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Failure of HIV-exposed CD4� T cells to activate dendritic cells is reversed
by restoration of CD40/CD154 interactions
Rui Zhang, Jeffrey D. Lifson, and Claire Chougnet

Because interactions between activated
CD4� T cells and antigen-presenting cells
(APCs) are crucial for optimal APC func-
tion, defective CD4� T-cell activation may
contribute to APC dysregulation in HIV
infection. Here, we show that CD4� T cells
exposed during stimulation to noninfec-
tious HIV having functional envelope gly-
coproteins failed to provide activation
signals to autologous dendritic cells
(DCs). Consequently, important DC func-
tions, including production of immuno-

regulatory cytokines (interleukin-12 p40
and interleukin-10) and up-regulation of
costimulatory molecules (CD86, CD40,
CD83), as well as the capacity to stimu-
late naive allogeneic T cells, were all
adversely affected. The blunted up-
regulation of CD154 in CD4� T cells that
were activated in the presence of nonin-
fectious viruses is likely to be the major
underlying mechanism for these defects.
Addition of recombinant trimeric CD154
could restore production of cytokines by

DCs cocultured with HIV-exposed T cells.
Moreover, the functional defects medi-
ated by coculture with HIV-exposed T
cells were similar to those following anti-
body blockade of CD40-CD154 interac-
tions. HIV-mediated blunted CD154 ex-
pression may thus play an important role
in the suppression of cell-mediated immu-
nity seen in HIV infection. (Blood. 2006;
107:1989-1995)

© 2006 by The American Society of Hematology

Introduction

HIV infection is associated with a gradual loss of immune
competence, leading to an increased susceptibility to infection and
cancer. Although HIV infection is associated with abnormalities in
most compartments of the immune system, defects in cell-mediated
immunity appear to be of the greatest clinical importance. Impaired
antigen-presenting cell (APC) function is thought to be a critical
component of HIV-associated immunodeficiency (reviewed in
Chougnet1 and Donaghy et al2), although the extent of this
impairment remains controversial.3,4 However, the mechanism(s)
underlying these defects have not been clearly delineated. In
particular, it is not well established whether these defects are
directly due to infection of APCs by HIV, or exposure of APCs
to HIV gp120, as suggested by recent papers,5-8 or are a
consequence of dysregulation of CD4� T cells, because interac-
tions between activated CD4� T cells and APCs are crucial for
optimal APC function.

Among the various receptor-ligand pairs important for CD4� T
cell–APC communication, CD40-CD154 interactions are crucial.
CD40, a member of the tumor necrosis factor (TNF)–receptor
superfamily, is constitutively expressed on the surface of APCs,
including B cells, macrophages, and dendritic cells (DCs) (re-
viewed in van Kooten and Banchereau9). CD40 ligand or CD154, a
member of the TNF superfamily, undergoes tightly regulated
inducible expression on the surface of CD4� T cells as a result of
signaling via the T-cell receptor (TCR).9 CD40-CD154 interactions
are critical for the induction and regulation of cell-mediated

immunity, as demonstrated in individuals presenting with genetic
CD154 deficiency (the X-linked hyper-IgM syndrome) along with
a variety of mouse models. In particular, engagement of CD40 on
DCs and macrophages induces profound phenotypic changes and
the production of immune regulatory mediators, as well as
promotes APC survival (reviewed in Chougnet1). Although CD40
engagement is one of several pathways of maturation/activation of
DCs (reviewed in Chougnet1 and Guermonprez et al10), its unique
role is underscored by the inability of TNF-� to rescue DC function
in CD40�/� mice.11 Of note, patients with X-linked hyper-IgM
syndrome also present with a severe impairment of DC matura-
tion,12 along with a range of opportunistic infections similar to that
seen with AIDS.13

The capacity of CD4� T cells to up-regulate CD154 following
stimulation through the TCR becomes progressively impaired in
HIV infection, in parallel with overall immune suppression.14-16

Defective CD40-CD154 interactions could thus play a crucial role
in the APC abnormalities described for HIV-infected donors, which
include decreased levels of CD80 and CD86 expression by lymph
node DCs,17 defective allostimulatory capacity of circulating
DCs,18 and decreased numbers of circulating DCs.19-21 Consistent
with this hypothesis, we and others have shown that providing
exogenous recombinant CD154 increases interleukin 12 (IL-12)
production by peripheral mononuclear cells (PBMCs) from HIV-
infected donors.22-24 In addition, our recent data indicate that levels
of IL-12 p70 production correlate with CD154 expression.16
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Importantly, the CD154 dysregulation described in HIV-infected
donors can also be modeled in vitro, following engagement of the
CD4 receptor by noninfectious viruses having functional envelope
glycoproteins or by native HIV gp120 itself prior to T-cell
activation, as we and others have previously shown.16,25 Our
previous data also suggest that HIV-mediated blunted CD154
up-regulation results from defects in the signaling cascades up-
stream of CD154 promoter activation16 and particularly in defects
in the early events that follow TCR engagement (C.C., unpublished
data, April 2004), which is in agreement with previous studies.26-28

We therefore hypothesize that engagement of the CD4 receptor
by HIV gp120 leads to decreased CD154 expression on TCR-
activated CD4� T cells. This in turn will impair the maturation/
activation of APCs, with consequences for immune responses
dependent on optimal APC function. HIV-mediated blunted CD154
expression on T cells may thus contribute importantly to the
suppression of cell-mediated immunity seen in HIV infection.

