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Abstract

At sites of Mycobacterium tuberculosis (MTB) infection, HIV-1 replication is increased during tuberculosis (TB). Here
we investigated the role of positive transcription elongation factor (P-TEFb), comprised of CycT1 and CDK9, as the
cellular cofactor of HIV-1 Tat protein in transcriptional activation of HIV-1 in mononuclear cells from HIV-1-
infected patients with pleural TB. Expression of CycT1 in response to MTB was assessed in mononuclear cells from
pleural fluid (PFMC) and blood (PBMC) from HIV/TB patients with pleural TB, and in blood monocytes (MN)
from singly infected HIV-1-seropositive subjects. We then examined whether the CDK9 inhibitor, Indirubin 3¢-
monoxime (IM), was effective in inhibition of MTB-induced HIV-1 mRNA expression. We found higher expression
of CycT1 mRNA in PFMCs as compared to PBMCs from HIV/TB-coinfected subjects. MTB induced the expression
of CycT1 and HIV-1 gag/pol mRNA in both PFMCs from HIV/TB subjects and MN from HIV-1-infected subjects.
CycT1 protein was also induced by MTB stimulation in PFMCs from HIV/TB patients, and both MN and in vitro-
derived macrophages. Inhibition of CDK9 by IM in both PFMCs from HIV/TB and MN from HIV-1-infected
subjects in response to MTB led to inhibition of HIV-1 mRNA expression. These data imply that IM may be useful
as an adjunctive therapy in control of HIV-1 replication in HIV/TB dually infected subjects.

Introduction

Tuberculosis (TB) remains the most common coinfec-
tion during HIV-1 infection worldwide,1and is associated

with increased viral replication at time of diagnosis of TB,2

which is sustained even after Mycobacterium tuberculosis (MTB)
infection has been treated.3 Pleural TB among HIV/TB dually
infected subjects constitutes up to 10% of diagnosis,4 and study
of mononuclear cells from sites of pleural TB is informative of
the effect of immune pressure due to coinfection on HIV-1 dy-
namics. Both increased transcriptional activation of HIV-15 and
enhanced predisposition to viral infection6 have been shown in
pleural fluid mononuclear cells (PFMCs) from HIV/TB dually
infected patients. Transcriptional activation of HIV-1 by MTB
and its products appears to be the predominant mechanism of
enhanced viral activity at sites of HIV/TB; however, the basis of
increased HIV-1 replication in situ is not clear.

The positive transcription elongation factor b (P-TEFb),
composed of cyclin-dependent kinase 9 (CDK9) and cyclin T1

(CycT1), is a cellular transcription elongation factor that
stimulates the processivity of RNA polymerase II (RNAPII).
P-TEFb is indispensable for transactivation of HIV-LTR by
viral Tat protein and thereby for transcription of the HIV-1
genome.7–9 The regulatory component of P-TEFb, CycT1, is
recruited to HIVLTR by Tat to enhance interaction of Tat with
the viral transactivation responsive element (TAR) RNA. This
leads to hyperphosphorylation of the CTD of RNAPII by the
CDK9 subunit of P-TEFb, leading to transcriptional elonga-
tion of the integrated HIV-1 genome.10,11 Combinations of
cytokines, namely tumor necrosis factor alpha (TNF-a), in-
terleukin 2 (IL-2), and interleukin 6 (IL-6), have been found
to increase P-TEFb activity in resting human CD4 T cells.12

Inhibitory cellular factors13 and cytokines, such as IL-10,14

decrease P-TEFb activity. The immunologic milieu at
sites of HIV/TB dual infection is rich in MTB antigens and
proinflammatory cytokines such as IL-6, and therefore it is
likely that sites of active TB are conducive to activation of P-
TEFb in both macrophages and T cells. With this rationale,
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blocking viral replication by inhibition of P-TEFb activity re-
mains an attractive therapeutic possibility in the modulation
of HIV-1 replication in HIV/TB dual infection; however, this
has not been investigated to date.

