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Abstract

Background

Evidence suggests that β-lactam monotherapy of streptococcal infections may incite stron-

ger inflammation and is inferior to combination therapy with macrolides. We hypothesized

that use of macrolides alone or in combination with a β-lactam for group B streptococcal

(GBS) sepsis would improve outcomes by reducing inflammation.

Methods

TNF-αwas measured from supernatants of RAW 264.7 cells stimulated with GBS isolates,

in presence of four treatment regimens: ampicillin alone, azithromycin alone, or combination

of azithromycin plus ampicillin. Mouse model of GBS sepsis was developed and treated with

same four regimens. Clinical sepsis scores were monitored; serum cytokines (TNF-α, IL-6,

IL-10) and chemokines (MIP-1α) were measured at the end.

Results

GBS isolates exposed to azithromycin or combination (compared to ampicillin alone) stimu-

lated less TNF production in vitro. In the murine sepsis model, mortality was lower along

with decreased sepsis scores in mice treated with combination therapy. Mean serum IL-6

was lower in mice treated with azithromycin alone (66±52 pg/ml) or combination of ampicillin

plus azithromycin (52±22 pg/ml) compared to ampicillin alone (260±160 pg/ml) (p<0.005).

Conclusions

Combination therapy of ampicillin+azithromycin improved outcomes in a murine GBS sepsis

model; this therapeutic approach deserves additional study.
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Introduction

Group B streptococci (GBS) have long been recognized as a leading cause of infections in neo-

nates, young infants, and pregnant women [1, 2]. Despite increased clinical awareness, prompt

diagnosis and aggressive therapy, GBS is still the most common cause of sepsis in neonates [3].

Although the case fatality rate has declined significantly with increasing intensive care, approx-

imately 50% of infants who survive from GBS meningitis have permanent neurological dam-

age [4].

Since Austrian and Gold [5] first demonstrated the efficacy of penicillin in the treatment of

adults with streptococcal infections >50 years ago, penicillin or other β-lactam agents have

been considered to be the treatment of choice for most patients. The Infectious Diseases Soci-

ety of America (IDSA) specifically recommends β-lactam agents as the first line of therapy for

streptococcal infections [6]. Beta lactam antibiotics work by inhibiting peptide bond formation

in the bacterial cell wall, which in turn leads to bacterial lysis. [7]. Host defense against GBS

infection in infants primarily relies on the innate immune system to initiate a response that is

characterized by local and systemic production of anti- and pro-inflammatory signaling inter-

mediates, cytokines (such as TNF-α, IFN-γ, IL-1β, IL-6, IL-12, and IL-18), and nitric oxide [8].

The resultant innate immune response limits the early proliferation and spread of GBS [9–11].

The general goal of treatment has been to eliminate pathogens as rapidly as possible, so bacteri-

cidal agents have been preferred. These bactericidal antibiotics cause rapid release of bacterial

cell wall and other components, which may result in an augmented and potentially harmful

systemic inflammatory response [12,13]. These exaggerated proinflammatory responses in the

context of overwhelming GBS infection may contribute to many of the manifestations of GBS

diseases including high morbidity and mortality.

In the past few years, studies of experimental murine models of pneumococcal pneumonia

by Karlstrom and colleagues [14] and clinical studies by Mufson and Stanek [15], Waterer

et al. [16], Martinez et al. [17] and Baddour et al. [18] have all identified significant mortality

reductions in patients with bacteremic pneumococcal pneumonia who received combination

antibiotic therapy (beta lactam with macrolide) in comparison with patients who received

monotherapy with beta lactam antibiotics. Macrolide group of antibiotics (e.g. azithromycin)

are bacteriostatic and inhibit bacterial protein synthesis by reversible binding to the P site of

the 50S subunit of the bacterial ribosome. As a consequence of their primary ribosomal-tar-

geted mechanism of antimicrobial action, they inhibit the production of proinflammatory

microbial toxins and other virulence factors [19,20].

Little attention has been paid to potential role of macrolide group of antibiotics in modulat-

ing the host response to GBS infection. To date, no data exist on use of macrolide group of

antibiotics for GBS infections. The ideal antimicrobial agent should effectively eradicate the

infection while leading to a less pronounced inflammatory response, which may lead to

reduced morbidities and mortality.

