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The Tat protein of human immunodeficiency virus type 1 (HIV-1) is essential for viral replication and
activates RNA polymerase II transcriptional elongation through the association with a cellular protein kinase
composed of Cdk9 and cyclin T1. Tat binds to this kinase complex through a direct protein-protein interaction
with cyclin T1. Monocytes/macrophages are important targets of HIV-1 infection, and previous work has shown
that cyclin T1 but not Cdk9 protein expression is low in monocytes isolated from blood. While Cdk9 expression
is expressed at a high level during monocyte differentiation to macrophages in vitro, cyclin T1 expression is
induced during the first few days of differentiation and is shut off after 1 to 2 weeks. We show here that the
shutoff of cyclin T1 expression in late-differentiated macrophages involves proteasome-mediated proteolysis.
We also show that cyclin T1 can be reinduced by a number of pathogen-associated molecular patterns that
activate macrophages, indicating that up-regulation of cyclin T1 is part of an innate immune response.
Furthermore, we found that HIV-1 infection early in macrophage differentiation results in sustained cyclin T1
expression, while infection at late times in differentiation results in the reinduction of cyclin T1. Expression of
the viral Nef protein from an adenovirus vector suggests that Nef contributes to the HIV-1 induction of cyclin
T1. These findings suggest that HIV-1 infection hijacks a component of the innate immune response in
macrophages that results in enhancement rather than inhibition of viral replication.

Efficient RNA polymerase II (RNAP II) transcriptional
elongation of the human immunodeficiency virus type 1
(HIV-1) provirus requires the viral Tat protein. Tat activates
transcription through the recruitment of a cellular protein ki-
nase named TAK/P-TEFb to the TAR RNA structure located
at the 5� end of nascent viral transcripts (reviewed in refer-
ences 2, 9, 19, and 26). TAK/P-TEFb is composed of the cyclin
T1 regulatory subunit and the Cdk9 catalytic subunit. Cdk9 is
also found in complexes that contain cyclin subunits other than
cyclin T1; these additional cyclins are cyclins T2a, T2b, and K
(17). All Cdk9/cyclin complexes are collectively termed
P-TEFb and activate transcriptional elongation through phos-
phorylation of the carboxyl-terminal domain of RNAP II and
the Spt5 subunit of the DSIF negative factor (8, 11, 17). Tat
makes direct protein-protein contact with cyclin T1 and there-
fore can only associate with the cyclin T1-containing P-TEFb
complex (27). Recently, an snRNA known as 7SK snRNA has
been found to associate with P-TEFb and negatively regulate
kinase activity in vitro (15, 28). Interestingly, although 7SK
snRNA has a negative function for P-TEFb in vitro, there is a
large increase in the association of 7SK snRNA with P-TEFb
upon activation of resting peripheral blood lymphocytes
(PBLs), a system in which transcriptional elongation is in-
creased globally (4).

The major target cells for HIV-1 infection are CD4� T
lymphocytes and macrophages, but the ability of HIV-1 to
replicate in these two cell types is dependent upon the activa-
tion or maturation state of the cell. T-cell activation is required

for HIV-1 replication in CD4� T lymphocytes, while mono-
cyte-derived macrophages (MDMs) are much more suscepti-
ble to infection than freshly isolated monocytes (20, 29). T-cell
activation and macrophage differentiation are likely to en-
hance viral replication through induction of a number of cel-
lular cofactors utilized by HIV-1 during its infectious cycle.

In a previous study of the effects of macrophage differenti-
ation on TAK/P-TEFb function, we observed that Cdk9 levels
are high in freshly isolated monocytes and remain high during
differentiation (14). In contrast, cyclin T1 protein expression is
very low in monocytes, increases strongly early during differ-
entiation, and decreases to a very low level after 1 to 2 weeks
in culture. This transient induction of cyclin T1 expression
during differentiation involves posttranscriptional regulation,
as reverse transcription (RT)-PCR assays revealed that cyclin
T1 mRNA levels are high in monocytes and do not decrease
when cyclin T1 protein expression is shut off late in differen-
tiation. Additionally, we found that lipopolysaccharide (LPS),
a component of the cell wall of gram-negative bacteria, can
reinduce cyclin T1 expression in late-differentiated macro-
phages. These findings raised the possibility that HIV-1 repli-
cation rates in macrophages may be affected by changes in
cyclin T1 protein expression.

