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Lipopolysaccharide (LPS) is a very potent inducer of tumor necrosis factor alpha (TNF-«) expression from
monocytes and macrophages. Another inflammatory cytokine, gamma interferon (IFN-vy), can potentiate the
effects of LPS, but the mechanism is not thoroughly understood. Previous reports emphasized the ability of
IFN-vy to upregulate CD14 expression (the receptor for LPS), and nearly all studies have utilized sequential
stimulation with IFN-vy followed by LPS to exploit this phenomenon. This study demonstrates that IFN-y can
upregulate the effect of LPS at the level of transcription. Human monoblastic Mono-Mac-6 cells produced up
to threefold-greater levels of TNF-a when simultaneously stimulated with LPS and IFN-y compared to
treatment with LPS alone. RNase protection studies showed a similar increase in RNA beginning as early as
within 30 min. The synthesis of TNF-a mRNA in IFN-y- and LPS-treated Mono-Mac-6 cells was also
temporally prolonged even though the message turnover rate was identical to that seen in LPS stimulated cells.
The modulatory effect of IFN-y may be mediated by Jak2.

Tumor necrosis factor alpha (TNF-a) is secreted in response
to inflammatory stimuli by immunologically relevant cells in-
cluding macrophages, lymphocytes, natural killer cells, and
dendritic cells. Its biological actions include upregulating the
production of proinflammatory cytokines, chemokines, and ad-
hesion molecules (3). TNF-a produced inappropriately or ex-
cessively may lead to deleterious immunologic consequences,
as is the case in overwhelming sepsis, rheumatoid arthritis, and
systemic lupus erythematosus (1, 20, 36, 43).

Lipopolysaccharide (LPS) is an integral component of gram-
negative bacterial cell walls which stimulates TNF-a produc-
tion. LPS binds CD14 and activates the mitogen-activated pro-
tein kinase (MAPK) signaling pathway via pS6Lyn (30, 44).
LPS also induces NF-kB release from IkB including p50-p65
heterodimers, pS0 homodimers, and Rel-p65 heterodimers (7,
37). The induction of TNF-a by LPS has been widely used to
investigate TNF-a transcriptional regulation. NF-«kB, as well as
C/EBPg and c-Jun, has been demonstrated to play a role in the
regulation of TNF-« transcription in myelomonocytic cells (32,
48, 54). The ability of LPS to activate multiple inflammatory
pathways, including the upregulation of TNF-q, is believed to
be central to the development of septic shock (10, 35).

Gamma interferon (IFN-y) has been shown to prime cells
and potentiate the effects of LPS (23, 24, 33, 49). As IFN-y
engages with its receptor, cytoplasmic Janus kinases (Jakl and
Jak2) become activated which phosphorylate specific tyrosine
residues on the signal transducers and activators of transcrip-
tion (STAT)-1a molecules (9, 40, 53). Activated and phosphor-
ylated STAT1la forms homodimers, translocates to the nu-
cleus, and binds specific STAT-binding DNA sequences (15,
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16). Monocytes and macrophages become more responsive
and sensitive to LPS after pretreatment with IFN-y (6). Pri-
mary human monocytes increased TNF-a transcription and
formed more stable TNF-oo mRNA when they were primed
with IFN-y for several hours prior to LPS stimulation (23, 24,
33, 49). The mechanism underlying the priming effect appears
to be complex. In part, IFN-y upregulates the receptor for
LPS, CD14. It also appears to alter proteins which target
mRNA turnover (42, 47).

