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Abstract

The effect of HIV-1 infection on cytokine levels was studied in
monocytic cells by using Northern blotting analysis. Mono-
blasts (THP-1, U937) did not express IL-1,6 RNA even if the
cells were infected with HIV-1. After exposure to LPS (10
Ag/ml) and 12-0-tetradecanoylphorbol-13-acetate (TPA, 100
nM) for 12 h, these HIV-1-infected monoblasts accumulated
8-15-fold greater levels of IL-,f) RNA as compared with their
HIV-1-uninfected counterparts that were similarly stimulated.
In contrast, levels of RNAs coding for monocyte-colony-stimu-
lating factor (M-CSF) and tumor necrosis factor-alpha
(TNFa) were elevated less than twofold in the HIV-1-infected
cells as compared with HIV-1-uninfected cells after their
stimulation with LPS and TPA. Inhibition of new protein syn-
thesis did not block the marked accumulation of IL-1,8 RNA
produced by exposure to LPS and TPA in the HIV-1-infected
cells. Time-course experiments showed that the maximal
levels of IL-1,6 RNA occurred at 12 and 24 h after LPS and
TPA stimulation of the HIV-1-infected and uninfected U937
cells, respectively. Studies of stability of RNA using actino-
mycin D showed that IL-1, RNA was equally stable in infected
and uninfected U937 cells after their stimulation with TPA and
LPS. Taken together, our data show that HIV-1 infection
markedly augments IL-1,i RNA accumulation in stimulated
monocytic cells, probably through increasing rate of transcrip-
tion ofI-1f). (J. Clin. Invest. 1990.86:1109-1114.) Key words:
HIV * IL-1, RNA * monocytic cells

Introduction

Cells of the mononuclear phagocytic lineage including their
normal and leukemic progenitor cells, monocytes, and macro-
phages, are susceptible to infection with HIV- 1 (1-6). HIV- 1 is
not usually cytopathic to infected mononuclear phagocytic
cells. Therefore, these cells may serve as an important reservoir
for persistence of HIV-1 in individuals with AIDS and they
may spread HIV- 1 to target organs such as lungs, bone mar-
row, skin, and brain, contributing to some of the pathological
findings in AIDS. Monocytes and macrophages are indispens-
able in defense of the body against microorganisms, and

Address reprint requests to P. Koeffiler, UCLA Department of Medi-
cine, Division of Hematology/Oncology, 11-240 Factor Building,
10833 Le Conte Avenue, Los Angeles, CA 90024-1678.

Receivedfor publication 17 July 1989 and in revisedform 21 March
1990.

HIV- 1-induced abnormalities of these cells impair host de-
fenses (7-10).

Recently, monocytes from patients with AIDS were found
often to produce higher levels of IL-1 than monocytes from
normal controls (11). In addition, Folks et al. noted that a
HIV-1-infected clone of the monoblastic cell line U937 pro-
duced high levels ofIL- I , after exposure to conditioned media
from mitogen-stimulated T lymphocytes (12). Monocytes and
macrophages communicate and activate CD-4 positive T lym-
phocytes by presenting antigens to the cells and by producing
IL- 13 (1 3). Overexpression of IL- 1,6 in infected macrophages
may disrupt normal immunological functions of T lympho-
cytes and may stimulate HIV- 1 production or infection in
these cells. Viral latency in these cells could be abrogated by
inappropriate production of IL- 1. In this study we examine the
effect of HIV- 1 infection on monokine production; in particu-
lar, we focus on mechanisms by which HIV-1 increases the
expression of IL- 1B RNA.

Methods

Monoblastic leukemic cell lines (U937 and THP-1) were grown in
a-MEM culture media (Flow Laboratories, Inc., Rockville, MD) with
10% fetal calf serum in a humidified atmosphere with 7% CO2. U937
and THP-I cells were infected with HIV-1, isolate IIIB (HTLV-1110),
and RF (HTLV-IIIRF), respectively. Briefly, 5 X 106 cells were in 1 ml
of stock conditioned media containing HIV-1 and 10Ig/ml of Poly-
brene (Sigma Chemical Co., St. Louis, MO). After 1 h incubation at
37°C, cells were washed and cultured in complete alpha-media with
10% fetal calfserum. Viability ofleukemic cell lines was determined in
all experimental procedures by trypan blue exclusion and was always
greater than 90%. Cells were used after 2 mo of infection with HIV- 1.
The following were generously provided: human granulocyte-macro-
phage (GM-CSF)' was obtained from Dr. S. Clark (Genetic Institute,
Cambridge, MA); a- and ,B-interferon (IFN) and tumor necrosis factor
(TNF) from Dr. M. Shepard (Genentech, Inc., San Francisco, CA);
and interleukin- I, (IL-1,6) from Dr. S. Gillis (Immunex, Seattle, WA).
Tetradecanoylphorbol-13-acetate (TPA) and LPS from Escherichia
coli were purchased from Sigma Chemical Co.

