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We have previously demonstrated that interaction of infected thymocytes with autologous thymic epithelial
cells (TEC) is a prerequisite for a high level of human immunodeficiency virus type 1 (HIV-1) replication in
thymocytes (M. Rothe, L. Chéne, M. Nugeyre, F. Barré-Sinoussi, and N. Israél, J. Virol. 72:5852-5861, 1998).
We report here that this activation of HIV replication takes place at the transcriptional level through activation
of the Rel/NF-kB transcription factors. We first demonstrate that an HIV-1 provirus (SF-2 strain) very
effectively replicates in thymocytes cocultured with TEC whereas this provirus, with kB sites deleted, fails to
replicate. We provide evidence that several NF-kB complexes are constitutively found in the nuclei of thymo-
cytes either freshly isolated from the thymus or maintained in coculture with autologous or heterologous TEC.
The prevalent complex is the heterodimer p50-p65. NF-kB activity is tightly correlated with the transcriptional
activity of a long terminal repeat (LTR) of HIV-1 transfected in thymocytes. The cotransfection of this LTR
with a mutated IkBa molecule formally demonstrates that LTR transactivation is regulated by members of the
Rel/NF-kB family in thymocytes. We also showed that tumor necrosis factor (TNF) and to a lesser extent
interleukin-1 (IL-1), secreted within the coculture, induce NF-kB activity and a correlative LTR transactiva-
tion. However IL-7, a crucial factor for thymopoiesis that is secreted mainly by TEC, is a necessary cofactor for
NF-kB activation elicited by TNF or IL-1. Together, these data indicate that NF-kB activation, required for a
high level of HIV replication in thymocytes, is regulated in a specific manner in the thymic microenvironment
which provides the necessary cytokines: TNF, IL-1, and IL-7.

One explanation (24, 61) for the depletion in the number of
CD4" T lymphocytes, which is the hallmark of human immu-
nodeficiency virus (HIV) infection, is the exhaustion of the
T-cell turnover, which has to occur at a very high rate to
replace the cells permanently destroyed by the virus (9). This
high-turnover model does not take into account the possible
impairment of T-cell renewal caused by HIV infection of pri-
mary lymphoid organs (20, 40). A number of studies suggested
a correlation between the rapid progression toward AIDS of
some pediatric seropositive patients and thymic alterations
including a profound disorganization of the epithelial network
(28, 45, 47) and thymocyte depletion. Furthermore, antiretro-
viral treatment applied to HIV-infected SCID-hu mice did not
lead to a complete renewal of the mature thymocyte popula-
tion, underlining the possibility of an impairment either of
progenitor thymocyte function or of stromal cell function (65).
To better understand the pathogenesis of HIV infection in the
thymus, it is important to identify the stimuli and mechanisms
controlling the virus replication and spreading within this or-
gan. Most thymocytes are susceptible to HIV infection in vitro
(58-60) and in the SCID-hu mouse model (2, 32, 54, 56). We
previously determined the factors physiologically involved in
the control of HIV replication in thymocytes. We showed that
interaction of infected thymocytes with thymic epithelial cells
(TEC) is a prerequisite for a high level of HIV replication in
thymocytes. We determined that this cell-to-cell contact, while
necessary, is not per se the effector of HIV replication but,
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rather, that soluble factors present in the coculture synergize to
induce HIV replication (48). Two types of factors were iden-
tified according to their role, either in cell activation (such as
tumor necrosis factor [TNF], interleukin-1 [IL-1], and IL-6)
(67) or in cell proliferation or protection against apoptosis
(such as granulocyte-macrophage colony-stimulating factor
[GM-CSF)) (3, 27, 31).

The requirement for TNF and to a lesser extent for IL-1 in
HIV replication during the coculture of thymocytes and TEC
suggests that a major role of this interaction might be the
induction of NF-kB activation, which in turn would activate
transcription from the two kB sites present in the HIV-1 long
terminal repeat (LTR). NF-kB is composed of homodimers
and heterodimers of members of the Rel/NF-kB family. To
date, five proteins belonging to the NF-kB family have been
identified: p65, c-Rel, RelB, p50/p105, and p52/p100 (5, 33,
39). NF-kB dimers are sequestered in the cytosol of unstimu-
lated cells via interactions with a family of inhibitory proteins
called IkBs (IkBa, IkBB, and IkBeg) (64). Following activation
by various immune system and inflammatory stimuli, [kB mol-
ecules are degraded through the ubiquitin-proteasome path-
way, thus allowing nuclear translocation of NF-«B and activa-
tion of its target genes (39).

To verify the hypothesis that thymic microenvironment con-
trols HIV replication at the transcriptional level, we used au-
tologous mixed culture of TEC and thymocytes as previously
described (48). We first demonstrated that NF-«B activation is
a prerequisite for a high level of HIV replication in thymo-
cytes, since a provirus with its two kB sites deleted failed to
replicate even in coculture with TEC. We then dissected the
mechanism underlying this activation process. We first dem-
onstrated that coculture with TEC led to the induction of
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nuclear NF-kB complexes in thymocytes. The relevance of
these NF-kB complexes was demonstrated by specific inhibi-
tion of LTR transactivation by a mutated form of the IkBa
constitutively inhibiting NF-«B.

We also showed that TNF could not replace the activating
effect of the coculture and that IL-7, a TEC-secreted factor
crucial for thymopoiesis (21, 22, 46), was required to obtain a
strong and prolonged TNF-induced NF-«kB activity. We pro-
vide correlative evidence that the association of these two
cytokines is sufficient to induce the transactivation of the NF-
kB-dependent HIV LTR.

Taking the results together, we show here that cytokines
provided by different cell types within the thymus combine
their effects to sustain a high level of HIV transcription in
thymocytes through NF-«B activation.

