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The role of NF-KB-dependent signals in activating the
transcriptional activity of the HIV regulatory region
(LTR) was analyzed by systematic comparison of HIV
LTR activity in human CD4 T cells purified from
peripheral blood and a transformed lymphoblastoid T
cell line. In normal CD4 T cells we also analyzed the
role played by the viral KB responsive elements in HIV
replication. Analysis of nuclear extracts of resting,
normal T lymphocytes revealed the presence of the
p5O, but not the p65, NF-KB subunit and the induction
by phorbol esters of bona fide (pSO-p65) NF-KB
complexes. In parallel, we observed clear enhancer-
dependent HIV LTR transactivation comparable in
intensity with that observed in lymphoblastoid cells.
We show that unstimulated CD4 T lymphocytes offer
a cellular environment of very low permissivity to HIV
LTR functioning. This was in sharp contrast to the
high spontaneous LTR activity observed in lympho-
blastoid T cells, where LTR activity was essentially
independent of KB-responsive elements. Due to the low
basal LTR activity in resting T lymphocytes, NF-KB-
dependent transactivation was a sine qua non event
for induction of the HIV LTR. Surprisingly, even the
function of HIV Tat in resting CD4 T lymphocytes was
found to be absolutely dependent on LTR KB responsive
elements. The relevance of these observations obtained
in transient transfections was confirmed by the in-
capacity of blood CD4 T lymphocytes infected with
an HIV infectious provirus carrying critical point
mutations in the KB responsive elements to show any
detectable transcriptional activity upon cell activation
and prolonged culture in vitro. Our observations
emphasize the importance of analyzing the functioning
of HIV regulatory domains in the natural environment
provided by normal CD4 T lymphocytes for HIV
infection, and demonstrate an absolute requirement

Introduction
In lymphoid organs from infected patients, HIV remains
in a quiescent state in most infected T cells (Embretson
et al., 1993; Pantaleo et al., 1993), thus suggesting
that HIV transcription in vivo is not ongoing in CD4
lymphocytes. This notion is strengthened by findings
in vitro showing that no HIV replication is obtained in
resting peripheral blood lymphocytes (PBL). However,
activation of infected PBL with mitogens results in tran-
scription of the HIV genome and production of infectious
viral progeny (Barre-Sinoussi et al., 1983; Popovic et al.,
1984; McDougall et al., 1985; Folks et al., 1986a; Zack
et al., 1990; Bubrinsky et al., 1991; Saksela et al.,
1993). Therefore, these data suggest that in the cellular
environment of resting T lymphocytes, HIV remains in a
quiescent state and HIV reactivation from this state of
latency is absolutely dependent upon T cell activation
(reviewed in Virelizier, 1990).

It is generally accepted that initiation of HIV transcrip-
tion is under the control of cellular factors that interact
with sequences located in the HIV long terminal repeat
(LTR) (reviewed in Cullen and Greene, 1989; Jones, 1989;
Gaynor, 1992). Among the multiple regulatory elements
described in the HIV LTR, the main inducible regulatory
domain is constituted by the core enhancer element, which
binds and responds to the rel/iKB family of transcription
factors (Nabel and Baltimore, 1987; Nolan et al., 1991;
Schmitz and Bauerle., 1991; Schmid et al., 1991; Bours
et al., 1992; Fujita et al., 1992; Ryzeck et al., 1992;
Franzoso et al., 1993) that are induced by a number of
mitogens, cytokines and specific T cell activators, like
antigen presentation through the TCR/CD3 receptor (Israel
et al., 1989; Osbom et al., 1989; Tong-Starsken et al.,
1989; Hazan et al., 1990; Beg et al., 1993). Bona fide
NF-KdB is a heterodimer composed of p50 and p65 subunits
(reviewed in Liou and Baltimore, 1993), where p65 is
responsible for the transcriptional activity of the complex
(Schmitz and Bauerle, 1991; Ballard et al., 1992) and
represents the major rel/icB transcriptional factor detected
in the nuclei of T lymphocytes upon activation (Hazan
et al., 1990; Franzoso et al., 1992).

Mutation of critical nucleotides in HIV enhancer
sequences involved in the binding of induced NF-KB
renders the HIV LTR unresponsive to activation signals
capable of inducing nuclear translocation of these
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transcription factors (Nabel and Baltimore, 1987; Folks
et al., 1989, Hazan et al., 1990).

