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We examined the signal transduction mechanism responsible for the gamma interferon-induced indoleamine
2,3-dioxygenase (IDO) gene expression in a human monocytic cell line, THP-1. Our results suggest that gamma
interferon-induced activation of protein tyrosine kinase is a prerequisite for gene expression and that
activation of protein kinase C and another unknown signal(s), both of which are transduced by the protein
tyrosine kinase, synergistically induce IDO gene expression. Neither Ca2+ influx nor cyclic nucleotide-
dependent kinases were suggested to be involved in the signaling pathway.

Gamma interferon (IFN-y), a cytokine produced by acti-
vated T lymphocytes and large granular lymphocytes, exerts
pleiotropic effects. These include inhibition of intracellular
replication of viruses, increased expression of major histocom-
patibility complex antigens, inhibition of division of certain
tumor cells, and inhibition of intracellular pathogens (10, 20,
52).
Among these multiple biological effects of IFN--y, the inhi-

bition of intracellular pathogens is known to be mediated by
both oxygen (respiratory burst)-dependent and oxygen-inde-
pendent mechanisms (31).

Current evidence suggests that indoleamine 2,3-dioxygenase
(IDO), which catalyzes oxygenative decyclization of L-trypto-
phan to form N-formylkynurenine, represents one of several
potential oxygen-independent mechanisms which contribute
directly to inhibition of intracellular pathogens. It has been
demonstrated that inhibition of intracellular pathogens such as
Chlamydia psittaci and Toxoplasma gondii by IFN-y is at least
partly due to the depletion of tryptophan because of the
induction of IDO activity (4, 6, 36). The inhibitory effect of
IFN--y can be overcome by the addition of tryptophan to the
culture at superphysiologic concentrations. Furthermore, IDO
is suggested to be involved in the antiproliferative effect of
IFN--y on a spectrum of tumor cells (35, 44). Mutants of ME
180 human cervical carcinoma cells resistant to IFN--y were
revealed to be deficient in the induction of IDO activity by
IFN-,y (12). More recently, it has been reported that these
mutant cells treated with IFN-y were unable to suppress the
growth of C. psittaci, C. trachomatis, and T. gondii in the cells
(45).
Evidence has been presented indicating that IFN-y induces

the transcription of the IDO gene (5) and that there are IFN--y
responsive elements in the upstream sequence of the IDO
gene (9). However, little is known about the signal transduc-
tion mechanism responsible for the IFN-y-inducible IDO gene
expression. Previously, we investigated the signaling pathway
responsible for IFN-y-inducible human leukocyte antigen DR
(HLA-DR) molecule expression on a glioblastoma cell line,
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T98G (32, 39). We have reported that tyrosine phosphoryla-
tion is an early and critical event that most probably precedes
phosphatidylinositide (PI) breakdown, leading to activation of
protein kinase C (PKC) and elevation of the intracellular Ca2'
concentration during the IFN--y-inducible DR molecule ex-
pression.

In the present study we have used a human monocytic cell
line, THP-1, to examine the signal transduction mechanism
responsible for IFN-y-inducible IDO gene expression with the
use of protein tyrosine kinase (PTK) inhibitors, PKC inhibi-
tors, a PKC activator, and a Ca2+ ionophore. We used
genistein (1), herbimycin A (48, 49), and tyrphostin (15) as
PTK inhibitors; H-7, H-8, and staurosporine as selective PKC
inhibitors; phorbol myristate acetate (PMA) as a direct activa-
tor of PKC; and A23187 as a Ca2+ ionophore. Our results
suggest that IFN-y-induced tyrosine phosphorylation is a pre-
requisite for the gene expression and that activation of PKC
and another unknown signal(s) through the PTK-dependent
pathway synergistically induce the gene expression. Neither
Ca2+ influx nor cyclic nucleotide-dependent kinases were
suggested to be involved in the signaling pathway.

MATERUILS AND METHODS

Cells. THP-1, a human acute monocytic leukemia cell line,
was provided by the Japanese Cancer Research Bank. The cells
were cultured in RPMI 1640 medium (Nissui Pharmaceutical,
Tokyo, Japan) supplemented with 10% (vol/vol) fetal calf
serum, penicillin (100 ,ug/ml), streptomycin (100 U/ml), and 2
mM L-glutamine.

