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Tumor necrosis factor (TNF), a monokine initially described as a tumoricidal agent, facilitated the
replication of human immunodeficiency virus (HIV) in vitro. The viability of human T-cell line MOLT-4/HIV,
chronically infected with HIV, was affected by the addition of a low dose (10 ng/ml) of recombinant TNF-a
(rTNF-t), while uninfected MOLT-4 cells were resistant to treatment with rTNF-a at concentrations up to
1,000 ng/mI. A marked increase in the level of HIV-specific RNA was detected in MOLT-4/HIV cells as early
as 1 h after exposure to rTNF-ot and reached almost maximum level within 6 h. Production of HIV particles
from MOLT-4/HIV was also increased at 6 h after treatment with rTNF-at. Nearly identical phenomena were

observed in CCRF-CEM/HIV, Jurkat/HIV, and H9/HIV cells, although the sensitivity of these cell lines to
rTNF-a varied. A human T-lymphotropic virus type 1-infected cell line, MT-4, was insensitive to treatment
with rTNF-a.

It is well recognized that human immunodeficiency virus
(HIV) is the primary causative agent of acquired immuno-
deficiency syndrome (AIDS) (1, 11, 26). However, during
the long latency period between HIV infection and clinical
progression of disease, HIV does not have full transcrip-
tional activity, and the gene expression of HIV is greatly
activated prior to clinical manifestation of AIDS (10, 13).
Thus, it can be readily speculated that some cofactors which
enhance the gene expression of HIV are associated with the
progression of AIDS. A major immunological abnormality of
AIDS is characterized as the selective depletion of CD4+
lymphocytes, which are known as the target cells of HIV
(30, 31). However, the number of cells infected with HIV is
very small (1 of 100,000 or less) even in the peripheral blood
lymphocytes (PBL) of AIDS patients (7). Thus, it is un-
known whether mere activation of HIV genes could explain
the mechanism of selective depletion of CD4+ cells.

Several factors have been reported to activate HIV gene
expression. Those include granulocyte-macrophage colony-
stimulating factor (4), immunological stimuli (12, 40), and
infection with viruses such as herpes simplex virus type 1
(19). We have also reported that a tumor promoter, 12-
O-tetradecanoylphorbol-13-acetate (TPA), stimulated the
replication of HIV in chronically HIV-infected cells in vitro
(6). The precise mechanisms of HIV gene activation by these
factors have not been clearly demonstrated yet, however,
and how one of these factors could act as the cofactor which
accelerates the development of disease remains to be an-
swered.
As a candidate for such cofactors, we previously reported

that lymphotoxin (LT) enhanced HIV replication and was

cytocidal to cells chronically infected with HIV (12a, 12b).
The availability of purified recombinant tumor necrosis
factor a (rTNF-ox), a cytokine biologically related to LT,
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prompted us to investigate in more detail the mechanism of
enhancement of HIV replication by TNF-a.

MATERIALS AND METHODS

Cells. The origins and characteristics of a human T-cell
leukemia virus type I-positive T-cell line, MT-4 (18), and the
negative T-cell lines CCRF-CEM (3), H9 (26), Jurkat (29),
and MOLT-4 (14) and a promonocyte line, U937 (33), have
been fully described elsewhere. Each chronically HIV-
infected cell line was established by infection with human
T-lymphotropic virus type IIIB at a multiplicity of infection
of 0.002 in this laboratory and was greater than 90% positive
for HIV antigens. All cells were maintained in RPMI 1640
medium supplemented with 10% fetal bovine serum, penicil-
lin (100 IU/ml), and streptomycin (100 ,ug/ml) at 37°C and
subcultured every 4 days.

Cell survival. Each cell line was treated with various
concentrations of rTNF-a for 6 days. On day 3 the number of
viable cells was counted by the trypan blue dye exclusion
method. The culture was then diluted 1:4 with fresh medium
containing the same concentrations of rTNF-a as before. On
day 6, the number of viable cells was counted again. In a
certain experiment (see Fig. 1), MOLT-4/HIV cells were
counted daily for 4 days without passage, and the percent
cell viability was calculated. The relative cell growth was
determined as follows: relative cell growth = (viable cell no.
in the presence of rTNF-a)/(viable cell no. in the absence of
rTNF-a).
rTNF-a and anti-TNF-a antibody. rTNF-a used in this