Materials and methods

Cell preparation

Monocytic and nonmonocytic populations were separated by elutriation,
starting from leukophoresis products of blood bank donors who were not
infected with HIV and were frozen until use. Approval for the use of
leukapheresis products was obtained from the Institutional Review Board
of the National Institutes of Health Blood Bank. DCs were then differenti-
ated in vitro by culture of monocytes in the presence of granulocyte
macrophage colony-stimulating-factor (GM-CSF) and IL-4 (both 103 U/mL
every 2nd day, for 7 days; PeproTech, Rocky Hill, NJ), leading to a
population of greater than 80% pure immature DCs (defined as CD1a�).
Autologous CD4� T cells were purified from the nonmonocytic population
by negative selection (CD4-negative selection kit; Dynal, Lake Success,
NY). Purified CD4� T cells were greater than 95% pure, as assessed by flow
cytometry analysis. Cytokines exhibited undetectable levels of endotoxin,
as tested by the limulus amebocyte lysate (LAL) assay (� 0.1 ng/�g). Other
reagents (culture medium, serum, etc) were purchased with the specifica-
tion of undetectable endotoxin levels.

T-cell stimulation

Six days after initiation of DC differentiation, purified autologous CD4� T
cells were stimulated for 24 hours with anti-CD3/CD28 beads (Dynal;
2.5 �L/106 T cells) in the presence or absence of Aldrithiol-2–inactivated
HIV-1MN (AT-2 HIV). AT-2 HIV was prepared following well-established
protocols to inactivate the infectivity of retroviruses, with the lack of
residual infectivity after AT-2 treatment confirmed by in vitro culture, as
previously described.29-31 AT-2 HIV was used at the concentration of 1 �g
HIV p24gag equivalent/mL in most experiments.29 The molecular weight of
p24 is approximately one-fifth that of gp120, and the average p24/gp120
molar ratio on HIV-1 virions is approximately 50:1 to 100:1.32 Therefore,
the mass difference will be 10-fold less gp120 than p24; that is, a gp120
concentration of approximately 1 nM was used in most experiments.

To control for possible confounding effects of nonviral, host cell
proteins present even in the highly purified virus preparations tested, we
used microvesicles, which were prepared from uninfected cultures of the
CEM X 174 cell line using the same procedures as those used to prepare
AT-2 HIV.33 Microvesicles were added at a concentration that provided an
equal amount of total protein as AT-2 HIV.

After 24 hours, stimulating beads were removed by magnetic separa-
tion, the CD4� T cells were washed 3 times in RPMI to remove unbound
viruses or nonviral cell proteins, and live cells were counted. In parallel,
some CD4� T cells were cultured for 24 hours without stimulation. To
determine the efficiency of the washing procedures to remove AT-2 HIV
bound to the surface of activated T cells, we treated AT-2 HIV-exposed cells

with trypsin. CD4� T cells obtained from 3 individual subjects prepared as
described (ie, activated for 24 hours with anti-CD3/CD28 in the presence of
1 �g equivp24 AT-2 HIV, then washed 3 times) were treated or not with
trypsin for 5 minutes at room temperature, followed by washes, following
the standard procedure to remove bound viruses.34 Cells were then lysed,
and cell-associated p24 was determined in trypsin-treated versus untreated
cells by enzyme-linked immunosorbent assay (ELISA; Coulter, Miami,
FL). Cell-associated p24 was reduced in trypsin-treated cells by
13.2% � 1.0%, indicating that about 0.13 �g equivp24 AT-2 HIV may still
remain on the surface of T cells after the washing steps.

To evaluate whether engagement of CD4 by other ligands during
activation resulted in effects similar to those observed with AT-2 HIV,
CD4� T cells were incubated for 1 hour at 4°C with Ab against domain 1 of
the CD4 molecule (clone QS4120) or an isotype-matched control Ab
(mouse IgG1); both Ab (Ancell, Bayport, MN) were used at 10 �g/mL. As a
control, CD4� T cells were also left untreated. After several washes to
remove unbound Ab, cells were stimulated with anti-CD3/CD28 beads, as
described for HIV-exposed T cells.