Reagents. PMA, the calcium ionophore A23187, ethylene
glycol-bis(,B-aminoethyl ether)-N,N,N',N'-tetraacetic acid
(EGTA), actinomycin D, 8-bromo-cyclic AMP (cAMP), and
8-bromo-cGMP were purchased from Sigma Chemical Co., St.
Louis, Mo. H-7, H-8, W-7, and HA1004 were purchased from
Seikagaku Kogyo Co., Ltd., Tokyo, Japan. Staurosporine was
purchased from Boehringer GmbH, Mannheim, Germany.
The PTK inhibitor genistein (4', 5', 7-trihydroxyisoflavone)
was purchased from Extra Synthese, Genay, France; and
herbimycin A and tyrphostin were purchased from GIBCO
BRL, Gaithersburg, Md. Stock solutions of the following
compounds were prepared in dimethyl sulfoxide and stored at
-20°C: PMA (5 mg/ml), A23187 (10 mM), staurosporine (1
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mM), genistein (50 mg/ml), herbimycin A (1 mg/ml), and
tyrphostin (10 mg/ml). H-7 (10 mM), H-8 (10 mM), W-7 (10
mM), and HA1004 (10 mM) were prepared in distilled water
and stored at 4°C. Recombinant DNA-produced IFN-y was
kindly supplied by Shionogi Pharmaceutical, Osaka, Japan
(16).

Induction of IDO mRNA expression by IFN--y. THP-1 cells
were cultured in 24-well flat-bottom culture plates (Coster,
Cambridge, Mass.) at 6 x 105 cells per well at 37°C in a
humidified atmosphere of 5% CO2 in air. The cells were
pretreated for 30 min with H-7, H-8, W-7, and HA1004, for 1
h with genistein and herbimycin A, and for 12 h with tyrphostin
before addition of IFN--y (103 U/ml). After 6 h of incubation at
37°C with IFN--y, the cells were washed twice and were assayed
for mRNA expression. We found that these conditions are
appropriate for each drug to express inhibitory activity without
having any toxic effects.

Primers. Oligonucleotide primers used for PCR amplifica-
tion were synthesized on an ABI 381A DNA synthesizer. The
primers were chosen to flank an intron so that the amplified
product is readily distinguished from contaminating genomic
DNA that may be present. These sequences are as follows:
IDO forward primer, 5'-CCTGACTTATGAGAGAACATG
GACGT-3'; IDO reverse primer, 5'-ATACACCAGACCGT
CTGATAGCTG-3'; ,B-actin forward primer, GCACCACAC
CTTFCTACAATGAG-3'; ,B-actin reverse primer, 5'-ATAG
CACAGCCTGGATAGCAAC-3'. The sizes of cDNA ampli-
fied by PCR are approximately 321 and 150 bp for IDO and
,B-actin, respectively.

Quantification of IDO mRNA by reverse transcriptase-PCR.
Total RNA was isolated from THP-1 cells by the acid gua-
nidium thiocyanate-phenol-chloroform extraction method (8).
Total RNA (2 ,ug) was used for first-strand cDNA synthesis
with Moloney murine leukemia virus reverse transcriptase
(RT; 200 U) and random hexonucleotides (100 nM). After the
reaction had been terminated by heating for 5 min at 65°C, we
added distilled water to 100 RI before proceeding to PCR
amplification. PCR amplification was performed by adding a
5-,ul aliquot of each cDNA sample to 50 ,l of reaction mixture
(50 mM KCl, 10 mM Tris-HCl [pH 9.0], 0.1% Triton X-100, 2
mM MgCl2, 0.4 mM each deoxynucleoside triphosphate, 0.2
,uM forward and reverse primers) containing 1.25 U of Taq
DNA polymerase. For quantification of PCR products, the 5'
end of each reverse primer was labeled with [_y-32P]ATP by
using T4 polynucleotide kinase. The following amplification
program was used: denaturation at 95°C for 1 min, annealing at
55°C for 2 min, and extension at 72°C for 3 min. The PCR
products (10 pl each) were electrophoresed in 8% polyacryl-
amide gels in Tris borate-EDTA buffer. After autoradiogra-
phy, appropriate PCR bands were cut out from the gel, and the
radioactivity in each band was determined by liquid scintilla-
tion counting. For each sample the number of counts per
minute in the IDO band was normalized to that found in the
,B-actin, an internal standard, and the results were expressed as
percent inhibition or fold enhancement (FE), given by the
following formulas: percent inhibition = [1 - (IDO cpm/p-
actin cpm test)/(IDO cpm/p-actin cpm control)] x 100; FE =
(IDO cpm/p-actin cpm test)/(IDO cpm/,B-actin cpm control).
Assay for PTK activity. Cell fractions and extracts were

prepared as previously described (46). Briefly, after incubation
with IFN-y (103 U/ml) for the time indicated, cells were
washed and resuspended at 107 cells per ml in ice-cold
extraction buffer A (50 mM Tris-HCl [pH 7.4], 1 mM EGTA,
1.5 mM MgCl2, 100 mM NaF, 5 mM dithiothreitol, 250 mM
sucrose, 10 mM benzamidine, 0.5 mM phenylmethylsulfonyl
fluoride, 10 pug of aprotinin per ml). The cells were disrupted