The transient induction of cyclin T1 during macrophage
differentiation was unexpected because HIV-1 generally repli-
cates for extended periods in macrophages in culture (7, 16). In
the present study, we investigated HIV-1 replication in mac-
rophages under culture conditions in which cyclin T1 expres-
sion is regulated by differentiation. We found that HIV-1 in-
fection early during differentiation results in sustained
expression of cyclin T1. Additionally, we observed that infec-
tion can induce cyclin T1 after it has declined in late-differen-
tiated macrophages, and the analysis of an adenovirus expres-
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sion vector suggests that the viral Nef protein contributes to
this induction. We found that cyclin T1 expression can be
reinduced by multiple pathogen-associated molecular patterns
(PAMPs) in addition to LPS. The use of proteasome inhibitors
demonstrated that the down-regulation of cyclin T1 late in
macrophages is mediated by proteasome-mediated proteolysis.

MATERIALS AND METHODS

Cells. Peripheral blood mononuclear cells (PBMCs) were isolated from
healthy HIV-seronegative blood donors (obtained from the Gulf Coast Regional
Blood Center) by density gradient centrifugation using Isolymph (Gallard/
Schlesinger). Monocytes were isolated from PBMCs by an adherence method as
described previously (14). Briefly, 2.5 � 106 PBMCs/ml in RPMI 1640 supple-
mented with 1% human serum (Sigma), penicillin, and streptomycin were seeded
onto 10-cm-diameter plastic cell culture dishes (Sarstedt) and incubated at 37°C
for 1 h. After removing nonadherent cells by washing with prewarmed phos-
phate-buffered saline (PBS), adherent cells were then incubated with RPMI 1640
complete medium for another 2 h. After additional washes with prewarmed PBS,
cells were cultured in RPMI 1640 (Invitrogen Life Technologies) supplemented
with 10% fetal bovine serum (FBS) and antibiotics (Invitrogen Life Technolo-
gies) plus granulocyte macrophage colony-stimulating factor (10 U/ml; R&D
system). PBLs were isolated from PBMCs by depleting monocytes by two rounds
of plastic adherence. To activate PBLs, cells were treated with phytohemagglu-
tinin (PHA; 1 �g/ml; Sigma) and phorbol 12-myristate 13-acetate (PMA; 1
ng/ml; Sigma) for 48 h. Jurkat cells were cultured with RPMI 1640 supplemented
with 10% FBS and antibiotics. 293T cells were cultured within Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10% FBS and antibiotics.

MDM treatment. MDMs were treated with PAMPs at the following final
concentrations: LPS, 0.1 �g/ml (Sigma); lipoteichoic acid (LTA), 10 �g/ml (Sig-
ma); peptidoglycan (PGN), 10 �g/ml (Sigma); double-strand RNA poly(I:C), 50
�g/ml (Sigma); and CpG DNA, 2 �M (5�-phosphorothioate-TCG TCG TTT
TGT CGT TTT GTC GTT; Invitrogen Life Technologies). The culture super-
natants were collected and tumor necrosis factor alpha (TNF-�) was measured
by enzyme-linked immunosorbent assay (ELISA) following the manufacturer’s
protocol (Biosource). The recombinant adenovirus expressing the HIV-1 Nef
protein (25) used to infect MDMs was a generous gift from M. Stevenson.
Proteasome inhibitors, MG101 (LLnL) and MG132 were purchased from Sigma
and were used at a final concentration of 50 �M for 1 h.

HIV-1 infection. Two HIV-1 proviral plasmids were used in this study:
pBRU3�env (referred to as HIV-1�env; a generous gift from M. Emerman,
Fred Hutchinson Cancer Research Center) and HIV-IRES-eGFP (expresses
enhanced green fluorescent protein [GFP]). HIV-IRES-eGFP hereafter is re-
ferred to as HIV-GFP. HIV-GFP is �nef �vpr �vpu �vif �env (a generous gift
from R. E. Sutton, Baylor College of Medicine). To generate HIV-1 stocks,
proviral plasmids were cotransfected with a plasmid expressing vesicular stoma-
titis virus glycoprotein (VSV-G) and a plasmid expressing HIV-1 Tat into 293T
cells by calcium phosphate coprecipitation. Culture supernatants were collected
3 days posttransfection and were concentrated by centrifugation at 23,000 rpm
for 2.5 h in an SW28 rotor (23). The viral pellet was resuspended with PBS.
Typically, the virus titer for HIV-GFP was from 107 to 108 infectious units/ml
after concentration as determined by infections in 293T cells.

