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Streptococcus agalactiae (group B Streptococcus, GBS) is an
important cause of sepsis and meningitis in neonates, and exces-
sive production of the inflammatory mediators tumor necrosis
factor (TNF) and nitric oxide (NO) causes tissue injury during
severe infections. We hypothesized that exposure of GBS to
different antimicrobial agents would affect the magnitude of the
macrophage inflammatory response to this organism. We stimu-
lated RAW 264.7 murine macrophages with a type-Ia GBS
isolate in the presence of ampicillin, cefotaxime, rifampin, clin-
damycin, or gentamicin, singly or in combination. We found that
GBS exposed to rifampin or clindamycin (versus beta-lactam
antibiotics) stimulated less TNF secretion and inducible nitric
oxide synthase (iNOS) protein accumulation in RAW 264.7
cells. Furthermore, GBS exposed to combinations of antibiotics
that included a protein synthesis inhibitor stimulated less mac-
rophage TNF and iNOS production than did organisms exposed

to beta-lactam antibiotics singly or in combination. We conclude
that exposure of GBS to rifampin or clindamycin leads to a less
pronounced macrophage inflammatory mediator response than
does exposure of the organism to cell wall–active antibiotics.
(Pediatr Res 57: 419–423, 2005)
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Streptococcus agalactiae continues to be an important
pathogen in the very young and the very old (1,2). Partial
implementation of intrapartum chemoprophylaxis guidelines
developed through the collaboration of the Centers for Disease
Control and Prevention, the American Academy of Pediatrics,
and the American College of Obstetricians and Gynecologists
has led to a significant decline in the incidence of early-onset
GBS disease in neonates in the United States over the last
decade, but the incidence of late-onset GBS disease has not
changed (1,3). In addition to the substantial neurologic se-

quelae that can be associated with GBS meningitis (4), case
fatality rates of 4% for early-onset disease and 2.8% for
late-onset disease have been recently reported (3).
The human neonate is an immunocompromised host because

of the relative immaturity of the immune system (5). The
increased incidence of invasive disease due to GBS in the
newborn is due to frequent exposure to the organism (approx-
imately 25% of women are colonized with GBS) in the context
of specific deficiencies of neonatal host defense—particularly
the diminished production and delivery of neutrophils to the
site of infection and the frequent lack of specific antibody
against the infecting serotype (5–7). Neonatal monocytes and
macrophages are also impaired compared with macrophages
from older children and adults, but are capable of producing
large amounts of inflammatory mediators such as TNF in
response to GBS (8,9). It is likely that excessive production of
inflammatory mediators, including TNF and NO, contributes to
the severity of sepsis and meningitis due to GBS, though the
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role of exuberant or unbalanced production of proinflammatory
mediators in the pathogenesis of sepsis remains controversial
(10).
The host inflammatory response to bacteria is triggered by

bacterial products including Gram-negative bacterial endo-
toxin or LPS, Gram-positive bacterial lipopeptides, bacterial
exotoxins, hemolysins, and bacterial DNA (11–16). Some of
these bacterial products are secreted (e.g. exotoxins), whereas
others are released when the organisms are injured or exposed
to antibiotics (e.g. LPS, bacterial DNA) (11,13,14). Antibiotics
that lead to rapid cell lysis (e.g. beta-lactams) have been shown
to cause a more pronounced release of LPS by Gram-negative
bacteria and have been associated with a more intense host
inflammatory response (14,17). Beta-lactam treatment of cer-
tain Gram-positive bacteria, including Streptococcus pneu-
moniae and Staphylococcus aureus, has also been reported to
trigger a more marked release of bacterial components and a
more pronounced host inflammatory response (14,18). These
findings may have clinical relevance: in one study, treatment of
pneumococcal meningitis in a mouse model with rifampin
(versus ceftriaxone) was associated with reductions in the
concentrations of bacterial components (lipoteichoic acid and
teichoic acid) in the serum and CSF of these animals and with
decreased early mortality (19).
Relatively little attention has been paid to the potential role

of antibiotic class in the modulation of the host inflammatory
response to GBS. We have previously reported that RAW
264.7 murine macrophages exposed to heat-killed or live GBS
(in the absence of antibiotics) produce large amounts of TNF
(20). In this study, we compared the effects of exposure to cell
wall–active antibiotics (ampicillin and cefotaxime) versus pro-
tein synthesis inhibitor antibiotics (rifampin, clindamycin, and
gentamicin) on the murine macrophage inflammatory response
to live GBS.

