JOURNAL OF VIROLOGY, Dec. 2001, p. 11336-11343
0022-538X/01/$04.00+0 DOI: 10.1128/JV1.75.23.11336-11343.2001

Vol. 75, No. 23

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Induction of TAK (Cyclin T1/P-TEFD) in Purified Resting
CD4" T Lymphocytes by Combination of Cytokines

ROMI GHOSE,f LI-YING LIOU, CHRISTINE H. HERRMANN, ano ANDREW P. RICE*
Department of Molecular Virology and Microbiology, Baylor College of Medicine, Houston, Texas 77030

Received 16 May 2001/Accepted 3 August 2001

Combinations of cytokines are known to reactivate transcription and replication of latent human immuno-
deficiency virus type 1 (HIV-1) proviruses in resting CD4" T lymphocytes isolated from infected individuals.
Transcription of the HIV-1 provirus by RNA polymerase II is strongly stimulated by the viral Tat protein. Tat
function is mediated by a cellular protein kinase known as TAK (cyclin T1/P-TEFb) that is composed of Cdk9
and cyclin T1. We have found that treatment of peripheral blood lymphocytes and purified resting CD4* T
lymphocytes with the combination of interleukin-2 (IL-2), IL-6, and tumor necrosis factor alpha resulted in an
increase in Cdk9 and cyclin T1 protein levels and an increase in TAK enzymatic activity. The cytokine
induction of TAK in resting CD4™ T lymphocytes did not appear to require proliferation of lymphocytes. These
results suggest that induction of TAK by cytokines secreted in the microenvironment of lymphoid tissue may
be involved in the reactivation of HIV-1 in CD4™ T lymphocytes harboring a latent provirus.

The introduction of drug combinations known as highly ac-
tive antiretroviral therapy (HAART) has been a major ad-
vance in the treatment of human immunodeficiency virus type
1 (HIV-1) infection and AIDS. HAART inhibits key steps in
the virus life cycle by targeting the viral reverse transcriptase
and protease, and plasma virus levels become undetectable in
many patients after therapy (reviewed in references 5 and 10).
However, there appear to be anatomical reservoirs of HIV-1,
such as the central nervous system, male urogenital tract, and
rectal mucosa, that may allow low levels of viral replication and
contribute to the long-term persistence of HIV-1 (1, 21, 43).
Additionally, an extremely stable reservoir of latently infected,
resting memory CD4* T lymphocytes is present in patients
undergoing HAART therapy (7, 11). Recently, latently HIV-
infected naive CD4" T lymphocytes have also been observed
(33).

The presence of this latent reservoir of HIV-infected cells is
of concern, since these cells remain as a potential source of
reactivation of viral replication. These cells reside predomi-
nantly in the microenvironment of lymphoid tissue, where en-
dogenous cytokine secretion regularly occurs in response to
normal antigenic stimuli. It has been demonstrated that in vitro
combinations of the immunoregulatory cytokine interleukin-2
(IL-2) and the proinflammatory cytokines IL-6 and tumor ne-
crosis factor alpha (TNF-a) reactivate HIV-1 replication in
latently infected resting CD4" T lymphocytes isolated both
from antiretroviral-naive patients and from patients receiving
HAART and in whom plasma viremia is below detectable
levels (9). These findings suggest that combinations of cyto-
kines secreted in response to nonspecific stimuli or as a result
of a specific antigenic stimulus could be involved in the reap-
pearance of plasma viremia in patients receiving HAART in
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whom HIV-1 replication was successfully contained initially
but in whom therapy was interrupted.