MATERIALS AND METHODS

Reagents. (i) Antibodies. To characterize both TEC and thymocytes popula-
tions, the monoclonal antibodies (MAbs) used were against CD3 (X35), CD7
(8H8,1), CD14 (RM052), CD83 (HB15A), cytokeratin (KL1), and vimentin
(vim3B4). Immunoglobulin G1 (IgG1) (MARKI) and IgG2a (U7.27) were used
as negative controls. All these antibodies were purchased from Immunotech
(Marseilles, France), except vim3B4, which was purchased from Boehringer
Mannheim (Meylan, France). Conjugated MADs, including CD4-phycoerythrin
(PE) (13B8.2), CD8-fluorescein isothicyanate (FITC) (B9.11), control IgG1-PE
(679.1Mc7) and IgG1-FITC (679.1Mc7), goat-anti-rabbit-FITC, and goat-anti-
mouse-FITC, were purchased from Immunotech.

Rabbit polyclonal serum against TNF was kindly provided by J.-M. Cavaillon,
Pasteur Institute (Paris, France). IL-1 receptor antagonist (IL-1ra) and mouse
MADb against IL-7 were purchased from R&D Systems (Minneapolis, Minn.).
MAD against IL-1B (B-A15) was purchased from Diaclone Research (Besangon,
France). Mouse MAb against IL-6 (AH65) and mouse MAD against the « chain
of the IL-7 receptor (IL-7Ra) CDw127 (R34.34) were purchased from Immu-
notech.

(ii) Cytokines. Human recombinant cytokines GM-CSF, IL-18, and TNF«a
were purchased from Genzyme Corp. (Cambridge, Mass.). IL-6 and IL-7 were
purchased from R&D Systems.

Plasmids. All reporter constructs and plasmids used in this work have been
previously described. Briefly, the LTR-luc construct carries the luciferase re-
porter gene under the control of the U3R (Bg/II-HindIIl fragment) of the
HIV-13; o1 LTR (19). The 3Enh-TK-luc construct contains three copies of a
synthetic oligonucleotide encompassing the two 10-bp repeats of the HIV-15 | Ay
enhancer (—107 to —76) cloned upstream of the truncated thymidine kinase
(TK) promoter (—105 to +51) of herpes simplex virus in a TK-luc expression
vector (19). LTRA«B was obtained by insertion into the pC-luciferase plasmid
(52) of the Xhol-HindIll fragment of the HIV-15 o; LTR from the original
construct of Leonard et al. with the two kB motifs deleted (35). The CMV-tat
plasmid carries the tat cDNA inserted downstream of the human cytomegalovi-
rus (CMV) immediate-early enhancer/promoter (19). The EF1-Bgal construct,
containing the B-galactosidase reporter gene under the control of the basal
promoter of elongation factor EFla, was kindly provided by S. Mémet (Pasteur
Institute, Paris, France). The construct IkBa-DN, carrying the cDNA of IkBa
protein mutated on serines 32 and 36 under the control of the CMV early
promoter, was kindly provided by N. Rice (63). RecCMV (Invitrogen BV) was the
corresponding control vector which contains no cDNA sequence.

Cells and culture conditions. (i) Isolation of enriched human populations of
TEC and thymocytes. Fresh thymus fragments were obtained during elective
cardiac surgery on HIV-1-seronegative children (aged 6 days to 24 months). The
enrichment procedures for thymocytes and TEC have been described previously
(48). Cells were then characterized at day 3 after thymus excision, using different
selective markers (with the various antibodies listed above), indicating that these
populations of TEC and thymocytes were respectively purified at 95 and 99%
(48). Prior to mixed culture, TEC were maintained in a selective medium (Mc-
Coy’s 5A [GIBCO] containing 10% fetal calf serum [FCS], 1 mM L-Glu, 50 ug
of penicillin-streptomycin per ml, 100 wg of neomycin per ml, 0.25 pg of Fun-
gizone per ml, 20 ng of epidermal growth factor per ml, 5 X 10~ M cholera
toxin, 500 ng of hydrocortisone per ml, and 5 X 107> M B-mercaptoethanol).
Thymocytes were stored at +4°C in McCoy’s 5A supplemented with antibiotics,
L-glutamine, 10 mM HEPES, and 20% FCS.

(ii) Mixed culture of TEC and thymocytes. Autologous or heterologous co-
cultures of TEC and infected or control thymocytes were carried out 3 days after
thymic excision either under conditions permitting cell-to-cell contact or in
transwell chambers (0.45-um pore diameter). The ratio of TEC to thymocytes
was 1/25. The coculture medium was McCoy’s 5A supplemented with antibiotics,
1 mM r-glutamine, 10 mM HEPES, and 10% FCS. IL-6 and GM-CSF were used
at 10 ng/ml, TNF-o and IL-1B were used at 5 ng/ml, and IL-7 was used at 1 ng/ml.
MAD against IL-6 was used at 20 pg/ml, and polyclonal antibody against TNF
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was used at a serum dilution of 1/300. IL-1ra was used at 20 p.g/ml. Cytokines or
cytokine inhibitors were added at the start of the coculture, except antibody
against IL-7Ra. The thymocytes were preincubated with the antibody against
IL-7Ra (5 pg/ml per 8 X 10° thymocytes) for 6 h at 4°C before their coculture
with TEC. In some experiments, the thymocyte culture was supplemented with
50% (vol/vol) noninfected TEC conditioned medium (CM) obtained after 72 h
of TEC culture and then centrifuged and filtered through a 0.45-pm-pore-size
membrane. In experiments with IL-7 antibody, TEC CM was preincubated for
6 h at 4°C with 10 pg of the antibody per ml before the onset of thymocyte
culture.

Immunostaining and cytofluorometry. Indirect immunostaining with antibod-
ies against cytokeratin and vimentin was performed in Lab-Tech chambers
(Corning Costar Corp., Cambridge, Mass.) on cells permeabilized by acetone-
methanol treatment (6). Other direct or indirect immunostaining was analyzed
by cytofluorometry with an EPICS Profile II fluorometer (Coulter).

