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Abbreviations

ATCC: American Type Culture Collection; BALF: bronchoalveolar lavage fluid; CAM:

clarithromycin; COPD: chronic obstructive pulmonary disease; CFU: colony forming

unit; ELISA: enzyme-linked immunosorbent assay; Flu: influenza virus, HE:

hematoxylin-eosin; IFN-a: interferon-alpha; |IFN-B: interferon-beta; |FN-y:

interferon-gamma; IL: interleukin; MIC: minimum inhibitory concentration; M1 P-2:

macrophage inflammatory protein-2. PBS: phosphate-buffered saline; SBP: secondary

bacterial pneumonia; T Cl Dsp: 50% tissue culture infective dose.
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Abstract

Secondary bacterial pneumonia (SBP) during influenza increases the severity of and

mortality associated with chronic obstructive pulmonary disease (COPD). Macrolide

antibiotics, including clarithromycin (CAM), are potential treatments for a variety of

chronic respiratory diseases owing to their pharmacological activities, in addition to their

antimicrobial action. We examined the efficacy of CAM for the treatment of SBP after

influenza infection in COPD. Specifically, we evaluated the effect of CAM in

elastase-induced emphysema mice that were inoculated with influenza virus (strain

A/PR8/34) and subsequently infected with macrolide-resi stant Streptococcus pneumoniae.

CAM was administered to the emphysema mice 4 days prior to influenza virus

inoculation. Premedication with CAM improved pathological responses and bacterial

load 2 days after S. pneumoniae inoculation. Survival rates were higher in emphysema

mice than control mice. While CAM premedication did not affect viral titers or exert
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antibacterial activity against S. pneumoniae in the lungs, it enhanced host defense and

reduced inflammation, as evidenced by the significant reductions in total cell and

neutrophil counts and interferon (IFN)-y levels in bronchoalveolar lavage fluid (BALF)

and lung homogenates. These results suggest that CAM protects against SBP during

influenza in elastase-induced emphysema mice by reducing IFN-y production, thus

enhancing immunity to SBP, and by decreasing neutrophil infiltration into the lung to

prevent injury. Accordingly, CAM may be an effective strategy to prevent secondary

bacterial pneumonia in COPD patients in areas in which vaccines are inaccessible or

limited.
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Introduction

Chronic obstructive pulmonary disease (COPD) is the third-leading cause of death

globally (World Health Organization, 2012) and is of particular concern in middle- and

low-income countries (Mathers and Loncar, 2006). Secondary infections by vira or

bacterial pathogens often trigger acute exacerbations of COPD, resulting in morbidity

and mortality (Bautista et al., 2010). The influenza virus is associated with 5-26% of

cases of COPD exacerbation (Rohde et al., 2003; Kurai et al., 2013; Dai et al., 2015) and

predisposes the host to secondary bacterial pneumonia (SBP). S. pneumoniae is

associated with 10-25% of all cases of acute exacerbation of COPD (Sethi et al., 2002;

Sapey and Stockley, 2006). Co-infection with influenza virus and S. pneumoniae

contributes substantially to the increased morbidity and mortality associated with

seasonal and pandemic influenza (Murata et al., 2007; Morens et al., 2008; van der Sluijs

et al., 2010; Cilloniz et a., 2012). In fatal cases of influenza virus infection, the time to
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death from the onset of illness is significantly shorter in patients with bacterial

co-infections (Brundage and Shanks, 2008).

Owing to the significant increase in morbidity and mortality associated with

influenza and SBP infection in COPD patients, the Global Initiative for Chronic

Obstructive Lung Disease (GOLD) recommends the annual administration of the

influenza vaccine and the pneumococcal polysaccharide vaccine to high-risk COPD

patients (Global Initiative for Chronic Obstructive Lung Disease, 2015). However, these

vaccines are often not readily accessible in low-income countries and in low-resource

settings. Accordingly, alternative preventive and prophylactic measures are necessary.

Long-term treatment with macrolide antibiotics decreases the risk of acute

exacerbation of COPD according to some studies (Albert et al., 2011; Yamaya et al.,

2012; Donath et al., 2013; Spagnolo et al., 2013). A variety of pharmacological activities,

including direct antibacterial, anti-viral (e.g., against influenza virus and rhinovirus),
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anti-inflammatory, and immunomodulatory activity, as well as inhibitory effects on

mucus secretion, bacterial virulence, and biofilm formation (Kanoh and Rubin, 2010;

Zarogoulidis et al., 2012; Spagnolo et al., 2013) are thought to contribute to this

protective effect, but the precise mechanisms of action and the effects of long-term

macrolide therapy on influenza virus and S. pneumoniae co-infection in COPD patients

have not been clarified.