MATERIALS AND METHODS

Reagents. Dulbecco’s modified Eagle’s medium was purchased from Me-
diatech Inc. (Herndon, VA). L-glutamine was purchased from Invitrogen
(Carlsbad, CA). Fetal bovine serum was purchased from Hyclone Laboratories
(Logan, UT). LPS purified from Escherichia coli O111:B4 and mouse rIFN-�
was purchased from Sigma Chemical Co. (St. Louis, MO). The following
antibiotics were purchased from the Department of Pharmacy at Le Bonheur
Children’s Medical Center: 1) ampicillin for injection, USP (Apothecon B.V.,
Barneveld, The Netherlands); 2) Claforan (sterile cefotaxime sodium by
Aventis, Strasbourg, France); 3) gentamicin for injection, USP (American
Pharmaceutical Partners, Inc., Schaumburg, IL); 4) clindamycin for injection,
USP (Abbott Laboratories, Abbott Park, IL); and 5) Rifadin IV (rifampin for
injection, USP by Aventis). Sterile water for injection, USP (American Phar-
maceutical Partners, Inc.) was used for both the reconstitution and dilution of
antibiotics to the desired concentrations. Clinically achievable concentrations
of antibiotics were used as follows: ampicillin 25 �g/mL, cefotaxime 25
�g/mL, gentamicin 5 �g/mL, clindamycin 10 �g/mL, and rifampin 20 �g/mL.
These antibiotic concentrations were equal to or exceeded the MIC of the GBS
isolate by at least 10-fold.

Bacteria. A previously studied (20) type-Ia GBS isolated from a neonatal
patient with sepsis was used. The GBS isolate was susceptible to all antimi-
crobials used in this study with MIC as follows: ampicillin �0.25 �g/mL,
cefotaxime 0.064 �g/mL, gentamicin �0.5 �g/mL, rifampin �0.5 �g/mL, and
clindamycin �0.25 �g/mL. MIC were determined by the clinical microbiology
laboratory at Le Bonheur Children’s Medical Center using the VITEK 2
system (bioMérieux, Marcy l’Etoile, France).

For experiments, the bacteria were grown at 37°C in trypticase soy broth
(BD, Franklin Lakes, NY), washed three times in endotoxin-free PBS, and the
concentration was determined by colony counts. Final concentrations of 106

and 107 cfu/mL were used in experiments, based upon our previous experience
(20) and our preliminary studies.

Cells and cell culture. RAW 264.7 cells were purchased from America
Type Culture Collection (Manassas, VA) and cultured in antibiotic-free Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal bovine serum
and 2 mM L-glutamine. Experiments were done in 6-well tissue culture plates
(BD) with 4.00–4.68 � 106 cells/well or in 24-well tissue culture plates with
1 � 106 cells/well (24-well experiments were for TNF determination only).
Cells were exposed to the appropriate antibiotic(s) and then to the GBS isolate
and incubated for 18 h—we determined this to be the optimal incubation time
based upon our previous experience and our preliminary studies. In the studies
of iNOS protein accumulation, cells were also exposed to low concentrations
of rIFN-�, which was required for iNOS production in response to the GBS
isolate. We have previously reported that co-incubation with low doses of
rIFN-� was required for induction of iNOS protein accumulation in RAW
264.7 cells stimulated with either antibiotic-treated S. pneumoniae (18,21),
lipoteichoic acid purified from viridans streptococci (12), or pyrogenic exo-
toxins A or C isolated from Streptococcus pyogenes (23).

Immunoblotting. Cells were first lysed with an extraction buffer (20 mM
Tris, 100 mM NaCl, 1% Triton X-100, 50 mM NaF, 1 mM Na3VO4, 0.2 mM
phenylmethylsulfonyl fluoride, 10 �g/mL leupeptin, and 10 �g/mL aprotinin).
These lysates were then frozen at �20°C until they were assayed. The lysates,
100 �g of protein each, were electrophoresed on 7.5% SDS-polyacrylamide
gels and then transferred to nitrocellulose membranes and blocked overnight in
5% milk with tris-buffered saline. Nitrocellulose membranes were next reacted
with murine MAb specific for iNOS (Transduction Laboratories, Lexington,
KY). Blots were then reacted with a sheep anti-mouse IgG peroxidase-linked
conjugate (Amersham Biosciences AB, Uppsala, Sweden) and iNOS protein
was detected by enhanced chemiluminescence (Amersham Biosciences AB)
and band intensities were quantitated by using a Bio-Rad Model GS-700
densitometer (Bio-Rad, Hercules, CA).