We hypothesized that treatment of GBS infected mice with combination antibiotics of azi-

thromycin and ampicillin will be superior and would result in lower concentration of inflam-

matory cytokines in vitro and in vivo, than treatment with ampicillin alone.

Results

Macrophage experiments

We first compared murine macrophage RAW 264.7 cells’ TNF-α secretion in response to stim-

ulation with an azithromycin susceptible GBS 1a isolate in the presence of ampicillin, azithro-

mycin, or ampicillin + azithromycin. Fig 1 depicts mean TNF-α secretion (n = 7) using GBS
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(106 cfu/mL). Analysis of variance (ANOVA) on these levels yielded significant differences

and post hoc tests showed that; exposure of GBS to azithromycin alone at (5mg/L and 20 mg/

L) led to significantly less TNF-α secretion compared with exposure to ampicillin (26% less

than ampicillin, p = 0.008). Similarly, exposure of GBS to combinations of ampicillin (20mg/L)

plus azithromycin (20mg/L) led to significantly less TNF-α secretion (36% less than ampicillin

alone, p = 0.01).

We then compared the effects of ampicillin, azithromycin, or ampicillin+azithromycin on

murine macrophage TNF-α response to an azithromycin resistant strain of GBS. Fig 2 depicts

mean TNF-α secretion (n = 6) using azithromycin resistant GBS at 106 cfu/mL. As shown in

Fig 2, when compared with exposure to beta-lactam antibiotics, exposure of azithromycin

resistant- GBS to azithromycin alone at (5mg/L and 20 mg/L) led to significantly less TNF-α
secretion (54% less than ampicillin alone, p = 0.001). Similarly, exposure of azithromycin resis-

tant-GBS to combinations antibiotics ampicillin (20mg/L) and azithromycin (20mg/L) led to

significantly less TNF-α secretion (44% less than ampicillin alone, p = 0.0002).

Results from experiments using GBS isolate at 107 cfu/mL were similar (n = 7) (not shown).

Stimulation of RAW 264.7 cells with antibiotics alone did not produce any cytokines (negative

control). Furthermore, RAW 264.7 cells when stimulated with heat killed GBS 106 CFU/ml

released 2131 (±187) pg/ml of TNF-α (positive control). Cell viability assay with trypan blue

exclusion method was performed for experimental conditions with RAW cells and GBS. This

has also been previously reported from our laboratory [21]. Experiments with GBS type Ia

without antibiotics (positive control) led to rapid growth of bacteria and fulminant cellular

necrosis leading to poor cell viability.

Murine GBS sepsis model experiments

The clinical sepsis score of GBS (108 cfu/ml) infected mice treated with azithromycin alone or

in combination with ampicillin remained significantly lower compared to that of mice treated

with ampicillin alone and control (no antibiotics) group. Fig 3 represents the mean clinical

sepsis score (n = 9 for control group, n = 8 for each treatment groups) at different time points

during experiment. As seen in Fig 3, the mean clinical sepsis score of GBS infected mice

Fig 1. GBS Ia mediated murine macrophages secreted lower TNF-αwith AMP+AZM compared to AMP

alone. Mean TNF production (pg/mL) ± SD by RAW 264.7 cells in response to stimulation with 106 cfu/mL of

GBS Ia, when treated with ampicillin alone at(20mg/L), azithromycin (AZM) alone at (5mg/L and 20mg/L) and

combination antibiotics ampicillin (20mg/L) and azithromycin (20mg/L) is shown. * = p�0.01.

https://doi.org/10.1371/journal.pone.0182023.g001
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treated with ampicillin alone was significantly higher compared to mean clinical sepsis score

of GBS infected mice treated with combination of ampicillin and azithromycin (p = 0.002)

(Fig 3). The case fatality of mice was lower in azithromycin alone (0/8) and in combination

with ampicillin (0/8) compared to ampicillin alone (2/8) and control group (5/9). (Fig 4)

Blood samples were collected immediately after death of the mice (mean age 96 hours). As

seen in Fig 5A and 5B; mean serum IL-6 levels were higher in GBS infected mice treated with

ampicillin alone compared to combination of ampicillin and azithromycin (p = 0.0037).

Blood cultures of untreated mice showed several colonies of GBS on a blood agar plate,

while no bacterial colony was found from blood cultured from mice receiving ampicillin alone

or in combination with azithromycin. Very little TNF-α, IL-10 and MIP-1α were detected in

serum and no difference was found between the groups.