In the present study, we investigated the effects and mechanism of action of

clarithromycin (CAM) in a mouse model of COPD with secondary infection by influenza

virus and subsequent co-infection by CAM-resistant S. pneumoniae.
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Materials and M ethods

Microorganisms

Influenza virus (strain A/PR8/34: HIN1 type) was purchased from the American Type

Culture Collection (ATCC, Manassas, VA, USA). The virus was cultured in Madin-Darby

canine kidney cells for 3 days. Cells were then centrifuged at 2000 x g for 15 min and the

supernatant was stored at -80°C as a primary virus stock. A mouse-adapted influenza

virus was prepared. Briefly, primary virus stock solutions were inoculated intra-nasally

to anesthetized C57BL/6J mouse. After 3 days, lung homogenates were collected and

centrifuged at 2000 x g for 15 min. The supernatant was termed the first-generation

mouse-adapted influenza virus; a third-generation mouse-adapted influenza virus was

prepared by repeating the above methods and storing the stock solutions at -80°C. Viral

stocks were thawed and diluted with phosphate-buffered saline (PBS) to the desired

concentration prior to use.
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The macrolide-susceptible Streptococcus pneumoniae strain ATCC49619 and a

clinical isolate of macrolide-resistant S. pneumoniae strain NU4471 were used.

ATCC49619 (minimum inhibitory concentration (MIC) of clarithromycin <0.125 pg/mL;

serotype 19F) was purchased from ATCC. NU4471 (MIC of clarithromycin >256 pg/mL;

serotype 19) was obtained from the Nagasaki University School of Medicine (Nagasaki,

Japan). The presence of both e'm B and mef E/A resistance genes in NU4471 was

confirmed by polymerase chain reaction as previously reported (Fukuda et al., 2006).

Bacteria were stored at -80°C until use.

Viral titer and 50% tissue culture infective dose

The virus titer in Madin-Darby canine kidney cells was determined by measuring the

50% tissue culture infective dose (TCIDs) following the methods described by Reed and

Muench (Reed, 1938). Briefly, when cells reached 80% confluence in a 96-well plate,
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they were infected with 50 pL of ten-fold serial virus dilutions (four replicates). Minimal

essential medium supplemented with 0.5% bovine serum albumin and 2.5 pg/mL trypsin

was used for the virus dilutions. After 2 h, the solutions were removed and the cells were

incubated at 37°C. Seventy-two hours later, the cytopathic effect was monitored using an

inverted microscope and TCIDsp was determined.

Emphysema mouse model with influenza and secondary bacterial pneumonia

The mouse model is described in Figure 1A. All experimental protocols and procedures

were carried out in accordance with the Guide for the Care and Use of Laboratory

Animals as adopted and promulgated by the U.S. National Institutes of Health and

performed in compliance with Nagasaki University guidelines for animal experiments.

Specific-pathogen-free male C57BL/6J mice (8 to 9 weeks old, Charles River

Laboratories, Japan, Inc., Yokohama, Japan) were anesthetized by intraperitoneal
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injection of 1.25% (w/v) pentobarbital. Pulmonary emphysema was induced by injecting

3 units of porcine pancreatic elastase (Wako Pure Chemical Industries Ltd., Osaka,

Japan) dissolved in 50 pL of sterile PBS into the trachea (Day -21). Pulmonary

emphysema was verified by microscopic examination 14 days later in a preliminary

evaluation. Twenty-one days after the porcine pancreatic elastase injection (Day 0), mice

were inoculated intra-nasally with 1 x 10* TCIDsy/mouse influenza virus. Four days later

(Day 4), a sub-group of mice were also inoculated with 1 x 10° colony forming units

(CFU) of S. pneumoniae NU4471 to induce secondary bacterial pneumonia. Eight to ten

mice were used in each experimental group.

Clarithromycin medication and survival analysis

CAM was obtained from Taisho Toyama Pharmaceutical (Tokyo, Japan). CAM powder

was dissolved in 5% gum arabic solution and diluted to a concentration of 25 mg/mL.

This solution was stored at 4°C for no more than 7 days. CAM was administered orally
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once daily (200 mg/kg/day) either from Day -4 (premedication group) or from Day 1

(post-exposure medication group) until Day 14. In the premedication and post-exposure

medication groups, sets of mice were administered 5% gum arabic solution (200 pL)

orally once daily as the vehicle control group. A survival analysis was performed using

the log-rank test, and the Kaplan—-Meier method was used to estimate short-term (14 day)

survival for comparisons between the CAM premedication and post-exposure medication

groups and the respective vehicle controls.