In addition to this well-known priming effect, there have
been some studies suggesting that IFN-y may have a direct
transcriptional effect. In macrophages isolated from LPS-resis-
tant mice (C3H/HeJ), IFN-y was able to overcome the unre-
sponsiveness of LPS and to induce TNF-a gene and protein
expression (4). Other early studies have supported the idea
that IFN-y may have a direct transcriptional effect (5, 13, 27).
Recent studies have identified signaling pathways which are
coactivated by both LPS and IFN-y. In one, IFN-y was shown
to dramatically augment NF-«kB induction by LPS. This effect
required preincubation with IFN-y and was dependent on pro-
tein synthesis (24). A second study demonstrated that both
LPS and IFN-y can lead to phosphorylation of the proto-
oncogene vav (17). This effect was dependent on the kinase
hck, which is known to modulate TNF-a production. Another
signaling pathway in which LPS and IFN-vy effect converge is at
STATI. STAT1 is typically considered to be phosphorylated at
Y701 by Jakl and Jak2. Phosphorylation at S727 potentiates
the transcriptional effects of STAT1. The pathway responsible
for phosphorylation of S727 has not been clearly defined; how-
ever, LPS is capable of inducing phosphorylation at that site
(28). Therefore, these studies suggest that LPS and IFN-y may
coactivate certain signaling pathways relevant to the transcrip-
tion of TNF-a. Our studies attempt to define which of the
pathways might underlie the increased TNF-a production from
human cells when both LPS and IFN-y are presented simul-



2848 LEE AND SULLIVAN

taneously as opposed to a priming strategy. The simultaneous
administration of these two stimuli might mimic the effects of
an early in vivo bacterial infection more closely than a priming
strategy. Understanding the interplay between proinflamma-
tory cytokines could have potential in developing new cyto-
kine-directed therapeutic strategies for overwhelming infec-
tions or autoimmune diseases.

MATERIALS AND METHODS

Tissue culture. Mono-Mac-6 cells were obtained from the German Collection
of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany) and
maintained in RPMI 1640 supplemented with 10% fetal bovine serum, 2 mM
glutamine, 100 U of penicillin-6 phosphate per ml, 10 mM minimal essential
medium nonessential amino acids, 10 wg of insulin-transferrin-sodium selenite
per ml, and 100 mM sodium pyruvate. Tissue culture media and cell culture
supernatants were periodically screened for endotoxin and mycoplasma. All
plasticware used in these experiments was certified pyrogen-free.

Reagents. LPS (Escherichia coli O11:B4) and actinomycin D were obtained
from Sigma Chemical Co. (St. Louis, Mo.). Recombinant human IFN-y
(rhIFN-y) from Endogen, Inc. (Woburn, Mass.), had a specific activity of 3 X 107
U/mg. Tyrphostin AG-490 was purchased from Calbiochem (San Diego, Calif.)
and suspended in dimethyl sulfoxide (DMSO).

TNF-a assays. Mono-Mac-6 cells were plated in 96-well round-bottom tissue
culture plates at 2 X 10° cells per 200 pl. Cells were stimulated in duplicates or
triplicates with 2 pug of LPS per ml with or without varyious concentrations of
rhIFN-y. After various time points, supernatants were harvested and were stored
at —70°C until enzyme-linked immunosorbent assays (ELISAs) were performed.
Human matched antibody pairs for TNF-a were purchased from Endogen for a
conventional sandwich ELISA. Nunc-Immune Maxisorp plates were coated
overnight with capture antibodies [mouse anti-human TNF-a monoclonal im-
monoglobulin G1 «]. Supernatants from cultures and standard curve TNF-a
were allowed to bind capture antibodies before addition of the biotin-labeled
detecting antibodies [mouse anti-human TNF-a monoclonal immunoglobulin
G1(k)]. Streptavidin-conjugated horseradish peroxidase catalyzing TMB
(3,3,5,5'-tetramethylbenzidine) substrate color conversion was used for detec-
tion. Enzyme reactions were terminated by the addition of 0.18 M H,SO, before
being measured at 450 nm on the Dynatech MR4000 spectrophotometer (Dy-
natech Laboratories, Inc., Chantilly, Va.). ELISA sensitivity was <5.0 pg/ml, and
the backgrounds were negligible.

