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The most prominent gamma interferon (IFN-g)-induced antimicrobial effector mechanisms are the induc-
tion of nitric oxide (NO) synthase (NOS) and of indoleamine 2,3-dioxygenase (IDO) activity. We have recently
found that human glioblastoma cells and human macrophages inhibit the growth of group B streptococci after
stimulation with IFN-g. In this report, we show that in addition, human RT4 (uroepithelial) cells can inhibit
the growth of enterococci. Murine macrophages (RAW cells) are unable to inhibit bacterial growth after IFN-g
stimulation. Stimulation of human glioblastoma cells, macrophages, and RT4 cells with human IFN-g results
in a strong expression of IDO activity; however, NO production remains undetectable. In strong contrast,
murine RAW cells produce large amounts of NO when stimulated with murine IFN-g and IDO activity is not
detectable. Interleukin-1 (IL-1) induces NO synthase in human RT4 cells when the cells are costimulated with
IFN-g. We found that IL-1 inhibits IFN-g-stimulated IDO activity and antimicrobial effects in RT4 cells, while
in human glioblastoma cells, which lack detectable NO synthase activity, neither of these effects was altered by
costimulation with IFN-g and IL-1. The IL-1-mediated inhibition of IDO activity and of subsequent antibac-
terial effect is due to the production of NO. This conclusion was supported by evidence that NG-monomethyl-
L-arginine, a competitive inhibitor of inducible NOS activity, is able to block the inhibitory action of IL-1 on
IFN-g-induced bacteriostasis. We therefore conclude that NO production does not inhibit the growth of
enterococci but might be involved in the regulation of IDO activity in some human cells.

Streptococci are spherical microorganisms growing in
chains, which were first classified by their capacity to hemolyze
erythrocytes. In the early 1930s the beta-hemolytic streptococci
were differentiated into a number of groups based on immu-
nologically reactive surface characteristics. Many human dis-
eases are mediated by beta-hemolytic streptococci group A
and B. Among them, local diseases such as impetigo and ery-
sipelas and systemic infections like puerperal sepsis and men-
ingitis are well described. The infections with beta-hemolytic
streptococci are in most cases easy to control with antimicro-
bial drugs like penicillin and erythromycin (19).

Besides beta-hemolytic streptococci, humans are colonized
with many of different nonhemolytic streptococci. Within the
gastrointestinal tract, enterococci are the most frequent non-
hemolytic streptococci. These bacteria are exceptionally hardy
microorganisms, are relatively resistant to heat and hyperos-
molar solutions, and more important in clinical practice, can be
highly resistant to antimicrobial agents. Enterococci frequently
cause urinary tract infections as well as peritonitis and wound
infections. Furthermore enterococci can enter the bloodstream
and cause septicemia and are an important cause of endocar-
ditis. Due to the high resistance of many enterococci to many
antimicrobial agents, these bacteria are frequently isolated
from patients on intensive care units (21). Recently vancomy-
cin resistent strains have been increasingly isolated both from
hospitalized patients and from the gastrointestinal tracts of
healthy persons. These strains are often resistant to all avail-
able antibiotics (21).

Local host defense mechanisms are usually efficient in elim-

inating microorganisms, and the pH, chemical content, and
flushing mechanisms of urine helps to eliminate the bacteria
from the urogenital tract. In addition, granulocytes are very
effective in eliminating bacteria from the urinary tract. Despite
this, bacteria occasionally enter the bloodstream and cause
systemic infections. We were interested in analyzing the anti-
bacterial effector mechanisms active in the local defense of the
urinary tract. We therefore investigated antibacterial effects
inducible in human macrophages as well as in human nonpro-
fessional phagocytes. We have recently described that gamma
interferon (IFN-g)-activated human cord blood macrophages
are able to inhibit the growth of group B streptococci (18). The
antimicrobial effector mechanism active in the macrophages
was the induction of indoleamine 2,3-dioxygenase (IDO) ac-
tivity, resulting in a degradation of L-tryptophan, which is an
essential amino acid for streptococci. We also described the
same effector mechanism in human glioblastoma cells (17).
The question arose as to whether human uroepithelial cells as
nonprofessional phagocytes are able to restrict the growth of a
urinary tract pathogen such as enterococci. In addition, we
sought to determine the role of nitric oxide (NO) in the de-
fense against enterococci. Thomas et al. (30) first described
that synthetic NO generators inhibit IDO activity in IFN-g-
primed mononuclear phagocytes. We were therefore wished to
investigate whether NO produced by a human cell line might
influence the antibacterial effect of IDO activity expressed by
the same cell.