by sonication for 30 s and centrifuged at 1,000 x g for 5 min to
remove nuclei. The supernatant was removed and centrifuged
at 100,000 x g for 60 min at 4°C. The 100,000 x g supernatant
(cytosolic fraction) and the 100,000 x g pellet (membrane
fraction) was assayed for PTK activity by using the BRL PTK
assay system. The protein fraction to be assayed was incubated
with the PTK-specific synthetic substrate peptide (Arg-Arg-
Leu-Ile-Glu-Asp-Ala-Glu-Tyr-Ala-Ala-Arg-Gly) in the pres-
ence of [y-32P]ATP, and the PTK activity was determined by
measuring the incorporation of [-y-32P]ATP into the substrate
(37). The protein concentration of each fraction was deter-
mined by the method of Lowry et al. (27).
Assay for PKC activity. Cell disruption and fractionation

were performed as previously described (53). Briefly, after
incubation with IFN--y (103 U/ml) or PMA (100 ng/ml) for 10
min, cells were washed and resuspended at 107 cells per ml in
ice-cold extraction buffer B (50 mM Tris-HCl [pH 7.5], 5 mM
EDTA, 10 mM EGTA, 0.3% [wt/vol] ,B-mercaptoethanol, 10
mM benzamide, 1 mM phenylmethylsulfonyl fluoride), soni-
cated for 30 s, and then centrifuged at 100,000 x g for 60 min
at 4°C. The pellet was resonicated for 20 s in buffer B
containing 1% Triton X-100, rocked gently for 60 min at 4°C,
and then centrifuged at 13,000 x g for 10 min to remove
nuclei. Aliquots from the 100,000 x g supernatant (cytosolic
fraction) and the 100,000 x g pellet (membrane fraction) were
assayed for PKC activity by using the Amersham PKC enzyme
assay kit. This system is designated to detect PKC activity by
measuring the incorporation of [_y-32P]ATP into PKC-specific
synthetic substrate peptide (Arg-Lys-Arg-Thr-Leu-Arg-Leu-
OH) (19). Data were expressed as PKC specific activity
(picomoles of transferred phosphate per minute per milligram
of protein).

RESULTS

Analysis of the IDO gene expression by semiquantitative
RT-PCR. Semiquantitative RT-PCR was used to analyze IDO
mRNA expression. THP-1 cells were incubated with IFN-y
(103 U/ml) for 16 h, and total RNA was extracted and reverse
transcribed into cDNA. Aliquots of resulting first-strand
cDNA were amplified with the 32P-labeled reverse primers in
combination with forward primers, as described in Materials
and Methods. The amplified products were separated on an
acrylamide gel, and the amounts of radioactivity recovered
from the excised PCR bands were plotted against the number
of PCR cycles. As shown in Fig. 1, the rate of amplification
with the IDO primer set and that with the ,B-actin primer set
were exponential for 30 and 26 cycles, respectively. The pattern
of amplification remained constant in different runs. There-
fore, amplification was performed with 26 cycles, and the
amount of IDO PCR product was corrected to that of 3-actin
PCR product.

Induction of IDO mRNA expression by IFN-y. Figure 2
shows the time course of accumulation of the IDO mRNA in
THP-1 cells treated with IFN-y for various periods. The IDO
mRNA appeared within 3 h and continued to accumulate by
about 24 h. This level of IDO mRNA was maintained for long
periods (>48 h) in the presence of IFN-y (data not shown). In
contrast, the amount of ,-actin mRNA was not influenced by
IFN--y as expected. The specificity of amplified products was
established (i) by the size of the fragment (Fig. 3), (ii) by using
PvuII, which creates two bands, of 94 and 227 bp, from the
321-bp PCR product of IDO (Fig. 3), and (iii) by the fact that
the PCR product of IDO was detected only from cells treated
with IFN--y.
As shown in Fig. 4, an RNA polymerase II inhibitor,

VOL. 62, 1994



950 KOIDE AND YOSHIDA

1000

0

Ea.
0

100

10

1 2

32 1 bp
.*- 227

.4- 94

i6 21 26 31
Number of Cycles

FIG. 1. Semilogarithmic representation of PCR amplification of
IDO and ,B-actin cDNA. THP-1 cells were treated with IFN--y (103
U/ml) for 16 h. Total RNA was isolated, and then first-strand cDNA
was synthesized as described in Materials and Methods. Aliquots of
cDNA sample were subjected to PCR amplification, and the radioac-
tivity of the PCR bands excised from the gel was plotted against the
number of amplification cycles.

actinomycin D, inhibited the IFN--y-induced IDO mRNA
expression between 3 and 9 h, suggesting that the mRNA
expression is regulated mainly at the transcriptional level.