DC/T-cell cocultures

CD4� T cells that had been previously stimulated with anti-CD3/CD28
beads or had been left unstimulated, as described in “T-cell stimulation,”
were mixed with autologous DCs at a ratio of 5:1 (7.5 � 105 T cells and
1.5 � 105 DCs/well). DCs were also cocultured with unstimulated autolo-
gous CD4� T cells, at the same ratio. Cocultures were carried on for 24
hours. As a control, DCs were also cultured alone. In some experiments,
blocking anti-CD154 Ab (clone M91, 10 �g/mL; Immunex, Seattle, WA) or
recombinant trimeric CD154 (0.5-5 �g/mL; Amgen) were added to the
DC/T-cell cocultures. These reagents exhibited undetectable levels of
endotoxin (� 0.1 ng/�g). Of note, we have previously used the appropriate
isotype-matched control Abs for the CD154 Abs from Immunex.22,35 In
particular, human PBMCs stimulated in the presence of such control Abs
exhibited normal production of IL-12.22 Similarly, production of IL-12 p40
by mouse DCs stimulated in a very similar experimental system as the one
used herein (ie, in vitro coculture of mouse DCs with autologous activated
T cells) was not inhibited by the control Ab.35 On the basis of consistent
results for these controls in past experiments, the isotype-matched control
Ab for the anti-CD154 Ab was not included again in the present study.

Determination of DC maturation

After culture, DCs were washed with fluorescence-activated cell sorting
(FACS) buffer (PBS, 10% FCS, 0.01% sodium azide) and incubated with
human IgG (20 �g/mL; Sigma, St Louis, MO) for 10 minutes at 4°C, to
block Fc receptors. They were then stained with labeled Abs that recognize
CD40, CD83, CD86, CD1a, or with isotype-matched control Abs (Ab from
BD PharMingen, Mountain View, CA or eBiosciences, San Diego, CA), for
30 minutes at 4°C. The cells were then washed twice before being fixed in
FACS buffer containing 4% paraformaldehyde. Surface expression was
analyzed using a FACSCalibur and the CellQuest software (Becton
Dickinson, Franklin Lakes, NJ). A minimum of 20 000 CD1a� cells was
analyzed. Mean fluorescence index (MFI) for each parameter was deter-
mined on gated CD1a� cells.

Cytokine production

Production of IL-12 p40 (R&D Systems, Minneapolis, MN; sensitivity,
4 pg/mL), IL-10 (PharMingen; sensitivity, 10 pg/mL), or interferon � (IFN-�;
PharMingen; sensitivity, 10 pg/mL) was measured by ELISA. Undetectable
values were assigned an arbitrary value of half the sensitivity limit, that is 2,
5, and 5 pg/mL for IL-12 p40, IL-10, and IFN-�, respectively.

Allostimulatory capacity of DCs

DCs were cocultured with autologous T cells stimulated with anti-CD3/
CD28 beads in the presence or absence of AT-2 HIV, as described in “T-cell
stimulation.” After 24 hours, the number of DCs in each preparation was
calculated by counting large cells, and equal numbers of DCs were used to
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stimulate allogeneic naive CD4� T cells. To do that, cells (DCs and T cells)
that had been cocultured were irradiated (30 Gy [3000 rad]) and used to
stimulate allogeneic naive T cells. As a control, DCs that had been cultured
alone were also irradiated and similarly used. Allogeneic naive CD4� T
cells had been purified from the T cells of another HIV-uninfected donor by
sorting on size and 4-color staining (CD8�CD19�CD45RA� CD62L�).
Allogeneic T cells were mixed with DCs at several ratios of DCs to
allogeneic T cells (6 � 104 allogeneic T cells/well; triplicate wells/
condition). Baseline activation of allogeneic T cells was determined by
culturing them alone. After 4 days, supernatants were harvested for
measurement of cytokine production (IFN-� and IL-10), and cells were
pulsed overnight with 3H Thymidine (1 �Ci [0.037 MBq]/well) to
determine cell proliferation. Proliferation results are expressed as
simulation indexes, defined as the ratio between the average cpm in
wells containing DCs and T cells and the average cpm in wells
containing T cells alone.

Statistical analysis

Paired t tests were used to determine the difference between in vitro
conditions. Dose-dependence was tested by ANOVA tests. P values less
than .05 were considered as significant.