Pathological and bacteriological examination of lung tissues

On Day 6 (i.e., 6 days after inoculation with influenza virus and 2 days after co-infection

with S. pneumoniae NU4471), a subset of mice from the CAM premedication group were

sacrificed and lung tissue was taken for pathological (n = 3 mice) and bacteriological (n

= 7 mice) examinations. For the pathological examination, the tissue sample was fixed in
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10% buffered formalin and stained with hematoxylin-eosin (HE). For the bacteriological

examination, the number of bacteriain the lungs was determined as described previously

(Otsu et al., 2003). Briefly, the lungs were dissected under aseptic conditions and

suspended in 1 mL of sterile saline at Day 6. Organs were homogenized, quantitatively

inoculated onto blood agar plates by serial dilution, and incubated at 37°C for 24 h.

Colony numbers were counted and the number of bacteria was calculated as CFU/mL.

Local antibacterial activity and viral titersin lung tissue

On Day 4 (i.e., 4 days after inoculation with influenza virus and immediately prior to

co-infection with S pneumoniae NU4471), a subset of mice from the CAM

premedication group were sacrificed. Local antibacterial activity in the lung was

determined using the paper disc agar diffusion method. Petri dishes containing blood

agar (TSA Il 5% Sheep Blood Agar M, Japan Becton, Dickinson and Company, Tokyo,
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Japan) were prepared and each plate was inoculated with cultures of

macrolide-susceptible S pneumoniae (ATCC49619) or macrolide-resistant S

pneumoniae (NU4471) adjusted to McFarland No. 0.5 by swabbing on the whole agar

surface with cotton wool. Lungs were homogenized and centrifuged at 3000 rpm for 10

min, and the supernatant was evenly spread on both sides of filter paper discs (6 mm

diameter, Paper disc for antibiotic assay; Toyo Roshi Kaisha, Ltd. Tokyo, Japan). The

discs were aseptically placed on the plates. CAM discs (15 pg; Eiken Chemical Co., Ltd.

Tokyo, Japan) and garenoxacin discs (5 pg; Eiken Chemical Co., Ltd.) were used as

positive controls. The Petri dishes were incubated at 37.0°C for 24 h. At the end of this

period, inhibition zones that formed on the media were recorded.

The influenza viral titer in the lung was determined using the supernatant of the

lung homogenates as viral solutions as described previously (50% Tissue Culture

Infective Dose; TCIDso/mL).
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Bronchoalveolar lavage cell counts and cytokine analysis

On Day 4 (i.e., 4 days after inoculation with influenza virus and immediately prior to

co-infection with S pneumoniae NU4471), a subset of mice from the CAM

premedication group and vehicle control group were sacrificed for a bronchoalveolar

lavage fluid (BALF) analysis. Additional control mice that were inoculated with PBS

instead of influenza virus on Day O were also investigated. The effect of CAM

premedi cation on inflammation in the lung was examined.

The anesthetized mice were sacrificed by incision of the axillary artery and vein.

The lung blood was perfused by injection of 3 mL of sterile saline into the right ventricle.

BAL was performed by washing the lungs and airways with 1 mL of sterile saline three

times per mouse. The number of live cells in the BALF was determined using a

LUNA-FL™ Dual Fluorescence Cell Counter (Logos Biosystems, Inc., Annandale, VA,

USA). BALF was centrifuged at 1100 rpm for 2 min using the Cytospin Il (Thermo
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Fisher Scientific K.K., Kanagawa, Japan) and differential cell counts were analyzed

using Diff Quick staining. The BALF supernatants were analyzed for cytokines and

chemokines associated with the immune response to viral infections (interleukin-4 (IL-4),

interleukin-10 (IL-10), interleukin-12 (IL-12), macrophage inflammatory protein-2

(MIP-2), interferon-alpha (IFN-a), IFN-beta (IFN-B), and IFN-gamma (IFN-y)) by

enzyme-linked immunosorbent assay (ELISA; R&D Systems, Inc., Minneapolis, MN,

USA) according to the manufacturer’s instructions.

Cytokine and chemokine analysis in lung homogenates and serum

Based on the ELISA results from the BALF analysis, the levels of IL-10 and IFN-y were

examined in lung homogenates and serum on Day 4 using ELISA.

Statistical analysis
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Data are presented as means + standard error (SE). A survival analysis was performed

using the log-rank test, and survival rates were calculated using the Kaplan-Meier

method. Comparisons between two groups were performed using Mann—Whitney U tests.

Comparisons among four groups were performed using the Tukey—Kramer method. A

P-value of <0.05 was considered statistically significant.
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Results

Premedication with CAM improved survival rates

Post-exposure treatment with CAM did not improve the survival rate when compared with

that of the vehicle control. However, premedication with CAM resulted in a significantly

higher survival rate than that of the vehicle control (P < 0.05, Figure 2A, B).

