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The objective of this study was to determine the effects of primary simian immunodeficiency virus (SIV)
infection on the prevalence and phenotype of progenitor cells present in the gastrointestinal epithelia of
SIV-infected rhesus macaques, a primate model for human immunodeficiency virus pathogenesis. The gastro-
intestinal epithelium was residence to progenitor cells expressing CD34 antigen, a subset of which also
coexpressed Thy-1 and c-kit receptors, suggesting that the CD341 population in the intestine comprised a
subpopulation of primitive precursors. Following experimental SIVmac251 infection, an early increase in the
proportions of CD341 Thy-11 and CD341 c-kit1 progenitor cells was observed in the gastrointestinal epithe-
lium. In contrast, the proportion of CD341 cells in the thymus declined during primary SIV infection, which
was characterized by a decrease in the frequency of CD341 Thy-11 progenitor cells. A severe depletion in the
frequency of CD4-committed CD341 progenitors was observed in the gastrointestinal epithelium 2 weeks after
SIV infection which persisted even 4 weeks after infection. A coincident increase in the frequency of CD8-
committed CD341 progenitor cells was observed during primary SIV infection. These results indicate that in
contrast to the primary lymphoid organs such as the thymus, the gastrointestinal epithelium may be an early
extrathymic site for the increased prevalence of both primitive and committed CD341 progenitor cells. The
gastrointestinal epithelium may potentially play an important role in maintaining T-cell homeostasis in the
intestinal mucosa during primary SIV infection.

Human immunodeficiency virus (HIV) infection has been
demonstrated to cause a progressive loss in the frequency of
hematopoietic progenitors in the bone marrow, thymus, and
peripheral blood of HIV-seropositive individuals (2, 14, 15, 16,
23, 26, 29, 32, 48, 56, 57). Recent studies with the murine
model have demonstrated that gastrointestinal epithelium can
function as an extrathymic site for T-cell differentiation and
maturation (41, 42). There is no information available, how-
ever, on the effects of HIV infection on T-cell maturation or
differentiation and progenitor cell frequency in intestinal epi-
thelium. The intestinal epithelium, like the thymic epithelium,
has been shown to be capable of supporting T-cell differenti-
ation and maturation (36) and also of carrying out negative
and positive selection of T cells (42). Since gastrointestinal
lymphoid tissue harbors more than 90% of the total lympho-
cytes in the body, a high level of T-cell turnover may occur at
this site. The development and maturation of T cells from
tissue progenitors that might have migrated into the gastroin-
testinal epithelium may be one of the mechanisms for main-
taining T-cell homeostasis at these sites. Progenitor cells ca-
pable of generating mature T cells have been isolated from
cryptopatches of the mouse intestinal epithelium (45). Murine
intestinal epithelial cells were shown to secrete the c-kit ligand
called stem cell factor (SCF), which supports T-cell differen-
tiation (7, 9). Since HIV infection can cause severe CD41

T-cell depletion, lymphopoiesis in the gastrointestinal epithe-

lium may be involved in maintaining T-cell homeostasis. No
information is available on the effects of HIV infection on
lymphopoiesis in the intestinal epithelium. These studies have
been limited by the inability to obtain sufficient amounts of
intestinal tissue samples in early stages of HIV infection.

Simian immunodeficiency virus (SIV)-infected rhesus ma-
caques provide a suitable animal model to determine the effect
of HIV infection on the lymphopoietic potential of the gastro-
intestinal epithelium. Our previous studies have demonstrated
that intestinal lymphoid tissue is an early target organ for SIV
(20, 21, 34, 49). Severe depletion of CD41 T cells coinciding
with an increase in CD81 T cells was detected in both intes-
tinal intraepithelial lymphocytes and lamina propria during
primary SIV infection (34, 46). The early depletion of intesti-
nal CD41 T cells was characterized by an attempt to maintain
homeostasis by constantly replenishing the depleted T-cell
pool, as was evidenced by the fact that there was an increase in
CD81 T cells following infection (34, 51). The intestinal epi-
thelium may play an important role in this process. The po-
tential of the immune system to generate T cells to maintain
T-cell homeostasis during the course of HIV infection has
been demonstrated (1, 33). One of the mechanisms may in-
volve differentiation and maturation from T-cell precursors at
thymic and extrathymic sites such as the gastrointestinal epi-
thelium.

