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ABSTRACT Expression of human immunodeficiency vi-
rus type 1 (HIV-1) can be activated in a chronically infected
T-cell line (ACH2 cells) by a cytokine, human tumor necrosis
factor a (TNF-a). TNF-a treatment of ACH2 cells resulted in
an increase in steady-state levels of HIV RNA and HIV
transcription. Gel mobility shift assays demonstrated that the
transcriptional activation of the HIV long terminal repeat
(LTR) by TNF-a was associated with the induction of a nuclear
factor(s) binding to the NF-KB sites in the LTR. Deletion of the
NF-KB sites from the LTR eliminated activation by TNF-a in
T cells transfected with plasmids in which the HIV LTR
directed the expression of the bacterial chloramphenicol ace-
tyltransferase gene. Thus, TNF-a appears to activate HIV
RNA and virus production by ACH2 cells through the induc-
tion of transcription-activating factors that bind to the NF-KB
sequences in the HIV LTR.

Infection by human immunodeficiency virus type 1 (HIV-1)
is characterized clinically by a long period of latency pre-
ceding development of the acquired immunodeficiency syn-
drome (AIDS) (1, 2). Thus, elucidation of mechanisms that
control the degree of viral replication during this period may
have important clinical implications in understanding disease
progression. Of particular interest are stimuli that might play
a role in the activation of HIV expression in cells containing
integrated proviruses.
The activation of the HIV promoter in the viral long

terminal repeat (LTR) by mitogens (3-5), phorbol esters
(3-8), retinoic acid (9), and antibodies to T-cell surface
proteins (10) has been demonstrated by transfection experi-
ments in which the LTR directed the expression of the
bacterial enzyme chloramphenicol acetyltransferase (CAT)
(11). Heterologous viruses including herpesviruses and pa-
povaviruses have also been shown to activate CAT expres-
sion driven by the HIV LTR (12-17). These activating stimuli
have been postulated to induce and/or augment expression of
HIV from the latent provirus (2, 18, 19). Of particular
importance is the possible role that physiological stimuli such
as cytokines may play in activating HIV expression in
infected cells of the immune system (2). In this regard, it has
been demonstrated that granulocyte/macrophage colony-
stimulating factor (GM-CSF) has an inductive effect on HIV
expression in cells of promonocytic origin that contain inte-
grated HIV proviruses (20).
To study the effects of various physiological stimuli on

HIV expression in infected T cells, we recently developed a
chronically infected T-cell line, ACH2, that contains a single
integrated HIV provirus. ACH2 cells were derived following
HIV-1 infection ofA3.01 cells, a human CD4+ T-cell line (21).

ACH2 cells constitutively produce low levels of HIV parti-
cles (21); treatment with tumor necrosis factor a (TNF-a)
markedly increased virus production (21, 22). In this study,
we characterize the molecular mechanisms by which TNF-a
activates HIV expression.

MATERIALS AND METHODS
Cell Culture. ACH2 cells were cultured in RPMI-1640

containing penicillin/streptomycin, glutamine, 10 mM
Hepes, and 10% fetal bovine serum at 370C and 5% CO2 in the
presence or absence ofTNF-a (0.5 mg/107 units; Genentech)
at 100 units/ml.
RNA Slot Blots. Total RNA was extracted (23) from 5 X 107

cells 48 hr after addition of TNF-a. The RNA was denatured
and transferred to nitrocellulose filters in an RNA slot blot
apparatus (Schleicher & Schuell). Filters were hybridized
overnight with a 32P-labeled 6.4-kilobase (kb) segment ofHIV
DNA (pBenn5; map position 1.7 kb to 8.1 kb; ref. 24) or with
a molecular clone, X12, containing the fourth exon of the
human class I HLA gene A3 (a gift ofThomas Kindt, National
Institutes of Health) and were washed as described (25).
Filters were subjected to autoradiography for 6-24 hr at
-70°C with an intensifying screen. Autoradiograms were
analyzed with an LKB 2222-010 scanning densitometer.