The human uroepithelial cell line RT4 can produce NO
after stimulation with IFN-g and interleukin-1 (IL-1). In this
report, we show that IFN-g induces IDO activity in RT4 cells,
resulting in an efficient inhibition of enterococcal growth. A
simultaneous activation of NO in these RT4 cells results in an
inhibition of IDO activity and blocks the IFN-g-induced anti-
microbial effect.
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MATERIALS AND METHODS

Media, chemicals, and cytokines. Iscove’s modified Dulbecco’s medium and
RPMI 1640 (Gibco, Grand Island, N.Y.), with and without L-tryptophan, sup-
plemented with 2 mM L-glutamine and 5% heat-inactivated fetal calf serum were
used as culture medium for all cell lines. Kynurenine, L-tryptophan, Ehrlich’s
reagent, and Griess reagent (naphthylethylenediamine dihydrochloride [0.3%]
and sulfanilamide [1%] in 1.2 N HCl) were obtained from Sigma (Deisenhofen,
Germany), and acetic acid was obtained from Merck (Darmstadt, Germany).
Human recombinant IFN-g (rIFN-g) was a gift from M. Augst (Dr. Karl Thomae
GmbH, Bieberach an der Riss, Germany). Human rIL-1b and murine rIFN-g
were obtained from Genzyme (Cambridge, Mass.); NG-monomethyl-L-arginine
(NGMMA) was obtained from Calbiochem (Bad Soden, Germany).

Cells and bacteria. The human uroepithelial carcinoma cell line RT4 and the
murine macrophage line RAW 264.7 were obtained from the American Type
Culture Collection (Rockville, Md.). The human glioblastoma cell line 86HG39
was characterized by immunocytochemical and immunohistological criteria and
was a kind gift from T. Bilzer (Institut für Neuropathologie, Heinrich-Heine-
Universität, Düsseldorf, Germany) (1). Cells were grown in culture medium in
tissue culture flasks (Costar, Cambridge, Mass.) and divided weekly, using tryp-
sin-EDTA (Gibco) to harvest the strongly adherent cells. All bacterial strains
were isolated from clinical specimens (blood, wound swabs, urine, and feces).
The 30 Enterococcus faecalis strains were identified by colony morphology and
agglutination with a Strep Plus diagnostic kit (Oxoid, Basingstoke, Hampshire,
England) and in addition confirmed biochemically by using a commercial system
(API-20strep; bioMerieux, Lyon, France). Results are shown for a representative
strain isolated from the urine of a patient with symptomatic uncomplicated
urinary tract infection. Similar data were obtained with all of the enterococcal
strains tested.

All bacteria were grown on brain heart infusion agar (Difco, Hamburg, Ger-
many) containing 5% sheep blood and incubated at 37°C in 5% CO2-enriched
atmosphere. For use in experiments a 24-h-old single bacterial colony was picked
and resuspended in RPMI 1640 without L-tryptophan. Bacteria were serially
diluted in RPMI 1640 without L-tryptophan, and CFU in each dilution were
calculated by plating two 10-ml aliquots of each suspension onto agar plates.

Determination of nitrite accumulation. Nitrite accumulation in the superna-
tant of cultured cells was used as an indicator of NO production and was
determined by the Griess reaction (detection limit, 1 mM) with sodium nitrite as
standard as previously described (11). We are aware that this method is not a
direct measurement of NO and underestimates total NO synthesis.

RT4, RAW, or 86HG39 cells were incubated in culture medium (Iscove’s
medium or RPMI 1640 medium with 5% fetal calf serum) in 96-well, flat-bottom
culture plates (Greiner, Nürtingen, Germany) at 1 3 104 to 3 3 104 cells/well and
were stimulated with IFN-g (0 to 400 U/ml) and/or IL-1 (0 to 200 U/ml). After
3 days of incubation, the culture supernatant was harvested for the determination
of nitrite.