study was purified from Escherichia coli carrying TNF-SAM2
genes as described previously (32). The purity (>95%) of
rTNF-SAM2 was estimated by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis, and contamination with
lipopolysaccharide was less than 0.0002%. The cytotoxic
assay results were confirmed by using L929 cells, and the
specific activity was 4 x 106 U/mg.
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Anti-rTNF-a monoclonal antibody was kindly provided
by Dainippon Pharmaceutical Co., Ltd., Osaka, Japan. For
the neutralization experiment, 1 ng of rTNF-ot per ml was

preincubated with the anti-TNF-a antibody at 37°C for 4 h
and then applied to MOLT-4/HIV cells for 6 h. Tenfold more

antibody was used than was required to neutralize the
cytotoxic activity of rTNF-a against murine L929 cells.
Dot blot hybridization. The analysis of HIV-specific

mRNA by the dot blot technique was performed as de-
scribed previously (37). Cells were harvested by low-speed
centrifugation and washed twice with ice-cold phosphate-
buffered saline. Then, 106 cells were suspended in 100 ,u of
ice-cold TE (10 mM Tris, 1 mM EDTA) containing 0.5%
Nonidet P-40 and kept on ice for 15 min with vigorous
shaking. The cell lysate was then centrifuged at 15,000 rpm

in an Eppendorf microfuge for 15 min. The supernatant was

mixed with 150 Rl of formaldehyde and 150 ,lI of 20x SSC
(lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and
incubated at 60°C for 15 min. The solutions were stored at
-20°C until use. The resulting RNA solutions, correspond-
ing to 105 cells, were immobilized in slot configuration on a

nitrocellulose filter (BA85; Schleicher & Schuell, Inc.) and
hybridized with 32P-labeled probes. Hybridization was car-

ried out at 42°C for 16 h in 5x SSPE (lx is 0.18 M NaCl, 10
mM NaH2PO4, 1 mM EDTA)-5x Denhardt solution (lx is
0.02% bovine serum albumin, 0.02% Ficoll [Pharmacia Fine
Chemicals], 0.02% polyvinylpyrrolidone)-50% formamide-
0.2% SDS-200 ,ug of heat-denatured salmon sperm DNA per
ml. Washing of the filter was performed first with 2 x
SSPE-0.2% SDS and then with 0.1x SSPE-0.2% SDS at
50°C. The HIV-specific probe used in this study was the Sacl
fragment of pNK5.2, which covers approximately 90% of the
HIV-1 genome (39). The human P-actin-specific probe used
was the 0.44-kilobase Hinfl fragment of bacteriophage
XHa160, which was kindly supplied by T. Kakunaga (20).
The specific activity of 32P-labeled probes used in this study
was about 4 x 108 dpm/,ug of DNA.
RT assay. The number of MOLT-4/HIV cells was adjusted

to 3 x 105 cells per ml, and they were cultured for 6 h in the
presence of various concentrations of rTNF-a. At 6 h after
treatment, 1 ml of culture fluid was harvested. The culture
fluids were first centrifuged at 1,500 x g for 10 min to remove
cell debris and then centrifuged at 100,000 rpm for 30 min in
a Beckman TL100 benchtop ultracentrifuge. The resulting
pellets were suspended in 50 RI of dilution buffer (10 mM
potassium phosphate [pH 7.2], 2 mM dithiothreitol, 0.2%
Triton X-100, 10% glycerol), and 10 plI was used for the
reverse transcriptase (RT) assay as described previously
(24).

RESULTS
Cytocidal effect of rTNF-at on MOLT-4/HIV cells. First, the

cytotoxicity of rTNF-ca on MOLT-4 cells and MOLT-4 cells
chronically infected with HIV-1 (MOLT-4/HIV cells) was

examined. Initially the number of cells was adjusted to 3 x

105 per ml in the medium with or without rTNF-ca (0, 0.1, 10,
and 1,000 ng/ml), and viability of the cells was scored on the
days indicated in the figure legends. The viability of MOLT-
4/HIV cells dropped dramatically with rTNF-a treatment at
10 and 1,000 ng/ml (Fig. 1A). On day 4, the viability of
MOLT-4/HIV with rTNF-ot at 10 and 1,000 ng/ml was 23 and
2%, respectively, whereas uninfected MOLT-4 cells were

not severely affected by rTNF-oa treatment, and the viability
at 1,000 ng/ml on day 4 was 89% (Fig. 1B).
Enhancement ofHIV production by rTNF-a. As previously

reported, the cytocidal effect of LT-like activity in the MT-2

FIG. 1. Kinetic study of the viability of MOLT-4/HIV and
MOLT-4 cells after treatment with rTNF-a. On the days indicated,
viable cells were counted by the trypan blue dye exclusion method.
rTNF-a was used at 0 (A), 0.1 (A), 10 (0), and 1,000 (0) ng/ml. (A)
MOLT-4/HIV cells; (B) MOLT-4 cells.