Nuclear Run-On Transcription. ACH2 cells were cultured
in the presence or absence of TNF-a (100 units/ml). Nuclei
were isolated (26) from 5 x 107 cells 12 hr after addition of
TNF-a. The nuclei were incubated with [a-32P]GTP and
unlabeled nucleoside triphosphates for 30 min at 26°C as
described by Pasco et al. (27). Total nuclear RNAs were
purified (23) and hybridized (28) to nitrocellulose filters on
which 5 ,ug of linearized and denatured plasmid DNA had
been immobilized. The plasmid DNAs were pBenn5, con-
taining HIV sequence, and HLA class I clone X12. The
relative increase in nuclear transcription was determined by
densitometric analysis of the autoradiogram obtained follow-
ing a 3-week exposure.

Preparation of Nuclear Extracts. ACH2 cells were grown as
suspension cultures in the presence or absence ofTNF-a (100
units/ml). Twelve hours after treatment with TNF-a, the
cells were harvested by centrifugation at 1000 x g and
washed in phosphate-buffered saline. Nuclear extracts were
prepared by the procedure of Dignam et al. (29) modified by
Quinn et al. (30) such that buffer C contained 20% glycerol
and 0.45 M NaCl and buffer D contained 20% glycerol and 80
mM KCl. Protein concentrations were determined by the
method of Bradford (31).

Abbreviations: TNF, tumor necrosis factor; HIV, human immuno-
deficiency virus; LTR, long terminal repeat; CAT, chloramphenicol
acetyltransferase.
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Gel Mobility Shift Assays. Gel shift assays were performed
as described (30, 32). Double-stranded oligonucleotides were
made by annealing complementary oligonucleotides synthe-
sized on a 380A DNAsynthesizer (Applied Biosystems).
They were then labeled with 32P by incubation with the
Klenow fragment of DNA polymerase in the presence of
[a-32P]dGTP, [a-32P]dCTP, dATP, and dTTP. Radiolabeled
oligonucleotides (5000-10,000 cpm) were incubated with
nuclear protein (30 gg for the NF-KB probe, 8pug for the Spl
probe) and 4.0jug of poly(dI-dC) in a total volume of 6 Al.
Nonradioactive DNAs (50 ng) were added for competition
experiments. DNA-protein complexes were analyzed by
electrophoresis in 5% polyacrylamide gels run in 22.3mM
Tris/22.3mM boric acid/0.5mM EDTA.

Transfections and CAT Assays. Plasmid DNAs were intro-
duced into A3.01 cells (6x 106 per transfection) by a
modification of the DEAE-dextran transfection procedure
(33). The wild-type HIV LTR-CAT plasmid was a derivative
of pBennCAT (12) in which a 719-base-pair (bp) Xho I-
HindIII fragment (map position 8.9-9.6 kb on the full-length
HIV provirus) was ligated to the CAT gene in the plasmid
vector pIBI20 (IBI). In the mutant NF-KB LTR construction,
a 26-bp segment spanning the two NF-KB sites was deleted
and replaced with a 6-bp Bcl I oligonucleotide linker by
oligonucleotide-directed, site-specific mutagenesis (J. Leon-
ard, C. Parrott, A. Buckler-White, M. Martin, and A.B.R.,
unpublished work). The LTR-CAT plasmids (15,ug per
transfection) were cotransfected with the HIV LTR-tat
plasmid pAR (12) (30,g per transfection) to amplify the
amount of CAT protein produced. TNF-a (100 or 1000
units/ml) was added to the cells 4 hr after transfection. Cells
were harvested and lysed 44 hr after addition of TNF-a, and
assays for CAT activity were performed as described (11).
The relative increases in CAT activity were determined by
liquid scintillation quantification of the acetylated and un-
acetylated ['4C]chloramphenicol from the chromatogram.

RESULTS
TNF-a Activation of HIV Transcription. We previously

demonstrated (22) that activation of HIV-1 expression by
TNF-a occurs at the level of the HIV LTR, as studied by
transfection of LTR-CAT constructions. To determine
whether the induction of HIV expression from the integrated
provirus in ACH2 cells is due to an increase in HIV RNA
levels, slot blot analysis of serially diluted RNA was per-
formed (Fig. 1). Treatment of ACH2 cells with TNF-a
resulted in a 4- to 5-fold increase in HIV RNA levels over
untreated ACH2 cells. Class I HLA RNA levels were not
increased by TNF-a treatment and, in fact, may have de-
creased slightly. Thus, the increased HIV RNA observed in
TNF-a-treated cells was not due to an artifact of RNA
loading on the filter or to a generalized increase of cellular
transcription in TNF-a-treated cells.
Nuclear run-on assays were performed on ACH2 cells to

