propria of the jejunum and to a slightly lesser extent (mean, 78 to 79%) ileum
and colon consistently express high levels of CD69, an early
and reliable marker of lymphocyte activation (59) (Fig. 1; Table 2). In contrast, CD69 expression was significantly lower
(P ⬍ 0.01) on CD3⫹ CD4⫹ cells obtained from peripheral
lymph nodes (mean, 27.2%) and rare (mean, 3.2%) on peripheral blood CD3⫹ CD4⫹ T cells of normal macaques (Fig. 1;
Table 2). Interleukin-2 receptor (CD25) expression was also
consistently and significantly (P ⬍ 0.01) higher on intestinal
lymphocytes than on peripheral lymph nodes, spleen, or blood
(Fig. 1; Table 2). As with CD69, CD25 expression was consistently highest on lamina propria CD4⫹ T cells from the jejunum (mean, 25%; range, 11 to 37%) compared to peripheral
blood (mean, 5.8%; range, 2 to 11%) or lymph nodes (mean,
8.4%; range, 4 to 13%) (Fig. 1; Table 2).

HLA-DR expression was also consistently higher on intestinal lamina propria CD4⫹ T cells than on peripheral CD4⫹ T
cells in individual animals (Fig. 1; Table 2). However, marked
variation in the expression of HLA-DR was noted between
individual macaques. Although some animals had very high
HLA-DR expression (up to 95% of CD3⫹ CD4⫹ intestinal
lymphocytes), others had very little HLA-DR expression on
CD4⫹ T cells. On average, 48% of lamina propria CD3⫹
CD4⫹ cells expressed HLA-DR, whereas 26% of axillary
lymph node and 19% of peripheral blood CD3⫹ CD4⫹ T cells
were HLA-DR⫹ (Fig. 1; Table 2). However, the wide variation
in HLA-DR expression between individuals resulted in no
statistically significant differences between tissues.
Intestinal lamina propria CD4⫹ T cells from uninfected
adult macaques were essentially all memory (CD45RA⫺) cells
(Fig. 2; Table 2). Over 95% of jejunum LPLs and 90% of ileum
and colon LPLs were CD45RA negative, indicating a memory
phenotype. Duodenal CD4⫹ T lymphocytes obtained from uninfected juvenile macaques had slightly higher CD45RA expression (mean, 15%) (Fig. 3). In contrast, 68% (range, 43 to
86%) of the peripheral blood and 50% (range, 36 to 75%) of
peripheral lymph node CD3⫹ CD4⫹ lymphocytes coexpress
CD45RA, indicating that they are naive or resting lymphocytes
(Table 2). Moreover, a large percentage of the CD3⫹ CD4⫹
CD45RA⫹ cells in peripheral tissues were L-selectin⫹, which is
also consistent with naive cells. In contrast, less than 10% of
the intestinal CD3⫹ CD4⫹ T cells (both LPL and IEL) expressed L-selectin (Table 2).
Acute SIV infection specifically results in the elimination of
activated memory CD4ⴙ T lymphocytes. As previously described, intestinal lamina propria CD4⫹ T cells were selectively
and profoundly depleted within 14 days of SIV infection (24,
48, 53). Gating on the remaining CD3⫹ CD4⫹ T cells in the
lamina propria at all stages of SIV infection revealed a dramatic increase in the proportion of naive (CD45RA⫹) CD4⫹ T
cells remaining in the intestinal lamina propria (Fig. 2 and 3).
Although CD45RA expression in the jejunum LPL was consistently low in uninfected animals, a marked increase in the
proportion of the remaining CD3⫹ CD4⫹ T cells after 14 days
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FIG. 1. Comparison of lymphocyte activation (CD69, CD25, CD38, and HLA-DR expression) on CD4⫹ T cells from the intestinal lamina propria (left) to CD4⫹
T cells obtained from the axillary lymph node (LN; center) and blood (right) from an uninfected normal rhesus macaque. Note that essentially all intestinal CD4⫹ T
cells are CD69⫹ HLA-DR⫹ CD38⫹. Plots were generated by gating first through lymphocytes and then through CD4⫹ cells.
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of infection expressed CD45RA (Fig. 2 and 3). This was particularly evident in animals followed prospectively by examining serial intestinal biopsies (Fig. 3). However, since intestinal
CD4⫹ T cells are profoundly depleted after 14 days of infection, the latter time points are usually based on a small number
of cells (often fewer than 100 events per 20,000 collected).
Therefore, it could not be determined whether this proportional increase in naive CD4⫹ T cells was due to recruitment
(or expansion) of small numbers of naive T cells in the intestine, or if they simply represented a preexisting population
which remained after the memory cells were depleted. Moreover, CD4⫹ T cell loss was consistently (yet only slightly) more
profound in the jejunum than in the ileum or colon, which also
correlates with the findings of slightly higher percentages of
memory CD4⫹ T cells in the jejunum. This finding further
supports the hypothesis that a selective depletion of activated
memory CD4⫹ T cells was occurring in the intestinal tract.
A relative increase in CD45RA expression was also detected
in peripheral lymph nodes and blood, despite the absence of
significant changes in overall CD4⫹ T-cell percentages or number. In fact, with gating through CD3⫹ CD4⫹ T cells, a remarkably consistent (11 of 11 animals examined) elimination
of CD45RA⫺ Leu8⫺ (memory) CD4⫹ T cells occurred in
peripheral blood when the same animals were compared at
different time points in early infection (Fig. 4). However, since
the starting percentages of memory CD4⫹ T cells in peripheral
blood are substantially lower than those in the LPL, no significant changes in absolute numbers of CD4⫹ T cells in the
blood were observed during these early time points, as previously described (24, 48, 53). A similar increase in the proportion of naive cells was noted in the lymph nodes in early SIV
infection, indicating that a loss of memory cells occurs in peripheral lymphoid tissues as well (Fig. 5).
Regional variations exist in intestinal lymphocyte compartments. Since samples from the jejunum, ileum, and colon were
processed and analyzed separately, distinct regional differences
in lymphocyte subsets were detected between these regions.
Importantly, lymphocytes from the ileum and colon consistently had slightly (⬍10% difference) higher percentages of
both naive (CD45RA⫹) and resting (CD69⫺ CD25⫺) CD4⫹ T
cells (Table 2). As previously mentioned, these findings are
consistent with the presence of organized lymphoid tissues
(Peyer’s patches and organized lymphoid follicles) which are
more frequent in the ileum and colon than in the jejunum.
While these regional differences were detectable, they were
insignificant compared to the marked differences between LPL
from any region and peripheral lymphocytes. As previously
described, intestinal IEL were predominantly CD3⫹ CD8⫹, yet
some (up to 20%) were CD4⫹ (and usually CD4⫹ CD8⫹ DP),
particularly in samples from the ileum and/or colon. The intestinal epithelium that overlies human Peyer’s patches (follicle-associated epithelium) is known to contain more CD4⫹ T
cells (5), and thus these regional differences in the IEL are
consistent with the presence of Peyer’s patches in the ileum
and colon.
Increased numbers of CD8ⴙ T cells appear in intestinal
tissues following SIV infection. To examine the possibility that
changes in T-cell subsets could be due to recruitment or expansion of other cell subsets, overall percentages of CD3⫹ T
cells within the lymphocyte gate were compared. No significant
differences in the percentages of CD3⫹ T cells were detected
in any of the compartments examined (data not shown). To
quantitate T-cell numbers in the intestinal lamina propria,
immunohistochemistry for CD3 was done on sections of jejunum, and total T-cell numbers per square millimeter were then
determined in the lamina propria of uninfected and acutely
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TABLE 2. Summary of results of three- and four-color immunophenotyping of CD4⫹ T cells in normal macaque tissues