Virus and infection procedure. HIV-1,,, and HIV-1, 5., Were obtained after
transfection of Cos-7 cells with the corresponding provirus constructs (4) by
using standard methods with Lipofectamine (GIBCO). HIV-1,,, was obtained
after transfection of the entire sequence (5’-3") of the molecular clone HIV-1
SF2 (48). HIV, g, Obtained in the same way, differed from the wild-type
construct by having a 5-bp substitution in the enhancer region of the viral LTR
(17). The p245“¢ protein was determined in cell-free supernatants by an enzyme-
linked immunosorbent assay (ELAVIA; Diagnostics Pasteur) and was used in
the infection procedure immediately. All infections were standardized to the
p2459¢ levels: 10 ng of p245°¢ was used to infect 10° thymocytes. Briefly, thymo-
cytes were washed in RPMI and exposed either to HIV-1,,, or to HIV, g ., for
1 h at 37°C. After infection, the thymocytes were washed three times and
cultured at a density of 8 X 10° per well (12-well plates) in 2 ml of medium
(McCoy’s 5A supplemented with antibiotics, 10% FCS, and 1 mM L-Glu) or
cocultured with 5 X 10* TEC. On days 6, 8, 11, 13, 15, and 18 after the start of
the coculture, 300 pl of supernatant were collected to determine the p245%¢
concentration and was replaced by the same volume of fresh medium.

Transfection procedure. Thymocytes were maintained for 0 to 48 h in different
culture or coculture conditions prior to transfection. They were then transfected
with 20 to 25 pg of plasmid(s) by electroporation in MacCoy’s SA medium with
20% FCS. A single pulse at 875 V/em and 960 wF was performed. Expression
vectors of the luciferase reporter gene were used, except for EF1-Bgal, express-
ing B-galactosidase, which was used for standardization of transfections. After
transfection, the thymocytes were washed and were then returned for an addi-
tional 20 h to the previous dishes containing the conditioned medium of 48 h of
culture. At 20 h posttransfection, the luciferase and p-galactosidase activities
were detected in the cell lysates. Luciferase activity was measured by standard
procedures, as previously described (52), and B-galactosidase activity was mea-
sured by using the luminescent B-galactosidase genetic reporter system IT (Clon-
tech, Palo Alto, Calif.). Normalized luciferase activity represents the ratio of
luciferase to B-galactosidase activities.

Electrophoretic mobility shift assay (EMSA). Total extracts were performed
as previously described (26). Briefly, after 5 X 10° to 10 X 10° thymocytes
cultured under different conditions were harvested, they were washed once in
PBS 1X; 30 ul of lysis buffer was added, centrifugation (13,220 X g for 10 min)
was performed 10 min later, and the protein concentration in the supernatant
was quantified by using the Bradford reagent (Bio-Rad Laboratories, Ivry sur
Seine, France). For the band shift assay, the binding-reaction mixture was pre-
pared by adding, in the following order, binding buffer (20 mM HEPES, 2 mM
dithiothreitol, 60 mM KCl, 0.01% Nonidet P-40, 0.1 mg of bovine serum albu-
min/ml, 4% Ficoll), 0.4 g of sonicated salmon sperm, 10 pg of protein extract,
and 30,000 cpm of *?P-labelled DNA probe corresponding to 0.25 ng of probe.
The sequence of the oligonucleotide used is:

5' CTAGAGGGGATTTGGAGAGGT
TGCCCCTAAAGCTCTCCAGATE

The NF-kB consensus binding sequence is in boldface type.

Specific binding was controlled by competition with a 40-fold (10-ng) excess of
the same nonlabeled oligonucleotide, added to the protein extract before the
binding reaction was started. To identify the subunits constituting NF-kB com-
plexes, specific antibodies against p50, p52, p65, c-Rel, and RelB were used. The
p50, p52, p65, and c-Rel antibodies were a kind gift from A. Israél (Pasteur
Institute, Paris, France), and anti-RelB was provided by Santa Cruz Biotechnol-
ogy (Santa Cruz, Calif.). Antibodies were added to the protein extract, and the
mixture was allowed to stand for 5 min at 4°C before incubation with the
radiolabeled probe.

RESULTS

Coculture-induced activation of HIV replication requires
the two kB sites within the HIV-1 LTR. In an attempt to
evaluate the relevance of NF-kB in the activation of HIV-1
replication in thymocytes, we compared the replication capac-
ity of a virus mutated in the two kB sites within the LTR (4, 18)
with that of the corresponding wild-type virus. Wild-type and



2066 CHENE ET AL.

8 -

Thym. wt
Thym. wt/ TEC
Thym. xB-mut

Thym. kB-mut / TEC

p24Ag concentration (ng/ml)

T T
6 9 12 15 18

days post-infection

FIG. 1. Coculture-induced activation of HIV replication requires the two kB
sites within the HIV LTR. Freshly isolated thymocytes were infected with viral
supernatants produced after 48 h of culture of either wild-type (wt) or kB-mut
proviral DNA-transfected Cos-7 cells. Infected thymocytes were cultured alone
(Thym. wt or Thym. kB-mut) or cocultured with TEC (Thym. wt/TEC or Thym.
«kB-mut/TEC). Viral replication was determined at various times postinfection by
the detection of p24 antigen in the thymocyte culture or in the coculture medium.
The data shown here are representative of three independent experiments, each
carried out on a different three thymus.

mutated (AkB) viruses were obtained from the supernatant of
Cos-7 cells transfected with the corresponding provirus con-
structs. We then carried out infection of thymocytes and cocul-
tured them with TEC under conditions previously described by
Rothe et al. (48). As shown in Fig. 1, the AkB virus is unable
to replicate in thymocytes even in the presence of TEC, in
contrast to the wild-type.

These data suggest that NF-kB activity is required for HIV
replication in thymocytes and that this activation is provided by
their interaction with TEC.

Interaction with TEC permanently induces NF-kB activity
in thymocytes. We then determined whether NF-kB activity
was present in the human thymus as a whole by performing
EMSAs with protein extract from a thymus fragment immedi-
ately crushed after surgery and a probe representing the HIV-1
LTR kB-derived motifs. As shown in Fig. 2A (lane 2 [control]),
we observed a specific binding activity of NF-kB complexes in
this whole-cell extract. This activity was also observed in whole-
cell extracts from freshly isolated thymocytes (lane 4 [control]).
The NF-kB activity, observed in freshly isolated thymocytes,
was very probably present in these cells within the thymus
(since it was also detected in the thymus as a whole) and was
not induced by the enrichment procedure used for these cells.
The NF-«kB activity represented specific DNA binding activi-
ties since they were competed by an excess of a nonradiola-
beled kB probe (lanes 1 and 3).

