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Summary: The gastrointestinal tract is the site of early abundant

HIV replication and associated marked CD4+ T-cell depletion. The

aim of this study was to characterize the basis for the increased HIV

replication in this compartment. Isolated mononuclear cells of the

peripheral blood (PBMCs), the intestinal lamina propria (LPMCs),

and purified gut lamina propria CD4+ T-cell subpopulations (LP T

cells) were isolated, phenotypically characterized, and infected in

vitro with 2 different HIV-1 strains. T-cell subpopulations were

analyzed by fluorescence-activated cell sorter. HIV-1 core protein p24

was determined in supernatants after in vitro infection. Furthermore

the effect of T-cell stimulation on the replication of M- and T-tropic

HIV strains was studied. In vitro replication of HIV-1 was signif-

icantly increased in CD69high compared with CD69low CD4+ LP

T cells, while there was no difference between CD1032 and CD103+

CD4+ LP T cells. Experimental stimulation of LPMCs, which mimics

activation by intestinal pathogens frequently present in the bowel of

HIV-infected patients, further dramatically enhances HIV replication

(24.5-fold) compared with nonstimulated LPMCs. M-tropic HIV-1

showed a preferential replication in LPMCs, while T-tropic HIV-1

strain showed a preferential replication in PBMCs. Thus, the elevated

activation state of target cells in the intestine and not the expression

of the homing marker CD103 is directly linked to massive HIV

production.

Key Words: HIV replication, intestinal lymphocytes, CD103, CD69,

T-cell activation, M-tropic HIV-1 strain

(J Acquir Immune Defic Syndr 2005;38:23–30)

Early immunologic and virologic events in lymph nodes and
other lymphoid organs may influence the clinical outcome

of HIV infection.1,2 Studies in the simian immunodeficiency
virus (SIV) model identified a crucial role for the gastroin-
testinal tract during this latent phase of infection.3–6 This
important role of the intestine may reflect that, in contrast to
peripheral blood mononuclear cells (PBMCs), gastrointestinal
lamina propria mononuclear cells (LPMCs) are permissive for
HIV infection without prior stimulation,7 leading to fast CD4+

T-cell depletion accompanied by increased virus replication in
the gastrointestinal mucosa.4,5 Reflecting the differences in
permissivity of target cells in these compartments, no corre-
lation was found in HIV-infected humans between changes in
T-cell subpopulations in the peripheral blood and the intestinal
mucosa.8 Furthermore, CD4 T-cell depletion is more pro-
nounced in the intestinal tract compared with the peripheral
blood.8–10 In rectal biopsies of HIV-infected patients, a 200–
1000 times higher p24 concentration was measured in com-
parison to autologous blood.11 In a further study, we found that
the increased viral replication in the gastrointestinal tract is due
to increased transcription or translation and not to a higher
number of infected cells.12 Recent studies show that lym-
phocytes rather than macrophages are the primary target of
HIV in the gastrointestinal tract.13

Thus, the gastrointestinal tract has been recognized as
a major site of HIV replication and T-cell depletion.14

However, the reasons for these phenomena remain mostly
unclear but likely reflect intrinsic properties of the respective
target cells in that compartment.15 Indeed, LPMCs can be
distinguished from PBMCs, as almost all LPMCs express the
memory marker CD45RO16 and show an increased expression
of activation markers like CD2517 or CD69.18 Additionally
approximately 15% of CD4+ lymphocytes of the intestinal
mucosa express the human mucosal lymphocyte receptor
(HML-1, CD103), which is usually absent on lymphocytes of
the peripheral blood (PBLs).19 CD103 is a aEb7 integrin that is
expressed on mucosal lymphocytes in the process of homing
into the intestinal lamina propria recirculating from lymph
nodes after being primed in the intestinal mucosa.20