Recently, selective inhibition of CDK9 of P-TEFb has been
shown to potently inhibit HIV-1 replication in vitro.15 A number
of agents have been introduced with the capacity to inhibit the
kinase activity of CDK9.16 However, the potential for affecting
the transcriptional activity of other cellular genes is limiting to
their use. For example, the general CDK9 inhibitor flavopiridol
inhibits several T cell activation genes and DNA synthesis in
primary T cells.15 Indirubin 3¢-monoxime (IM) derived from In-
dirubin, a component of Chinese traditional medicine [Danggui
Longhui Wan] with demonstrated activity against chronic my-
elogenous leukemia,17 inhibits CDK9 and reduces HIV-1 repli-
cation with minimal cytotoxicity to healthy cells.18 Importantly,
the anti-HIV-1 activity of IM has already been examined in pri-
mary blood mononuclear cells (PBMCs) from HIV-infected
subjects and its inhibitory effect on viral replication confirmed.18

The dynamics of P-TEFb expression and whether CDK9
inhibitors are useful in the modulation of HIV-1 activity in
HIV/TB dually infected subjects have not been studied. Here,
we examined induction of P-TEFb expression in PFMCs from
patients presenting with pleural HIV/TB dual infection, and
assessed if IM may be useful in the inhibition of transcrip-
tional activation of HIV-1 in PFMCs upon stimulation by
MTB. As PFMCs are mainly comprised of T cells, to assess the
effect of P-TEFb induction by MTB and the effect of its inhi-
bition by IM on HIV activity in mononuclear phagocytes,
PBMCs from HIV-1 singly infected subjects were also studied.

Materials and Methods

Study subjects

Patients with signs and symptoms consistent with TB who
had moderate to large pleural effusions identified at Mulago
Hospital, Kampala, Uganda were recruited. The study pro-
tocol was approved by the Ugandan National AIDS Research
Subcommittee and the Institutional Review Board for Human
Investigations at Case Medical Center, Cleveland, Ohio.
Twenty HIV-1-infected subjects and eight HIV-1-uninfected
subjects who met inclusion and exclusion criteria and
in whom a diagnosis of pleural TB was established were
enrolled. All patients underwent thoracocentesis for the
diagnosis of pleural TB. The median age of patients was 37
(range 27 * 56), and the male/female ratio was 3/1. In the
HIV-infected group, the median CD4 count was 154/ll (range
8 * 490/ll). HIV-1 viral load was assessed by Amplicor assay
(Roche, Fullerton CA); median viral load in plasma and
pleural fluid was 1.7 · 105 (range 1.9 · 103–1.7 · 106) and
3.2 · 105 (range 2.2 · 104–3.3 · 106), respectively.

In some experiments, HIV-1-infected subjects in Cleveland
attending the Special Immunology Unit at University Hos-
pitals/Case Medical Center were recruited, and underwent
blood draw after IRB-approved consent.

Cell isolation and characterization

PFMCs and PBMCs were prepared by Ficoll Hypaque
(Pharmacia Fine Chemicals, Piscataway, NJ) density gradient
centrifugation as described.19 Cell viability was over 98% as
assessed by trypan blue exclusion. Frequencies of macro-

phages and T cells in PFMCs and PBMCs were assessed by
immunostaining and FACS analysis. Conjugated antibodies
to CD14, CD4, and CD3 were as before.20 In PFMCs, fre-
quencies of CD3–CD14 + macrophages were a mean of 1–3%,
and that of CD3 + CD4 + T cells was 45–55%. Frequencies of
macrophages and T cells in PFMCs were similar in HIV/TB
and TB patients with pleural TB. In PBMCs, frequency of
CD3 + CD14 + monocytes (MN) was 5–8% and did not differ
between the two populations.

Blood MN from HIV-infected and -uninfected subjects
were obtained by adherence from PBMCs as before.21 Purity
of blood adherent MN was 85% in this population. In some
experiments, monocyte-derived macrophages (MDM) were
obtained by culture of adherent monocytes for 5 days in RPMI
containing 5% pooled human serum (complete medium).

Stimulation of mononuclear cell cultures by MTB

PFMCs, MN, or MDM were cultured at 1 · 106/ml in
complete medium. To some cultures MTB H37Rv lysate
(H37RvL), a French Press preparation of MTB H37Rv (http://
www.cvmbs.colostate.edu/microbiology/tb/requestinst.htm),
was added at 0.1–1 lg/ml. Cultures were harvested at 4 or 24 h.