This NF-kB activity decreased progressively when thymo-
cytes were cultured alone (Fig. 2A, lanes 5 and 6). The kinetics
of this decrease in culture varies according to the different
preparations of thymocytes obtained from different thymuses.
The minimal levels were observed at between 24 and 48 h of
culture. In any case, this activity was maintained when thymo-
cytes were cocultivated with autologous TEC (lanes 7 and 8).
The same result was obtained with either autologous (from 3
thymuses) or heterologous (from 10 thymuses) TEC, indicat-
ing that induction of NF-«B activity did not result from cellular
activation caused by a mixed lymphocyte reaction but was due
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FIG. 2. Interaction of thymocytes with TEC leads to a permanent induction
of NF-«kB complexes in thymocytes. (A) Protein extracts were obtained from a
frozen and crushed piece of thymus (lanes 1 and 2) or from thymocytes freshly
isolated (lanes 3 and 4), cultured for 30 h (lane 5) to 70 h (lane 6), or cocultured
with TEC for 30 h (lane 7) or 70 h (lane 8). These extracts were incubated with
a 3?P-labeled oligonucleotide representing the HIV LTR-derived «B motif.
Competition (comp, lanes 1 and 3) with a 40-fold molar excess of unlabeled
oligonucleotide was used to confirm the specificity of the DNA binding activity
detected. “NF-kB” refers to several NF-kB complexes, which are further ana-
lyzed in panel B. This experiment is representative of 3 independent experiments
carried out with autologous TEC on three thymuses and 10 independent exper-
iments carried out with heterologous TEC. (B) Identification by immunoreac-
tivity of the distinct NF-kB complexes present in the thymocytes. Protein extracts
were obtained either from a frozen and crushed piece of thymus or from whole-
cell extracts of freshly isolated thymocytes or of thymocytes cultured for 70 h in
the presence of TEC. These extracts were preincubated with preimmune serum
(prel) or with antisera raised against distinct subunits of NF-kB complexes: p50,
P52, p65, c-Rel, or RelB (as indicated above the lanes) before incubation with the
labeled probe. The composition of the complexes is indicated on the right. This
experiment is representative of three independent experiments, each carried out
on a different thymus. n.s 1 refers to a nonspecific binding activity since it was not
competed by an excess of nonradiolabeled kB probe.

to physiological interactions between thymocytes and TEC.
These results demonstrate that coculture with TEC induces a
sustained NF-kB activation in thymocytes.

We then characterized the NF-kB complexes which bind to
the HIV enhancer element by using antibodies against each
subunit of the NF-«kB family (p50, p52, p65, RelB, and c-Rel).
As shown in Fig. 2B, in the whole-thymus extract, an antibody
against the p50 subunit abolished the binding of most of the
complexes observed, an antibody against p65 abolished the
very faint band corresponding to the upper complex, and an
antibody against RelB abolished the binding of the upper and
intermediate complexes. The antibody against c-Rel did not
significantly modify the binding of any of these complexes.
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FIG. 3. The presence of NF-«B binding activity in thymocytes correlates with
the level of HIV-LTR activity. NF-kB activity was determined as described in the
legend to Fig. 2 in whole-cell extracts from freshly isolated thymocytes or thy-
mocytes cultured alone for 24 or 48 h or cocultured with TEC for 48 h. In
parallel, freshly isolated thymocytes or thymocytes precultured for 24 and 48 h
alone or with TEC were cotransfected by electroporation with the constructs
LTR-luc, CMV-Tat, EF1-Bgal (respectively used at 10, 2.5, and 10 pg per 107
cells). The transfected thymocytes were then returned to the previous culture
conditions for 20 h. Luciferase and pB-galactosidase activities were determined
20 h after transfection in the thymocyte lysates. LTR activity was expressed as
normalized luciferase activity corresponding to the ratio of luciferase to B-ga-
lactosidase activity per 10° cells. This experiment is representative of four inde-
pendent experiments, each carried out on a different thymus.

These data suggest that the lowest complex is p50-p50, the
intermediate and major complex is p50-RelB, and the upper
complex probably contains p50, p52 (as a minor component),
and p65. As also shown in Fig. 2B, in freshly isolated thymo-
cytes pS0-p65 was the prevalent complex, and coculture with
TEC maintained this complex and to a lesser extent the p50-
RelB one.

The presence of NF-kB binding activity in freshly isolated
thymocytes or in thymocytes cultured with TEC is responsible
for a high HIV-1 LTR activity. We then determined whether
the sustained NF-kB activity observed in thymocytes, either
freshly isolated or cocultured with TEC, correlated with the
level of LTR activity in thymocytes. For this purpose, we de-
termined, in parallel experiments, NF-kB DNA binding activ-
ity and the level of luciferase activity of the LTR-luc construct
transfected in thymocytes. A CMV-tat construct was cotrans-
fected with LTR-luc since expression of the powerful viral
transactivator Tat emphasizes the magnitude of NF-kB-depen-
dent transactivation of the LTR (15). EF1-Bgal plasmid con-
taining the reporter gene B-galactosidase under the control of
the basal promoter of the elongation factor EFla was also
cotransfected to normalize the transfection efficiencies.

Thymocytes were cultured alone or cocultured with TEC for
48 h prior to cotransfection by electroporation with LTR-luc,
CMV-tat, and EF1-Bgal. The thymocytes were collected from
the culture dishes (then containing a 48-h conditioned me-
dium) for the time of electroporation and were then returned
to this conditioned medium for an additional 20 h. LTR activ-
ity, expressed as normalized luciferase activity, was then deter-
mined. As shown in Fig. 3, LTR activity correlated with the
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level of NF-kB binding activity. LTR activity was high in
freshly isolated thymocytes and progressively decreased (for 24
or 48 h) when these cells were cultured alone, whereas it was
maintained at a high level in those cocultivated with TEC (for
48 h). However, whereas NF-«kB binding activity was higher in
freshly isolated thymocytes than in thymocytes cocultivated
with TEC, LTR activity was comparable in the two cell sys-
tems. This can be explained by the fact that NF-«kB activity was
determined just after thymocyte isolation whereas the lucif-
erase assay was performed 20 h after transfection. This interval
is sufficient to allow a significant decrease of NF-kB binding
activity in freshly isolated thymocytes cultured in the absence
of TEC.