Results

HIV-exposed activated T cells fail to provide optimal maturation
signals to DCs

We have previously reported that exposure of CD4� T cells to AT-2
HIV affects the level of activation of these cells.16 To assess the
functional consequences of this effect, we determined what type of
signal HIV-exposed CD4� T cells give to autologous DCs, using an
in vitro system of DC/T-cell cocultures. In this experimental
system, CD4� T cells were either stimulated with anti-CD3/CD28
beads alone (“untreated”) or in the presence of AT-2 HIV (“AT-2
HIV-exposed”) or control microvesicles (“vesicle-exposed”). As a
control, unstimulated CD4� T cells (“unstimulated”) were also
used. After 24 hours, T cells were extensively washed and
cocultured with autologous DCs for an additional 24-hour period.
To assess the functional consequences of AT-2 HIV exposure of T
cells, we determined the level of activation of DCs, by measuring
the expression of 3 classic markers of DC activation/maturation
(CD86, CD40, and CD83), as well as the production of immuno-
regulatory cytokines (IL-12 p40 and IL-10) by DCs. As shown in
Figure 1A-B, AT-2 HIV-exposed T cells failed to provide optimal
maturation signal to DCs, as evidenced by a marked inhibition in
the expression of the 3 measured markers of DC activation,
compared with DCs cocultured with untreated T cells (all P � .02,
paired t test). Furthermore, DCs cocultured with AT-2 HIV-exposed
T cells produced approximately 2-fold less IL-10 and IL-12 p40
than DCs cocultured with untreated T cells (both P � .05, paired t
test; Figure 1C). In contrast, exposure of T cells to control
microvesicles during activation induced only minimum inhibition,
as compared with untreated T cells (all P 	 .18, paired t test;
Figure 1A-C). As a negative control, unstimulated T cells were
mixed with DCs at a similar ratio and, as expected, induced
minimum DC activation (Figure 1A-C).

We then determined whether the effect of exposure to AT-2 HIV
was dose dependent, because our earlier results have shown a
dose-dependent inhibitory effect of AT-2 HIV exposure on CD154
up-regulation.16 We therefore exposed the T cells to graded
concentrations of AT-2 HIV (from 0.125-1 �g equivp24/106 cells)
during the activation phase. Exposure to lower concentrations of

AT-2 HIV also affected the activation signal those T cells provided
to DCs, because CD86 expression was inhibited by an average of
51% and 22% when DCs had been cultured with T cells exposed to
0.5 and 0.25 �g equivp24, respectively. A lower dose (0.125 �g
equivp24) had no effect on CD86 expression by DCs (Figure 2A). In
general, the effect of AT-2 HIV exposure was dose dependent (all
P � .05, ANOVA; Figure 2B). Interestingly, p40 production was
the function the most sensitive to AT-2 HIV exposure, because
exposure to 0.25 �g equivp24 only was still able to significantly
inhibit it (P � .05).

To evaluate whether engagement of CD4 by other ligands
during activation resulted in effects similar to those observed with
AT-2 HIV, we used an anti-CD4 Ab. As shown in Table 1, CD4� T
cells activated in the presence of anti-CD4 Ab provided defective
activation signal to DCs, as evidenced by decreased IL-12 p40
production and CD40 expression. Moreover, this effect was very
similar to that of AT-2 HIV-exposed T cells (Figure 1). These data
are in agreement with our previous results, which have shown that
AT-2 HIV is inhibiting T-cell activation principally through interac-
tions between the CD4 receptor and HIV gp120.16

Figure 1. Decreased maturation of DCs cocultured with T cells activated in
presence of AT-2 HIV. Purified CD4� T cells were left unstimulated (unstim) or
stimulated with anti-CD3/CD28 beads, either without treatment (untreated) or in the
presence of control microvesicles (vesicle) or AT-2 HIVMN (AT-2 HIV). After 24 hours,
T cells were mixed with autologous monocyte-derived DCs at a ratio of 5:1. Similar
percentages of dead T cells (
 10%) were observed in the different cultures before
coculture (results not shown). (A) Inhibition of DC activation marker expression in one
representative subject. Expression markers were determined on DCs, gated on
forward-scatter and CD1a expression. Open histograms represent the staining by the
isotype-matched control Ab. Closed histograms represent the staining by the Ab of
interest. Numbers in the graph represent the MFI for each condition. (B) Inhibition of
DC activation marker expression in 7 subjects. Results are shown as the mean
(� SE) MFI obtained in 7 individual subjects. (C) Inhibition of production of
immunoregulatory cytokines. Levels of IL-12 p40 and IL-10 in 24-hour coculture
supernatants were determined by ELISA. Results are shown as the mean (� SE)
levels measured in 7 individual subjects. (B-C) *Significant inhibition (P � .05, paired
t test) between untreated and AT-2 HIV exposed; #significant inhibition (P � .05,
paired t test) between vesicle- and AT-2 HIV-exposed.
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DCs cultured with stimulated HIV-exposed T cells
have decreased allostimulatory capacity

A major functional hallmark of DCs is their capacity to stimulate
naive T cells (reviewed in Guermonprez et al10). We therefore
determined whether DCs cultured with AT-2 HIV-exposed T cells
had defective allostimulatory properties compared with DCs cul-
tured with untreated T cells. Allogeneic naive CD4� T cells were
mixed with DCs at different ratios of DCs to T cells. As shown in
Figure 3, DCs cultured with AT-2 HIV-exposed T cells did not
provide an optimal activation signal to naive T cells, as evidenced
by the 2-fold reduction of the stimulation index. However, the
capacity of such DCs to stimulate T cells remained higher than that
of unstimulated DCs (Figure 3A).