Effect of PTK inhibitors on IFN-y-induced IDO gene ex-
pression. To examine the possible role of PTK in the signal
transduction responsible for IFN-y-induced IDO mRNA ex-
pression, we analyzed the effects of three different PTK
inhibitors, genistein, herbimycin A, and tyrphostin, on gene
expression. To circumvent unnecessary exposure of these
inhibitors, we stimulated the cells with IFN-y for 6 h in the
presence of the inhibitors. The results of a representative
experiment are shown in Fig. 5. All three PTK inhibitors, each
of which has a different mechanism of action, inhibit IFN--y-
induced IDO mRNA expression in a dose-dependent manner.
,3-Actin gene expression and viability of the cells were not
affected by these PTK inhibitors, and vehicle dimethyl sulfox-
ide at the concentration used in the solution of the PTK
inhibitors showed no apparent effect on the IDO mRNA
expression (data not shown). Herbimycin A did not show
complete inhibition of the mRNA expression at 2 ,g/ml. The
toxic effect appeared with more than 2 ,ug of the drug per ml.

FIG. 3. Specificity of PCR products amplified by the IDO primer
set. THP-1 cells were treated with IFN-y (103 U/ml) for 16 h. Total
RNA was isolated for first-strand cDNA synthesis, and RT-PCR was
performed as described in Materials and Methods. Lanes: 1, PCR
product (10 Rl) was electrophoresed and stained with ethidium
bromide; 2, PCR product (10 K.) was digested with PvuII, electro-
phoresed, and stained with ethidium bromide.

These results suggest that PTK is involved in the induction of
IDO mRNA expression by IFN--y.
IFN-y induces activation of PTK in THP-1 cells. Having

proved the involvement of PTK in IFN--y-induced IDO mRNA
expression, we investigated whether IFN--y induces activation
of PTK in THP-1 cells. PTK activity was measured by the
incorporation of [.y-32P]ATP into the PTK-specific substrate
peptide. As shown in Fig. 6, membrane-associated PTK activity
increased as early as 1 min after IFN--y stimulation, reaching a
plateau level by about 5 min, and began declining within 10
min. It was, however, evident that PTK activities for the cytosol
fraction showed no significant change with the IFN-y stimula-
tion. As expected, the PTK activation induced by IFN--y was
inhibited by the PTK inhibitors used in this study (data not
shown).
PKC is involved in IFN--y-induced IDO gene expression. We

have previously demonstrated that the IFN--y-induced PTK
activation precedes PI breakdown, leading to activation of
PKC and elevation of [Ca2+] during the HLA class II molecule
expression in T98G cells (39). We therefore examined the
effects of three PKC inhibitors, H-7, H-8, and staurosporine,

IFN-V
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3-actin
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FIG. 2. Time course of IDO mRNA expression induced by IFN--y.
THP-1 cells were incubated with IFN--y (103 U/ml) for the times
indicated. Total RNA was isolated for first-strand cDNA synthesis, and
RT-PCR was performed as described in Materials and Methods. PCR
product (10 ,ul) was electrophoresed in each lane and analyzed by
autoradiography.

FIG. 4. Effect of actinomycin D on the induction of IDO mRNA by
IFN-,y. THP-1 cells were incubated with IFN--y (103 U/ml) for 3 h, and
additional culture was performed for 6 h with actinomycin D (5 ,ug/ml)
in the presence of IFN--y. Expression of IDO and 1-actin mRNA was
analyzed by RT-PCR. PCR product (10 p.l) was electrophoresed in
each lane and analyzed by autoradiography. Act D, actinomycin D.
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FIG. 5. Effects of PTK inhibitors on the IFN-y-induced IDO
mRNA expression. THP-1 cells were pretreated for 1 h with the PTK
inhibitors genistein and herbimycin A and for 12 h with tyrphostin at
the indicated concentration. After incubation with IFN-y (103 U/ml),
cells were harvested and assayed for mRNA expression by RT-PCR as
described in Materials and Methods. PCR products (10 ,ul) was
electrophoresed in each lane and analyzed by autoradiography. Per-
cent inhibition was determined as described in Materials and Methods
and is shown under each lane. The experiment shown is representative
of three independent experiments.

on IFN--y-inducible IDO mRNA expression. The results are
shown in Fig. 7. All three PKC inhibitors were able to inhibit
the IFN--y-induced IDO mRNA expression in a dose-depen-
dent manner, suggesting that PKC is also involved in the
induction of the IDO mRNA expression by IFN--y. Staurospo-
rine showed only partial inhibition of mRNA expression.
Because of the toxic effect, we could not use more than 30 nM
staurosporine. W-7, which is an antagonist of the Ca2+-
dependent regulatory protein calmodulin, did not inhibit gene
expression (data not shown). However, the isoquinolinesulfon-
amide derivatives, H-7 and H-8, inhibit not only PKC but also
cyclic nucleotide-dependent kinases (17). Furthermore, stau-
rosporine is known to inhibit tyrosine phosphorylation of
phospholipase C (PLC)-yl and inositol phospholipid hydroly-
sis in addition to PKC (43). In this context, we used another
sulfonamide derivative, HA1004, which inhibits cyclic nucle-
otide-dependent kinases with almost same inhibition constant
(Ki) as H-7 and H-8 but inhibits PKC with a substantially
higher Ki (2). Although both H-7 and H-8 inhibited the
IFN-y-induced IDO mRNA expression in a dose-dependent
manner, HA1004 scarcely inhibited it (Fig. 7). The data
obtained with these inhibitors strongly suggest that PKC is
involved in the signal transduction pathway responsible for
gene expression. This interpretation is consistent with our
observation that IFN--y was capable of activating PKC in
THP-1 cells as described below (see Fig. 10). To confirm the