60

VOL. 74, 2000

ELIMINATION OF MEMORY CD4⫹ T CELLS IN SIV INFECTION

61

infected animals. Although there was a trend for an overall
decrease, no significant changes in absolute numbers of CD3⫹
T cells per square millimeter were detected on immunohistochemically stained intestinal sections after early SIV infection
(Fig. 6). To estimate total numbers of CD4⫹ and CD8⫹ T cells
per square millimeter of intestine, the number of total T cells
(as determined by immunohistochemistry and image analysis)
was multiplied by the percentage of T cells that were either
CD4⫹ or CD8⫹ (as determined by electronically gating
through CD3⫹ T cells) for each corresponding jejunal segment. Using this method, we determined that a marked loss in
absolute numbers of CD4⫹ T cells was occurring concurrently
with an increase in numbers of CD8⫹ T cells in the intestinal
lamina propria (Fig. 6).
Other findings. Although ␥␦ T cells represented 5 to 25% of
all IEL in the macaques examined, no significant changes in
percentages or numbers of ␥␦ T cells were detected in response
to SIV infection. Moreover, no significant change in CD20
expression (resting B cells) was detected in early SIV infection
compared to controls. A considerable (yet variable) proportion
of macaque intestinal T cells express both CD4 and CD8 (i.e.,
are DP cells). Since the only other organ that harbors large
numbers of these unique T cells is the thymus, our staining
panel was designed to further characterize these cells. How-

