
ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Sept. 1992, p. 1922-1927
0066-4804/92/091922-06$02.00/0
Copyright © 1992, American Society for Microbiology

Potential Effects of Erythromycin on Host Defense Systems
and Virulence of Pseudomonas aeruginosa

YOICHI HIRAKATA,1* MITSUO KAKU,2 RYUSUKE MIZUKANE,2 KAZUO ISHIDA,2
NOBUHIKO FURUYA,2 TETSUYA MATSUMOTO,2 KAZUHIRO TATEDA,'

AND KEIZO YAMAGUCHI1
Department ofMicrobiology, Toho University School ofMedicine, Tokyo 143,1 and Department of

Laboratory Medicine, Nagasaki University School ofMedicine, Nagasaki 852 2Japan
Received 22 April 1992/Accepted 24 June 1992

We evaluated several potential effects of erythromycin (EM) on host defense systems and the virulence of
Pseudomonas aeruginosa. Peritoneal macrophages obtained from mice given 250 mg of EM per kg of body
weight for 7 days by the intraperitoneal, intravenous, subcutaneous, or oral route produced significantly
greater amounts of thymocyte-activating factors. These data suggest that EM enhances the in vivo production
of cytokines, such as interleukins 1 and 6. Treatment ofP. aeruginosa D4 with subinhibitory concentrations of
EM enhanced the association of bacteria with murine Kupffer cells in vitro and increased bacterial clearance
from the blood in mice. EM suppressed the in vitro production of exotoxin A, total protease, elastase, and
phospholipase C by P. aeruginosa D4; exotoxin A production by P. aeruginosa PA-103; and total protease
production by P. aeruginosa B16 and PAO1 in a generally dose-dependent manner. These data demonstrate
that EM produces various effects in addition to its direct antimicrobial activity, suggesting that it has potential
as an immunomodulator or bacterial virulence-suppressing agent against P. aeruginosa and other infections.

Erythromycin (EM), a macrolide antibiotic, is used to
treat a variety of common infections and for some specific
indications, e.g., Mycoplasma and Legionella infections
(12). It has a broad spectrum of antimicrobial activity against
most gram-positive bacteria. In contrast, members of the
family Enterobacteriaceae and Pseudomonas aeruginosa
are generally resistant to EM (12, 31).
However, it has been reported that EM improves the

clinical symptoms and prognosis of patients with diffuse
pulmonary panbronchiolitis associated with P. aeruginosa
infection (21). Moreover, we have shown recently that
erythromycin lactobionate (EML) enhances the survival
rates of mice with P. aeruginosa bacteremia (16). Although
the other effects of EM, in addition to its direct antimicrobial
activity, seem to be involved in providing protection against
such infections, the protective mechanism is not well under-
stood.

Recently, several antimicrobial agents have been shown to
affect host immunological responses, such as neutrophil
chemotaxis and cytokine production (3, 4, 14, 21, 29, 30). On
the other hand, treatment of bacteria with subinhibitory
concentrations of antimicrobial agents frequently increases
bacterial phagocytosis, intracellular killing, and susceptibil-
ity to serum (1, 2) and suppresses the production of bacterial
virulence factors, including extracellular enzymes (13, 34).

Therefore, in the present study, we evaluated the potential
effects of EM on both host defense systems and the viru-
lence of P. aeruginosa.

MATERIALS AND METHODS

Antimicrobial agents. EML (Dainabot Co., Osaka, Japan)
for injection and EM base were used for animal and in vitro
studies, respectively. Both forms of EM were provided by
Dainippon Pharmaceutical Co., Ltd., Osaka, Japan. EML
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was dissolved in pyrogen-free water and was then suspended
in saline for injection. The endotoxin content of the EML
preparation was less than 0.02 endotoxin units (EU) per ml
(6.9 pg/ml) by the chromogenic Limulus test (Toxicolor
system; Seikagaku Co., Tokyo, Japan). EM was dissolved in
a small amount of ethanol and was then suspended in sterile
water.

Bacterial strains. P. aeruginosa D4 was used in this study;
it was isolated from the blood of a neutropenic mouse with
bacteremia (17). P. aeruginosa B16 was a clinical isolate
from a blood sample from Nagasaki University Hospital,
Nagasaki, Japan. P. aeruginosa PA-103 (23) and PAO1 (18)
were kindly provided by B. H. Iglewski, University of
Rochester School of Medicine and Dentistry, Rochester,
N.Y.

