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Preface

The antibiotic era began in earnest during World War II with the “miracle of peni-
cillin”. Following the introduction of penicillin, the quest was on to discover simi-
lar antimicrobial agents. In the late 1940s, erythromycin A was isolated from a soil
sample found in the Philippine island of Iloilo, and in 1952 erythromycin was intro-
duced by Eli Lilly Company under the name of Ilosone, as an alternative to peni-
cillin for emerging penicillin-resistance bacteria. It was recognized early on that the
gastrointestinal side effects of erythromycin A could be modified by altering the
chemical structure of the agent, and in the early 1990s clarithromycin and
azithromycin were developed to be more acid-stable and with fewer side effects. Not
long after this, it was shown that the macrolide antibiotics had immunomodulato-
ry effects separate from antimicrobial properties.

The “steroid sparing” properties of the 14-member macrolides troleandomycin
and oleandomycin, were first described in patients with severe, steroid-dependent
asthma. Erythromycin was also found to reduce the need for corticosteroids in
patients with asthma and, as described by Rose Jung, Mark H. Gotfried and Larry
H. Danziger, in these trials some severe, steroid-dependent asthmatics were able to
discontinue systemic corticosteroids with the use of macrolide antibiotics. Although
it was speculated that the mechanism of macrolide action for severe asthma was by
interfering with corticosteroids metabolism, in the clinical trials the reduction in
steroid side effects, dosage, and in some cases discontinuation of steroids suggested
a different effect on the underlying disease.

This was exploited in the 1980s in Japan for the treatment of the nearly uni-
formly fatal airway disease diffuse panbronchiolitis (DPB), as described by Arata
Azuma and Shoji Kudoh. Since that time, many investigators in Japan — and now
around the world — have studied these immunomodulatory properties not only of
macrolide antibiotics but also of other classes of antimicrobials. Studies in the last
5 years have confirmed these effects, not only for the treatment of DPB but for also
cystic fibrosis (CF) as discussed by Adam Jaffé and Andrew Bush. With the wide-
spread adoption of macrolide therapy for the treatment of CF there has been an
explosion of interest and publications in the field. A literature search conducted in

Xi
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June 2004 from the PubMed database shows that there have been nearly 300 refer-
ences to the immunomodulatory or anti-inflammatory properties of antibiotics since
1976.

This book is divided into two sections; the first, on basic research, evaluates the
effects of macrolide antibiotics on bacteria other than by ribosomally-mediated bac-
teriostasis. Specifically the macrolide antibiotics have been shown to influence the
expression of virulence factors in gram-negative organisms and decrease the ability
of these bacteria to form biofilms as detailed in the chapters by Kazuhiro Tateda,
Theodore J Standiford, and Keizo Yamaguchi. A series of six chapters then follow
detailing the various anti-inflammatory and immunomodulary effects of these
antibiotics. Immunomodulation in this sense refers to the ability to downregulate
deleterious hyperimmunity leading to airway damage as opposed to anti-inflamma-
tory properties, which refers to the suppression of all inflammatory responses
whether beneficial or not. Thus immunomodulation should not impair the normal
host defense but will prevent an acute inflammatory response from becoming chron-
ic and destructive inflammation. Michael Parnham gives a superb overview of the
role of inflammation and its resolution with antibiotics. This is then followed by
chapters that document the effect of macrolide antibiotics on cell membrane pro-
tection and epithelial stabilization (Charles Feldman and Ronald Anderson), neu-
trophil activation and chemotaxis (Jun-ichi Kadota), reduction of proinflammatory
cytokine expression and release (HajimeTakizawa), the oxidative burst (Marie-
Thérese Labro), and immune activation (Jun-ichi Kadota).

Related to these immunomodulatory effects are the effects on mucus secretion.
It is well established that mucus secretion is beneficial to the airway preventing bac-
terial infection, airway desiccation, and aiding particle clearance; however mucus
hypersecretion can lead to airflow obstruction and entrap microorganisms as seen
in patients with chronic airway inflammation. Many chronic inflammatory airway
diseases such as COPD, asthma, sinusitis, DPB, bronchiectasis and CF are associat-
ed with hyperinflammation and airway obstruction with secretions. Kiyoshi Takeya-
ma discusses the role of macrolides in mucus production and secretion and Jun
Tamaoki reviews the related data on the regulation of ion channels and how this
relates to macrolide antibiotics and mucus secretion.

The second part of the book discusses the clinical results using antibiotics as
mucoregulatory agents in a variety of diseases. Shoji Kudoh, who was the first to
describe the role of macrolides in the treatment of DPB, and Arata Azuma provide
a superbly updated overview of DPB including the current Japanese recommenda-
tions for the use of macrolides in treating this disease. These guidelines have proven
useful for establishing appropriate therapy for Adam Jaffé and Andrew Bush, who
discuss not only their landmark studies of azithromycin for the treatment of CF but
also the results of recent large-scale studies that have led to wide acceptance of this
therapy. This is followed by a chapter by Kazuhiko Takeuchi, Yuichi Majima, and
Qutayba Hamid that reviews the use of macrolides in the therapy chronic upper air-
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way diseases including sinusitis and nasal polyposis. Rose Jung, Mark H. Gotfried,
and Larry H. Danziger then summarize the use of macrolides and the treatment of
chronic asthma; in particular for persons with neutrophil-predominant, steroid
dependent asthma. The role of immunomodulatory antibiotics in the treatment of
lung injury is reviewed by Arata Azuma.

Eiji Kita, Keiichi Mikasa and Kei Kasahara give a superb review of the data sug-
gesting a possible role of immunomodulatory antibiotics that can decrease proin-
flammatory cytokines for the therapy of nonpulmonary disorders including arthri-
tis, inflammatory bowel disease, and cancer. The final chapter by Markus O. Henke,
Axel Dalhoff, and Bruce K. Rubin reviews the immunomodulatory properties of
antibiotics other than macrolides with the special emphasis on the quinolones,
where data now support the ability of these agents to affect the immune systems.

This is an exciting and a rapidly changing field and we are delighted to have the
opportunity to summarize the state of the art as of 2004. Thus it is timely that this
book be published summarizing these data and it is appropriate that half of the
authors are from Japan. We personally believe it is likely that we will see a more
widespread use of these antibiotics for their immunomodulatory properties as well
as the development of derivatives of these medications that have no antibacterial
properties but that do have more potent and directed immunomodulatory activity.
This may permit more precise therapy for preventing biofilm diseases or chronic
inflammation while reducing the risk of developing antimicrobial resistance to the
macrolide class of antibiotics. The editors would like to thank Michael Parnham,
the PIR series editor, for suggesting this book and for agreeing to write the overview
chapter. We would also like to thank our editors at Birkhduser Publishing including
Karin Neidhart and Hans Detlef Kliiber for their outstanding support. Finally the
Editors of this monograph would like to thankfully acknowledge the many students
and postdoctoral investigators who have worked with us over the years and
enriched both our research laboratories and our lives.

Winston-Salem/Tokyo, July 2004 Bruce K. Rubin
Jun Tamaoki
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Effects of antibiotics on Pseudomonas aeruginosa virulence
factors and quorum-sensing system

Kazuhiro Tateda’, Theodore J. Standiford? and Keizo Yamaguchi’

"Department of Microbiology and Infectious Disease, Toho University School of Medicine, 5-
21-16 Ohmorinishi, Ohtaku, Tokyo 143-8540, Japan

2PuImonary and Critical Care Medicine, University of Michigan Medical School, Ann Arbor,
Michigan, USA

Introduction

Pseudomonas aeruginosa is an opportunistic pathogen that causes a wide range of
acute and chronic infections, including sepsis, wound and pulmonary infections [1].
In particular, this organism is a major cause of pulmonary damage and mortality in
patients with cystic fibrosis (CF), diffuse panbronchiolitis (DPB) and other forms of
bronchiectasis [2, 3].

P. aeruginosa is known to produce a variety of virulence factors, such as pigment
and exotoxins. The synthesis and expression of these factors is regulated by a cell-
to-cell signaling mechanism referred to as quorum sensing [4, 5]. Two major quo-
rum-sensing components in P. aeruginosa, Las and Rbl, enables bacteria to coordi-
nately turn on and off genes in a density-dependent manner by the production of
small diffusible molecules called autoinducers [6, 7]. The expression of these autoin-
ducer-regulated virulence factors directly contributes to the course and outcome of
individuals infected with P. aeruginosa.

A breakthrough in chemotherapy for patients with chronic P. aeruginosa pul-
monary infection was realized when a patient with DPB was treated with ery-
thromycin for a prolonged period. This resulted in a dramatic improvement in clin-
ical symptoms, respiratory function and radiographic findings [8]. This astute
observation, made by Dr. Shoji Kudoh, lead to a subsequent open trial study which
established the clinical effectiveness of long-term erythromycin therapy in DPB
patients [9]. Clinical experience in DPB has lead to the use of long-term macrolide
therapy in patients with chronic sinusitis, bronchiectasis and CE. While there is
mounting evidence of clinical efficacy, the mechanisms of action are still unknown.
Currently, investigators are working on two major research directions; 1) macrolide
effects on host inflammatory and immune systems, and 2) specific effects of
macrolides on the bacteria themselves, including the expression of bacterial viru-
lence factors.

In this chapter, we will review the effects of sub-MIC of macrolides on P. aerug-
inosa, particularly activity of these antibiotics on the bacterial quorum-sensing sys-

Antibiotics as Anti-Inflammatory and Immunomodulatory Agents, edited by Bruce K. Rubin and Jun Tamaoki
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tem; a system that may be crucial in the pathogenesis of chronic P. aeruginosa infec-
tion. Immunomodulatory properties on host responses and clinical efficacy of
macrolides will be more comprehensively addressed in other chapters.

An overview of macrolide antibiotics

The macrolide class of antimicrobials is characterized by a multi-membered lactone
ring with one or more amino sugars attached. Macrolides are grouped according to
the number of atoms comprising the lactone ring, such as 12-, 14-, 15- and 16-mem-
bered rings. The 14-membered ring group includes erythromycin, clarithromycin,
roxithromycin and oleandomycin, whereas the 16-membered group contains
josamycin, kitasamycin and rokitamycin. The only 15-membered ring is
azithromycin, which is characterized by a higher degree of intracellular accumula-
tion within leukocytes and more potent antibacterial activity against gram-negative
organisms [10].

Macrolides inhibit bacterial protein synthesis by binding to the 50S ribosomal
subunit causing an inhibition of translocation of peptidyl-tRNA and the initial steps
of 50S subunit assembly. The spectrum of activity of macrolides includes aerobic
gram-positive bacteria, especially Staphylococcus spp., and Streptococcus spp. A few
gram-negative bacteria (e.g., Campylobacter spp., Helicobacter spp., and Legionel-
la spp.), and other atypical pathogens including Mycoplasma spp. and Chlamydia
spp., are also susceptible to this class of antibiotics. In contrast, P. aeruginosa, as
well as other enteric microorganisms, are intrinsically resistant owing to the exclu-
sion of the macrolide from the cytoplasm by the outer membrane architecture.

Generally, the mode of therapeutic efficacy of antibiotics is attributed to the inhi-
bition of bacterial growth in vivo when antibiotic concentrations (usually in serum)
exceed the minimum inhibitory concentration (MIC), measured on a short exposure
time (generally 24 h) to planktonic forms of the bacteria. However, concentrations
below the MIC can still attenuate growth and the expression of a variety of bacter-
ial virulence factors, compromising the ability of the pathogen to cause disease. This
activity of antibiotics is referred to as sub-MIC effects. The MIC of macrolides for
most P. aeruginosa strains is in the range of 128-512 ug/ml (our laboratory data).
Peak serum concentrations of erythromycin after a 250 mg oral dose are, however,
only 1.0-1.5 ug/ml and the mean sputum concentration after an intravenous dose
of 1 g every 12 h was 2-3 ug/ml [11, 12]. Thus, judged by conventional criteria, P.
aeruginosa is fully resistant to macrolide antibiotics. However, there is increasing
evidence of a role of sub-MIC macrolides in suppressing virulence factors of this
organism.

A characteristic of macrolides that augment their efficacy is that they can con-
centrate within leukocytes and can enhance the function of aspects of the cellular
immune system [13, 14]. For example, intracellular macrolides may be transported
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to the site of an infection, where they are partially released [15]. These data may
explain, in part, how relatively higher concentrations of macrolides can occur at the
site of infection, as compared to lower levels observed in serum. Furthermore,
macrolide accumulation has been demonstrated to occur not only in host cells, but
also within bacteria, especially after a prolonged incubation period [16], which may
account for sub-MIC effects on pathogens and perhaps clinical efficacy. These data
suggests that macrolide antibiotics have the potential for antibacterial activity, not
only through direct bactericidal and bacteriostatic effects, but also through sup-
pression of virulence factors.

Macrolide effects on bacteria

The cellular and molecular mechanisms accounting for the dramatic effect of
macrolides in DPB patients has been the subject of intensive research. To summarize
a large body of work, the clinical efficacy of macrolides in DPB and CF patients is
likely attributable to modulation of host inflammatory and immunological path-
ways and modulation of bacterial virulence factors, such as suppression of exo-
products (e.g., toxins, pigments, alginate) and bacterial cell components (e.g., fla-
gella, pili, lipopolysaccharide [LPS]). In the discussion to follow, we focus on
macrolides effects on bacteria, especially sub-MIC macrolide effects on virulence
factors of P. aeruginosa and its “quorum-sensing” regulatory system.

Sub-MIC effect of macrolides on bacteria and its virulence factors

Suppression of bacterial exoproducts

P. aeruginosa produces a variety of extracellular products, such as pigment, toxins
and exopolysaccharide, which contribute to the pathogenesis through cell/tissue
destruction, inflammation and other local and systemic effects [17]. Molinari and
associates demonstrated that erythromycin, clarithromycin, and azithromycin dif-
fered in their ability to inhibit various P. aeruginosa virulence factors. Specifically,
azithromycin reduced the synthesis of elastase, protease, lecithinase, and DNase to
a greater degree than the other macrolides tested, and was the only agent to sup-
press pyocyanin production [18, 19]. Sato et al. have reported that erythromycin
suppresses the production of pyocyanin dose-dependently in vitro [20]. Kita and
collaborators have reported that erythromycin over a concentration range of 0.1-
10 ug/ml suppressed production of elastase, protease and leucocidin in P. aerugi-
nosa; although growth of bacteria was not affected significantly during 24 h culture
[21]. Sakata and associates have reported that elastase production was inhibited
completely by erythromycin in 27 (79.4%) of 34 strains at concentrations between
0.125 and 64 ug/ml [22]. Likewise, Hirakata and colleagues reported that ery-
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thromycin suppressed the in vitro production of exotoxin A, total protease, elastase,
and phospholipase C by P. aeruginosa D4 in a dose-dependent manner [23]. A sim-
ilar investigation confirmed the greater sub-MIC inhibitory activity of azithromycin,
as compared to erythromycin, roxithromycin, and rokitamycin against P. aerugi-
nosa exoenzymes and exotoxin A [24].

Strains of P. aeruginosa involved in chronic lung infection in DPB and CF devel-
op a mucoid phenotype which is attributable to hyperproduction of alginate. These
strains transform into a biofilm coating airway surfaces [25]. Within biofilms, bac-
teria are protected from antibiotics and the host immune system. Sub-MIC of
macrolides have been shown to inhibit both the production of alginate and the for-
mation and stability of biofilms [26-28].

Kobayashi has reported that 14- and 15-membered macrolides specifically inhib-
ited the enzyme guanosine diphosphomannose dehydrogenase (GMD), which is
involved in the biosynthesis of alginate, but that the 16-membered macrolide mide-
camycin was ineffective [29]. It is also notable that macrolides can inhibit a-dornase
(recombinant human DNase I) with azithromycin displaying greater activity than
erythromycin [30].

Several explanations have been proposed for the sub-MIC effects of macrolides
on the expression of P. aeruginosa exoproducts. This effect may be due to direct
inhibition of translation at the ribosomal level, although it is difficult to imagine
how the inhibition of enzymes to as low as 30% of normal function would not sub-
stantially impact bacterial growth. It has also been suggested that short peptide
chains are preferentially more susceptible to macrolides and this would allow for
differential inhibition of enzymes [31]. Regardless of mechanisms involved, it does
appear that certain macrolides, but not all family members, are active in suppress-
ing virulence factors of P. aeruginosa, and this effect is closely linked with those
macrolides that demonstrate clinical efficacy, including erythromycin, clar-
ithromycin, roxithromycin and azithromycin.

Bacterial cell surface components and adherence to host cells

The bacterial cell surface components of LPS and outer membrane proteins of P.
aeruginosa were disrupted when bacteria were grown at sub-MIC of erythromycin
or clarithromycin, but not kitasamycin, josamycin, rokitamycin or oleandomycin
[32] (Figure 2).

Erythromycin treatment induced reduction of LPS amounts, as determined by
the amount of 2-keto-3-deoxyoctulosonic acid, which is a conserved portion of the
LPS molecule. Additionally, a reduction of amount of a 38 kDa protein and a con-
comitant increase of a 41 kDa protein, which are considered to be Pseudomonas
outer membrane proteins, were demonstrated. Sub-MIC of erythromycin and clar-
ithromycin also rendered P. aeruginosa more susceptible to serum bactericidal activ-
ity [33]. These alterations of cell surface structures, such as LPS and outer mem-
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Figure 1

Colony of mucoid-type P. aeruginosa grown in agar with (b) or without (a) sub-MIC of ery-
thromycin (10 ug/ml). Smooth colony has changed to rough in the presence of erythromycin,
that suggests suppression of exopolysaccharide alginate.

brane proteins, may facilitate the access of complement to the outer surface, thus
increasing bacterial susceptibility.

Tissue invasion requires the attachment of the microorganism to the host cell.
Depending on the host site, the microbe will encounter mucosal or epithelial cells to
which it must adhere or be eliminated. Gram-negative bacteria attach primarily by
means of proteinaceous appendages known as fimbriae and pili, which extend
through the mucus layer to bind to the appropriate host receptor. A number of
antibiotics have been shown to impair bacterial adherence [34]. Yamasaki and col-
laborators have provided compelling evidence that exposure of P. aeruginosa to ery-
thromycin at 1/4 MIC for only 4 h significantly reduced the number of pili and
hence adherence [35]. Another important cell surface structure is flagella, which
facilitates bacterial motility and adherence, and enables bacteria to establish a
colony in a more hospitable environment. Molinari and associates have reported
that erythromycin, clarithromycin and azithromycin inhibited P. aeruginosa motili-
ty at sub-MIC [18, 19]. Moreover, Kawamura-Sato and collaborators have report-
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Figure 2

Changes of LPS of P. aeruginosa grown in agar with sub-MICs of macrolide antibiotics.
Lane 1: no antibiotic. Lane 2: josamycin 16 ug/ml. Lane 3: erythromycin 16 ug/ml. Lane 4:
azithromycin 4 ug/ml. Change of LPS pattern, especially reduction of lower molecular
weight LPS bands, was observed in bacteria grown in the presence of sub-MICs of ery-
thromycin, azithromycin, but not josamycin [32].

ed that azithromycin can inhibit flagellin expression more effectively than either ery-
thromycin or clarithromycin at concentrations as low as 1/8 MIC [36]. This activi-
ty may disrupt biofilm formation in P. aeruginosa through inhibition of flagellin
expression even at concentrations below the MIC.

Direct killing effects of macrolides with longer incubation

The macrolides do not exhibit intrinsic activity against P. aeruginosa based on con-
ventional antimicrobial testing procedures, although appreciable additive and syn-
ergistic activities have been observed when macrolides were paired with other
antibiotics [37-39]. However, we have reported reduction of viability of P. aerugi-

10



Effects of antibiotics on Pseudomonas aeruginosa virulence factors and quorum-sensing system

Azithromycin Erythromycin Clarithromycin ~ Josamycin Oleandomycin
100 100 100 100 o‘,/"'o’o\,mo 00 %000
8
2 10 10 10 10 10}
=
]
>
1 1 1 1 1
025 1 4 1 4 16 1 4 16 4 16 64 4 16 64
Concentration (geg/ml)
Figure 3

Bactericidal activity of macrolides against P. aeruginosa after longer incubation
P. aeruginosa was incubated on agar with various concentrations of macrolides for 48 hours,
and then bacterial viability was compared to that of control bacteria [16].

nosa when the bacteria were incubated with macrolides for a prolonged time [16].
Exposure to azithromycin for 48 h or more significantly decreased viability of P.
aeruginosa PAO1 in a concentration-dependent manner, whereas no effect on via-
bility was observed with 24 h or less of incubation. As shown in Figure 3, this time-
dependent bactericidal activity was observed with erythromycin, clarithromycin,
and azithromycin, but not with josamycin, oleandomycin or other classes of antibi-
otics (ceftazidime, tobramycin, minocycline, ofloxacin). This reduction in organism
viability correlated with a decline in bacterial protein synthesis, which was associ-
ated with time-dependent intracellular accumulation of the antibiotic (Fig. 4).
Moreover, it is likely that the macrolides may sensitize bacteria to stresses, as these
antibiotics induced alterations in a major stress protein, Gro-EL, in both resting and
inducible states [40]. These data suggest that conventional antimicrobial suscepti-
bility testing, which is done against planktonic organisms, may not reflect antimi-
crobial effects of macrolides on P. aeruginosa at the site of infection, which may
account for discrepancies between clinical efficacy and MIC values.

Figure 5 shows a schematic representing potential effect of macrolides on P.
aeruginosa. In the respiratory tract or alveolar spaces of patients with persistent P.
aeruginosa infections, bacteria live on the surface of respiratory cells, where they
exist within secreted mucus and host-cell debris in the form of microcolonies or
biofilm [41, 42]. As the bacterium multiply, they express virulence factors that may
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Figure 4

Effects of sub-MIC of azithromycin on protein synthesis of P. aeruginosa

Bacteria was grown on agar with or without azithromycin (4 ug/ml) for 12, 24 or 36 h, and
then protein synthesis was examined in a pulse-chase method using 355-methionine. Signif-
icant suppression of protein synthesis was observed in the presence of azithromycin in a
time-dependent manner [16].

injure host cells and induce local host responses, including the production of
inflammatory mediators, increases in vascular permeability, and leukocyte accumu-
lation. Bacterial populations directly adhering to epithelial cells may be exposed to
high macrolide concentrations due to the generation of antibiotic concentration gra-
dients. Under these conditions, sub-MICs of the drug may suppress the virulence of
P. aeruginosa. Moreover, in patients undergoing macrolide therapy for prolonged
periods, bacteria continuously exposed to the antibiotic may be sensitized to the
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HSL-mediated quorum-sensing systems in bacteria

serum bactericidal effect. Bacteria closely associated with host cells may gradually
lose their viability as a consequence of the direct anti-pseudomonal bactericidal
activities of these medications. In addition, macrolides may disrupt biofilm attach-
ment to host epithelium. Thus, we speculate that long-term macrolide therapy may
shift the host-pathogen interaction from infection to a relatively benign colonization
state and possibly even to eradication in some patients. This hypothesis is consistent
with the common clinical observation that long-term macrolide therapy leads to
improvements in clinical symptoms and laboratory data before any observable bac-
teriological response.