Similarly, the mean clinical sepsis score of azithromycin resistant-GBS infected mice (n = 32,

8 mice in each group) treated with ampicillin alone was significantly higher compared to mean

clinical sepsis score of azithromycin resistant-GBS infected mice treated with combination of

ampicillin+azithromycin (p = 0.003) (Fig 6). Mortality was lower in mice treated with ampicil-

lin+azithromycin (0/8) compared to ampicillin alone (4/8) in experiment using azithromycin

resistant GBS, however, all the mice in control group and azithromycin alone treatment group

died (8/8) (Fig 7). From blood samples collected at death of mice (mean age 72 hours); we

found that serum TNF-α levels were significantly higher in GBS infected mice treated with

ampicillin alone compared to combination of ampicillin and azithromycin (p = 0.004) (Fig 8).

Fig 2. Azithromycin resistant GBS mediated murine macrophages secreted lower TNF-αwith AMP+AZM compared to AMP alone. Mean±SD TNF

production (pg/mL) by RAW 264.7 cells in response to stimulation with 10 6 cfu/mL of azithromycin resistant GBS, when treated with ampicillin alone at

(20mg/L), azithromycin alone at (5mg/L and 20mg/L) and combination antibiotics ampicillin (20mg/L) and azithromycin (20mg/L) is shown. * = p�0.01.

https://doi.org/10.1371/journal.pone.0182023.g002
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Discussion

In our study, we found that GBS exposed to azithromycin (macrolide antibiotic) singly or in

combination with ampicillin (β-lactam antibiotic) triggered less macrophage TNF secretion in
vitro and induced less serum IL-6/TNF accumulation in vivo compared to ampicillin alone.

More importantly, GBS infected mice treated with azithromycin alone or in combination with

ampicillin had better survival and less severe sepsis scores.

Significant mortality rates are associated with GBS infection, despite the availability of

effective and potent antibiotics for treatment. Even with appropriate therapy, mortality of

severe GBS sepsis is as high as 20%–50% [22, 23]. Case fatality rates of invasive GBS sepsis,

especially in preterm infants, have remained high in spite of intrapartum prophylaxis with

penicillin [24, 25]. This may stem from the robust inflammatory response that occurs in

response to severe infections. Use of β-lactam agents, such as ampicillin, may exacerbate the

problem; these agents act by (1) lysing the bacteria and (2) releasing proinflammatory sub-

stances, such as cell-wall components, cytotoxins, and bacterial DNA, which are recognized by

the innate immune system and which trigger the inflammatory response [26]. In support of

this hypothesis, in our experiments, 25% mice infected with GBS type Ia, did not survive when

Fig 3. Clinical sepsis score in GBS infected mice treated with antibiotics. Mean clinical sepsis score of GBS infected mice in each group was calculated

and plotted as shown. * = p�0.01.

https://doi.org/10.1371/journal.pone.0182023.g003
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treated with ampicillin, despite effective killing and clearance of bacteria. We extended this

finding by using a more virulent strain of azithromycin resistant GBS. Use of only ampicillin

therapy resulted in a case fatality rate of 50% in GBS infected mice. In these mice, treatment

was associated with (1) increase in levels of proinflammatory cytokines, and (2) observation of

more severe clinical sepsis score, despite rapid and complete clearance of bacteria. Combina-

tion of azithromycin and ampicillin improved survival to 100% and reduced inflammation in

mice infected with either strain of GBS in our studies.

Fig 4. Survival analysis of GBS infected mice treated with antibiotics. Kaplan- Meier survival graph shows that mortality was higher in GBS infected

mice treated with ampicillin alone (AMP) compared to azithromycin alone (AZM) or in combination with ampicillin and azithromycin (AMP+AZM).

https://doi.org/10.1371/journal.pone.0182023.g004
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Fig 5. 5A and 5B: IL-6 levels in GBS infected mice. Mean serum IL-6 levels were measured and shown among GBS infected mice treated with antibiotics.