Expression of the integrated HIV-1 provirus by RNA poly-
merase II is greatly enhanced by the viral Tat transactivator
protein. Tat stimulates elongation by RNA polymerase II
through the recruitment of a cellular kinase, TAK (Tat-asso-
ciated kinase), to the TAR RNA element present at the 5’
ends of all nascent HIV-1 transcripts (reviewed in references
17 and 36). TAK is composed of the catalytic subunit Cdk9 and
the regulatory subunit cyclin T1 (41, 45), and it is one of several
distinct P-TEFb complexes. P-TEFb is a positive-acting elon-
gation factor originally isolated from Drosophila melanogaster
nuclear extracts (reviewed in reference 34). Multiple P-TEFb
complexes are present in human cells that contain Cdk9 and
differ by the regulatory cyclin subunit; cyclins T1, T2a, and
T2b; and possibly cyclin K (15, 32). P-TEFb/TAK is believed to
activate transcriptional elongation by hyperphosphorylation of
the carboxyl-terminal domain (CTD) of the large subunit of
RNA polymerase II and perhaps other components of the
transcription complex, thereby relieving repression of elonga-
tion by negative factors (38, 40). Several independent lines of
investigation have established that TAK (cyclin T1/P-TEFb)
plays a critical role in Tat transactivation (2, 16, 19, 22, 27, 30,
31, 35, 39, 44, 45).

Regulation of TAK function in CD4" T lymphocytes and
monocytes/macrophages is potentially an important issue with
regard to HIV-1 replication in infected individuals. TAK is
induced in peripheral blood mononuclear cells (PBMCs) and
peripheral blood lymphocytes (PBLs) stimulated with either
phorbol 12-myristate 13-acetate (PMA) or phytohemaggluti-
nin (PHA) (20, 23, 41). TAK is also induced in purified CD4™*
T lymphocytes upon activation by a number of methods, in-
cluding PHA, PMA plus ionomycin, and antibodies against
CD3 and CD28 (23). The induction of TAK in lymphocytes
involves an increase in both the mRNA levels and protein
levels of both Cdk9 and cyclin T1 (20, 23). TAK is also induced
when the promonocytic cell lines HL-60 and U937 are stimu-
lated by PMA to differentiate to macrophage-like cells (41).
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The induction in promonocytic cell lines involves an increase in
previously limiting amounts of cyclin T1 protein levels by a
posttranscriptional mechanism (23).

Because latently infected resting CD4" T lymphocytes car-
rying integrated HIV-1 proviruses can be reactivated in vitro
by combinations of IL-2, IL-6, and TNF-a, we were interested
in investigating whether TAK could be induced by these cyto-
kines. In this study, we found that TAK is induced in PBLs and
resting CD4" T lymphocytes by the combination of these cy-
tokines. These results suggest that induction of TAK by cyto-
kines may be involved in the mechanism of reactivation of
latent HIV-1 proviruses.

MATERIALS AND METHODS

Isolation of PBLs and resting CD4* T lymphocytes. PBLs were from hepa-
rinized blood drawn from hepatitis B virus-, hepatitis C virus-, and HIV-1-
negative healthy blood donors (obtained from the Gulf Coast Regional Blood
Center). As described previously (23), PBLs were purified by centrifugation
through Isolymph (Gallard/Schlesinger) or Ficoll-Paque (Pharmacia), followed
by two rounds of depletion of monocytes by adherence to plastic tissue culture
dishes. PBLs were cultured in RPMI 1640 medium containing 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin.

CD4™" T lymphocytes were isolated from PBMCs by indirect magnetic labeling
using a MACS cell isolation kit according to the protocol of the manufacturer
(Miltenyi Biotec). Non-CD4" T lymphocytes, i.e., B lymphocytes, monocytes,
NK cells, CD8" T lymphocytes, dendritic cells, early erythroid cells, platelets,
and basophils, were indirectly magnetically labeled using a cocktail of hapten-
conjugated CDS8, CD11b, CD16, CD19, CD36, and CD56 antibodies and MACS
MicroBeads coupled to an antihapten monoclonal antibody. The CD4* T lym-
phocytes were purified by depletion of the magnetically labeled cells by retaining
them on a MACS column in the magnetic field of the MidiMACS. The resting
CD4" T lymphocytes were further purified by magnetically labeling the activated
population with CD30 MicroBeads and retaining them on a column that was
placed in the magnetic field of a MACS separator. The purity of cells was
evaluated by flow cytometry (Beckman-Coulter XL-MCL) with phycoerythrin-
conjugated anti-CD4 antibodies; CD4™ T lymphocytes were 95 to 98% pure.

