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Antibiotics have previously been shown to have immunomodulatory effects. We examined the effect of the
broad-spectrum fluoroquinoline antibiotic trovafloxacin on cytokine synthesis by monocytes obtained from
healthy human volunteers and stimulated with either lipopolysaccharide or gram-positive cells (heat-killed
Staphylococcus aureus [Pansorbin]). Trovafloxacin levels achievable in humans suppressed in vitro synthesis of
each of the cytokines analyzed, viz., interleukin-1a (IL-1a), IL-1b, IL-6, IL-10, granulocyte-macrophage
colony-stimulating factor, and tumor necrosis factor alpha. This effect was not due to direct effects of the drug
on cellular viability; at these concentrations, trovafloxacin did not have demonstrable cytotoxicity for the
monocytes, as determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay.
Although similar patterns of suppression of cytokine synthesis were observed in samples obtained from the
same volunteers on different days, there were significant day-to-day variations. These results reveal that
trovafloxacin possesses significant immunomodulatory activity in vitro and suggest that suppression of acute-
phase inflammatory responses may occur in vivo, elicited through trovafloxacin’s effect on cytokine synthesis
by human monocytes.

In 1982, we published a review of the then existing literature
on the subject of the effects of antibiotics on the immune
response (13). During the ensuing years, a large body of liter-
ature on this subject has appeared, attesting to the remarkable
interest in this area of research and reflecting both new dis-
coveries in antibiotics and the field of immunology and the
development of better methods for the study of immune cell
function. It has become increasingly apparent that in addition
to their antimicrobial activity, many antibiotics have significant
effects on human cellular immune function (16, 20, 24, 25,
29–33, 38). Although the effects of the immunomodulatory
activity of antibiotics observed in vitro have not been corre-
lated with beneficial or harmful effects in vivo in humans, such
activity may be beneficial through modulation of the inflam-
matory response to the invading pathogen.

The increasing use of fluoroquinolones for treatment of a
wide variety of infections and the likelihood that their use as
first-line drugs will increase were the impetus for us to study
the effect of these drugs on human monocyte cytokine produc-
tion. Our initial studies focused on the new broad-spectrum
antimicrobial fluoroquinolone trovafloxacin: it is active against
both gram-positive and gram-negative aerobic and anaerobic
bacterial pathogens, and, recently, we have reported its activity
against Toxoplasma gondii both in vitro and in vivo in animal
models of the infection (18, 19). Our interest in the role of
cytokines in the immunopathogenesis of infection (14, 15); the
observations that overproduction of proinflammatory cyto-
kines may result in a variety of pathological states, including
septic shock; and the relative paucity of literature on the effect
of fluoroquinolone antibiotics on production of various cyto-
kines by cells of the immune system led us to study the effects
of trovafloxacin on cytokine production by human monocytes.

MATERIALS AND METHODS

Reagents. Trovafloxacin (trovafloxacin mesylate; lot no. 310750-199-1F) was
obtained in powder form from Pfizer, Inc., Groton, Conn. The drug stock solu-
tion and further dilutions were made in RPMI 1640 medium. Lipopolysaccharide
(LPS) (Escherichia coli O26:B6) was purchased from Difco Laboratories, De-
troit, Mich. Pansorbin (heat-killed Staphylococcus aureus Cowan strain I cells)
was purchased from Calbiochem-Behring Co., La Jolla, Calif.

Isolation of monocyte-enriched PBMCs. Blood was obtained by venipuncture
from healthy donor volunteers. Peripheral blood mononuclear cells (PBMCs)
were separated on Ficoll-Paque (Pharmacia Biotech AB, Uppsala, Sweden)
density gradients, washed twice with calcium- and magnesium-free phosphate-
buffered saline (Mediatech, Inc., Herndon, Va.), and fractionated by centrifu-
gation over discontinuous Percoll (Pharmacia Biotech AB, Uppsala, Sweden)
gradients. The monocyte-enriched cell fraction was collected, washed three times
with calcium- and magnesium-free phosphate-buffered saline, and resuspended
in RPMI 1640 (with 25 mM HEPES–2 mM L-glutamine; Mediatech, Inc., Hern-
don, Va.) containing 10% fetal bovine serum (GIBCO BRL Products, Grand
Island, N.Y.) at a cell density of 106 cells/ml. At least 90% of the cells thus
obtained were monocytes, as determined by esterase staining.