Based on the above-described findings, we hypothesized that
the gastrointestinal epithelium may be an active site for the
prevalence of progenitor cells and that HIV infection leads to
an alteration in the phenotypic profile of these progenitor cells
present in the gastrointestinal epithelium. We used SIV-in-
fected rhesus macaques to enumerate and characterize the
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phenotype and frequency of CD341 progenitor cells in the
gastrointestinal epithelium and to determine whether SIV-
mac251 infection has an effect on the phenotype and frequency
of these CD341 progenitor cells.

Viral loads in intestinal tissue during primary SIV infection.
Our previous studies have demonstrated that lymphocytes lo-
cated in the gastrointestinal epithelium were infected with SIV
early during the course of SIV infection, which resulted in
severe changes in their phenotypic and functional profiles (34).
Higher numbers of SIV-positive cells were detected during the
primary acute and terminal stages than during the asymptom-
atic stage of SIV infection. These infected cells were strongly
positive for SIV nucleic acids, indicating that they may support
active viral replication (34, 46). The viral burden in intestinal
tissue samples was measured by the branched DNA signal
amplification assay as previously described by Pachl et al. (40)
and Harris et al. (19). High copy numbers of SIVmac251 RNA
were detected in intestinal tissue samples during primary SIV
infection between 1 and 2 weeks postinfection (p.i.). At 2
weeks p.i., the SIV RNA copy numbers in jejunum and colon
tissues ranged from 423,000 to 596,000 and 410,000 to 674,000
per 25 mg of tissue, respectively. The viral burden steadily
increased, and by 4 weeks p.i., copy numbers ranged from
1,717,000 to 21,997,000 and 1,095,000 to 2,230,000 per 25 mg of
tissue in jejunum and colon tissues, respectively. The high viral
loads, accompanied by severe CD41 T-cell depletion during
early SIV infection, may have a significant impact on the ho-
meostatic mechanisms that operate in this extensive and se-
verely affected lymphoid compartment.

Unlike in the thymus, the frequency of CD341 progenitors
did not decline in the gastrointestinal epithelium during pri-
mary SIV infection. The frequency of CD341 progenitors was
determined by flow cytometry, using freshly isolated mononu-
clear cells from jejunum and colon epithelium and thymus
tissue and peripheral blood from rhesus macaques (n 5 4) 1 to
4 weeks after SIV infection. The cell isolation procedures and
flow cytometric analysis were performed as previously de-
scribed (34, 46). The frequencies of CD341 progenitors in the
intestinal epithelia of SIV-infected animals were compared
with those of uninfected control animals. A minor proportion
of mononuclear cells within the jejunum and colon epithelia of
uninfected rhesus macaques expressed the CD34 antigen,
whereas the thymus tissues was found to contain a higher
proportion of CD341 progenitors (Fig. 1a). The frequency of
CD341 progenitors in the colon epithelium increased at 1 to 2
weeks following SIV infection (Fig. 1a) but returned to prein-
fection levels at 4 weeks p.i. The percentages of CD341 cells in
the jejunal epithelium did not show any decline and remained
similar to the preinfection values during primary SIV infection
(Fig. 1a). The CD34 antigen has been shown to be expressed by
a minor population of mononuclear cells in the bone marrow
which exhibit multilineage progenitor cell activity in vitro (10,
11, 50). Previous studies have shown that the CD341 bone
marrow cells were enriched for primitive hematopoietic stem
cells and may reconstitute long-term multilineage hematopoi-
esis in nonhuman primates (5, 6). In the murine model, pro-
genitor cells were found to be present within the crypts found
at the base of the villus epithelium (45). Further, gastrointes-

FIG. 1. Alterations in the prevalence of CD341 progenitor cells in the gastrointestinal epithelium during primary SIV infection. Freshly isolated mononuclear cells
from the jejunum and colon epithelium and thymus tissues of uninfected control and SIV-infected rhesus macaques at 1 to 2 weeks and 4 weeks p.i. were stained with
CD34 and CDw90 (Thy-1) or CD117 (c-kit receptor) and analyzed by flow cytometry. Negative-control samples were stained with matched-isotype control antibodies.
The frequencies of CD341 (a), CD341 Thy-11 (b), and CD341 c-kit1 (c) cells were determined as percentages of gated mononuclear cells.
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tinal intraepithelial lymphocytes from humans (30) and mice
(17) have been shown to express RAG-1 (recombination acti-
vation gene 1), suggesting that the intestinal epithelium may
support extrathymic T-cell differentiation and maturation. It is
difficult to determine at this point why the increase in CD341

progenitors was more prominent only in the colon epithelium.
It may be possible that the unique microenvironments of the
jejunum and colon may play a role in this process and may
contribute to the differences observed in the prevalence of
CD341 cells following SIV infection.

