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Leucomycin A3, a 16-membered macrolide antibiotic,
inhibits influenza A virus infection and disease
progression

Ryuichi Sugamata1,2, Akihiro Sugawara3, Tomokazu Nagao1,2, Koya Suzuki1, Tomoyasu Hirose3,
Ki-ichi Yamamoto2, Masamichi Oshima2, Kazuo Kobayashi2, Toshiaki Sunazuka3, Kiyoko S Akagawa2,3,
Satoshi Ōmura3, Toshinori Nakayama4 and Kazuo Suzuki1,2

Severe respiratory disease arising from influenza virus infection has a high fatality rate. Neutrophil myeloperoxidase (MPO) has

been implicated in the pathogenesis of severe influenza-induced pneumonia because extracellularly released MPO mediates the

production of hypochlorous acid, a potent tissue injury factor. To search for candidate anti-influenza compounds, we screened

leucomycin A3 (LM-A3), spiramycin (SPM), an erythromycin derivative (EM900, in which anti-bacterial activity has been

eliminated), and clarithromycin (CAM), by analyzing their ability to inhibit MPO release in neutrophils from mice and humans.

When each candidate was injected into mice infected with a lethal dose of A/H1N1 influenza virus (PR-8), LM-A3 produced the

highest survival rate (80.9%). We found that LM-A3 induced beneficial effects on lung pathology and viral proliferation involved

in the regulatory activity of MPO release, pro-inflammatory cytokines and interferon-a production in the lung. SPM and EM900

also induced positive survival effects in the infected mice, whereas CAM did not. We further found that these compounds

inhibit virus proliferation in human pneumonia epithelial A549 cells in vitro. LM-A3 showed effective action against influenza A

virus infection with high anti-viral activity in human host cells, indicating the possibility that LM-A3 is a prospective lead

compound for the development of a drug for human influenza. The positive survival effect induced by EM900 suggests that

pharmacological architectures between anti-bacterial and anti-influenza virus activities can be dissociated in macrolide

derivatives. These observations provide valuable evidence for the potential development of novel macrolide derivatives that

have strong anti-viral but no anti-bacterial activity.
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INTRODUCTION

Influenza is an acute viral infection that can spread easily from person
to person. Influenza viruses circulate worldwide and anybody in any
age group is at risk of infection. Influenza causes annual epidemics
that peak during winter, frequently leading to an increase in
hospitalizations and number of deaths, especially among the elderly
and infants.1,2 The occurrence of an influenza epidemic has often led
to huge loss of life. The Spanish influenza (A/H1N1) of 1918 resulted
in a worldwide pandemic that caused massive devastation, with an
estimated 20–50 million deaths.3,4 In 1997, a highly pathogenic avian
influenza (A/H5N1) virus was first recognized to be capable of
infecting humans, since then, sporadic human infections with this
virus have shown over 60% fatality.5,6 Today, there have been many
cases of human infection with newly emerged virulent strain of avian

influenza (A/H7N9 virus), which has spread rapidly in China (http://
www.who.int/influenza/human_animal_interface/influenza_h7n9/en/).
A severe respiratory disease has also been observed in patients infected
with avian influenza viruses as well as in non-human primates
infected with a reconstructed Spanish influenza virus.4,7,8 In 2009, a
novel influenza virus (A/H1N1pdm) emerged as a highly contagious
strain and triggered the most recent global pandemic. Several cases of
severe respiratory disease evoked by the pandemic virus were
reported.9,10 Influenza-induced severe respiratory disease has a high
fatality rate, resulting from respiratory disorder and failure. Even
emergency treatment by extracorporeal membrane oxygenation for
such respiratory failure has poor outcomes in Japan (35% survival
rate),11 indicating that the current medical approach is minimally
effective for patients with influenza-induced respiratory failure.
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Therefore, the development of anti-influenza agents that reduce the
lethality due to severe pneumonia and viral load are urgently required.
Clinically used anti-viral drugs, such as oseltamivir and zanamivir,

are beneficial for human influenza.12 These neuraminidase inhibitors
interfere with viral proliferation during the acute phase of the
infection.13 Of concern is that several recent observations have
recognized a striking increase in drug-resistant A/H1N1 viruses that
are currently causing an increasing problem worldwide.14,15 In
addition, a synaptic interference is also suspected to be an
unwanted side effect of oseltamivir.16 New neuraminidase
inhibitors, peramivir and laninamivir, are now being prescribed as
alternate drugs. However, it should be recognized that it is only a
matter of time until viruses resistant to these drugs emerge.
It was reported that clarithromycin (CAM), a 14-membered

macrolide antibiotic, is effective in influenza virus infection, even
though it is an anti-bacterial drug.17 The anti-influenza virus and
anti-inflammatory activities of CAM have been supported by both
in vivo and in vitro studies.18–20 In spite of this, a recent clinical trial
treating with a combination of CAM and oseltamivir showed limited
effect in patients infected by seasonal influenza A virus,21 suggesting
that CAM has little effect as an anti-influenza drug. In addition, CAM
displays anti-influenza virus and anti-inflammatory properties
alongside its direct anti-bacterial effects.20 This means that CAM
use carries a high risk of promoting evolution of drug-resistant
bacterial pathogens. Macrolide compounds possessing effective anti-
influenza virus and anti-inflammatory activities, but devoid of any
anti-bacterial activities, would therefore appear to be the best leads for
the development of optimal anti-influenza drugs.
Infection with influenza viruses induces neutrophil infiltration into