Quorum-sensing systems as new therapeutic targets
Role of quorum-sensing systems in chronic pulmonary P. aeruginosa infection

P. aeruginosa possesses at least two separate but interrelated quorum-sensing sys-
tems, las and rhl [43, 44]. As the bacterial population increases, the autoinducer
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signal molecules, 3-oxo0-C;,-homoserine lactone (HSL) and C,-HSL, accumulate
in the environment. When the concentration of autoinducer reached to a thresh-
old in bacteria, these molecules bind to and activate their cognate transcriptional
regulators (Fig. 6). Both systems have been found to regulate multiple virulence
factors, such as extracellular toxins (e.g., elastase, alkaline protease, exotoxin A),
rhamnolipid and pyocyanin. To investigate the effects of quorum-sensing systems
during infections, strains of P. aeruginosa that contain deletions in one or more of
the quorum-sensing genes were tested in various infection models, including a
burn injury mouse model, a murine model of acute pneumonia and a rat model of
chronic lung infection [45-48]. A general observation obtained from these models
indicates that strains containing a mutation in quorum-sensing genes were less vir-
ulent as compared with wild-type P. aeruginosa. Another interesting aspect in quo-
rum-sensing research is the contribution and association of this system in biofilm
formation. Accumulating data demonstrated that quorum-sensing systems are
essential for differentiation and maturation within biofilm in P. aeruginosa infec-
tion [49-53].

Quorum-sensing is functionally active during P. aeruginosa infections in humans.
Sputum samples obtained from CF patients chronically infected with P. aeruginosa
contain mRNA transcripts for the quorum-sensing genes [54]. Sputum from P.
aeruginosa-infected CF patients also contains the autoinducer molecules 3-0x0-Cy ;-
HSL and C,-HSL [49]. These autoinducer molecules were directly extracted and
measured in CF sputum [55]. These samples contained approximately 20 nM 3-
0x0-C;,-HSL and 5 nM C,-HSL. In contrast, when bacteria were grown in a
biofilm, considerably higher concentrations (300-600 uM) of 3-oxo-C;,-HSL were
measured [56]. Although it is difficult to define exact concentrations of autoinduc-
er molecules at the site of infection, particularly in biofilm, these results demonstrate
that quorum-sensing systems may be active during P. aeruginosa infection and
potentially regulate the expression of various genes in vivo.

Accumulating evidence suggests that the quorum sensing signal molecule 3-oxo-
Cy,-HSL is also a potent stimulator of multiple eukaryotic cells and thus may mod-
ulate the host inflammatory response during P. aeruginosa infection. In vitro exper-
iments have shown that 3-ox0-C;,-HSL stimulates the production of the inflamma-
tory chemokine IL-8 from human lung bronchial epithelial cells [57, 58]. In
addition, Smith et al. have reported that 3-oxo-C;,-HSL could stimulate a complex
response 7 vivo by inducing several inflammatory cytokines and chemokines [47].
More recently, we have reported that 3-oxo-C;,-HSL from a concentration of
12 uM induces apoptosis in certain types of cells, such as macrophages and neu-
trophils, but not in epithelial cells [59] (Fig. 7). Taken together, these data suggest
that the quorum-sensing molecules have a critical role in the pathogenesis of P.
aeruginosa infection, not only in the induction of bacterial virulence factors but also
in the modulation of host responses. The role of bacterial quorum-sensing systems
and their regulation in infection have been reviewed elsewhere [60-63].
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Figure 7

Induction of apoptosis by Pseudomonas 3-oxo-C,,-HSL in macrophage and neutrophil
Macrophage cell line U-937 and mouse neutrophil were incubated with or without 3-oxo-
C45-HSL, and then morphology of cells was examined at 4 h after incubation.

a: U-937 cell, control. b: U-937 cell, 3-oxo-Cy,-HSL. c: neutrophil, control. d: neutrophil, 3-
ox0-C;5-HSL [59].

Potential of macrolides as quorum-sensing inhibitors

The discovery that gram-negative bacteria employ HSL autoinducer molecules to
globally regulate the production of virulence determinants has identified a novel tar-
get for therapeutic intervention. The ability to interfere with bacterial virulence by
jamming signal generation or signal transduction is intellectually seductive and
pharmaceutically appealing, and may also be of considerable clinical importance.
Strategies to inhibit quorum-sensing systems include chemical antagonists and spe-
cific antibody to inhibit the autoinducers, HSL-destroying enzyme lactonase, and
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Effects of azithromycin on quorum-sensing systems of P. aeruginosa
P. aeruginosa was incubated with or without azithromycin 2 ug/ml for 10 hours, and then
autoinducer synthase expression (lasl, rhll) and HSL production were examined [67].

suppression of quorum-sensing by interfering with associated genes and gene prod-
ucts. Several investigators have reported the feasibility of HSL-analogues [64, 65]
and synthetic derivatives of natural furanone as means to inhibit bacterial quorum-
sensing systems [66].

Clinical and experimental data described above provided a hint that certain
macrolides and their analogues may function as Pseudomonas quorum-sensing
inhibitors. As shown in Figure 8, 2 ug/ml of azithromycin significantly suppressed
transcription of lasl by 80% and rhlI by 50% in P. aeruginosa PAO1 [67]. Addi-
tionally, the production of 3-oxo0-C;,-HSL and C,-HSL was inhibited to approxi-
mately 6% and 28% of the control, respectively. In contrast, azithromycin treat-
ment did not alter the expression of the xcpR gene, which codes for a structural pro-
tein belonging to the type II secretion pathway. These data suggested that
azithromycin suppressed quorum-sensing systems in P. ageruginosa, and
azithromycin’s effects on these bacteria are somewhat selective in nature. Impor-
tantly, we have observed suppression of lasI gene expression by erythromycin, clar-
ithromycin and roxithromycin, but not by oleandomycin and josamycin. These
results suggested that the clinically effective macrolides are also the macrolides that
are active in suppressing quorum-sensing system, and are consistent with the notion
that macrolides might reduce the production of Pseudomonas virulence factors by
inhibiting the synthesis of the autoinducer molecules.
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Inhibition of HSL production by macrolides and its impact on pathogenesis of chronic P.
aeruginosa pulmonary infection [59].

Figure 9 demonstrates several potential mechanisms by which macrolide antibi-
otics may suppress quorum-sensing systems and highlight their contribution to clin-
ical efficacy in chronic P. aeruginosa pulmonary infections. Activation of the quo-
rum-sensing cascade promotes biofilm formation at the site of infection, which
make conditions more favorable for bacterial persistence in the lung. Bacterial
autoinducers, especially 3-oxo-C;,-HSL, stimulates several types of cells, such as
epithelial cells, fibroblasts, and macrophages, to induce production of neutrophil
chemotactic factors (IL-8 in humans and MIP-2 in mice). Migrated neutrophils are
triggered to produce several toxic substances for killing of bacteria, but these mole-
cules, in conjunction with bacterial virulence factors, promote tissue destruction
that is a hallmark of the lungs of CF patients. In sites where bacteria are actively
producing autoinducers and autoinducer-regulated virulence factors, host cells come
in contact with these bacterial factors. In these sites, neutrophils begin to undergo
apoptosis, and this process may be accelerated by the presence of bacterial factors,
such as 3-oxo-C;,-HSL. Apoptotic neutrophils, in addition to secreted mucus and
other cell debris, may serve as nutrients for the growth of bacteria and a niche for
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their survival. Macrolide antibiotics strongly suppress Pseudomonas quorum-sens-
ing systems, particularly autoinducer production, which may contribute to suppres-
sion of virulence factor expression and biofilm formation. Additionally, macrolides
may alter pathogen-driven host responses, such as IL-8 production and apoptosis in
neutrophil. Taken together, this evidence supports a potential role of certain
macrolides as Pseudomonas quorum-sensing inhibitors, which may explain at least
in part clinical efficacy of this class of antibiotics in chronic P. aeruginosa pul-
monary infections. Further research regarding the mechanisms of action and puta-
tive target molecules of bacterial quorum-sensing systems, is warranted.

Conclusions

Clinical and basic science data summarized in this review suggests the potential of
macrolides as a prototypic inhibitor of bacterial quorum-sensing systems. Given
that clinical efficacy of macrolides is associated with suppression of bacterial viru-
lence, including quorum-sensing activity, further investigation aimed at characteriz-
ing molecular mechanisms involved may prove fruitful in identifying novel strate-
gies of antimicrobial chemotherapy against antibiotic resistant organisms and
biofilm disease.
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Introduction

Inflammation is a dynamic process that involves chronological changes. Initially, the
acute response with plasma exudation and vasodilation facilitates the infiltration of
blood-borne leukocytes and the release of chemotactic agents, such as complement
factor C5a, at the site of tissue injury or infection. The neutrophilic granulocytes are
the first cells to respond to the tissue alarm signals. Neutrophils are vital for host
defence, particularly against bacteria and compromise of this defence is hazardous.
Their release of proteinases and other inflammatory mediators, together with
increased production of oxygen species contributes to the killing of bacteria, but
also damages the surrounding tissue [1, 2]. Consequently, resolution of the acute
inflammatory response is crucial to avoid excessive injury to structural tissue.
Recent investigations indicate that locally released lipids such as prostaglandin D,
derivatives play an important role in this process of resolution of inflammation [3].
They contribute towards the induction of programmed cell death (apoptosis) of neu-
trophils, thereby curtailing the continued release of inflammatory agents [2, 4]. The
apoptotic neutrophils are phagocytosed by macrophages, which further stimulate
the healing process by clearing tissue debris, releasing growth factors and stimulat-
ing formation of replacement connective tissue [4]. Failure to kill microorganisms
or sustained immune responses to local (auto) antigens leads to prolonged inflam-
matory responses, macrophages and lymphocytes releasing cytokines and other
inflammatory products that contribute towards severe tissue damage.

Thus, while stimulation of the acute inflammatory response — including the
activity of neutrophils — can be beneficial in facilitating removal of bacteria, subse-
quent stimulation of leukocyte apoptosis and of inflammatory mediator release can
be crucial in preventing undesirable tissue damage, either in infectious diseases or in
non-infectious chronic inflammatory conditions. The outcome of pharmacological
modulation of inflammation is therefore dependent on the timing of treatment as
well as the ultimate indication. Early stimulation of the acute inflammatory
response to inflammation may be beneficial in infections, but facilitated resolution
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of the response is needed to limit tissue damage. On the other hand, inhibition of
unresolved inflammation, either by antibiotics or specifically anti-inflammatory
agents, is needed to relieve patients with chronic inflammatory disorders. This chap-
ter will review some of the recent evidence for the modulation of this dynamic
inflammatory process by antibacterial drugs. The reader is referred to later chapters
for detailed discussion of the effects of these drugs on leukocyte chemotaxis, oxida-
tive burst and cytokine release, as well as effects on immune responses.

Modulation of proinflammatory processes

Many antibacterial drugs have been shown to exert effects on leukocytes, particu-
larly neutrophils, and some of these agents have been found to affect experimental
inflammation in animals. The most promising drugs have been administered to
patients with inflammatory disorders, a topic discussed in a later chapter. The
antibacterial agents that have been most investigated in this respect are the macro-
lides, quinolones and tetracyclines.

Accumulation of antibiotics in inflammatory cells

Macrolide antibiotics accumulate in inflammatory cells at concentrations up to sev-
eral hundred-fold higher than those in extracellular fluid [5, 6] enabling phagocytic
cells to deliver concentrated active drug to sites of infection. The mechanism of
intracellular accumulation is not clear, but exhibits characteristics of an active (pro-
tein-mediated) process [5]. Concentration occurs in the cytoplasm and azurophilic
granules of neutrophils, thus favouring antibiotic delivery to bacteria phagocytosed
by leukocytes. Cytokines stimulate iz wvitro accumulation of macrolides into
macrophages, suggesting that at the site of inflammation (infection), cells may accu-
mulate even more macrolide antibiotics than under physiological conditions [7].

Efflux or release of macrolides from leukocytes varies among macrolides, being
very fast with erythromycin and clarithromycin, but very slow with azithromycin [8,
9], so that the latter agent is retained much longer in the cells. This offers the pos-
sibility of both prolonged activity against invading bacteria and extended modula-
tion of leukocyte function, beyond that which might be observed in short-term cell
cultures in vitro.

Other antibacterials can also accumulate to some degree in cells, but nowhere
near the extent of that of the macrolides. For instance, uptake via the nucleoside
transport system may explain the approximate 20-fold cellular accumulation of
clindamycin into alveolar macrophages [10]. Apart from erythromycin, the only
other antibiotics that showed some selective accumulation (2-5-fold) were the
lipid-soluble chloramphenicol, rifampin, tetracycline, and lincomycin. Neutrophil
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uptake of the quinolone, ciprofloxacin, is also approximately 5-fold that of the
extracellular fluid [10a].

Effects on plasma exudation and infiltration of leukocytes

Leukocyte adhesion is an initial hallmark of the inflammatory process. The recruit-
ment of these cells to a site of inflammation occurs through a sequence of events
involving the specific arrest of leukocytes on the vascular endothelium and their
transmigration across the endothelial cell barrier. Four phases are involved in this
adhesion process — margination, capture, rolling and adhesion — mediated by cell
adhesion molecules of the selectin and integrin families, their expression being stim-
ulated by locally released inflammatory cytokines [11]. The directed migration of
the leukocytes into the tissue is further stimulated by locally generated chemotactic
factors, such as chemokines and complement anaphylatoxins, accompanied by plas-
ma exudation and swelling that is facilitated by the release of vasodilatory factors,
such as prostaglandin E,. Several classes of antibacterials have been shown to mod-
ulate various aspects of this initial acute inflammatory response, effects on chemo-
taxis being discussed in a later chapter.

The macrolide, erythromycin, has been reported to be capable of downregulat-
ing expression of integrins CD11b/CD18 and of Mac-1 on leukocytes after short-
term incubation [12, 13]. Erythromycin treatment for 2 weeks of rats with experi-
mental otitis media led to a downregulation of L-selectin and Mac-1 expression on
peripheral blood neutrophils and inhibited macrophage and neutrophil accumula-
tion in middle ear effusions [14, 15]. The macrolide roxithromycin was ineffective
on whole blood cells in vitro [12], but was found to reduce Mac-1 expression on
neutrophils after treatment of patients with chronic lower respiratory tract disease,
including diffuse panbronchiolitis [16], suggesting that prolonged contact is
required to cause inhibition. Roxithromycin also inhibited neutrophil adhesion to
bronchial epithelial cells in vitro [17]. Similarly, in human bronchial epithelial and
synovial (fibroblast-like) cells, clarithromycin markedly inhibited expression of sev-
eral adhesion molecules, such as intercellular adhesion molecule-1 (ICAM-1), lym-
phocyte function-associated antigen-3 (LFA-3) and vascular cell adhesion molecule-
1 (VCAM-1) [18]. Clearly, inhibition of adhesion molecule expression makes a
notable contribution to the anti-inflammatory effects of macrolides [19].

Erythromycin, but not clarithromycin, also ameliorates neutrophil-induced
endothelial cell damage, at least partially by stimulating endothelial NO synthetase
(eNOS)-mediated NO production by a protein kinase A-dependent mechanism
and/or by enhancing NOS expression [20, 21]. This NO generation could either
enhance vasodilation or modify the function of migrating leukocytes.

Used for the treatment of leprosy on the basis of its weak activity against M. lep-
rae, clofazimine has been shown to be of benefit in a number of other skin diseases

29



Michael J. Parnham

including cutaneous discoid, pyoderma gangrenosum and pustular psoriasis [22]. A
possible mechanism was proposed to be inhibition of the expression of ICAM-1 and
HLA-DR molecules as seen in dermal biopsies from patients with erythema
dyschromicum perstans lesions [23]. To what extent this contributes to other clini-
cal effects of the antibiotic is unclear.

Following adherence to the vascular endothelium, leukocytes move between the
endothelial cell junctions and enter the tissue along the concentration gradient of
chemotactic mediators. Inhibitory effects of macrolides on leukocyte chemotaxis
were documented some time ago i vitro [24] as well as in vivo [25]. All quinolones
modestly but significantly impair rat macrophage chemotaxis, in a concentration-
dependent manner [26], while clofazimine has also been shown to inhibit neutrophil
motility ex vivo [27]. Effects of antibiotics on chemotaxis will be discussed in detail
in a later chapter.

The ability of macrolides to inhibit plasma exudation and cell infiltration iz vivo
is illustrated by the fact that several of these antibiotics were found to be effective
in carrageenan-induced paw oedema, the standard animal model used for evaluat-
ing anti-inflammatory drugs [28]. Rats pretreated with erythromycin or rox-
ithromycin were also protected from airway inflammatory reactions, including vas-
cular leakage, caused by injection of E. coli endotoxin lipopolysaccharide [29].
Importantly, no protection was observed in neutropenic rats, indicating that the
main target for the anti-inflammatory activity of the macrolides was the neutrophil.
This conclusion is supported by the results of another study showing that clar-
ithromycin and erythromycin inhibit endotoxin lipopolysaccharide-induced recruit-
ment of neutrophils into guinea pig trachea [30]. A similar anti-inflammatory
action, targeting the neutrophil, was seen in the rat model of immune complex-
induced lung injury. Erythromycin and josamycin both inhibited neutrophil accu-
mulation and reduced the concentration of NO in exhaled air [31].

Enhancement of initial cellular defence reactions

The stimulation of leukocyte, especially neutrophil activity is a crucial aspect of
defence against infection. Lysozyme released from neutrophilic granules, together
with other degradative enzymes, is directly injurious to bacteria. Following opsoni-
sation by complement or immunoglobulin, phagocytosis of opsonised bacteria leads
to the stimulation of the oxidative burst that generates reactive oxygen species capa-
ble of breaking down bacterial membranes and proteins. Chemokines, such as inter-
leukin-8 (IL-8), further stimulate the cells, also generating cytokines that activate
other inflammatory processes.

Macrolides directly stimulate exocytosis (degranulation) by human neutrophils
in vitro [26]. With the exception of roxithromycin, these agents also stimulate
macrophage chemotaxis, phagocytosis and cytocidal activity against Candida albi-
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cans [32]. In this way, macrolides facilitate their own direct antibacterial activity by
stimulating host defense reactions against bacteria and other microorganisms. This
stimulatory activity of macrolides can also be seen after repeated administration to
otherwise healthy animals. In healthy mice, a 28-day (but not a 7-day) treatment
with erythromycin or roxithromycin (10 mg/kg) resulted in increased production of
proinflammatory cytokines by isolated macrophages and IL-2 by isolated spleno-
cytes [33, 34]. It should be noted that stimulatory effects of macrolides on host
defence reactions in healthy animals differ markedly from inhibitory effects in
experimental inflammatory models, as discussed below. Although macrolide antibi-
otics generally inhibit neutrophil responses iz vitro [6, 26], in the healthy guinea pig,
roxithromycin given for 14 days enhanced the oxidative burst of neutrophils in
these animals [35]. It has been suggested that macrolides may stimulate non-acti-
vated leukocytes, but their reactivity may be reversed following priming by cyto-
kines [6]. In support of this proposal, macrolides have recently been shown to stim-
ulate cyclic AMP in lipopolysaccharide (LPS)-primed peripheral blood human
leukocytes, but not in unstimulated leukocytes [6a].

Some cephalosporins, B-lactams and quinolones have also been reported to
enhance neutrophil bacterial killing and/or phagocytosis and the phagocyte oxida-
tive burst in vitro [26]. These effects are discussed in more detail in a later chapter.
Quinolones, however, at clinically achievable concentrations, generally do not
affect granulocyte functions [35a]. Most quinolone antibacterials, particularly
ciprofloxacin, have been shown to superinduce proinflammatory cytokine gene
transcription (IL-2 and interferon-y) production by mitogen-activated human T
lymphocytes in vitro, apparently by activation of the nuclear factor AP-1 [35a].
This has lead to their study as immunomodulators, as discussed elsewhere in this
volume.

Recently, the effect of the quinolone, moxifloxacin, on THP-1 monocytic cells,
stimulated in vitro with zymogen A or S. aureus, has been shown to be biphasic
[36]. Within the first hour, moxifloxacin increased the release of NO and hydrogen
peroxide, but after 4 h lipid peroxidation, lysosomal enzyme release and the release
of proinflammatory cytokines was inhibited. Such a biphasic action could poten-
tially enhance initial antibacterial activity, while subsequently facilitating resolution
of inflammation and tissue healing. This biphasic activity has also been proposed
for the macrolide, azithromycin, on the basis of i# vivo data obtained by adminis-
tering the antibacterial (500 mg/day) to healthy human subjects for three consecu-
tive days [37]. An initial neutrophil degranulating effect of azithromycin, 2.5-24 h
after the last dose, was reflected in rapid decreases in azurophilic granule enzyme
activities in cells and corresponding increases in serum. The oxidative response to a
particulate stimulus (opsonised zymosan) ex vivo was also acutely enhanced. These
actions were associated with high plasma and neutrophil drug concentrations. A
continuous fall in chemokine and interleukin-6 serum concentrations, within the
non-pathological range, accompanied a delayed downregulation of the oxidative

31



Michael J. Parnham

burst and an increase in apoptosis of neutrophils up to 28 days after the last
azithromycin dose.

Consequently, azithromycin — and perhaps some other antibiotic agents, such as
quinolones — may complement their direct antibacterial actions by enhancing cellu-
lar defence mechanisms and then facilitate resolution of undesirably prolonged
inflammation.

Inhibition of inflammatory responses

Considerable evidence has accumulated for the inhibitory effects of antibiotics, par-
ticularly of macrolides, tetracyclines and quinolones, on the generation of inflam-
matory mediators, including reactive oxygen species and cytokines, as well as for the
their inhibitory effects on immune responses. These anti-inflammatory effects are
discussed in detail in later chapters. In-keeping with these inhibitory actions, anti-
inflammatory effects of several antibiotics in experimental animal models have been
reported.

Macrolides

In general, macrolides inhibit synthesis of reactive oxygen species and/or secretion
of proinflammatory cytokines i1 vitro while exerting variable effects on the release
of anti-inflammatory cytokines. Other inflammatory mediators are also inhibited.
Thus, in contrast to the stimulatory effects of erythromycin on eNOS, discussed
above in relation to interactions between neutrophils and endothelial cells, inducible
NO synthetase (iNOS) expression by stimulated alveolar macrophages is reduced by
treatment with erythromycin, clarithromycin and josamycin iz vitro [38, 39]. In rat
acute carrageenan-induced pleurisy, NO production, TNF-a levels, and
prostaglandin E, were significantly reduced by pretreatment with roxithromycin,
clarithromycin, and erythromycin [40]. The same three macrolides (but not the 16-
membered josamycin) given for 4 weeks to mice have also been shown to reduce
plasma total NO, IL-1p, IL-6 and TNF-a levels and lung iNOS mRNA after i.p.
injection of LPS [41]. Using a similar iz vivo i.p. LPS test system in rats, a series of
modified macrolides, devoid of antibacterial activity, have been described that inhib-
it neutrophilia, as well as cytokine release in vitro [42]. This suggests that non-
antibacterial compounds can be developed with anti-inflammatory activity, based
on the macrolide structure.

Erythromycin administration also caused anti-inflammatory effects in zymosan-
induced peritonitis in rats, the anti-inflammatory effect being most obvious after 28
days of (pre) treatment [43, 44]. This suggests that the anti-inflammatory effect of
macrolides is a rather slow process that needs a prolonged period to become fully
developed. Similar findings were obtained with roxithromycin on mouse endotoxin
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Table 1 - Effects of macrolides on experimental inflammatory models in vivo. From [6]

Model Species Macrolide Change
Healthy guinea pig  roxithromycin 1 ciliary activity
1 neutrophil oxidative burst
mice roxithromycin 1 macrophage interleukin-1
erythromycin 1 splenocyte interleukin-2
Carrageenan pleurisy rat roxithromycin | NO, prostaglandin E;, TNF-a
erythromycin
clarithromycin
Zymosan peritonitis rat erythromycin | inflammation
Lipopolysaccharide mouse roxithromycin | interleukin-1, TNF-a
inflammation
Adjuvant arthritis rat erythromycin | lysosomal enzymes
azithromycin
Lipopolysaccharide rat erythromycin | vascular leakage
airway inflammation roxithromycin
guinea pig  erythromycin | neutrophil accumulation
clarithromycin
Immune complex rat erythromycin | neutrophil accumulation
lung inflammation josamycin | NO in exhalate
Otitis media rat erythromycin | leukotriene B,, leukotriene C,,

| prostaglandin E,, neutrophil
adhesion

lipopolysaccharide-induced inflammation [45] In this case, 7 weeks treatment was
required in order to obtain pronounced suppression of cytokine secretion (inter-
leukin-1f and TNF-a). The importance of neutrophils for the anti-inflammatory
actions of macrolides was further supported by studies on the rat model of otitis
media. The anti-inflammatory effects of macrolides in experimental models in vivo
are summarized in Table 1.