HIV replication is tightly coupled to the activation state
of its target cell and preferentially multiplies in memory CD4
T cells.21,22 It has recently become clear that changes in the
activation state can significantly alter the ability of T cells to
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propagate HIV.23 Thus HIV/SIV may better replicate in LPMCs
due to their increased activation status, thereby increasing
virus burden and causing accelerated CD4+ T-cell depletion in
the intestinal mucosa. Recently it was reported that M-tropic in
contrast to T-tropic HIV strains are effectively transported
through the epithelial layer of the mucosa.24 The higher cyto-
pathogenicity of CCR5 using HIV strains25,26 in the setting of
immune activation and the observed higher replication rates of
M-tropic primary isolates from AIDS progressors in compar-
ison to isolates from long-term-survivors27 results from the
early and complete loss of intestinal CD4 T cells in the intes-
tinal mucosa observed in HIV-infected humans.

The major aim of this study was to identify mucosal T-
cell subpopulations that are the main producers of HIV in the
intestinal tract. Furthermore, we analyzed the effect of stimu-
lation on HIV replication in CD4+ LPMCs, as the altered muco-
sal barrier and frequent intestinal infections with a diverse
number of pathogens that are observed in HIV-infected patients
may further activate mucosal T cells.11,28,29 We also studied
whether there is a difference between M- and T-tropic HIV-1
replication in LPMCs compared with autologous PMBCs.

METHODS

Isolation of LPMCs
Human colonic specimens were provided by the

Department of Surgery (University of Saarland, Germany)
in agreement with the local ethics commission. Mucosa spec-
imens were taken from 29 patients admitted for hemicolectomy.
The mucosa used for cell isolation was macroscopically normal
and was dissected with a distance of at least 5 cm from
malignant tissue or otherwise suspect areas. All patients tested
negative for HIV-1. LPMCs were isolated by the previously
described d,1-Dithiothreitol-EDTA-collagenase method.30

Viability of the cells was determined by trypan blue dye ex-
clusion and was .90%.

Isolation of PBMCs
Autologous PBMCs were isolated from venous hepa-

rinized blood obtained from patients 1 day after surgery.Mono-
nuclear cells were separated from other cellular elements by
layering on a Ficoll density gradient. PBMCs were counted by
trypan blue dye exclusion. Viability was .97%.

Immunomagnetic Depletion of CD8+ LPMCs
and PBMCs

CD8+ cells were depleted shortly before in vitro infection,
before cell sorting or after stimulation using Dynabeads M-450
CD8 (Dynal A.S., Oslo, Norway) according to the manu-
facturers’ protocol. The efficiency of CD8+ mononuclear cell
depletion was .98% as assessed by flow cytometric analysis.

Phenotypic Characterization by
Flow Cytometry

Triple color staining of cells was performed using
fluorescein isothiocyanate (FITC)-, phycoerythrin (PE)-, and
phycoerythrin-cy5 (PECy5)-conjugated, mouse antihuman
monoclonal antibodies to the surface antigens CD4 (clone
MT310, Coulter Immunotech, Marseille, France), CD8 (clone

DK25, Dako, Hamburg, Germany), CD25 (clone ACT-1,
Dako), CD45RO (clone UCHL1, Dako), CD3 (UCHT 1, Coulter
Immunotech), CD69 (clone TP 1.55.3, Coulter Immunotech),
CD103 (clone 2G5, Coulter Immunotech), CXCR4 (clone
12G5, R&D Systems, Wiesbaden, Germany), and CCR5 (clone
45531.1, R&D Systems). Staining was performed as pre-
viously described.5

Stimulation of PBMCs and LPMCs
An unusual characteristic of LPMCs is their low

proliferative response to mitogens and to stimuli of the CD3
pathway, both of which represent potent stimuli for PBMCs.31

However, stimulation of LPMCs via the accessory signaling
pathway by ligation of the CD2 receptor with anti-CD2 pro-
duces proliferative responses that are similar or slightly
reduced compared with similar stimulation of autologous
PBMCs.32,33 Therefore, for PBMC anti-CD3 plus anti-CD28
and for LPMCs anti-CD2 plus anti-CD28 stimulation, protocols
were chosen to achieve a comparable state of proliferation and
cytokine responsiveness.34