the airway and the alveoli of the lung.22 The neutrophils phagocytose
the apoptotic cells infected by the influenza virus and degrade viral
proteins inside the phagosomes via the activity of myeloperoxidase
(MPO) contained in azurophilic granules.22,23 These findings indicate
that the neutrophils contribute to viral clearance and limitation of viral
spread in the lung. However, the activated neutrophils exocytose
azurophilic granules, including MPO, by degranulation.24,25 The
extracellularly released MPO mediates the production of reactive
oxygen species, including hypochlorous acid, which are potent tissue
injury factors.24 Therefore, excessive recruitment of the neutrophils
retaining MPO has been suggested to be associated with pathogenesis
of severe respiratory disease induced by influenza A/H1N1 and A/
H5N1 viruses.26–28 Previously, we elucidated, using MPO-deficient
mice, that the absence of MPO activity shows a tendency to decrease
severe inflammation and viral load in the lung during a lethal infection
with A/H1N1 virus.29 It is thus possible that an inhibitor of MPO
release from the activated neutrophils could significantly alleviate
severe pneumonia and viral load during an influenza A virus infection.
In this study, we report the results of our search for macrolide

candidates showing good efficacy with respect to the impact that anti-
influenza virus and anti-inflammatory has, focusing on the inhibitory
effect on MPO release from activated neutrophils. The inhibitors of
MPO release were selected from the Kitasato Institute macrolide
compound library by analyzing their ability to inhibit MPO release in
neutrophils in vitro, and evaluating their efficacy in the treatment of
influenza-induced disease using a mouse model lethally infected with
influenza A/H1N1 virus.

MATERIALS AND METHODS

Macrolide compound library
Since the 1980s, the research group at the Kitasato Institute has been

investigating the various properties of 14- and 16-membered macrolides (such

as erythromycin, tylosin, spiramycin (SPM) and leucomycin (LM)), evaluating

anti-bacterial, gastrointestinal motor-stimulating activity and anti-inflamma-

tory and/or immunomodulatory properties, including various derivatives

synthesized from the parent compounds via chemical modification. The

Kitasato Institute chemical library was used as a source of macrolide

compounds used in this research.

Evaluation of an inhibitory effect of macrolide derivatives on MPO
release
Mouse and human polymorphonuclear cells (PMNs) contain abundant

neutrophils. Inhibitory effect of MPO release by macrolide compounds from

human and mouse PMNs was measured using a modified TMB (3,30,5,50-
tetramethylbenzidine) method.30 Human PMNs were isolated from the blood

of healthy volunteers using polymorphprep (Axis-shield PoC AS, Oslo,

Norway). Mouse PMNs were purified from the bone marrow of an 8-week-

old BALB/c mouse by density gradient centrifugation with Percoll (GE

Healthcare, Little Chalfont, UK). The protocols for human sample use and

animal work were approved by the Institutional Ethics Committee, Graduate

School of Medicine, Chiba University (AUP numbers 1035 and 22–265). Each

macrolide compound was dissolved in dimethylsulfoxide to a final concentra-

tion of o1% in a reaction Hank’s balanced salt solution (HBSS; Gibco,

Carlsbad, CA, USA) medium. Fifty thousand PMNs, pre-warmed for 10min at

37 1C, were stimulated with 50ml of pre-warmed HBSS medium containing

5mgml�1 cytochalasin B and 10�6
M (10�5

M for mouse PMNs) formyl-

methionyl-leucyl phenylalanine, in the presence or absence of each macrolide

compound at the indicated concentration, in a V-bottom 96-well plate for

10min at 37 1C. After stimulation, the cells were cooled using icy water and

then centrifuged at 350 g for 5min at 4 1C to separate into supernatant and cell

pellet. The cell pellet was lysed with 0.1% Triton-X100 (phosphate-buffered

saline (PBS)) for 5min at room temperature. MPO activities in the samples

were assayed as follows: the reaction mixture consisted of 10ml of the

supernatant or the cell lysates, 7.2% dimethylformamide, 1.7mM TMB,

84.2mM sodium citrate buffer (pH 5.4), 0.39mM H2O2, PBS(�) and HBSS

in a total volume of 200ml in a flat-bottom 96-well plate. After mixing,

increase in absorbance at 650 nm in the reaction mixture was measured at

37 1C for 5min with a Bio-Rad automatic reader system (Model 680-

microplate reader, Bio-Rad, Hercules, CA, USA). The activity was measured

as unitsmin�1ml�1. The rate of activity of extracellularly released MPO was

calculated as a percentage release according to the following: (absorbance of

supernatant/absorbance of supernatantþ absorbance of cells pellet)� 100 (%).

On the basis of this calculation, macrolide compounds that inhibit MPO

release from human and mouse PMNs were screened.

