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ABSTRACT The importance of CCAAT/enhancer bind-
ing proteins (C/EBPs) and binding sites for HIV-1 replication
in primary macrophages, T cell lines and primary CD4* T
cells was examined. When lines overexpressing the C/EBP
dominant-negative protein LIP were infected with HIV-1,
replication occurred in Jurkat T cells but not in U937
promonocytes, demonstrating a requirement for C/EBP ac-
tivators by HIV-1 only in promonocytes. Primary macro-
phages did not support the replication of HIV-1 harboring
mutant C/EBP binding sites in the long terminal repeat but
Jurkat, H9 and primary CD4* T cells supported replication
of wild-type and mutant HIV-1 equally well. Thus the require-
ment for C/EBP sites is also confined to monocyte/
macrophages. The requirement for C/EBP proteins and sites
identifies the first uniquely macrophage-specific regulatory
mechanism for HIV-1 replication.

AIDS is characterized by the drastic depletion of CD4* T cells
due to cytopathic effects of HIV-1. However, T-cell-tropic
syncytium-inducing viruses predominate late during the course
of infection whereas nonsyncytium forming macrophage-
tropic viruses (M-tropic) dominate early stages of infection (1,
2). The tropism of the virus is determined by the viral envelope
glycoprotein gp120 that recognizes CD4 and a chemokine-like
second receptor on the target cell (3-7). For M-tropic viruses
CCRS has been shown to be a second receptor for HIV-1
infection (4, 8-11) whereas T-cell-tropic syncytium-inducing
viruses viruses utilize CXCR4 (fusin) as their second receptor
(3). Recent studies demonstrated that individuals with muta-
tions in their CCRS5 genes are resistant to HIV-1 infection
despite multiple sexual exposures (12-14), suggesting that
M-tropic viruses are preferentially transmitted and that mono-
cyte/macrophages play a central role in HIV-1 infection (15).
Macrophages are also resistant to the cytopathic effects of
HIV-1 in vitro and may serve as sites for virus replication late
in AIDS when T cell numbers are low or following withdrawal
of treatment with viral inhibitors (16-18). In addition, mono-
cyte/macrophages are a source of inflammatory cytokines,
such as interleukin 1 (IL-1), IL-6, and tumor necrosis factor «,
which contribute to AIDS-related pathologies of the lungs,
lymph nodes, skin, and central nervous system, and can
activate HIV-1 in latently infected neighboring cells (19-21).
Because of the key role played by monocyte/macrophages in
AIDS, it is important to understand how HIV-1 replication is
regulated in these cells.

After HI'V-1 enters the host cell and proviral DNA becomes
integrated into the host chromosome, transcription of viral
RNA is dependent on cellular proteins (22, 23). Some previ-
ously identified cellular transcription factors that are required
for HIV-1 transcription, such as Spl and NF-«B/rel, are
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ubiquitously expressed while others, such as GATA-3, ETS-1,
and LEF-1, are lymphoid or T cell specific (24-30). However,
cell type-specific transcription factors have not been identified
that regulate HIV-1 in monocyte/macrophages. We have
previously shown that CCAAT/enhancer binding proteins
(C/EBP) are required for HI'V-1 replication in monocytic cell
lines (31), but their importance in regulating HIV-1 replication
in primary macrophages or in CD4* T cells is not known. In
this study we present data showing that C/EBP proteins are
specifically required for HIV-1 transcription in macrophages
but not T cells.

MATERIALS AND METHODS

Cell Lines and Cells. U937 promonocytes and H9 and Jurkat
CD4* T cell lines were cultured in RPMI medium 1640
supplemented with 10% fetal calf serum (FCS). U937 and
Jurkat cell lines that overexpress liver-enriched inhibitory
protein (LIP) were generated by cotransfecting 5 ug linearized
cytomegalovirus-LIP construct and 1 ug pSV2-Neo plasmid
(32, 33). Transfections were performed by pulsing cell suspen-
sion with 240 volts, 960 wF. Cells were resuspended in 5 ml of
medium and allowed to recover for 24 hr before selection with
1 mg/ml G418. Clones were generated by limiting dilution and
selection in RPMI 1640 medium supplemented with 10% FCS,
1 mg/ml G418. 293T cells were grown in Iscove’s modified
Dulbecco’s medium supplemented with 10% FCS.