Infection of MDMs was carried out with 0.3 ml of concentrated virus in the
presence of 2.5 ml of fresh medium and 6-�g/ml Polybrene for 8 h. In experi-
ments with AZT (3�-azido-3�-deoxythymidine; Sigma), medium containing 20
�M AZT was used throughout experiments. The amount of virus applied to
MDMs ranged from 10 to 100 infectious units as inferred from titers of HIV-
GFP stock measured in infections of 293T cells. Flow cytometry analyses of
MDM cultures infected at day 2 of differentiation with several concentrated
stocks of HIV-1 �env indicated that from 10 to 20% of cells were positive for
intracellular gag expression after 5 days of infection. To measure HIV-1 repli-
cation, portions of cell supernatants were collected at the indicated times and
p24 assays were performed following the manufacturer’s protocol (Beckman
Coulter). Additionally, in some experiments, MDMs were lysed with lysis buffer
(Beckman Coulter) and intracellular p24 levels were measured.

Immunoblots. Cell extracts were prepared by incubating cells in lysis buffer (50
mM Tris [pH 8.0], 120 mM NaCl, 0.5% NP-40) containing protease inhibitors
(2-�g/ml aprotinin, 1-�g/ml leupeptin, 2.5 mM phenylmethylsulfonyl fluoride) as
described previously (6). Protein concentrations were determined by a Bio-Rad
protein assay, and 20 �g of total protein was loaded onto sodium dodecyl
sulfate–9% polyacrylamide gels. The procedure for immunoblots using enhanced
chemiluminescence for detection was described previously (5). Antibody to �-ac-

tin was purchased from Sigma, and other antibodies were purchased from Santa
Cruz Biotechnology.

RESULTS

Multiple PAMPs reinduce cyclin T1 expression in late-dif-
ferentiated macrophages. Previously, we showed that LPS can
reinduce cyclin T1 expression after it has been shut off late in
differentiation of MDMs (14). LPS is an example of a PAMP
that signals through Toll-like receptors (TLRs) and activates
innate immune functions of macrophages. To date, 10 TLRs
have been identified, most of which can be detected on the cell
surface of macrophages, with the exception of TLR9 (reviewed
in references 12 and 13). To examine whether PAMPs in ad-
dition to LPS can reinduce cyclin T1 expression in late-differ-
entiated macrophages, cultures were treated in duplicate with
LPS, PGN, LTA, or poly(I:C), which signal through TLR4,
-2/-6, -2, and -3, respectively. Bacterial CpG DNA, which is
recognized by TLR9, was used as a negative control, as mac-
rophages do not generally express TLR9. After 2 days of in-
cubation with PAMPs, cell extracts were prepared and cyclin
T1 expression was analyzed in immunoblots (Fig. 1A). TNF-�
in the culture supernatant was analyzed by ELISA to verify
that the PAMPs activated macrophages (Fig. 1B). As expected,
TNF-� was induced by LPS, PGN, LTA, and poly(I:C), but not
CpG DNA. The level of cyclin T1 protein in day 14 MDM was
extremely low relative to its level in day 4 MDMs (compare
lanes 1 and 2). However, all PAMPs except CpG DNA were
able to reinduce cyclin T1 expression. Because cyclin T1 is
induced by all PAMPs that were able to activate macrophages,
the up-regulation of cyclin T1 appears to be a component of an
innate immune response in macrophages.

We observed previously that similar to cyclin T1, Cdk8 ex-
pression is reduced late in macrophage differentiation (14).
Like P-TEFb complexes, the Cdk8/cyclin C complex is thought
to regulate transcription by phosphorylation of the C-terminal
domain (CTD) of RNAP II (21). All PAMPs that induce cyclin
T1 also induced Cdk8 (Fig. 1A). PAMPs had no effects on the
levels of Cdk9, the Cdk partner of cyclin T1, and cyclin C, the
regulatory subunit of Cdk8. We observed that the induction of
cyclin T1 and Cdk8 by PAMPs required 1 to 2 days of treat-
ment (data not shown), in contrast to a rapid 1-h induction by
proteasome inhibitors as discussed below.