Mice
Animal protocols associated with influenza virus infection were approved by

the Institutional Animal Use and Care Committee and conformed to the

guidelines of National Institute of Infectious Diseases (AUP number 111 007).

Wild-type, female, 8-week-old BALB/c mice were purchased from SLC

(Shizuoka, Japan) and housed in pathogen-free conditions to prevent any

secondary pathogenic infection.

Virus
A mouse-adapted strain of influenza virus, A/Puerto Rico/8/34 (PR-8, H1N1),

was supplied by the National Institute of Infectious Diseases. The virus strain

was propagated in embryonated hen’s eggs and stored at �80 1C until use. The

frozen virus was dissolved on ice and then centrifuged at 4000 r.p.m. for 5min

at 4 1C. The supernatant was used as viral solution for the infection.

Virus infection and administration of macrolides in mice
To prepare macrolide diluents, each macrolide compound dissolved in EtOH

was diluted with D-PBS and adjusted as follows: 250ml EtOH/D-PBS

contained 66mg macrolide compound to a final concentration of EtOH/D-

PBS was o4%. An EtOH/D-PBS diluent without a macrolide compound was

used as a control. The fresh macrolide–EtOH/D-PBS diluent or control was

prepared and used for injection each time.
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Mice were lightly anesthetized with pentobarbital sodium by i.p. injection.

The mice were intranasally infected with 320 plaque-forming units of PR-8

virus in 30ml of RPMI 1640 medium supplemented with 2% fetal bovine

serum. Each infected mouse was i.p. injected with 250ml of macrolide–EtOH/

D-PBS diluent or control EtOH/D-PBS diluent at one injection per day

between 0 and 5 days post infection. Mice were subjected to survival challenge

with a daily body weight check for 14 days.

Collection of bronchoalveolar lavage fluid
Samples were collected under uniform experimental conditions. At 3 or 6 days

post infection, mice were killed by terminal anesthesia and lavage fluid was

freshly collected via the trachea by performing three lavages with 1ml of

physiological saline solution. The fluid was pooled and spun at 1500 r.p.m. for

5min, the supernatant was then collected as bronchoalveolar lavage fluid

(BALF) for the analyses of MPO activity and cytokine production.

Histology and cDNA preparation of lung tissue
After collection of the BALF, lung tissue was collected. A left lung lobe was

removed and fixed with 10% formalin neutral buffer solution (Wako, Osaka,

Japan) for more than a week. The fixed tissue was embedded in paraffin, cut

into 3-mm-thick sections and stained by hematoxylin and eosin for histo-

pathological observation. The dissected right lung lobe was fixed by RNAlater

(Takara Bio, Shiga, Japan) for more than a week, and total RNA was extracted

using an RNA extraction reagent (ISOGEN; Nippon Gene, Tokyo, Japan). The

extracted RNA was treated with DNase (TURBO DNA-free; Ambion, Austin,

TX, USA) and then 1mg of DNA-free total RNA was reverse transcribed into

cDNA with Superscript VILO cDNA Synthesis Kit (Invitrogen, Carlsbad,

CA, USA).

Viral infection of human lung epithelial cells
The A549 cells were maintained by passages with Dulbecco’s modified Eagle’s

medium (Sigma Aldrich Japan, Tokyo, Japan) supplemented with 10% fetal

bovine serum (Mexico origin, Gibco) and 1% penicillin/streptomycin (Gibco).

The A549 cells were transferred into six-well plates and cultured until they

formed confluent monolayers. The cells were washed twice with pre-warmed,

non-supplemented HBSS (Gibco) to remove serum components from the well,

and were then infected with 1000 plaque-forming units of the PR-8 virus in

500ml of serum-free pre-warmed Dulbecco’s modified Eagle’s medium for 1 h

at 34 1C, with shaking for every 20min. After infection, the cells were washed

three times with pre-warmed, non-supplemented HBSS and cultured with

prepared 2ml macrolide-containing medium at 37 1C. Each macrolide

compound was dissolved in 100% EtOH and diluted with 2ml of the

supplemented Dulbecco’s modified Eagle’s medium at the indicated concen-

tration. EtOH without a macrolide compound was used as a control. The final

concentration of EtOH was o1% in the medium. After 2 or 48h, the culture

supernatant was removed, A549 cells were washed with non-supplemented

HBSS three times, and dissolved and collected using ISOGEN (Nippon Gene).

Total RNA, including PR-8 virus RNA in the A549 cells, was extracted using

Ethachinmate (Wako) to reduce the loss of total RNA. One microgram of total

RNA was reverse transcribed into cDNA with Superscript VILO cDNA

Synthesis Kit (Invitrogen).

Quantitative real-time PCR
The relative expression level of influenza virus matrix 1 (M1) gene in the lung

was quantified by real-time quantitative PCR with SYBR Green PCR Master

Mix (Applied Biosystems, Foster City, CA, USA) using StepOne Real-Time

PCR System (Applied Biosystems). The oligonucleotide primer pair for

amplification of M1 was referred for a report31 as follows—forward: 50-AAG
ACCAATCCTGTCACCTCTGA-30 and reverse: 50-CAAAGCGTCTACGCTG
CAGTCC-30. The reaction PCR condition was 95 1C for 15 s and 60 1C for

1min, repeated for 40 cycles, with a hot start at 95 1C for 10min. The

expression level of virus M1 in the mouse lung was normalized by that of

glyceraldehyde-3-phosphate dehydrogenase. The copy numbers of M1 nucleo-

tide in the A549 cells were quantified by standard plasmid ligated with M1

nucleotide.