Cytokine assays. Cells were seeded into 24-well plates (Costar Corporation,
Cambridge, Mass.) at a cell density of 106 cells per ml (1 ml per well) and
incubated in the presence of LPS (100 ng/ml) or 0.0075% (wt/vol) Pansorbin,
with or without various concentrations of trovafloxacin, for 3, 6, or 24 h at 37°C
in a 5% CO2 incubator. Cell-free supernatants were recovered by centrifugation
and stored at 220°C until assayed. The concentration of each cytokine (inter-
leukin-1a [IL-1a], IL-6, IL-10, granulocyte-macrophage colony-stimulating fac-
tor [GM-CSF], and tumor necrosis factor alpha [TNF-a]) was determined by
enzyme-linked immunosorbent assay (ELISA) with commercially available re-
agents (PharMingen, San Diego, Calif.). The concentration of IL-1b was deter-
mined by ELISA with matched antibody pairs and supporting reagents from
Endogen (Woburn, Mass.). Quantification was performed on the basis of a
standard curve derived by linear dilution of the cytokine standards included in
the respective kits. The detection limit for IL-1a, IL-10, and GM-CSF was 8
pg/ml; that for IL-6 and TNF-a was 20 pg/ml; and that for IL-1b was 3.9 pg/ml.
In reproducibility assays for each cytokine, the coefficient of variation was ,12%
in replicate assays from the same sample. Cytokine assays were performed in
quadruplicate with the supernatant samples or appropriate dilutions of the su-
pernatants, as determined in preliminary studies.

Cellular toxicity assay. The toxicity of the drug for the purified monocytes was
determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
(MTT) cytotoxicity assay with the Cell Titer 96 Kit (Promega Corp., Madison,
Wis.). Briefly, cells were plated in quadruplicate wells at 103 cells/well. Following
a 4-h incubation at 37°C in a 5% CO2 incubator, trovafloxacin in various con-
centrations was added. Four hours before the 24-h time point, 16 ml of the dye
indicator solution was added. Following an additional 4-h incubation, 100 ml of
the solubilization-stop solution was added to each well. One hour later, the plates
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were read for A570 in an automatic ELISA plate reader. The results are quan-
tified as the optical density at 570 nm (OD570) of cultures exposed to trovafloxa-
cin or exposed to the diluent alone.

Statistics. All values were expressed as means 6 standard deviations. Welch’s
test, which does not assume a similar distribution of variances, was utilized to
determine statistical differences. A P value of #0.05 was considered statistically
significant.

RESULTS

LPS-stimulated monocytes induced production of each of
the cytokines measured, viz., IL-1a, IL-6, IL-10, GM-CSF, and
TNF-a. The 24-h accumulation of the cytokines described
above in supernatants of LPS-stimulated monocyte culture
were 0.325 6 0.199 (mean 6 standard deviation), 45.998 6
13.679, 0.788 6 0.329, 0.303 6 0.127, and 1.973 6 1.184 ng/ml,
respectively (Fig. 1). Synthesis and accumulation of each of the
cytokines by LPS-stimulated monocytes were suppressed in a
concentration-dependent manner following a 24-h exposure to
trovafloxacin at 1, 5, or 10 mg/ml (Fig. 1). Mean percentages of
inhibition of each cytokine at trovafloxacin concentrations of 1,
5, or 10 mg/ml were as follows: IL-1, 1.2, 75.6, and 97.4% (P
values of 0.673, 0.039, and 0.019, respectively); IL-6, 23.9,
63.9, and 90.1% (P values of 0.984, 0.029, and 0.002, respec-
tively); IL-10, 2.68, 61.2, and 96.5% (P values of 0.854, 0.026,
and 0.004, respectively); GM-CSF, 20.55, 78.2, and 98.0% (P
values of 0.977, 0.035, and 0.017, respectively); and TNF-a,
11.9, 87.4, and 96.9% (P values of 0.640, 0.024, and 0.017,

respectively). Although in some individuals (Fig. 1), synthesis
of IL-1a, IL-6, IL-10, and TNF-a was increased slightly at 1 mg
of trovafloxacin per ml, a suppressive effect was observed at
higher concentrations of the drug.