In vitro susceptibility. MICs were determined by a broth
microdilution method (32) by using Mueller-Hinton broth
(Difco Laboratories, Detroit, Mich.) supplemented with
calcium and magnesium at concentrations of 50 and 25
p,g/ml, respectively. Bacteria were inoculated at a final
concentration of 5.0 x 105 CFU/ml.
Treatment of mice with EML and preparation of peritoneal

macrophages. Specific-pathogen-free male ddY mice
(weight, 20 to 24 g) were administered 250 mg ofEML per kg
of body weight or saline (control) by intraperitoneal injection
daily for 7 days. Mice were sacrificed by ether inhalation and
were given 5 ml of Hanks balanced salt solution (HBSS) by
injection into the peritoneal cavity. Peritoneal lavage fluids
were obtained after gentle massage. There was no difference
in the number of peritoneal exudative cells between EML-
treated and control mice (16). The cells in the fluids were
washed with HBSS and were then suspended in HBSS
containing 10% fetal calf serum at a concentration of 1.0 x
106 cells per ml. One milliliter of cell suspension was
transferred to 24-well tissue culture plates (Falcon 3047;
Becton Dickinson Labware, Oxnard, Calif.), and the plates
were incubated at 37°C in 5% CO2 for 1 h. Nonadherent cells
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were removed by gentle washing. More than 95% of the
adherent cell population were monocytes, as judged by
nonspecific esterase staining.

In subsequent studies, EML was given by different routes,
including intravenous or intramuscular injection and oral
administration. Peritoneal macrophages were obtained from
the EML-treated mice as described above.

Stimulation of macrophages with heat-killed P. aeruginosa
and thymocyte costimulation assay. Macrophages in culture
plates were incubated with or without heat-killed P. aerug-
inosa D4 at a concentration of 105, 106, or 107 cells per ml of
medium for 24 h as described above. The supernatants were
passed through a 0.22-,um-pore-size filter and were then used
as samples for the thymocyte costimulation assay (11, 26).
Thymuses were obtained aseptically from 6-week-old male
C3HIHeJ mice, and single-cell suspensions were prepared in
RPMI 1640 medium by gently passaging them through a
stainless wire mesh. After being washed, the cells were
suspended at a density of 1.0 x 10 cells per ml in RPMI 1640
medium containing 10% fetal calf serum, 100 U of penicillin,
100 ,ug of streptomycin per ml, and 1.0 x 10-4 M 2-mercap-
toethanol. One hundred microliters of cell suspension was
transferred (1.0 x 106 cells per well) to flat-bottom 96-well
tissue culture plates (Falcon 3072). Thymocytes were incu-
bated for 72 h with 2 p,g of phytohemagglutinin per ml and
serial dilutions of test samples in a final volume of 200 pl.
Cultures were pulsed with 0.5 ,uCi of [methyl-3H]thymidine
per well for the final 18 h of incubation. The cells were then
collected with an automatic cell microharvester, and the
[methyl-3H]thymidine incorporation was measured in a scin-
tillation counter. The data presented are the mean ± stan-
dard deviation counts per minute determined in triplicate.

Influence of EM on clearance of P. aeruginosa D4 from
blood in mice. P. aeruginosa D4, which was relatively
resistant to clearance from blood of normal mice (17), was
incubated in Mueller-Hinton broth at 37°C for 24 h. Cells
were then diluted 1:10 in Mueller-Hinton broth without EM
or with EM at concentrations of 0.2, 2.0, and 20 ,ug/ml; and
the solutions were incubated for 5 h. Cells were washed
three times and suspended in pyrogen-free saline at a con-
centration of 1.0 x 108 CFU/ml. Clearance from blood was
evaluated as described previously (17). Briefly, specific-
pathogen-free male ddY mice (weight, 20 to 24 g) were
injected in the tail vein with 0.2 ml of bacterial suspension
(2.0 x 107 CFU per mouse, which was three times the 50%
lethal dose, by intravenous injection). At 5, 10, 15, and 30
min after injection, 20-,ul samples of blood were obtained
from the retro-orbital plexus, and the blood was diluted in
saline and plated onto Trypticase soy agar (BBL Microbiol-
ogy Systems, Cockeysville, Md.). The values at time zero
were calculated by estimating the blood volume as 8%
(vol/wt) of the body weight of each mouse used (17). The
data presented are the mean ± standard deviation percent
recoveries of five experiments.