Cytokine assay in BALF
Mouse interferon-a (IFN-a) proteins in the BALF were measured by ELISA Kit

(PBL InterferonSource, Piscataway, NJ, USA), according to the manufacturer’s

instructions. Altogether, 32 kinds of cytokine and immune-related proteins in

lung BALF collected from infected mice were exhaustively quantified by mouse

Multi-plex analysis using Luminex (Millipore, Billerica, MA, USA) on the

Bio-plex reader (Bio-Rad).

Statistical analysis
Survival curves were calculated by the Kaplan–Meier method, the log-rank

(Mantel–Cox) test being used for statistical comparison of survival curves.

Statistical differences of body weight between PBS- and macrolide-injected mice

were calculated by non-parametric Mann–Whitney U-test. All other analysis

was performed using a Student’s t-test. Statistical analyses were performed with

GraphPad Prism version 5 (GraphPad software, Inc., CA, USA).

RESULTS

Screening of macrolide derivatives inhibiting MPO release from
neutrophils
MPO mediates the production of hypochlorous acid that can cause
significant tissue damage.24 We previously elucidated that the absence
of MPO activity alleviate pneumonia pathology and viral load during
PR-8 virus infection.29 On the basis of this finding, we first checked
which macrolide derivatives inhibit MPO release in neutrophils to
determine the best candidates for investigation by concomitant use of
bacterial N-formyl methionyl peptide, formyl-methionyl-leucyl
phenylalanine and actin polymerization inhibitor, cytochalasin B.
We examined 1056 compounds from our macrolide compound
library and selected eight candidates that showed negative
regulation of MPO release in both human and mouse neutrophils
using in vitro screening. LM-A3 and SPM of the 16-membered
macrolides, and the 12-membered EM900 (has lost anti-bacterial
activity via chemical conversion from erythromycin A;32,33 see
Supplementary Figure S1), showed the highest inhibitory activity.
We compared the activity of these three macrolides and CAM, a 14-
membered macrolide possessing anti-influenza virus activity.18–20 In
addition to CAM, LM-A3, SPM and EM900 inhibited MPO release
from human neutrophils (Supplementary Figure S2). LM-A3, SPM
and CAM are known to be anti-bacterial agents.17 The LD50 and MIC
of these macrolides are shown in Table 1. These results suggest that
the macrolides inhibited MPO release, regardless of whether they had
anti-bacterial activity or not.

Effect of treatment with macrolide derivatives on survival rate and
body weight variability
The PR-8 virus strain induces severe and fatal respiratory disease in
mice.27,34,35 Using an experimental procedure that led to 100% fatality
7–14 days after intranasal infection with a sublethal dose (320 plaque-
forming units) of PR-8 virus, the survival rate and body weight, in the
presence or absence of each macrolide, were monitored (Figure 1). In
the PBS-injected control group, all of the mice died within 2 weeks
after the infection (Figure 2a). In contrast, injection of LM-A3 markedly
enhanced the survival rate of infected mice with a significant difference
(Po0.0001) and 80.9% of the mice survived at 14 days post infection.
LM-A3 delayed weight loss for 1–6 days after infection (Figure 2b). The
injection of SPM and EM900 also delayed body weight loss up to 6
days post infection, but their positive effect on survival rate was lower
than that of LM-A3; survival rates of SPM and EM900 were 33.3% and
27.2% with significant differences P¼ 0.0204 and P¼ 0.0168, respec-
tively (Figure 2). Injection of CAM, however, neither induced the
enhanced survival effect nor the delay of weight loss in this model
(Figure 2). These results indicate that the 12-membered and
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16-membered macrolides tested produced a significant survival effect in
animals exposed to lethal infection with influenza A virus.

Pathology in the lung treated with macrolide derivatives
We next performed histological observations in the lungs of macro-
lide-treated mice removed 6 days after infection (Figure 3a). In
comparison with an uninfected, healthy mouse, the lung of infected
control mice displayed severe inflammatory pathology with significant
infiltration of inflammatory cells, interstitial edema and thickening in
alveolar walls. The administration of LM-A3 alleviated this severe
pathology in the lung, whereas such alleviation was not observed by
SPM or CAM treatment. These results suggest that LM-A3 reduces
severe inflammatory disease induced by influenza A virus infection.