It should be pointed out that macrolides are also inhibitors of mucus secretion
in vitro and in vivo, an action that contributes to their beneficial effects on upper
airway inflammation [46, 47]. This activity will be discussed in detail in a later
chapter. Here it is worth noting that clarithromycin, at least, has been shown recent-
ly to inhibit the gene expression of the major mucin protein, mucSac, in a Pseudo-
monas aeruginosa lung inflammation model of diffuse panbronchiolitis in mice [48].
Both clarithromycin and erythromycin (but not the 16-membered macrolide
josamycin, nor ampicillin) inhibited mucus production and neutrophil infiltration
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induced in rats by intranasal ovalbumen and lipopolysaccharide [49]. The mucus
and neutrophil-inhibiting activities of macrolides probably account for the long-
standing therapeutic usefulness of these antibacterial agents, particularly ery-
thromycin, in the treatment of human diffuse panbronchiolitis and in the renewed
interest in their use for the treatment of asthma [46, 47, 50].

Macrolides may inhibit other chronic types of inflammation as well. Ery-
thromycin and azithromycin were shown to be anti-inflammatory in reducing cir-
culating lysosomal enzyme activities in adjuvant-induced arthritis in rats in vivo [51]
and roxithromycin has been reported to exert an antiangiogenic effect through inhi-
bition of TNF-a-mediated vascular endothelial growth factor (VEGF) induction
[52].

The transcription factors NF-xB and AP-1 mediate a wide variety of cellular
inflammatory responses and are under intense investigation as potential targets for
anti-inflammatory drugs [53-55]. Both NF-xB and AP-1 seem to be important intra-
cellular mediators of the anti-inflammatory actions of macrolides [6]. In an elegant
series of experiments on LPS-primed human peripheral blood leukocytes and THP-
1 cells in vitro, Abeyama et al. [6a] have recently shown that erythromycin, clar-
ithromycin and roxithromycin inhibit the reactive oxygen intermediate-induced
activation of NF-kB in a cyclic AMP-dependent manner. The LPS-induced tran-
scription, but not the rapid TNF-a-induced translocation of the transcription factor,
NF-kB was inhibited. In addition, these macrolides stimulated the generation of
anti-inflammatory IL-10 in a cyclic AMP- and CREB-dependent manner.

Cyclines

Cyclines interfere with bacterial protein synthesis, and have been widely reported to
inhibit various phagocyte functions, including cytokine release, at therapeutic con-
centrations [26]. Initially investigated in periodontal disease [56], these drugs were
found to exhibit anti-inflammatory and bone resorption-inhibiting effects indepen-
dent of their antibacterial activity. This led to the investigation of minocycline in the
treatment of rheumatoid arthritis by several groups. Analysis of the results of these
studies has confirmed the modest, but significant improvement in disease activity
with minocycline with no absolute increased risk of side effects [57].

The anti-inflammatory properties of tetracyclines have been reviewed and their
spectrum of anti-inflammatory activity proposed to make them attractive candidates
for use in the prevention of acute lung injury [58]. As these authors point out, the
most prominent action of tetracyclines is the downregulation of the expression of
the metalloproteinases MMP-2 and MMP-3, an action that protects a1-proteinase
inhibitor from inactivation. In this way, activation of neutrophil elastase is prevent-
ed. This protease-inhibiting activity can account for many of the beneficial actions
of tetracyclines observed clinically. Removal of the dimethylamino group at position
C4 of the tetracyclines abolishes antibacterial activity, but in at least one derivative,
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Table 2 - Anti-inflammatory actions of tetracyclines [58, 60-63, 96]

Inhibition of metalloproteinases (MMP-2, MMP-8, MMP-9)

Prevention of inactivation of a1-proteinase inhibitor

Inhibition of expression of inducible NO synthetase (iNOS)

Reactive oxygen scavenging

Inhibition of TNF-a release (inhibition of TNF-a converting enzyme — TACE)
Inhibition of induction of IL-1B converting enzyme

Inhibition of expression of cyclooxygenase-2 (COX-2)

Inhibition of apoptosis

Inhibition of T lymphocyte proliferation

Inhibition of murine B lymphocyte immunoglobulin secretion and class switching
Reduction of mortality in murine endotoxin-induced shock

Inhibition of occlusion-induced rat cerebral ischemic damage

Decrease in incidence of adjuvant arthritis

CMT-3, inhibitory activity against metalloproteinases is retained [58]. CMT-3 has
also been shown to improve the biomechanical properties of femoral bones in rats
with adjuvant arthritis, but without any effect on joint inflammation [59]. Inhibi-
tion of T lymphocyte proliferation and of immunoglobulin synthesis may also con-
tribute to inhibitory effects of other tetracyclines on systemic arthritic responses [60,
61]. A variety of anti-inflammatory actions of classical tetracyclines have been
reported and these are summarised in Table 2. Inhibition of reactive oxygen species,
prevention of inducible NO synthetase (iNOS) expression and inhibition of apop-
tosis may all contribute towards inhibitory effects of minocycline on experimental
neuroinflammatory disorders [62, 63]. So far, the potential of tetracyclines and
minocycline in particular, in treatment of chronic inflammation has not been
realised, possibly because of concerns about side effects and the possible increase in
bacterial resistance.

Quinolones

Inhibitory effects of 4-quinolones on cytokine production by human monocytes iz
vitro have been described in several studies and they have been shown to inhibit
phagocytosis, adhesion and the oxidative burst of macrophages in vitro [26]. In
addition to their stimulatory actions on proinflammatory cytokines in vitro, dis-
cussed earlier, they also selectively modify T lymphocyte functions [64]. Quinolones
were recently proposed as anti-inflammatory agents, based on their somewhat dif-
ferent modulation of cytokine responses iz vivo. In mice injected with a lethal dose
of LPS, trovafloxacin, ciprofloxacin and tosufloxacin significantly protected mice
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against death and diminished serum levels of TNF-a and IL-6 [65]. Inhibition of col-
lagen type II arthritis in the rat has also been reported with fluoroquinolones. How-
ever, this inhibitory activity in vivo may be indirect, as the inhibitory effect of cipro-
floxacin on collagen type II arthritis was reversed in adrenalectomised rats [65a].

Fosfomycin

Fosfomycin (1-cis-1,2-epoxypropylphosphoric acid) is a broad-spectrum bacterici-
dal antibiotic unrelated to any other known antibacterial agent. Like macrolides, it
appears to inhibit cytokine production in association with inhibition of NF-xB acti-
vation [66, 67]. At least in T lymphocytes, the activity of fosfomycin as an inhibitor
of cytokine release is less than that of the macrolide, clarithromycin [68]. In mice
injected with LPS, fosfomycin significantly lowered peak serum levels of TNF-a and
IL-1B and in the rat carrageenan air-pouch model, fosfomycin also reduced local
PGE2 and TNF-a concentrations, as well as mRNA for cyclooxygenase-2 [26]. Fos-
fomycin has immunomodulatory activity on B and T lymphocyte functions and
inhibits histamine release from basophils [26]. The immunomodulatory activity of
fosfomycin (and of its enantiomer, which lacks antimicrobial activity) has been
demonstrated in various animal models and it has also been shown to improve
symptoms in patients with severe bronchial asthma [26, 69].

Other antibiotics

Fusidic acid, mainly used as an antistaphyloccocal agent, decreases granulocyte
functions in vitro, without markedly altering monocyte functions. It also protects
mice from LPS- and staphylococcal enterotoxin B-induced lethality, and suppresses
TNF-a and IFN-y release in vivo [26, 69]. Clindamycin also exerts an inhibitory
effect in LPS-induced septic shock, through inhibition of proinflammatory cytokine
release in vitro and in vivo [70, 71]. In a model of concanavalin A (Con A)-induced
liver damage, prophylactic administration of fusidic acid protected mice from Con
A-induced hepatitis and this was accompanied by markedly reduced plasma levels
of proinflammatory cytokines [26]. In experimental autoimmune neuritis in rats (a
model of Guillain-Barré syndrome), fusidic acid also alleviated symptoms and
decreased proinflammatory cytokine release [72]. Similar inhibitory effects of
fusidic acid have been observed in rats with experimental allergic encephalomyelitis
(EAE), a model associated with mononuclear cell infiltration of the central nervous
system (CNS) [73].

Dapsone (4,4’ diaminophenyl sulfone), initially developed as an antitubercular
drug, is used to treat leprosy. It was later tested in malaria and some inflammatory
diseases. Dapsone inhibits neutrophil functions such as chemotaxis and oxidant
production [26]. In addition, it irreversibly inhibits myeloperoxidase (MPO), by
converting the enzyme into its inactive (ferryl) form and inhibits the production of
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prostaglandin E, by neutrophils [26]. Clofazimine, like dapsone, is also an inhibitor
of MPO, but appears to act differently from dapsone in that it scavenges chlorinat-
ing oxidants [74].

Sulfonamides inhibit phagocyte functions [75], and sulfasalazine, found to be
effective in rheumatoid arthritis in the late 1940s, is still widely used for the treat-
ment of early rheumatoid arthritis and for inflammatory bowel disease [76, 77].
While a number of possible mechanisms of action have been proposed for this anti-
inflammatory agent, it has recently been suggested to act via inhibition of NF-xB
[78].

Pro-apoptotic effects and resolution of inflammation

In addition to the modulatory effects of antibiotics on the processes leading to the
development of the inflammatory response, there is also evidence for their ability to
facilitate the resolution of inflammation through stimulation of apoptosis. Indeed,
therapeutic induction of apoptosis (programmed cell death) as a means to resolve
chronic inflammation is gaining increasing interest [79, 80] and macrolides could be
blueprints for this approach.

Neutrophils are normally extremely short-lived cells, with a circulating life-time
of only 6-7 h [81, 82]. This means that normal individuals make (and destroy)
about 50 billion neutrophils per day, and many more in inflammatory states [83].
In other words, at least 50 g of neutrophils are destroyed by apoptosis each day!
Importantly, phagocytosis of bacteria also induces apoptosis in neutrophils and this
is accompanied by specific gene-mediated attenuation of many functional aspects of
these cells [2]. In contrast to necrotic neutrophils, apoptotic neutrophils are ingest-
ed by macrophages [4]. Thus, granulocyte-induced tissue injury and chronic inflam-
mation may result not only from excessive leukocyte recruitment but also inhibition
of normal apoptosis-based clearance mechanisms.

Several reports have described the pro-apoptotic effects of erythromycin. It was
reported to accelerate apoptosis of neutrophils through a mechanism that is at least
partially cAMP-dependent [84]. This action of erythromycin has been confirmed in
isolated human neutrophils and in guinea-pig eosinophils stimulated with IL-5 and
extended also to roxithromycin [85, 86]. Azithromycin was also shown to stimulate
apoptosis of neutrophils, without releasing proinflammatory IL-8 or inducing the
oxidative burst, but in the presence of S. preumoniae this effect was abolished [87],
probably due to the fact that phagocytosis of the bacteria had already induced apop-
tosis [2]. Both erythromycin and azithromycin showed pro-apoptotic potential in a
whole blood model, as determined by flow cytometry [88]. Tilmicosin, which
reduces pulmonary inflammation in calves, was also shown to significantly stimu-
late apoptosis of peripheral neutrophils when isolated cells were incubated with this
macrolide for 2 h [89]. The tilmicosin-induced apoptosis, in contrast to that
described above for azithromycin, occurred regardless of the presence or absence of
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bacteria (Pasteurella haemolytica). It would appear that either bacteria differential-
ly modulate this process or that differences in pro-apoptotic effects exist between
macrolides. In this respect, a 17-membered tylosine derivative was reported to cause
apoptosis in several different cell lines [90] but the 16-membered macrolide,
josamycin, had no effect on human neutrophil apoptosis [86]. Inhibition of the NF-
kB pathway generally stimulates apoptosis in granulocytes in vitro [79]. However, a
recent in vivo study has shown that activation of NF-«B in leukocytes recruited dur-
ing the onset of inflammation leads to proinflammatory gene expression, while dur-
ing resolution of inflammation, activation of NF-kB is associated with anti-inflam-
matory gene expression and apoptosis [91]. This is reminiscent of the stimulatory
effects of macrolides in healthy animals and inhibitory effects in inflamed animals,
described above in an earlier section. In the human volunteer study, in which
azithromycin was administered for 3 days and caused initial stimulation of neu-
trophil degranulation, azithromycin was detectable for up to 28 days in circulating
neutrophils that showed an increasing rate of apoptosis (and therefore neutrophil
death) over the 28 days after stopping the treatment [37]. The findings described
here thus suggest that the actions of macrolides on apoptosis may be time-depen-
dent and associated with altered reactivity to activation of NF-kB.

A recent study has also opened a further facet to the ability of macrolides to
facilitate the resolution of neutrophilic inflammation. Treatment of human alveolar
macrophages in vitro with the 14- and 15-membered macrolides, erythromycin,
clarithromycin or azithromycin (but not 16-membered macrolides, clindamycin or
beta-lactam antibiotics) stimulated, in a phosphatidylserine receptor-dependent
manner the phagocytosis of apoptotic neutrophils by the macrophages [92]. A sim-

Figure 1

Summary of main actions of antibiotics on different phases of the inflammatory response.
Inhibitory actions are indicated by dashed and stimulatory actions by unbroken lines.
Initiation of inflammation includes vasodilation and adhesion, chemotaxis and transendothe-
lial migration of leukocytes, associated with plasma exudation. Several antibiotics inhibit
aspects of this phase, while erythromycin, at least, has beneficial effects on endothelial cells.
During inflammation propagation, leukocytes are activated, inflammatory mediators and
degradative enzymes released and any responsible bacteria destroyed. Plasma exudation is
further promoted and tissue in the immediate vicinity may also be destroyed. Many antibi-
otics exhibit inhibitory actions on different components of this phase. At least the macrolide
azithromycin and the quinolone minocycline exert differential effects on leukocytes during
the initiation and propagation phases.

Resolution of inflammation is associated with the release of anti-inflammatory cytokines and
leukocyte apoptosis. This is facilitated by macrolides but inhibited by some other antibiotics.
Effects of macrolide antibiotics on inflammation are predominantly restricted to 14- and 15-
membered macrolides. MMP, metalloproteinase.
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ilar action of tilmicosin has been reported in promoting phagocytosis of neutrophils
by macrophages [89]. Thus, in keeping with other effects of macrolides on inflam-
mation, 14- and 15-membered, but not 16-membered macrolides, are able to clear
neutrophils from inflammatory sites both by direct stimulation of apoptosis and
their phagocytic removal by macrophages.

Effects of other antibiotics on apoptosis have been observed as well. However, in
these cases, the apoptotic process was inhibited or delayed. Inhibition of apoptosis
has been proposed to contribute towards inhibitory effects of minocycline on exper-
imental neuroinflammatory disorders [63] and rifampicin has been reported to
inhibit antiCD95-mediated apoptosis of Jurkat T cells and peripheral blood lym-
phocytes, at least partly via glucocorticoid receptor activation and the NF-«B sig-
nalling pathway [93, 94]. Recently, tosufloxacin, but not other quinolone antibiot-
ic was found to delay neutrophil apoptosis in vitro, an action that was attenuated
by a p38 mitogen-activated protein kinase (MAPK) inhibitor [95]. Such apoptosis-
inhibiting actions, however, are likely to be of more relevance to immuno-enhanc-
ing effects of these drugs or possibly to inhibitory effects on autoimmune disorders.
Whether inhibition of apoptosis may interfere with bacterial-killing effects of the
antibiotics remains unclear.

Conclusions

The inflammatory response is modulated by a variety of different antibiotics
(Fig. 1). The classes of antibiotics that have clearly the most effects on host defence
mechanisms are macrolides, cyclones and quinolones, though others may affect the
adaptive immune system, as discussed in a later chapter. Macrolides (and possibly
clofazimine) have inhibitory effects on adhesion and transepithelial migration of
leukocytes, but early migrating leukocytes appear to be stimulated by this class of
antibacterials, as well as by the quinolone moxifloxacin. These stimulatory effects
may facilitate bacterial killing in association with their therapeutic indication as
antibiotics. Subsequently, macrolides and some quinolones inhibit leukocyte and
other inflammatory responses, leading to dampening of the inflammatory process iz
vivo. In fact, a relatively broad number of antibiotics exhibit inhibitory effects on
proinflammatory cytokine release. Inhibitory actions on inflammation could offer
the possibility for additional therapeutic effects of antibiotics, such as the long-
standing use of macrolides for the treatment of diffuse panbronchiolitis. Cyclines
also inhibit metalloproteinase release, among other actions, and inhibit connective
tissue breakdown. In fact, minocycline has shown beneficial effects in periodontal
and rheumatic diseases.

Apart from direct inhibitory effects on inflammatory responses, macrolides, in
particular, stimulate leukocyte apoptosis and may therefore assist the resolution of
the inflammatory response. On the one hand, this can be beneficial in reducing “col-
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lateral damage” to surrounding tissues during bacterial infections, but also con-
tributes to the growing understanding that macrolides have potential as anti-inflam-
matory agents. Their inhibitory actions on mucus secretion suggest that respiratory
conditions are the most promising. Cyclines and quinolones also may offer new
structural approaches to the development of anti-inflammatory agents, but their
clinical application in this area has not been extensively investigated. Sul-
phasalazine, of course, represents the best example of an antibiotic that became an
anti-inflammatory drug. Perhaps others may follow.

Dedicated to the memory of Professor Derek A. Willoughby.
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Introduction

The human airway is lined by a specialized epithelium, consisting of a number of
different cells, of which the ciliated columnar epithelial cell is particularly impor-
tant. The action of the cilia in concert with the mucus secreted from the specialized
goblet and mucous cells in the epithelium constitutes the mucociliary transport
mechanism. This mechanical clearance mechanism of the airway protects the epithe-
lium and is the first line defense of the lower respiratory tract against the harmful
effects of inhaled bacteria, bacterial products, dusts and several other endogenous
and exogenous mediators and toxins [1]. Primarily as a consequence of the actions
of this mucociliary clearance mechanism the lower respiratory tract is normally ster-
ile. However, there are a number of chronic airway disorders in which this defence
mechanism is perturbed, by either primary or secondary mechanisms [2]. The con-
sequences of this attenuation of function may include persistent airway colonization
by bacteria, chronic infection or inflammation, mucosal injury and even bacterial
invasion, which occur in diverse chronic airway disorders such as asthma, cystic
fibrosis, diffuse panbronchiolitis, chronic obstructive pulmonary disease and
bronchiectasis.

Injury to airway epithelium

A number of bacteria that colonize the respiratory tract or cause respiratory tract
infections have the ability to perturb the structure and function of the ciliated
epithelium, primarily through the production of toxic virulence factors [2—4]. A par-
ticularly well-studied bacterial virulence factor is pneumolysin, a thiol-activated
protein toxin that is produced by all clinically relevant strains of Streptococcus
prneumoniae (pneumococcus) [4]. This toxin has been shown to slow ciliary beating,
which may aid in colonization of the epithelial surface by the pneumococcus [4].
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Subsequent damage to the epithelium induced by this toxin may assist the organism
to penetrate the mucosa, with subsequent systemic invasion. Other microorganisms
that produce factors that may affect the ciliated epithelium include Haemophilus
influenzae, Staphylococcus aureus, Klebsiella pneumoniae and Pseudomonas aerug-
inosa [2, 3].

In addition, there are a number of endogenous and exogenous chemicals or tox-
ins that may also injure the respiratory epithelium and may act as mediators or con-
tri butory factors to airway disorders [2]. One example is the bioactive phospho-
lipids, including platelet-activating factor (PAF), lyso-PAF (LPAF) and lysophophos-
pha tidylcholine (LPC) [2]. These endogenous substances are thought to be
important possible mediators of airway disorders such as asthma, and PAF in par-
ticular is the only mediator that has been shown to be able to mimic all the impor-
tant manifestations of asthma. Other examples of endogenous mediators that affect
function of the mucociliary mechanism include reactive oxidants, protease enzymes,
prostaglandins, cytokines, leukotrienes, among many others [2].

Cytoprotective effects of macrolides, azalides and ketolides

The macrolides, azalides and ketolides are a group of antibiotics that are also cyto-
protective of human ciliated epithelium, which may serve to protect the epithelium
from bacterial and chemical mediator-induced injury [2, 5]. In the case of bacterial
infection these actions may interfere with colonization of the respiratory epithelium
by bacteria and/or protect the epithelium from damage induced by colonization and
the host response to this process. In both bacterial and chemical mediator induced
injury, these antimicrobial agents protect against effects on ciliary function as well
as injury to the structural integrity of the epithelium, and the cytoprotective effects
of these antibiotics are mediated both directly and indirectly [2, 5].

Effects on bacterial adherence and epithelial injury

For some time it has been known that the macrolide antibiotics on their own have
a positive affect on both ciliary function and mucus secretion of airway epithelium.
Erythromycin has been shown to stimulate ciliary beat frequency (CBF) of rabbit
tracheal epithelial cells [6]. Roxithromycin has been shown to stimulate the
mucociliary activity of the Eustachian tube of guinea pigs and to enhance ciliary
activity and mucociliary transport velocity of rabbit tracheal epithelial cells [7, 8].
Conversely, many bacteria and several endogenous mediators antagonize these
effects. H. influenzae infection of nasal epithelial respiratory mucosa has been
shown to cause ciliary slowing and damage to the respiratory epithelium [9, 10].
However, in one study, incubation of the nasal epithelial tissue with sub-MIC con-
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centrations of dirithromycin significantly reduced the slowing of CBF and the epithe-
lial disruption caused by culture filtrates of this organism [9]. The effects on struc-
tural integrity were found to be more complete than the effects on CBF and were
confirmed by transmission electron microscopy (TEM). The authors suggested that
these effects were likely to be direct, rather than indirect, due to activity against
inflammatory cells, since the strips of epithelium used in the studies were obtained
from healthy volunteers and contained very few inflammatory cells [9]. They further
suggested that these direct effects could possibly be associated with elevations in
cyclic AMP [9], which they had previously shown may protect epithelial cells against
damage from bacterial toxins [11] and other investigators have confirmed the abili-
ty of the macrolide antibiotic, roxithromycin, to elevate cyclic AMP [12].

Using an organ culture model of human adenoid tissue the same investigators
showed that H. influenzae caused significant mucosal damage [9]. Culturing of H.
influenzae with sub-MIC concentrations of dirithromycin prior to infection of the
organ culture had no effect on the structural integrity of human respiratory mucosa
[9]. In contrast, incubation of adenoid tissue with sub-MIC concentrations of
dirithromycin prior to assembly of the organ culture reduced the mucosal damage
by as much as 50%, in association with a decrease in the amount of adherent bac-
teria, probably as a consequence of a decrease in the amount of damaged epitheli-
um to which the bacterium could adhere [9]. In that study it appeared that
dirithromycin, in concentrations that are achievable in vivo, protected respiratory
mucosa by a direct cytoprotective effect [9]. In another similar study, protection
against H. influenzae-induced injury of human respiratory mucosa was also demon-
strated for sub-MIC concentrations of other antibiotics, including amoxicillin,
loracarbef and ciprofloxacin [10].