Fig 5A represent GBS inoculum 107 cfu/ml and Fig 5B represent GBS inoculum 108 cfu/ml. * = p<0.01.

https://doi.org/10.1371/journal.pone.0182023.g005

Fig 6. Clinical sepsis score in AZM resistant GBS infected mice treated with antibiotics. Mean clinical sepsis score of GBS infected mice in each

group was calculated and plotted as shown. * = p�0.01.

https://doi.org/10.1371/journal.pone.0182023.g006
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Similar approaches to therapy have previously been considered for severe bacterial infec-

tions. It is now well appreciated that the anti-inflammatory effects of steroids lead to improved

outcomes in children with Haemophilus influenzae meningitis [27] or adults with pneumo-

coccal meningitis [28]. Our findings are similar to those reported in both clinical trials and

experimental models of pneumococcal pneumonia [29]. Although we used relatively high con-

centrations of GBS (106 and 107 cfu/mL) in our study, it corresponds to bacterial concentra-

tions documented in some patients with serious infections such as meningitis [30]. In a rabbit

model of pneumococcal meningitis, Nau et al. [31] demonstrated that treatment with a non-

lytic antibiotic, such as rifampin, results in improved outcomes. Limited data from these inves-

tigators suggest that the benefits of rifampin therapy in this model are preserved when used in

combination with ceftriaxone [31]. Smith et al [29] found in their study of pneumococcal

pneumonia that treatment of pneumonia with protein synthesis inhibitor antibiotics, either

alone or in combination with a β-lactam, may result in better outcomes by decreasing the

inflammatory response engendered by lysis of the bacteria. In clinical trials, the reported

effects of adding macrolides for therapy of pneumococcal pneumonia have been inconsistent.

Retrospective studies [17] and a prospective, multicenter trial [18] have concluded that the

addition of a macrolide to a β-lactam results in a significant reduction in mortality (compared

with β-lactam therapy alone) in adults with bacteremic pneumococcal pneumonia; however,

more recently, Sligl and Hoang et al found that macrolides did not improve 30 day mortality

Fig 7. Survival analysis of AZM resistant GBS infected mice treated with antibitocs. Kaplan- Meier

survival graph shows that mortality was higher in azithromycin resistant GBS infected mice treated with

ampicillin alone (AMP) compared to combination with ampicillin and azithromycin (AMP+AZM).

https://doi.org/10.1371/journal.pone.0182023.g007
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in critically ill patients with pneumonia [32]. On the other hand, Giamarellos- Bourboulis et al

[33] and Walky et al [34] reported that use of macrolide antibiotics improved survival and clin-

ical outcomes and in patients with acute lung injury and suspected gram negative infections.

The mechanism of this effect likely reflects beneficial dampening of the host inflammatory

response to the bacterial products. The limitation of our study was lack of bacterial burden

data at various points during in vivo experiment. We collected mice blood once only at the

end of experiment (after 5 days of GBS infection or earlier if mice died). These data at different

points during experiment would be highly informative, however, it would have confounded

our clinical score due to hypovolemia and shock symptoms secondary to frequent blood draw

and circulatory volume loss in mice.

Many studies over the last 20 years have also demonstrated that significant improvements

in clinical symptoms and survival have been reported in patients with diffuse panbronchiolitis,

cystic fibrosis and bronchiolitis obliterans syndrome, following the addition of macrolides to

therapy [35]. The clinical efficacy of macrolides in these diseases is not directly related to their

antimicrobial activity [36]. In our experiments, we found that the lower mortality and morbid-

ity of mice treated with combination antibiotics persisted even while using azithromycin resis-

tant GBS. These findings suggest that the beneficial effects of azithromycin are mediated by

reducing inflammation in GBS infected mice. Hiwatashi et al [37] showed that azithromycin

suppresses mitogen- or superantigen-induced proliferation of PBMCs by possibly inhibiting

both cellular JNK and ERK activities. P. Cornacchione et al [38] have shown that GBS survives

Fig 8. TNF-α levels in GBS infected mice treated with antibiotics. Mean serum TNF-α levels were measured and shown among GBS infected mice

treated with antibiotics. * = p<0.01.

https://doi.org/10.1371/journal.pone.0182023.g008
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in macrophages and their intracellular survival may be secondary to impairment of PKC signal

transduction. It is possible that the protective effect of AZM in our study may either be related

to effect of AZM at the level of toll like receptor, MyD88 or downstream signaling molecules of

inflammatory cascade.

We found that addition of azithromycin to ampicillin resulted in decreased cytokine

responses to azithromycin-susceptible or azithromycin-resistant GBS isolates in vitro and in
vivo. Most importantly, addition of azithromycin to ampicillin therapy of mice with GBS sepsis

caused by either azithromycin-susceptible or azithromycin-resistant strains resulted in less

severe disease (lower clinical sepsis scores) and markedly improved survival. To our knowl-

edge, this is the first study examining the use of macrolides for GBS sepsis in murine model.