PBMCs were stimulated with anti-CD3 (Immunotech,
Marseille, France) and anti-CD28 antibodies (Ancell, Bayport,
MN). LPMCs were stimulated as previously described with 2
anti-CD2 antibodies and anti-CD28,34 respectively. The anti-
CD3 and anti-CD28 antibodies were used at a concentration of
1mg/mL. The anti-CD2 antibodies M1 and M2, a kind gift by
Prof. Dr. Meuer, were used at a concentration of 0.1 mg/mL.
The anti-CD3 antibody was immobilized on the plate at least 3
hours before incubation with the cell suspension. Anti-CD28
was given into 24-well plates (Greiner Labortechnik, Frick-
enhausen, Germany) shortly before the cell suspension was
added. The antibody-cell suspension was mixed thoroughly
before incubation. Cells were cultured for 48 hours in
a humidifier at 37�C and 5% CO2.

Isolation of CD69high and CD69low CD4+

LP T Cells, Respectively
CD69high and CD69low LP T cells were isolated using

a fluorescence-activated cell sorter (FACS-Vantage; Becton
Dickinson, Mountain View, CA). After CD8+ T-cell depletion,
cells were stained with anti-CD69 PE, anti-CD8 FITC, and
anti-CD3 PECy5 antibodies. Mononuclear cells were elec-
tronically gated by forwards/sidewards scatter (FSC/SSC), and
T cells were identified by the expression of CD3. Only CD3+

T lymphocytes negative for CD8 were considered CD4+ T
lymphocytes. CD69high and CD69low LP T cells were separated
by setting sort gates around the desired cell populations.
Approximately 1 log phase of CD69 PE fluorescence intensity
was chosen between CD69high and CD69low LP T cells.
Separated cells were taken into culture overnight to allow
detachment of the anti-CD3 and anti-CD69 antibodies. A
small proportion of isolated cells were again checked for
CD69 and CD4 expression. Cells were held in complete
medium until in vitro infection or FACS analysis.

Isolation of CD103+ and CD1032 CD4+

LP T Cells, Respectively
After CD8+ T-cell depletion, CD4+ CD103+ LPLs were

isolated using the Dynal CELLection Pan Mouse IgG Kit
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(Dynal Biotech Inc, North Deerbrook, WI) with a mouse
antihuman anti-CD103 FITC conjugated antibody according
to the manufacturer’s protocol. CD4+ CD1032 LP T cells,
which remained in the supernatant after selection of CD4+

CD103+ LP T cells, were also collected for in vitro infection
studies. LP T cells were separated at a purity of at least 96%,
CD4+ CD1032 at a purity of at least 93% as determined by
FACS analysis.

In Vitro Infection
Cells were cultivated in 1640 RPMI medium supple-

mented with 10% fetal calf serum (FCS) and antibiotics at
a concentration of 1 3 106 cells/mL for variable time lengths
in 96-well round-bottom plates (Cellstar, Greiner bio-one,
Frickenhausen, Germany) in a humidified incubator at 37�C
and 5% CO2. Cells were infected with T-cell tropic HIV Lai-2,
kindly provided by Dr. K. Peden (National Institutes of Health,
Bethesda, MD)35 or the monocytotropic primary virus isolate
HIV BaL.36 For infection, cells were incubated with virus
inoculum of 0.001 MOI (multiplicity of infection, as deter-
mined by X4/R5 positive Hela-CD4 indicator cells) per 1 3
106 cells/mL overnight, washed 3 times, and recultured for
various time lengths. Viral replication was evaluated using
a commercially available enzyme-linked immunosorbent assay
(ELISA) against the HIV-1 core protein p24 (Abbott Murex,
Wiesbaden, Germany). Amounts were determined by the prin-
ciples of a capture ELISA according to the manufacturers’
protocol. Uninfected cells cultured under the same conditions
served as negative controls. To exclude the possibility of false-
positive p24 ELISA results due to passively released virus
particles into the culture supernatants, we infected autologous
cells supplemented with 0.1 mg/mL zidovudine at time of
infection and after the washing procedure. Supernatants were
taken at the described time points for HIV p24 antigen
determination and stored at 280�C until quantification.