e 1 . lI

40 ~I* '0WBB. Staurosporine
20 H1- .AI004

10 20 30 PM( )
nM (---- )

FIG. 7. Effects of the isoquinolinesulfonamide derivatives H-7,
H-8, and HA1004 and of staurosporine on IFN-y-induced IDO mRNA
expression. Cells were pretreated for 30 min with the indicated
concentrations of H-7, H-8, HA1004, or staurosporine before the
addition of IFN--y (103 U/ml). After 6 h of incubation with IFN--y, cells
were harvested and assayed for IDO and I-actin mRNA expressions
by RT-PCR as described in Materials and Methods. PCR products
were electrophoresed and analyzed by autoradiography. The percent
inhibition obtained with each inhibitor was calculated (see Materials
and Methods). The data are expressed as the mean ± standard
deviation of three independent experiments.

involvement of PKC in gene expression, we examined the
effect of PMA, a direct activator of PKC. However, PMA (100
ng/ml) failed to induce the IDO mRNA expression even when
the Ca2" ionophore A23187 (1 ,uM) was added to the culture
(Fig. 8). Under the same conditions, however, PMA with
A23187 could cooperatively induce HLA-DR expression in
THP-1 cells (data not shown) and T98G cells (32, 39).

Nevertheless, it is worth noting that PMA was able to
enhance the IDO mRNA expression induced by IFN-,y. Addi-
tion of 0.1 through 100 ng ofPMA per ml to IFN--y (103 U/ml)
led THP-1 cells to express the enhanced level of IDO mRNA,
which was 2.3- to 4.1-fold higher than the level expressed by
the cells treated with IFN--y alone (Fig. 9). Taken together,
these results suggest that PKC cooperates with another sig-
nal(s) to induce IDO gene expression.
A PTK inhibitor, tyrphostin, inhibits IFN-^y-induced but not
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FIG. 6. IFN--y-induced PTK activation in THP-1 cells. THP-1 cells
were treated with IFN-y (103 U/ml) for the times indicated. The cells
were disrupted and fractionated into cytosol and membrane compo-
nents, and then PTK activities were determined as described in
Materials and Methods. The data are expressed as the mean +

standard deviation of three independent experiments.

FIG. 8. Effect of PMA and A23187 on IDO mRNA expression.
Cells were incubated for 16 h with IFN-y (103 U/ml), PMA (100
ng/ml), A23187 (1 ,uM), or PMA plus A23187. Expression of IDO and
1-actin mRNA were analyzed by RT-PCR as described in Materials
and Methods. PCR products were electrophoresed and analyzed by
autoradiography.
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FIG. 9. Effect ofPMA on IFN--y-inducible IDO mRNA expression.
Cells were incubated for 16 h with IFN--y (103 U/ml) in the absence or
presence of the indicated concentrations of PMA. Expression of IDO
and of 3-actin mRNA was analyzed by RT-PCR. The data are
expressed as the mean ± standard deviation of four independent
experiments.

PMA-induced PKC activation. To clarify the relationship
between PTK and PKC in this signaling pathway, we examined
the effect of a PTK inhibitor, tyrphostin, which seems to be the
most specific PTK inhibitor (15, 42), in IFN-y- and PMA-
induced PKC activation. As shown in Fig. 10, stimulation of
THP-1 cells with IFN--y induced activation of PKC in the
membrane fraction in 10 min, indicating that PKC was acti-
vated by IFN-y. PMA also induced the activation of PKC as
expected. Pretreatment with tyrphostin (20 ,ug/ml) canceled
the translocation of PKC activity induced by IFN-y. However,
PMA-induced activation of PKC was not inhibited by tyrphos-
tin at the concentration at which IFN-y-induced IDO gene
expression was abolished (Fig. 5). These observations imply
that PTK activation is a prerequisite for PKC activation in
IFN-y-stimulated THP-1 cells.