Our study adds to growing evidence that antibiotic combinations that dampen the inflamma-

tory response may improve outcomes in serious infections. Our data challenge the traditional

management of GBS sepsis and potentially point us towards better adjuvant therapies of these

infections. Future studies understanding the mechanisms of these findings may be helpful in

paving way to clinical trials of management of sepsis.

Materials & methods

Reagents & antibiotics

Dulbecco’s modified Eagle’s medium (DMEM) was purchased from Mediatech Inc. (Herndon,

VA). L -glutamine was purchased from Invitrogen (Carlsbad, CA). Fetal bovine serum was

purchased from Hyclone Laboratories (Logan, UT). The following antibiotics were purchased

from the Department of Pharmacy at Le Bonheur Children’s Hospital: 1) Ampicillin for injec-

tion, USP (Apothecon B.V., Barneveld, The Netherlands); 2) Azithromycin for injection; 3)

Sterile water for injection, USP (American Pharmaceutical Partners, Inc.) was used for both

the reconstitution and dilution of antibiotics to the desired concentrations. For in vitro experi-

ments clinically achievable concentrations of antibiotics were used as follows: ampicillin

20 μg/mL, azithromycin 5μg/mL and 20μg/mL. These antibiotic concentrations were equal to

or exceeded the minimum inhibitory concentration (MIC) of the GBS isolate by at least

10-fold. For in vivo studies, the dose of ampicillin was 100 mg/kg/dose q24 hours and azithro-

mycin dose was 10mg/kg/dose or 50mg/kg/dose q24h. All antibiotics were administered

intraperitoneally.

Infectious agents

A previously studied [39] type-Ia GBS isolated from a neonatal patient with sepsis was used.

Serotyping was performed by the Centers for Disease Control and Prevention (Atlanta, GA).

The GBS Ia isolate was susceptible to antimicrobials used in this study with MIC as follows:

ampicillin�0.25 mcg/L, azithromycin <0.125mcg/L. MIC was determined by the clinical

microbiology laboratory at Le Bonheur Children’s Hospital using the VITEK 2 system (bio

Mérieux, Marcy l’Etoile, France). This isolate was maintained in serial culture from glycerol

stock maintained at -80˚C. GBS type Ia R (azithromycin resistant) strain was obtained from

neonatal clinical isolate from Le Bonheur Children’s Hospital in Memphis TN, which was pre-

served in microbiology department. The MIC of resistant azithromycin strain was tested with

E-test (MIC = 16 mg/L). The stock isolates were maintained at -80o C. Bacteria were routinely

sub-cultured in TSB (trypticase soy broth [BD, Franklin Lakes, NY]) with 5% CO2 at 37˚C,

and were used after washing three times with PBS. Final concentrations of 106 and 107 cfu/mL

were used in vitro experiments and of 107 and 108 for in vivo experiments, based upon our pre-

vious experience [21] and our preliminary studies.

Macrolides improve outcome in murine GBS sepsis

PLOS ONE | https://doi.org/10.1371/journal.pone.0182023 July 31, 2017 10 / 14

https://doi.org/10.1371/journal.pone.0182023


Cells and cell culture

RAW 264.7 cells were purchased from America Type Culture Collection (Manassas, VA) and

cultured in antibiotic-free Dulbecco’s modified Eagle’s medium (DMEM) supplemented with

10% fetal bovine serum and 2 mM l-glutamine.

In vitro experiments

Experiments were done in 24-well tissue culture plates with 1 × 106 cells/well. Macrophages

were stimulated for 18h with GBS Ia or azithromycin resistant GBS 106 or 107cfu/ml. In all

GBS experiments, ampicillin (20 mg/L) alone or ampicillin + azithromycin (5 mg/L or 20 mg/

L) was added to the cell culture immediately before the bacteria. After 18 h stimulation, cell

supernatants were collected for cytokine (TNF- α) determination by ELISA (eBioscience, San-

Diego, CA). In addition, experiments were performed using RAW 264.7 murine macrophages

stimulation with antibiotics without GBS (negative control) and with GBS type 1a without any

antibiotics (positive control). Furthermore, RAW 264.7 cells were also stimulated with heat

killed GBS (positive control). Cell viability assay with trypan blue exclusion method was per-

formed for experimental conditions with RAW cells and GBS.