Activation of cells. For activation, cells were adjusted to 10° cells/ml. Resting
CD4" T lymphocytes were activated by incubation with 5 wg of PHA (Sigma) per
ml and 100 U of IL-2 (Hoffmann-La Roche) per ml or with a combination of
cytokines (200 U of IL-2 per ml, 400 U of IL-6 [Sigma] per ml, and 2.5 ng of
TNF-a [Sigma] per ml) at 37°C for 72 h. PBLs were activated by incubation with
either 200 U of IL-2 per ml, 400 U of IL-6 per ml, or 2.5 ng of TNF-a per ml at
37°C for 72 h. For analysis of activation markers, cells were collected and washed
twice with phosphate-buffered saline (PBS) containing 2% FBS. Cells were then
stained with phycoerythrin-conjugated anti-CD69 and fluorescein isothiocya-
nate-conjugated anti-CD25 antibodies on ice for 30 min. Samples were analyzed
by flow cytometry using a Beckman-Coulter XL-MCL cytometer.

Propidium iodide staining of the cells was done using the Cellular DNA Flow
Cytometric Analysis Kit according to the protocol of the manufacturer (Boehr-
inger Mannheim). Briefly, cells were collected and washed with cold PBS con-
taining 2% FBS. Cells were fixed with ethanol for 30 min at 4°C. After perme-
abilization, cells were washed in PBS and resuspended at 10° cells/ml in PBS.
Cells were then treated with 1 U of RNase for 30 min at 37°C, followed by
addition of 50 pg of propidium iodide per ml. Cells were then analyzed by flow
cytometry as described above.

Immunoblots. Cells were washed in PBS and lysed in EBCD buffer (50 mM
Tris-HCI [pH 8.0], 120 mM NaCl, 0.5% Nonidet P-40, 5 mM dithiothreitol)
containing protease inhibitors (aprotinin, leupeptin, and phenylmethylsulfonyl
fluoride) as described previously (26). Protein concentrations were determined
by the Bio-Rad protein assay, and 25 pg of total protein was analyzed by sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis. Immunoblotting was
performed by standard procedures using enhanced chemiluminescence for de-
tection as described previously (24). Antibodies for detection of Cdk9, Cdk7,
cyclin T2b, and cyclin T1 were obtained from Santa Cruz Biotechnology.

Kinase assays. Kinase reactions were performed as described previously (26).
Briefly, recombinant glutathione S-transferase (GST)-Tat-2 (HIV-2 Tat protein)
fusion proteins attached to glutathione-Sepharose beads were incubated with 50
g of extracts prepared from PBLs or CD4™ T lymphocytes. The complexes were
then washed extensively and incubated for 60 min at room temperature in 50 mM
Tris-HCI (pH 7.4)-5 mM MgCl,-2.5 mM MnCl,-5 mM dithiothreitol-200 ng of
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GST-CTD-5 pCi of [y->*P]JATP (3,000 Ci/mmol). The reaction products were
analyzed by electrophoresis on SDS-9% polyacrylamide gels, and phosphoryla-
tion of the hyperphosphorylated CTDo form of CTD was quantified with a
Molecular Dynamics PhosphorImager.

RESULTS

Activation status of PBLs treated with cytokines. Previous
work has shown that a combination of the cytokines IL-2, IL-6,
and TNF-«a is a potent inducer of viral replication in resting
CD4*% T lymphocytes that harbor transcriptionally silent
HIV-1 provirus (9). To investigate whether induction of TAK
by the cytokines might contribute to the reactivation of HIV-1,
we first examined TAK regulation in PBLs treated with cyto-
kines. PBLs from healthy HIV-seronegative donors were iso-
lated and incubated for 72 h in the presence of either medium
alone, PHA, individual cytokines (IL-2, IL-6, or TNF-a), or a
combination of the three cytokines. PHA was used in this study
as a positive control, as we have previously shown that PHA
induces TAK in PBLs and purified CD4* T lymphocytes (23,
41). To monitor activation of cells, expression of CD25 (IL-2
receptor a subunit) and CD69 was measured by flow cytometry
(Fig. 1). Both CD25 and CD69 are induced early during T-cell
activation and are commonly evaluated as activation markers.
When incubation was with medium alone, only low levels of
CD25 or CD69 expression were observed. After incubation in
the presence of PHA, there were large increases in expression
of both markers. With IL-2 alone, CD69 expression was in-
creased significantly and CD25 expression was increased mod-
erately. With IL-6 or TNF-a alone, only small increases in
CD25 and CD69 expression were observed. With the combi-
nation of IL-2, IL-6, and TNF-«, expression of both CD25 and
CD69 was significantly increased. However, the induction of
CD25 and CD69 by the combination of cytokines was less than
that observed for PHA, suggesting that the combination of
cytokines was less potent than PHA in activating the PBL
cultures.