Pansorbin-stimulated monocytes produced amounts of cyto-
kines that were many fold higher than those produced by
LPS-stimulated monocytes, as shown in one of the two exper-
iments conducted with similar results (Fig. 2). When mono-
cytes were stimulated with LPS, each of the cytokines, except
for TNF-a, achieved a maximal concentration in the superna-
tants following 24 h of accumulation. TNF-a was induced by
3 h and reached a maximum concentration as early as 6 h. At
24 h, the concentration of TNF-a was approximately 3.5-fold
lower than at earlier hours. In contrast, when monocytes were
stimulated with Pansorbin, IL-1a, IL-1b, and TNF-a reached
maximal accumulation only after 6 h and remained at the same
level even after 24 h. IL-6, IL-10, and GM-CSF reached max-
imal concentration after 24 h. Mean percentages of inhibition
of each accumulation of cytokine at trovafloxacin concentra-
tions of 1, 5, or 10 mg/ml following stimulation of monocytes
with LPS at 24 h in two samples were as follows: IL-1, 42.4,
77.5, and 92.7% (P values of 0.039, 0.001, and 0.001, respec-
tively); IL-1b, 22.5, 82.5, and 94.7% (P values of 0.302, 0.106,
and 0.010, respectively); IL-6, 15.3, 92.7, and 100.0% (P values
of 0.452, 0.010, and 0.008, respectively); IL-10, 23.7, 87.0, and
100.0% (P values of 0.571, 0.116, and 0.087, respectively);
GM-CSF, 18.9, 97.6, and 100.0% (P values of 0.527, 0.038, and
0.036, respectively); and TNF-a, 31.8, 82.1, and 93.1% (P val-
ues of 0.132, 0.002, and 0.006, respectively). Mean percentages
of inhibition of each cytokine at trovafloxacin concentrations
of 1, 5, or 10 mg/ml following stimulation of monocytes with
Pansorbin at 24 h in two samples were as follows: IL-1, 13.2,
56.3, and 85.5% (P values of 0.621, 0.107, and 0.052, respec-
tively); IL-1b, 0.09, 4.0, and 43.9% (P values of 0.968, 0.456,
and 0.051, respectively); IL-6, 7.8, 14.2, and 51.6% (P values of
0.001, 0.007, and 0.009, respectively); IL-10, 39.0, 46.5, and
82.5% (P values of 0.423, 0.331, and 0.108, respectively); GM-
CSF, 231.8, 4.1, and 34.7% (P values of 0.518, 0.748, 0.100,
respectively); and TNF-a, 0.84, 5.47, and 10.1% (P values of
0.859, 0.424, and 0.204, respectively).

To determine whether this concentration-dependent sup-
pressive effect of trovafloxacin was due to toxicity directly to
the cells, monocytes cultured in the absence of LPS were ex-
posed to the same concentrations of trovafloxacin. As deter-
mined by the MTT assay in two separate experiments, viability
of monocytes was not reduced significantly, except at 10 mg/ml
(P 5 0.007) (Fig. 3).

Although there was wide variation in cytokine production by
activated monocytes from different volunteers, levels of cyto-
kine production by monocytes from each individual were af-
fected in a similar manner following antibiotic treatment. In
multiple samples obtained on different days from a single vol-
unteer, there was a statistically significant difference (P ,
0.001) in the production of each cytokine (Fig. 4). However, on
each occasion, exposure of the monocytes to trovafloxacin re-
sulted in a similar pattern of cytokine synthesis suppression.

DISCUSSION

The results described above reveal that trovafloxacin can
modulate in vitro production of IL-1a, IL-1b, IL-6, IL-10,
GM-CSF, and TNF-a by monocytes. This was achieved at
concentrations of trovafloxacin that are achievable in humans
(7, 34). Peak levels of trovafloxacin in blood (mean 6 standard
deviation) in adults after an oral dose of 300 or 600 mg or in
children or infants after a single 4-mg/kg intravenous dose (the

FIG. 1. Effect of trovafloxacin on cytokine production by LPS-stimulated
human monocytes in vitro. The symbols represent four different healthy human
volunteers.
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prodrug alatrofloxacin) were 4.4 6 1.1, 6.6 6 1.4, and 4.23 1
1.37 mg/ml, respectively (17, 34). This suggests that in addition
to its antimicrobial effects, trovafloxacin might have significant
regulatory effects on the inflammatory response in vivo. Of
particular interest is that for each of the cytokines tested,
trovafloxacin inhibited accumulation of the cytokines in the
culture supernatants of LPS- or Pansorbin-stimulated mono-
cytes. The suppression of cytokine synthesis occurred in a con-
centration-dependent manner irrespective of individual varia-
tions in the levels of the cytokines produced. We studied
monocytes because of their critical role in the early cytokine
response to a number of pathogens and/or their products (8,
14).