cell supernatant was associated with the stimulation of virus
production (12a, 12b). The supernatant fluids of MOLT-
4/HIV cells treated with rTNF-ax for 6 h were concentrated
by ultracentrifugation, and the resulting pellets were exam-
ined for RT activity (Table 1). The increase in RT activity
was detected even at a concentration of 0.1 ng/ml (5.5 times
higher than in the control) and at a concentration of 10 ng/ml,
as much as 15.6 times more RT activity was observed.
Neutralization of these effects by TNF-specific monoclonal
antibody (Table 1, experiment B) suggested that other im-
purities in the rTNF-a preparation could be excluded in the
present experiment.
The level of HIV-1 mRNA determined by dot hybridiza-

tion of cytoplasmic extracts of rTNF-a-treated MOLT-
4/HIV cells was then studied. As shown in Fig. 2A, the level
of HIV-specific mRNA increased after only 1 h of treatment
with rTNF-a at concentrations of 10 and 1,000 ng/ml. The
amount increased to nearly eight times that in the untreated
control when the densities of X-ray film were measured by
laser beam densitometer (data not shown). At 6 h after
rTNF-a treatment, a slight increase in HIV mRNA was
detected even at a concentration of 0.1 ng/ml, and at 1,000
ng/ml the level of enhancement was over 30-fold. On the
other hand, the level of P-actin mRNA, one of the repre-
sentative housekeeping genes, was not significantly en-
hanced by the rTNF-ax treatment even at a concentration of
1,000 ng/ml. Previous reports suggested that the cytocidal

TABLE 1. RT activity in the supernatant of rTNF-aL-treated
MOLT-4/HIV cellsa

RT activity
Expt Treatment (mean cpm

incorporated ± SD)

A rTNF-a (ng/ml)
1,000 28,466 ± 3,394

10 26,595 ± 5,120
0.1 9,328 ± 429
0 1,702 ± 166

B rTNF 11,546 ± 1,351
rTNF + anti-TNF 1,586 + 270
Anti-TNF 2,372 ± 163
None 1,932 ± 414

a In experiment A, MOLT-4/HIV cells were adjusted to 3 x l0o cells per ml
and cultured for 6 h in the presence of various concentrations of rTNF-a.
Incorporation of [3H]TTP by 10-1l samples, prepared as described in Mate-
rials and Methods, is shown. In experiment B, the neutralization experiments
were done as described in Materials and Methods. RT activity of the culture
fluids was assayed as in experiment A. Experiments were performed in
triplicate.
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FIG. 2. Quantitation of HIV RNA in rTNF-a-treated MOLT-
4/HIV cells. MOLT-4/HIV cells (3 x 105/ml) were cultured at 37°C
for 1, 4, and 6 h in the presence of rTNF-a (0, 0.1, 10, or 1,000
ng/ml). Cytoplasmic RNA was extracted, immobilized on a nitro-
cellulose filter, and hybridized with 32P-labeled probes as described
in Materials and Methods. (A) HIV-specific probe; (B) human
P-actin-specific probe. Lane 1, 1 h after treatment; lane 2, 4 h after
treatment; lane 3, 6 h after treatment.

effect of TNF-a did not require de novo protein synthesis
(7a). Thus, whether the cytocidal effect of rTNF-a could be
detected in cycloheximide (CHX)-treated cells was exam-
ined. CHX (40 ,ug/ml) was added to MOLT-4/HIV cells 30
min prior to the addition of rTNF-a, total RNA was ex-
tracted 2 h after the addition of rTNF-a, and the level ofHIV
RNA was examined. Although CHX itself slightly enhanced
the level of HIV mRNA, overall enhancement of HIV RNA
by rTNF-a was not influenced by CHX treatment (data not
shown).