We then confirmed that the B sites were required for the
high transcriptional activity of the LTR in freshly isolated
thymocytes or in thymocytes in coculture with TEC. As shown
in Fig. 4A, the activity of an LTR-AkB mutated in the two kB
sites was 5- to 10-fold lower than that observed with the wild-
type LTR construct. The role of the kB-responsive element
was further confirmed by comparing the luciferase activity ob-
tained with the 3Enh-TK-luc construct to that obtained with
the control vector TK-luc (Fig. 4B). In this case, a 10- to
15-fold difference was observed between the two constructs.

In addition, we formally demonstrated that NF-kB was spe-
cifically responsible for transactivation of the HIV-1 LTR by
cotransfecting freshly isolated thymocytes with LTR-luc,
CMV-tat, and an expression vector encoding the IkBa inhib-
itory protein mutated on serines 32 and 36 (IkBa-DN) (63).
These mutations prevent phosphorylation and subsequent deg-
radation of IkBa. IkBa-DN behaves as a specific and consti-
tutive inhibitor of NF-kB activity. As a control, we replaced
IkBa-DN by the vector RecCMV. Indeed, cotransfection of
increasing amounts of this mutant progressively reduced the
transcriptional activity of LTR to a value comparable to that
obtained with the LTR-AkB in freshly isolated thymocytes
(Fig. 4C) as well as in thymocytes cocultured with TEC (data
not shown). As expected, IkBa-DN did not modify the tran-
scriptional activity of the LTR-AkB promoter (Fig. 4D), con-
firming against that it specifically targets NF-kB on the wild-
type LTR.

Taken together, these experiments provide evidence of a
permanent induction of NF-«B activity leading to a permanent
LTR transactivation in freshly isolated thymocytes or in thy-
mocytes cocultured with TEC.

NF-kB activation induced by the interaction of thymocytes
with TEC is mediated mainly by TNF and to a lesser extent by
IL-1, but NF-kB inducibility requires IL-7. TNF and IL-1 are
well-known triggers of NF-«kB activation (10, 26, 44). We have
recently shown that the strong activation of HIV replication in
thymocytes, elicited by their interaction with TEC, is mediated
mainly by soluble factors including IL-1, TNF, IL-6, and GM-
CSF (48). Therefore, we first evaluated whether these cyto-
kines, particularly IL-1 and TNF, were involved in the perma-
nent induction of NF-kB observed in thymocytes cocultured
with TEC. For this purpose, we performed cocultures in trans-
well chambers to prevent cell-to-cell contact but to allow the
exchange of soluble factors. At the start of the coculture, neu-
tralizing antibodies against IL-1 and TNF were added to test
their ability to block NF-kB activation. An antagonist of the
IL-1 receptor (IL-1ra) was also used. A neutralizing antibody
against IL-6 was used as a negative control, since IL-6 is not an
NF-«B inducer.

As shown in Fig. 5 (lane 4), NF-kB activation was sus-
tained by the coculture even in the absence of cell-to-cell
contact, indicating that soluble factors were mainly involved.
As expected, antibody against IL-6 did not reduce NF-«B
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FIG. 4. NF-kB activity is responsible for the high transcriptional activity of the LTR in thymocytes freshly isolated or cocultured with TEC. Freshly isolated
thymocytes were cotransfected by electroporation with the following constructs: LTRluc, CMV-tat, and EF1-Bgal (respectively used at 10, 5, and 10 pg per 107 cells)
or LTR-AkB-luc, CMV-tat, and EF1-Bgal (used at 10, 5, and 10 ug per 107 cells) (A); 3Enh-TK-luc and EF1-Bgal (each used at 10pg per 107 cells) or TK-luc and
EF1-Bgal (used at 10 and 10 ug per 10 cells) (B); LTRIuc, CMV-tat, and EF1-Bgal (used at 6, 2, and 6 pg per 107 cells) and increasing amounts of IkBa-DN expression
vector as indicated (C); and LTR-AxB-luc, CMV-tat, and EF1-Bgal (used at 6, 2, and 6 pg per 107 cells) and 12 pg of IkBa-DN expression vector as indicated (D).
Rc-CMYV was added, as indicated, to normalize the amount of transfected DNA. Luciferase and B-galactosidase activities were determined 20 h after transfection in
the thymocyte lysates. LTR activity was expressed as normalized luciferase activity. This experiment is representative of three independent experiments, each carried

out on a different thymus.

activation (lane 6). The effects of IL-1ra or antibody against
IL-1B were very modest (lanes 7 and 8). In contrast, anti-
TNF almost completely abolished NF-kB activity in thymo-
cytes (lane 5). The fact that the extent of inhibition was
about the same with anti-TNF as with the combination of
anti-TNF, IL-1ra, and anti-IL-6 in the presence or absence
of cell-to-cell contact (lanes 9 and 11) strongly suggests that
TNF is the major inducer of NF-kB activation within the
coculture.

We then tested whether TNF or IL-18 was sufficient to
induce NF-«kB binding activity in thymocytes cultured alone.
As shown in Fig. 6, IL-1B had a weak stimulating effect on
NF-«kB activity in thymocytes (lane 4), in contrast to TNF,
which was able by itself to sustain a high NF-kB binding activity
in thymocytes cultured for 30 h (lane 3). However, the level of
NF-«kB activity obtained with TNF was lower than that ob-
served in freshly isolated thymocytes (compare lane 3 to lane
1). In addition, TNF was not efficient in maintaining long-term
(for instance, 60-h) NF-«B activity (lane 6). This suggested that
other factors within the microenvironment might be required
to maintain NF-kB activity in thymocytes. This hypothesis was
confirmed by the fact that TEC CM, when supplemented with
TNF, was able to maintain NF-«kB activity for 60 h (lane 9)
whereas TEC CM alone had no effect (lane 8). We conclude
that TNF is mainly required to maintain NF-kB activity in
thymocytes but that its effect requires another factor(s) se-
creted by TEC.