Sub-inhibitory concentrations of erythromycin have been shown in an in vitro
cell culture to inhibit the adherence of Streptococcus pneumoniae to human respi-
ratory epithelial cells [13]. In that study there was a small, non-significant, decrease
in the number of pneumococci recovered when comparing the control and test
preparations, suggesting that there was no effect of the antibiotic on the viability of
the microorganism. Similarly disruption of epithelial integrity (as measured by a
decrease in transepithelial resistance) was delayed in the presence of erythromycin
[13]. The authors suggested that the mechanism might be related to interference
with pneumolysin release, since in a pneumococcal suspension in cell culture medi-
um without respiratory epithelium these investigators demonstrated that the addi-
tion of erythromycin almost completely prevented the release of pneumolysin [13].
Other investigators have demonstrated the ability of macrolides and similar agents
to inhibit pneumolysin production [14].

Similar studies have documented that culture filtrates of Pseudomonas aerugi-
nosa cause ciliary slowing and damage to the structural integrity of human nasal cil-
iated epithelium, particularly in the presence of neutrophils [15]. Addition of ery-
thromycin to the culture filtrates had no effect on these injurious actions. Filtrates
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of Pseudomonas aeruginosa cultured in erythromycin (which had no effect on
growth of the microorganism) caused less slowing of CBF and less disruption of
structural integrity in both the absence and presence of neutrophils [15]. This study
suggested that sub-MIC concentrations of erythromycin suppress the production of
toxins by P. aeruginosa that damage the epithelium directly, as well as protect the
epithelium indirectly as a consequence of inhibition of neutrophil-associated cyto-
toxicity [15].

Similar cytoprotection of the respiratory mucosa against Haemophilus influen-
zae and Pseudomonas aeruginosa infection has been demonstrated for chemothera-
peutic agents other than these antibiotics, including salmeterol [11, 16, 17], a long-
acting B2-agonist. Rolipram, a type IV phosphodiesterase inhibitor, also has the
ability to prevent P. aeruginosa-induced epithelial damage [18], and to a greater
extent than salmeterol. These studies suggested that the mechanism of airway pro-
tection may be due to elevation of intracellular levels of cAMP as rolipram was
more effective than salmeterol at elevating cAMP [18]. In addition fluticasone pro-
pionate has also been shown to reduce mucosal damage caused by P. aeruginosa in
an organ culture model and to preserve the ciliated cells [17]. In that experimental
system, fluticasone propionate acted synergistically with salmeterol in the preserva-
tion of ciliated cells [17].

Effects on mediator injury

Endogenous mediators of inflammation, such as the bioactive phospholipids (PL),
PAF, LPAF and LPC cause dose-dependent slowing of ciliary beating and damage to
the structural integrity of human ciliated epithelium at concentrations >1 ug/ml
[19]. These effects are both direct, probably as a consequence of their nonspecific
membrane-disruptive, detergent-like activity (but not due to oxidant injury), as well
as indirect, through their activation of human neutrophils [19]. We have shown that
the macrolide antibiotics, roxithromycin, clarithromycin and erythromycin, the aza-
lide agent azithromycin and the ketolide agents HMR 3004 and HMR 3647 (now
called telithromycin) protect against these effects, both directly, as well as indirect-
ly through the inhibition of polymorphonuclear leukocyte-mediated injury (Tab. 1)
[19, 20]. The greater protective activity of the ketolides, particularly HMR 3004, is
almost certainly related to their superior level of intracellular accumulation, associ-
ated with both direct protection and enhanced indirect protection due to inhibition
of reactive oxidant release by activated neutrophils [21].

The cytoprotective effects of the macrolides/azalides/ketolides on the epithelium
are mirrored by their membrane stabilizing ability (measured using a hemolytic
assay), and are further associated with inhibition of neutrophil superoxide produc-
tion (measured using lucigenin-enhanced chemiluminescence) due to inhibition of
NADPH oxidase activation consequent on stabilization of the neutrophil mem-
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brane [20, 21]. All these effects are found, to a greater or lesser extent, with the 14-
member macrolides (erythromycin, clarithromycin and roxithromycin), the 15-
member azalide (azithromycin), and the ketolides, but are not seen with the 16-
member macrolides, such as spiramycin or josamycin [22]. Spiramycin does not
decrease reactive oxidant production in N-formyl-L-methionyl-L-leucyl-L-phenyl-
alanine (FMLP)-activated human neutrophils, and has only very weak membrane-
stabilizing activity, as compared with clarithromycin [22].

Other agents that we have demonstrated may protect against PL-induced injury
to ciliated epithelium include vitamin E, which also antagonized reactive oxidant
production by PL-activated human neutrophils and which had membrane stabiliz-
ing activity, inhibiting PL-induced hemolysis of sheep erythrocytes [23].

Effects on other epithelial cells

Studies have confirmed that clarithromycin is cytoprotective of gastric epithelium
against damage induced by ethanol in rats, most probably as a consequence of
increased fluid volume and the mucus volume retained in the gastric lumen, the lat-
ter possibly related to o,-adrenoceptor effects. The effects were not mediated via
endogenous prostaglandins, sulfhydryl compounds of the gastric mucosa or changes
in the gastric contractile patterns [24].

Cytoprotective properties of macrolides which are secondary to
anti-inflammatory activity

Notwithstanding the direct cytoprotective effects of macrolides on respiratory
epithelium, described above, these agents also maintain ciliated epithelial cell struc-
ture and function by protecting these cells against inflammation-mediated damage
and dysfunction. These anti-inflammatory properties are achieved by two mecha-
nisms. Firstly, by modulation of the activities of various types of inflammatory cells,
particularly neutrophils, a property common to 14- and 15-, but not 16-member
macrolides. Secondly, by interference with the synthesis of bacterial derived media-
tors of inflammation, a property that is presumably common to all macrolides.

Anti-inflammatory effects of macrolides on neutrophils
Fourteen-member macrolides, as well as azalides and ketolides possess a range of
anti-inflammatory activities, which enable these cells not only to control the influx

of inflammatory cells, particularly neutrophils, into the airways, but also to sup-
press the generation of toxic reactive oxidants (ROS) by phagocytes and to decrease
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the reactivity of neutrophil elastase. Moreover, these agents shorten the lifespan of
neutrophils, which may also contribute to the control of neutrophil-mediated tissue
damage. Although these activities could be construed as being potentially negative
in the context of compromising host defenses against microbial pathogens, this must
be offset against the adverse consequences of over-exuberant inflammatory respons-
es, which pose the risk of excessive production of reactive oxidants, and inflamma-
tion-mediated tissue damage [25, 26]. Ciliated respiratory epithelial cells are espe-
cially vulnerable to the cytotoxic actions of neutrophil-derived ROS and proteases
(27, 28].

Macrolides and neutrophil migration

The inhibitory effects of macrolides on neutrophil migration [29-31] are achieved
in part by interference with the generation of neutrophil-selective chemoattractants,
particularly IL-8, by neutrophils themselves [32], eosinophils [33], monocytes [34],
bronchial epithelial cells [35, 36] and fibroblasts [37]. This is a particularly signifi-
cant anti-inflammatory property of macrolides because not only does IL-8 amplify
neutrophil influx but this chemokine also confers resistance to corticosteroid-
induced apoptosis of these cells [38].

In addition to inhibition of synthesis of IL-8 by a variety of inflammatory cell
types, macrolides also interfere with the synthesis and expression of the adhesion
molecules, ICAM-1 and VCAM-1 on vascular endothelium [32, 39], as well as with
upregulated expression of P2-integrins on activated neutrophils [32]. With the
exception of B2-integrin expression, these inhibitory effects of macrolides on key
events in the transendothelial migration of neutrophils, as well as eosinophils and
monocytes, appear to be related to interference with the nuclear translocation of the
transcription factors AP-1 and NFxB [31, 34, 36, 37].

Anti-oxidative interactions of macrolides with neutrophils
It is well accepted that 14-member macrolides, as well as azithromycin and telithro-
mycin, but not 16-member macrolides such as josamycin and spiramycin, inhibit the
generation of reactive oxidants by neutrophils and monocytes/macrophages, target-
ing both NADPH oxidase and nitric oxide synthase [21, 32, 40-45]. In the case of
nitric oxide synthase, the macrolides appear to interfere with the induction of type
IT nitric oxide synthase mRNA as opposed to inhibiting the production of nitric
oxide [31, 46]. However, in the case of NADPH oxidase, macrolides appear to
inhibit the activity of the fully assembled oxidase, without affecting transductional
events involved in its activation, or by scavenging of superoxide [40, 43].
Although the exact molecular/biochemical mechanisms of macrolide-mediated
inhibition of NADPH oxidase remain to be conclusively established, we believe that
these anti-oxidative, cytoprotective activities of the macrolides are attributable, at
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least in part, to the membrane-stabilizing activities described above. Efficient func-
tioning of NADPH oxidase is dependent on membrane fluidity and lateral mobility,
facilitating juxtaposition of the components of the election transporter [47].

The proposed relationship between macrolide-mediated membrane stabilization
and inhibition of NADPH oxidase is supported by our observations that the
inhibitory actions of the macrolides on oxidase activity are reversed by the mem-
brane destabilizing agents LPC, LPAF and PAF [21, 44, 45]. Conversely, macrolides
antagonize the sensitizing actions of LPC, LPAF and LPC on neutrophil NADPH
oxidase activity, which, given the extremely high concentrations of these bioactive
phospholipids, particularly LPC in inflamed airways [48], represents a potentially
important cytoprotective, anti-inflammatory activity of these antimicrobial agents.
Moreover, macrolides have also been reported to antagonize the pro-oxidative inter-
actions of the Pseudomonas aeruginosa-derived pigments, pyocyanin and 1-hydrox-
yphenazine [49].

Macrolide-mediated antagonism of neutrophil elastase

Elastase is cytotoxic for airway epithelium [28]. Importantly, macrolides possess
anti-elastolytic properties, which are achieved by several different mechanisms.
Notwithstanding the inhibitory effects of these antimicrobial agents on the influx of
neutrophils into inflamed airways, with a concomitant reduction in the elastase load
[29], erythromycin and flurithromycin have been reported to function as direct
inhibitors of this protease [50]. In addition, and albeit somewhat speculatively,
macrolide-mediated attenuation of phagocyte NADPH oxidase activity, if operative
in vivo, may protect a-1-proteinase inhibitor (API), the primary inhibitor of neu-
trophil elastase in the airways, against phagocyte-mediated oxidative inactivation.
This is of considerable potential significance given firstly that API possesses anti-
inflammatory and possibly antimicrobial properties [51-53], and secondly that loss
of anti-protease activity is associated with unfavorable outcome in patients with
severe sepsis, including community-acquired pneumonia [54, 55].

Pro-apoptotic properties of macrolides

Macrolides have been proposed to accelerate resolution of inflammation by pro-
moting neutrophil apoptosis both directly [56], as well as indirectly by inhibiting the
synthesis of anti-apoptotic IL-8 by various inflammatory cell types, including neu-
trophils themselves [32-37]. Moreover, these antimicrobial agents have also been
reported to increase the efficiency of removal of apoptotic neutrophils by alveolar
macrophages, in the setting of minimal release of mediators of inflammation and tis-
sue damage, including elastase [57].

Neutrophil-directed anti-inflammatory activities of macrolides are summarized
in Table 2.
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Table 2 - Neutrophil-directed anti-inflammatory activities of macrolides

Anti-inflammatory activity Mechanism Refs.

Inhibition of neutrophil accumulation Interference with:

i) synthesis and release of IL-8 [32-37]
ii) synthesis of ICAM-1 and VCAM 1 [32, 39]
iii) upregulation of 32 integrins [32]
Inhibition of generation of ROS Interference with:
i) the activity of NADPH oxidase [21, 32,
40-45]
ii) the synthesis of type Il nitric [31, 46]
oxide synthase (macrophages)
Anti-elastase Interference with:
i) elastolytic activity [50]

i) decreased elastase load secondary to [29]
inhibition of neutrophil influx
iii) possible protection of API against

oxidative inactivation unproven
Pro-apoptotic 1) inhibition of synthesis of IL-8 [32-37]
ii) induction of apoptosis [56]

iii) accelerated clearance of apoptotic ~ [57]
neutrophils by macrophages

Anti-inflammatory activities of macrolides secondary to antimicrobial activity

Macrolides, by virtue of their primary inhibitory actions on polypeptide synthesis,
interfere with the production of microbial, proinflammatory virulence factors,
some of which may initiate and sustain a cascade of futile inflammatory events,
which result in damage to host tissues. For example, in spite of the fact that P.
aeruginosa is insensitive to the antimicrobial effects of erythromycin, exposure of
this microbial pathogen to the macrolide is accompanied by decreased synthesis of
proinflammatory, virulence factors, including Pseudomonas protease and
hemolysin [58]. Erythromycin and roxithromycin also inhibit the synthesis of bac-
terial-derived neutrophil chemoattractants [59], as well as the production and
release of proinflammatory, pore-forming cytotoxins such as pneumolysin [13,
14]. Interference with the synthesis of pneumolysin may be of particular impor-
tance because this toxin is a potent activator of the proinflammatory activity of
both neutrophils and macrophages which, somewhat counter-intuitively, favors
extra-pulmonary dissemination of the pneumococcus, probably as a consequence

57



Charles Feldman and Ronald Anderson

Oxidants
Bacteria /\' A‘/

Endogenous @ Host _
mediators - Response |1 Cytokines
eg

Y,

€g. toxins eg.

phgi;pahcéimds phagocytes Adhesion

L
\ ~ molecules
y\ /
Vavav RR AA

Macrolides

Airway Epithelium irect cytoprotection

-+ Anti-inflammatory or
antimicrobial effects

Figure 1

The cytoprotective and anti-inflammatory activities of macrolides and their relationship to
protection of airway epithelium

The cytoprotective activity enables the epithelium to resist the direct damaging actions of
microbial- and host-derived cytotoxins (=). The indirect effects are targeted at inhibiting one
or more of synthesis, release or activity of bacterial toxins or mediators of host inflammato-
ry responses (=).

of inflammation-mediated damage to epithelium [60, 61]. The cytoprotective and
anti-inflammatory activities of macrolides in relation to protection of respiratory
epithelium are summarized in Figure 1.
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Introduction

The immunomodulatory properties of antimicrobial agents and their clinical impact
have been the focus of worldwide interest in recent years [1-3]. Macrolides, in par-
ticular, modulate some inflammatory parameters iz vivo, including neutrophilia and
the release of inflammatory mediators into bronchoalveolar lavage (BAL) of
patients with diffuse panbronchiolitis (DPB) [4]. In this review, we focus on the
immunomodulatory effects of macrolides with respect to their ability to inhibit neu-
trophil migration into the airway in DPB and to modulate adhesion molecules,
chemotactic factors and neutrophil chemotaxis into sites of inflammation.

Effects of macrolides on chemotactic factors that mediate neutrophil
migration into the airway of DPB

One of the key cellular features of the inflammatory process in DPB is the excessive
accumulation of neutrophils into the airways, which is demonstrated by marked
neutrophilia in BAL fluid. Long-term erythromycin treatment significantly reduces
the percentage of neutrophils in BAL fluid [4]. This reduction occurs irrespective of
the outcome of sputum bacterial cultures, suggesting that the antibacterial activity
is not the only determinant of the efficacy of erythromycin [5]. Based on these find-
ings, studies on the immunomodulatory effect of macrolide antibiotics has become
focused on their ability to inhibit neutrophil transmigration from the blood to the
site of inflammation in the lung.

BAL fluid from DPB patients has a high level of neutrophil chemotactic activity
(NCA). After treatment with erythromycin, the NCA of the BAL fluid is reduced in
parallel with improvement in clinical parameters and BAL fluid neutrophilia [4]
(Fig. 1). Gel-filtration chromatography of BAL fluid results in four NCA peaks,
including molecular weights of approximately 8,000 Daltons, which closely corre-
sponds to the molecular weight of the major neutrophil chemoattractant, inter-
leukin (IL)-8 [6]. Analysis of the cytokine profile reveals that IL-8 in the BAL fluid
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Figure 1

NCA (a) and IL-8 levels (b) in BAL fluid before and after macrolide therapy

HV, healthy volunteers; DPB, diffuse panbronchiolitis; SAR, sarcoidosis. From [4] and [7]

with permission of the American Lung Association and S. Karger AG, Basel, respectively.

from DPB patients is significantly elevated and that erythromycin treatment reduces
these levels (Fig. 1) as well as the number of neutrophils in the BAL fluid [7]. In situ
hybridization shows positive staining for IL-8 mRNA in alveolar macrophages,
bronchiolar epithelial cells, and endothelial cells in open lung biopsy specimens of
patients with DPB [unpublished observations], indicating that these cells are an

important cellular source for IL-8 in the lung.

Due to these findings, several in vitro and ex vivo studies have been conducted
on the immunomodulatory effects of macrolides. A 4-week administration of oral
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Figure 2

Effect of various antibiotics on IL-8 by 1a,25-dihydroxyvitamin D3-stimulated THP-1 cells.
THP-1 cells were stimulated with 10 ng/ml of lipopolysaccharide and 1% normal human
serum and were simultaneously incubated with 10 ug/ml of the test antibiotic. IL-8 concen-
tration in the culture supernatant was measured, and results are expressed as the percentage
of IL-8 production compared to untreated control cells. Data represent the mean + SEM.
*P<0.01, **P<0.05 compared to control.

EM, erythromycin; RXM, roxithromycin;, CAM, clarithromycin; JM, josamycin; MDM, mide-
camycin acetate; PIPC, piperacillin sodium; CLDM, clindamycin; CPFX, ciprofloxacin
hydrochloride. From [8] with permission of the American Society for Microbiology.

erythromycin in healthy individuals results in a decreased production of IL-8 by
alveolar macrophages [7]. Similarly, macrolides inhibit IL-8 production in 1a, 25-
dihydroxyvitamin D3-stimulated THP-1 cells, a human macrophage-lineage cell line
[8]. In these studies, erythromycin, roxithromycin, and clarithromycin, each at a
concentration of 10 ug/ml, significantly reduces the production of IL-8 in response
to stimulation by lipopolysaccharide (10 ng/ml) and 1% normal human serum.
Macrolides other than those with a 14-membered macrocyclic ring structure and
non-macrolide drugs, such as ciprofloxacin hydrochloride, piperacillin sodium, and
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LTB4 levels in BAL fluid obtained from healthy volunteers (HV) and DPB before and after
macrolide therapy (a) and correlation between the percent reduction in the neutrophil per-
centages and LTB4 levels in BAL fluid of DPB patients after macrolide therapy (b).

From [11] with permission of the American College of Chest Physicians.

clindamycin, fail to influence IL-8 production [8] (Fig. 2), supporting the specific
clinical effects of 14-membered macrolides on DPB. Other in vitro studies have also
shown that erythromycin dose-dependently reduces Pseudomonas-induced produc-
tion of IL-8 by neutrophils [9] and inhibits IL-8 release from bronchial epithelial
cells stimulated with endotoxin from H. influenzae [10]. Post-treatment reduction
of leukotriene B4 (LTB4), another neutrophil chemotactic factor, in the BAL fluid of
DPB patients also correlates with a reduction in the neutrophil count [11] (Fig. 3).
Together, these observations suggest that neutrophil chemotactic factors produced
at the site of inflammation during DPB, including IL-8 and LTB4, contribute to
excessive neutrophil accumulation in the airways. Furthermore, these results indi-
cate that the therapeutic effects of macrolides may be mediated through suppression
of these factors. In fact, the immunomodulatory activity of macrolides on neutrophil
migration has been found even in some animal models of acute non-infectious
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inflammation, such as intratracheal lipopolysaccharide, IL-8 challenge [4], car-
rageenan-induced paw edema [12] and pleurisy [13], and bleomycin-induced acute
lung injury [14]. Collectively, these results suggest that macrolides reduces neu-
trophil chemotaxis into the inflammatory sites, such as the bronchoalveoli, through
inhibition of the cytokine network and, thus, prevent excessive neutrophil accumu-
lation.

Effects of macrolides on adhesion molecules

Interaction between neutrophil adhesion molecules, such as L-selectin or Mac-1,
and P-selectin, E-selectin or intercellular adhesion molecule (ICAM)-1 on endothe-
lial cells is also important for neutrophil migration into sites of inflammation. Flow
cytometry, using an anti-CD11b antibody, demonstrates that Mac-1 expression on
resting neutrophils is higher in the peripheral blood and BAL fluid from DPB
patients than from healthy volunteers. The level of Mac-1 on neutrophils from the
DPB patients is similar to that found on N-formyl-methionyl-leucyl-phenylalanine
(FMLP)-activated neutrophils from healthy volunteers, and, furthermore, there is
no difference between Mac-1 expression on neutrophils from peripheral blood and
BAL fluid. This study also showed that long-term macrolide treatment causes a
decrease in the expression of Mac-1 on resting peripheral neutrophils in parallel
with improvement in clinical findings, although a decrease in Mac-1 expression
does not occur in non-responders [15] (Fig. 4). In addition, serum levels of other
soluble adhesion molecules, such as L-, E-, P-selectin, ICAM-1, and vascular cell
adhesion molecule (VCAM)-1, are all significantly elevated in DPB patients, and
macrolide treatment significantly reduces these levels as well as the BAL fluid lev-
els of IL-1B and IL-8. Furthermore, in DPB patients, there is a significant correla-
tion between soluble E-selectin in the serum and IL-1f in BAL fluid as well as
between soluble L-selectin in the serum and IL-8 in BAL fluid. Incubation of neu-
trophils with macrolides in vitro does not directly affect L-selectin shedding from
neutrophils following stimulation with IL-8 or the level of Mac-1 expression on
peripheral neutrophils from patients with DPB. Based on these results, the down-
regulation of these adhesion molecules may be secondary to the inhibition of
inflammatory cytokines release. In contrast, therapeutic concentrations of rox-
ithromycin inhibit neutrophil adhesion to cultured human bronchial epithelial cells
(Bet-1A cells) and directly decrease the expression of ICAM-1 on interferon (IFN)-
y treated epithelial cells [16]. Finally, a recent report shows that 14-membered ring
macrolides directly inhibit VCAM-1 mRNA induction and leukocyte migration
into the lung in a bleomycin-induced pulmonary fibrosis mouse model [17]. These
studies suggest that 14-membered ring macrolides either directly or indirectly
downregulate adhesion molecules, resulting in the inhibition of neutrophil migra-
tion into sites of inflammation.
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Mac-1 expression on peripheral neutrophils from patients with DPB

Comparison between healthy volunteers (HV) and DPB (a), before and after macrolide ther-
apy (b). The dotted line shows the change in Mac-1 expression in a non-responder before
and after therapy. S.I., stimulation index. 1/S.1. was calculated as the ratio of the mean chan-
nel fluorescence without stimulation to that with FMLP stimulation. Bars represent the mean
+ SD. From [15] with permission of S. Karger AG, Basel.