Quantification of Infectious Particles
in HIV-1 Stocks

To determine and normalize the amount of infectious
particles in the virus stocks used for in vitro infection studies,
we used a CD4, CXCR4, and CCR5 expressing HeLa cells
(Magi-CXCR4, CCR5 entry assay). Determination was per-
formed in triplicate in 3 experiments.

Nested PCR for Detection
of Proviral DNA

Infection was determined by nested polymerase chain
reaction (PCR) as previously described12 using HIV-1gp120
V1V2-specific primers LV 13: (CTT TAG AAT CGC AAA
ACC AGC CG), LV 15: (GCC ACA CAT GCC TGT GTA
CCC ACA) and 2 internal primers SK 123: (TAA TGT ATG
GGA ATT GGC TCA A) and SK 122: (CAAGCC TAA AGC
CAT GTG TA).24,37 To normalize the amount of cells examined
for proviral DNA PCR analysis, we determined GAPDH as
a housekeeping gene using following MM primers TGG TAT
CGT GGA AGG ACT CAT GAC, AGT CCAGTG AGC TTC
CCG TTC AGC with the PCR program previously described.12

Statistical Analysis
Quantitative data were presented as medians and quar-

tiles if not otherwise indicated. Significance was determined
with GraphPad PRISM software (San Diego, CA) using a
2-tailed Mann-Whitney test with a 95% CI, and P values ,
0.05 were considered significant.

RESULTS

Identification of 2 Distinct
CD69-Expressing CD4+ LP T Cells

Virtually all CD4+ LP T cells expressed the early
activation marker CD69. However, 2 CD69 subpopulations
could be clearly distinguished. The majority showed high
expression of the CD69 marker (median 95.9%, range 93.9–
97%). A small proportion of CD4+ LP T cells shows low
CD69 expression (median 3.6%, range 2.1–6.1%) (Fig. 1A).
In the following, these subpopulations will be designated
CD69high and CD69low LP T cells, respectively. CD69high LP T
cells were sorted to a purity of at least 97.7% (Fig. 1C).
CD69low LP T cells were .92.8% free of CD69high LP T cells
(Fig. 1B).

CD69high and CD69low LP T Cells Differ
Also in the Expression of Other Activation
Markers, the Expression of the Memory
Marker, and the Expression
of HIV Coreceptors

To further characterize the phenotype of the separated
CD69high and CD69low LP T cells, we determined the expres-
sion levels of CD25, CD45RO, CD4, CXCR4, and CCR5 on
these subpopulations as fluorescence intensity. The fluores-
cence intensity of CD4 was similar in both subpopulations
(Table 1). However, the fluorescence intensity of CD25,
CD45RO, CXCR4, and CCR5 was higher in the CD4+CD69high

population (Table 1).

HIV-1 Replication Is Higher in CD69high

Compared With CD69low CD4+ LP T Cells
The presence of 2 intestinal T-cell subpopulations

differing in their activation state allowed us to test whether
increased HIV replication in the intestine correlates with the
activation level of the resident target cells. Thus both subpop-
ulations were separately infected with the M-tropic HIV-1
strain BaL. Significantly higher amounts of p24 were found in
the supernatants of CD69high as compared with CD69low CD4+

LP T cells infected with the same HIV-1 strain beginning at
postinfection day 5 (CD69high: 3710, 3370–3980 p24 pg/mL
vs. CD69low: 590, 113–880 p24 pg/mL, P , 0.0023). The
difference in virus production from the 2 subpopulations of LP
T cells was also seen at postinfection days 7 and 9 (CD69high at
postinfection day 7: 3235 pg/mL, 3060–3980 pg/mL vs.
CD69low 780, 0–1300 pg p24/mL, p 0.0023; CD69high at
postinfection day 9: 3520 pg/mL, 3150–3710 pg/mL vs.
CD69low 790, 139–1487 pg p24/mL, P , 0.0023) (Fig. 2A).
PCR analysis of proviral DNA suggests that CD69high and
CD69low LPLs are both permissive to HIV-1 BaL infection
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despite the observed differences in coreceptor surface expres-
sion levels (Fig. 2B).