Total RNA of cells was extracted by the hot phenol method (14).
RNA samples were separated by a 1% agarose-formaldehyde gel and
transferred to a nylon-membrane filter. Blots were probed with 32p_
oligolabeled (random primed) restriction fragments (15), and hybrid-
ized for 16 to 24 h at 420C in 50% formamide, 2X SSC (1X = 150mM
sodium chloride, 15 mM sodium citrate), 5X Denhardt's, 0.1% sodium
dodecyl sulfate (SDS), 10% dextran sulfate, and 100 ug/ml salmon
sperm. Filters were washed to a stringency of 0.1X SSC, 65°C and
exposed to Kodak XAR film. Autoradiograms were developed at dif-
ferent exposures and scanned by densitometry.

,B-actin DNA (Eco RI-Bam HI, 700 bp) was obtained from the

1. Abbreviations used in this paper: CHX, cycloheximide; CSF, colony
stimulating factor; GM-CSF, granulocyte-macrophage CSF; M-CSF,
monocyte CSF; TNF, tumor necrosis factor; TPA, 12-O-tetradecan-
oylphorbol-1 3-acetate.
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pHFflA-3'-ut (untranslated) plasmid (16). Monocyte-colony stimulat-
ing factor (M-CSF) cDNA was obtained from p3ACSF-RI (Xbo I-Eco
RI, 2,000 bp) (17), TNF cDNA was from pSP43-4 (Eco RI, 800 bp)
(18), IL-1#6 was from pA-26 (Pst I, 900 bp) (19) and 3'LTR (long
terminal repeat) of proviral HIV-I DNA was from pH3LTR H (Eco
RI, a gift from Dr. I. Chen (UCLA, Los Angeles, CA), unpublished).

Culture supernatant was assayed for HIV- I p24 protein by ELISA
(Abbott Laboratories, North Chicago, IL). Cells were seeded at a den-
sity of 5 X 105 cells/ml and cultured for 3 d. Supernatants were har-
vested by centrifugation.

[3H]Uridine and [35S]methionine incorporation: cells were exposed
to either actinomycin D (10 ug/ml) or cycloheximide (CHX, 20 ,g/ml)
in culture dishes (Falcon Labware, Becton Dickinson, Oxnard, CA) in
triplicate per experimental point for 2 h. Cells were pulsed with 2 4Ci
of [3Hjuridine (43 Ci/mmol sp act) or 4 ,uCi of [35S]methionine (200
mCi/mM sp act) for 1 h at 37°C, washed twice in PBS, precipitated in
5% TCA in 30 mM Na2HPO4 at 4°C for 1 h, filtered onto a glass
microfiber membrane (Whatman Inc., Clifton, NJ; GF/F), washed in
3% TCA (30 mM Na2HPO4), and heated at 80°C for 1 h. Each sample
was counted by liquid scintillation. Results were compared with those
of untreated cells.

Results

The U937 and THP-l cells (1 X 106/ml) infected with HIV-l
secreted in 48 h 1.2 and 1.3 ,g/ml ofp24 protein, respectively.
Both HIV-l-infected and uninfected U937 and THP-1 cells
were exposed to the phorbol ester 1 2-0-tetradecanoylphorbol-
13-acetate (TPA, 100 nM) and to lipopolysaccharide (LPS, 10
Ag/ml) for 12 h. RNA was extracted from cells, electropho-
resed, transferred by Northern blot technique onto nylon
membrane, and probed with several different 32P-labeled
genes. Fig. 1 A shows the results from U937 cells. Both unin-
fected (lane 1) and HIV-I-infected (lane 3) cells constitutively
contained negligible levels of IL-1# RNA. After stimulation
with TPA and LPS, the HIV-l-infected cells (lane 4) had
about a 15-fold greater accumulation of IL-1IB RNA as com-

A

pared with the uninfected U937 cells (lane 2). In contrast,
equivalent levels of M-CSF RNA were present in both
HIV-l-infected (lane 4) and uninfected (lane 2) U937 cells
after their exposure to TPA and LPS. Fig. 1 B shows that
exposure to TPA and LPS produced 10-fold greater accumu-
lation of levels of HIV- 1 RNAs in the U937 cells (lane 4) as
compared with the same population of cells not exposed to
TPA and LPS (lane 3).