Direct effects of macrolides on neutrophil chemotaxis

Macrolides can directly affect neutrophil chemotaxis in vitro and in vivo, although
some of the data are conflicting (Tab. 1). Higher concentrations of macrolides
(around 20 ug/ml) enhance [18], inhibit [4] or do not change [19, 20] neutrophil
chemotaxis induced by various stimuli. Most of these reports demonstrate that the
lower serum concentrations (< 1-2 ug/ml) that can be clinically achieved lack direct
effects. Brennan et al. [21] also demonstrated that in vitro treatment of neutrophils
from children with cystic fibrosis or normal individuals with 1-100 ug/ml ery-
thromycin has no effect on IL-8-stimulated migration. Ex vivo effects of macrolides
on neutrophil chemotaxis also vary. For example, Torre et al. [22] reported that
FMLP-stimulated neutrophil chemotaxis is inhibited after administrating 2,250 mg
erythromycin per day to healthy subjects for 4 days, while a one-time dose of
500 mg to healthy subjects enhances endotoxin activated serum-stimulated neu-
trophil chemotaxis when measured 90 min after dosing [23]. In addition, three-time
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Table 1 - Direct effect of macrolides on neutrophil chemotaxis

Subjects Drug/dose Stimulant  Result Ref.
in vitro
EM, RXM; 2.5-5 ug/ml EAS no change [18]
10-20 ug/ml EAS enhance
2.5-20 ug/ml FMLP enhance
healthy EM; 2 ug/ml IL-8 no change [4]
volunteers 20 ug/ml IL-8 inhibit
RXM:; 1-100 ug/ml FMLP, ZAS no change [19]
EM; 1-100 ug/ml FMLP no change [20]
CF patients  EM; 1-100 ug/ml IL-8 no change [21]
ex vivo
healthy EM; 2,250 mg/day, 4 days FMLP inhibit [22]
volunteers  EM; 500 mg, once, 90 min. later EAS enhance [23]
CF patients  EM; 750 mg/day, 4 weeks IL-8 slight decrease  [21]

EM, erythromycin; RXM, roxithromycin; EAS, endotoxin activated serum; FMLP, N-formyl-
methionyl-leucyl-phenylalanine; ZAS, zymosan activated serum; IL-8, interleukin-8; CF, cys-
tic fibrosis

daily treatment of children with cystic fibrosis using 250 mg erythromycin for 4
weeks causes a slight, but insignificant, decrease in the responsiveness of neutrophils
to IL-8 [21]. Thus, the direct effects of macrolides on neutrophil chemotaxis are still
controversial because the results vary with the experimental conditions. Further
studies are necessary to determine whether immune parameters modified by
macrolides in vitro are clinically relevant.

Although the effects of other non-macrolide antibiotics on neutrophil chemo-
taxis have also been evaluated, the results vary with the experimental condition as
well as those of macrolides. Burgaleta et al. demonstrated the effects of four beta-
lactams (cefotaxime, cefoxitin, ceftazidime and latamoxef) using agarose migration
and a Boyden chamber method. Cefoxitin (25-200 ug/ml) and cefotaxime (25—
200 ug/ml) but not ceftazidime and latamoxef reduced agarose migration, while the
Boyden chamber method showed no significant inhibition of chemotaxis by any of
beta-lactam antibiotics [24]. Additionally, chemotaxis was not altered by cefo-
taxime even at concentration as high as 1,000 ug/ml [25]. Van Rensburg et al. also
reported the inhibitory effect of cefotaxime on in witro neutrophil migration
towards endotoxin-activated serum and towards FMLP in contrast to iz vivo stud-
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ies before and after intramuscular injection of therapeutic doses of cefotaxime (1 g)
that showed no changes in neutrophil functions [26]. Similarly, exposure to 40 ug/
ml of ceftriaxone resulted in the marked inhibition of iz vitro chemotaxis, while the
in vivo effects of ceftriaxone before and 30 min after intravenous injection at a dose
of 2 g showed no change in any neutrophil function [27]. On the other hand, cef-
pirome at therapeutic concentrations of 10 and 50 ug/ml significantly enhanced
chemotaxis in vitro [28]. Other beta-lactam antibiotics, including cefodizime,
cefixime, and cefdinir, in the range of their attainable therapeutic concentrations
exhibited no significant effects on neutrophil chemotaxis in vitro [25, 29]. Car-
bapenem antibiotics, such as meropenem and imipenem/cilastatin, reduce chemo-
taxis only at very high concentrations (2,000 and 4,000 ug/ml) [30]. Aminoglyco-
sides, penicillins, glycopeptides, and fluoroquinolone, generally, do not influence
neutrophil chemotaxis in vitro [31-34]. Collectively, these findings seem to indicate
that, so far, no definite conclusion can be drawn on the in vivo significance of in
vitro findings regarding non-macrolide antibiotics, and further studies are required,
especially in the clinical setting to fully exploit the potential of the immunomodula-
tory effect of these drugs during, for example, immunosuppression, chronic airway
inflammatory diseases, and acute inflammatory diseases.

Clinical effects of macrolides on neutrophil-mediated
inflammatory diseases

Macrolides are likely to be useful for not only DPB but also other chronic neu-
trophil-induced airway inflammatory diseases, such as cystic fibrosis (CF) [35],
sinusitis [36] and chronic obstructive pulmonary disease (COPD) [37] as discussed
in other Chapters. Furthermore, new potentials for application of macrolide were
recently reported in the field of dermatology and gynecology. Preliminary results
show 14-membered ring macrolides (erythromycin 600 mg/day or clarithromycin
200 mg/day for 3 months) improved the clinical symptoms of 20 patients with pus-
tulosis palmaris et plantaris, which is usually involved in hand and/or foot with
aseptic pustules and neutrophil-associated inflammation, and it may be explained
by the inhibitory action of clarithromycin on TNF-a or staphylococcal enterotoxin
B plus IFN-y-stimulated IL-8 secretion from epidermal keratinocytes [38]. Clar-
ithromycin (200 mg/day for 4 months) also improved the clinical status of five
patients suffering from pyometra, a chronic intrauterine infection, in parallel with a
decrease in the neutrophil percentages in the lavage fluid of the uterine endometrial
cavity and in the level of IL-8 [39]. However, a large-scale clinical study would be
necessary to clarify the effect of macrolides on neutrophil-associated inflammatory
diseases in the near future.
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Conclusion

This review summarizes the beneficial inhibitory effects of macrolide antibiotics on
neutrophil chemotaxis into sites of inflammation. Macrolides reduce neutrophil
chemotaxis into sites of inflammation, but it is difficult to determine whether direct
effects of these compounds on neutrophil chemotaxis are clinically relevant. Never-
theless, since the inhibitory effect of 14-membered ring macrolides on inflammato-
ry cell infiltration has been identified, the drugs can be widely applied in the treat-
ment of chronic inflammatory disease in the future.
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Introduction

Erythromycin (EM) is a macrolide antibiotic that is widely used for the treatment of
upper and lower respiratory tract infections. Recent reports have further showed
that EM and other fourteen-membered ring macrolides, such as clarithromycin
(CAM) and roxithromycin (RXM), are effective for the treatment of chronic airway
diseases such as diffuse panbronchiolitis (DPB), bronchial asthma and chronic
sinusitis [1-3]. This effectiveness is considered to be aside from their antimicrobial
actions, because they are effective at half the recommended dosage as antibiotics,
and even in cases without concomitant infection. It has been recently shown that
azithromycin (AZM), a 15-membered ring macrolide, has a beneficial effect on the
clinical course of patients with cystic fibrosis [4, 5], which is a serious hereditary dis-
order among Caucasian people. Their precise mechanisms, however, remain unclear.
Several cytokines including IL-1, TNF-a and IL-8 have been reported to be elevat-
ed in bronchoalveolar lavage fluids (BALF) from patients with such airway inflam-
matory diseases, and to be decreased after appropriate therapy, suggesting impor-
tant roles in airway inflammatory processes [2, 6]. Kadota and his associates [2]
demonstrated an increase of neutrophil chemotactic activity (NCA) in BALE, which
showed a clear correlation with neutrophil numbers. They further showed that
inflammatory cytokines such as IL-8, IL-1p and TNF-o were also increased in BALF
from patients with chronic airway inflammatory diseases such as DPB and
bronchiectasis [6]. The treatment with 14-ring member macrolide antibiotics such
as EM induced a marked decrease in both neutrophil number and these inflamma-
tory cytokines and chemokines. These cytokines are potent activators of neu-
trophils, among which IL-8 is one of the most potent chemotactic factors in the air-
ways. Therefore, it is probable that EM attenuates airway inflammatory responses
by decreasing the local cytokine/chemokine levels and thus decreasing the recruit-
ment of inflammatory cells such as neutrophils. Airway epithelial cells are one of the
potent sources of cytokines and chemokines [7], and their anatomical location sug-
gests their pivotal role in the regulation of cell recruitment into the airways. There
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is increasing evidence that macrolide antibiotics show modulating effects on
cytokine expression in clinical and experimental settings. In vitro studies further
indicated that these drugs have inhibitory actions on cytokine production and/or
expression in various cells. This review will focus on the effects of the macrolides on
cytokine/chemokine production and its potential molecular mechanisms.

Studies on airway epithelium from patients with chronic
airway inflammatory disease

We studied whether or not macrolides had any effect on cytokine expression and
production by human bronchial epithelial cells. We evaluated the changes in IL-8
mRNA levels and IL-8 protein release by airway epithelial cells before and after
macrolide therapy [8]. Patients with chronic airway diseases (DPB, chronic bron-
chitis, and diffuse bronchiectasis) received oral EM or CAM therapy for more than
3 months with no side effects. In accordance to the clinical changes, IL-8 mRNA lev-
els corrected by B-actin transcripts were decreased in patients who responded to
macrolide therapy when assessed by reverse transcription and polymerase chain
reaction (RT-PCR). Spontaneous IL-8 release from epithelial cells was also
decreased by macrolide therapy.

Inhibitory actions of macrolides on cytokine/chemokine production by
various types of cells: In vitro findings

Airway epithelial cells

It is well documented that normal human bronchial epithelial cells release a variety
of cytokines and chemokines, and proinflammatory cytokines such as IL-1a , IL-1f
and TNF-a stimulate their production in vitro (Fig. 1) [9]. We cultured human nor-
mal and transformed bronchial epithelial cells, and studied the effect of EM, CAM
and RXM on IL-6 [10], IL-8 [8, 11] and GM-CSF [12] production. Among the
antimicrobes tested, only 14-member macrolides EM, CAM and RXM showed an
inhibitory action on IL-6 and IL-8 release by unstimulated and cytokine-stimulated
human bronchial epithelial cells, whereas a 16-ring member macrolide, josamycin
(JM), failed to show such effects. LDH release assay, trypan blue dye exclusion test
as well as a colorimetric MTT assay showed that this effect was not due to cyto-
toxicity. To assess the effect of macrolide antibiotics on IL-8 production by inflamed
airway epithelium, bronchial epithelial cells were obtained from patients with
chronic airway disease including DPB, sinobronchial syndrome, and diffuse
bronchiectasis under fiber optic bronchoscope. Spontaneous IL-8 release by airway
epithelial cells from inflamed airways were significantly inhibited with the addition
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Endogenous Factors Exogenous Factors
Cytokines, growth factors, Bacterial LPS and products,
proteolytic enzymes, etc. viruses, tobacco smoke,

air pollutants, etc

Cytokines/Chemokines:
IL-6, IL-8, GM-CSF, RANTES,
Eotaxin etc

Figure 1

Airway epithelial cells as sources of cytokines and chemokines in the airways

Airway epithelial cells express and release a variety of cytokines/chemokines, adhesion mol-
ecules and lipid mediators, and thereby participate in the regulation of inflammatory
responses in the airways.

of EM and CAM, but not with ABPC in vitro [8]. Khair et al. [13] reported that EM
inhibited release of IL-8 as well as of IL-6 from H. influenzae endotoxin-stimulated
normal bronchial epithelial cells.

Alveolar macrophages and neutrophils
Alveolar macrophages are another important source of cytokines in the lung. Iino
and co-workers [14] reported that EM suppressed IL-18 and TNF-a production by

human peripheral blood monocytes. Fujii and co-workers [15] demonstrated that
14-ring member macrolides uniquely inhibited IL-8 production by a vitamin D-dif-
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ferentiated macrophage cell line THP-1 cells. Similarly, CAM and AZM inhibit the
production of IL-1a, IL-1p, IL-6, IL-10, TNF-a, and granulocyte and macrophage
colony stimulating factor [16].

Sugiyama and associates showed that chronic administration of EM in rats
induced an inhibitory changes in cytokine production such as GRO/CINC-1 and
CINC-20, homologues of human IL-8 and MIP-2, respectively [17]. Oishi and his
co-workers [18] studied the production of IL-8 by neutrophils which were stimu-
lated with inactivated Pseudomonas aeruginosa bacilli, and they found that IL-8
release from the neutrophils were inhibited by EM treatment.

Effects on other kind of cells

EM has been described in literature as an alternative therapy for intractable
bronchial asthma [19]. Tt was reported that EM has a corticosteroid-sparing effect;
however, EM alone decreased airway hyper responsiveness and asthma severity
[20]. Konno et al. [21] found that RXM inhibited production of IL-2 and IL-4 by
peripheral lymphocytes. Nakahara and associates [22] reported that production of
Th2-derived cytokines IL-4 and IL-5 were significantly suppressed by EM, whereas
that of Th1-derived cytokines such as IFN-y rather increased. Therefore, it is prob-
able that macrolides exert inhibitory effects on Th2 cytokines in asthma patients.
Kohyama et al. [23] showed that EM significantly suppressed IL-8 release from
human peripheral blood eosinophils from atopic donors.

Molecular mechanisms of anti-inflammatory actions of macrolides

We evaluated the effects of macrolides on steady state levels of IL-6 and IL-8 mRNA
by Northern blot analysis [8, 11]. Human bronchial epithelial cells expressed con-
stitutive IL-6 and IL-8 mRNA, which were significantly upregulated by the
cytokines such as IL-1a, p and TNF-a. EM, CAM and RXM inhibited steady state
levels of IL-6 and IL-8 expression in normal and immortalized bronchial epithelial
cells. This action appeared to be unique, because other antibiotics, including a 16-
member macrolide JM, did not show any effect. Therefore, it is probably one mech-
anism of the clinical beneficial effect of these macrolide antibiotics.

It is well known that the transcriptional rates of IL-8 are regulated by several
transcription factors such as NF-kB and AP-1. Abe and co-workers [24] demon-
strated that CAM repressed TNF-a-induced AP-1 activation in human bronchial
epithelial cells. We studied the effect of EM and CAM on the phorbol myristate
acetate (PMA)-induced activation of NF-kB and AP-1. Pretreatment of EM and
CAM at therapeutic concentration before the PMA treatment showed an inhibito-
ry effect on both of the transcription factors as assessed by electrophoretic mobil-
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Figure 2

Potential mechanisms of macrolides on the regulation of transcription factors

The NF-kB is present in latent form in the cytoplasm by binding to the inhibitor protein IxB.
Cytokine-induced signal transduction results in selective IxkB phosphorylation, which is in
turn ubiquitinated and degraded by proteasome pathway. Free NF-kB migrates to the nucle-
us by several localization signals. Binding of NF-xB to its specific site of genes induces tran-
scription of several NF-xB-dependent genes. NF-«B is then inactivated by newly synthesized
IkB both in cytoplasm and nucleus. IKK: IkB kinase

ity shift assay (EMSA) [25]. Such findings have been reported in nasal epithelial
cells and fibroblasts, monocytes and macrophage cell line [26-28]. In contrast,
the macrolides showed no effect on the activation of cyclic AMP-responsive ele-
ment binding protein (CREB), suggesting that the suppressive effect on some tran-
scription factors is somewhat specific [25]. We further evaluated the effect of EM
on the phosphorylation of inhibitor of NF-xB (IkB), which is a crucial step for
transactivation of NF-kB. EM did not influence the phosphorylation processes in
vitro [29]. These data suggest that EM act at the process of nuclear translocation
of NF-kB, or at the stages of DNA binding within the nucleus (Fig. 2). Further
studies are necessary to elucidate the molecular events important for their poten-
tials.
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Anti-tumor effect of macrolides: Their potential as a biological response
modifier

Oral administration of erythromycin increased survival in tumor-bearing mice
[30]. The tumorcidal activity of macrophages increased as serum IL-4 levels ele-
vated. They further showed that anti-IL-4 antibody abolished the effect of ery-
thromycin. Recent in vitro studies showed that the macrolides induce IL-4 pro-
duction by splenic cells [31]. Although there are only few reports to show that
macrolides induce cytokines and other biological response peptides iz vitro and
in vivo, it needs further investigation to clarify the anti-tumor activity of these
drugs.

Immunomodulatory effects of other classes of antimicrobial agents

The above observations strongly suggest that macrolide antibiotics exert their clin-
ically beneficial effects, at least in part, by their anti-inflammatory or immunomod-
ulatory effects. However, such effects have also been reported in other kinds of
antimicrobial agents. Most fluoroquinolone derivatives induce IL-2 synthesis, but
inhibit synthesis of IL-1 and TNF-a [32]. They also enhance the synthesis of
colony-stimulating factor (CSF). The potential molecular mechanisms that are not
fully elucidated include effects on intracellular cyclic AMP and phosphodiesteras-
es, effects on transcription factors such as NF-kB, AP-1, NF-AT and NF-IL-6.
However, the reported effects are very diverse, and different results have been
reported in different cells, stimuli and study methods. It should also be noted that
the drugs show their modulating effects only at high concentrations. In vivo exper-
iments using LPS-injected animals showed that quinolones protect the animals by
decreasing TNF-a and IL-12 and by increasing IL-10 [33]. A few clinical trials have
been conducted to show the attenuating effects on neutropenia, with controversial
results [34].

Like macrolides, the immunomodulatory effects of quinolones may contribute to
their clinical efficacy in chronic infections. However, this possibility has not yet been
exploited. Tetracycline derivatives have also been reported to show immunomodu-
latory effects. Doxycycline reduces mortality to lethal endotoxemia by reducing
nitric oxide synthesis via an IL-10-independent mechanism [35]. This drug also
inhibits matrix metalloproteinase (MMP) activity to attenuate periodontal bone loss
in rat models [36].

Anti-inflammatory or immunomodulatory effects of quinolones and tetracy-
clines seem to have partially common features with those of macrolides. Compara-
tive studies among these drugs may facilitate researches for better clinical applica-
tions.
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Future directions

EM also has a motilin-like stimulating activity on gastrointestinal smooth muscles
[37]. Therefore, inhibitory effect on cytokine expression in human cells, as summa-
rized here, may be a third bioactivity of the macrolide antibiotic. We found that
some of the derivatives with no antimicrobial activity have an inhibitory effect on
IL-8 production by human airway epithelial cells. These analogues also showed
inhibitory action on the activation of NF-xB and AP-1 assessed by EMSA [29].
Characterization of the chemical structure responsible for its potential would be
important to pursue, and further investigation for the molecular mechanism would
be necessary for a possible new type anti-inflammatory agent.

Conclusion

The above data suggest that the anti-inflammatory or immunomodulatory proper-
ties of macrolides are, at least in part, by inhibitory effects on cytokine gene expres-
sion through actions on transcription factors. The effects of the macrolides report-
ed so far are generally normalizing the activated states, but not suppressing the basal
levels. Although the mechanisms for their anti-inflammatory actions are being par-
tially elucidated, it still remains unclear which macrolide structure is critical for their
effects, which has the best efficacy and fewest adverse effects, duration of the anti-
inflammatory effect with long-term macrolide therapy, and the long-term impact of
continuous antimicrobial coverage.
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Antibacterial agents and the oxidative burst
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Introduction

In 1883, the term “phagocytes” was coined by the Russian zoologist Elie Metch-
nikoff, following his observation of specialized cells ingesting bacteria, and from
there phagocytosis was recognized as a major defence mechanism in multicellular
organisms. Polymorphonuclear neutrophils (PMN) and monocytes/macrophages
are the professional phagocytes in mammals. PMN have a prominent role against
microbial pathogens. In general, they are the first host cell to arrive at sites of micro-
bial invasion, and they have an innate capacity to ingest and kill a wide range of
microorganisms. Phagocytes ingest microorganisms into intracellular compartments
called phagosomes, where they direct an arsenal of digestive and antibacterial agents
(oxygen-independent antibacterial system). In 1933, Baldridge and Gerard dis-
covered that phagocytosing neutrophils undergo explosive oxygen consumption
(50- to 100-fold increase) — the “oxidative burst” — unrelated to mitochondrial res-
piration, which reflects the activity of the NADPH oxidase system, a multicompo-
nent enzyme that assembles at the phagosomal membrane. The oxidants generated
by this enzyme are used to destroy ingested pathogens, but when released in the
extracellular medium, they can cause “collateral damage” to host cells and tissues,
and so can be involved in the pathophysiological process of inflammatory reactions
and various inflammatory diseases. Recent studies have evidenced the existence of
phagocyte-type NADPH oxidases in many non-phagocytic cells (fibroblasts, vascu-
lar smooth muscle cells, endothelial cells, renal mesangial cells and tubular cells), the
Nox/Duox family of NADP oxidases; ROS production by these oxidases may serve
a signaling role or lead to oxidative damage. Modulation of oxidant production
remains a therapeutic target to dampen an excessive inflammatory response. The
immunomodulatory (anti-inflammatory) properties of some antimicrobial agents
has been reviewed recently [1, 2]. This chapter completes a previous review on the
interference of antibacterial drugs with the phagocyte oxidative burst [3]. After
briefly presenting the structure of the NADPH oxidase, the biochemistry of the
oxidative burst, its beneficial and detrimental roles, its regulation and the laborato-
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ry methods of analysis, the main characteristics of the in vitro interference of
antibacterial agents with ROS production and activity will be detailed, before con-
cluding on the potential therapeutic consequences of these effects.

The oxidative burst
The phagocyte NADPH oxidase

Studies in many laboratories over a number of years have established the identity of
the phagocyte NADPH oxidase as a multiprotein enzyme whose catalytic and regu-
latory subunits are partitioned between the cytosol and plasma (and granule) mem-
brane in resting cells and assemble at the cytosolic face of the plasma membrane
after activation [4-7]. The core enzyme consists of five subunits: in unstimulated
cells, three of these, p40Phox, p47phox  ng7phox (phox for phagocyte oxidase) form a
cytosolic complex of undefined stoichiometry that can be purified by gel filtration
chromatography with an apparent molecular mass of 250-300 kDa; p22Phox and
gp91Phox form a heterodimeric, membrane-bound flavocytochrome, known as
cytochrome bssg according to its infrared absorbance (or cyto b_,45 from its oxida-
tion-reduction mid-point potential). In resting cells, approximately 85% of the
cytochrome is located on the membrane of peroxidase-negative (specific and secre-
tory) granules, and the rest is found on the cytoplasmic membrane. Interactions
among the various oxidase components occur through a number of specific regions,
including SH3 domains and proline-rich motifs. Upon exposure to appropriate
stimuli, multiple phosphorylation events in the cytosolic components take place,
which induce rearrangements in a number of protein—protein interactions, ulti-
mately leading to translocation of the cytoplasmic complex to the membrane and
association with cytochrome bgsq. Activation requires also the participation of two
low molecular weight guanine nucleotide-binding proteins: Rac2, which in the rest-
ing cells form a complex with Rho-GDI (guanine nucleotide dissociation inhibitor),
and RaplA which is found on membranes and can be co-purified with the
cytochrome. During activation, Rac2 binds GTP, dissociates from its inhibitor and
migrates to the membrane. Activation also triggers the fusion of the secretory vesi-
cle, and later specific granule, membranes with the plasma membrane where the
active enzyme complex is finally assembled. The knowledge of the enzyme derives
from studies of the human genetic disorder chronic granulomatous disease (CGD)
[8]. Phagocytes of CGD patients are missing, or have an abnormal form of, one or
another of the protein components of the respiratory burst oxidase. Thus, various
genetic defects can lead to a failure of the respiratory burst and the associated
microbicidal defect is responsible for the clinical features of CGD. The genetic het-
erogeneity was appreciated early on, as the disease was transmitted in an X-linked
fashion in some kindred and as an autosomal recessive trait in others.
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Biochemistry of the oxidative burst

The phagocyte oxidase catalyzes the one-electron reduction of oxygen into super-
oxide anion at the expense of NADPH, and from there a vast assortment of reactive
oxidants (reactive oxygen species [ROS], reactive oxygen intermediates [ROI]) are
generated [9]. Much is known about the reactive oxygen species released into the
extracellular surroundings when PMN respond to soluble stimuli. However, the
enzymatic and chemical reactions involved in oxidant production are dependent on
environmental conditions, which may vary markedly between the phagosome and
the extracellular medium. Knowledge of the biochemistry within the phagosome is
limited by its inaccessibility to standard detectors and scavengers. Consequently, the
oxidant species directly responsible for killing bacteria are still open to speculation.
Much, if not all, of the extra oxygen consumed in the respiratory burst is convert-
ed to the superoxide anion (O,"”) by the one-electron reduction of oxygen using
NADPH (provided by hexose monophosphate shunt [HMPS] activity) as the elec-
tron donor: 2 O, + NADPH — 2 O, + NADP* + H". In the acidic vacuolar medi-
um (or in the presence of superoxide dismutase) superoxide anion is further dismu-
tated into hydrogen peroxide (H,0,): 2 O,"~ + 2 H* = H,0, + O,. Myeloperoxi-
dase (MPO), which is released from azurophilic (primary) granules of PMN and
monocytes by a degranulation process, reacts with H,O, to form a complex that can
oxidize a large variety of substances [10]. Among the latter is chloride, which is oxi-
dized initially to hypochlorous acid (HOCI), with the subsequent formation of high-
ly reactive chloramines (R-NHCI). Other toxic species include hydroxyl radical
(OH"), and singlet oxygen (1O,): in the presence of metal, (Haber—Weiss reaction),
H,0, +O,"” = OH' + OH™ + 'O,. Hydroxyl radical can also be produced by the
reaction between O,"~ and HOCI, and singlet oxygen may be formed in a reaction
between HOCI and hydrogen peroxide. A schematic presentation of the oxidative
burst is given in Figure 1.