RNase protection assay. Mono-Mac-6 cells were cultured and stimulated in
T-25 tissue culture flasks at 2 X 10° cells/ml. Unless otherwise noted, cells were
stimulated with 2 pg of LPS per ml with or without 50 ng of rhIFN-y per ml. In
the experiments to analyze mRNA turnover, actinomycin D at a final concen-
tration of 3 pg/ml was added into the cultures after various periods of time (1, 2,
or 4 h). In the experiments to examine the effects of Jak2 inhibition, AG-490 at
a final concentration of 20 M was added at the time of initial culture. As a
control for the AG-490 diluent, equal volumes of DMSO were added to the
second set of cultures. Culture flasks containing light-sensitive AG-490 were
wrapped in aluminum foil to protect against its deactivation. For time course
studies, approximately 2 X 10° to 4 X 10° cells were removed at designated time
points. After pelleting of the cells, supernatants were removed and saved for
ELISAs, while the cell pellets were resuspended in RNAzol B. RNA was isolated
utilizing the RNAzol B protocol (Tel-Test, Inc., Friendswood, Tex.). The quality
of RNA was first checked on 1% agarose-formaldehyde gel prior to further
processing. RNase protection assays were performed using the RiboQuant mul-
tiprobe system (Pharmingen, San Diego, Calif.) by following the manufacturer’s
instructions. Then, 10 pg of total RNA was hybridized with radioactive probe.
Hybridized RNA was separated on 5% acrylamide gel and quantified on a
PhosphorImager using the ImageQuant software (Molecular Dynamics, Sunny-
vale, Calif.). TNF-a mRNA quantity was normalized to the .32 concentrations
in the same hybridization reaction. Densitometric units were calculated as fol-
lows: (TNF-a/L32) X the average of L32 within the entire set of one experiment.

Statistical analysis. Student ¢ tests were performed to determine the statistical
significance of TNF-a protein secretion among sets of stimulated cells. The
paired Student ¢ test was utilized to compare the quantitative differences of
mRNA in the RNase protection assays. A P value of <0.05 was used to indicate
significance.
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FIG. 1. Stimulation of Mono-Mac-6 cells with LPS and IFN-y. Hu-
man Mono-Mac-6 cells (2 x 10° per well) were stimulated for 5 h with
2 pg of LPS (E. coli O111:B4) per ml, with increasing concentrations
of rhIFN-vy. Duplicate ELISAs were performed as described in Mate-
rials and Methods for each sample or condition from triplicate stim-
ulations. The numbers in parenthesis above the solid bars indicate the
fold increase over LPS stimulation alone (striped bar). The figure is
representative of five separate experiments.

RESULTS

IFN-y and LPS induced greater TNF-a production than
LPS alone. Mono-Mac-6 cells simultaneously treated with LPS
and IFN-y consistently secreted from 1.5- to 3-fold greater
amounts of TNF-a compared to LPS stimulation alone (Fig.
1). This upregulation by IFN-y was dose dependent. IFN-y
alone could not induce TNF-a secretion in repeated experi-
ments. IFN-y effects were observed with LPS in doses ranging
from 20 ng/ml to 2 pg/ml (data not shown). From these exper-
iments, LPS at 2 pg/ml and IFN-y at 50 ng/ml were determined
to be concentrations that optimally stimulated TNF-a produc-
tion in Mono-Mac-6 cells.

IFN-y may potentiate the ability of LPS to induce TNF-a by
increasing the rate or efficiency of TNF-ao mRNA synthesis. To
assess whether the effect of IFN-y was mediated at a pre- or a
posttranscriptional level, we compared mRNA production
over time in Mono-Mac-6 cells treated with LPS alone or with
a combination of LPS and IFN-y. Employing the RNase pro-
tection assay, TNF-a transcripts isolated from stimulated cells
were hybridized to radiolabeled TNF-a RNA probes. The
amount of TNF-a RNA protected from RNase was quantified
and normalized to the L32 RNA (Fig. 2A and B). Induction of
TNF-a mRNA by LPS was rapid and transient. At the time
points analyzed, transcripts accumulated rapidly between 15
and 45 min post-LPS stimulation and began to fall progres-
sively after 45 min (Fig. 2B). TNF-« transcripts harvested from
cells stimulated with LPS and IFN-y showed similar patterns
initially. Interestingly, the levels of transcript harvested from
dually stimulated cells did not decline as quickly as in LPS-
stimulated cells (Fig. 2B). Therefore, stimulation with LPS
plus IFN-y seemed to prolong the presence of TNF-a mRNA
or alter the kinetics of transcription. It also suggested that
IFN-y modulated LPS-induced TNF-a production at the tran-
scriptional level.