Preparation of Kupffer cells and visual assessment of asso-
ciation with bacteria. Kupffer cells were harvested from ddY
mice by perfusion and digestion of liver with collagenase and
DNase as described previously (9, 17). Tissue culture cham-
ber slides (LabTek; Miles Laboratories, Inc., Naperville,
Ill.) containing Kupffer cells at a density of 1.0 x 106 cells
per well were incubated with untreated P. aeruginosa D4 or
P. aeruginosa D4 treated with 20 p,g of EM per ml, as
described above, at a concentration of 108 CFU/ml in HBSS
at 37°C for 60 min with gentle rocking. After being washed
five times with HBSS, the chambers were removed from the
slides and the slides were air dried, fixed with methanol, and

stained with acridine orange (Vacutainer; Becton Dickin-
son). The slides were examined at x400 magnification with
oil immersion under a fluorescence microscope. A total of
200 Kupffer cells were examined, and the percentage of
bacterium-associated Kupffer cells and the number of bac-
teria per Kupffer cell were recorded. Examinations were run
in duplicate, and data are expressed as the means of two
examinations.

Influence of EM on exoenzyme production. (i) Culture
conditions. P. aeruginosa cells were incubated in each type
of broth medium overnight at each optimal temperature and
were then diluted 1:20 in fresh medium with or without
various concentrations of EM (13). After 24 h of growth on
a reciprocal shaker (180 cycles per min), a portion of each
culture was taken for determination of bacterial viability by
plate counts on Trypticase soy agar. The supernatants were
collected by centrifugation, passed through a 0.22-,um-pore-
size filter, and used as samples. The assay was run in
duplicate for each flask, and data are expressed as the
amount of exoenzyme per CFU (means of five replicate
flasks).

(ii) Assay of total protein and exoenzymes. The protein
concentration was determined by a dye-binding assay (pro-
tein assay; Bio-Rad Laboratories, Richmond, Calif.) with
bovine serum albumin used as a standard (6).

Exotoxin A was measured by a sandwich-type enzyme-
linked immunosorbent assay by using goat and rabbit anti-
exotoxin A antibodies. Purified P. aeruginosa exotoxin A
(List Biological Laboratories, Inc., Campbell, Calif.) was
used to make a standard curve. Bacteria were incubated in
Trypticase soy broth dialysate (TSBD-C) at 32°C (19) for the
measurement of exotoxin A. The iron content in TSBD-C
after treatment with Chelex 100 (Bio-Rad) was 0.09 ,ug/ml, as
determined with bathophenanthroline.

Proteolytic activities were measured by the method of
Woods et al. (36). Bacteria were incubated in brain heart
infusion broth (Difco) at 37°C. For the total protease assay,
the culture supernatant was incubated with the substrate
hide powder azure (Sigma Chemical Co., St. Louis, Mo.) at
37°C for 60 min with vigorous shaking. After centrifugation,
the A595 values of the supernatants were compared with
those of a standard curve prepared with purified P. aerugi-
nosa protease (Nagase Biochemicals Ltd., Kyoto, Japan).
For assay of elastase activity, elastin Congo red (Sigma) was
used as a substrate, and A495 values were compared with
those of a standard curve derived by using purified P.
aeruginosa elastase (Nagase).

Phospholipase C activity was measured by the method of
Berka et al. (5), with modifications. Bacteria were grown in
tryptose minimal medium (33) at 32°C, and the supernatant
was incubated withp-nitrophenylphosphorylcholine (Sigma)
as a substrate. Purified Clostridium perfringens phospholi-
pase C (Sigma) was used as a standard.

Statistics. Student's t test was used to compare the means,
and a level of 5% was considered significant.

RESULTS

In vitro susceptibility. The MICs of EM for P. aeruginosa
D4, B16, PAO1, and PA-103 were 512, 256, 256, and 256
,ug/ml, respectively.