The results using the HIV-1-infected THP-1 monoblast
line were similar to those observed in the U937 cells (Fig. 2).
Both the uninfected (lane 1) and HIV- 1-infected (lane 3) cells
constitutively contained very low levels of IL-1I# RNA (Fig. 2
A). After exposure to TPA and LPS, the HIV- 1-infected cells
(lane 4) had about an eightfold greater accumulation of IL- I(
RNA as compared with the uninfected THP-1 cells (lane 2). In
comparison, less than twofold greater levels of both M-CSF
and TNF RNAs were present in HIV-1-infected (lane 4) as
compared with HIV- l-uninfected (lane 2) cells after their ex-
posure to TPA and LPS. Fig. 2 B shows that exposure of
HIV-1-infected THP-1 to TPA and LPS produced increased
levels of the 4.3 kb (twofold) and 1.8 kb (fivefold) RNAs en-
coded by HIV-l (lane 4) as compared with the same popula-
tion of cells not exposed to TPA and LPS (lane 3).

Dynamics ofaccumulation of IL-(3 RNA were examined in
infected and uninfected U937 cells. Fig. 3 A shows that signifi-
cant accumulation of IL-1,B RNA occurred in the uninfected
U937 cells within 6 h of stimulation with TPA and LPS (lane
4). Levels continued to rise at 12 h (lane 5) and 24 h (lane 6).
In contrast, increased levels of IL- 1B RNA were detectable in
the HIV-l-infected U937RF as early as 1.5 h (Fig. 3 B, lane 2)
after exposure to TPA and LPS and reached the maximal level
at 12 h (lane 5) after stimulation. Further time-response stud-
ies showed that accumulation of RNAs coding for TNFa and
M-CSF paralleled each other in the HIV-l-infected U937RF
cells after exposure to TPA and LPS (lanes 5-8) (Fig. 3 C).
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Figure 1. Expression of cytokine
RNAs in uninfected and HIV- l-in-
fected U937 cells. Uninfected
(U937) and HIV-l-infected U937
(U937RF) cells were cultured with
TPA (100 nM) and LPS (10 ,gg/ml)
for 12 h. Total RNA was extracted,
size-fractionated by 1% agarose,
transferred to nylon filter, and hy-
bridized with 32P-labeled IL-l#,
M-CSF, fl-actin RNA (A), and 3'
LTR of HIV- I proviral genome (B).
(A and B) Lane 1, unstimulated
U937 cells; lane 2, U937 cells stim-
ulated with TPA and LPS; lane 3,
unstimulated U937RF cells; lane 4,
U937RF cells stimulated with TPA
and LPS.
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Figure 2. Expression of cytokine RNAs in un-
infected and HIV-1-infected THP-l cells. Un-
infected (THP-l) and HIV- I -infected THP- I
(THP-lIIIB) cells were exposed to TPA (100
nM) and LPS (10 ,g/ml) for 12 h. Total RNA
was extracted and analyzed by Northern blot-
ting. Blot was hybridized with 32P-oligolabeled
IL-lIl, M-CSF, f3-actin DNA probes (A), and 3'
LTR of HIV-l proviral genome (B). (A and B)
Lane 1, unstimulated THP-l cells; lane 2,
THP-l cells cultured with TPA and LPS; lane
3, unstimulated THP-I IIB; lane 4, THP-1I1eB
cells cultured with TPA and LPS.

Levels ofTNFa and M-CSF RNAs in the HIV- I -infected cells
were less than twofold greater than levels of these cytokines in
the uninfected U937 and THP-1 cells after their exposure to
TPA and LPS (lanes 1-4).

The requirement of new protein synthesis for enhanced
accumulation of IL-lB RNA in cells infected with HIV- 1 was

examined. U937RF cells were pretreated with CHX (20 ,ug/ml,
protein synthesis inhibitor) for 30 min and then co-cultured
with TPA, LPS, and CHX for 8 h. CHX alone slightly in-
creased levels of IL-1,B RNA (Fig. 4, lane 2). Levels of IL-1,B
RNA were comparable in CHX-treated (lane 3) and untreated
(lane 4) U937RF cells after their stimulation with LPS and
TPA. CHX (20 /g/ml) decreased protein synthesis in U937
cells by > 95% (see Methods).