Cdk9 and cyclin T1 levels and TAK activity are induced in
PBLs treated with the combination of cytokines. To determine
whether cytokine treatment of PBLs induces TAK, cell extracts
were prepared from cultures of PBLs from two donors and
immunoblotting was performed to measure the protein levels
of Cdk9 and cyclin T1, the two known subunits of TAK (Fig.
2A). The expression of cyclin T1 was significantly induced in
PBLs treated with PHA or the combination of cytokines. We
carried out immunoblotting with serial dilutions of cellular
extracts to quantify the inductions of Cdk9, cyclin T1, and
Cdk7 (data not shown). We estimate that cyclin T1 levels were
induced sixfold and four- to sixfold following treatment with
PHA or cytokines, respectively. With individual cytokines
(IL-2, IL-6, or TNF-«) the level of cyclin T1 was equivalent to
that in the control nonactivated PBLs. The expression of Cdk9
was moderately induced upon treatment of PBLs with PHA or
the combination of cytokines. We estimate that Cdk9 levels
increased two- to fourfold following treatment with PHA or
with the combination of cytokines. IL-2 alone induced Cdk9 in
donor 1 but had only a marginal effect in donor 2. IL-6 or
TNF-« alone had a minimal effect to no effect on Cdk9 levels.
To evaluate the specificity of TAK induction in the PBLs, the
level of Cdk7, the catalytic subunit of the TFIIH complex, was
examined. The level of Cdk7 was altered to a lesser extent than
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FIG. 2. Cdk9 and cyclin T1 protein levels and TAK kinase activity
are increased in PBLs following treatment with a combination of
cytokines. PBLs purified from two healthy donors were cultured in
media as indicated for 72 h; CD25 and CD69 expression of donor 1 was
analyzed in Fig. 1. (A) Equal amounts of protein from cell extracts
were analyzed for Cdk9, cyclin T1, and Cdk7 by immunoblotting. (B)
TAK kinase assays were performed with recombinant CTD as a sub-
strate, and products were analyzed on an SDS-9% polyacrylamide gel.
CTDo is the hyperphosphorylated form of CTD; CTDa is the under-
phosphorylated form of CTD.

that of either cyclin T1 or Cdk9 upon treatment with PHA or
cytokines. Cdk7 levels were about twofold higher in PHA- or
cytokine-treated cells. We were unable to detect an induction
of levels of cyclin T2b, another cyclin partner of Cdk9, in both
donors 1 and 2 with PHA or the cytokine combination (data
not shown). We carried out similar immunoblot analyses for
cyclin T1 and Cdk9 in PHA- and cytokine-treated PBLs iso-
lated from five other donors and observed results similar to
those shown in Fig. 2A.

We performed in vitro kinase assays to determine whether
the induction of cyclin T1 and Cdk9 protein levels in PBLs
resulted in an increase in TAK enzymatic activity. In this ki-
nase assay, a GST fusion to the wild-type HIV-2 Tat (Tat-2)
protein is used to specifically bind TAK from cell extracts (26).
TAK bound to the Tat-2 protein hyperphosphorylates a re-
combinant CTD substrate to generate the CTDo form, which
is detected by slower migration in SDS-polyacrylamide gels
compared to the underphosphorylated CTDa form. TAK lev-
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els were significantly elevated in extracts from PBLs treated
with PHA and the combination of cytokines in both donor 1
and donor 2 (Fig. 2B). As quantified by generation of the
CTDo form of the CTD substrate, PHA treatment induced
TAK activity sevenfold in both donors 1 and 2. The combina-
tion of cytokines induced TAK activity nine- and threefold in
donors 1 and 2, respectively. There was no significant induction
of TAK activity in extracts from PBLs treated with individual
cytokines IL-2, IL-6, or TNF-a. We conclude from these ex-
periments that the combination of cytokines induces Cdk9 and
cyclin T1 protein levels and TAK enzymatic activity in PBLs.