determine whether the increase in steady-state levels of HIV
RNA was a result of augmented transcription of the inte-
grated provirus (Fig. lb). Treatment of ACH2 cells with
TNF-a resulted in a 3-fold increase in HIV transcriptional
activity. Transcription of class I HLA RNA did not increase
after TNF-a treatment. When nuclear run-on assays were
conducted in the presence of a-amanitin, an inhibitor of RNA
polymerase II transcription, there was no difference in the
levels of 32P-labeled transcripts synthesized by nuclei from
treated and untreated cells (data not shown). Thus, TNF-a
specifically activates HIV transcription by RNA polymerase
II.

TNF-or Induces Nuclear Factor Binding to the HIV LTR. In
an attempt to localize possible DNA sequences in the HIV
LTR responsible for the TNF-a activation of HIV transcrip-
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FIG. 1. (a) Slot blot analysis of HIV and class I HLA RNA from
total RNA extracted from unstimulated ACH2 cells (-) or TNF-a
(100 units/ml)-stimulated ACH2 cells (+). Serial dilutions of RNA
(4.0, 2.0, 1.0, and 0.5 Ag) were dotted on nitrocellulose, hybridized
with 32P-labeled DNA probes, and subjected to autoradiography. (b)
Nuclear run-on transcription of HIV RNAs in the presence or
absence of TNF-a. Nuclei were isolated from TNF-a-treated and
untreated ACH2 cells. Nuclear RNA was synthesized by run-on
transcription in the presence of [a-32P]GTP and the labeled tran-
scripts were hybridized to slot blots containing class I HLA or HIV
DNA. Densitometry was performed to estimate the fold increase in
transcriptional activity.

tion, gel mobility shift assays were performed. Binding sites
for two known human transcriptional factors, NF-KB and
Spl, have been localized in the LTR (3, 34). Oligonucleotide
probes spanning either the two tandem NF-KB binding sites
or the three Spl binding sites shown in Fig. 2 were used in
these assays. When the NF-KB probe was incubated with
nuclear extracts from untreated ACH2 cells, no shifted bands
were observed (Fig. 3a). Incubation with nuclear extracts
from ACH2 cells treated with TNF-a resulted in the appear-
ance of two shifted bands. These bands were eliminated by
competition experiments in which a 50-fold molar excess of
unlabeled NF-KB oligonucleotide was included in the binding
reaction mixture. Competition with nonspecific oligonucle-
otide ST (Figs. 2 and 3a) or with the Spl oligonucleotide (data
not shown) did not reduce binding to the NF-KB probe in the
TNF-a-treated extracts. Similar binding studies were per-
formed using a mutated NF-KB sequence (NF-KB*) previ-
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FIG. 2. (a) Structure of HIV LTR showing location of regulatory

elements. The locations of oligonucleotide sequences (NF-KB, Spl,
ST) used for gel mobility shift assays are indicated. U3, R, and U5
regions are indicated. NRE, negative regulatory element; TAR,
transactivation response region. (b) DNA sequences of synthetic
oligonucleotides used in gel mobility shift assays and of the AKB
mutation made in the LTR-CAT construction for CAT assays.
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FIG. 3. Gel mobility shift analysis of the induction of protein
binding to the HIV LTR by TNF-a. (a) Analysis of binding to the
wild-type and mutant NF-KB binding sites. A 32P-labeled oligonu-
cleotide spanning the wild-type or mutant NF-KB sites in the HIV
LTR (Fig. 2) was incubated with nuclear extracts from untreated and
TNF-a (100 units/ml)-treated ACH2 cells. For the NF-KB probe,
competition experiments were performed by the addition of 50 ng
(>50-fold molar excess) of unlabeled double-stranded oligonucleo-
tides to the binding reaction mixture. Competitor oligonucleotides
were the unlabeled NF-KB oligonucleotide and the ST oligonucleo-
tide, containing sequences between the Spl binding sites and the
TATA box in the LTR (Fig. 2). (b) Binding to the Spl sites. The
32P-labeled Spl oligonucleotide was used for gel mobility shift
assays. Competitor DNAs were the unlabeled Spl or NF-KB oligo-
nucleotides.