The cytokines we studied are important in the immune re-
sponse to infections. IL-1 has as its major source peripheral
blood monocytes. Greater than 95% of LPS-activated mono-
cytes produce IL-1a and IL-1b mRNA (4, 35). Transcription is
regulated by a variety of signals, including cytokines, immune
stimuli, bacterial cell wall components, and mediators of in-
flammation. Receptor antagonists or inhibitors of production
have been shown to reduce inflammatory processes and lethal-
ity due to endotoxic shock in a variety of animal models (6).
IL-10 is secreted by multiple cell types, including activated

monocytes. It can inhibit its own production in an autocrine
fashion, down-regulate major histocompatibility complex class
II expression, cytokine synthesis and inhibit lymphocyte, NK
cell, and monocyte/macrophage effector functions (5, 23).
Monocytes are also a prominent source of IL-6, a pleiotropic
cytokine that is important in the immune response, in regula-
tion of the acute-phase response, and in hematopoiesis. Gene
expression is stimulated by a number of mediators, including
bacterial endotoxins, growth factors, cytokines, and neuropep-
tides. GM-CSF stimulates proliferation and differentiation of
progenitor cells for neutrophilic granulocyte and macrophage
lineages; induces peripheral monocytosis, eosinophilia, and
neutrophilia in humans, and activates monocytes and neutro-
phils to phagocytose and kill a variety of pathogens (10, 12, 21,
22). TNF is primarily produced by monocytes/macrophages
during activation of the immune response by invading patho-
gens. It can induce its own synthesis and release by monocytes,
cause the clinical manifestations of overwhelming infection,
and is a pivotal mediator of lethality from infection (36, 37).
Principal stimuli for its release from cells are bacterial endo-
toxin, a variety of molecules of infectious pathogens, and other
cytokines (3).

Some earlier quinolones that were evaluated for their effect

FIG. 2. Effect of trovafloxacin (Trova) on cytokine production by human monocytes in vitro stimulated with LPS or Pansorbin. These results are from one of the
two experiments with similar results.
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on cells of the immune system are pefloxacin, ciprofloxacin,
and ofloxacin. Each of them was found by Roche et al. to
significantly inhibit proliferation of human PBMCs in response
to phytohemagglutinin (30). A similar effect of ciprofloxacin on
lymphocyte proliferation was reported by Hahn et al. (11).
However, Gollapudi et al. reported that ciprofloxacin did not
affect proliferation of PBMCs (9). Stunkel et al. demonstrated
that ciprofloxacin increased the amount of IL-2 found in the
supernatants of phytohemagglutinin-stimulated human PB-
MCs and also increased the levels of IL-1 in the culture su-
pernatants of adherence-enriched mouse macrophages, but
not in freshly isolated human monocytes (32). In the studies by
Roche et al., the activity of IL-1 and TNF was reduced in
supernatants of LPS-stimulated monocytes cultured in the
presence of concentrations of the quinolones that are not
achievable in humans ($50 mg/ml) after the use of the recom-
mended dosages; no reduction was noted at 10 mg/ml (1, 29).
Bailly et al. also noted a decrease in release of IL-1 in vitro by
LPS-stimulated monocytes when pharmacologic (greater than
25 mg/ml) but not physiologic concentrations of ciprofloxacin
were used. At a concentration of 100 mg/ml, the effect of
ciprofloxacin was found to be posttranscriptional (2).

Since the cytokines we evaluated are not similarly regulated,
a strong and nonspecific suppressive effect of trovafloxacin on
LPS-stimulated monocytes suggests the possibility that trova-
floxacin may directly interact with LPS or its receptors. How-
ever, trovafloxacin also suppressed, although to a lesser extent
in some cases, cytokine production when Pansorbin-stimulated
monocytes were used, suggesting that trovafloxacin exerts its
effect through other mechanisms.

A number of investigators have reported that the quinolones
temafloxacin and ciprofloxacin can induce lymphocytes to
overproduce IL-2 (26–28). Although lymphocytes rather than
monocytes were studied, and despite the fact that different
cytokines were examined, their results reveal the remarkable
immunomodulatory effect that quinolones can have on lym-
phocyte function. The results of similar studies with human
monocytes have not been published.

In conclusion, our experiments revealed that trovafloxacin
has potent concentration-dependent suppressive effects on cy-
tokine production by LPS- or Pansorbin-stimulated monocytes

in vitro and thus may have immunomodulatory effects on the
host response to infection.
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