Mice Three week old Swiss Webster mice were obtained from The Charles River Labora-

tory. All animal care and housing requirements set forth by the National Institutes of Health

Committee on Care and Use of Laboratory Animals of the Institute of Laboratory Animal

Resources were followed, and animal protocols were reviewed and approved by the University

of Tennessee Animal Care and Use Committee.

In vivo experimental design

Dose response experiments were performed initially to develop an effective GBS sepsis mouse

model with adequate GBS inoculum. Swiss Webster female mice, 18g of mean bodyweight,

were injected intraperitoneally with 105–109 cfu/ml GBS type Ia to 2 mice each. These mice

were observed every 24 hours for signs of sepsis using a clinical sepsis score. This scoring tool

was developed using data from body conditioning score for mice [40], which is used for rapid

assessment of health status in mice. Body conditioning score correlates with mice health status

better compared to other data such as weight or WBC counts [40]. In addition, data regarding

physical activity, unkempt hairy coat and timing of onset of moribund status or death were

noted. Each of these 4 variables were scored from 0 to 2, where 0 was considered normal to

mild change and 2 was considered most severe status. Cumulative scores were calculated in

each group at the end of each 24 hours of GBS infection. The clinical sepsis score was validated

for assessing severity of clinical symptoms after GBS infection.

After initial dose response experiments, GBS inocula of 107 and 108 cfu/ml were considered

optimal because these mice developed symptoms within 48 hours. One ml GBS inoculum

(107 cfu/ml) was administered intraperitoneally in all mice during initial experiment. Similar

experiments were also done using GBS inoculum 108 cfu/ml. Subsequently, we divided mice

into 4 different groups as follows.

Group I: GBS infected mice and no antibiotics: phosphate buffer solution (PBS) = control

group.

Group II: GBS infected mice treated with ampicillin

Group III: GBS infected mice treated with azithromycin

Group IV: GBS infected mice treated with combination of ampicillin+azithromycin

The first dose of antibiotic or PBS was given after 12 hours of intraperitoneal GBS injection.

Antibiotics administered once every 24 hours, intraperitoneal, and doses were 100 mg/kg/dose

for ampicillin and 10 or 50 mg/kg/dose for azithromycin. Mice were observed (blinded
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observer) every 12 hours and were sacrificed after 5 days of GBS injection or earlier if they

reached a moribund state. Blood samples were obtained by cardiac puncture at the time of

death. Blood culture for bacterial clearance and serum TNF- α, IL-1, IL-6, IL-10 and MIP-1α
levels by ELISA technique (eBioscience, SanDiego, CA) were measured.

Statistical analysis

The mean and standard deviation of cytokines and chemokines in each group were calculated.

Cytokine levels for in vitro (TNF-α by RAW 264.7 cells) and in vivo (serum IL-6 and TNF-α)

experiments were compared between groups using analysis of variance (ANOVA). After con-

firming these groups were different, post hoc analysis was performed between ampicillin vs

azithromycin and ampicillin vs AMP+AZM group. Similar analysis was performed to compare

mean clinical scores in GBS infected mice treated with different antibiotics at each time point

24 hours after GBS injection. The p value�0.01 was considered significant.

Acknowledgments

The authors thank the staff of the microbiology department at Le Bonheur Children’s Medical

Center for providing azithromycin resistant GBS serotypes and the pharmacy staff at Le Bon-

heur Children’s Medical Center for their aid in obtaining the antibiotics used. We sincerely

thank Dr. Steve Buckingham for critical review of our manuscript. We also thank Brett Walker

for providing technical support during lab experiments.

Author Contributions

Conceptualization: Kirtikumar Upadhyay, Basu Hiregoudar, Boyce Keith English, Ajay J.

Talati.

Data curation: Kirtikumar Upadhyay, Basu Hiregoudar, Elizabeth Meals, Boyce Keith

English, Ajay J. Talati.

Formal analysis: Kirtikumar Upadhyay, Basu Hiregoudar, Elizabeth Meals, Boyce Keith

English, Ajay J. Talati.

Funding acquisition: Kirtikumar Upadhyay, Boyce Keith English, Ajay J. Talati.

Investigation: Kirtikumar Upadhyay, Basu Hiregoudar, Elizabeth Meals, Boyce Keith English,

Ajay J. Talati.