Primary macrophages were isolated by overlaying peripheral
blood onto a Ficoll/Hypaque gradient followed by adherence
to a plastic tissue culture plate. After 4 hr nonadherent cells
were removed and adherent cells were cultured in RPMI 1640
medium with 10% FCS for an additional 5-7 days. This cell
population was >96% macrophages as determined by specific-
esterase staining and fluorescence staining for CD11b, CD54,
and major histocompatibility complex class II. CD4* cells were
positively selected from the nonadherent mononuclear cells by
staining the cells with biotin-conjugated-mouse anti-human
CD4 antibody and streptavidin-conjugated magnetic beads.
CD4" T cells were isolated using a MACS VS+ Separation
column and SuperMACS magnet (Miltenyi Biotec, Sunnyvale,
CA). The positively selected cell population was >90% posi-
tive for CD3 and CD4 as determined by fluorescence staining.

Immunoblots. Whole cell extracts were prepared from cell
lines by resuspending 1-2 X 10° cells in 200 wl of 2X
SDS-running dye (0.2% bromophenol blue/4% SDS/100 mM
Tris, pH 6.8/200 mM DTT/3 ng/ml aproptinin/2 ng/ml pep-
statin A/1 ng/ml leupeptin/10 mM phenylmethylsulfonyl flu-
oride/30% glycerol). Nuclear and cytoplasmic extracts were
prepared as described (34). Samples were loaded onto a
SDS/10% polyacrylamide gel and the protein was transferred
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to 0.2 w nitrocellulose filter by electroblotting. The filter was
blocked with PBS, 5% nonfat milk, 0.2% Tween-20 prior to
adding primary antibodies. Blots were probed with rabbit-anti-
C/EBPg, rabbit-anti-C/EBPa, rabbit-anti-C/EBPS (Santa
Cruz Biotechnology), or rabbit-anti-NF-IL-6 (35). Following
incubation with primary antibody, the filters were washed with
PBS and 0.2% Tween-20 three times before adding the second
antibody, peroxidase-conjugated goat-anti-rabbit. The filter
was washed several times with PBS and 0.2% Tween-20 and
once with PBS. Proteins were visualized using the enhanced
chemiluminescence detection system (Amersham) and quan-
titated using a densitometer.

Viruses and Infections. The generation of pBS-mC2,C3
HXB?2 virus clone has been described (31). mC2,C3 Ba-L was
generated by replacing the BamHI-Xbal fragment [which
contains the 3’ long-terminal repeat (LTR)] of pBS-HIV-1
Ba-L (36) with the BamHI-Xbal fragment from pBS-mC2,C3
HXB2. Infectious virus stocks were generated by CaPOg4
transfection of virus constructs into 293T cells as described (37,
38). Virus packaging was standardized by reverse transcriptase
(RT) activity that was performed 48 hr posttransfection. For
infections, equal amounts of virus were added to 1 X 10°
cells/ml cells for 5-8 hr. The medium was removed and
replaced with fresh RPMI 1640 medium supplemented with
10% FCS. CD4" T cells were stimulated for 24 hr with 10

Proc. Natl. Acad. Sci. USA 94 (1997) 8715

ng/ml of phytohemagglutinin prior to infection and main-
tained in RPMI 1640 medium with 10% FCS and 50 units/ml
IL-2 (Sigma). RT activity was monitored at various times
postinfection and the cells were fed every 3—-4 days.

To detect proviral DNA, genomic DNA was prepared from
primary macrophages 4 weeks postinfection by lysing the cells
with TES buffer (10 mM Tris, pH 8.0/400 mM NaCl/2 mM
EDTA/1% SDS) and treating with 0.5 mg/ml proteinase K at
55°C. Genomic DNA (500 ng) was amplified by 30 cycles of
PCR (94°C for 1 min, 53°C for 2 min, 72°C for 2 min) using the
upstream primer 5'-GCCTGCATGGGATGGA-3' and the
downstream primer 5'-CCACTGCTAGAGATTTTCCAC-3’
(31). PCR products were detected by Southern blots using the
mC3 oligonucleotide (5'-GCTGACATCGACAGCTGTA-
CAAGGGAC-3') as a probe. To detect all amplified LTR
sequences, the mC3 probe was allowed to hybridize for 4 hr at
25°C in 1.5X standard saline phosphate/EDTA (0.23 M
NaCl/1.5 X 1072 M NaH,PO4/1.5 X 107> M EDTA), 10%
polyethelene glycol, 7% SDS, and 0.1 mg/ml salmon sperm
DNA. Initially filters were washed three times at 25°C in 0.2X
standard saline citrate (SSC; 0.3 M sodium chloride/0.03 M
sodium citrate, pH 7), 0.1% SDS, whereas PCR products with
C/EBP mutations were specifically detected by more stringent
washes at 55°C (31). A PCR product containing the mutated
sites could not be generated by contaminating DNA from the
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FiG. 1. C/EBP activators are required to establish HIV-1 infection in monocytic cells but not in T cell lines. (4) Western blot analysis of whole