Effect of rTNF-a on various T-cell lines chronically infected
with HIV. Whether the cytocidal effect of rTNF-a was
limited only to MOLT-4/HIV cells was examined next.
Human T-cell lines chronically infected with HIV (Jurkat/
HIV, H9/HIV, CCRF-CEM/HIV [CEM/HIV], MT-4/HIV)
and a human monocyte cell line (U937/HIV) were examined
for their sensitivity to rTNF-a. Jurkat/HIV, MOLT-4/HIV,
H9/HIV, CEM/HIV, U937/HIV, and the respective unin-
fected control cell lines were cultured in the presence of
various concentrations of rTNF-ao (0, 0.1, 1, 10, and 100
ng/ml), and the number of viable cells on days 3 and 6 was
counted. Figure 3 demonstrates the relative cell growth of
rTNF-a-treated and untreated cells on days 3 and 6. On day
3, Jurkat/HIV, H9/HIV, and CEM/HIV cells showed sensi-
tivity to rTNF-ao treatment at concentrations of 10 and 100
ng/ml, and their uninfected counterparts were less influenced
by rTNF-a. However, the extent of sensitivity to rTNF-ot
was not as significant as in MOLT-4/HIV cells. The growth
of MT-4/HIV and MT-4 cells was not affected by rTNF-a
even at 1,000 ng/ml. On the other hand, in the case of U937,
which is known to be sensitive to rTNF-a (25), the cells
became rather resistant to TNF treatment when chronically
infected with HIV. On day 6, the phenomena observed on
day 3 became more prominent. Thus, growth of not only
MOLT-4/HIV but also Jurkat/HIV, H9/HIV, and CEM/HIV
cells was affected at a certain concentration of rTNF-a.
However, growth of MT-4/HIV cells was not affected by
rTNF-a. The effect of rTNF-a was not only cytostatic but
also cytocidal, and viabilities of CEM/HIV, Jurkat/HIV, and
MOLT/HIV cells on day 6 with rTNF-ao at 10 ng/ml were 84,
43, and <0.1%, respectively, whereas values for CEM,
Jurkat, and MOLT-4 cells were 92, 73, and 95%, respec-
tively. The elevation of HIV RNA in rTNF-a-treated cells
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FIG. 3. Cytocidal effect of rTNF-a on chronically HIV-infected
human cell lines. Jurkat/HIV, MOLT-4/HIV, H9/HIV, MT-4/HIV,
CEM/HIV, and U937/HIV cells and their uninfected counterparts
were cultured in the presence of various concentrations of rTNF-a.
On days 3 and 6 after culture, the number of viable cells was
measured. The relative cell numbers compared with untreated cells
were calculated as described in Materials and Methods. The con-
centrations of rTNF-a used were 0 (A), 0.1 (C1), 1 (A), 10 (0), and
1,000 (0) ng/ml.

was also measured (Fig. 4A). Cells chronically infected with
HIV were treated with 5 ng of rTNF-a per ml for 6 h, and
cytoplasmic RNA was examined for HIV-specific RNA.
Elevation of HIV RNA was detected not only in MOLT-
4/HIV but also in Jurkat/HIV and CEM/HIV cells, while in
MT-4/HIV, H9/HIV, and U937/HIV cells elevation of HIV
RNA was not detected. The expression of the ,-actin gene
was not enhanced in all of the cells examined (Fig. 4B).
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FIG. 4. Enhancement of HIV RNA levels by rTNF-a in cell lines
chronically infected with HIV. Jurkat/HIV (lane 1), MOLT-4/HIV
(lane 2), H9/HIV (lane 3), MT-4/HIV (lane 4), CEM/HIV (lane 5),
and U937/HIV (lane 6) cells were treated with 5 ng of rTNF-a per ml
for 6 h; cytoplasmic RNA was extracted, and dot hybridization was
performed as described in Materials and Methods. 32P-labeled
probes used were specific to (A) HIV and (B) human ,B-actin.
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FIG. 5. Effect of long-term exposure to rTNF-a on enhancement
of HIV RNA levels in chronically HIV-infected human T-cell lines.
Cytoplasmic RNA was extracted 3 and 6 days after culture in the
presence of rTNF-a, and dot hybridization was performed with
32P-labeled probes specific to (A) HIV or (B) human P-actin. Cell
lines used were MT-4/HIV (lane 1, day 3; lane 2, day 6), U937/HIV
(lane 3, day 3; lane 4, day 6), and H9/HIV (lane 5, day 3; lane 6, day
6).

However, when H9/HIV and U937 were exposed to rTNF-a
for longer periods (3 and 6 days), the level of HIV-specific
RNA was increased (Fig. 5A). Under identical conditions,
enhancement of HIV-specific RNA contents in MT-4/HIV
cells was not observed.