In contrast to the gastrointestinal epithelium, an early de-
pletion of CD341 cells was observed in the thymus during
primary SIV infection (Fig. 2). The frequency of CD341 cells
in the thymus was found to decline at 1 to 2 weeks p.i. com-
pared to that of uninfected control animals (Fig. 1a). At 4
weeks p.i., the frequency of CD341 cells returned to preinfec-
tion levels, indicating that CD341 progenitors were repopulat-
ing the thymus later in SIV infection. Peripheral blood was
found to contain only a minor proportion (less than 1%) of
CD341 progenitors in uninfected control animals. There was
no significant change in the frequency of CD341 progenitor
cells in peripheral blood following SIV infection. Wykr-
zykowska et al. (55) have shown that the frequency of CD341

progenitors in the thymus decreased early in SIV infection,
followed by regeneration at 7 to 8 weeks p.i. Numerous studies
have demonstrated that HIV-1 and SIV infections lead to a
loss of thymocytes. This may be attributed to either direct virus
infection or the inhibition of thymocyte maturation due to
changes in the thymic microenvironment having an adverse
effect on lymphopoiesis (3, 27, 37, 38, 44, 47). Our findings
seemed to indicate that viral infection had contrasting effects
on the thymus and the gastrointestinal epithelium during pri-

mary SIV infection. It is difficult to explain the opposite
changes observed between the gastrointestinal epithelium and
the thymus. Since there was no major change observed in
CD341 cells in the blood, cell trafficking may play only a minor
role in this process. Though the essential role of the thymus in
development of the immune system is beyond doubt, the role
of the thymus in maintenance of the adult immune system is
hard to define. It is possible that in adults the gastrointestinal
epithelium may be another potential site for maintaining T-cell
homeostasis during primary HIV and SIV infection.

The prevalence of primitive CD341 progenitors expressing
Thy-1 and the c-kit receptor increased in the gastrointestinal
epithelium during primary SIV infection. The frequencies of
CD341 Thy-11 progenitors were determined by flow cytom-
etry, using freshly isolated mononuclear cells from jejunum
and colon epithelium and with thymus tissue and peripheral
blood from rhesus macaques (n 5 4) at 1 to 4 weeks after SIV
infection and compared to those from uninfected controls (Fig.
1b). A subpopulation of CD341 cells in the gastrointestinal
epithelium of uninfected control animals was found to express
Thy-1, indicating that a subset of CD341 progenitor cells in the
intestinal epithelium consisted of primitive precursor cells.
Studies have shown that the most primitive progenitor subsets
of human bone marrow CD341 cells were characterized by the
expression of Thy-1 (4, 12, 18, 39). Further, these studies have
demonstrated that Thy-1 antigen was expressed by a popula-
tion of CD34high, CD45RAlow, and HLA-DRlow cells and that
this population of cells was found to harbor high-proliferative-
potential hematopoietic precursor cells and long-term-culture-
initiating cells. Murray et al. (39) have demonstrated that the
CD341 Thy-11 subset of peripheral blood stem cells is en-
riched for primitive stem cells. The frequencies of CD341

FIG. 2. Flow cytometric analysis of mononuclear cells expressing CD34 and Thy-1 during primary SIV infection. Freshly isolated mononuclear cells from the colon
epithelium and thymuses of uninfected and SIV-infected rhesus macaques at 2 and 4 weeks p.i. were stained for CD34 and CDw90 (Thy-1) antigens and analyzed by
flow cytometry. Negative-control samples were stained with matched-isotype control antibodies. FITC, fluorescein isothiocyanate; PE, phycoerythrin.
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Thy-11 progenitors increased in both jejunum and colon epi-
thelium at 1 and 2 weeks p.i. relative to those of uninfected
controls (Fig. 1b) but returned to preinfection levels at 4 weeks
p.i. In contrast to the case in the gastrointestinal epithelium,
the frequency of CD341 Thy-11 progenitors in the thymus
declined at 1 (n 5 2) and 2 (n 5 2) weeks p.i. and then
increased to preinfection levels at 4 (n 5 2) weeks p.i. (Fig. 2),
suggesting that regeneration of CD341 cells in the thymus was
characterized by an increase in the frequency of CD341

Thy-11 progenitors. No significant differences in the levels of
Thy-1 expression in intestinal epithelium and thymus tissues
were observed between SIV-infected animals and control an-
imals.