After HIV transcription is initiated, Tat, the autologous
viral transactivator, greatly increases the expression of the
HIV genome by elongation of nascent viral transcripts
through interaction with TAR, a 59 nt RNA stem-loop
structure located immediately proximal to the viral mRNA
cap site (reviewed in Sharp and Marciniak, 1989; Cullen,
1993; Jones, 1993). In addition to Tat-TAR interactions
a collaborative transcriptional effect between Tat and
various cellular factors binding to upstream sequences in
the HIV LTR, including NF-KB and SPI, has been
described in different cell types (Berkhout et al., 1990;
Harrich et al., 1990; Bachelerie et al., 1991; Berkhout
and Jeang, 1992; Kamine and Chinnadurai, 1992; Liu
et al., 1992; Taylor et al., 1992). NF-KB can therefore
increase HIV replication as a major element, not only
driving the initiation of HIV transcription, but also
cooperating with the Tat protein.

In contrast to what is observed in blood CD4 T
lymphocytes, HIV infection of lymphoblastoid T cell lines
results in intense replication in the absence of additional
stimuli (Adachi et al., 1986; Harrich et al., 1990). Con-
sequently, requirements for HIV replication in normal and
transformed cells are very different, emphasizing the need
to analyze mechanisms of viral transcription in cellular
models relevant to HIV infection in vivo. Until now, the
majority of studies analyzing the control mechanisms of
HIV transcription have been performed in lymphoblastoid
T cell lines (Folks et al., 1989; Israel et al., 1989; Lu
et al., 1990; Li et al., 1991; Sakaguchi et al., 1991; Liu
et al., 1992) and very little is known about the regulation of
LTR-driven transcription and HIV reactivation in normal,
resting peripheral blood CD4 T lymphocytes or about the
respective roles of the HIV enhancer and Tat in the
environment provided by one of the natural cell targets
of HIV. Furthermore, the observation that HIV proviruses
deleted of the enhancer region replicate to the same extent
as wild-type proviruses in PHA-activated lymphocytes
and lymphoblastoid cells (Leonard et al., 1989) raises the
question of whether the HIV enhancer is a critical
regulatory element for both transcription initiation and
replication of HIV in normal CD4 T lymphocytes.

These apparent contradictions prompted us to
systematically compare the requirements for KB-dependent
activation of the HIV LTR in blood CD4 T lymphocytes
and lymphoblastoid T cells using transient transfections.
Additionally, we analyzed whether NF-KB-dependent LTR
transactivation was obligatory for both initiation and
maintenance of viral transcription in blood CD4 T lympho-
cytes infected with either KB-mutated or wild-type HIV
proviruses.

Results
Resting CD4 blood T lymphocytes, in contrast to
lymphoblastoid T cells, offer a poorly permissive
cell environment for the spontaneous
transcriptional activity of the HIV LTR
Using transient transfections assays, we analyzed the basal
activity of a luciferase expression vector driven by the
U3+R sequences of the HIV LTR (LTRWT-Luc) in
normal CD4 lymphocytes and the lymphoblastoid cell line
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Fig. 1. (a) The HIV LTR is poorly expressed in normal CD4 T
lymphocytes as compared with a lymphoblastoid cell line. CD4
lymphocytes (2X 107) isolated from peripheral blood or J-Jhan cells
were transfected by electroporation with 1 ,ug/1 06 cells of the
indicated reporter plasmid. After transfection, cells were treated with
25 ng/ml PMA or were left untreated (-). Twenty four hours after
transfection, cells were counted and luciferase activity measured.
Results are expressed as relative luciferase units (RLU)/106 cells. RLU
was calculated as the difference in light emission between the
experimental sample and untransfected cells (background). In this
particular experiment the background value was 51 RLU. Numbers
above the bars indicate fold amplification of luciferase activity relative
to the activity of the LTRWT-Luc plasmid transfected into the same
unstimulated cell type. One of 15 representative experiments is shown.
Note that a logarithmic scale is used. (b) Expression of different
promoters in resting CD4 lymphocytes and a lymphoblastoid cell line.
CD4 lymphocytes (2X 107) isolated from peripheral blood or J-Jhan
cells were transfected by electroporation with I ,ug/106 cells luciferase
expression vectors placed under the control of several viral promoters.
Twenty four hours after transfection, cells were counted and luciferase
activity measured. Results are expressed as RLU/106 cells.

J-Jhan (Figure 1 a). In normal CD4 lymphocytes, the
spontaneous activity of the LTRWT-Luc vector was
extremely low. These results were in clear contrast to the
high level of enzymatic activity expressed from the same
vector transfected into lymphoblastoid cells. Indeed, an
81-fold difference in relative luciferase activity (RLU)
was observed in the lysates of J-Jhan cells (RLU/106
cells = 1221 ) as compared with enzymatic activity of
lysates of normal CD4 T lymphocytes (RLU/106 cells =