We tested the possibility that IL-7, a cytokine expressed by
TEC which plays a crucial role in T-cell development (41, 43,
45, 49), was this cofactor. We first showed that TEC CM
obtained after 3 days contains between 5 and 10 pg of IL-7/ml
per 10° cells. We then demonstrated (Fig. 6B) that the co-
stimulatory effect of the TEC CM was abrogated when this
medium was depleted of IL-7 by using an antibody against IL-7
(lane 5). In parallel, TEC failed to sustain this activity when

thymocytes were preincubated with an antibody against the
specific a chain of the IL-7 receptor before coculture. The role
of IL-7 was also confirmed by the fact that IL-7 elicited a
strong costimulatory effect with TNF and to a lesser extent with
IL-1 (Fig. 6C, lanes 6 and 7) whereas IL-6 and GM-CSF, which
are secreted by TEC (34) and involved in HIV replication, did
not modify the NF-«kB binding activity induced by IL-1 or TNF
(lane 4).

NF-kB activation was also observed when thymocytes were
treated with IL-7 alone (Fig. 6C, lane 5, and Fig. 6D, lane 2).
However, antibodies against TNF and IL-1, added simulta-
neously with IL-7 at the start of the culture (Fig. 6D, lane 3),
prevented this induction, again indicating that IL-7 plays the
role of a cofactor which amplifies the effect of low levels of
TNF (and IL-1) secreted by thymocytes.

Together, these data argue for a major role of TNF in
maintaining NF-kB activation in thymocytes, but this activa-
tion requires IL-7, which is secreted mainly by TEC.

We then determined whether HIV LTR transactivation in
thymocytes was also dependent upon the stimulation by
these cytokines. To emphasize the NF-kB-dependent trans-
activation, we used a combination of IL-1 and TNF (termed
IL-1-TNF), since their pathways of NF-kB activation are
known to be synergistic (44). Other combinations of cyto-
kines were also used, as shown in Fig. 7. Thymocytes were
maintained in culture either unstimulated or treated with
the various cytokines for 48 h prior to transfection. Cotrans-
fection was then performed with CMV-tat, EF1-Bgal, and
either LTR-luc or LTRAkB-luc. The transfected thymocytes
were then returned for an additional 20 h to the previous
conditioned medium prior to the determination of reporter
gene activities. The activities of the two LTRs, wild type and
AkB, were of the same level in nonactivated Jurkat cells
(data not shown) whereas the activity of the wild-type LTR
was 3.5-fold higher than that of LTRAkB in thymocytes
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FIG. 5. TNF and, to a lesser extent, IL-1 are involved in the permanently
induced NF-kB activity present in thymocytes during the coculture with TEC.
Thymocytes were freshly isolated (lanes 1 and 2) or cultured for 45 h (lanes 3 to
11) either alone (lane 3 [Control thymocytes]) or in the presence of TEC under
conditions avoiding contact (lanes 4 to 9) or allowing contact (lanes 10 and 11).
During the coculture, the cells were either left untreated (lane 4 [Control co-
culture, 45 hours] and lane 10 [Control coculture]) or were treated at the start of
the coculture with antibodies respectively raised against TNF (lane 5), IL-6 (lane
6), and IL-1B (lane 8), with the antagonist of the IL-1 receptor (lane 7), or with
oTNF plus IL-1 ra plus aIL-6 (lanes 9 and 11). Whole-cell extracts from these
various samples were incubated with a 3?P-labeled oligonucleotide representing
the HIV LTR-derived kB motif. Competition (comp [lane 1]) with a 40-fold
molar excess of unlabeled oligonucleotide was used to confirm the specificity of
the DNA-binding activity detected. NF-kB activity is indicated. The positions of
two nonspecific (n.s 1 and n.s 2) binding activities are indicated. The positions of
two nonspecific (n.s 1 and n.s 2) binding activities are indicated. This experiment
is representative of three independent experiments, each carried out on a dif-
ferent thymus.

(considered the basal activity of the LTR, independent of
NF-kB activation) (Fig. 7A). These data confirmed that
thymocytes left unstimulated even for 48 h were not com-
pletely devoid of NF-kB activity (see also the LTR and
NF-kB activity [Fig. 3]). IL-1-TNF stimulation further en-
hanced this level (ninefold). The transactivation level ob-
served with IL-1-TNF was not further modified by addition
of IL-6 and GM-CSF. Only addition of IL-7 to IL-1-TNF
led to a dramatic increase in LTR transactivation (30-fold).
However, it should be noted that IL-7 alone also increased
HIV-1 LTR activity (24-fold). This is in agreement with the
significant NF-kB activity elicited by IL-7 acting as a cofac-
tor of low levels of TNF (and IL-1) constitutively produced
by thymocytes (Fig. 6C, lanes 5 through 7). As expected, the
effect of TNF-IL-1 required kB sites, since the LTRAkB
was unresponsive. In contrast, IL-7 triggered LTRAxB
transactivation, although less efficiently than that of the
wild-type LTR, indicating that this cytokine acts through
both NF-kB-dependent and NF-kB-independent pathways.

In Fig. 7B we show that the NF-kB-independent transacti-
vation induced by IL-7 correlates with the weak induction of
transcriptional activity of LTRAkB in thymocytes during their
interaction with TEC and suggests that secretion of IL-7 by
TEC is mainly responsible for this effect. However, the induc-
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tion of the transcriptional activity of the wild-type LTR by TEC
is much more efficient than that of the LTRAkB.

DISCUSSION

We report here that NF-«B activation is a major prerequisite
for a high level of HIV-1 replication in thymocytes and that the
interaction of infected thymocytes with TEC is necessary for
such an induction. This conclusion was drawn from the fact
that an HIV-1 provirus with its kB sites deleted failed to
replicate in thymocytes whereas the wild-type provirus exhib-
ited a high level of replication, although only in the presence of
TEC. The active HIV replication observed within the thymus
(58-60) thus suggested that NF-kB was permanently induced
in the thymic microenvironment. We confirmed that a high
level of NF-kB binding activity was present within this organ,
taken as a whole. This is in agreement with the detection of
nuclear NF-kB complexes in vivo in human thymus by in situ
immunostaining (11). We also detected NF-«B binding activity
in freshly isolated thymocytes, as assessed by the presence of
distinct NF-kB complexes. p5S0-p65 was the prevalent complex,
but p50-p50 and p50-RelB were also present. pS2-containing
complexes, although minor, were also detected. The difference
between whole thymus and thymocytes suggests that the major
RelB complexes detected in whole thymus were mainly derived
from TEC, confirming previous reports of results obtained
with murine thymus (7, 37, 62).