Influence of in vivo treatment with EML on production of
thymocyte-activating factors by murine peritoneal macro-
phages. When macrophages obtained from mice which had
been given EML by intraperitoneal injection were cultured
with increasing concentrations of heat-killed P. aeruginosa

VOL. 36, 1992



ANTIMICROB. AGENTS CHEMOTHER.

20000

IL
._

0

>%
E
m

15000

10000

5000

11

rI1mj

E

01M
00
.0

4_

0

.0

.0

0-0

0 105 1o6 107
Concentration of heat-killed P. aeruginosa D4 (cells/ml)

FIG. 1. Influence ofEML on production of thymocyte-activating
factor by murine peritoneal macrophages. Mice received 250 mg of
EML per kg (hatched bars) or saline (open bars) injected intraperi-
toneally daily for 7 days. Peritoneal macrophages were triggered by
the indicated concentrations of heat-killed P. aeruginosa D4. The
results are expressed as the means of triplicate counts per minute.
The bars indicate 1 standard deviation.

D4, a significant dose-dependent increase in the amount of
thymocyte-activating factor was observed (Fig. 1). The
maximal [methyl-3H]thymidine incorporation level achieved
by culture with 107 CFU of heat-killed bacteria per ml was
17,902.2 +- 1,259.6 and 3,694.5 ± 561.2 cpm for macrophages
obtained from EML-treated and control mice, respectively.
Table 1 shows that enhancement of thymocyte proliferation
was also observed when mice were given EML by different
routes. The maximal level was achieved by peritoneal injec-
tion.

Influence of EM on blood clearance and association with
Kupffer cells of P. aeruginosa D4. As shown in Fig. 2,
pretreatment of P. aeruginosa D4 with EM significantly
enhanced the clearance of this strain from blood at all time
points in a dose-dependent manner (P < 0.01). For example,
30 min after bacterial challenge, only 0.23% + 0.23% of
viable bacteria were recovered after treatment with 20 ,ug of

TABLE 1. Influence of EML administered by different routes on
thymocyte-activating factor production by peritoneal macrophages

Route of administration [methyl-3H]thymidine incorporation (cpm)a
EML Saline (control)

Intraperitoneal injection 33,579.3 ± 3,403.0 4,473.3 ± 382.7
Intravenous injection 27,241.0 ± 1,519.2 2,184.3 ± 682.6
Intramuscular injection 15,884.7 + 1,419.6 1,905.7 ± 7.5
Oral administration 14,588.0 ± 2,395.0 2,477.0 ± 243.6

a Macrophages were stimulated with 107 cells of heat-killed P. aeruginosa
D4 per ml for 24 h. Results are expressed as the means + standard deviations
of three assays.

10 15
Minutes after injection

FIG. 2. Influence of EM on the clearance of P. aeniginosa D4
from the blood of mice. Bacteria were incubated with different
concentrations of EM for 5 h before inoculation into the mice. The
results are expressed as the mean ± standard deviation percent
recovery from five mice. EM-treated bacteria were rapidly elimi-
nated from the blood at all time points (P < 0.01); clearance was
significant, except at 5 min after injection, when 0.2 jg ofEM per ml
was used. Symbols: 0, control; A, treated with 20 jig ofEM per ml;
A, treated with 2.0 jg of EM per ml; *, treated with 0.2 jg of EM
per ml.

EM per ml, whereas 20.01% ± 1.52% of viable bacteria were
recovered from control.

In the absence of EM, 68.0% of Kupffer cells were
associated with bacteria (1.81 bacteria per Kupffer cell).
Pretreatment of bacteria with 20 ,ug of EM per ml enhanced
the percentage of bacterium-associated Kupffer cells to
94.5% and the number of bacteria per Kupffer cell to 7.13.