Cyclin T1 protein is shut off by proteasome-mediated pro-
teolysis. We wished to examine mechanisms involved in the
shutoff of cyclin T1 expression late in MDM differentiation.
Cyclin T1 contains a PEST consensus sequence at its carboxyl
terminus, which may be a signal for ubiquitination and protea-
somal proteolysis (18, 27). To examine whether cyclin T1 shut-
off may involve the proteasome pathway, we incubated MDMs
at various time points of differentiation with proteasome in-
hibitor MG101 or MG132 (Fig. 2A). The proteasome inhibi-
tors had minor effects on cyclin T1 protein levels in cells
treated at day 4 of differentiation, when cyclin T1 level was
high in the untreated culture (lanes 1 to 3). Cyclin T1 levels
were increased by treatment with both proteasome inhibitors
on day 6, at which time cyclin T1 protein was beginning to
decrease in the untreated culture (lanes 4 to 6). At day 9, when
cyclin T1 expression was largely shut off in the untreated cul-
ture dish, the proteasome inhibitors resulted in a dramatic
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increase in cyclin T1 expression. We observed similar results
with proteasome inhibitors with MDM preparations from four
additional donors. These results suggest that cyclin T1 shutoff
late in differentiation is mediated by proteasomal degradation.

MDM cultures treated with proteasome inhibitors showed a
strong induction of Cdk8 at day 9 of differentiation (Fig. 2A,
lanes 7 to 9). Of note, proteasome inhibitors had no effect on
Cdk9, the Cdk partner of cyclin T1, and cyclin C, the regulatory
subunit of Cdk8. Thus, the Cdk9/cyclin T1 and Cck8/cyclin C
kinase activities are regulated similarly in late differentiated
MDMs, although the mechanisms involved target the regula-
tory subunit of the Cdk9/cyclin T1 complex and the catalytic
subunit of Cdk8/cyclin C complex.

We also investigated whether proteasome inhibitors would
have an effect on cyclin T1 levels in other cell types. PBL,
Jurkat (CD4� T-cell line), and 293T (human embryonic kidney
cell line) cultures were incubated with proteasome inhibitors
and effects on cyclin T1 expression levels were examined (Fig.

2B). No significant effect of either proteasome inhibitor was
observed in these cells, suggesting that the proteasome-medi-
ated degradation of cyclin T1 is restricted to macrophages and
perhaps a limited number of other cell types.

Cyclin T1 is induced by HIV-1 infection. Since cyclin T1 is
the direct target of the Tat protein, we wished to examine
HIV-1 replication in macrophages under culture conditions in
which cyclin T1 is shut off late in differentiation. MDM culture
dishes were prepared from a healthy blood donor, and a dish
was infected at day 2 of differentiation with an HIV-1 mutant
with a deletion in the envelope (HIV-1�env, pseudotyped with
VSV-G glycoprotein), and the culture supernatant was ana-
lyzed for the accumulation of secreted p24 (Fig. 3A). Because
the HIV-1 used in this study has an envelope deletion, infec-
tion cannot spread through the culture and p24 is expressed
only from the input integrated virus. Control extracts were
prepared from uninfected MDM cultures from this donor at
days 4 and 10 of differentiation, and immunoblots demon-
strated the shutoff of cyclin T1 but not Cdk9 at day 10 (data not
shown). Although cyclin T1 declined in the uninfected culture
by day 10, p24 levels in the supernatant of the infected culture
continued to accumulate in a linear fashion through day 20 of
differentiation. We observed similar results to those shown in
Fig. 3A with MDMs isolated from a number of other donors,
assaying both intracellular and secreted p24. These results
suggest that HIV-1 infection may overcome the shutoff of
cyclin T1 expression in uninfected MDMs, perhaps through the
induction of cyclin T1 expression.

FIG. 1. Reinduction of cyclin T1 protein expression by multiple
PAMPs. (A) Duplicate MDM cultures (donor A) at day 12 of differ-
entiation were treated with LPS, PGN, LTA, poly(I:C) double-
stranded RNA, or CpG DNA. A control culture (lane 2) was not
treated with PAMPs. After 2 days of treatment (day 14 of differenti-
ation [D14]), cell extracts were prepared and levels of the indicated
proteins were determined by immunoblotting. A control extract was
prepared from an MDM culture at day 4 of differentiation (D4).
(B) Cultured supernatants from panel A were collected after 2 days of
PAMP treatments and assayed for TNF-� by ELISA.