Interestingly, the type of cytokines produced by these T cells
was also different, depending on the DCs used for stimulation. As
shown in Figure 3B, IFN-� production by allogeneic T cells
stimulated by DCs cocultured with AT-2 HIV-exposed T cells was
markedly lower than that by T cells stimulated by DCs cocultured
with untreated T cells (2113 pg/mL versus 239 pg/mL). In contrast,

IL-10 production by the former T cells was higher than that by the
latter T cells (30 pg/mL versus � 10 pg/mL).

Taken together, the data presented in Figures 1 to 3 suggest that
exposure of CD4� T cells to HIV during activation broadly
decreased the capacity of these T cells to provide activation
signals to DCs. Consequently, important DC functions, namely
production of immunoregulatory cytokines, up-regulation of
crucial costimulatory molecules, and stimulation of naive cells,
were all adversely affected.

Impaired CD154 induction on HIV-exposed CD4� T cells is likely
to be the origin of defective DC maturation

Our previous results have demonstrated that CD154 up-regulation
is impaired on AT-2 HIV-exposed CD4� T cells.16 As CD40-CD154
interactions are crucial for DC activation (reviewed in Chougnet1),
defective CD154 expression by AT-2 HIV-exposed T cells could
explain their poor capacity to activate DCs. To determine whether
this is the case, we first compared the effect of a blocking
anti-CD154 Ab with that mediated by AT-2 HIV-exposed T cells.
Three different culture conditions were established: DCs were
cultured with either (1) stimulated T cells (“untreated”), (2) T cells
stimulated in the presence of AT-2 HIV (“AT-2 HIV exposed”), and
(3) untreated T cells, and the cocultures were performed in the
presence of blocking anti-CD154 Ab. Functional inhibition in AT-2
HIV-exposed or anti-CD154–treated T cells was defined by com-
parison with untreated cells. As expected on the basis of our
previous results,35 anti-CD154 Ab resulted in incomplete DC
maturation and activation, as evidenced by a 60% to 75%
decreased induction of CD86, CD83, and CD40, as well as
decreased IL-12 p40 production (Figure 4A). IL-12 p40 produc-
tion, and expression of CD40 and CD83 were significantly
decreased in anti-CD154–treated cultures (condition 3) compared
with control cultures (condition 1) (all P � .02). The same trend
was observed for CD86 expression; however, the difference did not
reach statistical difference (P � .10). Importantly, coculture with
AT-2 HIV-exposed T cells (condition 2) had the same effect on DC
activation as blocking CD40-CD154 interactions (condition 3)
(Figure 4A, all P 	 .19, paired t test).

Figure 2. Dose dependence of the effect of exposure to AT-2 HIV. DCs were
cocultured with autologous CD4� T cells as described in Figure 1. T cells had been
activated in the presence of either control microvesicles (vesicles) or graded doses of
AT-2 HIV (0.125-1 �g equivp24/106 cells). (A) Inhibition of CD86 expression in one
representative subject. CD86 was determined on DCs, gated on forward-scatter and
CD1a expression. Numbers in the graph represent the MFI for each condition. (B)
Summary of the inhibition observed in 4 subjects. Results are shown as the mean �
SE of the results obtained in 4 individual subjects. Numbers in the graph represent
the P value for each comparison (ANOVA).

Figure 3. Decreased allostimulation capacity of DCs cocultured with HIV-
exposed stimulated T cells. DCs cocultured with autologous T cells as described in
Figure 1 were irradiated (30 Gy [3000 rad]) and used to stimulate allogeneic naive
CD4� T cells, at the indicated ratios of DCs to T cells. As a control, allogeneic T cells
were cultured alone. After 4 days, proliferation and production of cytokines was
measured. (A) Proliferation. Results are expressed as simulation index (average
radioactivity in wells containing DCs and T cells/average radioactivity in wells
containing control T cells). Average cpm measured in wells containing only T cells
was 471. Results are from 1 representative individual of 2 individual subjects tested.
(B) Cytokine production. Results are expressed as mean production of IL-10 or IFN-�
(average of 3 wells containing DCs and T cells).