The patterns of TNF-a protein secretion over time corre-
lated with those of the TNF-a mRNA levels. We measured
TNF-a secretion in supernatants of the same Mono-Mac-6 cell
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FIG. 2. TNF-a mRNA and protein persist longer in Mono-Mac-6 cells treated with LPS and IFN-y compared to those treated with LPS alone.
Mono-Mac-6 cells (2 X 10°/ml) were stimulated with 2 wg of LPS per ml with or without 50 ng of rhIFN-y per ml. Controls were untreated. At
various time points approximately 4 X 10° cells were harvested for RNA isolation. RNase protection assays were performed. A representative
autoradiograph is shown in panel A. C— indicates the use of yeast tRNA as negative control; C+ indicates RNA from previously assayed
Mono-Mac-6 cells treated for 3 h with LPS and IFN-y as a positive control. (B) TNF-a mRNA densitometric units shown graphically. (C)
Supernatants from these cells were also analyzed for TNF-a protein secretion by ELISA. Error bars represent the standard deviations of triplicate
analyses for each condition. *, P = 0.01 comparing the difference between LPS versus LPS and IFN-vy; #*x, P = 0.04. Figures are representative

of at least four separate experiments.

cultures where RNA was also isolated. As measured by sand-
wich ELISA, TNF-a production by LPS-stimulated cells began
to increase by between 45 and 90 min and peaked at 180 min
or 2 h (Fig. 2C). The peak of protein synthesis was delayed by
approximately 2 hours compared to that of the mRNA (Fig.
2B). Similar kinetics of TNF-a secretion is initially observed
for cells stimulated with both LPS and IFN-y (Fig. 2C). How-
ever, LPS- and IFN-y-treated cells secreted significantly
greater amounts of TNF-a after 180 and 300 min of stimula-
tion (P < 0.05). This correlated strongly with the prolonged
presence of TNF-a transcripts in these cells.

Stability of TNF-o mRNA is comparable in Mono-Mac-6
cells stimulated with LPS alone or LPS with IFN-y. To deter-
mine whether the prolonged presence of TNF-a mRNA in
LPS- and IFN-y-treated cells is due to increased stability of the
transcripts, we measured RNA levels accumulated after 1 h of
stimulation with further transcription inhibited. Mono-Mac-6
cells were treated with or without IFN-y in the presence of
LPS. After 1 h, cells were treated with actinomycin D, a potent
inhibitor of RNA polymerase-dependent transcription. Tran-

scripts that were synthesized within 1 h were monitored over
time and analyzed by the RNase protection assay (Fig. 3A and
B). TNF-a transcripts decreased rapidly 15 to 30 min after
synthesis, with the rate of degradation in LPS- stimulated cells
comparable to that in LPS- and IFN-y-stimulated cells (Fig.
3B). Half-lives of the transcripts were calculated by determin-
ing the time at which 50% of the mRNA remained (Fig. 3C).
Among three separate experiments, the half-lives of TNF-«
transcripts from cells stimulated by LPS were 28.1 = 23.7
(mean = the standard deviation) min without IFN-y and
27.3 = 21.1 min with IFN-y. Similar rates of mRNA degrada-
tion were observed from transcripts accumulated after 2 h
(LPS, 27.0 min; LPS plus IFN-y, 24.4 min) and after 4 h (LPS,
22.4 min; LPS plus IFN-vy, 21.5 min) of stimulation. This dem-
onstrated that the increase in TNF-a mRNA and protein in
LPS- and IFN-y-stimulated cells was not due to increased
stability of the transcript. This suggests that IFN-y acts directly
to modulate the LPS-induced TNF-«a at the level of gene tran-
scription. This is unlike the results of previous reports showing
priming with IFN-y for several hours before LPS treatment
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FIG. 3. Stability of TNF-a mRNA is comparable in Mono-Mac-6
cells treated with either LPS with IFN-y or LPS alone. Mono-Mac-6
cells (2 X 10%ml) were stimulated with 2 pg of LPS per ml with or
without 50 ng of rhIFN-y per ml. Controls were untreated. After 1 h,
the cells were treated with 3 g of actinomycin D per ml. (A) RNase
protection assay of RNA isolated at various time points after actino-
mycin D treatment. C— indicates the yeast tRNA negative control;
P/M indicates undigested probe-marker; C+ indicates Mono-Mac-6
cell RNA treated for 3 h with LPS and IFN-y used as a positive
control. (B) TNF-a mRNA densitometric units shown graphically. (C)
The t,, of TNF-o mRNA was calculated for each condition. The
experiment with the shortest half-life is shown, but no experiment
showed a difference in ¢,,. The figures are representative of three
separate experiments.

both greatly increased TNF-a transcription and enhanced
mRNA stability (23, 42).