FIG. 2. Cyclin T1 is degraded by proteasome-mediated proteolysis.
(A) MDMs (donor E) were treated for 1 h with proteasome inhibitors
(A, MG101; B, MG132) at the indicated days of differentiation, cell
extracts were prepared, and the indicated proteins were detected by
immunblotting. (B) Resting PBLs (control) and PBLs activated by
PMA plus PHA were treated with MG132 for 1 h prior to preparation
of cell extracts. Jurkat and 293T cells were incubated with MG132 for
the indicated times prior to preparation of cell extracts. The levels of
the indicated proteins were determined by immunoblotting.
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To examine if HIV-1 infection early in differentiation might
result in sustained cyclin T1 expression, we infected an MDM
culture with the HIV-1�env at day 2 of differentiation and
examined cyclin T1 expression at day 18 of differentiation (Fig.
3B). Additionally, we infected a culture dish with an HIV-1
that expresses GFP and is defective for expression of Env, Vif,
Vpr, Vpu, and Nef. In the uninfected culture, cyclin T1 but not
Cdk9 was largely shut off at day 18. In the culture infected with
the HIV-1�env, cyclin T1 was present at a relatively high level
at day 18, indicating that HIV-1 infection results in sustained
cyclin T1 expression over the course of MDM differentiation.
As described in Materials and Methods, flow cytometry anal-
yses of cultures infected with concentrated stocks of the HIV-
1�env virus showed that from 10 to 20% of MDMs were
positive for intracellular p24 expression under these conditions
(data not shown). We were unable to detect an activity in the
medium of infected MDMs that could induce cyclin T1 in
uninfected MDMs. Because of the low background expression
of cyclin T1 in mock-infected cultures, it is possible that the

induction of cyclin T1 seen in Fig. 3 occurs in only the infected
cells in the culture.

The culture infected with the HIV-GFP virus showed only a
minor induction of cyclin T1, suggesting that one or more of
the viral gene products mutated in this virus may contribute to
the high level of cyclin T1 seen in the HIV-1�env-infected
culture. However, the percentage of cells infected with the
HIV-GFP virus may be lower than infections with the HIV-
1 �env, and this may also contribute to the low level of cyclin
T1 induction. Interestingly, the relative induction of Cdk8 by
these two viral infections was similar to that of cyclin T1;
infection with the HIV-GFP virus weakly induced Cdk8, while
infection with the HIV-1�env virus resulted in a significantly
higher induction of Cdk8.

To examine whether HIV-1 infection could reinduce cyclin
T1 expression after it had been shut off, we infected MDM
cultures at late times of differentiation (Fig. 3C). For donor D,
culture dishes were either mock infected or infected with the
HIV-1�env at day 15 of differentiation and extracts were pre-
pared at day 18 of differentiation for immunoblot analysis.
Cyclin T1 expression was shut off in the mock-infected culture
at day 18, while it was expressed at a high level in the culture
that has been infected 3 days previously (lanes 1 and 2). In an
independent experiment (donor H), MDMs were allowed to
differentiate for 30 days and then were infected with the HIV-
1�env in the presence or absence of AZT. Prior to infection at
day 30 in this MDM preparation, cyclin T1 was shut off (lane
3). After 3 days of infection (day 33), cyclin T1 had been
reinduced by HIV-1 infection (lane 4). The infection in the
presence of AZT showed only a low level of cyclin T1 (lane 5).
The small increase in cyclin T1 in the presence of AZT may be
due to a low residual level of RT in the presence of inhibitor or
to factors present in the virion that can weakly induce cyclin
T1. Control experiments using a concentrated supernatant
from nontransfected 293T cells (used to generate viral stocks)
showed no effect on cyclin T1 levels in uninfected MDMs (data
not shown). The data shown in Fig. 3C indicate that HIV-1
infection can induce cyclin T1 after it has been shut off, and
because AZT largely reduces this, the expression of one or
more viral gene products is likely to be involved in the induc-
tion.