15). The comparable levels of transcription activity of
LTRWT- and LTRAKB-Luc vectors in either J-Jhan
cells or resting CD4 T lymphocytes indicate that the
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Fig. 2. Quantification of transfected DNA in resting CD4 lymphocytes
and J-Jhan cells. CD4 T lymphocytes or J-Jhan cells were either
transfected with 1 ,tg/106 cells LTRWT-Luc plasmid or were not
transfected. Plasmid DNA was purified and serial dilutions of DNA
obtained from each cell type were transferred onto a nylon membrane
using a Dot-Blot apparatus and hybridized with an [a-32P]dCTP -
labeled wild-type HIV (LAI strain) LTR probe. The autoradiogram
shown was exposed for 6 h. In the experiment shown, luciferase
activity obtained in 106 cells was 1900 RLU in J-Jhan cells and was
undetectable in CD4 lymphocytes.

absence of functional NF-KB binding sites does not affect
the basal expression of the HIV LTR.
To rule out the possibility that, in the latter cells, a low

uptake of transfected expression vectors was responsible
for the weak luciferase activity detected, the amount of
low molecular weight DNA present in the nuclear fraction
of each cell type after transfection was quantified. Results
from this analysis, shown in Figure 2, demonstrate that
similar quantities of transfected LTRWT-Luc plasmid
were loaded into the nuclei of J-Jhan and normal CD4 T
lymphocytes.
To investigate whether the low HIV LTR expression

level obtained in CD4 lymphocytes was a peculiarity of
this promoter, we analyzed the basal activity of other viral
promoters in both normal CD4 T lymphocytes and J-Jhan
cells. As shown in Figure lb, the promoters from both
Rous sarcoma virus (RSV) LTR and thymidine kinase
(TK) from herpes simplex virus were poorly expresed in
normal lymphocytes. As compared with these vectors, the
HIV LTR expressed a slight activity that was about 20
times lower than the strong level obtained with the CMV
IE promoter.

NF-icB-dependent inducibility of the HIV LTR is
comparable in normal and transformed T
lymphocytes.
The reactivity of the wild-type HIV LTR to cell activation
was explored in normal and lymphoblastoid cells (Figure
la). In both cell types, a clear increase in LTR activity
was induced by treatment with phorbol myristate acetate
(PMA). The transactivation of the HIV LTRWT-Luc
vector observed in PMA-treated cells was mediated by
induction of the NF-KB binding sites. Indeed, in both cell
types, deletion ofNF-KB consensus sequences (LTRAKB -
Luc) (Figure la) abrogated the capacity of the LTR to
respond by increased transcription to PMA activation.

Role of NF-KB consensus sequences in Tat-
mediated transactivation of the HIV LTR in normal
and lymphoblastoid T lymphocytes
The participation of NF-KB consensus sequences in Tat-
mediated transactivation of the HIV LTR was com-
paratively analyzed in normal T lymphocytes and J-Jhan
cells. Both cell types were co-transfected with either a

LTRWT-Luc or a LTRAKB -Luc vector and a Tat expres-
sion vector driven by the cytomegalovirus immediate early
promoter (CMV-TAT). Data presented in Figure 3a
show that in blood CD4 T lymphocytes and J-Jhan
lymphoblastoid cells a pronounced increase in transcrip-
tional activity of the LTRWT-Luc vector was induced
by CMV-TAT.

In the lymphoblastoid cell line J-Jhan the transactivation
level induced by Tat in the LTRAKB -Luc vector was
only sligthly reduced as compared with results obtained
with the wild-type LTR-directed vector. In striking con-
trast, in resting blood T lymphocytes, deletion of KB
responsive elements from the LTR completely prevented
Tat-induced transactivation of the LTRAKB -Luc expres-
sion vector (Figure 3a).
To exclude the possibility that the levels of Tat generated

in blood CD4 T lymphocytes could be a limiting factor
in induction of the LTRAKB vector, increased amounts of
CMV-TAT vector were co-transfected with either the
wild-type or the KB-deleted counterpart. As is shown in
Figure 3b, the transcription activity of the wild-type LTR
was enhanced in parallel with the amount of CMV-TAT
transfected, albeit no transcriptional activity was obtained
from the KB-deleted LTR whatever the amount of
CMV-TAT co-transfected. That indicates that the KB-
dependent LTR unresponsiveness to Tat was not due to a
limiting availability of the transactivator in CMV-TAT-
transfected lymphocytes.

In an attempt to reproduce experimental conditions
closer to HIV reactivation occurring in naturally infected
CD4 T lymphocytes we performed experiments where
expression of Tat was driven by the HIV LTR. Under these
experimental conditions Tat-dependent transactivation of
wild-type LTR was not observed in blood CD4 T lympho-
cytes, probably as a consequence of the low amount
of Tat produced from either wild-type or AKB-directed
LTR-Tat vectors in these cells (Figure 4). In J-Jhan cells,
comparable Tat-mediated transactivation of LTRWT-Luc
was observed independently of the presence or absence
of KB responsive elements in the co-transfected LTR-Tat
expression vectors, thus confirming the KB-independent
activity of the HIV LTR in lymphoblastoid cells. When
PMA and Tat synergistic transactivation of the LTRWT-
Luc vector was analyzed, it was observed that comparable
levels of luciferase activity were obtained in J-Jhan cells
regardless of the LTR-driven Tat expression vector used.
In contrast, the absence of 'KB responsive elements pre-
vented the induction of Tat in normal T cells and the
collaborative transactivation of LTRWT-Luc upon
stimulation with PMA observed in J-Jhan cells (Figure 4).