CAM premedication suppressed lung inflammation and bacterial counts

Figure 3 shows representative images of HE-stained lung sections from the premedication

group at Day 6. Vehicle control mice exhibited bronchopneumonia, characterized by

abundant neutrophils, particularly in peri-bronchiolar lesions as well as in airways, alveolar

spaces, and the interstitium (Figure 3A, B). In contrast, the premedication group showed

significantly less neutrophilic inflammation than that of the control group (Figure 3C, D)
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based on a quantitative analysis of histological images (control group: 102 + 6

neutrophils/mm?, premedication group: 65 *+ 4 neutrophils/ mm?; P < 0.0001). The bacterial

count was significantly lower in the lungs of the premedication group than those of the

control group (P < 0.05, Figure 4).

CAM did not exhibit antibacterial activity against NU4471 in the lungs.

The discs with lung homogenates (Figure 5A, lower left) and those with 15 ug of CAM

(Figure 5A, lower right) did not form inhibition zones on the macrolide-resistant NU4471

plate, but both discs formed inhibition zones on the macrolide-susceptible ATCC49619

plate (Figure 5B).

CAM did not affect viral titers at the time of inoculation with NU4471
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There was no significant difference between the premedication and control groups in the

viral titers of the lung homogenates on Day 4 (Figure 6).

CAM reduced the number of neutrophilsin BALF

The total number of cells and neutrophils in BALF from the CAM-/Flu+ group was

significantly higher than that observed in the BALF from the CAM-/Flu- group. Although

no significant differences in cell number were observed after CAM medication, there was a

significant reduction in the number of neutrophils compared to the control group (Figure 7).

No significant differences between groups were observed for other cell subsets

(lymphocytes, basophils, and eosinophils; data not shown).

Effects of CAM on cytokines and chemokines
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The levels of IFN-a, IFN-B, INF-y, and IL-10 were significantly elevated in BALF at Day 4

of influenza infection compared with the levels observed in mice without influenza (Figure

8). There were no significant differences in the levels of IL-4, IL-12, and MIP-2 (data not

shown). CAM medication significantly reduced IFN-y levelsin BALF, while there were no

significant changes in IFN-o, IFN-B, and IL-10 levels after CAM medication (Figure 8).

Further investigation of INF-y levels in the serum and lung revealed that INF-y levels were

significantly higher in the lung and serum during influenza infection than in the controls

(Figure 9). CAM medication significantly reduced IFN-y levels in lung homogenates, but

did not significant influence its serum levels (Figure 9).

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on July 11, 2016 as DOI: 10.1124/jpet.116.233932
This article has not been copyedited and formatted. The final version may differ from this version.

23 JPET/2016/233932

Discussion

Based on our results, premedication with CAM initiated 4 days before influenza virus

inoculation in COPD-model mice, but not post-exposure medication, improved the survival

of mice against subsequent co-infection with the influenza virus and S. pneumoniae. Mice

with improved survival also had a less severe inflammatory response in lung tissues than

those of mice in the control group. While viral titers were not affected by CAM

premedication, viable bacterial counts decreased in lung tissues, even though S

pneumoniae NU4471 is macrolide-resistant. CAM accumulates to higher concentrations in

the bronchial epithelial fluid than in the serum (McCarty, 2000; Kikuchi et al., 2008);

accordingly, we examined the local antimicrobial activity of CAM in lung tissues (Figure

5) and confirmed that the lung homogenates did not possess antibacterial activity against S.

pneumoniae NU4471. Further investigation revealed that CAM premedication significantly
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reduced the number of total inflammatory cells, including neutrophils, in BALF and

significantly attenuated IFN-y levelsin BALF and lung homogenates. These results suggest

that the improvement in survival rates associated with CAM premedication could be

attributed to an anti-inflammatory effect exerted prior to the inoculation of mice with S.

pneumoni ae.

Taken together, CAM premedication reduced the susceptibility of COPD mice

infected with influenza virus to subsequent S. pneumoniae infection by decreasing the

overall inflammatory responseand ultimately improved the survival of COPD model mice

infected with both pathogens. Our results obtained using COPD model mice are similar to

those of previous reports demonstrating that macrolides offer clinical benefits in reducing

acute exacerbations of COPD (Albert et al., 2011; Ni et al., 2015). Erythromycin or

azithromycin therapy for 6-12 months could effectively reduce the frequency of
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exacerbations and improve the quality of lifein patients with COPD (Albert et al., 2011; Ni

et al., 2015). Unlike previous studies reporting that macrolides exert direct antiviral effects

on the influenza virus (Miyamoto et al., 2008; Yamaya et al., 2010), CAM premedication

did not influence viral titersin our study. Rather, CAM premedication appeared to act viaa

chemokine-mediated mechanism by disrupting the cycle of infection-inflammation and

strengthening lung defenses, as reported previously (Spagnolo et al., 2013).