Methodology: Kirtikumar Upadhyay, Basu Hiregoudar, Elizabeth Meals, Boyce Keith English,

Ajay J. Talati.

Project administration: Kirtikumar Upadhyay, Basu Hiregoudar, Elizabeth Meals, Boyce

Keith English, Ajay J. Talati.

Resources: Kirtikumar Upadhyay, Elizabeth Meals, Boyce Keith English, Ajay J. Talati.

Software: Kirtikumar Upadhyay, Elizabeth Meals.

Supervision: Boyce Keith English.

Validation: Kirtikumar Upadhyay, Boyce Keith English, Ajay J. Talati.

Visualization: Kirtikumar Upadhyay, Basu Hiregoudar.

Writing – original draft: Kirtikumar Upadhyay.

Writing – review & editing: Kirtikumar Upadhyay, Boyce Keith English, Ajay J. Talati.

Macrolides improve outcome in murine GBS sepsis

PLOS ONE | https://doi.org/10.1371/journal.pone.0182023 July 31, 2017 12 / 14

https://doi.org/10.1371/journal.pone.0182023


References
1. Krohn M. A., L Hillier S., and Baker C. J. Maternal peripartum complications associated with vaginal

group B streptococci colonization. J. Infect. Dis.1999; 179:1410–1415. https://doi.org/10.1086/314756

PMID: 10228062

2. Schrag S. J., Zywicki S., Farley M. M., Reingold AL, Harrison LH, Lefkowitz LB et al. Group B strepto-

coccal disease in the era of intrapartum antibiotic prophylaxis.N. Engl. J. Med.2000; 342:15–20. https://

doi.org/10.1056/NEJM200001063420103 PMID: 10620644

3. Velaphi S, Siegel JD, Wendel GD Jr, Cushion N, Eid WM, Sánchez PJ. Early onset group B streptococ-

cal infection after a combined maternal and neonatal group B streptococcal chemoprophylaxis strategy.

Pediatrics 2003; 111:541–547. PMID: 12612234

4. Libster R, Edwards K, Levent F, Edwards MS, Rench MA, Castagnini LA et al. Long-term Outcomes of

Group B Streptococcal Meningitis. Pediatrics 2012; 130(1):e8–15. https://doi.org/10.1542/peds.2011-

3453 PMID: 22689869

5. Austrian R, Gold J. Pneumococcal bacteremia with especial reference to bacteremic pneumococcal

pneumonia. Ann Intern Med 1964; 60:759–76. PMID: 14156606

6. Mandell LA, Wunderink RG, Anzueto A, Bartlett J, Campbell G, Dean N et al. Infectious Diseases Soci-

ety of America/American Thoracic Society consensus guidelines on the management of community-

acquired pneumonia in adults. Clin Infect Dis 2007; 44(Suppl 2):S27–72.

7. Kohanski MA, Dwyer DJ, Collins JJ. How antibiotics kill bacteria: from targets to networks. Nature

reviews Microbiology. 2010; 8(6):423–435. https://doi.org/10.1038/nrmicro2333 PMID: 20440275

8. Mancuso G, Midiri A, Beninati C, Biondo C, Galbo R, Akira S et al. Dual role of TLR2 and myeloid differ-

entiation factor 88 in a mouse model of invasive group B streptococcal disease. J Immunol 2004; 172

(10):6324–6329. PMID: 15128822

9. Cusumano V, Genovese F, Mancuso G, Carbone M, Fera M T, and Teti G. Interleukin-10 protects neo-

natal mice from lethal group B streptococcal infection. Infect Immun 1996; 64(7):2850–2852. PMID:

8698523

10. Mancuso G, Cusumano V, Cook JA, Smith E, Squadrito F, Blandino G et al. Efficacy of tumor necrosis

factor alpha and eicosanoid inhibitors in experimental models of neonatal sepsis. FEMS Immunol Med

Microbiol 1994; 9(1):49–54. PMID: 7920463

11. Mancuso G, Tomasello F, Migliardo M, Delfino D, Cochrane J, Cook JA et al. Beneficial effects of inter-

leukin-6 in neonatal mouse models of group B streptococcal disease. Infect Immun 1994; 62

(11):4997–5002. PMID: 7927780

12. Marriott HM, Mitchellm TJ, and Dockrell DH. Pneumolysin: a double-edged sword during the host-path-

ogen interaction. Current Molecular Medicine 2008; 8: 497–509. PMID: 18781957
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