Influence of EM on exoenzyme production. In the absence
of EM, P. aeruginosa D4 produced (0.56 ± 0.15) x 10-9 ,g
of exotoxin A per CFU, (9.37 ± 2.27) x 10-9 ,ug of total
protease per CFU, (2.96 ± 0.52) x 10-9 ,ug of elastase per
CFU, and (24.38 ± 3.88) x 10- U of phospholipase C per
CFU (means ± standard deviations). EM significantly de-
creased the viable bacterial cell numbers in brain heart
infusion broth and tryptose minimal medium when EM was
present at concentrations of more than 8.0 ,ug/ml (at 8.0
,ug/ml, 62.36 and 33.89% of controls in brain heart infusion
broth and tryptose minimal medium, respectively). Concen-
trations of EM greater than 32 ,ug/ml also decreased cell
numbers in TSBD-C (35.56% of control at 32 ,ug/ml). EM
decreased total protein synthesis in TSBD-C at a concentra-
tion of 128 ,ug/ml (the mean protein level was 64.04% of that
of control). No significant decrease in total protein was
found in brain heart infusion broth (for proteases) or tryptose
minimal medium (for phospholipase C) up to an EM concen-
tration of 128 ,ug/ml.
As shown in Fig. 3, EM suppressed exotoxin A and total

protease production in a dose-dependent manner. The min-
imum concentrations of EM which significantly decreased
exoenzyme production were 1.0 and 0.25 pg/ml for exotoxin
A and total protease, respectively. EM also suppressed
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FIG. 3. Influence of EM on exoenzyme production by P. aerug-
inosa D4. Bacteria were cultured with the indicated dose of EM for
24 h. The results are expressed as the mean percentages of exoen-
zyme production in five replicate flasks compared with that in
controls. Symbols: 0, exotoxin A; [1, total protease; 0, elastase; *,
phospholipase C.

elastase at concentrations of between 1 and 8 ,ug/ml and
phospholipase C at concentrations of between 1 and 4 ,g/ml.
However, high concentrations of EM did not suppress the
amount of elastase and phospholipase C per CFU because
suppression of viable cell numbers was greater than that of
the enzymes per milliliter of supernatant.
As shown in Table 2, EM suppressed exotoxin A produc-

tion of hyper-toxin-producing strain PA-103 in a dose-depen-
dent manner. No significant changes were observed in viable
bacterial cell numbers or amounts of total protein in super-
natants at EM concentrations of between 0 and 32 ,ug/ml.
EM suppressed total protease production by strains B16

and PA01 (Tables 3 and 4, respectively) in a generally
dose-dependent manner. EM did not affect the viable bacte-
rial cell numbers or the amounts of total protein of these
strains when it was present at concentrations of up to 32
p,g/ml.

DISCUSSION

In our previous study (16), EML reduced the mortality
rate of mice systemically infected with P. aeruginosa, al-
though EML levels in serum, liver, and stool were appar-

TABLE 2. Influence of EM on exotoxin A production
by P. aeruginosa PA-103

EM concn % ActivityMuernatant(Pg/ml) (1- g remaining

0 0.536 + 0.193 100.00
0.5 0.394 0.046 73.59
2 0.231 0.141 43.04b
8 0.166 0.063 30.98c

32 0.016 0.001 3.01C

a Results are expressed as means + standard deviations for five replicate
flasks.

b Significantly less than the value in the absence of EM (P < 0.02).
c Significantly less than the value in the absence of EM (P < 0.01).

TABLE 3. Influence of EM on total protease production
by P. aeruginosa B16

EM concn Total protease in % Activity
(jLg/ml) (10-9 pg/CFU)a remaining

0 3.464 ± 0.987 100.00
0.5 3.217 ± 0.855 60.07
2 2.149 ± 0.553 40.13b
8 2.013 + 0.609 37.58b

32 1.033 ± 0.217 19.30c

a Results are expressed as means + standard deviations for five replicate
flasks.

b Significantly less than the value in the absence of EM (P < 0.02).
c Significantly less than the value in the absence of EM (P < 0.01).

ently lower than the MIC for the infecting organism. More-
over, early treatment was effective in both the endogenous
and intravenous infection models, especially before infection
in the latter model, excluding a direct antimicrobial effect of
EM against the pathogen (16).