Interferons play critical and complex roles in host defense against viral and

bacterial infections. For example, IFN-a and IFN-B (Type-1 IFNSs) prevent the progression

of local lung infection with S. pneumoniae (Trinchieri, 2010; LeMessurier et al., 2013) and

IFN-y (Type-2 IFN, type-1 T-helper cell cytokine) combats the early stages of viral

infection (Muller et a., 1994; Schroder et al., 2004). However, high levels of IFN-a, IFN-f,

and IFN-y-induced by influenza virus infection enhance susceptibility to secondary
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pneumococcal infection (Sun and Metzger, 2008; Nakamura et al., 2011; Li et al., 2012;

Lee et al., 2015) via various mechanisms, including IFN-y-mediated inhibition of initial

bacterial clearance from the lung by alveolar macrophages (Sun and Metzger, 2008). The

trends toward reduced IFN-a and IFN-f and the significantly lower levels of IFN-y

observed after CAM premedication in our study and in previous studies (i.e., reduced

IFN-y levels were detected after macrolide therapy in mice with influenza virus-induced

lung injury (Sato et al., 1998)) might have enhanced bacterial clearance from the lung and

reduced the susceptibility of influenza-infected COPD mice to secondary pneumococcal

pneumonia.

Influenza-infected COPD mice showed a more advanced pathology, characterized

by significantly more neutrophils in the lung tissue and BALF compared with control mice.

Excessive neutrophil infiltration into the lungs has been reported during influenza virus
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infection and disrupts the alveolar-capillary barrier, leading to acute lung injury and death

(Seki et al., 2010; Galani and Andreakos, 2015; Herold et al., 2015). Conversely, reductions

in neutrophils or neutrophil function increase the severity of influenza virus infection (Tate

et a., 2009). CAM has been reported to enhance the non-phlogistic clearance of apoptotic

neutrophils by alveolar macrophages (Yamaryo et al., 2003). Indeed, CAM premedication

in our study reduced neutrophil numbers in the lung tissue and BALF of influenza-infected

COPD mice and might have attenuated the potential for inflammation-induced lung

damage.

While vaccination strategies are most efficient with respect to protection against

influenza and pneumococcal infection in COPD patients, the global supply of influenza

vaccines is inadequate during influenza pandemics and is particularly concerning in low-

and middle-income countries (Partridge and Kieny, 2013), where the incidence of COPD
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and the demand for influenza vaccinations are expected to increase. Our results suggest that

macrolide premedication may be an effective strategy in COPD patients a a high risk of

infection with influenza virus and S. pneumoniae to prevent severe or even fatal secondary

bacterial pneumonia in these high-risk and low-resource settings. Additional studies are

required to identify the ideal patient group and the optimal timing and duration of

macrolide premedication to avoid injudicious administration over extended periods (Ni et

al., 2015).

In conclusion, the administration of CAM initiated 4 days prior to influenza virus

infection in COPD mice reduced IFN-y production and enhanced the immune response

against secondary bacterial pneumoniato reduce bacterial counts and prolong survival rates.

Future studies should evaluate the use of macrolide premedication in COPD patients at a

high risk of infection with influenza virus and S. pneumoniae to prevent severe secondary
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bacterial pneumonia.

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on July 11, 2016 as DOI: 10.1124/jpet.116.233932
This article has not been copyedited and formatted. The final version may differ from this version.

30 JPET/2016/233932

Acknowledgments

The authors thank Mr. A. Yokoyama for excellent technical support.

Editorial support, in the form of medical writing based on the authors’ detailed instructions,

collating author comments, copyediting, fact checking, and referencing, was provided by

Cactus Communi cations.

Authorship Contributions

Participated in research design: Harada, Ishimatsu, Hara, and Morita.

Conducted experiments: Harada, Hara, Morita, Nakashima, Kakugawa, Sakamoto, and

Kosai.

Contributed new reagents or analytic tools: Kosai, |zumikawa, Yanagihara, and Kohno.

Performed data analysis: Harada, Nakashima, and Ishimatsu.

Wrote or contributed to the writing of the manuscript: Harada, Ishimatsu, Kakugawa,

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on July 11, 2016 as DOI: 10.1124/jpet.116.233932
This article has not been copyedited and formatted. The final version may differ from this version.

31 JPET/2016/233932

Sakamoto, and Mukae.

20z ‘ST |1MdV uo speuinor 134SY e Bio'sfeuinofiedse ed[ wiol) papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on July 11, 2016 as DOI: 10.1124/jpet.116.233932
This article has not been copyedited and formatted. The final version may differ from this version.

32 JPET/2016/233932

References

Albert RK, Connett J, Bailey WC, Casaburi R, Cooper JA, Jr., Criner GJ, Curtis JL,

Dransfield MT, Han MK, Lazarus SC, Make B, Marchetti N, Martinez FJ, Madinger

NE, McEvoy C, Niewoehner DE, Porsasz J, Price CS, Relilly J, Scanlon PD, Sciurba

FC, Scharf SM, Washko GR, Woodruff PG, and Anthonisen NR (2011)

Azithromycin for prevention of exacerbations of COPD. New Engl J Med 365:

689-698.