Table 1. Decreased maturation of DC co-cultured with T cells
activated in presence of anti-CD4 Ab

IL-12 p40
production

CD40
expression

Donor 1

DCs alone � 4 10

DCs � T-cell stimulated 1628 49.1

DCs � T-cell stimulated � anti-CD4 Ab 1000 27.4

DCs � T-cell stimulated � control Ab 2008 44.8

Donor 2

DCs alone 13 9.7

DCs � T-cell stimulated 2453 49.6

DCs � T-cell stimulated � anti-CD4 Ab 809 2.2

DCs � T-cell stimulated � control Ab 1824 52.4

CD4� T cells purified from 2 individuals were incubated with Ab against the
domain 1 of the CD4 molecule or control Ab (both Ab at 10 �g/mL) or left untreated.
After 1 hour, cells were washed and stimulated with anti-CD3/CD28 beads. After 24
hours, T cells were mixed with autologous monocyte-derived DCs at a ratio of 5:1, as
described in the legend of Figure 1. IL-12 p40 production (expressed in pg/mL) and
CD40 expression on DCs (expressed in MFI) were analyzed as described in Figure 1.
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The fact that AT-2 HIV exposure and anti-CD154 Ab had
similar consequences only suggests a causal relationship between
HIV-mediated blunted CD154 expression and nonoptimal DC
function. Therefore, to further evaluate such a potential causative
link, we determined whether addition of recombinant trimeric
CD154 (rCD154) could reverse the functional defects exhibited by
DCs cocultured with AT-2 HIV-exposed T cells. Four different
culture conditions were established (conditions 1 to 4, from top to
bottom in Figure 4B): DCs were cultured with (1) AT-2 HIV-
exposed T cells and rCD154, (2) AT-2 HIV-exposed T cells, (3)
untreated T cells and rCD154, and (4) untreated T cells. As shown
in Figure 4B, providing exogenous rCD154 restored similar levels
of IL-12 p40 production by DCs cultured with AT-2 HIV-exposed T
cells as that of DCs cultured with untreated T cells (condition 1
versus condition 3, P � .32, paired t-test). Providing exogenous
rCD154 also corrected IL-10 production by DCs (condition 1,
5.4 � 1.3 ng/mL; condition 3, 5.1 � 0.6 ng/mL; P � .77). Of note,
addition of rCD154 induced higher IL-12 p40 and IL-10 produc-
tion in DCs cocultured with untreated T cells (condition 3 versus
condition 4; both P � .05). Such increases in cytokine production
by rCD154-treated DCs could be because the amount of CD154
expressed by untreated T cells (condition 4) was not sufficient to
induce maximum DC activation, which was then induced by
providing additional exogenous rCD154 (condition 3). Interest-
ingly, addition of lower amounts of exogenous rCD154 (as low as
1 �g/mL) also restored IL-10 and IL-12 p40 production in 2
individual subjects (Table 2).

Taken together, the data presented in Figure 4 strongly suggest
that the blunted CD154 up-regulation on CD4� T cells that follows
CD4 engagement by HIV represents a major mechanism underly-
ing the failure of such cells to provide optimal maturation/
activation signals to DCs.

Discussion

A variety of functional defects have been reported in APCs isolated
from HIV-infected subjects. However, the mechanism(s) underly-

ing these defects have not been clearly delineated. In particular, it is
not well established whether these defects are directly due to
infection of APCs by HIV, or exposure of APCs to HIV gp120, as
suggested by recent papers,5-8 or are a consequence of dysregula-
tion of CD4� T cells. In the present study, we focused on the latter
mechanism. We used a model in which DCs are cultured with T
cells that had been exposed to noninfectious HIV, to exclude any
possible confounding effects due to direct infection by HIV. Our
results clearly show that HIV-exposed T cells provide a suboptimal
activation/maturation signal to DCs, as evidenced by low levels of
expression of the costimulatory molecules CD40 and CD86, as
well as of the classical maturation marker, CD83. Such exposure
also profoundly reduced secretion of IL-10 and IL-12 p40. Thus,
this in vitro experimental system closely replicates several of the
defects described in APCs from HIV-infected donors. It is known
that HIV infection of DCs can directly affect their function,
although results have varied, depending on the experimental
system used. Recently, using measurement of intracellular cyto-
kines, it has been shown that CD154-stimulated HIV-infected DCs
did not produce IL-12 p40, in contrast to uninfected DCs,7 and
failed to express DC-LAMP.6 Similarly, HIV-infected DCs were
poor stimulators of allogeneic T cells.5 Our results do not exclude
the possibility that direct infection plays a role in vivo; however,
the percentage of HIV-infected DCs in vivo is always very low,36,37

making it highly unlikely that HIV infection of DCs could explain
the extent of defective APC function in HIV-infected donors. Our
results thus provide an alternative mechanism, in which defective
APC function arises from CD4� T-cell dysregulation, without a
requirement of infection of the affected APCs.