One mechanism by which HIV-1 infection might lead to
increased levels of IL- 13 RNA in myeloid cells is by increasing
stability of the IL-1,B message. In order to examine stability of
IL-lIf RNA, both HIV-l-infected and uninfected U937 cells
were stimulated with TPA and LPS for 12 h and then cultured
in the presence of actinomycin D (10 ,g/ml) in order to stop
new RNA synthesis. Actinomycin D decreased [3H]uridine
synthesis by > 90% (see Methods). Cells were harvested at
different times, RNA extracted, electrophoresed, Northern
blotted, and probed for levels of IL- 1(3 RNA. The IL- 1( RNA
was very stable in both uninfected and infected cells with no

change in the message levels of IL- 13, even after 12 h ofexpo-
sure to actinomycin D (Fig. 5). Longer exposure of both cell
types to actinomycin D markedly decreased viability of the
cells (data not shown). These Northern blots were rehybridized

with 32P-labeled c-myc (Fig. 5, bottom); half life (t1/2) ofRNA
coding for this protooncogene was less than 3 h in both the
HIV- I-infected and uninfected cells.

Discussion

Our study found that U937 and THP-1 monoblastic cell lines
infected with HIV- 1 had higher levels of IL- 1(3 RNA than did
their uninfected counterparts after stimulation with TPA and
LPS. In contrast, levels ofRNAs coding for several other cyto-
kines (M-CSF, TNF) were less than twofold elevated in the
infected cells as compared with the uninfected ones. Folks et
al. (12) showed that conditioned media from PHA-stimulated
mononuclear cells from peripheral blood enhanced expression
of membrane-bound IL- I on cells of a subclone of HIV- 1-

infected U937 as compared with uninfected parental cells. The
stimulatory material in the PHA-conditioned media was not
identified. TPA and LPS stimulate transcription of IL-1, and
TPA stabilizes IL-l mRNA (20, 21); but why TPA and LPS
enhanced production of IL-1(3 RNA in our HIV-l -infected
myeloid cells as compared with the uninfected cells is unclear.
In addition, we found that recombinant GM-CSF (200 pM), a-

and (3-IFN (1,000 U/ml), TNF (25 ng/ml), or IL- 1B (50 U/ml)
did not enhance levels of IL- 1( RNA in either HIV- 1-infected
or uninfected U937 cells (data not shown).

Time-response experiments showed that the accumulation
of IL- I ,B RNA in HIV- I -infected cells occurred more quickly
and was of a greater magnitude than in uninfected cells after
their stimulation with TPA and LPS. Half-life experiments
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1 2 3 4 5 6 1 2 3 4 5 6 Figure 3. (A and B). Time-response

of levels of IL- 13 mRNA in unin-
fected and HIV-l-infected U937
cells. U937 (A) and U937RF (B)
were exposed to TPA (100 nM) and
LPS (10 ,gg/ml) for various dura-

_I LLI148 tions. Lane 1, 0 h; lane 2, 1.5 h;
1.6 kb lane 3, 3 h; lane 4, 6 h; lane 5, 12 h;

lane 6, 24 h. Total RNA was ex-
tracted and analyzed by Northern
blotting. Blots were hybridized with
32P-labeled IL- 13 probe.
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Figure 3 C Time-response of levels of TNFa and M-CSF RNAs in
uninfected and HIV-l-infected U937 cells. U937 (lanes 1-4) and
U937RF (lanes 5-8) were exposed to TPA (100 nM) and LPS (10
,ug/ml) for various durations. U937 uninfected: lane 1, untreated
cells; lane 2, 3 h; lane 3, 6 h; lane 4, 12 h. U937RF: lane 5, untreated
cells; lane 6, 3 h; lane 7, 6 h; lane 8, 12 h. Total RNA was extracted
and analyzed by Northern blotting and hybridization with 32P-la-
beled TNFa, M-CSF, and ,B-actin DNA probes.

types I and II encode trans-acting proteins which initiate RNA
synthesis of critical viral protein by stimulating cis-acting se-

quences near the viral long terminal repeat sequences (25, 26).
Recently, tax, one of the HTLV-1 trans-acting proteins, has
been shown to induce expression of IL-2 receptors through a