HIV Replication in CD103+ and CD1032

LP T Cells Is Not Different
The amounts of viral p24 determined in the supernatants

of in vitro infected CD103+ LP T cells and CD1032 LP T cells
in 7 independent experiments showed no significant differ-
ences at any time point after infection (Table 2).

Stimulation Results in an Increase of
Activation Markers in Both LPMCs and PBMCs,
But There Is a Distinct Effect of Stimulation
on the Expression of HIV Coreceptor CCR5
in LPMCs and PBMCs

The effect of T-cell stimulation on the phenotype of
LPMCs and PBMCs was analyzed by determining the mean
fluorescence intensity of the markers CD4, CD25, CD69,

CXCR4, and CCR5 before and after stimulation by FACS
analysis (Table 3).

The CD4 receptor fluorescence intensity increased after
stimulation in PBMCs. A similar phenomenon was observed
in LPMCs. As expected, stimulation of PBMCs led to an
increase in fluorescence intensity of activation markers CD25
and CD69. Stimulation of LPMCs also resulted in a further
increase of CD25. A similar effect was seen for CD69 expres-
sion, where the distinct subpopulation of CD69low LPMCs dis-
appeared after stimulation, resulting in a uniformly CD69high

LPMC population. In PBMCs, the coreceptor for T-tropic HIV-1
strains increased after stimulation. However, the expression of
the coreceptor for M-tropic HIV-strains CCR5 remained low
even after stimulation.

In contrast to PBMCs, LPMCs show no changes of the
T-tropic coreceptor CXCR4 after stimulation. Instead LPMCs
increased the expression of the M-tropic coreceptor CCR5
(P , 0.008; Table 3).

Inverse Replication of M-tropic HIV-1 Strain
BaL and T-Tropic HIV-1 Strain Lai
in Stimulated LPMCs and PBMCs

To compare the effect of stimulation on viral replication
in LPMCs and PBMCs, we infected both cell types after stimu-
lation for 48 hours. Maximal p24 values were reached 7 days
postinfection in PBMCs infected with the T-tropic strain Lai
(145.3 ng/mL, 142.8–177.6 ng/mL) and in LPMCs infected
with the M-tropic strain BaL (152.9 ng/mL, 74–158.8 ng/mL)
(Fig. 3A and B).

T-tropic HIV-1 strain Lai produced higher amounts
of p24 in the supernatants of stimulated PBMCs 7 days post-
infection (145.3 ng/mL, 142.8–177.6 ng/mL) compared with

TABLE 1. Phenotypic Characterization of CD69high and
CD69low CD4+ LP T Cells

Marker

CD69high CD4+ LP T Cells
[Fluorescence Intensity]

Median (Range)

CD69low CD4+ LP T Cells
[Fluorescence Intensity]

Median (Range) P

CD4 59 (56–61) 60 (57–63) NS

CD25 231 (220–239) 25 (23–28) ,0.008

CD45RO 1023 (803–1202) 18 (16–20) ,0.008

CXCR4 888 (789–1083) 18 (16–20) ,0.008

CCR5 170 (154–189) 20 (17–22) ,0.008

Five individual measurements.