Activation status of purified, resting CD4™ T lymphocytes
treated with cytokines. To examine TAK regulation in CD4" T
lymphocytes, resting CD4" T lymphocytes were purified from
healthy HIV-seronegative donors by negative selection and
incubated for 3 days with medium alone, PHA, or a combina-
tion of IL-2, IL-6, and TNF-«a. As with PBLs, the activation
status of the cytokine-treated CD4™ T lymphocytes was mon-
itored by examining CD25 and CD69 expression (Fig. 3). With
PHA treatment, there was a large increase in CD25 and CD69
expression in both donors. Upon treatment with the combina-
tion of cytokines, CD25 expression and CD69 expression were
only modestly increased in both donors. These data indicate
that similar to the case for PBL cultures, the cytokine combi-
nation is less potent than PHA in activation of resting CD4* T
lymphocytes.

Cdk9 and cyclin T1 levels and TAK activity are induced by
cytokine treatment of resting CD4* T lymphocytes. To exam-
ine Cdk9 and cyclin T1 levels in cytokine-treated resting CD4™
T lymphocytes from donors 3 and 4 (analyzed in Fig. 3), im-
munoblotting was performed with extracts prepared from cul-
tures that were incubated for 72 h in medium alone, PHA, or
the combination of cytokines (Fig. 4A). There was a strong
induction of Cdk9 and cyclin T1 following incubation with
PHA or the combination of cytokines with both donors. There
were only modest inductions of Cdk7 by either PHA or the
cytokine combination. By quantitative Western blotting (data
not shown), we estimate that Cdk9 levels were induced four- to
sixfold by PHA or cytokines, cyclin T1 levels were increased
sixfold by PHA or cytokines, and Cdk7 levels were induced less
than twofold by PHA or cytokines. Induction of Cdk9 and
cyclin T1 in cytokine-treated resting CD4™ T lymphocytes was
examined for four additional donors, and results similar to
those presented in Fig. 4A were observed for all donors.

We performed in vitro kinase assays to determine whether
the induction of cyclin T1 and Cdk9 protein levels in resting
CD4" T lymphocytes also resulted in an increase in TAK
activity (Fig. 4B). An induction of TAK activity upon cytokine
treatment was observed with both PHA and the combination
of cytokines in both donor 3 and donor 4. PHA treatment
induced TAK activity 7- and 10-fold in donors 3 and 4, respec-
tively. The cytokine combination induced TAK activity three-
and sevenfold in donors 3 and 4, respectively. We conclude
from these results that the combination of IL-2, IL-6, and
TNF-a induces Cdk9 and cyclin T1 protein levels and TAK
activity in resting CD4" T lymphocytes.

Induction of DNA synthesis in PBLs and resting CD4™ T
lymphocytes. To determine whether combination cytokine
treatment was able to induce cellular proliferation under these
experimental conditions, the percentages of cells in the S phase
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FIG. 4. Cdk9 and cyclin T1 protein levels and TAK activity are
increased in resting CD4" T lymphocytes following treatment with a
combination of cytokines. Purified resting CD4" T cells from two
healthy donors were cultured in media as indicated for 72 h. Expres-
sion of CD25 and CD69 is shown in Fig. 3. (A) Equal amounts of
protein from cell extracts were analyzed for Cdk9, cyclin T1, and Cdk7
by immunoblotting. (B) TAK kinase assays were performed with re-
combinant CTD as a substrate, and products were analyzed on an
SDS-9% polyacrylamide gel. CTDo is the hyperphosphorylated form
of CTD; CTDa is the underphosphorylated form of CTD.

of the cell cycle in 72-h cultures of PBLs and resting CD4™ T
lymphocytes were determined by propidium iodide staining
and flow cytometry (Table 1). In the case of PBLs incubated
with medium alone, 0.4 and 2.1% of cells were in the S phase
in donors 5 and 6, respectively. Upon treatment with PHA or
the combination of cytokines, about 10 to 14% of the cells were
in S phase at 72 h. Treatment of PBLs with IL-2 caused about
3 to 5% of the cells to enter the S phase at 72 h, while fewer
than 2% of the cells were in S phase at 72 h following treat-
ment with IL-6 or TNF-a. The results of immunoblotting with
cell extracts prepared from donors 5 and 6 showed the ex-
pected induction in protein levels of both Cdk9 and cyclin T1
(data not shown).