The primitive CD341 progenitor cells have been shown to
be enriched for the c-kit receptor. We determined the frequen-
cies of CD341 c-kit1 progenitors in freshly isolated mononu-
clear cells from jejunum and colon epithelium and in thymus
and peripheral blood of rhesus macaques at 1 to 4 weeks after
SIV infection and compared them with those of uninfected
controls (Fig. 1c). The frequency of CD341 c-kit1 cells was
found to increase in the colon epithelium at 1 and 2 weeks p.i.
but returned to preinfection levels at 4 weeks p.i. No decline
was evident in the frequency of CD341 c-kit1 cells within the
jejunum epithelium relative to uninfected controls during pri-
mary SIV infection. Thymus was found to contain only a minor
proportion of CD341 c-kit1 progenitors (;1 to ;2%), which
increased to ;6 to ;8% at 2 weeks p.i. and then returned to
uninfected control levels at 4 weeks p.i. The c-kit receptor
(CD117) is a tyrosine kinase-containing receptor that binds to
SCF. Puddington et al. (43) have reported that the interactions
between murine SCF and the c-kit receptor may play an im-
portant role in maintaining homeostasis in the gastrointestinal
mucosa. Kanamori et al. (24) have identified tiny clusters of
cells in the murine intestinal crypts. A large proportion of
these cells expressed c-kit, the interleukin-7 receptor, Thy-1,
and lymphocyte function-associated antigen 1 and were CD32,
T-cell receptor ab and gd negative, soluble immunoglobulin M
negative, and B2202, indicating that the crypts may be the
extrathymic site where the development of T and/or B progen-
itors takes place and that they may be a source of extrathymic
T cells. Briddell et al. (8) have reported that in humans the
c-kit receptor is expressed on both primitive and more differ-
entiated hematopoietic progenitor cells.

Our results demonstrated that the frequency of CD341

Thy-11 and CD341 c-kit1 primitive precursors in the gastro-
intestinal epithelium increased early in SIV infection. Klimpel
et al. (25) demonstrated that the production of SCF was en-
hanced in the intestine following Salmonella infection and sug-
gested that intestinal epithelial cells may be the major pro-
ducer of SCF. It is likely that enhanced secretions of SCF may
be observed following SIV infection. Serum SCF levels were
found to be elevated in HIV-infected patients (31). As SCF has
been shown to increase the colony-forming potential of hema-
topoietic progenitors obtained from HIV-infected individuals
(35, 52), secreted SCF may play an important role in the
differentiation of progenitor cells expressing the c-kit receptor
and thereby contributing to the maintenance of homeostasis in
the intestinal immune system. The role of cell trafficking in
increasing the prevalence of CD341 cells in the gastrointesti-
nal epithelium cannot be completely ruled out. However, as
there were no major changes in the frequency of CD341 cells
in peripheral blood during early infection, cell traffic may play
only a minor role in this process. On the other hand viral
infection may play a role in increasing the frequency of these
subpopulations of precursor cells in the gastrointestinal epi-
thelium. Hillyer et al. (22) have shown that the percentage of

bone marrow CD341 progenitors increased during primary
SIV infection. Our data show that changes in the CD341

progenitor cell percentages in intestine are similar to those
observed in bone marrow during primary infection.