Regulatory effects of macrolide derivatives on MPO activity in
BALF
As LM-A3, SPM and CAM had an effect in inhibiting MPO release
from neutrophils in vitro, we measured MPO activity in the BALF of

infected mice treated with or without macrolide compounds. MPO
activity in the BALF markedly increased at 3 days and then decreased
to basal level by 6 days post infection in PBS-injected control
mice (Figure 3b). This result indicates that MPO activity increases
in the BALF during the acute phase of influenza A virus infection. We
found that MPO activity in the BALF of LM-A3-injected mice
was less than that of control mice with a significant difference
(Figure 3b). Injection of CAM inhibited the MPO activity to a
similar extent compared with the level of LM-A3, whereas an
increasing tendency for MPO activity was shown in SPM-injected
mice at this time point. However, statistical differences from the level
of control by these two compounds were not observed at this time
point (Figure 3b). There were no significant differences in the
activities at 6 days post infection between macrolide-injected and
control mice. These results suggest that the negative regulation of
MPO activity is a likely explanation for the protection from
aggravation of pneumonia by LM-A3 in the setting of influenza A
virus infection.

Table 1 Biological activity (LD50, cytotoxicity and MIC) of each macrolide used in this study

LM-A3 SPM CAM EM900

Mouse Mouse Mouse Rat
LD50 (mgkg�1)

i.p. 780 322 850 —
i.v. 385 130 173 —
Oral 6400 2900 1230 42000
s.c. 43000 1470 45000 —

MIC (mgml�1)
Gram (þ )
S. aureusa 0.39–1.56 S. aureus FDA209Pa 1 S. aureus FDA209PJC-1a 0.12 S. aureus FDA209a 4128
S. pneumoniaea 0.78 S. aureus ISP447a 4 S. pneumoniae IID553a p0.06 S. aureus Smitha 4128
S. pyogenesa 0.19 S. aureus Smitha 4 S. pneumoniae IID554a p0.06 S. aureus 8325 (pET2104)a 4128
E. faecalisb 3.13 E. faecalis ATCC21212b 0.5 S. epidermidis IID866a 0.12 S. epidermidis IFO12648a 4128

M. luteus ATCC9341c p0.25 S. pyogenes IID689a p0.06 M. lutenus ATCC21212c 128
MRSA N315 IR94d 4128 P. anaerobius ATCC27337e p0.06

Gram (�)
N. gonorrhoeaef 0.09–3.13 E. cloacae IFO13535g 4128 H. pylori ATCC43504h p0.06 E. coli NIHJ Jc-2i 4128
N. meningitidisf 0.04–12.5 E. aerogen NCTC10006g 4128 H. pylori ATCC43629h 0.12 K. pneumoniae NCTN9632j 4128
E. coli i 100 P. mirabilic IFO3849k 4128 H. pylori ATCC43579h p0.06 S. marcescens IFO12648l 4128
C. spp.m 0.39–0.78 P. vulgaris OX-19k 4128 L. pneumophilia ATCC33152n 0.015 E. aerogen NCTC10006g 4128
M. pneumoniaeo 0.015–0.03 E. coli NIHJ JC-2i 4128 L. pneumophilia ATCC33215n 0.015 A. calcoaceticus IFO2552p 4128
K. pneumoniaej 25 C. freundii ATCC8090q 4128 M. catarrhalis ATCC25238r p0.06
P. vulgarisk 4100 K. pneumoniae NCTN9632j 128 H. influenzae IID988s 4

M. morganii IID Konot 4128 N. gonorrhoeae ATCC49226f 1
S. marcescens IFO12648l 4128 C. jejuni ATCC33560m 2
P. aeruginosa 46001u 4128 C. trachomatis D/UW-3/Cxv 0.03
A. calcoaseticus IFO2552p 64 M. pneumoniae FHo 0.002

Abbreviations: CAM, clarithromycin; LM-A3, leucomycin A3; SPM, spiramycin.
The information of LD50 of LM-A3, SPM and CAM was published data by Santa Cruz Biotechnology as follows: LM-A3 (Josamycin): http://datasheets.scbt.com/sc-351855.pdf; SPM: http://
datasheets.scbt.com/sc-251064.pdf; and CAM: http://datasheets.scbt.com/sc-205634.pdf. The LD50 of EM900 was examined using a rodent by T. Sunazuka et al. (unpublished data).
aS: Staphylococcus.
bE: Enterococcus.
cM: Micrococcus.
dMRSA: methicillin-resistant Staphylococcus aureus.
eP: Peptostreptcoccus.
fN: Neisseria.
gE: Enterobacter.
hH: Helicobacter.
iE: Escherichia.
jK: Klebsiella.
kP: Proteus.
lS: Serratia.
mC: Campylobacter.
nL: Legionella.
oM: Mycoplasma.
pA: Acinetobacter.
qC: Citrobacter.
rM: Moraxella.
sH: Haemophilus.
tM: Morganella.
uP: Pseudomonas.
vC: Chlamydia.
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Inhibitory effect of macrolide derivatives on viral titer in the lung
To investigate the effects of macrolide derivatives on the replication of
influenza A virus, we evaluated virus titers in lung tissue by a
quantification of relative expression level of the virus M1 gene. At 3
days post infection, none of the macrolides influenced M1 expression
in the lung (Figure 4). LM-A3 and SPM, however, inhibited viral M1
expression in the lung at 6 days post infection with significant
difference (Figure 4). CAM also showed a decreasing trend of M1
expression in the lung at 6 days. These data indicate that viral
replication in the lung is comparable between PBS and macrolide
treatment at 3 days, but that at least LM-A3 and SPM induce viral
clearance at 6 days post infection.