ever, by three- and four-color analysis, DP cells were determined to share most of the phenotypic traits of the singlepositive CD4⫹ T cells in the intestine: they have an activated
(CD69⫹) memory (CD45RA⫺ L-selectin⫺) phenotype and are
also rapidly eliminated in early SIV infection. In fact, both the
speed and the degree of intestinal DP cell depletion was
greater than those of CD4⫹ single-positive T cells (data not
shown). Moreover, these cells lacked CD34 expression (unlike
thymocytes) and expressed CD69 similarly to single-positive
CD4⫹ T cells (data not shown). This finding indicates that
intestinal DP cells are very different from thymus DP cells and
are probably highly activated effector cells rather than immature precursor cells.
Approximately 80% of intestinal lamina propria CD4⫹ T
cells expressed CD38, but these percentages were not significantly different from those of CD4⫹ T cells from the lymph
nodes, spleen, and blood (Table 2). In addition, the vast majority of CD3⫹ CD4⫹ T cells in the intestinal lamina propria
coexpress CD28, which was similar to percentages of CD28
expression by peripheral lymph node and blood CD4⫹ T cells
(Table 2). Interestingly, CD28 expression was lower on jejunum LPL than LPL from the ileum, colon, or peripheral tissues
(Table 2).
DISCUSSION

FIG. 3. Sequential changes in CD45RA expression on duodenal CD4⫹ T
cells in juvenile macaques infected with SIV. Intestinal biopsies were taken from
the same three macaques before infection (day 0) and in the first few weeks after
SIVmac251 infection. Bars represent the proportion of the total remaining
CD4⫹ T cells that express CD45RA. Note that most intestinal CD4⫹ T cells are
memory (CD45RA⫺) cells before infection, whereas increased proportions of
naive (CD45RA⫹) CD4⫹ T cells are detected in the intestine of the same
animals within weeks of SIV infection. Each bar represents the mean of the three
animals examined ⫾ standard deviation.

Combined, these data clearly show that the vast majority of
activated (CD69⫹ HLA-DR⫹ CD38⫹) memory (CD45RA⫺
Leu8⫺) CD3⫹ CD4⫹ T lymphocytes in normal primates reside
within the intestinal mucosa and that it is this specific T-cell
subset that is preferentially eliminated in primary SIV infection. Moreover, the intestinal CD4 depletion is preceded by
infection of large numbers of intestinal lymphocytes in early
SIV infection (20, 53). Combined, these data indicate that the
primary target cell for SIV replication is a T cell positive for
CD2, CD3, CD4, CD69, and CD38 and variably but consistently higher than other CD4⫹ T cells in its expression of
HLA-DR and CD25. In addition, these cells may have slightly
lower expression of CD28. Decreased expression of CD28 has
also been described as a feature of activated CD4⫹ T cells (51).
Combined, the pattern of cell surface molecule expression on
intestinal CD4⫹ T cells is consistent with a high degree of,
and/or recent, cellular activation. Moreover, these cells are
consistently negative for both CD45RA and L-selectin, which
indicates that they have been antigen primed (i.e., are memory
cells). Thus, the target cell for primary SIV infection may be
defined as an activated memory CD4⫹ T cell. Furthermore, we
have shown that loss of this specific subset of CD4⫹ T cells can
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FIG. 2. Flow cytometry dot plots of CD45RA and L-selectin expression on intestinal lamina propria CD3⫹ CD4⫹ T cells from an uninfected macaque (left), a
macaque infected for 14 days (center), and an animal with AIDS (right). Note that the vast majority of intestinal memory (CD45RA⫺) cells are eliminated in early
SIV infection, resulting in an increased proportion of naive (CD45RA⫹) cells remaining. Plots were generated by gating first through lymphocytes and then through
CD3⫹ CD4⫹ DP T cells (four-color flow cytometry).
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consistently be detected in the blood and peripheral lymph
nodes as well as in the intestinal mucosa in the first few weeks
of SIV infection.
Activated mucosal memory T cells are by definition actively
engaged in protecting mucosal surfaces from invasion by
pathogens, as well as in regulating local immune responses to
the large quantities of dietary antigens that are consumed.
These cells are abundant throughout the intestinal tract, which
is the largest immunologic organ of the body (30, 35). The size
of the gastrointestinal tract combined with the high density of
activated memory CD4⫹ T cells in the intestinal lamina propria may make this the most plentiful T-cell subset in the body
of uninfected healthy individuals. By combining flow cytometry
with quantitative assessments of T-cell numbers in the intestine, we have confirmed that SIV infection results in massive
CD4⫹ T-cell loss per unit area of intestinal lamina propria.
This represents an extensive loss of total CD4⫹ T cells in
primary SIV infection since the gut is such a large reservoir of
CD4⫹ T cells. Moreover, as demonstrated in this report, the
intestine is the main reservoir for activated memory CD4⫹ T cells.
Combined, these data strongly suggest that there is a preference for SIV replication and amplification within a specific
subset of CD4⫹ T cells. If primary infection and optimal viral
replication depend on the presence of activated memory CD4⫹