Measurement of CycT1 and HIV gag/pol mRNA
expression in PFMCs

Total RNA was obtained from mononuclear cells as be-
fore,6 and real time RT-PCR using the Taqman methodology
by an ABI 7700 thermo cycler (Applied Biosystems, Foster
City, CA) was employed to quantify mRNA. Taqman primer
sequences for CycT1 were forward primer –TGTTCGAGC
AAGCAAGGACTT– and reverse primer AGGCTAAATGT
GGTCAAATGCA–, and for HIV mRNA gag/pol Clade B were
forward primer –CATGTTTTCAGCATTATCAGAAGGA–
and reverse primer –CCACTGTGTTTAGCATGGTGTTTAA.
In either case SYBERGreen (Applied Biosystems) was used for
the detection of the PCR product. Primers and probes for
TNF-a and HIV-1 mRNA gag/pol for Clade A/D were as be-
fore.22 Quantities of mRNA were determined using a dilution
series of target cDNA in each assay. CycT1, TNF-a, and HIV-1
mRNA copies were corrected to the copy numbers of ribo-
somal 18S (R18) in the same sample and expressed as number
of copies/1010 copies of R18 (equivalent to 1 · 106 cells).6

Western blot analysis for cyclin T1

Lysates of mononuclear cells were prepared in RIPA buffer
and analyzed for protein content (Bio-Rad, Palo Alto, CA) as
before.13 After SDS-PAGE analysis and transfer, blots were
reacted to anti-CycT1 antibody (Santa Cruz Biotechnology,
Santa Cruz, CA). Stripped blots were re-probed with antibody
to b-actin.

Statistical analysis

Comparison between the groups was by paired t-test. A p-
value of 0.05 was considered significant. Correlation between
parameters was by linear regression analysis.

Results

We first examined expression of CycT1 and TNF-a mRNA
in PFMCs and PBMCs from HIV/TB dually infected subjects
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with pleural TB. PBMCs and PFMCs were assessed upon
isolation from blood and pleural fluid. In PFMC expression of
CycT1 mRNA was significantly higher than in PBMCs
( p < 0.05) (Fig. 1A). By contrast, levels of TNF-a mRNA in
PFMCs and PBMCs were low and comparable. Interestingly,
CycT1 was not induced significantly in PFMCs from HIV-
uninfected patients (data not shown), possibly implicating
additional immunologic components operative during HIV/
TB infection as compared to TB alone. Induction of Cy-
cT1mRNA expression in PFMCs, i.e., the ratio of CycT1
mRNA in PFMCs over that in autologous PBMCs, correlated
modestly with HIV mRNA in pleural fluid (r2 = 0.4). Overall,
these data imply that the milieu at sites of pleural dual HIV/
TB infection is conducive to up-regulation of P-TEFb expres-
sion in PFMCs.

Next, induction of CycT1 and TNF-a mRNA by MTB
H37RvL was assessed in PFMCs in vitro. In preliminary dose–

response data MTB H37RvL at 1 lg/ml was found to be op-
timal in the induction of CyclinT1 mRNA and protein.
Therefore, PFMC cultures from HIV/TB patients received
H37Rv L (1 lg/ml) or medium alone for 24 h. MTB-induced
CycT1 mRNA expression in PFMCs increased by a median
of 1.25 (range 1.1–2.4)-fold ( p < 0.01). TNF-a mRNA was
also induced by a median of 3.7(1.1–7.5)-fold ( p < 0.001)
(Fig. 1B).

Induction of CycT1 by MTB H37RvL was also documented
in PFMCs at the protein level by Western blot analysis (Fig.
2A). Interestingly, induction was optimal at 24 h and not at
72 h. As noted (Materials and Methods), PFMCs from HIV/
TB patients with pleural TB are comprised mainly of T cells.
However, the predominant mononuclear cell type at sites of
pulmonary TB are macrophages,23 in particular immature
macrophages. To ensure that MTB also induces CycT1 in MN
and MDM these cell types were prepared and stimulated with
MTB H37RvL in vitro. Cell lysates were prepared at 4 and 24 h.
A representative experiment of CycT1 protein expression in
MN is shown (Fig. 2B). Induction of CycT1 protein was op-
timal in MN at 4 and 24 h in MDM (data not shown) and MN,
respectively.

Next, adherent MN were isolated from HIV-1-infected
subjects and stimulated with MTB H37RvL (1 lg/ml). CycT1
mRNA in cell lysates was assessed after 4 h of culture. In-
duction of CycT1 mRNA in MN from HIV-infected subjects
was by 3-fold ( p < 0.01) (Fig. 3).