Effective action of macrolide derivatives on production of anti-viral
and pro-inflammatory cytokines in BALF
Given the findings of histological and viral clearance, we examined
cytokine production in the BALF to improve the understanding of the
mechanism of action of the macrolides. As LM-A3 and SPM inhibit
virus proliferation in the lung, we first investigated the production of
IFN-a protein in the BALF (Figure 5). In control infected mice, an
increase of IFN-a production was detected in the BALF at 3 days post
infection; thereafter, in control mice it decreased at 6 days, indicating
that IFN-a is elevated during the acute phase of the infection. LM-A3

boosted IFN-a production two-fold higher than controls in the acute
phase (Figure 5). SPM also showed a tendency to promote IFN-a
production, but CAM did not.
LM-A3 suppressed the production of several pro-inflammatory

cytokines, including tumor necrosis factor-a (TNF-a), interleukin
(IL)-1a, monocyte chemoattractant protein-1 (MCP-1) and eotaxin
in the BALF at 3 days post infection (Figure 5). Both SPM and CAM
negatively regulated the production of MCP-1 and eotaxin in the
BALF, and SPM showed a tendency to reduce TNF-a level in
addition, but two macrolides showed no significant differences of
these cytokine productions. Interestingly, LM-A3 enhanced IL-6,
granulocyte-macrophage colony-stimulating factor and macrophage
inflammatory protein-1b production at 6 days post infection
(Figure 5). No effective differences of production regarding other
measured cytokines were observed by LM-A3 treatment in compar-
ison with the other two macrolides (Supplementary Figure S3). Only
CAM decreased the production of macrophage inflammatory protein-
2, platelet-derived growth factor BB and vascular endothelial growth
factor at 3 days post infection (Supplementary Figure S3). SPM and

CAM, but not LM-A3, downregulated leukemia inhibitory factor
production in the BALF on day 6 (Supplementary Figure S3).
In essence, LM-A3 suppressed the production of several pro-

inflammatory cytokines, including TNF-a, IL-1a, MCP-1 and eotaxin,
in the BALF at 3 days post infection, whereas SPM and CAM did not
influence the production levels of these cytokines at all (Figure 5).
Similarly, LM-A3 enhanced IL-6, granulocyte-macrophage colony-
stimulating factor and macrophage inflammatory protein-1b produc-
tion at 6 days post infection, whereas both SPM and CAM did not
(Figure 5). No effective differences of production regarding other
measured cytokines were observed by LM-A3 treatment in compar-
ison with the other two macrolides (Supplementary Figure S3).

Inhibitory role of macrolide derivatives in virus activity in human
host cells
We attempted to focus on whether the tested macrolide compounds
have direct anti-influenza virus effects in human lung epithelial cells,
because observations have indicated that influenza A/H1N1 and A/
H5N1 viruses attach and invade lung epithelial cells in humans.9,20

Thus, we used a human alveolar type II-derived carcinoma line, A549
cells, to elucidate the medicinal effect of these macrolide derivatives.
A remarkable increase in the copy number of M1 nucleotides of
PR-8 virus was detected in the A549 cells within 48h after the
infection (Figure 6a). Administration of LM-A3, SPM or CAM
suppressed the increase of the viral nucleotide inside A549 cells in a
dose-dependent manner (Figure 6b). LM-A3 was particularly effective
in reducing influenza A virus proliferation and a significant reduction
in copy numbers of M1 nucleotides was observed at low dose
(12.5mgml�1). No observation of cell death was seen in A549 cells
after treatment of any of the macrolides used in this study. As the
enhancement of IFN-a production in BALF after injection of LM-A3

was observed in our in vivo experiment (Figure 5), it was speculated
that IFN-a is similarly associated with the inhibitory effect on viral
replication in human A549 cells. Contrary to our expectation, a
significant increase of human IFN-a production was not detected in
the culture supernatant of A549 cells co-cultured with LM-A3 after
48 h (Supplementary Figure S4).

DISCUSSION

The stimulation of neutrophils by formyl-methionyl-leucyl phenyla-
lanine and cytochalasin B evokes a significant degranulation
with exocytosis of azurophil granules containing MPO.25,36,37 The
cytochalasin B binds to the positive (þ ) end of microfilament F-actin
and disturbs actin polymerization (Supplementary Figure S5). The
peripheral actin mesh surrounds neutrophil granules and limits access
of granules to the cytoplasmic face adjacent to the plasma membrane
with respect to neutrophil activity.38,39 The cytochalasin B is generally
thought to break up this ‘barrier’ function, but not hamper
neutrophil activation.38 Several macrolides, for example, Kabiramide
C and aplyronine A, bind to G-actin and interfere with the dynamics
of cytoskeletal actin polymerization.40,41 LM-A3, SPM, CAM and
EM900 screened in this study, might have competitive or other
unknown functions to cytochalasin B-induced degranulation
(Supplementary Figure S5). In addition, macrolide compounds,
including CAM, are known to reduce the number of acidic endo-
somes and inhibit acidification in the cytoplasm of mammalian host
cells.20,42 In neutrophils, cytoplasmic acidification by blockage of
Naþ /Hþ antiport significantly enhances degranulation of
cytoplasmic azurophils containing MPO.43 LM-A3, SPM, CAM and
EM900 may have a potential inhibitory effect on cytoplasmic
acidification, resulting in the reduction of azurophilic exocytosis.