FIGURE 1. Flow cytometric analysis of
CD69 expression on CD4+ LP T cells. Cells
were stained with anti-CD4 FITC, anti-
CD3 PECy5, and anti-CD69 PE. A, Two
populations can be discerned by CD69
expression levels in the following, termed
as CD69high and CD69low (3.5%) CD4+ LP
T cells. For separation cells were stained
with anti-CD8 FITC, anti-CD-3 PECy5,
and CD69 PE. The 2 subpopulations were
separated by FACS sorting. All cells were
gated by FSC/SSC lymphocyte gate as
well as CD3 positivity. Dot blots shown are
representative for 6 experiments. B,
Shows the separated CD69low CD4+ LP
T cells (purity: 92.88%). C, Shows the
separated CD69high CD4+ LP T cells (purity:
97.77%).
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PBMCs infected with M-tropic HIV-1 strain BaL (32.6 ng/mL,
15.2–40.14 ng/mL; P , 0.0016) (Fig. 3A).

In contrast, M-tropic HIV-1 strain BaL showed signifi-
cantly higher replication in stimulated LPMCs as compared
with T-tropic strain Lai 7 days postinfection (152.9 ng/mL,

74–158.8 ng/mL vs. 7.5 ng/mL, 6–13 ng/mL; P , 0.008;
Fig. 3B). Thus PBMCs and LPMCs show comparable virus
turnover when stimulated, showing preference for the T-tropic
strain BaL in PBMCs and the M-tropic strain Lai in LPMCs.

Nonstimulated LPMCs and autologous PBMCs infected
under similar conditions served as controls. As expected, no
viral replication was detected in nonstimulated PBMCs after
infection with either of the HIV-1 strains. Analogous to stim-
ulated LPMCs, infection of primary, nonstimulated LPMCs
showed higher replication of M-tropic HIV-1 BaL in com-
parison to T-cell tropic HIV-1 Lai 7 days postinfection (6.2
ng/mL p24, 5.5–7.1 ng/mL p24 HIV-1 BaL vs. 1.4 ng/mL p24,
1–1.77 ng/mL p24 HIV-1 Lai; data not shown). Stimulation of
LPMCs resulted in a 24.5 higher p24 production of HIV-1
BaL as compared with nonstimulated LPMCs at 7 days
postinfection (152.9 ng/mL, 74–158.8 ng/mL, vs. median: 6.2
ng/mL, 5.5–7.1 ng/mL). In contrast, stimulation of LPMCs
led only to a 3.75-fold increase in p24 production after
infection with Lai as compared with nonstimulated LPMCs
(p24 values in stimulated LPMCs 7.5 ng/mL, 6–13 ng/mL, vs.
nonstimulated LPMCs 1.4 ng/mL, 1–1.77 ng/mL p24).

DISCUSSION
The gastrointestinal tract is a major site of lentiviral

replication and destruction of the immune system.5,10 Previous
studies have shown that in contrast to PBMCs, LPMCs are
permissive for HIV infection without prior stimulation.7

However, the reasons for these differences between peripheral
and intestinal mucosal T cells concerning productive HIV
infection are not known. In the search for determinants leading
to the particular HIV replication in this compartment, this
study suggests the elevated activation state of intestinal T cells
as the major prerequisite for preferential HIV replication in
these cells. We demonstrate the presence of 2 distinct
populations of CD69+ CD4+ T cells in the intestine. While
the majority of CD4+ LP T cells express CD69 at high in-
tensity, a minority of CD4+ LPL T cells shows low levels of
CD69 expression. These 2 subpopulations also clearly differ in
the fluorescence intensity of CXCR4, CCR5, CD45RO, and
CD25 as an indication for expression of these markers per cell.
Our subsequent in vitro infection studies show that both sub-
populations are permissive of HIV-1 infection. However, HIV
replication was much higher in the nonstimulated CD4+ CD69high

LP T-cell subpopulation compared with the nonstimulated
CD4+ CD69low LP T-cell subpopulation. These results are in
marked contrast to infection of nonstimulated PBLs that do not

TABLE 2. In vitro Infection of CD103+ and CD1032 CD4+ LP T Cells, Respectively

Time Point
After Infection

p24 in Supernatant
of CD103+ CD4+ LP T Cells
[pg/mL] Median (Range)

p24 in Supernatant
of CD1032 CD4+ LP T Cells
[pg/mL] Median (Range) Significance

3 days PI 4260 (0–6459) 2884 (0–4316) NS

5 days PI 5350 (3782–8190) 5001 (2884–5329) NS

7 days PI 7216 (4294–8100) 5965 (3369–6990) NS

9 days PI 7301 (4295–8640) 7273 (4081–8190) NS

Seven individual measurements, PI, post infection.