T cells (which are found primarily in the intestine and are
rapidly eliminated), this could contribute to the decline in viral
loads observed following primary infection, as well as the establishment of a viral set point that signals the onset of clinical
latency. A similar in vivo model for HIV infection whereby the
reduction in viral loads in acute infection is hypothesized to be
independent of an HIV-specific immune response has been
proposed (39). If this model is correct, then possibly HIV
replication in clinical latency is limited by the rate of T-cell
production and conversion from naive to memory cells, which
would be very slow in healthy individuals unless there was a
specific stimulus for CD4⫹ T cell proliferation. Establishment
of an opportunistic mucosal infection would provide this stimulus. Indeed, opportunistic infections as well as immune challenge and vaccination have been associated with increased viral
loads in HIV infection (18, 37, 50). Alternatively, the virus
itself may be involved in converting resting CD4⫹ T cells to
appropriately activated memory T cells that promote viral replication. The nef genes of both HIV and SIV have been demonstrated to play a role in T-cell activation and viral replication
in vitro (1, 13, 14, 23, 29, 57) and, for SIV, in vivo (14, 44). The
biochemical pathways by which nef induces lymphocyte activation have not been completely elucidated, but studies have
shown that nef interacts with a series of cellular partners in-
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FIG. 4. Flow cytometry dot plots demonstrating a selective loss of memory CD4⫹ T cells in the peripheral blood of three macaques with early SIV infection. Each
column shows the data from a single animal (animal numbers are listed above each column) examined before (top) and at 7, 14, and 30 days after SIV infection. Plots
were generated by gating first through lymphocytes and then through CD4⫹ cells (three-color flow cytometry). Note that in each animal, a consistent loss of cells occurs
in the upper left, lower left, and lower right quadrants by 14 days p.i., leaving only naive CD4⫹ (CD45RA⫹ CD62L⫹) T cells by 30 days p.i. (upper right quadrant).
These results were representative of three separate experiments (n ⫽ 11).
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least in primary infection. These data strongly suggest that
inducing an appropriate anti-HIV immune response specifically within mucosal sites may be of paramount importance in
producing an effective HIV vaccine.
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FIG. 5. Flow cytometry dot plots demonstrating a specific loss of memory
CD4⫹ T cells in lymph nodes in early SIV infection. Plots on the left are from
uninfected macaques, and those on the right are from different animals (crosssectional study) infected with SIVmac239 for 21 or 50 days. Plots were generated
by gating first through lymphocytes and then through CD3⫹ CD4⫹ cells (fourcolor flow cytometry). As in the blood, significantly fewer memory (CD45RA⫺)
cells are detected in lymph nodes from animals in early SIV infection than in
those from uninfected animals. Note the decreased proportion of cells in the
upper and lower left quadrants (memory cells) in the infected animals.

cluding CD4, components of the adapter complexes AP-1 and
AP-2, and several protein kinases (41).
Viral dynamics are also clearly influenced by the presence of
virus specific CD8⫹ T cells, as shown by recent CD8⫹ T-cell
depletion studies (21, 45). It is likely that both the depletion of
optimal target cells and the development of SIV-specific immune responses contribute to the decline in viral loads and the
establishment of viral set points in early SIV or HIV infection.
In the future, it will be important to examine viral load, antiSIV-specific CD8⫹ T-cell responses, and CD4⫹ T cells in the
intestinal mucosa to address this issue. It is possible that intestinal CD4⫹ T-cell depletion is a result of direct viral lysis as
well as CTL-mediated cell destruction. Thus, the depletion of
CD8 cells may decrease the rate at which infected CD4⫹ T
cells are lost, which could account for the increased viral loads.
In conclusion, we have defined the major target cell of primary SIV infection as an activated memory CD4⫹ T cell. The
normal intestinal tract contains large numbers of this cell type,
making this the preferred site of SIV and HIV replication, at
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