We then showed that NF-kB activity observed in freshly
isolated thymocytes was the result of specific signals delivered
within the microenvironment. This activity, which is mainly due
to p50-p65 complexes, decreased when thymocytes were cul-
tured alone. Furthermore, we demonstrated that at least part
of the activation signals comes from the interaction with TEC,
since addition of TEC to thymocyte culture prevented this
progressive loss of activation. The same effect was observed
with autologous and heterologous TEC, excluding the poten-
tial involvement of a mixed lymphocyte reaction. However,
compared to that observed in freshly isolated thymocytes, the
maintenance of NF-kB activity during coculture with TEC was
less efficient, but the nature and ratio of the complexes were
similar. Therefore, we could not exclude the possible role of
other cells or factors within the microenvironment in strength-
ening NF-«kB activity. We can also argue that disruption of
thymocyte-TEC interaction during thymus preparation might
not be immediately and efficiently restored by mixing these two
cell subpopulations in the same culture dish, particularly with
regard to the necessary accumulation of soluble factors.

The high level of active NF-kB complexes, including p50-
p65, in freshly isolated thymocytes as well as in thymocytes
cocultured with TEC was postulated to correlate with a strong
activation of the HIV LTR. By using transfection assays, we
showed that the decrease of NF-«kB activity in thymocytes in
culture was accompanied by a decrease of LTR activity, except
in the presence of TEC, which maintained a high level of both
NF-kB and LTR activity. We also confirmed that this high
activity of the LTR was dependent upon kB binding sites since
it was strongly decreased by deletion of these sites (LTRAkB-
luc). The involvement of the kB responsive element was fur-
ther confirmed by comparing the luciferase activity obtained
with the 3Enh-TK-luc construct with that obtained with the
control vector TK-luc.

It should be noted that the migration of the activity indicated
as n.s 1 in Fig. 5, observed in EMSA, was not significantly
modified by competition with an excess of the unlabeled probe.
In consequence, this activity was indicated as nonspecific.
However, it was shown to be modulated by certain cytokines of
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FIG. 6. TNF and, to a lesser extent, IL-1 induce NF-«kB activity in thymocytes, and IL-7 is required for this effect. Whole-cell extracts were prepared from freshly
isolated thymocytes (panel A, lane 1) or from thymocytes cultivated for 30, 60, or 45 h. (A) During the indicated culture times, thymocytes were either left untreated
(lane 1, control for freshly isolated; lane 2, control 30 h; and lane 5, control 60 h) or were stimulated with either TNF (lanes 3 and 6), IL-1B (lanes 4 and 7), or TNF
in the presence of TEC CM (TEC CM + TNF) (lane 9). TEC conditioned medium was also added alone (lane 8 [TEC CM]). The data shown here are representative
of three independent experiments carried out on three thymuses. (B) Thymocytes were cultured for 45 h either untreated (lane 1, control 45 h), with TNF (lane 2),
with TEC CM (lane 3), or with TNF in the presence of TEC CM (TEC CM + TNF) preincubated (lane 5) or not (lane 4) with antibody against IL-7. In lanes 6 to
8, the thymocytes were left untreated for 6 h (lane 6) or incubated with an antibody against IL-7Ra (lane 7) or with an IgG1 control serum (lane 8) before being
cocultured with TEC for 45 h. The data shown here are representative of two independent experiments carried out on two thymuses. (C) Cells were left untreated for
the 45 h of the culture (lane 1, control 45 h) or treated with IL-18 (lane 2), TNF (lane 3), IL-1B plus TNF plus IL-6 plus GM-CSF (lane 4), IL-7 (lane 5), IL-7 plus
IL-1B (lane 6), or IL-7 plus TNF (lane 7). This experiment is representative of three independent experiments carried out on three thymuses. (D) Thymocytes were
left untreated (lane 1, control) or stimulated with IL-7 (lane 2) or IL-7 in presence of anti-TNF and II-1ra (lane 3). Whole-cell extracts were incubated with a >P-labeled
oligonucleotide representing kB motif. NF-kB activity is indicated. This experiment is representative of two independent experiments, each carried out on a different
thymus.

the coculture (Fig. 5 and 6). This activity is likely to be KBF2/ not exclude a role of the contact in sustaining the levels of
RBP, which has been shown to bind kB sites (25), albeit with these cytokines. We showed that TNF, secreted mainly by
an affinity much lower than that of NF-xB (25a). thymocytes, represented a major requirement for NF-«kB acti-

Since certain nucleotides of the kB element within the LTR vation, since antibodies against TNF abrogated the inductive
were found to participate in the binding of other transcription effect of the coculture. IL-1, produced by both TEC and thy-
factors such as RBP/KBF2 (25), NF-AT (29), ets (53), and mocytes (41, 66), modestly participated in this induction. Un-
GABP (13), it was necessary to formally demonstrate that LTR expectedly, these two cytokines were not sufficient to maintain
transactivation was regulated by members of the Rel/NF-«B a long-term activation of NF-«kB in culture. We then demon-
family. We therefore cotransfected a mutated IkBa molecule strated that IL-7, secreted mainly by TEC (42, 49), induced an
which cannot be phosphorylated and degraded (63) together NF-«kB activity in thymocytes by acting as a cofactor of low
with an HIV LTR. Overexpression of this mutated form of levels of TNF and IL-1 constitutively produced by thymocytes
IkBa, acting in competition with endogenous IkBa, led to a (12, 16, 66). This was confirmed by the fact that the IL-7-
dose-dependent decrease in LTR activity. The highest concen- induced NF-kB activity could be abolished by antibodies
tration of IkBa-DN decreased the activity of the wild-type against IL-1 and TNF. Together, these data lead to the con-
LTR to a value comparable to that obtained with the LTR- clusion that TNF is the major inducer of NF-kB activity in
AkB. These data confirm that enhanced transactivation of the thymocytes and that IL-1 has a modest synergistic effect. IL-7
LTR is triggered by the Rel/NF-kB family and that NF-«B is required for the maintenance of this activity, acting as an
activity in thymocytes is not constitutive but results from a important cofactor. It is at first sight surprising that in our
permanent activation of NF-«B. previous study (48), thymocytes were capable of replicating the