Analysis ofp50 and NF-KB in the nuclei of resting
and activated normal CD4 T lymphocytes
Nuclear extracts from normal T lymphocytes were ana-
lyzed in an electrophoretic mobility shift assay (EMSA)
(Figure 5a) using a radiolabeled, double-stranded oligo-
nucleotide containing the two NF-KB consensus motifs
representing the HIV enhancer. Nuclei from unstimulated
T lymphocytes contained a DNA binding activity which
specifically associated with the HIV enhancer oligonucleo-
tide. These complexes were composed of p5O homodimers,
as demonstrated by the fact that incubation of nuclear
extracts from resting cells with IKB/MAD3 modified
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Fig. 3. (a) HIV LTR Tat-mediated transactivation in resting CD4 T lymphocytes is dependent on KB responsive elements. CD4 T lymphocytes or
J-Jhan cells were transiently transfected by electroporation with I jg/1 06 cells of the indicated reporter plasmids alone or with a CMV-TAT
expression vector (0.5 gg/106 cells). Twenty four hours after transfection, cells were counted and luciferase activity was measured in cell lysates.
Results from one of 10 representative experiments are shown. Values are expressed as RLU/l 06 cells. Numbers above the bars indicate fold
amplification of luciferase activity relative to the activity of the LTRWT-Luc plasmid transfected into the same unstimulated cell type. (b) Lack of
transactivation of the LTRAKB-Luc plasmid by CMV-TAT is not due to limited production of the Tat protein. Blood CD4 T lymphocytes were
transiently transfected by electroporation with I pg/106 cells of the indicated reporter plasmids alone or with different doses of a CMV-TAT
expression vector. Twenty four hours after transfection cells were counted and luciferase activity was measured in cell lysates. Values are expressed
as RLU/106 cells. Numbers above the bars indicate fold amplification of luciferase activity relative to the activity of the same plasmid in the absence
of CMV-TAT co-transfection.

neither its capacity to bind the HIV enhancer nor its
mobility, but was displaced by a p5O antiserum.

Analysis by Western blot of the nuclear HIV enhancer
binding proteins from normal T lymphocytes (Figure 5b)

demonstrated the presence of p50, but not p65, proteins
in the nuclei of resting cells. After induction with PMA,
p65 became clearly detectable and the level of p5O was

substantially increased in the nuclei of activated cells.
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Fig. 4. HIV LTR-directed Tat expression is dependent on KB
responsive elements. CD4 T lymphocytes or J-Jhan cells were

transfected by electroporation with 1 tg/106 LTRWT-Luc reporter
plasmid and different Tat expression vectors (0.5 ,ug/106 cells). Tat
production was driven either by a wild-type LTR (LTRWT-Tat) or by
a KB-deleted LTR (LTRAKB Tat). A truncated version of a Tat cDNA
cloned under the control of a wild-type LTR was used as control
(LTRWTATat). Cells were either left unstimulated (-) or stimulated
with 25 ng/ml PMA. Luciferase activity was measured 24 h after
transfection and results are expressed as RLU/106 cells. Numbers
above the bars indicate fold amplification of luciferase activity relative
to the luciferase activity of the LTRWT-Luc plasmid transfected into
the same unstimulated cell type. One of four representative
experiments is shown.

Point mutations in the viral enhancer which
prevent binding of NF-KB abolish transcriptional
activity of HIV proviruses in normal CD4 T
lymphocytes
To study the relevance of KB sequences in the replication
of a whole HIV virus, CD4 lymphocytes or PHA-induced
primary T cells were infected with either wild-type or

KB-mutated infectious viruses generated in J-Jhan cells
by transfection of plasmids that encompass the comple-
mentary halves of an infectious HIV provirus (Figure 6a).
Activation of HIV-infected resting CD4 T lymphocytes
(Figure 6b) was induced through the CD3 complex with
a specific monoclonal antibody 24 h after incubation
with wild-type or KB-mutated viral preparations. Virus
replication in both HIV-infected resting (Figure 6b) and
PHA-induced T lymphocytes (Figure 6c) were assessed
by detection of p24 antigen in the supernatants of cell