Measurement of TNF concentrations. Cell-free supernatants were col-
lected from each experimental well and stored at �20°C until they were
assayed. TNF concentrations in cell supernatants were quantitated using a solid
phase sandwich ELISA specific for murine TNF, as specified by the manu-
facturer (R & D Systems, Minneapolis, MN).

Statistical analysis. Paired two-tailed t tests were used to compare iNOS
accumulation and TNF secretion by RAW 264.7 cells in response to stimula-
tion with GBS and antibiotics. A p value � 0.05 was considered significant.

RESULTS

GBS exposed to rifampin or clindamycin (compared with
cefotaxime or ampicillin) stimulated substantially less TNF
production by RAW 264.7 murine macrophages. In our pre-
liminary studies, we found that live GBS at 106 and 107 cfu/mL
exposed to beta-lactam antibiotics consistently stimulated large
amounts of TNF secretion and iNOS protein accumulation by
RAW 264.7 cells cultured for 18 h (not shown). Subsequently,
cells were stimulated with GBS, at concentrations of 106 and 107

cfu/mL, rIFN-�, and either ampicillin, cefotaxime, rifampin, or
clindamycin for 18 h. Figure 1 depicts mean TNF secretion from
eight experiments using GBS at 107 cfu/mL. As compared with
exposure to beta-lactam antibiotics, exposure of GBS to rifampin
led to significantly less TNF secretion (56% less than cefotaxime,
p � 0.008; 47% less than ampicillin, p � 0.024). A significantly
lower amount of TNF was also produced by RAW 264.7 cells
exposed to GBS in the presence of clindamycin as compared with
cefotaxime (50% less, p � 0.011) or ampicillin (38% less, p �
0.033). Results from experiments using GBS at 106 cfu/mL were
similar (not shown). Antibiotics alone did not induce TNF secre-
tion (not shown).
GBS exposed to rifampin or clindamycin (compared with

cefotaxime or ampicillin) stimulated substantially less iNOS
protein accumulation by RAW 264.7 murine macrophages.
RAW 264.7 cells were stimulated with GBS, at concentrations
of 106 and 107 cfu/mL, a low concentration of rIFN-� (10
U/mL), and either ampicillin, cefotaxime, rifampin, or clinda-
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mycin. Our preliminary experiments demonstrated no detect-
able iNOS protein accumulation by cells exposed to GBS and
antibiotics in the absence of rIFN-� (not shown), consistent
with our previous studies of iNOS up-regulation by other
Gram-positive bacteria (18,21–23). Stimulation of RAW 264.7
cells with GBS exposed to rifampin or clindamycin led to
markedly less iNOS protein accumulation compared with the
cefotaxime or ampicillin experimental groups (Fig. 2 is repre-
sentative, n � 5). Compared with exposure to cefotaxime,
exposure of GBS 107 cfu/mL to protein synthesis-inhibiting
antibiotics led to significantly less iNOS protein accumulation
(67% less in rifampin group, p � 0.039; 63% less in clinda-
mycin group, p � 0.047). Antibiotics alone or in combination
with rIFN-� did not stimulate detectable amounts of iNOS
protein accumulation by these cells (not shown).
GBS exposed to combinations of antibiotics that included

either rifampin or clindamycin stimulated substantially less
TNF and iNOS protein accumulation by RAW 264.7 murine
macrophages. GBS exposed to combinations of antibiotics
including a protein synthesis inhibitor (either rifampin, clinda-
mycin, or gentamicin) plus a beta-lactam (either ampicillin or
cefotaxime) consistently stimulated less TNF secretion (Fig. 3) and less iNOS protein accumulation (Fig. 4) by RAW 264.7

cells compared with stimulation with GBS exposed to beta-
lactams alone or in combination with another beta-lactam drug.
The magnitude of the reductions in TNF and iNOS production
was comparable to that observed when GBS were exposed to
rifampin or clindamycin alone.
As compared with exposure to cefotaxime alone, exposure

of GBS 107 cfu/mL to cefotaxime plus rifampin resulted in
58% less TNF secretion (p � 0.001, n � 7) and 71% less iNOS
protein accumulation (p � 0.003, n � 6), whereas exposure to
cefotaxime plus clindamycin led to 47% less TNF secretion (p �
0.026, n � 7) and 67% less iNOS protein accumulation (p �
0.003, n � 6) (Fig. 3A and Fig. 4B). Addition of either rifampin