For purified resting CD4™ T lymphocytes, PHA treatment
caused 16 to 23% of cells to enter S phase after 72 h. However,
<1% of the purified CD4™" T lymphocytes entered the S phase
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of the cell cycle upon treatment with the combination of cyto-
kines, similar to the case for the nonactivated control cultures.
The results of immunoblotting showed the expected induction
of protein levels for both Cdk9 and cyclin T1 upon PMA and
cytokine treatment of CD4™ T lymphocytes from donors 7 and
8 (data not shown). These results indicate that PHA and the
combination of cytokines mediate T-cell activation to different
extents in PBLs and resting CD4" T lymphocytes. The com-
binations of cytokines appear to induce DNA synthesis in
PBLs but not in purified resting CD4* T lymphocytes. The
combination of cytokines induced TAK but not DNA synthesis
in the CD4* T-lymphocyte cultures, suggesting that TAK can
be induced without a requirement for cellular proliferation.

DISCUSSION

In this study, we investigated whether TAK can be induced
by cytokines that are known to reactivate latent HIV-1 provi-
ruses in CD4™ T lymphocytes isolated from infected individu-
als (9). We found that the combination of IL-2, IL-6, and
TNF-a induces TAK in PBLs and resting CD4" T lympho-
cytes, suggesting that TAK induction may be involved in reac-
tivation of latent proviruses. Additional support for the pro-
posal that TAK induction may be involved in reactivation of
latent provirus comes from findings that the combination of
cytokines used here allows infection and expression of HIV-1
vectors in resting CD4™" lymphocytes (37).

Cytokine induction of TAK may have important conse-
quences for viral replication in the microenvironment of lym-
phoid tissue, where the majority of viral replication takes place.
Cytokines secreted in response to nonspecific or antigenic
stimulation may induce TAK in resting CD4" T lymphocytes,
providing a setting in which high levels of Tat transactivation
and viral long terminal repeat-directed transcription would be
expected to occur. This may contribute to both reactivation of

TABLE 1. S-phase cells in PBLs and resting
CD4" T-lymphocytes cultures”

Donor Activator(s) % S-phase

cells

PBL donor 5 None 0.4
PHA 14.2

IL-2 35

IL-6 0.4

TNF-a 0.9

IL-2 + IL-6 + TNF-a 10.4

PBL donor 6 None 2.1
PHA 11.7

IL-2 4.9

IL-6 2.1

TNF-a 12

IL-2 + IL-6 + TNF-a 13.8

CD4" T-lymphocyte donor 7 None 1.7
PHA 23.4

IL-2 + IL-6 + TNF-a 1.0

CD4" T-lymphocyte donor 8 ~ None 0.5
PHA 15.7

IL-2 + IL-6 + TNF-a 0.8

“PBLs or CD4" T lymphocytes were cultured for 72 h.
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proviral transcription in latently infected cells and increased
viral replication in newly infected cells. Our analysis of cell
cycle progression in cytokine-treated CD4" T lymphocytes in-
dicates that cellular proliferation need not occur for TAK to be
induced (Table 1). However, cytokine treatment does activate
resting CD4™ T lymphocytes to some extent, as in addition to
TAK, CD69 and CD25 were also induced (Fig. 3). In light of
these observations that TAK can be induced in minimally ac-
tivated T cells, it is of interest that in situ hybridization and
immunohistochemical analyses have detected SIV and HIV
replication in CD4% Tcells that lack detectable activation
markers (43a).