I,
v -*

Fig. 5. High levels of p50 NF-KB subunit are detected in the nuclei of
resting CD4 T lymphocytes. (a) Electrophoretic mobility shift assay.
Three micrograms of protein from a nuclear extract were incubated
with a [x-32P]dCTP-labeled double-stranded oligonucleotide containing
the two HIV LTR NF-cB consensus motifs. Specificity of the binding
was assessed by competition with a 40 times molar excess of cold
oligonucleotides (COMP). Twenty nanograms of recombinant IKBct
(MAD3) or a rabbit polyclonal antibody against p50 (p50 Ab) were

used to block DNA binding of NF-KcB complexes. (b) Western blot.
Ten micrograms of nuclear protein were electrophoresed in a

SDS-PAGE gel, transferred to nitrocellulose membranes and probed
with rabbit polyclonal antibodies directed against recombinant p50 or

p65. Antigen-antibody interactions were revealed with a horseradish
peroxidase-conjugated donkey anti-rabbit antibody, using a

chemiluminescence detection kit (Amersham).

cultures collected at different times throughout the culture
period. In clear contrast to the wild-type provirus, which
was able to replicate in both activated cell populations,
no p24 protein was detected either at early or late times
in cell cultures infected with the KB-mutated counterpart.
To rule out the possibility that a lower infectivity of the
KB-mutated clone could explain the differences observed,
we analyzed the amount of proviral DNA in PHA-induced
T cell blasts. As is shown in Figure 6D, the amount of
proviral DNA in cells infected with either the wild-type
or the KB-mutated virus were comparable until day 12,
thus excluding the possibility that the lack of replication
observed with the viral clone was due to a low input of
infectious particles. Since ELISA detection of p24 antigen
was not sensitive enough to detect a low expression of
the KB-mutated provirus, we decided to analyze the
eventual production of viral RNA transcripts by reverse

transcription (RT)-PCR. Using PHA-induced T cell blasts,
which offer a more favorable environment for HIV replica-
tion than T lymphocytes infected in the resting state, we
observed that no HIV RNA was detected in cells infected
with the HIV KB-mutated virus, despite the fact that
proviral DNA was still detectable at day 20. In contrast,
large amounts of viral RNA were obtained in samples
from cells infected with the HIV wild-type clone collected
at days 20 and 30. In keeping with the intense production
of viral RNA obtained in the lysates from these cells, a

dramatic and parallel increase in the amount of HIV wild-
type proviral copies is evidence of robust replication and
propagation of this viral clone in cell culture.

Discussion
To study the role of NF-KB in LTR transactivation in a

cellular environment relevant to HIV infection, we have
developed efficient systems of infection and transfection
of normal CD4 T lymphocytes derived and purified
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Fig. 6. HIV replication in CD4 T lymphocytes is absolutely dependent on LTR cB responsive elements. (a) Schematic representation of

complementary HIV proviral vectors co-transfected in J-Jhan lymphoblastoid cells to generate infectious viruses. (b) Infection and replication in
blood CD4 T lymphocytes. Purified, resting blood CD4 T lymphocytes were infected with wild-type (HIV-WT) or KB-mutated (HIV-KB MUT) HIV

infectious viruses. After infection, cells were stimulated with anti-CD3 antibodies and maintained in culture medium suplemented with recombinant
1L2. Viral replication was assessed by detection of HIV p24 antigen in culture supernatants. Cut-off line indicates the threshold of p24 detectability.
(c) Infection of PHA-induced T cell blasts. PBLs were activated with PHA for 24 h and infected with either wild-type or KcB-mutated viruses. Cells
were maintained in culture medium supplemented with recombinant IL2. Viral replication was assessed by detection of HIV p24 antigen in culture

supematants. Cut-off line indicates the threshold of p24 detectability. (d) Assessment of proviral DNA copies and viral RNA production in long-term
cultures of PHA-induced T cell blasts by PCR amplification of a 115 bp sequence of the HIV-1 gag gene. DNA and RNA from 105 8E5 (HIV-
infected) cells were used as positive controls (C+). A standard curve of HIV DNA copies from 8E5 cells is shown. Uninfected CD4 T lymphocytes
were used as a negative control (C-). In each point, DNA and RNA extracted from 105 lymphocytes were amplified. MUT, HIV KB-mutated virus.
WT, wild-type virus. ND, not done.

from peripheral blood lymphocytes. We systematically
compared HIV LTR activity in normal cells with that in
a lymphoblastoid cell line (J-Jhan). Our results show that
both basal LTR expression and the requirements for
transactivation are radically different in the two cell types,
thus stressing the relevance of studying the regulation of
HIV transcription in an appropriate normal cell context.