cell extracts prepared from H9 T cells (lanes 1-3) and Jurkat T cells (lanes 4-6) cultured in the absence or presence of 10 ng/ml of concanavalin
A (lanes 2 and 5) or phorbol myristate (lanes 3 and 6). (B) Immunoblots of U937 and Jurkat mock-transfected cells (lanes 1 and 4) and U937-LIP
overexpressing cell lines (lanes 2 and 3), and Jurkat-LIP overexpressing cell lines (lanes 5-9). (C) U937-mock-transfected cells (O) or U937-LIP
overexpressing cells (solid symbols) were infected with HIV-1 HXB2 and at various times supernatants from cell cultures were assayed for RT
activity. These data are from a single experiment that is representative of three independent experiments. Each data point represents the mean
of three independent infections. (D) Jurkat-mock-transfected cells (O) or Jurkat-LIP-overexpressing cells (solid symbols) were infected with HIV-1
HXB2, and at various times supernatants were assayed for RT activity. This is a single experiment that is representative of three independent
experiments. Each data point represents the mean of three independent infections.
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FiG. 2. C/EBP sites are not required for HIV-1 replication in T
cells. (4) H9 cells or (B) Jurkat cells were infected with wild-type
HIV-1 HXB2 (0) or mC2,C3 HIV-1 HXB2 (®). At various times
postinfection supernatants were collected and RT activity was mea-
sured. This is a single experiment that is representative of three
individual experiments. Each data point represents the mean of four
independent infections.

transfections since the mC2,C3 construct lacks sequences that
bind the downstream primer (31).

Reverse Transcriptase Assays. Supernatant from infected
cells (10 ul) was added to 60 mM Tris, 24 mM DTT, 7 mM
MgCl,, 75 mM NaCl, 6 pg/ml oligodG, 12 pg/ml polyrC,
0.06% Nonidet P-40, and 10 pCi (1 Ci = 37 GBq) 3*P-adGTP
in a final volume of 50 ul and incubated at 37°C for 1 hr. Five
microliters of this reaction mixture was then transferred to
DEAE paper and washed twice in 2X SSC for 15 min at 22°C
(39). RT activity was quantified using a PhosphorImager.

RESULTS

C/EBP Activators Are Required for HIV-1 Infection in
Monocytic Cell Lines but Not T Cell Lines. Activation of
monocytes has previously been shown to cause =~15-fold
induction of one member of the C/EBP family, NF-IL-6 (40,
41). To determine the expression pattern of NF-IL-6 and other
C/EBP proteins in T cells we used immunoblots to assay whole
cell, cytoplasmic, and nuclear extracts from Jurkat and H9 cells
before and after activation (Fig. 14). Jurkat and H9 T cell lines
express several C/EBP family transcriptional activators includ-
ing C/EBPa, NF-IL-6, and C/EBP$ and these factors are
present primarily in the nuclear fraction (Fig. 14 and data not
shown). However, none of these C/EBP proteins are induced
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FiG. 3. C/EBP sites are required for HIV-1 replication in human
primary macrophages. (4) Mononuclear cells isolated from peripheral
blood obtained from two healthy donors (donor A, circles; donor B,
squares) were infected with either wild-type HIV-1 HXB2 containing
a Ba-L envelope (open symbols) or mC2,C3 HIV-1 HXB2 with Ba-L
envelope (solid symbols). Supernatants from infected cells were
collected at various times and RT activity was measured. These data
are a single experiment that is representative of three individual
experiments. Each data point represents the mean of three indepen-
dent infections. (B) Detection of mC2,C3 Ba-L provirus in primary
macrophages by PCR. Genomic DNA was prepared from primary
macrophages 4 weeks after infection with wild-type Ba-L or mutant
Ba-L. Provirus sequences were amplified by PCR as described (31).
Specific HIV-1 LTR sequences were detected by Southern blots using
the mC3 oligonucleotide. All amplified LTR sequences were detected
following washes at 25°C whereas PCR products with C/EBP muta-
tions were specifically detected by more stringent washes at 55°C (31).

upon activation with phorbol myristate acetate or concanava-
lin A (Fig. 14; ref. 42).