Macrolide antibiotics penetrate and concentrate in poly-
morphonuclear neutrophils and macrophages (20, 28). Some
investigators have reported that EM enhances such poly-
morphonuclear neutrophil functions as chemotaxis, inges-
tion, and bactericidal activity (8, 10), although opposite
results have also been reported (7, 25). Since EML was
effective in both normal and granulocytopenic mice with
infections in our previous study (16), EM may possess
immunostimulating activity in addition to its effect on poly-
morphonuclear neutrophils.
Various antimicrobial agents administered in vivo or in

vitro have been reported to modify host immune responses
(14, 30), including cytokine production (3, 4, 22, 29). Roche
et al. (29) have shown that high concentrations (100 ,ug/ml) of
EM enhance extracellular interleukin-1 (IL-1) activity from
human monocytes in vitro. Kita et al. (21) have shown that
the administration ofEM to mice enhanced the production of
IL-1 by macrophages and production of IL-2 and IL-4 by
splenocytes (21). Bailly et al. (4) have reported that EM
increases IL-6 production by human monocytes in vitro.
IL-1 is known to increase the survival rate of mice system-
ically infected with P. aeruginosa (27). Elevated levels of
IL-6 are found in the body fluids of patients with acute local
bacterial infections and in the sera of patients with gram-
negative bacteremia (15). In this study, peritoneal macro-
phages obtained from EM-treated mice produced greater
amounts of thymocyte-activating factors in the presence of
phytohemagglutinin following culture with heat-killed P.

TABLE 4. Influence of EM on total protease production
by P. aeruginosa PA01

EM concn Total protease % Activity(,g/ml) in supernatant remainingg/ml ~~~(10-9 pg/CFU)' eam

0 0.481 ± 0.089 100.00
0.5 0.370 + 0.057 76.96b
2 0.438 ± 0.072 91.14
8 0.319 ± 0.058 66.43C

32 0.189 ± 0.017 39.28c
a Results are expressed as means ± standard deviations for five replicate

flasks.
b Significantly less than the value in the absence of EM (P < 0.05).
c Significantly less than the value in the absence of EM (P < 0.01).
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aeruginosa. These factors may include IL-1 and/or IL-6,
which are the major cytokines produced by mononuclear
phagocytes, and may induce the proliferation of thymocytes
(24, 35). These data demonstrate that EM enhances the in
vivo potency of macrophages for producing cytokines.
On the other hand, Adinolfi and Bonventre (1) and Andre-

ana et al. (2) have demonstrated that sub-MICs of antibiotics
enhance phagocytosis, killing by macrophages, and the
susceptibilities of bacteria to serum. In this study, treatment
of P. aeruginosa with subinhibitory concentrations of EM
enhanced the bacterial association with murine Kupffer cells
in vitro and resulted in increased clearance of bacteria from
the blood of mice.
Grimwood et al. (13) and Warren et al. (34) have reported

that sub-MICs of the cephems, aminoglycosides, and quino-
lones suppress the expression of several exoenzymes. Be-
cause EM interferes with bacterial protein synthesis, it is
possible that a subinhibitory concentration of this antibiotic
may alter superficial components and affect extracellular
products, and consequently, it may reduce the virulence of
P. aeruginosa. Kita et al. (22) have recently shown that
erythromycin stearate suppresses the production of prote-
ases and leukocidin by P. aeruginosa without affecting cell
growth. They showed that the optimal EM concentration for
inhibiting Pseudomonas protease production was 0.5 p,g/ml
and that'the inhibition efficacy was lower at higher concen-
trations of EM. In our study, EM suppressed the in vitro
production of several exoenzymes in a generally dose-
dependent manner. It is possible that the optimal concentra-
tion of EM for suppressing exoenzyme production may be
strain dependent.
Woods et al. (36) previously reported that bacteremic

strains of P. aeruginosa produced greater amounts of total
protease and exotoxin A than did other clinical strains, such
as isolates from sputum and urine, suggesting that these
exoenzymes play an important role in the occurrence of P.
aeruginosa bacteremia. Interestingly, suppression of exoen-
zymes by EM was strong with regard to total protease and
exotoxin A. Therefore, suppression of these exoenzymes by
EM may contribute to the protection of mice against P.
aeruginosa bacteremia.

In conclusion, we demonstrated that EM has various
effects on host immune responses and on the virulence of P.
aeruginosa. The synergistic interactions which occur be-
tween the host immune system and antimicrobial agents may
contribute to the successful outcome of antimicrobial che-
motherapy (8). In this respect, EM may be an excellent agent
for many infections caused by organisms that are susceptible
to this antibiotic. Moreover, it is possible that EM may also
be useful as an immunomodulator or bacterial virulence-
suppressing agent in cases of infection caused by other
organisms that are resistant to EM, including P. aeruginosa.
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