DISCUSSION

The onset of AIDS can be summarized as a depletion of
CD4+ cells by HIV infection (30, 31), resulting in a host
lacking an immune system to protect itself from opportunis-
tic infection. Upon infection with HIV, human T cells are
destroyed in vitro. Thus, a direct cytocidal effect of HIV
accounts for part of the depletion of CD4+ cells in vivo,
although it is not certain whether HIV is directly responsible
for the entire depletion of CD4+ cells in vivo. The molecular
mechanism responsible for the reduction of CD4+ cells is
poorly understood. However, accumulated evidence re-
vealed that only a portion of lymphoid cells express HIV at
any one time in AIDS patients (7). Thus, it is not feasible to
postulate that HIV alone is responsible for the depletion of
CD4+ cells, and a cofactor was naturally postulated to act
with HIV in the manifestation of AIDS. A role for such
cofactors, especially LT, has been postulated (23, 27, 28).
The data described here indicate that TNF-a, biologically

related to LT, preferentially kills chronically HIV-infected
cells and enhances HIV replication. LT (recently, LT was
called TNF-P and TNF was called TNF-a) has been impli-
cated as an effector molecule in various types of cell-
mediated lysis (8, 23, 35). If TNFs and related cytokines are
involved in the action of the immune system in HIV-infected
individuals, it is possible that TNF could turn against the
host, resulting in the progression of AIDS. TNF-, could be
produced by T cells, and TNF-a could be produced by
macrophages upon various stimulations, including infection
with another virus (2). Thus, HIV carriers, when infected
with other virus or immunologically stimulated, could begin
to produce TNFs. These TNFs could then attack HIV-
infected T cells and preferentially destroy cells, which could
lead to depletion of CD4+ cells and cause immunodefi-
ciency. When HIV-infected T cells are destroyed, they
produce large amounts of HIV progeny, which could also
lead to HIV antigenemia. If our postulation on the mecha-
nism of the development of AIDS is correct, many symp-
toms associated with AIDS, for example, fever of unknown
cause, hypergammaglobulinemia, central nervous system
disturbance, and cachexia, could also be explained as effects
of TNFs. Recently, it was reported that the level of TNFs in
the serum of AIDS and AIDS-related complex patients was

significantly higher than in normal healthy persons (9). It was
also reported that when the PBL of AIDS patients were

cultured in vitro, they produce much higher levels of TNFs
than the PBL of normal persons (27). These results support
our postulation as a reasonable explanation for the mecha-
nism of AIDS development.
The mechanism of enhancement of HIV replication by

TNFs has not yet been determined. We have previously
reported that a tumor promoter, TPA, enhances HIV repli-
cation concomitantly with lysis of chronically HIV-infected
cells (6). Thus, TNFs may act like TPA on HIV-infected
cells. However, the effect of enhancement by TNFs takes
place in less than 1 h, as described in this study, which is
much faster than in the case of TPA. Whether TNF-a itself
reacts with the HIV genome directly or acts via an unknown
factor is not clear. Recently we found that activation of HIV
replication by TNFs is associated with the activity of the tat
gene of HIV (T. Okamoto, T. Matsuyama, S. Mori, Y.
Hamamoto, N. Kobayashi, S. F. Josephs, F. Wong-Staal,
and K. Shimotohno, AIDS Res. Hum. Retroviruses, in
press). We transfected the HIV-LTR-CAT plasmid into cells
and examined the chloramphenicol acetyltransferase activity
in response to TNF; we found that the activity was only
enhanced by TNF when cells were cotransfected with the tat
gene.

Recently Wong et al. reported that TNF together with
gamma interferon inhibited HIV infection (38). Their obser-
vations do not coincide with our present data. The difference
might come from different cell lines used; however, our
experiment with cotreatment with interferon gamma and
TNF failed to reproduce their experiment, and addition of
interferon gamma gave almost identical results as with TNF
alone (data not shown). Based on the experimental data of
Wong and her colleagues, a phase I trial of TNFs and
interferon gamma was started with AIDS patients in the
United States. However, our data suggest that mere appli-
cation of TNFs to HIV-infected individuals might accelerate
the development of AIDS. However, studies with TNFs
suggested the possible application of TNFs to AIDS, since
this is the first compound found which could eliminate
HIV-infected cells. Many compounds have been reported to
inhibit HIV infection (5, 16, 17, 21, 22, 34). Azidothymidine
inhibits HIV infection by inhibiting viral RT activity, and
dextran sulfate inhibits HIV infection by interfering with the
binding of HIV to the cell membrane (15). These com-
pounds, however, are not effective once HIV has integrated
into host chromosomal DNA. Thus, radical treatment of
AIDS is completed only when cells infected with HIV are
totally eliminated. If TNFs are used for AIDS patients
together with another anti-HIV drug such as azidothymidine
and dextran sulfate, they could eliminate HIV-infected cells
and at the same time prevent new HIV infection via the
anti-HIV drugs. If the enhancement of HIV replication by
TNFs is separated from its cytocidal activity, a single
application of TNFs could also be effective for AIDS pa-
tients. In any case, further precise studies of the function of
TNFs should be done before TNFs are used for AIDS
patients for therapeutic purposes.
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