ously shown to be incapable of binding to factors present in
activated Jurkat T cells (3). The NF-KB binding activity in
TNF-a-treated ACH2 cells failed to bind to the mutant
NF-KB sequence (Fig. 3a). Thus, treatment of ACH2 cells
with TNF-a resulted in the induction of nuclear factor(s) that
bind specifically to the NF-KB sites in the HIV LTR.
When the Spl oligonucleotide probe was used, the same

pattern of shifting was observed upon incubation with nuclear
extracts from both treated and untreated cells (Fig. 3b).
Competition with nonspecific and specific unlabeled oligo-
nucleotides revealed that the shifted bands were specific for
the Spl oligonucleotide. Nuclear factor(s) binding to the Spl
sites was therefore present at comparable levels in both
treated and untreated cells.
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FIG. 4. Activation of the HIV LTR in A3.01 cells by TNF-a.
A3.01 cells were transfected with either the wild-type or mutant
(AKB) HIV LTR-CAT. The mutant lacked both NF-KB sites. HIV
LTR-tat was cotransfected in all experiments to amplify the amount
of CAT protein produced. The cells were treated with or without
TNF-a (100 or 1000 units/ml) 4 hr after transfection. Cells were
harvested for CAT protein 44 hr after treatment, and CAT activity
was quantitated by liquid scintillation of the acetylated and unacetyl-
ated [14C]chloramphenicol from the chromatogram.

NF-KB Sequences Are Required for TNF-a Activation of the
HIV LTR. The transcriptional activation of the HIV LTR by
TNF-a is, therefore, associated with the induction of a
nuclear factor(s) binding to the NF-KB sites in the LTR. The
possible role of these factors in mediating activation by
TNF-a was tested with LTR-CAT constructions. The parent
cell line A3.01 (24) was transfected with wild-type or mutant
LTR-CAT constructions and maintained in the presence or
absence of TNF-a. The tat expression plasmid pAR (12) was
cotransfected in all cases; transfection of the pIBI-based
LTR-CAT plasmids in A3.01 cells without tat resulted in
undetectable levels of CAT activity (E.J.D., unpublished
observations). As shown in Fig. 4, TNF-a activated the
wild-type LTR-CAT construct in a dose-dependent manner,
resulting in a 10-fold increase in CAT activity in the presence
of TNF-a at 100 units/ml. Activation of the LTR, however,
was virtually abolished (1.3-fold) after deletion of the NF-KB
sites in the LTR. Similar results were observed when the Tat
protein was supplied by cotransfection of the simian virus
40-based expression plasmid pSVtatl2 (data not shown; ref.
35). These experiments therefore suggest a functional role for
the factors binding to the NF-KB sites in the transactivation
of the HIV LTR by TNF-a.

DISCUSSION
An important unresolved question in the study of the patho-
genesis ofHIV infection is the mechanisms that contribute to
disease progression and the development of AIDS. Chroni-
cally or latently infected cells expressing little or no HIV that
can be induced to produce high levels of virus have been
hypothesized to contribute to the relentlessly progressive
nature of HIV infection (2, 36). Recently, clonal cell lines
have been developed that provide models of such chronically
or latently infected cells (20, 21). ACH2, a T-cell clone
containing a single HIV provirus, has been particularly useful
in identifying physiological stimuli that can activate the
expression of integrated proviral DNA (21, 22). The super-
natant of lipopolysaccharide-stimulated human monocytes
(21) and the recombinant human cytokines TNF-a and TNF-
,8 (22) are particularly potent activators ofHIV production in
this line. TNF-l3 also activated HIV expression in chronically
infected MOLT-4 cells (37). These studies suggest that TNFs
may stimulate expression of HIV proviruses in vivo and thus
play a role in disease progression in AIDS patients. Stimuli
that lead to secretion ofTNF-a from monocytes, such as the
products of bacterinal and mycobacterial infection, may result
in elevated plasmaTNF levels (38, 39). In fact, elevated TNF
levels have been detected in AIDS patients as compared to
asymptomatic HIV-seropositive individuals (40). In such
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patients, TNF may result in continued stimulation of viral
replication that could potentiate destruction of CD4' lym-
phocytes and subsequent deterioration of immune function.