Basal activity of the HIV LTR was found to be strikingly
different in both cell types. In normal, resting CD4 T
lymphocytes transcriptional activity was very low, in
contrast to the high levels of spontaneous LTR activity
found in unstimulated J-Jhan cells. However, in both cell
types in the absence of PMA induction, the basal activity
of the LTRWT and AKB vectors were strictely comparable,
thus suggesting that other regions in the LTR account for
the basal transcription activity of the HIV LTR.
The low transcriptional activity of the HIV LTR in

blood CD4 T lymphocytes is shared by other viral pro-
moters (herpes simplex virus TK and RSV LTR). The
lack of gene product expression or, in the case of the HIV

LTR, of post-translational modifications of NF-K1B factors
which occur in stimulated blood T lymphocytes could
account for the poor transcriptional environment provided
by quiescent blood CD4 T lymphocytes for these viral
promoters.
To rule out the possibility that the low basal transcription

activity observed in resting CD4 T lymphocytes was due
to inefficient transfection of the HIV LTR as compared
with that achieved in J-Jhan cells, the amount of plasmid
uptake was analyzed using low molecular weight DNA
extraction (Hirt, 1967). Our results show that the amounts
of plasmid loaded by transfection in the nuclear compart-
ment were similar in both cell types. The low luciferase
activity detected in blood CD4 T lymphocytes thus truly
reflected an extremely low activity of the HIV LTR in
this cellular environment.

Although PMA stimulation induced a KB-dependent
transactivation of the HIV LTR comparable in both cell

types in terms of fold induction, the relative importance
of this induction was very different depending on the
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cell type considered. In J-Jhan cells, NF-KB activation
increased an already ongoing transcription, whereas in
CD4 lymphocytes cell activation and induction of the
enhancer function was a sine qua non event in the initiation
of HIV transcription. This is in keeping with the well-
known difference in permissiveness to HIV replication of
these two cell types. Indeed, in lymphoblastoid cell lines
HIV infection results in active replication in the absence
of other stimuli, whereas replication is undetectable in
HIV-infected, resting CD4 lymphocytes, where T cell
activation is essential for triggering of viral replication.

Tat-mediated transactivation of the HIV LTR was strictly
dependent on the HIV enhancer in normal T lymphocytes,
but not in lymphoblastoid cells, even when they were
transfected with a potent Tat expression vector (CMV-
TAT). The lack of a dose-dependent effect of Tat in
the induction of the KB-deleted LTR argues against the
possibility that the amount of Tat generated from the
CMV-driven expression vector is a limiting factor which
may explain the unexpected inability of CMV-TAT to
transactivate the KB-deleted HIV LTR.
When the HIV LTR was used to drive Tat expression

in order to mimic transcription conditions occuring in
HIV-infected lymphocytes, no LTR transactivation was
observed in resting CD4 lymphocytes. This is in keeping
with the low transcriptional activity of the LTR in these
cells, which would be unable to generate the amount of
Tat required for LTR transactivation. In contrast, in J-Jhan
cells, in keeping with the high basal activity of the HIV
LTR, Tat generated either from the wild-type or the KB-
deleted LTR leads to a potent transactivation of the HIV
promoter independently of the 1KB sites.
The precise mechanisms accounting for this absolute

dependence of Tat function on KB responsive elements in
resting T lymphocytes remain unknown. The comparable
low levels of transcription obtained with either wild-type
or enhancer-mutated HIV LTR make it unlikely that
quantitative differences in the rate of viral RNA elongated
by Tat from each type of LTR account for the absence
of Tat-mediated transactivation of the enhancer-deleted
promoter.
The failure of Tat to amplify the transcription activity

of KB-deleted promoters in resting lymphocytes suggests
some indirect interaction of Tat with the viral enhancer.
Such a possibility has been previously proposed (Berkhout
et al., 1990; Harrich et al., 1990; Liu et al., 1992; Taylor
et al., 1992) to explain the synergistic effect of Tat and
the NF-KB complexes on transcription initiation of the
HIV LTR. Some physical interaction of Tat, direct or
mediated by other cell factors, with the structural complex
formed by the viral enhancer and its specific DNA binding
proteins could provide the molecular basis for the observed
Tat-eenhancer collaboration. The TBP-Tat association
recently described could be an example of the interaction
of Tat with cellular transcription factors (Kashanchi
et al., 1994).

Although in our experimental model the constitutive
p5O homodimers seem to be devoid of any significant
transcriptional activity on their own, occupancy of LTR
KB responsive sequences by these protein complexes
might be required for LTR transactivation induced by
Tat in resting T lymphocytes. In agreement with this
hypothesis, our preliminary results (data not shown) indi-
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cate that Tat and p5O expressed from CMV-directed vectors
in resting T lymphocytes synergize to transactivate the
HIV LTR, despite the inability of p5O alone to modify
basal activity of the LTR.
The KB-dependent Tat transactivation of the LTR we

describe in resting T lymphocytes is in agreement with
recently published data by Moses et al. (1994) obtained
in unstimulated human primary monocytes/macrophages
co-transfected with Tat and HIV LTR-CAT vectors carry-
ing critical point mutations in the viral enhancer. Thus, it
should be stressed that CD4 T lymphocytes and macro-
phages, the two major natural target cells of HIV infection,
display similar requirements in terms of LTR expression
and Tat transactivation, in striking contrast to T lympho-
blastoid and myelomonocytic cells (Arenzana-Seisdedos
and Alcami, unpublished results)