The mechanism by which HIV-exposed T cells are responsible
for suboptimal DC activation likely involves defective CD40-
CD154 interactions. Indeed, our results show that the addition of
recombinant CD154 overcame impaired DC activation. Further-
more, the effect of a blocking anti-CD154 Ab was very similar to
that of HIV-exposed T cells. Blunted CD154 up-regulation on
HIV-exposed T cells, as well as on CD4� T cells isolated from
HIV-infected donors, has been demonstrated by our laboratory and

Table 2. Effect of graded doses of exogenous rCD154 on production
of immune regulatory cytokines

IL-12 p40 IL-10

Donor 1

DCs alone � 4 � 10

DCs � untreated T cells 4008 5260

DCs � AT-2 HIV exposed T cells 1755 2172

DCs � AT-2 HIV exposed T cells � 1 �g/mL rCD154 4725 6458

DCs � AT-2 HIV exposed T cells � 2.5 �g/mL rCD154 5118 6942

DCs � AT-2 HIV exposed T cells � 5 �g/mL rCD154 5154 7091

Donor 2

DCs alone � 4 � 10

DCs � untreated T cells 3013 539

DCs � AT-2 HIV exposed T cells 1400 93

DCs � AT-2 HIV exposed T cells � 0.5 �g/mL rCD154 2246 633

DCs � AT-2 HIV exposed T cells � 1 �g/mL rCD154 4050 1141

DCs � AT-2 HIV exposed T cells � 2.5 �g/mL rCD154 4018 2098

DCs � AT-2 HIV exposed T cells � 5 �g/mL rCD154 4461 3644

Purified CD4� T cells from 2 individuals were stimulated with anti-CD3/CD28
beads, in the presence of AT-2 HIV (AT-2–exposed T cells) or in the absence of AT-2
HIV (untreated), as described in Figure 1. After several washes, T cells were cultured
with autologous DCs in the absence or presence of graded doses of rCD154 (0.5-5
�g/mL). Production of IL-12 p40 and IL-10 (expressed in pg/mL) was analyzed as
described in the legend of Figure 1.

Figure 4. Defective DC maturation is likely due to impaired CD154 induction on
AT-2 HIV-exposed CD4� T cells. (A) Exposure to AT-2 HIV and neutralizing
anti-CD154 Ab mediates similar defective DC maturation. Three different culture
conditions were established: DCs were cultured with either untreated T cells, AT-2
HIV exposed T cells, or untreated T cells, and the cocultures were performed in the
presence of blocking anti-CD154 Ab (10 �g/mL). Functional inhibition in AT-2 HIV
exposed T cells or untreated T cells was defined by comparison with untreated T
cells. Results are shown as the mean percentage of inhibition � SE for each
parameter (3 donors). (B) Decreased IL-12 p40 induction because of exposure of T
cells to AT-2 HIV is corrected by exogenous rCD154. DCs were cocultured with AT-2
HIV-exposed T cells and rCD154 (� �), AT-2 HIV-exposed T cells (� �), untreated T
cells and rCD154 (� �), and untreated T cells (� �). Results are shown as the
mean � SE IL-12 p40 production (4 donors). *Significant difference (P � .03, paired t
test); NS indicates a nonsignificant difference (P 	 .5).

ROLE OF CD154 IN HIV-MEDIATED DC DYSFUNCTION 1993BLOOD, 1 MARCH 2006 � VOLUME 107, NUMBER 5

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/107/5/1989/468805/zh800506001989.pdf by guest on 03 M

ay 2024



others.14-16,25 The foremost mechanism underlying this defect was
the interaction between the major HIV surface glycoprotein,
gp120, and the CD4 receptor on the surface of CD4� T cells.16,25

HIV gp120 can be detected in tissues38,39 and circulates in the blood
of HIV-infected donors on the surface of virions (both infectious
and noninfectious) and as a free protein.40 Of note, only a limited
fraction (� 0.1%) of circulating virions are demonstrably infec-
tious41,42; therefore, exposure to inactivated viruses may mimic the
most frequent type of CD4-HIV interactions that occur in vivo. One
potential concern is the concentration of AT-2 HIV we used in this
study. Klasse and Moore43 have recently raised concerns that the
doses of gp120 or inactivated virions used in vitro may not reflect
accurately what is present in vivo. In this paper, we report a
significant effect of a concentration of AT-2 HIV that corresponds
to approximately 1 nM gp120, which is higher than the reported
gp120 plasma levels (reviewed in Klasse and Moore43). However,
it must be noted that gp120 concentrations in tissues are essentially
unknown, especially in the tissue microenvironment of interstitial
lymph node spaces. However, they are predicted to be higher than
in plasma, because cell-associated HIV RNA and DNA can be
much higher in lymph nodes than in blood.44 Moreover, we have
shown that T cells exposed to as little as 250 pM gp120 also failed
to provide optimal activation signal to DCs. In particular, IL-12 p40
induction was significantly inhibited after exposure of T cells to
such a concentration of gp120 (Figure 2). Interestingly, p40
production was more sensitively affected by the addition of AT-2
HIV to T-cell cultures than the other markers of DC activation
were. One potential reason underlying this differential sensitivity is
that p40 production also depends on the presence of IFN-�. IFN-�
synergizes with other stimuli to induce p40, through transcriptional
activation principally mediated by the IFN-�–induced IFN consen-
sus sequence binding protein (ICSBP).45 Stimulation of CD4� T
cells in the presence of HIV gp160 has been shown to decrease
their production of IFN-�.46 Therefore, it is possible that the
addition of AT-2 HIV into T-cell cultures may also have affected the
capacity of these CD4� T cells to produce IFN-� and not only their
CD154 expression. Both mechanisms could thus have participated
into the profound inhibition of IL-12 p40 production.