Regulation of the oxidative burst

Activation of the NADPH oxidase can be obtained via a number of transduction
pathways following phagocytosis (particulate stimuli) or stimulation with various
humoral mediators, through selective recognition via membrane receptors, includ-
ing the receptors for opsonins (Fcy-Rs but not CR3, although this remains contro-
versial [11]) and chemoattractant receptors (for bacterial formulated peptides, C3a,
or leukotrienes). Some ligands do not directly stimulate a functional response but
increase oxidase activity after a second stimulus. This is referred to as “ priming”
and is observed with some cytokines, endotoxin and suboptimal concentrations of
directly activating stimuli. In vitro assays also use direct modulators of signaling
pathway, for instance phorbol esters (PMA) to activate protein kinase C, calcium
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Figure 1
In and out the phagolysosome: oxidant production by phagocytes
See text for details and abbreviations.

ionophores to increase intracellular calcium, etc. Binding of a ligand to its receptor
triggers a sequence of events known as a biochemical signaling pathway. The first,
proximal event, related to the structure of the receptor, directs the main signaling
pathways. Various receptor subgroups are defined according to the primary signal,
including pertussis toxin insensitive heterotrimeric G-protein-linked receptors and
tyrosine-kinase receptors. The knowledge of the transductional pathways involved
in NADPH oxidase activation is of particular importance to propose new thera-
peutic targets. The mechanism for the activation of phagocytic NADPH oxidase has
not been fully elucidated. No selective pathway for NADPH oxidase activation has
been described and redundancy of effectors (Phospholipases C, D, A,, protein kina-
ses C, A, MAP kinases) and of second messengers (Ca?*, diacylglycerol, arachidon-
ic acid, etc.) is the rule for other phagocytic functions. It has been proposed that the
stimulation of neutrophils by receptor-binding ligands results in an intracellular sig-
naling cascade, including the activation of phospholipase C, which releases IP3 and
diacylglycerol, which, in turn, increase intracellular Ca?* concentration and activate
protein kinase C (PKC), respectively. The two pathways function synergistically for
O, generation. Activations of phospholipase D, mitogen-activated protein (MAP)
kinase, phosphoinositide 3-kinase, and probably phospholipase A, are also func-
tionally linked to O,'~ generation.
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The oxidative burst in health and diseases

The oxidative burst is essential for killing a number of microorganisms, as shown
by the susceptibility to infections of individuals with CGD [12]. Patients with CGD
experience, usually from early childhood, recurrent and often life-threatening bac-
terial and fungal infections, as well as a granulomatous response in affected tissues.
The biochemical basis for this severe clinical phenotype is an absence of the respi-
ratory burst in neutrophils and other phagocytic cells. Thus, invading microorgan-
isms are ingested normally but remain viable within phagocytic vacuoles, since no
ROS are generated. One exception to this rule is the normal killing of microorgan-
isms that produce significant quantities of H,O, (e.g., pneumococci), thereby sup-
plying a missing ingredient that the CGD neutrophil can use to reconstitute the
activity of the MPO-H,0,-halide antimicrobial system and avoid infections caused
by these catalase-negative bacteria. However, the actual role of ROS in the bacteri-
cidal defect of PMN from patients with CGD, has been questioned recently follow-
ing various observations: first, MPO deficiency is common, but seldom leads to
microbicidal defects; also, early variation in the pH of the phagosome (rapid
increase followed by a progressive acidification) is not observed in PMN from CGD
patients (drop below pH 7 after a delay of 30 min); lastly, double knock-out mice
for elastase and cathepsin G have a defective bactericidal defect similar to that of
mice with NADPH oxidase defect. NADPH oxidase not only transfers electrons, but
also protons, from the cytosol to the phagosome for compensation of the charge.
However, some studies have shown that part of charge compensation is due to the
transfer of K* instead of H* (which explains the early alkalinization of the medium),
as this ion is necessary for the liberation of proteases such elastase and cathepsin G
from the acid proteoglycan matrix. The debate now centers on the question whether
ROS do have a role by themselves or not [13]. In normal PMN, the synergistic inter-
action of oxygen-dependent (ROS) and independent (granular bactericidal peptides
and proteins) microbicidal systems results in pathogen killing. There is limited infor-
mation on the resistance of pathogens, such as Anaplasma phagocytophilum to
PMN functions [14]. By contrast, bacterial subversion of macrophage metabolism
is widely acknowledged, and owing to a less potent oxidative burst and the absence
of MPO, these phagocytes represent safe harbours for many intracellular pathogens.
This defective bactericidal function can be boosted by cytokine stimulation. In par-
ticular, proinflammatory cytokines, interferon, bacteria and their products synergis-
tically induce NO synthase, which may be the major pathway of macrophage bac-
tericidal activity.

The products of the MPO-H,O,—chloride system are powerful oxidants [10] and,
when released in the extracellular medium, a reaction with chloride can induce dam-
age to adjacent tissue and apoptosis in other immune reactive cells. As a protection
against excessive oxidation, there exists a complex set of interactive antioxidant sys-
tems. Over-activity of phagocytic NADPH oxidase can provoke functional impair-
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ment of T lymphocytes, cytotoxicity against endothelial cells, direct DNA damage in
bystander cells, and metabolism of drugs to cytotoxic, genotoxic and immunogenic
metabolites. Neutrophil priming by agents such as tumour necrosis factor-alpha
(TNF-a), granulocyte/macrophage colony-stimulating factor (GM-CSF) and
lipopolysaccharide causes a dramatic increase in the response of these cells to an acti-
vating agent; this process has been shown to be critical for neutrophil-mediated tis-
sue injury both in vitro and in vivo. Increase in ROS production has been associated
with, and may be causally related to, a variety of acute and chronic inflammatory
states, e.g., bacterial sepsis, adult respiratory distress syndrome, inflammatory bowel
disease, rheumatic diseases, vasculitis as well as cancer, auto-immunity and aging. It
has been suggested that pulmonary injury, renal glomerular damage, and the initia-
tion of atherosclerotic lesions may be caused by the MPO system. The involvement
of ROS in the bactericidal function of macrophages has been assumed for many
years, but it is now clear that the H,O, produced by the respiratory burst, functions
as a second messenger and activates major signaling pathways in these cells [15].
Both the nuclear factor-kB and activator protein-1 transcription factors are activat-
ed by H,0, produced by the respiratory burst, and control the inducible expression
of genes whose products are part of the inflammatory response; this may be a criti-
cal link between the respiratory burst and other inflammatory responses.

Methods of analysis

The development of methods to measure the generation/release of phagocyte respi-
ratory burst products is of great importance for the clinical diagnosis and progno-
sis of various diseases, and a number of different techniques are currently in use for
this purpose [16]. These techniques are valuable tools in basic as well as more clin-
ically oriented research dealing with phagocyte function. Diseases within virtually
every subspecialty of medicine have been studied in this respect, but most investiga-
tions have focused on infectious and autoimmune conditions. The analysis of drug-
mediated modulation of the oxidative burst involves either global assays such as
oxygen consumption, iodination and luminol-amplified chemiluminescence, or mea-
surement of specific oxygen species, mainly superoxide anion (cytochrome C reduc-
tion and lucigenin- amplified chemiluminescence). Stimulation of phagocyte func-
tions is obtained with agents that mimic bacterial chemotaxins (formylated peptides
such as N-formyl methionyl-leucylphenylalanine [fMLP]), or directly activate pro-
tein kinase C (phorbol esters such as PMA), or increase Ca?* flux (calcium iono-
phores). Phagocyte activity can be boosted by priming agents before stimulation.
Fluorescence-activated cell sorter (FACS) analysis gives information on many
phagocyte functions and membrane antigens, and permits rapid evaluation of indi-
vidual phagocyte responses. The main problems encountered in vitro are due to
non-standardization of techniques in different laboratories and artifacts introduced
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by the technique itself. Various tools used in the research setting are available for in-
depth analysis of all transductional pathways underlying the drug-induced
immunomodulatory effects. Phagocytic cell lines derived from human or animal
cells (HL-60, PLB-985) are commonly used in vitro after differentiation into more
mature forms with functional oxidase activity. These standardized cell lines theo-
retically avoid the problem of intra/interspecies variability and heterogeneity. Cell-
free systems (xanthine-xanthine oxidase reaction, orthodianizine reduction, etc.)
are also used to explore possible oxidant scavenging or oxidative properties of some
drugs. Ex vivo assays explore the functional capabilities of phagocytes after drug
administration to animals, healthy volunteers or patients. Isolation and separation
of phagocytes from their context, along with intra/interspecies differences and
chronobiology, often generate unsubstantiated extrapolation of results.

Antibacterial agents and the oxidative burst

The interference of antibacterial agents with the oxidative burst can occur in differ-
ent ways (Tab. 1). Indirect effects concern all the events related either to phagocyte
differentiation (myelopoiesis) (1), or receptor functionality (2), or modulation of
host cell responses with release of priming or inhibitory factors (e.g., cytokines) (3),
or alteration of bacterial structure and metabolism (4) leading to release of by-prod-
ucts (e.g., endotoxin), increased stimulating effects or increased susceptibility to
ROS. These indirect aspects will not be explored here. This Chapter will deal with
the direct effects that concern the interference with the signaling pathways (5), or
the modulation of enzyme (oxidase, MPO) activities (6), or the scavenging of ROS
(7). Conversely, alteration of antibacterial agents by ROS themselves (8) can lead to
changes in antibacterial activity or increased toxicity to host cells.

Modification of antibacterial agents by ROS

The possibility that antibiotics are inactivated by phagocytes, their products, or the
intracellular medium, has rarely been investigated. There are no data clearly demon-
strating a loss of activity due to intraphagosomal or extracellular oxidization. Con-
versely, the modification of antibacterial agents leading to increased activity inside
the phagosome or in the vicinity of phagocytes has not been investigated either,
although there are reports that various quinolones (ciprofloxacin, fleroxacin,
pefloxacin) as well as macrolides (erythromycin A, roxithromycin), clindamycin and
amoxycillin, display optimal intracellular efficacy when PMN have an intact oxi-
dant-generating system [3]. Antibacterial synergy between josamycin and acellular
oxidant-producing systems has also been observed [3]. However, the possibility that
oxidant-induced alteration of bacteria was responsible for the observed synergy
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Table 1- Interactions of antibacterial agents (ABA) with the phagocyte oxidative burst

Target Antibacterial agents Effects Consequences
1-Indirect
(1) Progenitors B-lactams, chloram- e.g., toxicity | number of PMN
phenicol, dapsone, etc.
(2) Phagocytes ? receptor }/1 oxidative
functionality response
(3) Bacteria all ABA alteration release pro-oxidative
(sub/supra MIC) structure products,
metabolism 1 opsonization,
stimulation,

(4) Host cells

Macrolides, quinolones
fosfomycin

production pro-/
anti-inflammatory CK

susceptibility
{ /1 oxidative burst

Target

Antibacterial agents

Effects
2-Direct

Consequences

(5) Phagocytes
(6) NADPH oxidase
MPO

(7) ROS

(8) ABA

(see text)

cefdinir, dapsone

INH

cyclines, rifampicin
clofazimine, penicillin,
some cephalosporins
INH, quinolones (?)
macrolides (?)
quinolones, dapsone
INH, chloramphenicol

alteration of
signaling pathways
alteration of
activity

| activity

scavenging

alteration by ROS

{/1 oxidative burst
{/1 oxidative burst?
} ROS

} ROS

1 activity (?)

1 toxicity

could not be excluded. Recent studies have shown that superoxide anion increases
the antimicrobial effect of isoniazid (INH), in fact a prodrug requiring oxidative acti-
vation by the catalase-peroxidase hemoprotein of Mycobacterium tuberculosis [17].
Neutrophils and monocytes can metabolize drugs to reactive metabolites, especially
those drugs that have nitrogen or sulfur in a low oxidation state [3, 18]. The major
system involved in this oxidation is the combination of NADPH oxidase and
myeloperoxidase, which generates HOCI. Reactive metabolites, by their very nature,
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have short half-lives, and most of their effects will be exerted on the cells that formed
them. Therefore, they are likely to be important for adverse reactions that involve
leukocytes, such as agranulocytosis and immune-mediated reactions. However, the
mechanism of these reactions is unknown and evidence for the association of leuko-
cyte-derived reactive metabolites with such reactions is circumstantial at present. The
oxidation of drugs by leukocytes requires activation of the cells; therefore, infection
or other inflammatory conditions that activate leukocytes may represent one of the
risk factors for idiosyncratic drug reactions. Increased toxicity by antibiotics oxi-
dized by PMN oxidants has been observed, for instance with INH. The hematologic
toxicity of dapsone and chloramphenicol could rely on their oxidative metabolism.
The cellular phototoxicity of various quinolones (e.g., lomefloxacin, ciprofloxacin,
norfloxacin) might also be linked to an oxygen-dependent mechanism [19].

Artefactual effects and inhibition of enzyme activity

Scavenging of oxidant species or interference with the detection methods may lead
to false appreciations of the actual effect of an antibiotic on phagocyte activity, and
appropriate controls using cell-free oxidant-generating systems are required to vali-
date the results. Various antibiotics (danofloxacin, ceftiofur, oleandomycin, oxyte-
tracycline, doxycycline, lincomycin, etc.) decrease the chemiluminescence of bovine
PMN by interacting with the detection system (absorption of the blue light emitted
by luminol) or scavenging of oxidative species [20, 21]. Rifampicin also has light-
absorbing property and quenches superoxide anion; cyclines scavenge hypochlorous
acid as do clofazimine, sulfapyridine and various aminothiazolyl cephalosporins.
Penicillin G and ampicillin inhibit the chemiluminescence of PMN and cell-free sys-
tems by scavenging HOCI and hydrogen peroxide, whereas chloramphenicol
increases it. Dapsone and INH directly inhibit MPO activity and impair the pro-
duction of HOCI by the MPO-H,0O,-halide system. Dapsone irreversibly inhibits
MPO, by converting the enzyme into its inactive (ferryl) form. Cefdinir, a hydroxy-
imino-aminothiazolyl cephalosporin, impairs MPO activity in the external medium
but not in the phagolysosome, likely because it does not enter neutrophils. Direct
inhibition of oxidase activity has not yet been reported. The major question arising
from these results is the impact on bactericidal function and the tissue-destructive
potential of neutrophils. Various in vitro experiments suggest, for instance, that
some B-lactams may have a cytoprotective role or prevent antiprotease inactivation
by activated neutrophils. The anti-inflammatory potential of dapsone, INH, clofa-
zimine and cyclines may be due to their impact on HOCI generation either directly
or indirectly (since this oxidant is a potent activator of latent collagenase activity).
However, superoxide limits the potency of the drugs that inhibit MPO reversibly, by
trapping it as its inactive redox intermediate and reducing it to the active enzyme.
Furthermore, under conditions where the activity of MPO exceeds that of the

95



Marie-Thérese Labro

hydrogen peroxide-generating system, which is most likely to occur in phagosomes,
partial inhibition of MPO does not affect hypochlorous acid production [22].

Direct modulation of the oxidative burst in vitro

Drug-induced modulation of the oxidative burst is generally accompanied by mo-
difications of other phagocyte functions, suggesting either an effect on a transduc-
tional target (or a second messenger) involved in several activation pathways. A sim-
plified summary of the main effects of antibacterial agents on the oxidative burst is
given in Table 2. The inhibitory effect of aminoglycosides (at therapeutic concentra-
tions) on PMN oxidative metabolism is conflicting. Interestingly, amikacin enhances
the PMN oxidative burst at low concentrations in vitro, whereas concentrations
higher than 1 g/l inhibit this phenomenon, likely as a result of oxidant scavenging
[23]. Gentamicin, netilmicin, and tobramycin are ineffective in a wide range of con-
centrations. Ansamycins impair various PMN functions, including the oxidative
burst (although artefactual effects have been noted [see above]). The most active new
compounds are derivatives carrying an acidic substituent at C3 [24, 25]. PMN from
patients with rheumatoid arthritis (RA) are more susceptible to the depressive effect
of rifamycin SV than are cells from healthy subjects. p-lactams have been largely
investigated in this context, but no class or subgroup effect has been demonstrated
[26]. Particular behaviors have been linked to certain chemical features. Cefotaxime
enhances the oxidative burst of PMN by priming the cell response to a second stimu-
lation with complement-opsonized particles; the presence of an acetoxy at position
3 of the cephem ring is crucial for this effect. High concentrations of meropenem
decrease superoxide anion production by PMN whereas faropenem enhances it,
probably because of its interference at a site where Ca?* regulates NADPH oxidase
activation. Three chemically unrelated p-lactams (cefmetazole, imipenem and cefoxi-
tin) have similar stimulatory effects on various PMN functions including the oxida-
tive burst. These antibiotics also significantly stimulate protein carboxy methylation,
increase intracellular cyclic GMP levels, and decrease ascorbate content. Clofazimine
increases superoxide anion production by stimulated neutrophils, and TNF-a poten-
tiates this enhancement. The pro-oxidative effect of clofazimine analogs is largely
dependent on the nature of the alkylimino group at position 2 of the phenazine
nucleus and, to a lesser extent, on halogenation. The mechanism underlying this pro-
oxidative effect seems to involve stimulation of phospholipase A, (PLA,) activity,
with subsequent accumulation of arachidonic acid and lysophospholipids, which act
as second messengers to activate the oxidase. At therapeutic concentrations, the
gyrase B inhibitor coumermycin impairs chemotaxis, superoxide anion production
and intracellular killing by PMN. Cyclines have been widely studied in this context,
most reports confirming an inhibitory action on various phagocyte functions
(including the oxidative burst) at therapeutic concentrations. Outside their scaveng-
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Table 2 - In vitro effects of antibacterial agents on the oxidative burst

Antibacterial agents  Effects Mechanisms
Aminoglycosides e.g., No effect. Amikacin increases

(low concentrations)
Ansamycins e.g., Decrease Scavenging + ?
B-Lactams Variable effects (see text)
Clindamycin Increase or no effect’
Clofazimine Increase stimulation of PLA,
Coumermycin Decrease
Cyclines Decrease Ca?* chelation + scavenging
Dapsone Decrease
Fosfomycin Decrease PKC?
Fusidic acid No effect? . Decrease3
Macrolides Josamycin (increase);

Erythromycin A derivatives (decrease) PLD-PPH, PKA?
Quinolones Variable effects (see text)
Sulfonamides Decrease Ca%*?
TMP Decrease PPH

2

7depends on concentrations; <in monocytes; 3in PMIN

ing effect, various mechanisms have been forwarded to explain the inhibitory action
of cyclines (Ca?* chelation, binding of intracellular Mg?* or cellular toxicity). Struc-
ture-activity studies indicate a parallel increase in lipid solubility (and possibly cel-
lular accumulation) and inhibitory properties, although others stress the different
chemical reactivity of the various molecules to UV light. Dapsone inhibits neutrophil
functions such as chemotaxis and oxidant production. Twelve analogues of dapsone
showed comparable or greater effects on zymosan-mediated oxidative burst [27].
The most effective compounds were the 2-nitro-4-amino, 2-hydroxy-4 aminopropyl,
and 2-methoxy-4-aminoethyl derivatives. In general, potency was inversely asso-
ciated with lipophilicity. In vitro, fosfomycin increases basal extracellular oxidant
production by PMN (the effect was non-significant for PMA-stimulated cells) and
intracellular Ca2* concentrations [28]. By contrast, other authors have noted an
inhibitory effect of fosfomycin on PMA-stimulated oxidant production by PMN,
suggesting an effect on PKC-dependent activation pathways [29].