Tyrphostin inhibits the signal(s) acting synergistically with
PKC to induce IDO gene expression. In an attempt to clarify

Medium IFN-y IFN-y
+

Tyrphostin

PMA PMA

Tyrphostin

FE 1 3.1 0.12 0.20
FIG. 11. Effects of tyrphostin on the synergistic interaction of

IFN--y and PMA to induce IDO mRNA. Cells were pretreated with or
without tyrphostin (20 ,ug/ml) for 12 h. Then IFN-y (103 U/ml) was
added, and the mixture was further incubated for 6 h in the presence
or absence of PMA (100 ng/ml). Expression of IDO and of f-actin
mRNA was analyzed by RT-PCR. Fold enhancement (FE) was
calculated as described in Materials and Methods and is shown under
each lane.

whether the signal(s), which cooperates with PKC to induce
IDO gene expression, is transduced via the PTK pathway, we
pretreated THP-1 cells with 20 ,ug of tyrphostin per ml and
examined the effect of PMA on IFN--y-inducible IDO mRNA
expression. As shown in Fig. 11, when IFN--y-induced IDO
mRNA expression was impaired by inhibition of PTK by
tyrphostin, PMA was unable to restore the IDO mRNA
expression. It is therefore conceivable that the signal(s) acting
synergistically with PKC may be transduced via the PTK
pathway. Tyrphostin did not show any obvious effect on
PMA-induced PKC activity (Fig. 10).

Neither cyclic nucleotides nor Ca + influx is involved in the
signaling pathway. As described above (Fig. 7), the results
obtained with the sulfonamide derivatives H-7, H-8, and
HA1004 suggest that cyclic nucleotide-dependent kinases are
not involved in the signaling pathway. We therefore tested
whether the cyclic nucleotide pathways are actually not re-
quired for IDO mRNA expression induced by IFN--y. For this,
we used cAMP and cGMP analogs (8-bromo-cAMP and
8-bromo-cGMP, respectively) that can enter the living cells.
We found that a 16-h exposure of the cAMP or cGMP analog
at various concentrations failed to induce IDO mRNA and
that neither one was able to enhance IFN-y-induced IDO
mRNA (Fig. 12). Furthermore, neither the cAMP analog nor
the cGMP analog was capable of acting synergistically with

8-Br-cAMP 8-Br-cGMP

250 5001000250 40 160 160 pM
IFN-V - + - - - + - - +

3-actin

FE 1 1.1 1.3

FIG. 10. Effect of tyrphostin on PKC activation induced by IFN-y
or PMA. THP-1 cells were pretreated with or without tyrphostin (20
,ug/ml) for 12 h. Then IFN-y (103 U/ml), or PMA was added, and the
mixture was further incubated for 10 min at 37°C. PKC activity was

measured as described in Materials and Methods. The data are

expressed as the mean ± standard deviation of four independent
experiments.

FIG. 12. Effects of cyclic nucleotide analogs on induction of IDO
mRNA. THP-1 cells were cultured with 8-bromo-cAMP or 8-bromo-
cGMP at the indicated concentrations for 9 h in the presence or

absence of IFN--y (103 U/ml). Expression of IDO and of ,B-actin
mRNA was analyzed by RT-PCR. Fold enhancement (FE) was

calculated as described in Materials and Methods and is shown under
each lane.
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FIG. 13. Effect of EGTA on IFN-y-induced IDO mRNA expres-

sion. THP-1 cells were cultured in the EGTA-containing medium 30
min before addition of IFN--y (103 U/ml). The cells were cultured for
an additional 6 h in the presence of IFN--y and EGTA. Expression of
IDO and of,B-actin mRNA was analyzed by RT-PCR. Percent
inhibition was calculated as described in Materials and Methods and is
indicated under each lane.

PMA and A23187 to induce IDO mRNA expression (data not
shown). These concentrations of cAMP and cGMP analogs are

similar to those used in other experiments; 0.1 mM 8-bromo-
cAMP and 0.1 mM 8-bromo-cGMP are sufficient to reduce the
extent of total protein synthesis in lactating mouse mammary

epithelial cells (47), and 1 mM 8-bromo-cAMP has a strong
synergistic effect on neural induction if neuroectoderm is first
incubated with PMA (34). As shown in Fig. 13, deletion of
extracellular calcium by 1 mM EGTA failed to inhibit the
IFN--y-induced IDO mRNA expression, but the same treat-
ment inhibited IFN-y-induced Ca2" influx and HLA class II
molecule expression in THP-1 cells (data not shown) as has
been observed in T98G cells (32). This does not conflict with
the data shown in Fig. 8, indicating that the calcium ionophore
A23187, either alone or in combination with PMA, was not
able to induce IDO mRNA expression. These results suggest
that Ca2+ influx is not essential for IFN-y-induced IDO gene

expression.