Detection of IDO activity. The tumor cells were stimulated with IL-1b and
IFN-g as described above in culture medium supplemented with 50 to 100 mg of
L-tryptophan per ml. After 3 days of incubation, the supernatant was harvested
and IDO activity was measured by determining kynurenine content in the cell
supernatant as we have previously described (9). In brief, 160 ml of the cell
supernatant was removed from each well and transferred to a corresponding well
of a 96-well V-bottom culture plate. After addition of 10 ml of 30% (vol/vol)
trichloroacetic acid to each well, the plates were incubated for 30 min at 50°C to
hydrolyze N-formylkynurenine to kynurenine. After centrifugation for 10 min,
100 ml of supernatant was transferred to wells of a 96-well flat-bottom plate and
mixed with 100 ml of freshly prepared Ehrlich’s reagent. The absorbance was
read with a microplate reader at 492 nm. A blanking procedure was performed
by using a cell control without IFN-g.

Determination of bacterial growth in cultures of cytokine-treated cells. Tumor
cells were stimulated with murine IFN-g, human IFN-g, and/or human IL-1b as
described above. After 3 days of incubation, enterococci (5 to 50 CFU/well) were
added in RPMI 1640 with or without additional L-tryptophan. Bacterial growth
was monitored after a further incubation period of 10 to 16 h by using a
microplate photometer (SLT Labinstruments, Grailsheim, Germany), measuring
optical density at 620 nm (OD620) as described previously (17, 18).

RESULTS

Inducible antienterococcal effects in human and murine
cells. In murine cells, the most prominent antimicrobial effec-
tor mechanism is the expression of inducible NO synthase
(iNOS), while in human cells the induction of IDO is respon-
sible for many antimicrobial effects. To analyze the IFN-g-
inducible effect against enterococci, we stimulated the murine
macrophage cell line RAW 264.7 with murine IFN-g. As a
control, human glioblastoma cells and a human uroepithelial
cell line stimulated with human IFN-g were used. As shown in
Fig. 1, the human cell lines 86HG39 and RT4 were able to

restrict the growth of enterococci, while the murine RAW cells
failed to do so. The same results were obtained with 30 differ-
ent strains of enterococci, including three vancomycin-resistant
strains. Figure 1 also shows that the antienterococcal effect
mediated by the IFN-g-activated human cells is completely
blocked by the addition of excess amounts of L-tryptophan,
indicating that IFN-g induced IDO activity, resulting in the
degradation of the essential amino acid L-tryptophan, is re-
sponsible for the detected antibacterial effect. In contrast,
NGMMA, an inhibitor of NO synthesis, did not influence IFN-
g-induced bacteriostasis.

In addition we analyzed the induction of IDO activity as well
as the production of NO by the IFN-g-stimulated cells. We
found that RAW cells produce large amounts of NO after
IFN-g stimulation (30.6 mM 6 6.9 5 mean 6 standard error
[SE] of five independent experiments), but we were unable to
detect NO in the supernatant of the human cells (,1 mM). In
contrast, both human cell lines exhibited a strong IDO re-
sponse to IFN-g, which was not detected in the murine RAW
cells.

NO production by RT4 cells results in an inhibition of IDO
activity. The human cell line RT4 is one of the few human cell
lines capable of producing clearly measurable amounts of NO.
Having demonstrated in Fig. 1 that the antienterococci effect
inducible in RT4 cells is the induction of IDO, we analyzed
whether NO produced by RT4 cells after stimulation with
IFN-g and IL-1b influences IFN-g-induced IDO activity. RT4
cells were stimulated with IFN-g in the presence or absence of
additional IL-1b, and nitrite accumulation and IDO activity
were determined by measuring nitrite concentration and
kynurenine content in the culture supernatants after 3 days of
incubation (Fig. 2 and 3). We used 86HG39 cells, which do not
express detectable iNOS activation after IFN-g–IL-1 stimula-
tion, as a control. The failure of 86HG39 cells to produce NO
after stimulation with IL-1 is not simply due to a lack of the
IL-1 receptor since we found that these cells respond to IL-1 by
secreting IL-6 (data not shown). The results shown in Fig. 3
clearly demonstrate that IL-1 mediates a significant inhibition
of IDO activity in RT4 cells (t test, P , 0.05), while IDO
activity inducible in 86HG39 cells is not by inhibited IL-1. In
addition, Fig. 2 and 3 demonstrate that NGMMA blocks nitrite
production in RT4 cells stimulated with IL-1 and IFN-g and