Survival challenge with body weight check

0

i.p. injection of PBS or macrolide Intranasal infection 

1 2 3 4 5 6 days 

Sampling Sampling

2 weeks

Figure 1 Scheme of a procedure for infection experiment. Mice were

infected intranasally with PR-8 A/H1N1 influenza virus. After the infection,

mice were i.p. injected with 250ml of macrolide–EtOH/D-PBS diluent or

control (without macrolide compound) at one shot per day for 5 days. The

250ml diluent includes 66mg each of macrolide as described in Materials

and Methods. Sample collections were performed at 3 and 6 days post

infection. The survival challenge was carried out with body weight checks at

every day for 2 weeks. A full color version of this figure is available at The

Journal of Antibiotics journal online.
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MPO, which is released extracellularly from activated neutrophils
and mediates hypochlorous acid production, has been implicated as a
cause of pathogenesis of severe respiratory disease induced by
influenza A/H1N1 and A/H5N1 viruses.26–28 To inhibit MPO
release following lethal infection with influenza A virus, we screened
LM-A3, SPM, EM900 and CAM as inhibitors of MPO release from
human and mouse neutrophils in vitro. In infected mice, LM-A3

produced 480% survival effect at 14 days post infection. SPM and
EM900 showed a lower survival rate of B30%, in addition to

delaying weight loss, whereas injection of CAM induced neither the
enhanced survival effect nor the delay of weight loss. Treatment of
infected mice with LM-A3 also alleviated pneumonia pathology at 6
days post infection, whereas injection of SPM or CAM did not induce
alleviation of the pneumonia pathology. In contrast to our study, it
has been reported that oral administration of CAM into mice infected
with PR-8 viruses decreases mortalities concomitant with suppression
of virus titer in the lung.18 In that study, however, administration of
CAM at 20mg per mouse per day reduced the mortality of infected
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mice (Po0.05 by the Kaplan–Meier method), but it is ineffective at
2mg per mouse per day.18 The frequent high-dose administration
of CAM makes the development of drug-resistant bacteria more
likely because CAM retains its anti-bacterial activity. In the present
study, i.p. injection of CAM into infected mice at 66mg per mouse per
day showed no beneficial effects, whereas LM-A3 and SPM induced
survival effect after the same injection and dose, within the limits of
LD50 (Table 1). The varieties in route and dose for CAM

administration probably affect the anti-influenza A virus activity,
accounting for differences observed between previous results
and ours.
Our results showed that the high survival rate occurring as a result

of the alleviation of severe pneumonia following LM-A3 treatment is
correlated with the reduction of MPO activity in the BALF during the
acute phase of the infection. These results strongly suggest that the
blockade of MPO release in neutrophils affords protection from
pneumonia exacerbation following the proliferation of influenza A
virus, which is consistent with our previous findings using MPO
knockout mice.29 As with LM-A3, SPM and CAM also inhibited MPO
release in vitro; however, they failed to reduce MPO activity in the
BALF of infected mice. The reasons why they did not reduce in vivo
are unclear but the doses used for treatment may not be sufficient for
SPM and CAM to decrease MPO activity in vivo.
In this study, treatment with the macrolides led to changes in

several cytokine production profiles in the BALF of infected mice. The
significant differences between cytokine and MPO activity levels were
not observed in the BALF when each individual status was compared
(data not shown). This suggests that blockage of MPO release
probably does not affect cytokine production by itself. The detailed
mechanism for cytokine induction by macrolides was not investigated
in the present study and remains unknown. Several in vitro studies
indicate that macrolides induce a regulatory role on cytokine
production after viral infection.44,45 CAM shows an inhibitory effect
on inflammatory cytokine production concomitant with the
reduction of nuclear factor-kB protein level in the influenza virus
infection.20 This in vitro observation suggests that macrolide directly
affect cytokine productivity via nuclear factor-kB proteins in the host
cells. It is possible that LM-A3 and SPM also regulate cytokine
production in the lung mediating nuclear factor-kB activity by
influenza virus infection. Our results show that LM-A3 suppressed
viral replication in the lung at 6 days post infection. The anti-viral
activity is typically attributed to an anti-viral cytokine, such as type-I
IFNs. A recent report, using IFN-a receptor-deficient mice, shows that
the deficiency significantly increases viral titer in the lung and leads to
total eradication of infected mice with PR-8 virus.46 This observation
indicates that IFN-a produced by influenza virus infection disturbs
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virus proliferation in the lung. In this study, IFN-a production in the
BALF was indeed enhanced by LM-A3 treatment in the acute phase of
infection. The reduction of viral load by LM-A3 could therefore be
attributed to the enhanced IFN-a production in the lung. The
production of pro-inflammatory cytokines such as TNF-a, IL-1a,