FIGURE 2. A, In vitro HIV-1 BaL replication of CD69high and
CD69low CD4+ LP T cells. HIV replication was measured by
HIV-1 core protein p24 antigen ELISA in the supernatants of
cultured cells. There is a higher replication of HIV-1 BaL in CD4+

CD69high (hatched bars) compared with CD69low CD4+ LP
T cells (open bars) as soon as 5 days postinfection, further
increasing 7 days postinfection. Data shown represent 6
experiments. Results are presented as 25th and 75th percen-
tiles (upper and lower mark), quartiles (boxes), andmedian (bold
line). B, PCR analysis of HIV-1 proviral DNA in CD4+ CD69high

and CD4+ CD69low LPLs. As a negative control (neg. contr.)
only buffer solution was used. To normalize the number of cells
in both LPL subpopulations, GAPDH PCR analysis was
performed. The results show a signal in both subpopulations
indicating that both CD69high and CD69low CD4+ LP T cells are
permissive to HIV-1 Infection. The results shown are represen-
tative for 3 experiments.
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support HIV replication. In agreement with these observations,
a T-cell subpopulation with a comparable phenotype was de-
scribed in PBMCs that is permissive for HIV-1 infection and
shows high virus production.21,22 These results demonstrate
that the high levels of HIV-1 replication in intestinal LP lym-
phocytes are caused by intrinsic features of HIV target cells in
the gastrointestinal tract.

Several mechanisms may account for the increased
replication of HIV-1 in the CD69high LP T cells. Based on the
results presented here, we conclude that the intrinsically high
activation state, mirrored by the elevated levels of CD69 and
CD25, is central for the replication of HIV in LP T cells. LP T
cells with a lower state of activation did not efficiently support
viral spread. As shown in our experimental setting, exogenous
stimulation further increased dramatically HIV replication in
LP T cells.

Since both CD4+ LP T-cell subpopulations, CD69high and
CD69low, seem to be permissive to HIV infection, the increased
HIV replication seen in CD69high LP T cells seems to be due to
a scenario of regulation at the transcriptional/translational level
rather than a difference at the virus entry to the cell. However,
we cannot completely rule out that some contaminating
CD69high LP T cells in the sorted CD69low LP T-cell subpopu-
lation may be responsible for the positive signal. As both
signals show similar intensities, this seems to be unlikely.

Given the strict dependence of HIV transcription on the
cellular activation state,37,38 it seems plausible that HIV pro-
duction is enhanced in CD69high LP T cells. This model would
also be consistent with our previous observation that p24
production, but not proviral load, is increased in the intestine
as compared with the periphery in HIV patients.12

The mucosa homing marker CD103 seems not to be
crucial for HIV-1 replication in LP T cells, as no statistically
significant difference in p24 content in supernatants of CD103+

and CD1032 LP T cells was seen in our experiments. Al-
though the expression of this marker is associated with T-cell
activation on PBLs,19 the difference of the activation status
between CD103+CD4+ and CD1032CD4+ LP T cells seems
not to be associated with a difference in HIV replication. One
explanation may be that the experiments in which expression
of CD103 was linked to activation markers were performed
on PBMCs and not in LPMCs. Furthermore, even in PBMCs,
CD103 was not correlated with the expression of CD25.19

In vitro stimulation of PBMCs seems to enhance activation
marker more on CD8+ T cells than on CD4+ T cells.39

FIGURE 3. CD4+ PBMCs (A) and autologous CD4+ LPMCs (B)
were stimulated with anti-CD3-and anti-CD28 antibody
(PBMCs) or anti-CD2 antibodies and anti-CD28 (LPMCs).
CD8+ cells were depleted prior to infection. Cells were infected
with either M-tropic HIV-1 strain BaL (hatched bars) or T-tropic
HIV-1 strain Lai (open bars). Higher replication of T-tropic HIV-1
strain Lai in PBMCs is observed in comparison to infection with
the M-tropic strain (A). LPMCs show better replication of M-
tropic HIV-1 strain BaL in comparison to T-tropic strain Lai 7
days postinfection (B). Results are presented as 25th and 75th
percentiles (upper and lower mark), quartiles (boxes), and
median (bold line).