Inhibition of Jak2 by tyrphostin AG-490 compromised the
induction of TNF-a by LPS with or without of IFN-y. Our
findings of very rapid induction of TNF-a transcripts by LPS
with a prolonged peak induced by IFN-y could not be ex-
plained by changes in message turnover. This, in turn, sug-
gested that IFN-y was directly activating transcription in the

INFECT. IMMUN.

presence of LPS, although it had no activity on its own. This
could be due to a direct transcriptional effect of STATla or
due to an interaction of the IFN-vy signaling pathway with the
LPS signaling pathway. To begin to explore the mechanisms of
the modulatory effects of IFN-y, we utilized tyrphostin AG-
490, a competitive inhibitor of Jak2 and Jak3 (8, 26, 34, 52).
AG-490 is a tyrosine kinase inhibitor first identified as an
inhibitor of the expansion of acute lymphoblastic leukemia
cells (34). The kinase activities of Jakl and of other kinases,
Lck, Lyn, Btk, Syk, and Src, were unaffected by AG-490 (19,
31). Mono-Mac-6 cells were stimulated with LPS with or with-
out IFN-v; one set of cells was treated with AG-490 and the
other with DMSO carrier as a control. TNF-a gene transcripts
from all the experimental conditions exhibited similar profiles
through at least the first 90 min of stimulation (Fig. 4). There-
after, RNA levels began to decline in cells treated with LPS
(Fig. 4). TNF-a message from LPS-IFN-y-stimulated cells ex-
hibited the prolonged peak, as previously shown in Fig. 2B. In
the presence of AG-490, this prolonged transcript synthesis
was no longer observed. AG-490 had an unexpected inhibitory
effect on LPS-induced TNF-a mRNA synthesis (Fig. 4). At 130
min, this inhibitory effect was significant in comparing the
amount of transcripts in the LPS versus the LPS- and AG-490-
stimulated cells (P = 0.005). The difference in the amount of
TNF-a mRNA levels between the LPS-IFN-vy- versus the
LPS-IFN-y-AG-490-stimulated cells was also significant (P =
0.025). We focused on the 130-min time point since the pro-
longed presence of TNF-a mRNA was the most obvious in
LPS-IFN-vy-treated cells, and the inhibitory effects of AG-490
appeared to be the most marked. At that time point it is clear
that AG-490 inhibited TNF-a transcription in cells stimulated
with LPS alone even though Jak2 and Jak3 are not known to
play a role in LPS signaling. AG-490 also altered the kinetics of
TNF-a transcript accumulation such that the prolonged peak
typically seen with IFN-y-LPS stimulation was no longer evi-
dent. The most likely explanation for these findings is that the
LPS signaling pathway is altered by Jak2 and/or Jak3 inhibition
and that the loss of the characteristic prolonged peak was due
to the expected inhibition of Jak2 which is required for IFN-y
signaling. We cannot exclude the possibility that AG-490 is
having effects on multiple signaling pathways, however.

DISCUSSION

In this study, we demonstrated that IFN-y could directly
potentiate the ability of LPS to induce the expression of TNF-a
at the level of gene transcription. Human Mono-Mac-6 cells
secreted significantly more TNF-a when stimulated simulta-
neously with IFN-y and LPS compared to stimulation with LPS
alone. The production of TNF-a mRNA was also prolonged
from cells treated with both IFN-y and LPS. This effect was
regulated at the level of transcription but not at the level of
message stability since the rate of message degradation was
similar whether LPS alone or LPS with IFN-y induced the
expression. Our studies suggest that IFN-y has a direct tran-
scriptional effect in addition to the well-characterized “prim-
ing” activity of IFN-y (23).