Figure 1. Effect of different antibiotics on GBS-mediated TNF secretion in
RAW 264.7 macrophages. Mean TNF production (pg/mL) � SE by RAW
264.7 cells from eight experiments in response to stimulation with 107 cfu/mL
of GBS Ia, rIFN-�, and either ampicillin (25 �g/mL), cefotaxime (25 �g/mL),
clindamycin (10 �g/mL), or rifampin (20 �g/mL) is shown. Compared with
beta-lactam antibiotics, exposure of the GBS isolate to rifampin or clindamycin
led to significantly less TNF secretion [rifampin: 56% less than cefotaxime (p
� 0.008), 47% less than ampicillin (p � 0.024); clindamycin: 50% less than
cefotaxime (p � 0.011), 38% less than ampicillin (p � 0.033)].

Figure 2. Effect of different antibiotics on GBS-mediated stimulation of
iNOS protein accumulation in RAW 264.7 macrophages. A representative
immunoblot demonstrating iNOS protein accumulation by RAW 264.7 cells
that were stimulated with 106 or 107 cfu/mL of GBS Ia, rIFN-�, and either
ampicillin (Amp, 25 �g/mL), cefotaxime (Cef, 25 �g/mL), clindamycin
(Clinda, 10 �g/mL), or rifampin (Rif, 20 �g/mL) is shown.

Figure 3. Effects of combinations of antibiotics on GBS-mediated TNF
secretion in RAW 264.7 macrophages. RAW 264.7 cells were stimulated with
107 cfu/mL of GBS Ia, rIFN-�, and either (A) cefotaxime (Cef, 25 �g/mL),
ampicillin (Amp, 25 �g/mL) � Cef, Cef � clindamycin (Clinda, 10 �g/mL),
or Cef � rifampin (Rif, 20 �g/mL) (n � 7); or (B) Amp, Amp � Cef, Amp �
gentamicin (Gent, 5 �g/mL), Amp � Clinda, or Amp � Rif (n � 8). Mean
TNF concentrations are shown. Compared with Cef alone (A), exposure of
GBS to combinations of Cef � Amp led to 97% (range, 79–102%; p � 0.74)
as much TNF secretion, whereas exposure to Cef � Clinda or Cef � Rif
resulted in significantly less TNF secretion: 53% (range, 41–68%; p � 0.026)
as much for Cef � Clinda, and 42% (range, 27–52%; p � 0.001) as much for
Cef � Rif. For comparisons with Amp alone in (B), exposure of GBS to
combinations of Amp � Cef led to 99% (range, 84–117%; p � 0.92) as much
TNF secretion, whereas exposure to Amp � Gent resulted in 72% (range,
55–84%; p � 0.13) as much TNF secretion. However, exposure to Amp �
Clinda or Amp � Rif resulted in significantly less TNF secretion: 55% (range,
45–72%; p � 0.011) as much for Amp � Clinda and 42% (range, 27–55%; p
� 0.001) as much for Amp � Rif.
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or clindamycin to ampicillin also led to significant reductions of
both TNF secretion and iNOS protein accumulation (Fig. 3B and
Fig. 4C). In contrast, the addition of gentamicin to ampicillin
resulted in smaller reductions in TNF secretion and iNOS protein
accumulation (Fig. 3B and Fig. 4C). Addition of rifampin (com-
pared with clindamycin or gentamicin) to either cefotaxime or

ampicillin (Figs. 3 and 4) resulted in the largest reduction in TNF
secretion and iNOS protein accumulation.