Bautista E, Chotpitayasunondh T, Gao Z, Harper SA, Shaw M, Uyeki TM, Zaki SR,

Hayden FG, Hui DS, Kettner JD, Kumar A, Lim M, Shindo N, Penn C, and

Nicholson KG (2010) Clinical aspects of pandemic 2009 influenza A (H1IN1) virus

infection. New Engl J Med 362: 1708-1719.

Brundage JF and Shanks GD (2008) Deaths from bacterial pneumonia during 1918-19

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on July 11, 2016 as DOI: 10.1124/jpet.116.233932
This article has not been copyedited and formatted. The final version may differ from this version.

33 JPET/2016/233932

influenza pandemic. Emerg Infect Diseases 14: 1193-1199.

Cilloniz C, Pantin-Jackwood MJ, Ni C, Carter VS, Korth MJ, Swayne DE, Tumpey TM,

and Katze MG (2012) Molecular signatures associated with Mx1-mediated

resistance to highly pathogenic influenza virus infection: mechanisms of survival. J

Virol 86: 2437-2446.

Da MY, Qiao JP, Xu YH, and Fei GH (2015) Respiratory infectious phenotypes in acute

exacerbation of COPD: an aid to length of stay and COPD Assessment Test. Int J

Chron Obstruct Pulm Dis 10: 2257-2263.

Donath E, Chaudhry A, Hernandez-Aya LF, and Lit L (2013) A meta-analysis on the

prophylactic use of macrolide antibiotics for the prevention of disease exacerbations

in patients with Chronic Obstructive Pulmonary Disease. Respir Med 107:

1385-1392.

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on July 11, 2016 as DOI: 10.1124/jpet.116.233932
This article has not been copyedited and formatted. The final version may differ from this version.

34 JPET/2016/233932

Fukuda Y, Yanagihara K, Higashiyama Y, Miyazaki Y, Hirakata Y, Mukae H, Tomono K,

Mizuta Y, Tsukamoto K, and Kohno S (2006) Effects of macrolides on pneumolysin

of macrolide-resistant Streptococcus pneumoniae. Eur Respir J 27: 1020-1025.

Galani |IE and Andreakos E (2015) Neutrophils in viral infections: Current concepts and

caveats. J Leukoc Biol 98: 557-564.

Herold S, Becker C, Ridge KM, and Budinger GR (2015) Influenza virus-induced lung

injury: pathogenesis and implications for treatment. Eur Respir J 45: 1463-1478.

Kanoh S and Rubin BK (2010) Mechanisms of action and clinical application of

macrolides as immunomodulatory medications. Clin Microbiol Rev 23: 590-615.

Kikuchi E, Yamazaki K, Kikuchi J, Hasegawa N, Hashimoto S, Ishizaka A, and Nishimura

M (2008) Pharmacokinetics of clarithromycin in bronchial epithelial lining fluid.

Respirology 13: 221-226.

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on July 11, 2016 as DOI: 10.1124/jpet.116.233932
This article has not been copyedited and formatted. The final version may differ from this version.

35 JPET/2016/233932

Kurai D, Saraya T, Ishii H, and Takizawa H (2013) Virus-induced exacerbations in asthma

and COPD. Front Microbiol 4: 293.

Lee B, Robinson KM, McHugh KJ, Scheller EV, Mandalapu S, Chen C, Di YP, Clay ME,

Enelow RI, Dubin PJ, and Alcorn JF (2015) Influenza-induced type | interferon

enhances susceptibility to gram-negative and gram-positive bacterial pneumonia in

mice. AmJ Physiol Lung Cell Mol Physiol 309: L158-167.

LeMessurier KS, Hacker H, Chi L, Tuomanen E, and Redecke V (2013) Type | interferon

protects against pneumococcal invasive disease by inhibiting bacterial

transmigration across the lung. PLoS Pathog 9: €1003727.

Li W, Moltedo B and Moran TM (2012) Type | interferon induction during influenza virus

infection increases susceptibility to secondary Streptococcus pneumoniae infection

by negative regulation of gammadelta T cells. J Virol 86: 12304-12312.

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on July 11, 2016 as DOI: 10.1124/jpet.116.233932
This article has not been copyedited and formatted. The final version may differ from this version.

36 JPET/2016/233932

Mathers CD and Loncar D (2006) Projections of global mortality and burden of disease

from 2002 to 2030. PLoS Med 3: e442.

McCarty JM (2000) Clarithromycin in the management of community-acquired pneumonia.

Clin Ther 22: 281-294; discussion 265.