HIV-1 Nef protein expressed from an adenovirus vector
induces cyclin T1 in MDMs. The HIV-1 Nef protein has been
shown to activate signaling pathways in macrophages that en-
hance HIV-1 replication (24, 25). The HIV-GFP virus that is
defective for Nef expression (and other accessory proteins)
only weakly induced cyclin T1 in MDMs (Fig. 3B), and infec-
tions with the HIV-1 �env in the presence of AZT resulted in
little cyclin T1 induction (Fig. 3C). We therefore used an
adenovirus expressing Nef to examine whether Nef might play
a role in the induction of cyclin T1. We infected three MDM
preparations with a control adenovirus expressing GFP (Ad5-
GFP) or the adenovirus expressing Nef (Ad5-Nef) at day 16 or
23 of differentiation and prepared cell extracts 2 days later for
immunoblots. We observed in these experiments that MDM
cultures infected with the Ad5-GFP were �90% GFP positive
(data not shown). Expression of the Cdk9 protein was not
affected by infection with either adenovirus. Cyclin T1 expres-
sion was slightly increased in the Ad5-GFP-infected MDM
cultures (Fig. 4, lanes 2, 5, and 8), indicating that adenovirus

FIG. 3. HIV-1 infection induces cyclin T1 expression in MDMs.
(A) An MDM culture (donor F) was infected on day 2 with an HIV-
1�env, and accumulation of p24 in the culture supernatant was deter-
mined by ELISA. (B) MDM cultures (donor G) were infected with
HIV-1�env or HIV-GFP or were mock infected at day 2 of differen-
tiation. At day 18 of differentiation, cell extracts were prepared and the
levels of cyclin T1 and Cdk9 were determined by immunoblotting.
(C) MDM cultures (donor D) were allowed to differentiate until day
15, and cells were either mock infected (lane 1) or infected with
HIV-1�env (lane 2). Cell extracts were prepared 3 days later at day 18
of differentiation, and cyclin T1 and Cdk9 levels were determined by
immunoblotting. In an independent experiment, MDM cultures (do-
nor H) were allowed to differentiate until day 30; an uninfected MDM
cell extract was prepared as a control at day 30 (lanes 3). Culture
dishes were infected with HIV-1�env at day 30 in the presence or
absence of AZT (lanes 4 and 5), and 3 days later at day 33 of differ-
entiation, cell extracts were prepared and analyzed by immunoblotting.
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infection itself can induce cyclin T1 expression to some extent,
perhaps not unexpectedly, as a number of PAMPs induce cy-
clin T1 (Fig. 1). However, Ad5-Nef-infected cultures expressed
significantly higher levels of cyclin T1 protein than the Ad5-
GFP-infected culture (lanes 3, 6, and 9), suggesting that Nef
may contribute to the induction of cyclin T1 expression during
HIV-1 infection.

DISCUSSION

Because cyclin T1 is an essential host factor utilized by the
HIV-1 Tat protein, our previous observation that cyclin T1 is
expressed only transiently during macrophage differentiation
was unexpected, as HIV-1 generally replicates well in macro-
phages for extended periods of time in vitro. The data pre-
sented here demonstrate that HIV-1 infection induces cyclin
T1 expression in macrophages, thereby providing an explana-
tion for the ability of these cells to support HIV-1 long termi-
nal repeat (LTR)-directed transcription and high levels of viral
replication. Flow cytometry analyses of p24 expression in
MDMs infected with the HIV-1�env virus indicated that from
10 to 20% of cells were infected under our experimental con-
ditions (data not shown). We have been unable to detect an
activity in the culture supernatants of infected MDMs that can
induce cyclin T1 in uninfected MDMs. We therefore favor the
notion that cyclin T1 is induced in only infected cells in the
MDM cultures, although a definitive resolution of this issue
will require additional work. Infections in the presence of AZT
greatly reduced the induction of cyclin T1, indicating that ex-
pression of a viral gene product or products contributes to the
up-regulation. The use of an adenovirus vector expressing Nef
suggested that Nef is involved in the induction of cyclin T1,
perhaps not unexpectedly, as Nef expression in macrophages
has previously been shown to induce a number of factors that
enhance HIV-1 replication in CD4� T lymphocytes (24, 25).
Because we did not analyze other viral gene products in this
study, we cannot exclude a role for other HIV-1 proteins in the
up-regulation of cyclin T1. A detailed analysis of mutant vi-
ruses unable to express individual gene products and combi-
nations of gene products will be required to further investigate
this issue.