Overall, these data support an up-regulation in CycT1 ex-
pression by MTB and at sites of HIV/TB infection in both T
cells and mononuclear phagocytes. However, the moiety of
P-TEFb that ultimately activates gene transcription is CDK9.
To assess the effect of inhibition of CDK9 on HIV-1 mRNA
expression in PFMCs from HIV/TB patients, PFMCs were
stimulated in vitro with MTB in the presence and absence of IM,
and HIV-1 gag/pol mRNA was assessed. PFMC cultures re-
ceived MTB H37Rv L (1 lg/ml) with and without IM at 0.5 or
2 lM/ml. Cultures were harvested at 24 h. In eight experiments,

FIG. 1. Expression of cyclin T1 (CycT1) and tumor necrosis factor alpha (TNF-a) mRNA in pleural fluid mononuclear cells
(PFMCs) and peripheral blood mononuclear cells (PBMCs) and their induction by Mycobacterium tuberculosis (MTB) H37Rv.
PFMCs and PBMCs were isolated from subjects with pleural HIV/TB and assessed for CycT1 and TNF-a mRNA expression
by real time RT-PCR. (A) Expression levels are compared between PFMCs (black bar) and PBMCs (gray bar) at the time of
isolation of mononuclear cells from pleural fluid and blood (n = 16). (B) Induction of CycT1 and TNF-a by MTB H37RvL
(1 lg/ml) in PFMCs at 24 h is shown (n = 12). Unstimulated (–) gray bar, MTB stimulated black bar.

FIG. 2. Expression of CycT1 protein in PFMCs and mono-
nuclear phagocytes. Mononuclear cells were stimulated with
H37RvL or left unstimulated and assessed for CycT1 by
Western blot analysis. (A) CycT1 expression is shown in
PFMCs at 24 and 72 h. (B) CycT1 is induced in both mono-
cytes (MN) and macrophages derived from monocytes
(MDM).
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MTB induced HIV-1 gag/pol mRNA in PFMCs by a mean of
34% ( p < 0.004), and increased HIV-1 expression was inhibited
back to levels in unstimulated PFMCs at both doses of IM. In
the presence of IM at 0.5 lM/ml, the remaining HIV-1 gag/pol
mRNA expression was reduced by a mean of 66% ( p < 0.002)
(Fig. 4A). These doses of IM did not affect induction of host IL-
2 mRNA expression in response to MTB (data not shown).

To assess if IM also affects MTB-induced HIV-1 gag/pol
mRNA expression in MN, adherent MN from five HIV-
infected subjects were prepared. MTB H37RvL (1 lg/ml) with
and without IM (0.5 lM/ml) was added to cultures. Control
cultures received medium alone. After 24 h HIV-1 gag/pol
mRNA for Clade B was assessed (Fig. 4B). In these experi-
ments, induction of HIV gag/pol mRNA by MTB H37RvL was
up by 80% and inhibited by IM almost completely ( p < 0.002).

Discussion

The cooperative binding of HIV-1 Tat and CycT1 to HIV-1
TAR activates CDK-9, which then phosphorylates RNAPII al-
lowing increased processivity of the HIV-1genome. This step is
critical to HIV-1 transcription; without P-TEFb HIV-1 transac-
tivation is restrained to short unstable viral transcripts. Here we
show that CycT1 mRNA is expressed in mononuclear cells at
pleural sites of HIV/TB coinfection, and that MTB induces
CycT1 in both PFMCs from HIV/TB patients and blood MN
from singly HIV-1-infected subjects. Also, MTB induced CycT1
protein in both PFMCs from TB patients and monocytes/
macrophages. Furthermore, inhibition of CDK9 by IM led to
inhibition of MTB-induced HIV-1 transcription in PFMCs from
HIV/TB and MN from HIV-1-infected patients. These data
imply that IM may be useful in the control of HIV-1 replication
in HIV/TB dually infected subjects.

Stimulation of primary T cells and macrophages results in
the up-regulation of CycT1 and stabilization of CDK9, which
in turn facilitate productive replication of HIV in infected
mononuclear cells.24 Proinflammatory cytokines increase HIV
transcriptional activity through both induction of CycT1,12 and
directly by stimulation of CDK9 activity.25 Intracytoplasmic
‘‘free’’ CDK9 has been shown to interact with gp130, the com-
mon component of the receptor of the interleukin-6 (IL-6)
family of cytokines.26 In this latter study, CDK9/gp130 inter-
action was increased further by IL-6 stimulation, and there was
a synergism with IL-6 in the induction of IL-6 responsive re-
porter plasmids. It now appears that the IL-6 inducible tran-
scription factor, STAT3, subsequent to its activation at the level
of the IL-6 receptor, forms a complex with intracytoplasmic
CDK9.27 It is possible that cytoplasmic CDK9 acts as a ‘‘shuttle’’
to deliver STAT3 to the nucleus. Levels of IL-6 are extremely
high in pleural fluid of HIV/TB subjects (Z. Toossi, unpub-
lished observations); therefore a cooperation between STAT3
and CDK9 facilitated by IL-6 may be a possible scenario in situ
during TB. Whereas STAT3 binding sites have not been shown
in HIV-LTR directly, signaling through IL-6 receptor involves
activation of STAT3 and in a recent study inhibition of either

FIG. 3. Expression of CycT1 mRNA in adherent MN from
HIV-infected subjects. Adherent MN from five HIV-infected
patients were prepared and stimulated with H37RvL (1 lg/
ml). Induction of CycT1 mRNA expression at 24 h is shown.
Data are shown as percent CycT1 activity in MTB-stimulated
as compared to unstimulated (–) MN.