The major role of soluble factors in NF-kB activation was virus in vitro in the absence of IL-7 addition (in the presence
first demonstrated by the fact that thymocyte-TEC interaction of TNF, IL-1, GM-CSF, and IL-6). The possible explanation is
was efficient even in absence of cell-to-cell contact. This does that IL-7 was expressed at low levels in the thymocyte culture.
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FIG. 7. (A) LTR transactivation in thymocytes is triggered by TNF and IL-1 in the presence of IL-7. Freshly isolated thymocytes were precultured for 48 h alone
or with a combination of cytokines as indicated prior to cotransfection with either LTR-luc, CMV-tat, and EF1-Bgal or LTRAkB-luc, CMV-tat, and EF1-Bgal. The
plasmids were transfected by electroporation at the respective amounts of 10, 2.5, and 10 pg per 107 cells. The transfected thymocytes were then returned for an
additional 20 h under the previous culture conditions prior to determination of luciferase and B-galactosidase activities. LTR activity was expressed as normalized
luciferase activity. Numbers at the top of the columns represent fold amplification relative to luciferase expression in unstimulated thymocytes transfected with
LTRAkB-luc (level of NF-kB-independent activity). This experiment is representative of three independent experiments carried out on three thymuses. (B) Interaction
of thymocytes with TEC also induces an NF-«kB independent LTR transactivation in thymocytes. Freshly isolated thymocytes were precultured for 48 h alone or in the
presence of TEC prior to cotransfection with either LTR-luc, CMV-tat, and EF1-Bgal or LTRA«kB-luc, CMV-tat, and EF1-Bgal as described in the legend to panel A.
This experiment is representative of four independent experiments, each carried out on a different thymus.

IL-7 might be provided either by the thymocytes themselves,
which express at least detectable IL-7 mRNA (41, 66), or by
stromal cells (42, 49), which might remain at a low level in the
thymocyte preparation, although the purity of the thymocyte
population was estimated to be 99%. This low level of IL-7
might then be sufficient to permit NF-«kB activity in the pres-
ence of saturating concentrations of TNF and IL-1 added to
the thymocyte culture medium. This hypothesis is in agreement
with the fact that HIV-1 replication in thymocytes cultured
with IL-1, IL-6, TNF, and GM-CSF or cocultured with TEC
was delayed when an anti-human IL-7 antiserum was added at
the start of the culture (data not shown).

Nevertheless, the level of replication obtained in thymocytes
in vitro when IL-7 was used with TNF, IL-1, GM-CSF, and
IL-6 was much higher than in absence of IL-7 (data not
shown). This is in agreement with the transfection experiments
performed on thymocytes after 48 h in culture, showing that
the addition of IL-7 to IL-1-TNF led to a dramatic increase in
LTR transactivation. Several hypotheses might be proposed to
explain the role of IL-7 in the NF-kB-dependent pathway. IL-7
increases the activity of the AP1 transcription factor (17),
which is able to physically interact and synergize with NF-xB
(55). The increase in AP1 activity could also directly upregu-
late the expression of the TNF receptor p75, since an AP1-
responsive element is present in the 5’ regulatory region of its

gene (51). This last hypothesis is difficult to demonstrate by
using the total freshly isolated thymocyte population, in which
the number of thymocytes expressing this receptor never ex-
ceeded 3% by cytofluorometric analysis (data not shown). In-
deed, IL-7 receptor is restricted to certain subsets of thymo-
cytes (57). Work to identify the subpopulations of thymocytes
responsible for the high level of HIV replication is in progress
in our laboratory. Use of these subpopulations, which might be
characterized by the expression of both IL-7 and TNF recep-
tors (and to a lesser extent IL-1 receptor), will allow us to
determine whether IL-7 modulates the expression of the TNF
p75 receptor.

Interestingly, IL-7 also increases the activity of the LTRAkB
construct, suggesting that this cytokine is also involved in an
NF-kB-independent pathway. In addition to AP1, IL-7 acti-
vates several other transcription factors including NF-AT (17),
Stat 3, and Stat 5 (36, 38). By systematic mutagenesis within
the LTR, we are in the process of identifying the sequence
responsible for this effect. The magnitude of transactivation
through this pathway is much lower than that observed through
the NF-«kB one. This is very possibly the reason why no virus
replication was detectable in the absence of kB sites. Together,
these data suggest that NF-«kB activity is not strictly necessary
to induce LTR transactivation but is necessary to attain a high
level of HIV replication. Similar conclusions have been
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reached concerning the involvement of NF-kB in HIV repli-
cation in T lymphocytes (8). It is worth noting that the regu-
lation of NF-kB-dependent transactivation of the LTR is
highly dependent on the NF-kB complexes present in a given
cell and in its microenvironment. For instance, in peripheral
resting T lymphocytes, an inactive p5S0 homodimer constitu-
tively occupies the kB sites, preventing LTR activation by
p50-p65 induced by TNF or IL-1. The major stimulus respon-
sible for an NF-kB-dependent transactivation is the recogni-
tion of a specific antigen (19) permitting an induction of Bcl-3,
a coactivator (14) which generates, with pS0 homodimers, an
active trimer on the HIV-LTR (unpublished data). In contrast,
in thymocytes p5S0 homodimers are underrepresented with re-
spect to p50-p65 heterodimers, which are permanently acti-
vated by TNF and IL-1 within the thymic microenvironment.
Under these conditions, TNF and IL-1 induce LTR transacti-
vation. Another specificity of the thymocytes and the thymic
microenvironment is that these cytokines cannot efficiently
function without IL-7. Together with our previous report, we
demonstrate here that to sustain efficient HIV replication,
thymocytes require cytokines responsible for their activation
through NF-«kB (TNF and IL-1) and for their survival (GM-
CSF) (27, 30), as well as a cytokine which seems to fulfill both
functions (IL-7) (1, 23). Through these cytokines, the thymus
behaves as a virus reservoir, since it favors the maintenance of
a high viral load in certain subpopulations of thymocytes (8a),
as well as a prolonged life span of these thymocytes.
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