To test if C/EBP proteins are required to establish HIV-1
infection and replication in monocytic or T cell lines, stably
transfected lines that expressed ectopic LIP, a C/EBP domi-
nant-negative protein, were established. U937-LIP promono-
cytic lines expressed 2- to 4-fold more LIP than mock-
transfected controls and Jurkat-LIP T cell lines expressed high
levels of LIP whereas controls expressed no detectable LIP
(Fig. 1B). LIP overexpression did not significantly alter the
growth rate of either U937 or Jurkat cells (data not shown). In
addition, transient transfection experiments with a C/EBP-
dependent reporter confirmed that LIP had dominant-
negative activity in the stable cell lines (data not shown). These
cell lines were infected with HIV-1 HXB2. The ability of virus
to replicate was monitored at various times postinfection by
measuring RT activity in the culture medium. The ability of the
LIP-overexpressing U937 cell lines to support virus replication
was significantly reduced (Fig. 1C). Five days postinfection
these cells produced 5-fold less virus, and by 2 weeks the
amount of virus produced by the LIP lines was reduced by
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FiG. 4. C/EBP sites are not required for HIV-1 replication in
primary CD4*+ T cells. CD4* T cells were positively selected and
stimulated for 24 hr with 10 ng/ml of phytohemagglutinin prior to
infection and maintained in medium with 50 units/ml IL-2. Cells were
infected with equal amounts of wild-type HXB2 (open symbols) or
HXB2 harboring C/EBP mutations (solid symbols). These data are
representative of four individual experiments. Each data point rep-
resents the mean of four independent infections.

more than 17-fold compared with mock-transfected U937
controls (Fig. 1C). These data are consistent with previous
experiments that showed that LIP can inhibit HIV-1 LTR
activity and provirus transcription in monocytic cell lines (31,
40). In contrast to the U937 cell lines, the mock-transfected
and LIP-overexpressing Jurkat cell lines were capable of
supporting efficient HIV-1 replication. After 16 days postin-
fection there was no significant difference in the amount of
virus produced by any of the Jurkat cell lines (Fig. 1D). These
data suggest that functional C/EBP activators are required for
establishment of HIV-1 infection in monocytic cell lines but
not in T cell lines.

C/EBP Sites Are Not Required for HIV-1 Replication in T
Cell Lines. Previous experiments (31) showed that HIV-1
provirus harboring mutations in the two high affinity C/EBP
sites in the LTR was unable to replicate in monocytic cell lines.
We tested whether C/EBP sites were required for HIV-1 to
replicate in Jurkat and H9 T cell lines. Jurkat or H9 cells were
infected with either wild-type HXB2 or HXB2 containing
site-directed mutations in the two high affinity C/EBP sites in
the 3’ LTR (31). The C/EBP mutations will be copied into the
5" LTR following infection and reverse transcription, gener-
ating a HI'V-1 provirus with mutant C/EBP sites in both 5’ and
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3" LTRs (31). There was no difference in the ability of the
wild-type and mutant viruses to replicated in Jurkat or H9 cell
lines (Fig. 2) demonstrating that C/EBP sites are not required
for efficient virus replication in T cell lines, further suggesting
aminimal role for C/EBP proteins in regulating the expression
of HIV-1in T cells.

C/EBP Sites Are Required for HIV-1 Replication in Pri-
mary Macrophages but Not in CD4* T Cells. Since trans-
formed cell lines may not be representative of normal primary
cells, we tested whether primary macrophages and lympho-
cytes were capable of supporting the replication of HIV-1
harboring mutant C/EBP sites. Peripheral blood macrophages
were enriched from a mononuclear cell population by adher-
ence to plastic tissue culture dishes and cultured for 5-7 days
prior to infection. The purified cell population was >96%
macrophages as determined by staining for specific-esterase
activity and fluorescence staining for CD11b, CD54, and major
histocompatibility complex class II whereas <2% of the cells
were positive for the T cell marker CD3 (data not shown).
These cells were infected with a chimeric HIV-1 molecular
clone encoding the M-tropic envelope protein from Ba-L (36)
and a wild-type 3’ LTR or a 3’ LTR containing mutations in
the high affinity C/EBP sites (31). As shown in Fig. 34, the
wild-type virus was able to replicate in primary macrophages
over an extended period time. However, the ability of HIV
containing the C/EBP mutations to replicate was severely
reduced. Twenty-four days postinfection the primary macro-
phages infected with the mC2,C3 Ba-L produced 90% less
virus compared with the cells infected with wild-type virus
(Fig. 34). The lack of replication of the mutant virus was not
due to its inability to infect primary macrophages because
mutant proviral sequences were detected in macrophages 4
weeks postinfection by a previously described PCR assay (Fig.
3B; ref. 31). These data are consistent with above results
showing a requirement for C/EBP proteins for HIV-1 infec-
tion in monocytic cell lines and also support previous studies
demonstrating that C/EBP proteins and binding sites are
required for HIV-1 replication and are necessary for activity
of the HIV-1 LTR in monocytic cell lines (31, 40).