FIG. 4. Expression of HIV-1 gag/pol mRNA in mononuclear cells induced by MTB is inhibited by IM. Mononuclear cells
were stimulated with MTB H37RvL (1 lg/ml) in the presence or absence of IM, or left unstimulated (–). HIV-1 gag/pol mRNA
was assessed at 24 h. (A) Results from PFMCs obtained from eight HIV/TB patients are shown. (B) Data for adherent MN
from HIV-1 singly infected subjects (n = 5) are shown.

P-TEFb IN DUAL HIV/TB INFECTION 185



IL-6 or STAT3 by sh RNA reduced HIV expression in mono-
nuclear cells from cord blood.28 The role of CDK9/IL-6 inter-
action in HIV-1 gene expression needs to be further examined
in PFMCs from HIV/TB patients.

Interestingly, induction of CycT1 protein in PFMCs was at
earlier time points (24 h), and was not sustained, emphasizing
that HIV-1 induction at sites of TB occurs as mononuclear cells
are recruited and activated by MTB at sites of pleural TB. On
the other hand, induction of CycT1 protein in 5 day in vitro-
derived macrophages occurred with augmented kinetics as
compared to blood MN. These latter data are consistent with
findings previously reported.29 Differences of activation of
components of P-TEFb in T cells and MN/macrophages from
healthy subjects have been recently reviewed.30

Flavopiridol, an anticancer drug currently in clinical trials,
and its ‘‘less cytotoxic’’ analogues bind and inhibit CDK9.15

However, flavopiridol interferes with key cellular processes,
including T cell activation, at concentrations that inhibit HIV-
1 replication.15 The toxicity profile of the derivatives of fla-
vopiridol is currently under study. By contrast IM, derived
from a Chinese traditional medicine,17 has been in use for
years, and was found to be effective in the inhibition of HIV-1
gag/pol mRNA transcription in primary cells.18 Here, HIV-1
transcription was inhibited by IM in MTB-induced PFMCs
from HIV/TB patients, with no effect on IL-2 expression. IM
also inhibited MTB induction of HIV-1 mRNA in blood MN
from HIV-1-infected subjects. This latter in vitro cell model
better reflects events at pulmonary sites of dual HIV/TB in-
fection, as mononuclear phagocytes comprise the majority of
cells in the lung during pulmonary TB.23

Inhibition of HIV gag/pol mRNA in MN by IM was as ef-
ficient as that in PFMCs, considering baseline HIV-1 tran-
scription. Due to the relatively ‘‘less activated’’ state of
mononuclear cells in blood from singly HIV-infected subjects
as compared to mononuclear cells at sites of dual HIV/TB
infection, up-regulation of HIV-1 transcription by MTB was
strong (by 80%) (Fig. 4B). However, almost all HIV-1 mRNA
induction was inhibited by IM in blood MN from HIV-
infected subjects. On the other hand, HIV-1 transcriptional
activity was higher in unactivated PFMCs (Fig. 4A) and was
induced by MTB by only by 34%, although it was efficiently
inhibited by IM also. However, it is still possible that mono-
nuclear phagocytes are more sensitive to inhibition of CDK9
than T cells upon activation. These issues need to be ad-
dressed more carefully in future studies of blood or tissue
mononuclear phagocytes from TB patients.

Overall these data provide a framework with which to un-
derstand the basis of transcriptional activation of HIV at sites of
MTB infection, and the possibility of using an inhibitor of P-TEFb
as a therapeutic modality to reduce HIV-1 replication during
HIV/TB infection. As shown here, IM, an agent with rather lim-
ited cytotoxicity, is effective in the inhibition of HIV-1 transcrip-
tion. However, further investigations with mononuclear cells
fromHIV/TBpatientswith themore commonformof pulmonary
TB will be required before clinical trials to examine the effect of IM
in the inhibition of HIV-1 transcription can be initiated.
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