eotaxin and MCP-1 in the BALF is usually elevated following
replication of the influenza A virus in the lung and is implicated in
the severity of respiratory disease.7,47,48 The treatment with LM-A3

suppressed TNF-a production in the BALF, whereas SPM or CAM
treatment did not significantly affect the production in the infection.
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In influenza virus infection, a blockade of interaction of TNF-a and
its receptors prevents weight loss in mice.47 Moreover, IL-1a, eotaxin
and MCP-1 were also reduced in the BALF after LM-A3 treatment.
The IL-1 in the lung induced by influenza A virus infection has an
essential role in neutrophil recruitment, leading to pneumonia
pathogenesis.34 In fact, a blockade of IL-1 function by IL-1 receptor
deficiency alleviates influenza viral pneumonia.34 Eotaxin and MCP-1
increase during the influenza virus infection and are thought to evoke
pneumonia pathology.26,49 The inflammatory role of MCP-1 in PR-8
virus infection is also supported by an in vitro study using lung
epithelial cells.50 In the present study, we found that LM-A3 treatment
markedly reduced production of pro-inflammatory cytokines (TNF-
a, IL-1a, eotaxin and MCP-1) in the BALF of infected mice. Thus, it
can be assumed that the negative regulation of these pro-
inflammatory cytokines in addition to the inhibition of MPO
release and enhancement of IFN-a production by LM-A3 treatment
inhibits influenza pneumonia.
Furthermore, IL-6 has been thought to be implicated in increasing

influenza pathogenesis. However, murine studies indicate that IL-6
does not contribute significantly to the severe pneumonia
pathogenesis of H5N1 influenza virus.47,51 A recent report, using
IL-6-deficient mice and PR-8 virus, showed that IL-6 is a vital innate
immune cytokine providing a protective role in influenza A virus
infection.35 In fact, the absence of IL-6 results in the total
disappearance of infected mice with severe exacerbation of
pneumonia pathology. In our study, LM-A3 did not inhibit IL-6
production in the BALF at 3 days post infection, rather it enhanced
production at 6 days post infection. The enhanced IL-6 following LM-
A3 treatment at 6 days may have a beneficial protective role against
virus proliferation and pneumonia severity induced by influenza A
virus infection.
The in vitro study using a human alveolar epithelial cell line, A549

cells, clearly showed that LM-A3, SPM and CAM had a direct
inhibitory effect on viral proliferation in human host cells. The
anti-proliferative activity of influenza A virus shown by LM-A3 was
higher than that of CAM and SPM. Unlike the in vivo situation using
mice, a remarkable increase of human IFN-a production was not
detected in the culture supernatant of A549 cells co-cultured with
each macrolide (Supplementary Figure S4). This in vitro observation
indicates that macrolides, including LM-A3, possess the ability to
inhibit virus proliferation without much contribution from IFN-a.
Several immune cell types, including macrophages, dendritic cell
subsets and immature Antigen-presenting cells, are known to produce
the IFN-a following influenza virus infection.52–55 These observations
suggest that LM-A3 encourages such immune cells to promote
IFN-a production in vivo during the influenza virus infection.
Influenza viruses are internalized by receptor-mediated endocytosis
after binding on the host cell surface, and the low pH condition
in the endosome triggers fusion of viral and endosomal membranes
for the next process of viral replication.56,57 Macrolides,
including CAM and bafilomycin A1, reduce the number of acidic
endosomes and decrease viral propagation in host cells infected by
influenza A virus.20,58 LM-A3 and SPM are also suggested to exert an
inhibitory effect on acidification in cytoplasmic endosomes, thereby
disturbing viral proliferation inside A549 cells. Our study
demonstrated that LM-A3 was a most effective 16-membered
macrolide, possessing highly effective anti-influenza viral properties
in human cells in vitro as well as in mouse in vivo. Consequently,
LM-A3 is a promising lead compound candidate for the development
of a drug for treatment of influenza-induced respiratory disease
in humans.

In conclusion, of 1056 macrolides screened for inhibition of MPO
release, LM-A3 produced the highest survival effect in infected mice,
concomitant with the reduction of both viral load and pneumonia.
We ascertained that the beneficial effects by LM-A3 are attributable to
the negative regulation of MPO activity and pro-inflammatory
cytokines, as well as with the enhancement of IFN-a production.
This 16-membered macrolide also possessed direct anti-influenza A
virus activity in human alveolar epithelial cells. These observations
indicate that LM-A3 is not only a promising candidate molecule for
the development of a new drug for the treatment of human
respiratory disease induced by influenza virus, it also offers promise
against the recently emerged avian A/H7N9 virus. Moreover, our data
using EM900 suggests that a pharmacological architecture can be
manipulated to bestow or remove anti-bacterial and anti-influenza
virus activity. We have shown that it is possible to develop novel
macrolide derivatives that have high anti-influenza virus activity
without anti-bacterial properties. Further work to better understand
the pharmacology and mode of action of LM-A3 with respect to
influenza virus infection and disease is required in order to develop
this promising candidate into an effective anti-influenza drug.
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