NF-KB responsive element (27). The augmentation of IL-1I#
RNA expression may be directly or indirectly mediated by a

trans-acting protein encoded by HIV-1 such as tat. Transfec-
tion of U937 with a tat expression vector and a reporter gene
containing IL-1 sequences will help answer this hypothesis.
(C) HIV- 1 infection causes slight maturation ofU937 cells and
THP- 1 (28, 29). Perhaps these more mature cells have a capac-

ity to produce higher levels of IL-18 after activation by TPA
and LPS than do the uninfected, less mature cells. A recent
study found that THP-1 cells that were studied immediately
after HIV- 1 infection showed phenotypic changes compatible
with maturation, and these cells had increased levels ofTNFa
and IL- 13 RNA as compared with uninfected cells (29). With
chronic infection, the cell population became less mature and
no longer produced increased levels of these cytokines. Our
HIV-1 chronically infected populations of U937 and THP-1
cells are morphologically the same maturity as the uninfected

1 2 3 4

showed that IL-113 RNA was equally stable in both the
HIV-l-infected and uninfected cells after their stimulation.
This suggests that accumulation of IL- 13 RNA in these cells is
enhanced, not by increasing stability of IL-113 mRNA but,
probably, by increasing the rate of transcription of the IL-1I8
gene. Transcriptional run-on experiments are necessary to
confirm this impression.

How HIV-1 might enhance the rate of IL-113 gene tran-
scription in U937 and THP-1 cells is not clear from our ex-

periments. Possibilities include: (a) Several recent reports sug-

gest that HIV-1 viral particles can trigger expression of IL-l,
TNF, and IL-6 genes in macrophages by binding to CD4 mole-
cules (22-24). This effect does not require viral expression in
the cells and can be reproduced by using recombinant gpl 20
(envelop protein) of HIV- 1; stimulation is probably by the
gp12O protein binding to CD4 (23). In our experiments, CHX
probably inhibited viral production but was unable to inhibit
the enhanced accumulation of IL- 113 RNA in the HIV- 1-in-
fected U937 cells stimulated with TPA and LPS. (b) Human
retroviruses including HIV- 1 and human T cell leukemia virus

IL-1B--

- octin-

i.16kb

_ ~~-2.1 kb

Figure 4. Effect ofCHX on accumulation of IL-l(3 mRNA. U937RF
cells were pretreated with CHX (20 gg/ml) for 30 min. LPS and TPA
were added and cells were cultured for an additional 8 h. Total RNA
was extracted and analyzed by Northern blotting. Lane 1, untreated
U937RF cells; lane 2, cells cultured with CHX (20 ,gg/ml) for 8.5 h;
lane 3, cells exposed to TPA (100 nM) and LPS (1O ,ug/ml) for 8 h;
lane 4, cells pretreated with CHX (20 gg/ml) for 30 min and then ex-

posed to TPA (100 nM) and LPS (10 gg/ml) in the presence ofCHX
(20 ,g/ml) for 8 h.
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--1.I 1,8 Figure 5. Stability of IL- Il mRNA in
HIV-l-uninfected and infected U937 cells.
U937 (A) and U937RF (B) cells were cul-
tured with TPA and LPS for 12 h and then
exposed to actinomycin D (10 ,g/ml), and
total RNA was extracted at different dura-

C- myc tions of culture. Northern blots were
2.5 kb probed with 32P-labeled IL-lIl and c-myc

cDNA. Lane 1, 0 h; lane 2, 1.5 h; lane 3, 3
h; lane 4, 6 h; lane 5, 12 h after exposure
to actinomycin D.

cells (data not shown). Further studies are required to deter-
mine if they are functionally more mature.

The HIV-1-infected THP- 1 cells constitutively produce
easily detectable levels of HIV- 1 RNA (Fig. 2 B) as compared
with HIV-l-infected U937 cells (Fig. 1 B). Expression of dif-
ferent levels of HIV-l RNAs by these two cell lines may be
explained by their differences in maturation. THP-l cells are
more mature than U937 cells. In addition, THP-1 cells express
high levels ofNF-KB; U937 cells do not, but their expression of
NF-KB can be induced by TPA (30). HIV- I gene expression in
the monocytic lineage is regulated in part by cellular levels of
NF-KB (30).

Production of IL-1 may be important in pathogenesis of
AIDS and AIDS-related complex. IL-1 stimulates production
of T cell growth factor and its receptor in T lymphocytes,
stimulating their proliferation. Activation by IL-1 may also
stimulate expression of NF-KB causing viral production in la-
tently infected T lymphocytes (31). Furthermore, IL-1 is indis-
pensable for immunological interactions between T lympho-
cytes and monocytes/macrophages during antigen presenta-
tion (32). Overexpression of IL- 1 may disrupt this dialogue
between these cells. In addition, IL- I can support the growth of
Kaposi's sarcoma cells (33, 34). Enhanced expression of IL- I,
in skin macrophages may contribute to pathogenesis of this
HIV- 1-related malignancy.
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