FIG. 1. Enterococcal growth in IFN-g-activated human and murine cells. A
total of 3 3 104 RT4, 86HG39, or RAW cells were stimulated with IFN-g (100
U/ml) for 3 days. Thereafter, enterococci were added (50 CFU/well) with or
without NGMMA or L-tryptophan (100 mg/ml). Bacterial growth was determined
16 h later by measuring OD620. Data are given as mean OD 6 SE of triplicate
cultures.
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that NGMMA antagonizes the inhibitory effect of IL-1 on
IFN-g-induced bacteriostasis.

IL-1 inhibits IFN-g-induced antibacterial effects in RT4
cells. RT4 cells produce NO after stimulation with IFN-g and
IL-1, as shown in Fig. 2. We were interested in analyzing the
NO-mediated effects in our in vitro culture system with human
cells and enterococci. Therefore, RT4 cells, and as a control
human 86HG39 cells, were stimulated with a combination of
IFN-g and IL-1, and after 3 days of incubation enterococci
were added to the cell cultures. The results of a representative
experiment are shown in Fig. 4. Human glioblastoma cells were
activated by IFN-g to inhibit enterococcal growth in a dose-
dependent manner, and the addition of IL-1 did not affect this
antibacterial effect. In contrast, in the human uroepithelial cell
line RT4 the IFN-g-induced antibacterial effect was signifi-
cantly inhibited by the addition of IL-1 (P , 0.05). Since
IFN-g–IL-1-stimulated RT4 cells produce NO, we added
NGMMA, a competitive inhibitor of NO production, to the
culture system. As seen in Fig. 4, the inhibitory effect of IL-1 on
IFN-g-mediated bacteriostasis was antagonized by the pres-
ence of NGMMA. This was not due to a toxic effect of
NGMMA since bacterial growth in cultures with untreated
RT4 cells was not influenced by NGMMA, and NGMMA did

not influence bacterial growth in cultures with IFN-g-stimu-
lated glioblastoma cells. The data suggest that the NO pro-
duced by the IFN-g–IL-1-stimulated RT4 cells is responsible
for the abrogation of the IFN-g-induced bacteriostasis. We
have thus shown that iNOS expression inhibits IDO-mediated
bacteriostasis in cells in which both effector mechanisms can be
activated simultaneously.

To determine if the induction of iNOS in neighboring cells
has the same effect on IDO activation, we used a model in
which glioblastoma cells (non-NO producing) were coincu-
bated with RAW cells. As shown in Fig. 5, stimulation of RAW
cells with human IFN-g did not influence the bacteriostasis
mediated in cocultured glioblastoma calls. In contrast, when
RAW cells were stimulated with murine IFN-g, IDO activity
and bacteriostasis mediated by 86HG39 cells stimulated with
human IFN-g were significantly inhibited (P , 0.05). That this
is due to the NO production by RAW cells is shown by the
abrogation of this effect in the presence of the iNOS inhibitor
NGMMA.

FIG. 2. Nitrite accumulation in the supernatant of RT4 cells stimulated with
IFN-g and IL-1. A total of 3 3 104 RT4 cells were stimulated with IFN-g (0 to
300 U/ml) alone (h) or in the presence of IL-1 (100 U/ml) (‚) or IL-1 and
NGMMA (100 mg/ml) ({) in culture medium. After 3 days of incubation, nitrite
accumulation was determined by the Griess reagent as described in Materials
and Methods. Data are given as mean 6 SE of triplicate cultures.

FIG. 3. Inhibitory effect of IL-1 on IFN-g-induced IDO activity in RT4 cells. A total of 3 3 104 RT4 (A) or 86HG39 (B) cells were stimulated with IFN-g alone
(‚) or in the presence of IL-1 (100 U/ml) ({) or IL-1 and NGMMA (100 mg/ml) (‚) in medium supplemented with L-tryptophan (50 mg/ml). After 3 days of incubation,
IDO activity was determined by measuring the kynurenine content in the culture supernatant. Data are given as mean 6 SE of triplicate cultures.