In order to validate our findings in a more relevant
experimental model to natural HIV infection, we analyzed
HIV replication in blood CD4 T lymphocytes using viruses
encompassing either a wild-type or a KB-mutated LTR.
In contrast to previous studies, our results show that
viral transcription was absent when KB-mutated viruses
were used.
Our results show that enhancer point mutations of KB

responsive sequences in a HIV provirus do not modify
the infectivity, since equivalent numbers of proviral copies
were detected in wild-type and KB-mutated provirus-
infected cells up to 12 days after virus adsorption. HIV
replication assessed by p24 production was detected
exclusively in cells infected with wild-type but not with
mutated KB viruses in both PHA-induced T cell blasts
and T cells infected in a resting state and then activated
by an anti-CD3 antibody. The inability of the KB-mutated
virus to replicate, even in the higly permissive cellular
environment of PHA-induced T cell blasts, was confirmed
by the lack of viral RNA detected using the sensitive
RT-PCR technique. Correlated with the intense viral
replication, a strong increase in the number of proviral
copies was detected after infection with the wild-type but
not the KB-mutated viral clone. Together these results are
evidence that the presence of KB sites in the HIV LTR is
critical for viral replication and propagation in human
blood CD4 T lymphocytes.

Altogether, the above results underline the importance
of using non-transformed cells for the analysis of HIV
transcription and replication in T lymphocytes and indicate
how much the use of lymphoblastoid cell lines may mislead
our interpretation of the molecular events regulating HIV
latency and persistence. As opposed to T lymphoblastoid
cells, the environment of normal human lymphocytes, the
natural target cell of the virus, does not provide the
LTR with any detectable, constitutive activity and is not
spontaneously permissive for HIV genome transcription.
The phenomenon of T cell activation modifies this environ-
ment through NF-KB activation which initiates viral tran-
scription from an apparently absolute quiescence and
further amplifies transcription by interacting functionally
with the viral transactivator Tat. Such notions lead to a
better understanding of the basic strategy of long-term
quiescence observed in the T lymphocytes of infected
patients.



HIV transcription in CD4 T cells

Materials and methods
Cells
J-Jhan is a human lymphoblastoid cell line derived from Jurkat cells.
8E5 is a clone derived from A3.01 cells which contains a single copy
of HIV (Folks et al., 1986b). Human PBL from healthy donors were

isolated by Ficoll-Hypaque gradient from leukocytes. The CD4+ T cell
population was obtained by negative selection using magnetic beads
(Dynabeads, Dynal) coated with monoclonal antibodies directed against
CD8, CD19, CD14 and CDlIc. After purification, >90% of cells
expressed the CD4 marker and <3% of other cell types were detected
by fluorocytometry. All cells were grown in RPMI 1640 medium enriched
with 10% fetal calf serum (FCS).

Plasmids
The LTRWT-Luc and LTRAKB - Luc expression vectors have been
described previously (Bachelerie et al., 1991). Briefly, they carry U3 +R
regions of the HIV LTR (LAI strain) from nucleotide -644 (XhoI) to
+78 (HindIII), except that the tandem KB responsive elements have
been deleted in LTRAKB-Luc and replaced by the consensus sequence

for BclI (Du et al., 1989). LTRWT and LTRAKB were cloned in the pC-
luciferase plasmid (Schwartz et al., 1990). LTRWT- and LTRAKB-Tat
contain full-length Tat cDNA placed under the control of the wild-type
or the enhancer-deleted HIV LTR regions described above. LTRWT-
ATat was constructed using a Tat cDNA coding for a truncated protein
lacking the first 30 N-terminal amino acids. Plasmid pUC5'HIV-arm
contains 5' sequences of the wild-type and its KB-mutated HIV counter-
part provirus (Harrich et al.,1990) derived from SF2 (BamHI-SphI
fragment) and HTLVIIIB pBHIO (SphI-NcoI fragment). pUC3'HIV-
arm carries 3' wild-type and KB-mutated HIV sequences (NcoI-Narl
fragment) derived entirely from SF2. Isolated plasmids were not infec-
tious, but could produce infectious HIV particles if upon digestion with
BglI and Ncol restriction enzymes they were co-transfected with their
complementary construct.

Enhancer-mutated 5' and 3' LTR sequences were (- 106)CTTTAA-
ACYTlCCGCTTTAAACTTTCCAG(-77)G, where mutated nucleo-
tides are underlined.
The CMV-Luc and TK-Luc plasmids containing the human CMV

immediate early promoter and the TK promoter from herpes simplex
virus respectively have been previously described (Schwartz et al., 1990;
Bachelerie et al., 1991). The plasmid RSV-Luc contains the LTR from
Rous sarcoma virus (Invitrogen) cloned in the pC-luciferase plasmid.