Miyamoto D, Hasegawa S, Sriwilaijaroen N, Yingsakmongkon S, Hiramatsu H, Takahashi

T, Hidari K, Guo CT, Sakano Y, Suzuki T, and Suzuki Y (2008) Clarithromycin

inhibits progeny virus production from human influenza virus-infected host cells.

Biol Pharm Bull 31: 217-222.

Morens DM, Taubenberger JK, and Fauci AS (2008) Predominant role of bacterial

pneumonia as a cause of death in pandemic influenza: implications for pandemic

influenza preparedness. J Infect Diseases 198: 962-970.

Muller U, Steinhoff U, Reis LF, Hemmi S, Pavlovic J, Zinkernagel RM, and Aguet M

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on July 11, 2016 as DOI: 10.1124/jpet.116.233932
This article has not been copyedited and formatted. The final version may differ from this version.

37 JPET/2016/233932

(1994) Functional role of type | and type Il interferons in antiviral defense. Science

264: 1918-1921.

Murata Y, Walsh EE, and Falsey AR (2007) Pulmonary complications of interpandemic

influenza A in hospitalized adults. J Infect Diseases 195: 1029-1037.

Nakamura S, Davis KM, and Weiser JN (2011) Synergistic stimulation of type | interferons

during influenza virus coinfection promotes Streptococcus pneumoniae colonization

in mice. J Clin Invest 121: 3657-3665.

Ni W, Shao X, Ca X, Wei C, Cui J, Wang R, and Liu Y (2015) Prophylactic use of

macrolide antibiotics for the prevention of chronic obstructive pulmonary disease

exacerbation: a meta-analysis. PloS ONE 10: €0121257.

Otsu Y, Yanagihara K, Fukuda Y, Miyazaki Y, Tsukamoto K, Hirakata Y, Tomono K,

Kadota J, Tashiro T, Murata |, and Kohno S (2003) In vivo efficacy of a new

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on July 11, 2016 as DOI: 10.1124/jpet.116.233932
This article has not been copyedited and formatted. The final version may differ from this version.

38 JPET/2016/233932

quinolone, DQ-113, against Streptococcus pneumoniae in a mouse model.

Antimicrob Agents Chemother 47: 3699-3703.

Partridge J and Kieny MP (2013) Global production capacity of seasonal influenza vaccine

in 2011. Vaccine 31; 728-731.

Reed LJ and Muench H (1938) A simple method of estimating fifty percent endpoints. AmJ

Hyg 27: 493-497.

Rohde G, Wiethege A, Borg |, Kauth M, Bauer TT, Gillissen A, Bufe A, and

Schultze-Werninghaus G (2003) Respiratory viruses in exacerbations of chronic

obstructive pulmonary disease requiring hospitalisation: a case-control study.

Thorax 58; 37-42.

Sapey E and Stockley RA (2006) COPD exacerbations- 2: aetiology. Thorax 61: 250-258.

Sato K, Suga M, Akaike T, Fujii S, Muranaka H, Doi T, Maeda H, and Ando M (1998)

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on July 11, 2016 as DOI: 10.1124/jpet.116.233932
This article has not been copyedited and formatted. The final version may differ from this version.

39 JPET/2016/233932

Therapeutic effect of erythromycin on influenza virus-induced lung injury in mice.

Am J Respir Crit Care Med 157: 853-857.

Schroder K, Hertzog PJ, Ravasi T, and Hume DA (2004) Interferon-gamma: an overview of

signals, mechanisms and functions. J Leukoc Biol 75: 163-189.

Seki M, Kohno S, Newstead MW, Zeng X, Bhan U, Lukacs NW, Kunkel SL, and

Standiford TJ (2010) Critical role of IL-1 receptor-associated kinase-M in

regulating chemokine-dependent deleterious inflammation in murine influenza

pneumonia. J Immunol 184: 1410-1418.

Sethi S, Evans N, Grant BJ, and Murphy TF (2002) New strains of bacteria and

exacerbations of chronic obstructive pulmonary disease. New Engl J Med

347:465-471.

Spagnolo P, Fabbri LM, and Bush A (2013) Long-term macrolide treatment for chronic

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on July 11, 2016 as DOI: 10.1124/jpet.116.233932
This article has not been copyedited and formatted. The final version may differ from this version.

40 JPET/2016/233932

respiratory disease. Eur Respir J 42: 239-251.

Sun K and Metzger DW (2008) Inhibition of pulmonary antibacterial defense by

interferon-gamma during recovery from influenza infection. Nature Med 14:

558-564.

Tate MD, Deng YM, Jones JE, Anderson GP, Brooks AG, and Reading PC (2009)

Neutrophils ameliorate lung injury and the development of severe disease during

influenza infection. J Immunol 183: 7441-7450.