DISCUSSION

In this study, we found that GBS exposed to either of two
protein synthesis inhibiting antibiotics (rifampin or clindamy-
cin) singly or in combination with a beta-lactam antibiotic
(ampicillin or cefotaxime), triggered less macrophage TNF
secretion and iNOS protein accumulation compared with GBS
exposed to beta-lactam antibiotics singly or in combination
with another beta-lactam antibiotic. Current empiric treatment
regimens for the neonatal patient with suspected sepsis or
meningitis frequently include combinations of ampicillin plus
either gentamicin or cefotaxime. These combinations of anti-
biotics are active against most of the bacterial pathogens that
cause neonatal bacteremia and meningitis, including GBS.
Many experts recommend ampicillin or penicillin in combina-
tion with gentamicin as initial therapy for suspected early-onset
bacterial infections in neonates (because of the potential for
synergistic killing of GBS and other neonatal pathogens, in-
cluding the Enterococcus), followed by monotherapy with
ampicillin or penicillin alone when GBS is isolated (7,24).
These regimens have the advantage of proven safety and
efficacy for the treatment of GBS infections, but it is not known
whether this represents optimal therapy.
Recent advances in our understanding of the role of inflam-

matory mediators in the pathogenesis of sepsis and meningitis
have led to optimism regarding the potential development of
new adjunctive therapies for these serious infections (25), but
this promise remains largely unfulfilled (10). Treatment of
GBS infections with antimicrobial agents that effectively erad-
icate the infection while leading to a less pronounced inflam-
matory response might result in reduced morbidity or mortal-
ity. In experimental models of meningitis, the release of
bacterial components into the CSF is associated with increased
meningeal inflammation, increased intracranial pressure, and
increased cerebral edema (26–29). Treatment with cefotaxime
in an experimental model of Gram-negative meningitis was
associated with increased cerebral edema as compared with
chloramphenicol (30). Similarly, treatment of experimental
pneumococcal meningitis with rifampin (compared with ceftri-
axone) led to an improved outcome, a decrease in reactive
oxygen species, and reduced apoptosis of neurons in the den-
tate gyrus (31).
The underlying mechanisms accounting for the attenuated

macrophage inflammatory response in cells exposed to GBS in
the presence of rifampin or clindamycin are not known, but it
is likely that this reflects diminished release of pro-
inflammatory components of the organism. Although we used
relatively high concentrations of GBS (106 and 107 cfu/mL) in
our study, these concentrations are similar to those previously
used by us (18,20) and others (8,15) and correspond to bacte-
rial concentrations documented in some patients with menin-
gitis (32). The commonly used regimen of ampicillin plus
gentamicin may be comparable to regimens using other protein
synthesis inhibitors in the therapy of some (but not all) infec-
tions, given the poor penetration of aminoglycosides into

Figure 4. Effects of combinations of antibiotics on GBS-stimulated iNOS
protein accumulation in RAW 264.7 murine macrophages. (A) Representative
immunoblot detecting iNOS protein accumulation by RAW 264.7 cells stim-
ulated with 106 or 107 cfu/mL of GBS Ia, rIFN-�, and either ampicillin (Amp,
25 �g/mL), cefotaxime (Cef, 25 �g/mL), Amp � gentamicin (Gent, 5 �g/mL),
Amp � Cef, Cef � rifampin (Rif, 20 �g/mL), or Cef � clindamycin (Clinda,
10 �g/mL). (B, C) Mean OD of iNOS protein bands from six experiments.
Compared with Cef alone (B), exposure of GBS to combinations of Cef �
Amp led to 115% (range, 76–158%; p � 0.62) as much iNOS accumulation,
whereas exposure to Cef � Clinda or Cef � Rif resulted in significantly less
iNOS accumulation: 33% (range, 18–44%; p � 0.003) as much for Cef �
Clinda and 29% (range, 16–43%; p � 0.003) as much for Cef � Rif. For
comparisons with Amp alone in (C), exposure of GBS to combinations of Amp
� Cef led to 97% (range, 79–132%; p � 0.96) as much iNOS accumulation,
whereas exposure to Amp � either Gent, Clinda, or Rif resulted in signifi-
cantly less iNOS accumulation: 44% (range, 28–72%; p � 0.025) as much for
Amp � Gent; 42% (range, 23–91%; p � 0.013) for Amp � Clinda; and 28%
(range, 19–40%; p � 0.005) for Amp � Rif.
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certain anatomic locations, especially the CSF. Combinations
of a beta-lactam plus rifampin were comparable to the combi-
nation of ampicillin and gentamicin in this study and may be
more efficacious in the clinical setting of meningitis due to
better CSF penetration of rifampin compared with gentamicin.
Our data suggest that protein synthesis-inhibiting antibiotics
(alone or in combination with beta-lactams) should be studied
in animal models of GBS sepsis and meningitis.
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