DISCUSSION

From the data described above, we were able to draw the
following conclusions about the signal transduction mechanism
for the IFN--y-inducible IDO gene expression: (i) both PTK
and PKC activations are involved in gene expression; (ii) the
activation of PTK precedes, and is a prerequisite for that of
PKC in the signaling pathway; (iii) activation of PKC alone is
not enough to induce IDO gene expression but requires
another signal(s) transduced by PTK for gene expression; and
(iv) neither Ca + influx nor cyclic nucleotide-dependent ki-
nases are essential for gene expression.
We observed in this study that IFN--y induced a rapid

increase of membrane-associated PTK activity in THP-1 cells.
Participation of PTK in IDO gene expression was demon-
strated by using three PTK inhibitors, genistein, herbimycin A,
and tyrphostin. Genistein, an isoflavone compound, is known
to inhibit the activity of PTK such as the epidermal growth
factor receptor, pp6o-src, and pp110ag-fes PTK, whereas it has
marginal effects on serine/threonine kinases (1). Herbimycin A
was found to induce inactivation of PTK such as pp6Ov-src
through the interaction of protein sulfhydryl groups with the
benzoquinone group of the drug (48, 49). Tyrphostin is a

synthetic compound that is a competitive inhibitor of substrate
binding to PTK and does not inhibit the binding of ATP (15).
Since genistein may not be as specific an inhibitor of PTK as

originally believed (28), we used these PTK inhibitors, each of

which has a different mechanism of action, to investigate
whether PTK is involved in the signaling pathway. We found
that all these PTK inhibitors could inhibit IFN-y-induced IDO
mRNA expression in a dose-dependent manner, suggesting
that the IFN--y-induced increase in PTK activity is essential for
gene expression.
Three lines of evidence suggest that the inhibitory effects of

PTK inhibitors used here resulted from neither nonspecific
interference nor drug toxicity. (i) The viability of the cells was
not affected by culture in the presence of genistein (60 jxg/ml),
herbimycin A (2,ug/ml), or tyrphostin (20,ug/ml) for 18 h (data
not shown). (ii) Treatment with these PTK inhibitors showed
no effect on the expression of 3-actin mRNA (Fig. 5). (iii)
These PTK inhibitors could not prevent the PKC activation
induced by PMA (Fig. 10; data not shown). It seems unlikely
that the inhibition observed was caused by instability of mRNA
induced by the inhibitors since the level of 13-actin was not
affected by treatment with the PTK inhibitors.

In view of accumulating evidence for the critical role of PKC
in IFN-y-induced transcriptional activation (11, 29, 32, 39), we
addressed the question of whether PKC plays a pivotal role in
the IFN-y-inducible IDO gene expression. It is evident that
activation of PKC is induced by IFN--y in THP-1 cells. In
addition, the PKC inhibitors H-7, H-8, and staurosporine
inhibited IDO gene expression, thereby suggesting that PKC is
also involved in the signaling pathway. However, the isoquino-
linesulfonamide derivatives H-7 and H-8 inhibit not only PKC
but also cyclic nucleotide-dependent kinases (17). Further-
more, staurosporine is known to inhibit tyrosine phosphoryla-
tion of PLC--yl and inositol phospholipid hydrolysis in addition
to PKC (43). Therefore we used another sulfonamide deriva-
tive, HA1004, which inhibits cyclic nucleotide-dependent ki-
nases with almost same Ki value as that of H-7 and H-8 but
inhibits PKC with a substantially higher Ki value (2). HA1004
appeared to scarcely inhibit gene expression. Taken together,
these results strongly suggest that PKC is also involved in the
signaling pathway. Our preliminary experiments with T98G
cells have shown that neither 10,uM H-7 nor 10 nM stauros-
porine inhibits the expression of IDO mRNA (24). Further
analyses revealed that mRNA expression can be inhibited by
either more than 30,iM H-7 or more than 20 nM staurospo-
rine (data not shown). The toxic effect of the PKC inhibitors
can be excluded by the observations that the PKC inhibitors
had no effect on viability of the cells. However, the activation
of PKC with PMA failed to induce IDO gene expression even
in the presence of A23187. Nevertheless, we found that PMA
was capable of enhancing the IFN-y-induced IDO gene ex-
pression. The possibility exists that the enhancing effect of
PMA is artificial and has nothing to do with the signaling
pathway. However, our findings obtained with isoquinolinesul-
fonamide derivatives provided evidence suggesting that PKC is
indeed involved in the signal transduction responsible for
IFN-y-inducible IDO mRNA expression. Taken together,
these findings imply that PKC may act synergistically with
another signal(s) to induce IDO gene expression. From our
data, it seems unlikely that PTK cooperates with PKC to
induce gene expression.