Fusidic acid decreases PMN but not monocyte oxidative burst. Macrolides are
the subject of worldwide studies for their immunomodulatory potential [30-33].
Whereas josamycin increases oxidant production by PMN and monocytes, ery-
thromycin A derivatives time- and concentration-dependently impair the oxidative

97



Marie-Thérese Labro

burst of PMN. Similar results are obtained with the phagocytic cell line PLB-985,
after differentiation into PMN [34], eosinophils [35] and the monocytic cell line
THP-1 [36]. In this latter study, it is interesting to note that short-term treatment
with clarithromycin potentiates the release of NO, H,0,, IL-1 and TNF, whereas
longer treatment (2—4 h) reverses the process and decreases both the release of medi-
ators and the activity of hydrolytic enzymes. Structure-activity studies have shown
that only erythromycin A derivatives, including the azalide azithromycin, impair the
phagocyte oxidative burst [37, 38]. The chemical entity responsible for these effects
is the L cladinose at position 3 of the lactone ring, but other structures may also
interfere with phagocytic transductional targets [39]: various ketolides (RU 64004
[HMR 3004], HMR 3647 [telithromycin], and ABT-773 [cethromycin]), which are
deprived of cladinose, also impair oxidant production by neutrophils [40-42]. The
structure involved in the inhibitory effect of HMR 3004 and ABT-773 seems to be
the quinoline linked by a butyl chain to the C11-C12 carbazate. The inhibitory
structure in HMR 3647 has not yet been identified. The transductional pathway by
which erythromycin A derivatives interfere with neutrophils seems to be the phos-
pholipase D—phosphatidate phosphohydrolase (PLD-PPH) pathway [37]. In resting
PMN these drugs directly stimulate PLD activity, which results in the accumulation
of phosphatidic acid (PA), a messenger important for triggering exocytosis, while in
stimulated neutrophils, these drugs impair PPH activity, resulting in a decrease in
diradylglycerol (the natural PKC activator) production. The cellular target of
macrolides is unknown. Preliminary results from our group have shown that ro-
xithromycin and HMR 3004 impair the activity of PKA (a protein kinase shown to
downregulate PLD activity) which could be a possible target for these two ery-
thromycin A derivatives. It must be noted that PKA inhibitors decrease the inhibito-
ry effect of macrolides but they also impair macrolide uptake and in vitro conditions
which modify cellular uptake can interfere with the inhibitory effect of these drugs.
For instance, pentoxifylline and its derivatives increase the uptake of roxithromycin
and dirithromycin and the combination inhibits oxidant generation to a larger
extent than either drug alone [43]. TNF-a and GM-CSF reduce the inhibitory effect
of HMR 3647 on oxidant production by neutrophils, while these cytokines do not
modify (or increase) the effect of roxithromycin and HMR 3004 [41]. Similarly,
Kadota et al. [44] have observed marked suppression of superoxide anion genera-
tion by G-CSF-primed neutrophils exposed to therapeutic concentrations of ery-
thromycin A, but the uptake of this drug was not investigated. Recently, Abeyama
et al. [45] have provided a link between macrolide-induced impairment of the oxida-
tive response and modulation of cytokine production: they observed that ro-
xithromycin, erythromycin A and clarithromycin, by decreasing oxidants produced
by LPS-stimulated leukocytes and THP-1 monocytes, preferentially inhibited ROS-
mediated “proinflammatory events”. NF-kB activation mediated by ROS, and sub-
sequent proinflammatory cytokine production were decreased, whereas macrolides
could rapidly increase intracellular cAMP levels and CREB (cAMP-responsive ele-
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ment-binding protein) activities by LPS-primed leukocytes. Although an under-
standing of the mechanism of redox signaling is in its infancy, it is becoming clear
that the ROS produced by the respiratory burst have a profound effect on intracel-
lular signaling pathways and ultimately in modulating gene expression. Quinolones
have also been widely studied for their immunomodulatory properties [46, 47]. At
therapeutic concentrations, quinolones differently affect phagocytosis, adhesion,
and oxidant production by rat peritoneal macrophages and human PMN;j their
effect (increase, decrease, no effect) on oxidant production appears to depend on the
animal species and the quinolone structure. The ofloxacin-induced increase in the
PMN oxidative response is due to the enhancement of PKC activity, whereas nor-
floxacin increases oxidant production by mouse macrophages through enhanced
mobilization of NADPH oxidase subunits [48]. A similar transient potentiation of
the oxidative burst of rat macrophages has been reported with ofloxacin, fleroxacin,
sparfloxacin and levofloxacin. Lower concentrations were more effective than high-
er concentrations. Moxifloxacin [49] and gatifloxacin [50] do not alter oxidant
production by phagocytes. Interestingly, grepafloxacin [51] exerts a priming effect
on the PMN oxidative burst triggered by fMLP, LTB4 (not PMA), through translo-
cation of p47°rhox and p67rhox; GTP-binding protein, tyrosine phosphorylation and
PKC activity were not involved in the priming effect. A non-antibiotic quinolone
derivative, 2-phenyl-4-quinolone (YT-1), which possesses cytotoxicity against sev-
eral human cancer cell lines inhibits the respiratory burst of rat neutrophils in
response to fMLP but not to PMA; the inhibition of phosphodiesterase (PDE), prob-
ably PDE4 isoenzyme, rather than the activation of adenylate cyclase by YT-1 con-
tributes to an increase in the cellular cyclic AMP level, which, in turn, activates PKA
and inhibits the respiratory burst in fMLP-activated neutrophils [52]. In most stu-
dies, trimethoprim (TMP), alone or in combination, has an inhibitory effect on
PMN functions. Interestingly, TMP-SMX (sulfamethoxazole) increases nitric oxide
(NO) production by PMN from patients with chronic granulomatous disease [53].
Brodimoprim, in which the methoxy group in position 4 of the TMP benzyl ring is
replaced by a bromine atom, displays greater lipophilicity and cellular uptake than
TMP, and no inhibitory effects on PMN functions. At high (therapeutically irrele-
vant) concentrations, TMP impairs PPH activity. In general, sulfonamides inhibit
phagocyte functions, and many agents in this class have been switched from infec-
tions to anti-inflammatory indications. The mechanisms underlying these
immunomodulatory effects are unclear. Inhibition of the elevation of intracellular
Ca?* after stimulation has been reported with sulfasalazine and sulfapyridine.

Consequences of modulation of the oxidative burst: In vivo/ex vivo effects

The therapeutic relevance of the immunomodulatory actions of antibacterial agents
is controversial, and there is no general agreement on whether these effects must be
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taken into account when choosing an antibacterial treatment [1, 2, 54]. With
regards to their interference with the phagocyte oxidative burst, and owing to the
ambivalent role of ROS, two possible consequences must be envisaged: alteration of
the bactericidal function and/or modulation of oxidant-triggered inflammatory
reactions.

Consequences on the bactericidal activity of phagocytes

The possibility that antibiotic-induced stimulation of oxidant production by phago-
cytes results in increased bactericidal activity has rarely been investigated: for
instance, the enhancement of bacterial killing by cefotaxime-treated PMN in vitro
was linked to the pro-oxidative effect of this drug [3]. The cephalosporin cefodizime
does not modify the phagocyte oxidative burst i vitro, but restores various phago-
cytic functions in immunocompromised patients ex vivo: in particular, in chronic
hemodialysis patients, with a depressed oxidative response, as assessed by hexose-
monophosphate shunt activity, cefodizime given for 10 days, significantly increased
this phagocytic response compared to cotrimoxazole and placebo treatment [55].
Similarly, 30 patients with severe bacterial infections were treated with cefodizime
or ceftriaxone and the effect of cefodizime and ceftriaxone on the phagocytic capa-
city and generation of reactive oxygen intermediates after phagocytosis by granulo-
cytes was assessed prior to, during, and after therapy. Prior to therapy, patients in
both groups exhibited a decreased capacity to phagocytize Escherichia coli and to
generate reactive oxygen intermediates. Granulocyte function increased after the ini-
tiation of therapy and normalized within 7 days for the ceftriaxone-treated patients
and within 3 days for the cefodizime group [56]. The only apparent clinical advan-
tage was earlier defervescence in the cefodizime group. No reports are available on
the consequences of prophylactic administration of cefodizime in patients at risk of
infections. However, in the field of infectious diseases, the clinical benefit of the
immunostimulating/restoring effects of antibacterial agents is considered minimal
compared to their direct antibacterial activity. Conversely, antibacterial-induced
inhibition of the oxidative burst does not seem to result in a decrease in bacterial
killing, likely because of other bactericidal (oxygen-independent) mechanisms [57]
or because this inhibition does not occur in the bacteria-containing phagolysosome
[58].

Consequences on the inflammatory reaction

Owing to the detrimental role of ROS in various pathological settings, modulation
of oxidant production by phagocytes remains a critical target. Some ex vivo studies
have confirmed the results obtained in vitro. For instance, decreased oxidant pro-
duction by PMN from patients with acute myocardial infarction and treated with
doxycycline has been observed ex vivo [59]. The effect of rifampicin on oxidant pro-
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duction iz vivo has not been assessed, but recently, in a rabbit model of Streptococ-
cus pneumoniae meningitis, it was shown that leukocytes (neutrophils and mono-
cytes) from rifampicin-treated rabbits produced smaller amounts of reactive oxygen
species than leukocytes from ceftriaxone-treated animals [60]. Ex vivo modulation
of the oxidative burst by macrolides has also been reported: in general early analy-
sis after administration demonstrates an increased response, while delayed analysis
or prolonged administration result in progressive inhibition of the oxidative poten-
tial [61, 62]. By contrast, in vitro enhancement of the oxidative burst by antibacte-
rial agents does not seem to increase the inflammatory response. However, it has
been hypothesized that quinolone-related arthropathy was linked to the stimulation
of the respiratory burst of immature articular chondrocytes [63]. The beneficial con-
sequences of antibacterial agent-induced decrease in oxidant production are difficult
to ascertain in patients suffering from inflammatory diseases, since, in general, these
drugs alter also various proinflammatory components such as cytokine production.
The recent study of Abeyama et al. [45] may provide a unifying hypothesis for
macrolide-induced decrease in oxidant generation and subsequent modulation of
cytokine production. Various antibacterial agents that impair oxidant production
are showing promise in inflammatory diseases [2]. Three classes have stimulated
widespread interest in the context of inflammatory diseases, namely cyclines,
ansamycins and macrolides. Tetracyclines, particularly minocycline, are used in
rheumatoid arthritis and their potential benefit has been studied in ischemia-reper-
fusion injury [64—66]; ansamycins may be useful in Crohn’s disease, and macrolides
display the largest panorama of potential non-antibiotic use from chronic inflam-
matory sinopulmonary diseases, including cystic fibrosis, up to Crohn’s disease, pso-
riasis, asthma, and coronary artery disease [67-71].

Conclusions

Attempts to modify inflammatory reactions by either enzymes that metabolize ROS
(superoxide dismutase and catalase) or by scavengers (low-molecular weight reduc-
ing compounds like mannitol, N-acetyl cysteine) have proved effective in vitro and
in various in vivo models, but failed as clinically useful drugs. Specific and potent
inhibitors of NADPH oxidase are not yet available. The NADPH oxidase is not
restricted to the myelomonocytic lineage and B lymphocytes of mammals. It is also
found in fish, insects and appears to be a part of the host defence apparatus of
plants. In addition, related oxidases are present in a variety of host cells (fibroblasts,
endothelial cells, thyroid cells, vascular smooth cells, etc.) and can produce small
amounts of superoxide anion that play a role in physiology and act as biological sig-
nals. Pathological activation of vascular NAD(P)H oxidases are common in cardio-
vascular diseases: ROS production following angiotensin II-mediated stimulation of
these oxidases lead to events such as inflammation, hypertrophy, remodeling and
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angiogenesis and contribute to cardiovascular diseases including atherosclerosis and
hypertension. No studies have yet been published on the effects of antibacterial
agents on Nox/Duox enzymes, but there is no doubt that such investigations could
bring further light on the therapeutic potential of some antibacterial agents (e.g.,
macrolides) in cardiovascular diseases.
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Introduction

Lung lymphocytes are important for pulmonary immunoregulation, and their elim-
ination is critical for terminating the immune response of the murine lung to intra-
tracheal particulate antigen exposure [1]. The first subset of T helper lymphocytes
(Th1 cells) produces various cytokines, including interferon (IFN)-y, interleukin
(IL)-2, tumor necrosis factor (TNF)-o and IL-1p, while Th2 cells produce IL-4 and
IL-5. The Th1 cytokines play a prominent role in the enhancement of cell-mediated
immunity [2] and are central in host defense mechanisms against various pathogen-
ic microorganisms [3]. IL-12, produced by macrophages, plays a central role in the
development of Th1 cells from naive T cells [4]. In contrast, the Th2 cytokines
inhibit the production and biological activities of Th1 cytokines, thus attenuating
host defense mechanisms against pathogenic organisms. The Th2 immune response
induces a chronic, fatal disease such as chronic graft versus host disease, systemic
sclerosis, and atopic disorder characterized by production of IL-3, IL-4, IL-5, IL-6
and IL-10, which act together to promote humoral immunity [2]. Thus, the com-
mitment of specific Th cells to differentiation into Th1 or Th2 cells may determine
the susceptibility of the host to particular pathogenic microorganisms.

It is well known that low-dose and long-term macrolide treatment is strikingly
effective in the clinical setting for diffuse panbronchiolitis (DPB). DPB is pathologi-
cally characterized by chronic inflammation localized predominantly in the respira-
tory bronchiole with excessive infiltration of mononuclear cells, including lympho-
cytes, plasma cells and macrophages [5]. In this context, it is of interest to determine
whether cytokines mediate the effects of macrolide antibiotics on the interaction
between mononuclear cells during the immune response, and whether the drugs
directly affect mononuclear cells function.

Effects of macrolides on lymphocyte accumulation in the lung

The efficacy of macrolides on lymphocyte accumulation in the lung was first
described in a human study [6]. Lymphocyte accumulation around respiratory bron-
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Absolute numbers of lymphocytes (open column) and the CD4/CDS8 ratio (closed column)
(a) and absolute numbers of CD4* HLA-DR" (open column) and CD8* HLA-DR" cells (closed
column) (b) in bronchoalveolar lavage (BAL) fluid from patients with diffuse panbronchioli-
tis (DPB) before and after macrolide therapy.

From [6] with permission of the American Lung Association.

chioles is a striking pathological feature of DPB. In addition, there is typically an
elevated number of lymphocytes and a reduced CD4/CD8 ratio as well as activation
of CD8* cells in the airway lumen [6]. These findings suggest that lymphocytes are
important cellular components of chronic bronchial inflammation in DPB.
Long-term (2-6 months) macrolide therapy of DPB patients with erythromycin,
clarithromycin or roxithromycin causes a significant reduction in the number of
lymphocytes and activated CD8* cells and increases the CD4/CD8 ratio in the bron-
choalveolar lavage (BAL) fluid (Fig. 1) [6]. Another study reported that the activa-
tion of CD8* cells, particularly CD8+*CD11b~ cytotoxic T cells, in the airway lumen
of patients with DPB may contribute to chronic bronchial inflammation, possibly
through upregulation of adhesion molecules. Treatment with macrolides reduces the
number of these CD8* cells. On the other hand, there is an increase in the number
of CD4+ cells, the majority of which are CD4*CD29* memory T cells, that is unaf-
fected by treatment with macrolides (Fig. 2) [7]. Although the number of lympho-
cytes, CD8*CD11b~ cells, CD8*HLA-DR* cells, and CD4+*CD29* cells is higher in
DPB patients with bacterial infections than in those without bacterial infection,
macrolide therapy reduces the number of these cells irrespective of whether or not
bacterial infection can be identified (Tab. 1) [7]. The authors of this study conclud-
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Figure 2

Absolute numbers of CD4* (a) and CD8" (b) cell subsets in bronchoalveolar lavage (BAL)
fluid samples from healthy volunteers (open column) and patients with diffuse panbronchi-
olitis (DPB) before (closed column) and after macrolide therapy (shaded column).

From [7] with permission of Blackwell Publishing Ltd.

ed that macrolide antibiotics bring about an improvement in the clinical condition
by reducing inflammation via a direct or indirect suppression of cytotoxic T cells
[7].

Anti-inflammatory properties of macrolide antibiotics observed in human DPB
have also been found in a murine model of DPB [8]. In this model, which is based
on chronic respiratory infection with P. aeruginosa, there is an increase in the total
number of pulmonary lymphocytes and a steady fall in the lung CD4/CD8 ratio that
commences on day 7 and persists until day 120. Following a 10-day course of oral
clarithromycin (10 mg/kg/day), the number of pulmonary lymphocytes and the
CD4/CDS8 ratio is brought back to the normal baseline without any change in the
number of P. aeruginosa in the lungs. In contrast, ofloxacin reduces the number of
bacteria but does not influence the number of lymphocytes or the CD4/CD8 ratio.
A similar result has also been found in acute inflammation. In mice with influenza
virus-induced pneumonia, erythromycin treatment reduces the mortality rate by
suppressing IFN-y production through inhibition of lymphocyte infiltration into the
lungs, an effect that is independent of the lung viral load [9]. Thus, macrolides cause
a definite decrease in bio-inflammation, despite an inability to eradicate the
microorganisms. Additionally, high doses of 14- or 16-membered ring macrolides
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Table 1 - Effects of macrolide therapy on lymphocyte subsets in bronchoalveolar lavage fluid
of DPB patients with and without bacterial infection

With bacterial Without bacterial
infection (n) infection (n)
Total cells (x10°/ml)  Before 16.14 + 3.86 (23) 8.27 £ 1.07 (6)
After 3.82 +1.80 (10) * 2.38 £ 0.39 (15) *
Lymphocytes (x10%/ml)  Before 1.24 £ 0.23 (23) 0.70 £ 0.29 (6)
After 0.26 £ 0.06 (10) * 0.43 £ 0.06 (15)
CD4*tCD29* cells (x103/ml)  Before 7.52 = 2.54 (10) 4.75 + 1.37 (4)
After 2.78 £ 0.98 (7) 5.26 = 1.57 (9)
CD8*CD11b~ cells  (x103/ml)  Before 25.74 £ 5.77 (17) 9.74 + 1.84 (3)
After 437 £1.26 (10) ** 6.89 = 1.55 (13)
CD4*HLA-DR* cells (x103/ml) Before 2.90 = 0.41 (15) 2.65 +0.97 (3)
After 2.17 £ 0.98 (8) 2.34 +0.92 (10)
CD8*HLA-DR* cells (x103/ml) Before 22.82 + 4.56 (15) 11.73 £5.24 (3)
After 2.15 £ 1.04 (8) * 4.35 £ 1.75 (10)

*P<0.001 vs. before therapy; ** P<0.05 vs. before therapy. (From [7] with permission of
the Blackwell Publishing Ltd.)

suppress the proliferation of mitogen-activated human peripheral T-lymphocytes,
apparently by inhibiting IL-2 production iz vitro [10]. However, it is not known if
the anti-lymphocytic activity of macrolides observed in vitro explains its effects on
lymphocytes in vivo.

Effect of macrolides on inflammatory cytokines related to lymphocyte
accumulation into the lung

TNF-a and IL-1pB, which play an important role in chronic infection, have also been
found to be significantly elevated in the BAL fluid of DPB patients. The levels of
these two cytokines significantly decrease following treatment with macrolide
antibiotics [11, 12]. Yanagihara et al. [13] measured concentrations of inflammato-
ry cytokines, including TNF-a, IL-1p, IFN-y, IL-2, IL-4 and IL-5, in mice with
chronic P. aeruginosa respiratory tract infections, a model of DPB. They found that
concentration of each cytokine increased significantly 7 days after inoculation with
bacteria, and high levels of the cytokines were present even 60 days post-infection.
This demonstrates Th1 predominance during the late stage of the disease even
though there are no reports showing predominance of the Th1 or Th2 immune
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Table 2 - Effects of clarithromycin on the levels of cytokines in the aqueous extract obtained
from the mice chronically infected with P. aeruginosa

Cytokine concentration, pg/ml (mean = SD)

Cytokines Treatment with clarithromycin Control
(n=5) (treatment with saline, n=5)

TNF-a 2762 £119.6 * 1289.9 + 276.9

IL-1B8 5545 +157.7 * 1956.0 + 356.9

IFN-y 224+74 339+124

IL-2 281 +£124 32.7 £+ 15.8

IL-4 412+ 84 53.8 +24.6

IL-5 20075 220741

*P<0.071 compared with control. TNF, tumor necrosis factor; IL, interleukin; IFN, interferon
(From [13] with permission of the Blackwell Publishing Ltd.)

response in DPB. Treatment of mice with oral clarithromycin for 10 days signifi-
cantly reduced the concentrations of TNF-a and IL-18 but not other Th1 and Th2
cytokines (Tab. 2) in parallel with a reduction in lymphocyte accumulation in the
lungs [13]. This agrees with the clinical efficacy of macrolides in patients with DPB
(11, 12].

This mouse model also suggests that TNF-a is essential for the accumulation of
lymphocytes in the lung because treatment with an anti-TNF-a antibody signifi-
cantly reduces both lymphocyte numbers and the level of IL-1p in the lung irre-
spective of the number of viable bacteria recovered from the lung [13]. Thus,
macrolide antibiotics seem to preferentially downregulate lung production of TNF-
o and IL-1 relative to IFN-y, IL-2, IL-4 and IL-5 and to ultimately reduce the accu-
mulation of lymphocytes at the site of the inflammation. Likewise, in asthma
patients, roxithromycin reduces peripheral blood leukocyte secretion of IL-3, IL-4,
IL-5 and TNF-a into BAL fluid and causes an overall decrease in bronchial respon-
siveness [14]. In vitro studies also demonstrate that 14-membered ring macrolides
such as erythromycin and clarithromycin inhibit TNF-a production by lipopolysac-
charide-stimulated human monocytes [15, 16].

TNF-a is a potent inducer of the C-C chemokine regulated on activation normal
T expressed and secreted (RANTES), and macrophage inflammatory peptides 1o
(MIP-1¢.) and -1, all of which act through the C-C chemokine receptor 5 [17, 18].
This chemokine/chemokine receptor system is important for mononuclear cell
recruitment [19]. Recent studies demonstrate the presence of high levels of RANTES
and MIP-1a in the BAL fluid of patients with DPB, and there is a significant corre-
lation between MIP-1o. and the number of CD8*HLA-DR* cells in BAL fluid [20].
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Figure 3

The antioxidant (Cu, Zn-superoxide dismutase) activity (a) and protein level (b) in alveolar
macrophages obtained from healthy volunteers (HV) and patients with diffuse panbronchi-
olitis (DPB) before and after macrolide therapy.

N.S., not significant. From [22] with permission of S. Karger AG, Basel.

The levels of MIP-1a diminished after treatment with macrolide antibiotics [21].
Therefore, macrolide therapy may inhibit mononuclear cell recruitment into the
lung by lowering TNF-a levels, which, in turn, reduces the production of C-C
chemokines.

Effects of macrolides on the monocyte-macrophage system

The effects of macrolides on the alveolar monocyte-macrophages system have been
investigated in patients with DPB [22, 23]. Morikawa and co-workers [22] found
enhanced antioxidant activity in alveolar macrophages after long-term ery-
thromycin therapy in patients with DPB (Fig. 3). Katoh et al. [23] also demonstrat-
ed alveolar macrophage dysfunction in DPB patients as result of abnormalities in
CD44 expression and hyaluronic acid (HA)-binding ability. These abnormalities
were normalized after 6-17 months of treatment with erythromycin, roxithromycin
or clarithromycin (Fig. 4). These findings demonstrate the enhancing or normaliz-
ing effect of macrolides on alveolar macrophage function in human disease. On the
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CD44 expression on alveolar macrophages (AM) (a) and hyaluronic acid (HA)-binding activ-
ity of AM (b) in healthy volunteers (HV) and patients with diffuse panbronchiolitis (DPB)
before and after macrolide therapy.

From [23] with permission of Blackwell Publishing Ltd.

other hand, macrolides have been shown to partially suppress monokine production
mostly in in vitro systems [15, 16], and when macrolides are administered to
rodents, macrophage function, including TNF-o production, is enhanced or inhib-
ited depending on the experimental conditions [13, 24, 25]. Also, roxithromycin has
been reported to promote the differentiation of human peripheral monocyte-derived
macrophages, while erythromycin has induced the proliferation of mouse peritoneal
macrophages [26, 27]. This latter finding appears to be specific to erythromycin
because other antibiotics, such as tetracycline, streptomycin, gentamicin, penicillin
G, and josamycin, do not induce macrophage proliferation. Thus, macrolides may
enhance or normalize the monocyte-macrophage system.

Effects of macrolides on mononuclear cell proliferation and apoptosis
As mentioned previously, high doses (40-200 ug/ml) of 14- or 16-membered ring

macrolides markedly suppress the proliferation of polyclonal T-cell mitogens-acti-
vated human peripheral T-lymphocytes iz vitro [10]. In contrast to the inhibitory
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effect of macrolides, fluoroquinolone antibiotics at therapeutic concentrations
(1.56-6.25 ug/ml) are able to enhance peripheral blood lymphocyte (PBL) cell
growth stimulated by phytohemagglutinin (PHA) [28, 29] and ciprofloxacin (range
5-80 ug/ml) and other fluoroquinolones potentiate IL-2 synthesis by PHA-stimulat-
ed PBLs [30, 31]. These results are supported by several in vivo reports on
ciprofloxacin-dependent immunomodulation in sublethally irradiated mice [29, 32,
33]. It has also been reported that imipenem, cefodizime and clindamycin are mar-
kedly immuno-enhancing antibiotics and cefotaxime, tetracycline, rifampicin, gen-
tamicin, teicoplanin and ampicillin are markedly immuno-depressing antibiotics
[34].