Electrophoretic mobility shift assays
Nuclear extracts were obtained and analyzed as described (Bachelerie
et al., 1991) using a [ct-32P]dCTP-labeled double-stranded synthetic
wild-type HIV enhancer oligodeoxynucleotide. DNA binding competition
was assessed by pre-incubating the extract with a 40-fold excess of
unlabeled oligonucleotide. When indicated, 20 ng recombinant IKBa
or specific polyclonal antibodies directed against recombinant p50
(Arenzana-Seisdedos et al., 1993) were added to samples 10 min before
addition of the radiolabeled probe.

Western blot
Ten micrograms of nuclear protein were electrophoresed in a SDS -PAGE
gel, transferred to nitrocellulose membranes (PVDF, Sigma) and probed
with rabbit polyclonal antibodies directed against recombinant p50 or

p65. Antigen-antibody interactions were revealed with a horseradish
peroxidase-conjugated donkey anti-rabbit antibody, using a chemi-
luminescence detection kit (Amersham).

Transfection assays
Cells were resuspended in RPMI supplemented with 10% FCS and
electroporated using a Celljet electroporator (Eurogentec). J-Jhan cells
were transfected at 280 V, 1500 ltF and resistance x. CD4 T cells were

transfected at 320 V, 1500 gF and resistance x. After transfection, cells

were incubated in RPMI with 10% FCS at 37°C, activated or not with
PMA (25 ng/ml) and harvested 24 h later. Luciferase activity was

measured in a luminometer (Berthold). Data are expressed in terms of

relative luciferase activity units (RLU), calculated as (light emission from

experimental sample-light emission of untransfected cells)/106 cells.

Quantitative analysis of low molecular weight DNA
Cell nuclei were isolated by centrifugation after incubation for 5 min at
4°C in lysis buffer (10 mM HEPES, pH 8, 50 mM NaCI, 0.5 M sucrose,
1 mM EDTA and 0.2% Triton X- 100). Low molecular weight DNA was

purified according to a procedure modified from the original method
(Hirt, 1967), as previously described (Bachelerie et al., 1991). Serial
dilutions of DNA obtained from both cell types were transferred onto a
nylon membrane and hybridized with a 32P-labeled DNA probe con-
taining the wild-type HIV (LAI strain) LTR sequence.

HIV infection
Plasmids containing complementary sequences of wild-type and KB-
mutated HIV viruses respectively were digested with BglI and NcoI
restriction enzymes and transfected into J-Jhan cells. Culture supernatants
from infected cells were clarified by low speed centrifugation and virus
was pelleted by ultracentrifugation. Quantification of virion-associated
p24 antigen in viral pellets was performed using an enzyme-like
immunoassay (Coulter). Resting CD4 T lymphocytes or PHA-induced
T cell blasts were infected with a dose of 500 ng HIV p24 protein/
106 cells. CD4 lymphocytes were co-cultured in 24-well plates with
autologous macrophages, previously isolated by adherence. Both purified
CD4 lymphocytes and T cell blasts were cultivated in RPMI 1640
medium supplemented with 10% FCS and 60 ng/ml recombinant IL2
(Cetus). Blood CD4 T lymphocytes were stimulated with CD3 antibodies
(T28) at a dose of 1:1000 of ascitic fluid. Every week, PHA-activated
blasts (5x105 cells/well) were added to cell cultures. Viral replication
was measured by quantifying the levels of HIV p24 protein using an
enzyme-like immunoassay (Coulter).

Detection of proviral DNA and mRNA transcripts in infected
cells
For detection of proviral copies, total DNA from 105 HIV-infected CD4
lymphocytes or serial dilutions of 8E5 cells was extracted as described
(Higuchi, 1989). To analyze viral DNA, PCR amplification was performed
using SK38 and SK39 primers (Kellogg and Kwok, 1990), which amplify
a 115 bp fragment corresponding to sequences in the HIV-I gag gene.
Thirty five cycles of amplification were performed as previously described
(Kellogg and Kwok, 1990). RNA from 5X 105 HIV-infected or uninfected
CD4 lymphocytes or 8E5 cells was extracted using the RNAzol method
(Chomczynski and Sacchi, 1987). After treatment with an excess of
RNase-free DNase (Boehringer Manheim), viral RNA was reverse
transcribed (Kellogg and Kwok, 1990) and subjected to PCR amplifica-
tion using primers SK38 and SK39. Afer amplification, PCR products
were electrophoresed, transferred to nylon membranes (Zeta Probe, Bio-
Rad) and hybridized with 106 c.p.m. of a [a-32P]dCMP-labeled SKl9
probe encoding an internal sequence of the gag gene (Kellogg and
Kwok, 1990).
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