Activation of PTK is suggested to be a prerequisite for PKC
activation. Evidence has been accumulated to demonstrate a
link between PTK activation and PKC activation. The epider-
mal growth factor and platelet-derived growth factor receptors,
whose cytoplasmic domains contain a PTK receptor-type ki-
nase, phosphorylate tyrosine residues on PLC--yl after stimu-
lation with appropriate ligands (26, 33). The phosphorylation
activates its catalytic activity, resulting in hydrolysis of phos-
phatidylinositol 4,5-biphosphate. This gives rise to two second
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messengers, inositol-1,4,5-triphosphate and diacylglycerol,
which increase the intracellular [Ca2"] and activate PKC (18,
25, 26, 33, 50). On the other hand, T cells possess nonreceptor-
type PTKs, Ick, fyn, and ZAP-70. Ick is coupled with CD4 or
CD8, and fyn and ZAP-70 are coupled with T-cell receptor (;
chains) (7, 41, 51). In B cells, nonreceptor-type PTKs, lyn, blk,
and fyn can associate with B-cell antigen receptor complex (3,
30, 54). These PTKs phosphorylate several intracellular sub-
strates, leading to PKC activation. Similar relationship be-
tween PTK and PKC seems to exist in the IFN--y-induced
signaling pathway (39).
We have investigated the signal transduction mechanism

responsible for IFN--y-inducible HLA class II molecule expres-
sion. Our results indicate that IFN-,y induces the activation of
PTK and that the resultant tyrosine phosphorylation may
precede PI breakdown, leading to PKC activation and Ca2+
influx, both of which synergistically induce HLA class II
molecule expression (32, 39). The PTK-PI breakdown pathway
seems to elicit Ca2+ influx, because we observed that inhibition
of PTK activity prevents IFN-y-induced Ca2+-influx in T98G
cells (39) and because inositol-1,4,5-triphosphate receptors
localize to plasma membrane in addition to endoplasmic
reticulum membrane in hematopoietic cells (21). Our results
obtained with EGTA and A23187 indicate that Ca2+ influx is
not essential for IFN-y-inducible IDO gene expression, al-
though the Ca2+ influx acts synergistically with PKC to induce
HLA class II molecule expression after stimulation with IFN--y
(32). However, our results by no means excluded the possibility
that the elevation of intracellular [Ca2+] made by release from
intracellular store is involved in IDO mRNA expression. In
addition, it was revealed that neither the cAMP pathway nor
the cGMP pathway is involved in gene expression by using
cAMP and cGMP analogs (Fig. 12) and the sulfonamide
derivatives H-7, H-8, and HA1004 (Fig. 7).
The question arises of which signal(s) acts synergistically

with PKC to induce IDO gene expression. The results obtained
with the PTK-specific inhibitor tyrphostin suggest that the
signal(s) is also transduced by PTK (Fig. 11). Thus, it is
conceivable that PTK is upstream of signals (including PKC)
responsible for the IFN-y-inducible IDO gene expression. This
is consistent with our speculation that the IFN--y receptor is
coupled with nonreceptor-type PTK (39). Indeed, recent data
have indicated that the IFN--y receptor on human monocytes
consists of a complex of at least three distinct protein subunits
(13). We infer that molecules transducing the signals respon-
sible for IFN-,y-inducible IDO gene expression may bear src
homology region SH2 domains. It has been proposed that an
autophosphorylated PTK could create a high-affinity binding
site for the SH2 domain of a substrate and that the bound
substrate could be phosphorylated by the kinase (23). We have
observed that IFN--y induced the increase in tyrosine phos-
phorylation of several intracellular substrates (39). It is most
likely that one of the substrates is PLC--yl, because phospho-
rylation on tyrosine residues of PLC--yl leads to PI breakdown
necessary for PKC activation observed in THP-1 cells and
T98G cells (32, 39). The PLC-yl is shown to contain the SH2
domain (22). It is conceivable that a molecule(s), which
transduces a signal(s) acting synergistically with PKC to induce
IDO gene expression, may also bear SH2 domains. Recently,
Fu (14) demonstrated that IFN-oL activates PTK associated
with the IFN-ot receptor by autophosphorylation and that the
binding of the 113- and 91/84-kDa proteins to the activated
PTK via their SH2 domains might further result in tyrosine
phosphorylation of these proteins. The findings in this report
suggest that IFN--y-inducible IDO gene expression is mediated
by synergistic interaction of the PKC pathway in cooperation

with another, as yet unknown signaling pathway(s), both of
which are transduced by PTK. It is possible that the latter
pathway(s) is mediated by p91, since treatment with IFN--y
induces the tyrosine phosphorylation of p91, which is necessary
and sufficient to mediate nuclear translocation and DNA-
binding activity (38, 40). Ca2+ influx (32, 39), which is essential
for IFN-y-inducible HLA class II molecule expression, ap-
peared to play no pivotal role in IDO gene expression induced
by IFN--y. The results of the present study, in conjunction with
the previous evidence, provides evidence indicating that IFN-
-y-induced activation of cytoplasmic PTK can transduce several
signaling pathways whose different combinations may regulate
the transcription of each gene affected.
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