CD341 progenitors coexpressing CD4 undergo a dramatic
depletion in the gastrointestinal epithelium during primary
SIV infection. A heterogeneous population of committed pro-
genitor cells positive for CD4 antigen was detected in the
gastrointestinal epithelium. We determined the effect of pri-
mary SIV infection on the frequency of CD341 CD41 cells. In
uninfected control samples, the frequency of CD34 gated cells
expressing CD4 antigen was found to be about 15 to 16% in the
jejunum epithelium and 13 to 28% in the colon epithelium,
whereas ;28 to ;39% of CD34 gated cells were found to
coexpress CD8 antigen. Following SIV infection, the frequency
of CD341 CD41 precursors was found to decline dramatically
at 1 to 2 weeks p.i. in both jejunum and colon epithelium (;2
to ;5%) and remained low even at 4 weeks p.i. In contrast, the
frequency of CD341 progenitors coexpressing CD8 was found
to increase at 1 to 2 weeks p.i. (;59 to ;79%) relative to
values for uninfected controls and then to decrease to ;48 to
;50% at 4 weeks p.i. These changes in the phenotype and
prevalence of this progenitor cell population following SIV
infection suggest that the progenitor cells may play a major
role in maintaining tissue homeostasis at intestinal lymphoid
sites. Our previous studies have shown that the immunophe-
notypic profiles of IEL and LPL were significantly altered
during primary SIV infection, which was not reflected in pe-
ripheral blood (34, 46). The frequency of the CD31 CD41

single-positive (;0 to ;5%) and CD31 CD41 CD81 double-
positive (;2 to ;5%) T-cell subsets declined in the jejunum
epithelium as early as 2 weeks p.i. compared to the frequency
of CD31 CD41 single-positive (;8 to ;20%) and CD31

CD41 CD81 double-positive (;5 to ;13%) T-cell subsets in
uninfected control animals. A similar decline was observed in
the frequency of CD31 CD41 single-positive (;0 to ;1%)
and CD31 CD41 CD81 double-positive (;2 to ;5%) T-cell
subsets in the colon epithelia compared to the frequency of
CD31 CD41 single-positive (;3 to ;42%) and CD31 CD41

CD81 double-positive (;8 to ;17%) T-cell subsets in the
colon epithelium of uninfected animals. No major changes
were observed in the frequency of CD31 CD41 single-positive
(;54 to ;58%) and CD31 CD41 CD81 double-positive (;1
to ;2%) T cells in the peripheral blood of SIV-infected ani-
mals at 4 weeks p.i. compared to uninfected control animals.
An increase in the proportion of CD31 CD81 T cells coincided
with CD41 T-cell depletion, suggesting that homeostatic
mechanisms may operate in the gastrointestinal epithelium to
maintain T-cell numbers, as previously reported (34). The fre-
quency of CD31 CD81 T cells increased from ;39 to ;75% in
both the jejunum and the colon of uninfected control animals
to .77% at 2 weeks p.i. It is possible that the selective increase
in the frequencies of various primitive and committed subsets
of progenitors coinciding with the dramatic changes observed
in the gastrointestinal epithelium early in infection may be a
mechanism for maintaining T-cell homeostasis in the gastro-
intestinal epithelium. Our results were found to support this
hypothesis. Following SIV infection, the severe depletion may
be the frequency of CD341 cells coexpressing CD4 antigen was
found to coincide with the severe depletion of CD41 T cells.
The levels of CD41 T cells remained low throughout infection,
suggesting that the depletion of progenitor CD341 CD41 cells
may be a factor contributing to the failure of replenishment of
CD41 T cells in the intestinal epithelium. In mice, pluripotent
hematopoietic stem cells and T-cell lineage precursors have
been shown to express CD4 (53, 54). Low levels of CD4 anti-
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gen were shown to be expressed on subsets of human CD341

cells (28), and a majority of the CD341 CD41 cells isolated
from human peripheral blood was found to express the fusin
receptor (13), indicating that these cells are susceptible to HIV
infection. On the other hand, the increased frequency of
CD341 cells coexpressing CD8 antigen during primary SIV
infection may be one of the mechanisms for the increased
prevalence of CD81 cells in the intestinal epithelium. The
majority of the CD341 progenitor cells in the thymus were
found to coexpress both CD4 and CD8 antigens prior to and
after SIV infection, indicative of their immature phenotype.

In conclusion, our study has drawn attention to the role of
extrathymic sites such as the gastrointestinal epithelium during
primary SIV infection. We observed contrasting changes in the
frequency of progenitor cells during primary SIV infection
which may have significant implications in understanding how
these lymphopoietic sites may contribute to maintenance of
tissue homeostasis during primary HIV and SIV infection.
Taken together our results clearly demonstrate that in contrast
to the thymus, the gastrointestinal epithelium is an early site
for the increased prevalence of CD341 Thy-11 and CD341

c-kit1 progenitor cells during primary SIV infection and may
play an important role in the maintenance of T-cell homeosta-
sis.
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