FIG. 4. Inhibitory effect of IL-1 on IFN-g-induced bacteriostasis in RT4 cells.
A total of 3 3 104 RT4 cells were stimulated with IFN-g alone (h) or in the
presence of IL-1 (100 U/ml) (‚) or IL-1 and NGMMA (100 mg/ml) (ƒ). After 3
days of incubation, enterococci (50 CFU/well) were added. Bacterial growth was
determined 16 h later by measuring OD620. Data are given as mean OD 6 SE of
triplicate cultures.
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DISCUSSION

Production of NO is a major defense mechanism against
several intracellular parasites, including Toxoplasma and
Leishmania species, in murine cells. Furthermore, NO is also
involved in the defense against extracellular pathogens such as
fungi (23). In this report, we show that NO produced by mu-
rine and human cells does not inhibit bacterial growth in our
culture system. Comparable in vivo data have been obtained by
Sriskandan et al., who showed that group A streptococci were
able to induce iNOS in mice but that inhibition of NO pro-
duction with NGMMA does not influence the course of strep-
tococcal infection (29). We have shown here that human glio-
blastoma cells and more interestingly human uroepithelial
cells, in contrast to murine RAW cells, are able to restrict the
growth of enterococci. This antimicrobial effect is induced by
IFN-g and is mediated by the induction of IDO. Antimicrobial
effects caused by the activation of IDO in human cells has been
described for human fibroblasts (25), glioblastoma cells (10),
and epithelial cells (22) against the intracellular pathogen Tox-
oplasma gondii. In addition, it has been reported that the
growth of intracellular bacteria such as chlamydiae is also
inhibited by activation of IDO activity (3). Previously we
showed that growth of group B streptococci and some strains
of Streptococcus pneumoniae also was inhibited by activation of
IDO activity in professional and nonprofessional phagocytes
(17, 18).

Streptococci and enterococci are essentially extracellular
bacteria; however, it has recently been shown that streptococci
can survive in human and murine phagocytes for more than
24 h (5, 31). Once inside the cell, the bacteria are no longer
susceptible to antibodies and complement, and it has therefore
been suggested that these phagocytes may carry the bacteria
throughout the body. If this is so, we believe that an IFN-g-
mediated activation of these bacterium-carrying cells might
result in a reduction of the bacterial load. Indeed, it was shown
that activation with IFN-g results in reduced survival of intra-
cellular streptococci; however, the mechanism by which IFN-g
mediated this effect was not described (5).

In most cases of streptococcal and enterococcal infections,
local defense mechanisms in which granulocytes and macro-
phages are the most important cells are sufficient to control
bacterial growth and prevent dissemination. Occasionally, local
defense mechanisms are insufficient to control infection and
streptococci and enterococci enter the bloodstream. It has

been shown that streptococci are able to induce cytokine se-
cretion in several cell types (16), and bacterial antigens and
superantigens produced by the bacteria result in the activation
of T cells and possibly also NK cells, resulting in IFN-g pro-
duction (6, 27). In addition, it has been reported that in an in
vivo model, IFN-g treatment results in a reduction of mortality
after a group B streptococcal infection (7). The induction of
IDO activity in human cells is a potent antimicrobial effector
mechanism which is inducible in macrophages (4) and more
importantly also in many other cell types, including epithelial
and endothelial cells, fibroblasts (25), and several brain cells
(8). All of these cells therefore can contribute to the defense
against streptococci, especially in the case of a disseminated
infection. We suggest that IDO is active against enterococci in
the second phase of defense, in which IFN-g derived from
activated T cells is responsible for IDO induction. In addition,
we propose that IDO-mediated effects may also contribute to
the initial local first-line defense by helping to prevent the
proliferation and spread of bacteria from the local site of
infection to the bloodstream and other body sites. In this case,
IFN-g is probably derived from NK cells. We believe that these
in vitro data are relevant for the in vivo situation. The trypto-
phan concentration in our culture medium (RPMI 1640 and
Iscove’s modified Dulbecco’s medium, 5 to 15 mg/ml) is com-
parable to that found in human serum (10 to 15 mg/ml). In
addition, we demonstrate that 3 3 104 cells in a volume of 200
ml are sufficient to inhibit bacterial growth, whereas in vivo
there are more than 100 times more cells in the same tissue
volume. Furthermore, there are many reports in the literature
that IFN-g induces IDO activity in vivo and that the trypto-
phan concentration in different body fluids is reduced and the
kynurenine concentration is increased in various clinical situ-
ations in patients with enhanced IFN-g production (2, 15, 26).
The decrease in the plasma tryptophan concentration is about
220% of normal, and with this concentration range no bacte-
riostatic effect could be observed in vitro. No data concerning
the local tryptophan concentration at the side of infection are
available, but we assume that, as discussed above, the local
IDO-mediated tryptophan degradation is sufficient to inhibit
bacterial growth.