In the present study, we have examined the molecular
mechanisms by which TNF-a activates HIV expression in
ACH2 cells. TNF-a results in transcriptional activation ofthe
integrated HIV provirus. A 4- to 5-fold increase in steady-
state HIV RNA and a 3-fold increase in HIV transcription
were observed. These increases were comparable to the 4- to
5-fold TNF-induced augmentation in virion production from
ACH2 cells previously reported (22). This activation appears
to be mediated by the induction of cellular transcriptional
factors that bind to the NF-KB sequences in the LTR. Even
small increases in HIV transcription could then result in the
production of sufficient amounts of the viral regulatory
proteins Tat and Rev to allow production of high levels of
HIV. As TNF-13 appears to bind to the same receptor as
TNF-a (41), it is likely that TNF-,f activation ofHIV expres-
sion follows the same pathway.
The induction of nuclear factors that bind to the NF-KB

sites of the HIV LTR has been observed to be responsible for
activation of the LTR by a number of stimuli in transient-
transfection assays. Treatment of Jurkat T cells by phorbol
esters and phytohemagglutinin resulted in increased activity
ofLTR-CAT plasmids mediated through the NF-KB sites (3,
5, 8). Herpes simplex virus infection of cells also activates
HIV LTR expression, at least in part through induction of
NF-KB binding activity (32). A similar mechanism may
explain the reported activation of the LTR by the Tax protein
of human T-cell leukemia virus type I (42-44). Thus, induc-
tion of nuclear factor binding to the NF-KB sequences
appears to be a common pathway for activation of the HIV
LTR and may be important in vivo for physiologically rele-
vant stimuli such as TNF-a that interact with infected T cells.
Proteins of different molecular masses have been identified
that bind to the HIV NF-KB/core enhancer sequences.
NF-KB proteins of 42-50 kDa have been purified by oligo-
nucleotide affinity chromatography from B cells (45) and
bovine spleen (46). Proteins of 55-60 kDa, called EBP-1,
have been purified from HeLa cells (47). In addition, a
microscale affinity assay has been used to demonstrate the
induction of an 86-kDa protein in stimulated T cells that has
been called HIVEN86A (48). A mechanism of phorbol ester-
induced activation of the NF-KB protein involving the dis-
sociation of a cytoplasmic inhibitor molecule, IKB, has been
demonstrated recently (49).
Although induction of binding to the NF-KB sites repre-

sents a common feature of stimuli that activate the HIV LTR,
a second sequence referred to as NFAT-1 has been suggested
to play a role in the activation of the LTR by antibodies
directed against T-cell surface proteins (10). Activation of
Jurkat cells by treatment with antibodies directed against the
T-cell receptor complex induces NFAT-1 binding activity
(50). We have observed no evidence of induction of nuclear
factor binding to the NFAT-1 site by TNF-a treatment of
ACH2 cells as monitored by gel shift assays (data not shown).
Furthermore, TNF-a treatment of HIV LTR-CAT plasmids
lacking the NF-KB sites resulted in only a 1.3- to 1.4-fold
increase in CAT activity, as compared to the 10- to 13-fold
increase observed with wild type. Thus, the potent activation
of the LTR by TNF-a appears to proceed primarily through
NF-KB activation, although contributions of other LTR se-
quences cannot be excluded.
TNF-a exerts pleiotropic effects in vivo (38, 39) including

effects on adipocyte metabolism (51) and fibroblast growth
(52), mediation of the symptoms of endotoxic shock (38, 39),
and immunomodulatory effects (52-55). Some of these di-
verse activities may be mediated by TNF-a-induced alter-
ations in gene expression; TNF-a has been shown to directly
and specifically affect the transcriptional activity ofa number