We also tested whether primary CD4* T cells from periph-
eral blood were capable of supporting the replication of HIV-1
containing C/EBP mutations. CD4" T cells were positively
selected using magnetic beads from a population of mononu-
clear cells depleted of adherent cells. Following selection the
cell population was >90% positive for CD3" CD4* cells as
determined by fluorescence-activated cell sorter staining (data
not shown). Prior to infection the cells were stimulated for 24
hr with phytohemagglutinin and then cultured in the presence
of IL-2 for the duration of the experiment. As shown in Fig. 4
there was no significant difference in the ability of the wild-
type or mutant HIV to replicate in T cells. Both viruses
replicated with similar kinetics and there was <2-fold differ-
ences in the levels of wild-type or mutant viruses at all time
points (Fig. 4). Therefore, primary T cells, unlike primary
macrophages, do not require C/EBP sites for HI'V-1 replica-
tion, supporting the conclusion that C/EBP proteins are not
necessary for virus transcription in T cells.

DISCUSSION

These studies demonstrate that the C/EBP proteins and their
binding sites are necessary for HI'V-1 replication in macro-
phages but not in T cells thus identifying a macrophage-specific
requirement for HIV-1 transcription. NF-IL-6 is the only
C/EBP family protein that is induced upon activation of
macrophages (40, 41) and it activates transcription of many
endogenous genes whose products are important for mono-
cyte/macrophage function including cytokines IL-18, IL-6,
IL-8, tumor necrosis factor «, granulocyte-colony stimulating
factor, and the chemokine MIPla (43). Thus HIV-1 takes
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advantage of the mechanism used by monocyte/macrophages
to coordinate the transcription of a number of genes that are
highly expressed in macrophages. Furthermore, many of the
cytokines produced by macrophages can further up-regulate
virus replication by inducing NF-kB and NF-IL-6 that have
been demonstrated to interact synergistically (25, 44-46).
Therefore, NF-IL-6 appears to play a central role in an
autostimulatory pathway involving monocyte/macrophages,
cytokines, and HIV-1 infection.

We have also shown that C/EBP proteins are not induced upon
activation of T cells nor are C/EBP proteins required for repli-
cation of HIV-1 in T cells. We assume that other transcription
factors that are present in T cells but absent from monocyte/
macrophages, such as GATA-3, ETS-1 or LEF-1, functionally
replace NF-IL-6 in T cells (26, 28, 47). The complexity and
redundancy of activator binding sites in the HIV-1 LTR appar-
ently ensures that the virus can take advantage of the transcrip-
tional machinery present in different host cells.

Our data show that C/EBP sites are functionally important
only in monocyte/macrophages and are not required in T cells.
Analysis of the 5" LTR sequences of M-tropic and T cell-tropic
syncytium-inducing viruses isolates of HI'V-1 shows that the two
high affinity C/EBP sites at —170 bp and —110 bp are present in
both types of viruses. Although DNA binding sites in the LTR do
not affect the tropism of the virus, which is determined by the V3
loop of envelope protein gp120 (4), or the ability of the virus to
infect monocytic cells (Fig. 3B) they could be important for
disease progression by influencing replication in a particular
target cell or tissue. Examples in which cis elements can affect
virus replication and tissue expression are provided by HIV,
simian immunodeficiency virus, and Moloney murine leukemia
viruses (47-52). The work presented here is the first to identify
transcriptional activators that are uniquely required for HIV-1
replication in monocyte/macrophages and not in T cells. Agents
that target C/EBP activators might, therefore, be important for
controlling HI'V-1 replication in monocyte/macrophages follow-
ing virus transmission and during late stages of AIDS following
T cell depletion or drug therapy.
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