We observed some induction of cyclin T1 with a control
adenovirus expressing GFP, suggesting that adenovirus infec-

tion itself leads to induction of cyclin T1. We also observed a
low level of induction of cyclin T1 in HIV-1 infections in the
presence of AZT, raising the possibility that entry of the HIV-1
particle into macrophages can induce some cyclin T1. These
observations, along with the finding that a number of PAMPs
from bacteria or fungi induce cyclin T1, suggest that pathogens
generate diverse signals that are recognized by macrophages
and lead to up-regulation of cyclin T1. Such an induction may
lead to elevated P-TEFb function and the subsequent tran-
scriptional up-regulation of a number of cellular genes that
may play important roles in the innate immune response. In
the case of HIV-1, the virus replication strategy apparently
hijacks an arm of this immune response to enhance viral rep-
lication, analogous to the HIV-1 replication strategy in CD4�

T lymphocytes in which an adaptive immune response leads to
activation of CD4� T lymphocytes and consequently a cellular
environment highly permissive for viral replication.

It is unclear why cyclin T1 is normally shut off late in mac-
rophage differentiation. Because inhibition of P-TEFb func-
tion in promonocytic cell lines results in increased apoptosis
(1), it is possible that the shutoff of cyclin T1 may sensitize
macrophages to apoptosis. The ability to readily undergo ap-
optosis is critical to macrophage homeostasis, as emigration of
monocytes from blood into tissues requires that the preexisting
macrophage population turnover at a relatively high rate; tis-
sue macrophages have a half-life estimated to be no more than
a few months (22). Because macrophages are resistant to the
cytopathic effects of HIV-1 infection (7, 16), an intriguing
possibility is that the induction of cyclin T1 by HIV-1 contrib-
utes to a resistance to apoptosis in infected tissue macro-
phages, thereby increasing the lifetime of these cells and the
duration of viral production.

The shutoff of cyclin T1 expression late in differentiation
involves proteasome-mediated proteolysis. Cyclin T1 contains
a PEST sequence at its carboxyl terminus, a sequence that in
some proteins can confer ubiquitination and proteolytic deg-
radation via the proteasome (18, 27). Although there is as yet
no direct evidence that cyclin T1 is ubiquitinated, it seems
likely that an ubiquitination system becomes active in late-
differentiated macrophages that leads to the ubiquitination
and degradation of cyclin T1. Because proteasome inhibitors
had no effect on cyclin T1 expression in other cell types that we
examined (PBLs, Jurkat T cells, and 293T cells), the ubiquiti-
nation of cyclin T1 may be specific to primary macrophages
and perhaps a limited number of other cell types. We note that
a study in transformed cell lines has presented evidence that
SCFSKP2 can be recruited to the Cdk9/cyclin T1 complex
through recognition of the cyclin T1 PEST sequence, leading
to ubiquitination and degradation of Cdk9 but not cyclin T1
(10). However, this report has been challenged by a recent
publication that presented evidence that Cdk9 expression is
not regulated in transformed cell lines by SCFSKP2 (3).

Here we found that the induction of cyclin T1 by PAMPs
required 1 to 2 days of treatment, in contrast to the 1-h induc-
tion of cyclin T1 by proteasome inhibitors. It is therefore pos-
sible that the induction by PAMPs involves distinct mecha-
nisms from those regulated by proteasome inhibitors. We have
seen no significant induction of cyclin T1 by proteasome in-
hibitors in freshly isolated monocytes (unpublished result),
suggesting that the low level of cyclin T1 expression in mono-

FIG. 4. HIV-1 Nef protein induces cyclin T1 in MDMs. MDMs
from donors I and J were infected at day 23 of differentiation with
Ad5-GFP or Ad5-Nef at multiplicities of infection of 1,000 (donor I)
or 100 (donor K), and cell extracts were prepared at day 25. Donor K
was infected at day 16 of differentiation at a multiplicity of infection of
50, and cell extracts were prepared at day 18. Cell extracts were
analyzed by immunoblotting.
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cytes is not the result of active proteasome-mediated proteol-
ysis, as is the case in late-differentiated macrophages. Thus,
regulation of cyclin T1 expression in monocytes and macro-
phages may involve multiple mechanisms that are active at
different stages of differentiation. It is presently unclear what
mechanisms are involved in the induction of cyclin T1 during
HIV-1 infection of late-differentiated macrophages. This in-
duction may result from a viral block to proteasome-mediated
proteolysis of cyclin T1 or some alternative mechanism that
controls cyclin T1 protein levels. Future studies of mechanisms
that regulate cyclin T1 expression in uninfected and infected
macrophages may suggest strategies for manipulating cyclin T1
levels for therapeutic benefit in HIV-infected individuals.
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