of genes. The transcription of some genes, such as those
encoding lipoprotein lipase (56, 57) and al collagen (58), may
be decreased by TNF treatment. The transcription of a
variety of other genes, including ferritin heavy chain (59),
monocyte-derived neutrophil chemotactic factor (60), c-fos
and c-myc (61), class I HLA (53, 62), and interferon 82 (63)
genes, may all be activated by TNF-a. Interestingly, the
promoters of the class I HLA and interferon 182 genes both
contain sequence elements related to the NF-KB binding site,
and activation ofNF-KB-like proteins has been hypothesized
to explain lymphokine induction of HLA synthesis (64). In
ACH2 cells, no induction of HLA RNA was seen following
TNF treatment (Fig. 1). This is in contrast to the induction of
HLA mRNA seen in endothelial cells (53) and may be due to
cell-type-specific differences in transcriptional regulatory
proteins. The role of the NF-KB-like sequence in the inter-
feron 12 promoter has not been clearly established. A dele-
tion analysis of the interferon 132 promoter suggested that
sequences 5' to the NF-KB-like element were required for
TNF inducibility (63). Furthermore, many of the TNF-
inducible genes do not contain recognized NF-KB sites.
Therefore, TNF-a induction of cellular gene transcription
may require the activation of other DNA-binding proteins in
addition to NF-KB. Further analysis ofthe promoter elements
required for TNF inducibility may provide a greater under-
standing of the mechanisms by which cytokines alter gene
expression and induce their pleiotropic effects.

Note Added in Proof. After submission of the manuscript for review,
two reports were published demonstrating the induction of NF-KB
binding activity in human T cells by TNF-a (65, 66).

We thank Audrey Kinter for assistance with cell culture and
Carmen Parrott, John Leonard, and Thomas Kindt for gifts of
recombinant plasmids. We thank Kathleen Clouse, Guido Poli, and
Kuan-Teh Jeang for helpful discussions and Brenda Rae Marshall for
editorial assistance.

1. Melbye, M., Biggar, R. J., Ebbesen, P., Nealand, C., Goedert,
J. J., Faber, V., Lorenzen, I., Skinh, J. P., Gallo, R. C. &
Blattner, W. A. (1986) Ann. Intern. Med. 104, 496-500.

2. Fauci, A. S. (1988) Science 239, 617-622.
3. Nabel, G. & Baltimore, D. (1987) Nature (London) 326, 711-

713.
4. Siekevitz, M., Josephs, S. F., Dukovich, M., Peffer, N., Wong-

Staal, F. & Greene, W. C. (1987) Science 238, 1575-1578.
5. Tong-Starksen, S. E., Luciw, P. A. & Peterlin, B. M. (1987)

Proc. Natl. Acad. Sci. USA 84, 6845-6849.
6. Harada, S., Koyanagi, Y., Nakashima, H., Kobayashi, N. &

Yamamoto, N. (1986) Virology 154, 249-258.
7. Dinter, H., Chiu, R., Imagawa, M., Karin, M. & Jones, K. A.

(1987) EMBO J. 6, 4067-4071.
8. Kaufman, J. D., Valendra, G., Roderiquez, G., Bushar, G.,

Giri, C. & Norcross, M. A. (1987) Mol. Cell. Biol. 7, 3759-3766.
9. Maio, J. J. & Brown, F. L. (1988) J. Virol. 62, 1398-1407.

10. Tong-Starksen, S. E., Luciw, P. A. & Peterlin, B. M. (1989) J.
Immunol. 142, 702-707.

11. Gorman, C. M., Moffat, L. F. & Howard, B. H. (1982) Mol.
Cell. Biol. 2, 1044-1051.

12. Gendelman, H. E., Phelps, W., Feigenbaum, L., Ostrove,
J. M., Adachi, A., Howley, P. M., Khoury, G., Ginsberg,
H. G. & Martin, M. A. (1986) Proc. Natl. Acad. Sci. USA 83,
9759-9763.

13. Mosca, J. D., Bednarik, D. P., Raj, N. B. K., Rosen, C. A.,
Sodroski, J. G., Haseltine, W. A. & Pitha, P. M. (1987) Nature
(London) 325, 67-70.

14. Rando, R. F., Pellett, P. E., Luciw, P. A., Bohan, C. A. &
Srinivasin, A. (1987) Oncogene 1, 13-18.

15. Davis, M. G., Kenney, S. C., Kamine, J., Pagano, J. S. &
Huang, E.-S. (1987) Proc. Natl. Acad. Sci. USA 84, 8642-8646.

16. Lusso, P., Ensoli, B., Markham, P. D., Ablashi, D. V.,
Salahuddin, S. Z., Tschachler, E., Wong-Staal, F. & Gallo,
R. C. (1989) Nature (London) 337, 370-373.