TABLE 3. Phenotypic Characterization of LPMCs and PBMCs Before and After Stimulation

Marker

LPMCs Nonstimulated
[Fluorescence Intensity]

Median (Range)

LPMCs Stimulated
[Fluorescence Intensity]

Median (Range) P

PBMCs Nonstimulated
[Fluorescence Intensity]

Median (Range)

PBMCs Stimulated
[Fluorescence Intensity]

Median (Range) P

CD4 68 (65–69) 159 (135–174) ,0.016 159 (144–163) 385 (370–398) ,0.008

CD25 135 (130–136) 662 (650–663) ,0.008 18 (13–19) 600 (589–627) ,0.008

CD69 341 (328–353) 1521 (1420–1548) ,0.008 12 (11–14) 371 (362–380) ,0.008

CXCR4 298 (278–310) 241 (204–268) NS 123 (118–132) 237 (228–240) ,0.008

CCR5 40 (39–41) 180 (158–200) ,0.008 4 (3–8) 19 (16–22) ,0.008

Five individual measurements.
LPMCs were stimulated with anti-CD28 and anti-CD2 antibodies; PBLs were stimulated with anti-CD3 and anti-CD28 antibodies.
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Importantly, robust viral spread in LP T cells was
detected only with the M-tropic and not with the T-tropic HIV-
1 strain. This preferential replication of M-tropic HIV-1
strains in intestinal CD4+ lymphocytes does not seem to be
due to increased viral entry mediated by the elevated levels
of CCR5 expression, because p24 intracellular staining
revealed similar amounts of p24 in CCR5 high and low
subpopulations (data not shown). In contrast, the T-tropic
strain Lai replicated more efficiently in PBLs than M-tropic
BaL. Thus, the 2 HIV-1 strains behave differently in intestinal
and peripheral CD4+ T cells. It is tempting to speculate that the
differential coreceptor usage of these HIV variants deter-
mines these characteristics. This would predict that among the
CD69high LP T cells, a sub-population expressing CCR5
levels sufficient for viral entry is the source of massive
virus production. Preferential replication of M-tropic HIV in
LP T cells in vitro is in line with the observation that only
M-tropic HIV strains are transferred through the epithelial
layer of the mucosa.24 Given the higher cytopathogenicity of
CCR5 using HIV strains,25,26 the early and complete loss of
intestinal CD4 T cells in the intestinal mucosa observed in
HIV-infected humans8–10 and in SIV-infected animals4,5 may
be explained in part by the selection of M-tropic virus through
transepithelial transport and the preferential replication of
these virus strains in intestinal CD4+ T cells. Future
experiments with more viral isolates with distinct coreceptor
usage, preferentially including Env recombinant viruses in
isogenic backbones, and infection experiments analyzing
coreceptor-specific subsets of LP T cells will be required to
address these questions.

Taken together our results suggest that the elevated
activation status of LPMCs is the major reason for high and
early virus replication in the intestinal tract. The mucosal HIV
replication may be further enhanced in vivo by the tremendous
amount of bacteria present in the intestinal tract, while this is
not the case in the peripheral blood, which is usually sterile.
Therefore as simulated in our in vitro infection studies, viral
replication may be increased in the intestine by T-cell stim-
ulation through frequently observed intestinal infection in
HIV-infected patients. Moreover HIV-infection itself as well as
opportunistic infections induce mucosal inflammation11 and
barrier dysfunction,28,29 which may further enhance T-cell
stimulation and viral replication.40
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