The production of TNF-« is regulated at various stages from
the agonist initiation of signaling pathways to the exportation
and cleavage of the mature protein. Interactions of signaling
pathways launched upon receptor engagement remain largely
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FIG. 4. IFN-y effects are sensitive to a Jak2 inhibitor, as revealed by an RNase protection assay examining the effect of AG-490. Mono-Mac-6
cells (2 X 10%/ml) were stimulated with 2 pg of LPS per ml with or without 50 ng of IFN-y per ml. One set of cells was treated with 20 pM AG-490,
and a second set was treated with equal volumes of the DMSO carrier. TNF-a mRNA densitometric units were calculated. Panel A is
representative of three separate experiments. The differences between the LPS and LPS+AG-490 treatments and between the LPS+IFN-y and
LPS+IFN-y-AG+490 treatments were not statistically different at 300 min (P = 0.699 and P = 0.465, respectively).

undefined. However, studies of the promoter region of TNF-a
have provided much insight into the complex choreography of
DNA-binding proteins that is coordinated to initiate transcrip-
tion and derepress inhibitory transcription repressors (18, 21,
29, 45, 46, 50, 54). Interactions of NF-kB, C/EBPB, Jun, and
other proteins contribute to the transcriptional regulation of
TNF-a. Other studies to understand the regulation of TNF-a
expression have included analyses of transcription rates, mes-
sage stability, and targets for mRNA degradation (11, 14, 39).
In our studies, the rapid kinetics and the absence of an effect
on message stability strongly suggest that IFN-y modulation of
LPS-induced TNF-a expression in human Mono-Mac-6 cells is
at the level of gene transcription.

No definitive conclusions can be drawn as to whether Jak?2 took
part in the prolonged presence of TNF-a mRNA in LPS-IFN-y-
stimulated cells because there was a general inhibition of TNF-a
expression. However, it did appear that the characteristic kinetics
seen with LPS-IFN-y stimulation were abolished by AG-490
treatment. This suggests that the effect on the kinetics may be
mediated by Jak2. Potential mechanisms include direct and indi-
rect effects. The IFN-y potentiation effect could be due to pro-
tein-protein interactions of STAT1a with the LPS-induced tran-
scription factors on the TNF-a promoter. STAT molecules have
been demonstrated to complex with other transcription factors
such as NF-kB leading to synergistic effects (24).

In addition to altering the characteristic kinetics, AG-490 had
the unexpected effect of inhibiting LPS-induced transcription of
TNF-a. This suggests that it may be acting on shared signaling
pathways. The glycosyl-phosphatidylinositol-anchored cell sur-
face receptor, CD14, has been shown to directly associate with
a member of the src family protein tyrosine kinase, p56/yn (41,
44), to activate the MAPK cascades (30, 38, 55). The MAPK
cascade through Raf-1 targets the activation of c-Jun and c-
Fos, components of the AP-1 transcription dimer, to induce
TNF-a expression (22, 25). Both Jak2 and Jak3 can activate
the MAPK cascade, suggesting one potential mechanism for
IFN-vy potentiation of LPS induction of TNF-« (12, 51, 52, 55).
Our AG-490 data are consistent with that hypothesis. AG-490
would abolish the IFN-y effect on kinetics through its inhibi-
tion of Jak2 and could also affect LPS stimulation due to the
intersection of Jak2 and the MAPK pathway. However, there

are other possible explanations for our data. It is possible that
AG-490 targets and inhibits the phosphorylation of kinases in
the LPS signaling pathways. Another LPS-induced signaling
pathway results in the activation of the NF-kB family of tran-
scription factors which is critical for TNF-« transcription (2,
21, 48, 50).

In summary, we have shown that IFN-y has the ability to
upregulate the LPS-inducible TNF-ao mRNA and protein pro-
duction using a stimulation protocol which administers IFN-y
and LPS simultaneously. The data we present here suggest that
the effect is at the level of gene transcription since mRNA
turnover rates were similar in cells stimulated by LPS with or
without IFN-y. This phenomenon could be of relevance early
in the course of bacterial infections when both LPS and IFN-y
would be present at high levels.
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