Microbiology: Duh et al.



Proc. Natl. Acad. Sci. USA 86 (1989)

17. Horvat, R. T., Wood, C. & Balachandran, N. (1989) J. Virol.
63, 970-973.

18. Zagury, D., Bernard, J., Leonard, R., Cheynier, R., Feldman,
M., Sarin, P. S. & Gallo, R. C. (1986) Science 231, 850-853.

19. McDougal, J. S., Mawle, A., Cort, S. P., Nicholson, J. K. A.,
Cross, G. D., Scheppler-Campbell, J. A., Hicks, D. & Sligh, J.
(1985) J. Immunol. 135, 3151-3162.

20. Folks, T. M., Justement, J., Kinter, A., Dinarello, C. A. &
Fauci, A. S. (1987) Science 238, 800-802.

21. Clouse, K. A., Powell, D., Washington, I., Poli, G., Strebel,
K., Farrar, W., Barstad, P., Kovacs, J., Fauci, A. S. & Folks,
T. M. (1989) J. Immunol. 142, 431-438.

22. Folks, T. M., Clouse, K. A., Justement, J., Rabson, A., Duh,
E., Kehrl, J. H. & Fauci, A. S. (1989) Proc. Natl. Acad. Sci.
USA 86, 2365-2368.

23. Chomczynski, P. & Sacchi, N. (1987) Anal. Biochem. 162,
156-159.

24. Folks, T. M., Benn, S., Rabson, A., Theodore, T., Hoggan,
M. D., Martin, M. A., Lightfoote, M. & Sell, K. W. (1985)
Proc. Natl. Acad. Sci. USA 82, 4539-4543.

25. Rabson, A. B., Steele, P. E., Garon, C. F. & Martin, M. A.
(1983) Nature (London) 306, 604-607.

26. Favaloro, J., Freisman, R. & Kamen, R. (1980) Methods
Enzymol. 65, 718-749.

27. Pasco, D. S., Boyum, K. W., Merchant, S. N., Chalberg,
S. C. & Fagan, J. B. (1988) J. Biol. Chem. 263, 8671-8676.

28. Alwine, J. C., Kemp., D. J. & Stark, G. R. (1977) Proc. Natl.
Acad. Sci. USA 74, 5350-5354.

29. Dignam, J. D., Martin, P. L., Shastry, B. S. & Roeder, R. F.
(1983) Methods Enzymol. 101, 582-599.

30. Quinn, J., Holbrook, N. & Levens, D. (1987) Mol. Cell. Biol.
7, 2735-2744.

31. Bradford, M. M. (1976) Anal. Biochem. 72, 248-264.
32. Gimble, J. M., Duh, E., Ostrove, J. M., Gendelman, H. E.,

Max, E. E. & Rabson, A. B. (1988) J. Virol. 62, 4104-4112.
33. Dorsett, D. L., Keshet, I. & Winocour, E. (1983) J. Virol. 48,

218-228.
34. Jones, K. A., Kadonaga, J. T., Luciw, P. A. & Tjian, R. (1986)

Science 232, 755-759.
35. Jeang, K.-T., Shank, P. R., Rabson, A. B. & Kumar, A. (1988)

J. Virol. 62, 3874-3878.
36. Folks, T. M., Powell, D. M., Lightfoote, M. M., Benn, S.,

Martin, M. A. & Fauci, A. S. (1986) Science 231, 600-602.
37. Matsuyama, T., Hamamoto, Y., Kobayashi, S., Kurimoto, M.,

Minowada, J., Kobayashi, N. & Yamamoto, N. (1988) Med.
Microbiol. Immunol. 177, 181-187.

38. Beutler, B. & Cerami, A. (1987) N. Engl. J. Med. 316, 379-385.
39. Sherry, B. & Cerami, A. (1988) J. Cell Biol. 107, 1269-1277.
40. Lahdevirta, J., Maury, C. P. J., Teppo, A.-M. & Repo, H.

(1988) Am. J. Med. 85, 289-291.