The inhibition of IDO activity and of IDO-mediated bacte-
riostasis by NO is a very interesting effect. It is shown here that
NO does not influence the growth of enterococci in our culture
system but does inhibit IDO activation. This inhibitory effect

FIG. 5. Inhibitory effect of activated RAW cells on antibacterial effects of 86HG39 cells. A total of 3 3 104 86HG39 cells were cocultured with 104 RAW cells. The
mixed cell cultures were stimulated with human IFN-g (hIFNg; 0 to 200 U/ml) in the absence (h) or presence of murine IFN-g (30 U/ml) alone (ƒ) and with NGMMA
(100 mg/ml) (E). Three days after stimulation, IDO activity was determined as described in Materials and Methods (A). Thereafter, enterococci (50 CFU/well) were
added, and bacterial growth was determined 16 h later by measuring OD at 620 nm (B). Data are given as mean 6 SE of triplicate cultures.

5618 DÄUBENER ET AL. INFECT. IMMUN.



was also found when exogenous NO was introduced to an
IDO-positive cell as well as in cells in which both effector
mechanisms were activated simultaneously by IFN-g and IL-1.
This might be of interest in vivo, since many bacteria are able
to induce IL-1 secretion, one of the coinducers involved in
iNOS activation in several cells, and this might represent a
bacterial modification of the immune defense. Such bacterial
antigens inducing regulatory effects have been termed modu-
lins (14). Furthermore, regulation of IDO activity in human
cells is necessary, since IDO induction is also an antiprolifera-
tive effector mechanism (24), and IDO-mediated tryptophan
depletion also affects human cell proliferation. Human cells,
however, are protected to some extent against tryptophan star-
vation by the expression of tryptophan tRNA synthase, an
intracellular tryptophan depot, which is also induced by IFN-g
(12).

The interaction of NO with IDO is most likely a posttrans-
lational effect, since IDO is a heme-containing enzyme and it is
known that NO regulates the activity of many heme-containing
enzymes (23). This was first shown by Thomas et al. (30), who
found that NO gas inhibits IDO activity and that IDO activity
could be detected in iNOS-positive murine cells after inhibi-
tion of NO synthesis. On the other hand, Mellilo et al. (20)
described a positive interaction between iNOS and IDO in
which picolinic acid, a late degradation product of tryptophan,
enhances NO production. Besides iNOS- and IDO-mediated
antibacterial effects, the production of toxic oxygen radicals is
of importance in the defense against microorganisms. These
oxygen radicals interact with NO produced by iNOS activation,
resulting in the production of the toxic metabolites such as
peroxynitrite (23). Furthermore, oxygen radicals produced by
oxidative burst are required as cofactors for the degradation of
tryptophan by IDO (13, 28).

Several bacteria are able to induce an oxidative burst in
granulocytes and macrophages, therefore providing sufficient
amounts of superoxides for the IDO-mediated cleavage of the
tryptophan ring. In addition, the consumption of superoxide by
IDO-mediated tryptophan cleavage is one of the rare pathways
in which toxic oxygen radicals are eliminated while simulta-
neously activating another mechanism.

We therefore conclude that in human cells IFN-g-induced
IDO activity is a major antibacterial effector mechanism. We
suggest that IFN-g-induced IDO-mediated effects in vivo may
be important as a local second-line defense, behind the phago-
cytic effects mediated by granulocytes and macrophages. We
suggest that IDO-mediated bacteriostasis is one of the effects
preventing the dissemination of bacteria from the site of the
local infection. NO production by human RT4 cells is not an
antibacterial effector mechanism, but may function as a regu-
lator of IDO activity. Furthermore, bacterial stimulation of
NO production could inhibit IDO in neighboring cells, there-
fore permitting bacteria such as enterococci and group B strep-
tococci to disseminate in the body.
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