Trinchieri G (2010) Type | interferon: friend or foe? J Exp Med 207: 2053-2063.

van der Sluijs KF, van der Poll T, Lutter R, Juffermans NP, and Schultz MJ (2010)

Bench-to-bedside review: bacterial pneumonia with influenza - pathogenesis and

clinical implications. Crit Care 14: 219.

Yamaryo T, Oishi K, Yoshimine H, Tsuchihashi Y, Matsushima K, and Nagatake T (2003)

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on July 11, 2016 as DOI: 10.1124/jpet.116.233932
This article has not been copyedited and formatted. The final version may differ from this version.

41 JPET/2016/233932

Fourteen-member macrolides promote the phosphatidylserine receptor-dependent

phagocytosis of apoptotic neutrophils by alveolar macrophages. Antimicrob Agents

Chemother 47: 48-53.

Yamaya M, Azuma A, Takizawa H, Kadota J, Tamaoki J, and Kudoh S (2012) Macrolide

effects on the prevention of COPD exacerbations. Eur Respir J 40: 485-494.

Yamaya M, Shinya K, Hatachi Y, Kubo H, Asada M, Yasuda H, Nishimura H, and

Nagatomi R (2010) Clarithromycin inhibits type a seasonal influenza virus infection

in human airway epithelial cells. J Pharmacol Exp Ther 333: 81-90.

Zarogoulidis P, Papanas N, Kioumis |, Chatzaki E, Maltezos E, and Zarogoulidis K (2012)

Macrolides: from in vitro anti-inflammatory and immunomodulatory properties to

clinical practice in respiratory diseases. Eur J Clin Pharmacol 68: 479-503.

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on July 11, 2016 as DOI: 10.1124/jpet.116.233932
This article has not been copyedited and formatted. The final version may differ from this version.

42 JPET/2016/233932

Footnotes

This work was supported by JSPS KAKENHI [Grant Number 23791139].

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on July 11, 2016 as DOI: 10.1124/jpet.116.233932
This article has not been copyedited and formatted. The final version may differ from this version.

43 JPET/2016/233932

Figure L egends

Figure 1. Experimental schedule of treatment. Mice were treated with clarithromycin

(CAM; 200 mg/kg/day) or vehicle once daily. The post-exposure medication group was

treated from Day 1, and the premedication group was treated from Day -4.

Figure 2. Survival curve of secondary bacterial pneumonia (SBP) mice treated with or

without CAM. (A) Survival curve of the post-exposure medication group. Open triangle:

mice treated with vehicle from Day O (control) (n=6); Solid triangle: mice treated with

CAM from Day 0(n=10). (B) Survival curve of the premedication group. Open circle: mice

treated with vehicle from Day-4 (control) (n=9); Solid circle: mice treated with CAM from

Day -4 (n=9); N.S: no significant difference versus control; *: significant difference (P <
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0.05) versus control.

Figure 3. Representative HE-stained tissue sections of the vehicle control group (A, B) and

CAM premedication group (C, D) showing pathological inflammatory changes and

bacterial proliferation on Day 6. Magnification: 40x (A, C) and 200x (B, D).

Figure 4. Bacterial counts in lung homogenates. n = 7 mice/group. Data are presented as

means = SE, n=7 mice. *: significant difference (P < 0.05) versus control.

Figure 5. Local antibacterial activity of CAM in the lung. Agar plates inoculated with (A)

NU4471 (macrolide-resistant S pneumoniae) and (B) ATCC49619 (macrolide-susceptible

S, pneumoniae). Four paper discs were arranged as follows: upper left, lung homogenates
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of vehicle-treated mice; lower left, lung homogenates of CAM-treated mice; upper right,

garenoxacin; and lower right, CAM.

Figure 6. Influenza viral titers of lung homogenates at Day 4. Data are presented as means

+ SE, n = 4 mice. N.S: no significant difference between two groups. *: significant

difference (P < 0.05) versus the vehicle control group.

Figure 7. Anti-inflammatory effect of CAM on BALF based on the number of (A) total

cells, and (B) neutrophils in each group. Data are presented as means + SE; n = 5-9 mice.

N.S: no significant difference between two groups; *: significant difference (P < 0.05)

between two groups.
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Figure 8. Anti-inflammatory effect of CAM on cytokine levels in BALF: (A) IFN-a, (B)

IFN-f, (C) IFN-y, and (D) IL-10. Data are presented as means + SE, n = 5-9 mice. N.S: no

significant difference between two groups. *: significant difference (P < 0.05) between two

groups.

Figure 9. Anti-inflammatory effect of CAM on IFN-a levelsin (A) lung homogenates and

(B) serum samples. Data are presented as means + SE, n = 5-9 mice. N.S: no significant

difference. *: significant difference (P < 0.05).
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