41. Aggarwal, B. B., Eessalu, T. E. & Hass, P. E. (1985) Nature
(London) 318, 665-667.

42. Ballard, D. W., Bohnlein, E., Lowenthal, J. W., Wano, Y.,
Franza, B. R. & Greene, W. C. (1988) Science 241, 1652-1655.

43. Leung, K. & Nabel, G. J. (1988) Nature (London) 333, 776-
778.

44. Ruben, S., Poteat, H., Tan, T.-H., Kawakami, K., Roeder, R.,
Haseltine, W. & Rosen, C. A. (1988) Science 241, 89-91.

45. Kawakami, K., Scheidereit, C. & Roeder, R. G. (1988) Proc.
Nat!. Acad. Sci. USA 85, 4700-4704.

46. Lenardo, M. J., Kuang, A., Gifford, A. & Baltimore, D. (1988)
Proc. Nat!. Acad. Sci. USA 85, 8825-8829.

47. Wu, F. K., Garcia, J. A., Harrich, D. & Gaynor, R. B. (1988)
EMBO J. 7, 2117-2129.

48. Franza, B. R., Josephs, S. F., Gilman, M. Z., Ryan, W. &
Clarkson, B. (1987) Nature (London) 330, 391-395.

49. Baeuerle, P. A. & Baltimore, D. (1988) Science 242, 540-546.
50. Shaw, J.-P., Utz, P. J., Durand, D. B., Toole, J. J., Emmel,

E. A. & Crabtree, G. R. (1988) Science 241, 202-205.
51. Torti, F. M., Dieckmann, B., Beutler, B., Cerami, A. &

Ringold, G. M. (1985) Science 229, 867-869.
52. Vildek, J., Palombella, V. J., Henriksen-DeStefano, D., Swen-

son, C., Feinman, R., Hirai, M. &Tsujimoto, M. (1986) J. Exp.
Med. 163, 632-643.

53. Collins, T., Lapierre, L. A., Fiers, W., Strominger, J. L. &
Pober, J. S. (1986) Proc. Nat!. Acad. Sci. USA 83, 446-450.

54. Kehrl, J. H., Alvarez-Mon, M., Delsing, G. A. & Fauci, A. S.
(1987) Science 238, 1144-1146.

55. Scheurich, P., Thoma, B., Ucer, U. & Pfizenmaier, K. (1987)
J. Immunol. 138, 1786-1790.

56. Zechner, R., Newman, T. C., Sherry, B., Cerami, A. &
Breslow, J. L. (1988) Mol. Cell. Biol. 8, 2394-2401.

57. Enerback, S., Semb, H., Tavernier, J., Bjursell, G. & Olive-
crona, T. (1988) Gene 64, 97-106.

58. Solis-Herruzo, J. A., Brenner, D. A. & Chojkier, M. (1988) J.
Biol. Chem. 263, 5841-5845.

59. Torti, S. V., Kwak, E. L., Miller, S. C., Miller, L. L.,
Ringold, G. M., Myambo, K. B., Young, A. P. & Torti, F. M.
(1988) J. Biol. Chem. 263, 12638-12644.

60. Matsushima, K., Morishita, K., Yoshimura, T., Lavu, S.,
Kobayashi, Y., Lew, W., Appella, E., Kung, H. F., Leonard,
E. J. & Oppenheim, J. J. (1988) J. Exp. Med. 167, 1883-1893.

61. Lin, J.-X. & Vildek, J. (1987) J. Biol. Chem. 262, 11908-11911.
62. Schutze, S., Scheurich, P., Schluter, C., Ucer, U., Pfizen-

maier, K. & Kronke, M. (1988) J. Immunol. 140, 3000-3005.
63. Ray, A., Tatter, S. B., May, L. T. & Sehgal, P. B. (1988) Proc.

Nat!. Acad. Sci. USA 85, 6701-6705.
64. Baldwin, A. S. & Sharp, P. A. (1988) Proc. Nat!. Acad. Sci.

USA 85, 723-727.
65. Lowenthal, J. W., Ballard, D. W., Bohnlein, E. & Greene,

W. C. (1989) Proc. Nat!. Acad. Sci. USA 86, 2331-2335.
66. Osborn, L., Kunkel, S. & Nabel, G. J. (1989) Proc. Nat!. Acad.

Sci. USA 86, 2336-2340.

5978 Microbiology: Duh et al.