In this study, we only used AT-2 HIVMN, a CXCR4-using strain.
However, we have previously shown that the AT-2–treated CCR5-using
strain ADA inhibited CD154 induction as much as the CXCR4-using
strain MN did.16 The underlying mechanism was dependent on CD4-
gp120 interactions, not on interactions between gp120 and the chemo-
kine receptors.16 In addition, our present results show that T cells
exposed to anti-CD4Ab also induced defective DC activation (Table 1).
Taken together, these data further suggest that the mechanism for
defective DC function described herein is not likely to be restricted to a
few specific HIV strains.

In several studies, HIV-exposed DCs showed a partial activa-
tion profile, as they harbored a phenotype typical of activated DCs
(up-regulation of CD80, CD86, CD40, HLA class II molecules, as
well as the appearance of the maturation marker CD83), but lacked
allostimulatory capacity and did not secrete IL-12, TNF-�, or
chemokines.8 Therefore, these HIV-exposed DCs did not display as
profound a defect as the one demonstrated in our experimental
system. It must also be noted that the direct deleterious effect of
AT-2 HIV on DC function remains controversial, because in some
studies inactivated simian immunodeficiency virus–pulsed DCs
were shown to be efficient at inducing antiviral T-cell responses47

and proved effective therapeutic vaccines in a primate model.48 Of
note, it is unlikely that a direct effect of AT-2 HIV on DCs plays a

significant role in our results. Indeed, using trypsin treatment to
determine the amount of AT-2 HIV that may have remained bound
on the surface of T cells after washing and could thus directly
interact with DCs, we estimated that amount to be about 0.13 �g
equivp24 AT-2 HIV, when the original viral input was 1 �g equivp24.
Such a concentration was however shown to be inefficient at
decreasing DC activation (Figure 2). The data from Fantuzzi et al8

and our data thus underscore the fact that gp120 and/or noninfec-
tious viruses could play a major role in defective APC function in
HIV-infected donors, either through impairment of CD4� T-cell
activation leading to subsequent defect in DC function (the present
study) or via direct effects on DCs.8,49

The HIV-mediated suboptimal DC activation described herein may
also have profound and durable effects by switching the profile of T-cell
activation and potentially inducing regulatory T cells. It has been
recently postulated that stimulation of T cells by immature DCs can
induce active immunosuppression through the induction of such regula-
tory cells. Indeed, repetitive stimulation of T cells with human immature
DCs induced IL-10–producing T-cell regulatory 1-like cells (Tr1 cells),
which, in addition, showed an early up-regulation of the negative
regulator cytotoxic T-lymphocyte–associated molecule 4 (CTLA-4).50

Our results are in agreement with that hypothesis, because we have
shown that naive T cells, following their stimulation by DCs cultured
with HIV-exposed T cells, exhibit a profile reminiscent of that of Tr1
cells, such as low proliferation and reduced production of IFN-� but
increased production of IL-10. Interestingly, similar results were re-
cently obtained in cocultures of DCs and T cells purified from
HIV-infected donors, which were shown to be suppressive of “third-
party” immune responses, through an IL-10–dependent mechanism.6

Taken together, our results and those of Granelli-Piperno et al6 suggest
that HIV-mediated suboptimal activation of DCs may play an important
role in HIV pathogenesis, through the induction of regulatory T cells,
because such cells can hamper antiviral effector immune responses
(reviewed in Belkaid and Rouse51).

In the present study, we have shown that defective APC
function in HIV-infected donors may occur as a consequence of
primary CD4� T-cell dysregulation, in particular as a result of
defective CD154 expression. Importantly, noninfectious viruses
induced this defect, underscoring the crucial role that such defec-
tive particles likely play in the pathogenesis of HIV infection. Our
results thus suggest a model in which exposure of CD4� T cells to
HIV, infectious or not, starts a vicious cycle, whereby suboptimal
activation of T cells leads to functional impairment of APCs, which
then fail to give optimal feedback signal to T cells and may favor
the emergence of regulatory T cells.
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