It should be noted that it is not established that TAK is
actually limiting for HIV-1 replication under conditions where
TAK function is low. Indeed, we are not aware of data that
demonstrate that any cellular transcription factor thought to
regulate transcription of the HIV-1 provirus is limiting for viral
replication in primary cells, including perhaps most notably
NF-«kB. There are, however, a number of findings that suggest
that TAK can be limiting for viral replication. Pharmacological
inhibitors of Cdk9 kinase activity or overexpression of a dom-
inant negative Cdk9 mutant protein inhibits HIV-1 replication
in Jurkat T-cell lines, demonstrating that TAK is required for
viral replication in vitro (6, 12, 14, 30). Correlative studies
further suggest that an increase in TAK results in increased
viral replication, as induction of TAK correlates with increased
HIV-1 replication in activated PBMCs, PBLs, and resting
CD4" T lymphocytes (20, 23, 41). There is also a correlation
between induction of TAK and reactivation of latent HIV-1
proviruses in promonocytic cell lines after PMA treatment (23,
41). To address whether TAK levels can be limiting for HIV-1
replication, lentiviral vectors can be used to transduce and
overexpress Cdk9 and cyclin T1 in primary CD4" T lympho-
cytes, and the effects on viral replication can be evaluated.

We performed reverse transcription-PCR assays to monitor
changes in RNA levels for Cdk9 and cyclin T1 in PHA- and
cytokine-treated cultures. The results suggested a small induc-
tion (<2.5-fold) by PHA and cytokines for both Cdk9 and
cyclin TI mRNAs in PBLs and resting CD4™ T cells (data not
shown). Plasmid transfection studies with Jurkat T cells have
shown a small increase in Cdk9 and cyclin T1 promoter func-
tion in response to T-cell activation (28, 29). It is therefore
possible that cytokine induction of Cdk9 and cyclin T1 protein
levels involves a transcriptional increase in the Cdk9 and cyclin
T1 genes. It is also possible that posttranscriptional mecha-
nisms contribute to the increase in protein levels, especially in
light of the observation that cyclin T1 protein levels increase by
a posttranscriptional mechanism in PMA-treated promono-
cytic cell lines (23).

It is not clear from our data whether the PHA- or cytokine-
induced increase in Cdk9 and cyclin T1 protein levels can fully
account for the increase in TAK enzymatic activity. For both
activated PBLs and resting CD4™ T lymphocytes, the increase
in TAK activity was greater than the increase in the protein
levels of either subunit (Fig. 2 and 4), suggesting that mecha-
nisms in addition to an increase in protein levels contribute to
the magnitude of TAK induction. Cdk9 function can be regu-
lated by autophosphorylation (18); it is possible that activation
results in changes in the phosphorylation state of Cdk9 and/or
cyclin T1, and this might lead to an increase in TAK activity
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(13). It is also possible that activation might lead to inactiva-
tion of an inhibitor of Cdk9, analogous to the p21 protein that
represses Cdks involved in cell cycle regulation. Alternatively,
it is possible that changes in subcellular localization of Cdk9
and cyclin T1 might regulate TAK function. In HeLa cells,
both Cdk9 and cyclin T1 are predominantly nuclear and are
concentrated in “speckle” structures that contain splicing fac-
tors (25). It is possible that subcellular localization in resting
CD4* T lymphocytes may negatively regulate TAK function,
by sequestration of one or more protein subunits either in the
cytoplasm or in a nonfunctional nuclear compartment.
Regulation of TAK function during the establishment of
latent proviruses is an important issue. The latently infected
CD4™" T-cell population is established as early as 10 days after
the onset of symptoms of primary HIV-1 infection (8). How-
ever, mechanisms involved in the creation of latent infection in
memory and naive CD4" T lymphocytes are largely unknown.
Early events in the HIV-1 life cycle in T lymphocytes, i.e.,
reverse transcription and proviral integration, are dependent
upon cell activation (4, 42). Latently infected memory CD4* T
cells are likely to arise when an infected activated T lympho-
cyte somehow exits the cell cycle and enters a quiescent state.
Latently infected naive cells may be generated during thymo-
poiesis of CD4™ thymocytes (3). For establishment of latent
proviruses, T-cell activation may occur to the extent that re-
verse transcription and proviral integration occur, but TAK
may fail to be induced. TAK may not be required for many
T-cell activation events, as a dominant negative Cdk9 protein
did not inhibit CD69, CD25, and IL-2 induction in activated
Jurkat T cells (14). Alternatively, TAK may be required for
some crucial T-cell activation events, but it might be down-
regulated after initial T-cell activation. Identification of mech-
anisms whereby TAK function can be down-regulated might
provide clues into how latent proviruses are established.
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