Apoptosis is critical for the normal development and tissue homeostasis, includ-
ing that of the immune system [35], and molecules belonging to the B-cell lym-
phoma leukemia-2 (Bcl-2)/Bax system and to the Fas/Fas-ligand system play a cru-
cial role in the regulation of the apoptotic process. In particular, Bcl-2 is an intra-
cellular protein that inhibits apoptosis while Bax counteracts the anti-apoptotic
function of Bcl-2 by binding to this molecule [36]. Fas is a membrane protein that,
when activated by its ligand, induces apoptosis [37, 38]. There is increasing evi-
dence that dysregulations of apoptotic pathways are associated with airway dis-
ease, including bronchial asthma. Most of the T-lymphocytes infiltrating the airway
of asthmatics are not apoptotic, suggesting that the persistence of airway inflam-
mation may depend upon their continuing proliferation and their increased survival
in the bronchial mucosa [39]. In addition, our recent histopathologic study demon-
strated low proportion of Fas/Fas-ligand and high proportion of Bcl-2 expressing
lymphocytes around respiratory bronchioles of DPB that promotes resistance to
apoptosis, leading to the persistence of chronic airway inflammation (unpublished
data). Thus, the effect of macrolides has been recently focused on lymphocyte
apoptosis (Tab. 3). Roxithromycin augmented the early phase of apoptosis in Der-
matophagoides farinae-stimulated PBLs at low concentration (1-500 ng/ml), while
high concentration of roxithromycin (1 ug/ml) augmented both the early and late
phases of apoptosis. However, in both unstimulated and PHA-stimulated PBLs, or
in cells from normal subjects, roxithromycin did not affect the induction of apop-
tosis. Fas ligand but not Fas receptor expression on D. farinae-stimulated cells was
upregulated after stimulation with 1 ug/ml roxithromycin, while Bcl-2 expression
on both unstimulated and D. farinae-stimulated PBLs showed a decrease [40].
Other antibiotics, including cefazolin and ampicillin, did not cause significant
induction of apoptosis [40]. We also demonstrated that macrolides including clar-
ithromycin, azithromycin and josamycin at higher concentration of 200 ug/ml
induced apoptosis and Fas/Fas ligand expression on unstimulated PBLs from nor-
mal subjects, while other antibiotics such as beta-lactams, carbapenem and new
quinolone did not [41], and that clarithromycin and azithromycin but not
josamycin augmented apoptosis of anti-CD3/CD28-activated PBLs from normal
subjects at a higher concentration of 100 ug/ml with no significant Fas/Fas-ligand
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Table 3 - In vitro direct effects of macrolides on apoptosis of peripheral blood lymphocyte

Subjects Drug/dose Stimulant Result Refs.
Asthma patients RXM; 1-500 ng/ml D. farinae augment [40]
1 ug/ml D. farinae augment
unstimulated no change
PHA no change
Normal subjects RXM; 1 ug/ml D. farinae, PHA no change [40]
CAM; 200 ug/ml unstimulated augment [41]
AZM; 200 ug/ml unstimulated augment
JM; 200 pg/ml unstimulated augment
CAM; 100 ug/ml anti-CD3/CD28 augment [42]
AZM; 100 ug/ml anti-CD3/CD28 augment
JM; 100 pg/ml anti-CD3/CD28 no change
Jurkat T cells RXM; 10 ug/ml anti-CD3 augment [43]
50 ug/ml anti-CD3 augment

RXM, roxithromycin; CAM, clarithromycin; AZM, azithromycin; JM, josamycin; D. farinae,
Dermatophagoides farinae; PHA, phytohemagglutinin

expression, while clarithromycin and azithromycin inhibited the expression of Bcl-
xL protein, which is a notable member of the Bcl-2 family [42]. Jun et al. also
found that ciprofloxacin (2.5 and 10 pug/ml) or roxithromycin (10 and 50 ug/ml)
induced apoptosis of anti-CD3-activated Jurkat T lymphocytes, and enhanced the
expression of Fas ligand and activities of caspase-3 and -8 or the expression of Fas
ligand and caspase-3 but not caspase-8 respectively, suggesting that some differ-
ences of mechanisms inducing apoptosis of activated Jurkat T cells between
quinolone and macrolide could exist [43]. In contrast, moxifloxacin (1 and 10
ug/ml) inhibited both pathways of apoptosis and downregulated the staphylococ-
cal superantigen induced mRNA expression of Fas, Fas ligand, and TNF-RI [44].
The potential therapeutic relevance of these findings should be analyzed cautious-
ly as it may be of relatively low importance compared with the intrinsic antibacte-
rial activities of the fluoroquinolones. Collectively, these results suggest that 14-
membered macrolide antibiotics obviously enhance apoptosis of activated lympho-
cytes, and that induction of Fas/Fas ligand and reduced Bcl-2 or Bcl-xL expression
are involved in the increase of apoptosis. This may indicate the therapeutic value
for airway diseases such as asthma and DPB.
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Conclusion

In this review, we have discussed the anti-lymphocytic and macrophage modulato-
ry activity of macrolide antibiotics. It is clear that 14-membered ring macrolides
downregulate the excessive accumulation of lymphocytes at inflammatory sites of
chronic airway diseases, including DPB and acute pneumonia caused by influenza
virus. In addition, the direct effects of macrolides on mononuclear cell proliferation
and apoptosis are evident, while those on cytokine production are still controver-
sial. Discovery of the primary target of the macrolides and its role in mononuclear
cell function should provide insight into the immunomodulatory mechanism of
macrolides.
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Macrolides and mucus production
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Introduction

Low-dose, long-term erythromycin therapy is widely used for treating patients with
diffuse panbronchiolitis, a chronic inflammatory disease characterized by produc-
tive cough and shortness of breath [1]. Because of the reduction of sputum volume
in patients with diffuse panbronchiolitis [2], the efficacy of this drug is thought to
be based on the reduction of airway secretion. Thus, macrolide antibiotics are now
used to treat airway hypersecretory diseases, such as chronic bronchitis, chronic
sinusitis, cystic fibrosis and asthma. Recently, the promising evidence for the clini-
cal efficacy of macrolides as a mucoregulatory drug has been accumulating [3-5],
and the mechanism of anti-secretory function has been vigorously investigated.

Effect of macrolides on mucus secretion

In 1990, Goswami and co-workers [6] initially demonstrated that erythromycin, but
not other antibiotics such as penicillin, ampicillin, tetracycline, and cephalosporin,
inhibited both spontaneous and methacholine- and histamine-induced mucus glyco-
conjugate secretion in cultured explant of human bronchial epithelium and in cul-
tured endometrial adenocarcinoma cells iz vitro. They concluded that the efficacy
of erythromycin was not related to its antibacterial properties. Similarly, a recent
study showed that erythromycin and clarithromycin inhibit spontaneous and TNF-
a-induced mucus secretion in a dose- and a time-dependent fashion in NCI-H292
cells and in nasal epithelial cells [7]. However, the molecular mechanism of the
inhibitory effect of macrolides on mucus secretion is unknown.

Besides the direct effect of macrolides, there is increasing evidence that the
immunomodulatory activity of macrolides may contribute to the reduction of
mucus hypersecretion. Oral administration of either erythromycin or clarithromycin
inhibits lipopolysaccharide (LPS)-induced mucus discharge from goblet cells in
guinea pigs, which was associated with the attenuation of LPS-induced recruitment

Antibiotics as Anti-Inflammatory and Immunomodulatory Agents, edited by Bruce K. Rubin and Jun Tamaoki
© 2005 Birkhauser Verlag Basel/Switzerland 123



Kiyoshi Takeyama

of neutrophils [8]. In addition, exposure of guinea pigs to inhaled interleukin-8 (IL-
8) induces neutrophil recruitment into airway epithelium and upregulates mucus
secretion, and these effects are inhibited by pretreatment with 14-member
macrolides, erythromycin and roxithromycin [9]. From these results, the efficacy of
macrolides on mucus hypersecretion may be associated, at least in a part, with their
anti-inflammatory property and anti-neutrophil activity. Further studies are neces-
sary to determine whether macrolides exerted their anti-secretory effect by acting on
mucus-producing cells, although it has been suggested that the anti-secretory effect
is related to modulating ion channels [10].

Effect of macrolides on mucin synthesis

Mucins are heavily glycosylated, high molecular weight glycoproteins and are
known to affect the viscoelasticity of airway mucus. Airway mucins are synthesized
by epithelial goblet cells and by mucous cells of the submucosal glands. Each mucus-
producing cell expresses specific gel-forming mucin genes; MUCSAC expression is
restricted to goblet cells [11, 12] and MUCSB is expressed in mucous cells of sub-
mucosal glands [13]. These are the predominant secreted mucins in airway secretion
both in healthy and in disease condition [14, 15].

The increase in airway mucus can be explained by mucus-producing cell hyper-
plasia, which is established and maintained by the upregulation of mucin gene
expression. The effect of the 14-membered macrolide antibiotics on mucin gene and
protein expression has been evaluated in vitro and in vivo. A histopathological
analysis using Alcian blue/PAS staining, or MUCSAC immunohistochemistry,
revealed that oral administration of clarithromycin (5-10 mg/kg) inhibited epithe-
lial mucus production induced by allergic inflammation or by instillation of LPS in
rats [7] and by inoculation of Pseudomonas aeruginosa in mice [16]. Extracellular
signal regulated kinase (ERK)1/2 phosphorylation, which is involved in LPS-
induced signal transduction pathway causing mucin expression, was also attenuat-
ed by clarithromycin in the lungs of Pseudomonas aeruginosa-infected mice (Fig. 1).
However, whether clarithromycin exerted the inhibitory effect on mucin synthesis
by its direct effect on ERK1/2 phosphorylation or by inhibition of airway inflam-
mation remains unknown.

To assess the direct effect of macrolides on mucin synthesis, the iz vitro studies
have been carried out using cultured airway epithelial cells. Shimizu and colleagues
have shown [7] that treatment with either erythromycin or clarithromycin at 107°
M significantly inhibited the constitutive expression of MUCSAC mRNA in human
mucoepidermoid cell line, NCI-H292 cells (Fig. 2) and in human nasal epithelial
cells. By contrast, the 16-member macrolides josamycin and ampicillin showed no
effect on mucin synthesis; these results indicate that the direct inhibitory effects on
mucus secretion in 14-member macrolide.
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Figure 1

Effect of clarithromycin on muc5ac gene expression

The levels of mucbac and hypoxanthine phosphoribosyltransferase (HPRT) mRNA were ana-
lyzed competitive RT-PCRs (A), and these levels were determined by densitometry. Data are
expressed as ratios of mucbac to HPRT and as means + SE of three independent experiments.
The result suggests that clarithromycin also reduced mucbac at the mRNA level (B). *p <
0.05 compared with saline-treated mice. (From [16] with permission from the American
Physiological Society.)

Recently, signal transduction of mucin gene expression has been intensively
investigated and several candidate pathways have been determined; LPS-induced
mucin synthesis is mediated through a c-Src-Ras-MAPK kinase (MEK)1/2-mitogen-
activated protein kinase (MAPK)-pp90rsk that leads to activation of nuclear factor
(NF)-«xB (p65/p50) [17], and a epidermal growth factor receptor (EGFR)-Ras-Raf-
ERK signaling pathway is recognized as one of the major pathway to induce mucin
gene expression in asthma and chronic obstructive pulmonary disease (COPD) [18,
19]. Takeyama and colleagues reported that pretreatment with both erythromycin
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Figure 2

Effects of CAM and EM on MUC5AC messenger RNA (mRNA) expression in cultured NCI-
H292 cells

Total RNA was isolated and analyzed for MUC5AC and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) mRNA expression by reverse transcription polymerase chain reaction
(n= 4). CAM and EM significantly inhibited MUC5AC mRNA expression at 107* M as
demonstrated by the MUC5AC/GAPDH ratio. (From [7] with permission from the American
Thoracic Society.)

and clarithromycin attenuated transforming growth factor-a. (TGF-a)- and LPS-
induced MUCSAC expression in NCI-H292 cells [20]. Both macrolides also atten-
uated the NF-kB activation without affecting the MEK phosphorylation, indicating
that the transcription factor NF-kB is the target molecule for the inhibition of mucin
synthesis (Fig. 3). This target is similar to the regulation of IL-8 synthesis [21, 22].
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(A) Effect of a selective EGFR tyrosine kinase inhibitor AG1478, erythromycin, and ampicillin
on tyrosine phosphorylation of EGFR induced by LPS and TGF-c. Pretreatment with AG1478
inhibited both LPS- and TGF-a-induced EGFR phosphorylation, whereas EM and AMPC was
without effect. (B) Effect of macrolide antibiotics on tyrosine phosphorylation of
p44/42mapk and IxkBa induced by LPS. CAM and EM attenuated the LPS-induced phos-
phorylation of IkBa, whereas the phosphorylation of p44/42mapk was unchanged (From
[13] with permission from the Japan Antibiotics Research Association.)

In addition, 14-membered macrolides inhibit the neutrophil activities such as
leukoattractant-activated superoxide generation [23] and neutrophil elastase [24],
which can cause mucin synthesis (Fig. 4). Further studies are required to elucidate
whether macrolide antibiotics affect other molecules which can regulate mucin pro-
duction, such as ADAM families and calcium activated chlolide channels.

Clinical effect of macrolides on mucus secretion

Clinical effects of macrolides on mucus secretion have been reported in different air-
way hypersecretory diseases, such as diffuse panbronchiolitis, purulent rhinitis,
chronic bronchitis, cystic fibrosis, and asthma. Tamaoki and colleagues [25] con-
ducted a parallel, double-blind, placebo-controlled study to determine the effects of
long-term administration of clarithromycin on sputum production in patients with
clinical conditions associated with excessive airway secretions. Treatment with clar-
ithromycin (200 mg/day) for 8 weeks decreased sputum production but did not alter
the bacterial density and sputum flora. Similarly, Tagaya et al. [26] demonstrated
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Schematic representation of signal transduction pathway causing mucin gene expression and
possible inhibitory sites by macrolides

Mucin gene expression is upregulated by both ligand-dependent and ligand-independent
activation of EGFR. LPS caused both tumor necrosis factor a-converting enzyme (TACE)-
induced cleavage of TGF-a [32] and activation of Src, which lead to mucin gene expression.
Neutrophil elastase is also capable to induce cleavage of TGF-a. The phosphorylation of
EGFR initiate the activation of MAPK kinase (MEK) — p44/42™MaPk signal transduction path-
way, leading to activation of transcription factors, NF-xB and Sp1 [19]. Macrolide antibiotics
could inhibit the neutrophil activities including oxidative stress [23] and neutrophil elastase
[24], and the activation of MEK and NF-kB, resulting in the reduction of airway mucus.

that even short-term (7 days) therapy with clarithromycin (400 mg/day) reduced
sputum production in patients with chronic bronchitis or bronchiectasis without
apparent respiratory infection. Both studies reported that ampicillin and cefaclor
were without effect on mucus secretion, indicating the inhibitory effect on sputum
production is not related to their antimicrobial activity and is specific to the 14-
membered macrolides. Rubin and co-workers [27] showed that clarithromycin
(1,000 mg/day for 2 weeks) resulted in a reduction in the volume of airway secre-
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Table 1 - Role of macrolides in airway secretion

1. Inhibition of mucin gene and protein expression
inhibition of signaling pathway (MEK)
inhibition of transcription factor (NF-kB)
reduction of stimuli for mucin synthesis (elastase, oxidative stress)
reduction of origin for mucin stimuli (PMN, eosinophil)
Modulation of mucus reology
Activation of mucociliary transport
Modulation of ion channel
Eradication of persistent airway infection

AW

tion in normal subjects and in patients with purulent rhinitis. They also showed that
the viscoelasticity of mucus in patients with rhinitis became normal after the treat-
ment. Thus, clinically, macrolides may reduce airway mucus not only by inhibiting
the mucus output, but also by facilitating mucus clearance by changing rheology of
mucus and by activating ciliary beat [28]. Recently, it has been reported that the vol-
ume of gel-forming mucins, MUCSAC and MUCSB, in airway secretion is varied
among the hypersecretory diseases. The sputum collected from patients with asth-
ma or with chronic bronchitis contains a large amount of MUCS5AC and MUC5B
mucins [29]. By contrast, the sputum collected from cystic fibrosis patients contains
a small amount of mucins, which was a 93% decrease in MUCSAC and a 70%
decrease in MUCS5B compared to normal sputum (Fig. 5) [30]. As macrolide thera-
py is effective in both diseases, the mechanism by which macrolides reduce mucus
secretion might be varied among the diseases.

The anti-secretory role of macrolides in asthma is complicated because of the
involvement of Chlamydia pneumoniae and Mycoplasma pneumoniae in the patho-
genesis of asthma. Chu and colleagues [31] have reported that the increased expres-
sion of substance P was correlated with the epithelial mucus content in the asth-
matic patients in which Mycoplasma pneumoniae was found. Treatment with
macrolides decreased both substance P and mucus expressions, suggesting a possi-
ble involvement of antimicrobial as well as anti-inflammatory activity.

Conclusions
Airway mucins act as a physical barrier to many harmful materials. However, in air-
way inflammatory diseases, once airway mucins are overproduced, these may con-

tribute to the morbidity and mortality associated with these diseases. Macrolide
antibiotics, especially in 14-member macrolides exert an anti-secretory effect
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Figure 5

Serial diluted dot-blot analysis of mucus collected from the end of non-cuffed endotracheal
tubes (ETT) in normal control subjects (open bars) and sputum from patients with cystic
fibrosis (closed bars). The samples were loaded as volume equivalents from the sputum. The
blot was probed with affinity-purified antibodies for MUC5AC and MUC5B. The results for
MUC5AC and MUC5B cannot be directly compared with one another because antibody
affinity is probably different. *Students t test P <0.005. (From [30] with permission from the
American Toracic Society.)

through a variety of mechanisms (Tab. 1). The emerging evidence for clinical effec-
tiveness in mucus hypersecretion should encourage further research into under-
standing the mechanism by which macrolides inhibit signal transduction pathways
causing airway mucin gene expression. These efforts may lead to the development
of new therapeutic agents for airway diseases.
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Introduction

Airway hypersecretion is one of the characteristic features of chronic airway inflam-
mation including chronic bronchitis, asthma, bronchiectasis and diffuse panbron-
chiolitis, and a large amount of secretions stagnated in the respiratory lumen may
cause airflow limitation, impairment of mucociliary transport, and recurrent respi-
ratory infection. Airway secretions consist of the mucus synthesized and released by
submucosal glands and goblet cells, and the water transported across airway
mucosa [1].

Previous studies have shown that long-term administration of macrolide antibi-
otics provides a marked reduction in the volume of airway secretions without
changing sputum flora in some patients with asthma [2], bronchorrhea [3], chronic
bronchitis, and diffuse panbronchiolitis [4, 5]. One explanation for the mechanism
of efficacy would be the anti-inflammatory effects of macrolides, such as the inhibi-
tion of cytokine production [6] and neutrophil migration [7]; another possibility is
the direct action on airway secretory cells. Indeed, Goswami et al. [8] first studied
nasal mucus glycoconjugate secretion from healthy nonsmoking adults before and
after treatment with erythromycin base, penicillin, ampicillin, tetracycline, or
cephalosporins. They found that erythromycin, at a concentration of 10 uM,
reduced nasal secretion by 35% in both the resting state and when the nose was
stimulated with methacholine or histamine, but other antibiotics had no effect on
glycoconjugate secretion. Conversely, there is evidence that macrolides affect certain
ion channels on airway epithelial cells, and the subsequent alterations in electrolyte
transport might also contribute to the anti-secretory effects of macrolides.

Role of ion channels in airway secretion

It is known that secretion of water from the submucosa towards the lumen, and
absorption of water to the opposite direction, is generally correlated with secretion
of Cl and absorption of Na, respectively, by airway epithelial cells [9]. In fact, at
least four types of Cl channels are located on the apical membrane of airway epithe-
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Figure 1

Cellular model of mechanism of electrolyte transport by ciliary epithelium of central airway
At the apical membrane, Na enters and Cl exits the cell through Na channel and Cl channel,
respectively. Ouabain and loop diuretics inhibit Na—K-ATPase and Na—K-Cl co-transporter,
respectively, located on the submucosal membrane.

lium, i.e., cystic fibrosis transmembrane conductance regulator (CFTR), outwardly
rectifying Cl channel (ORCC), Ca?*-activated Cl channel, and volume-sensitive CI
channel [10], and certainly the epithelium can actively secrete Cl through these
channels, thereby making the lumen electrically negative. This transepithelial poten-
tial difference will drive net diffusion of Na towards the lumen across the tight junc-
tions and other leak pathways within the epithelium (Fig. 1). The resulting transfer
of salt creates an osmotic pressure difference, which promotes fluid movement
toward the airway lumen. Similar reasoning explains the stimulation of water
absorption with the increase in active Na absorption. Thus, the direction and
amount of water moved across the epithelium depend, in part, on the balance
between these two opposing transport processes [11], and it is possible that airway
epithelial Cl secretion is upregulated in patients with airway hypersecretion and,
hence, the drugs capable of inhibiting the Cl channel function could be of value in
the treatment of such patients.
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Figure 2

Time course of the effect of erythromycin (EM) on short-circuit current (Isc) of cultured
canine tracheal epithelium

EM (10 uM) or its vehicle alone was added to the submucosal solutions in Ussing chamber.
Data are means + SE; n = 7 for each point. * P < 0.05, **P < 0.01, significantly different
from corresponding values for vehicle.

Effects on Cl channel in vitro

Regarding the effects of macrolides on the airway epithelial Cl channel, electrical
properties of cultured canine tracheal epithelium have been measured by Ussing’s
technique in vitro [12]. As shown in Figure 2, erythromycin applied to the submu-
cosal side at concentrations of 10 uM decreased short-circuit current — an electrical
parameter that reflects net value of actively transported ions across airway epitheli-
um. This effect was dose-dependent, with the threshold concentration of 3 uM. Sub-
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Table 1 - Effect of clarithromycin on bioelectric properties of canine tracheal epithelium in
culture

Isc (uWA/cm?) PD (mV) G (mS/cm?)
Baseline 76+05 22+04 35+04
Clarithromycin (M) 74+07 20=+03 3.7+05
Clarithromycin (S) 23 +£0.4 *** 1.0+£03 ** 23+03*

Clarithromycin (100 uM) was added to the mucosal (M) or submucosal solution (S) in Uss-
ing chamber. Values are means + SE; n = 10. *P < 0.05, **P < 0.01, *** P < 0.001, signif-
icantly different from baseline values. Isc, short-circuit current; PD, potential difference; G,
conductance

sequently, clarithromycin, another 14-membered macrolide, was also found to
reduce short-circuit current, transepithelial potential difference, and cell conductance
(Tab. 1). This effect was not altered by the Na channel blocker amiloride, but abol-
ished by the CI channel blocker diphenylamine-2-carboxylate or substitution of Cl in
the bathing medium with gluconate, an anion that cannot be transported by airway
epithelium. In contrast, the electrical properties were not altered by aminobenzyl
penicillin, cefaclor, tetracycline, amikacin, or the 16-membered macrolide josamycin,
and slightly reduced by the 15-membered macrolide azithromycin. These in vitro
findings suggest that 14-membered macrolides may reduce water secretion through
a selective inhibition of the airway epithelial Cl channel. Similar findings have also
been reported [13, 14], but a discrepancy seems to exist in the concentrations of ery-
thromycin required to produce its in vitro and in vivo effects. The mean serum con-
centration following the ingestion of 500 mg erythromycin by the adult volunteers
was reported to be 1.6 uM [15], whereas in vitro experiments showed that at least 3
uM macrolide is required to decrease Cl secretion. However, because of the species
difference, the findings may not necessarily negate its clinical significance. In addi-
tion, the serum concentration of macrolide does not accurately reflect the local con-
centration, since this drug can concentrate intracellularly more than ten-fold [16].

Ikeda and colleagues [17] have shown the effects of antibiotics on CI secretion
by acinar cells isolated from guinea pig nasal gland using a microfluorimetric imag-
ing method and a patch-clamp whole-cell recording. In this experiment, Cl current
evoked by acetylcholine was inhibited by roxithromycin and erythromycin but not
by josamycin (Figs. 3, 4), indicating again that among macrolides the drugs having
14-membered lactone ring can directly inhibit Cl channel functions. Furthermore,
because the acetylcholine-induced Cl current is probably derived from Ca%*-activat-
ed Cl channel, this ion channel subtype may be one of the target molecules of
macrolides.
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Figure 3

Effects of josamycin (JM) and roxithromycin (RXM) at concentrations of 10 uM on isolated
Cl currents in acinar cells of guinea pig nasal gland

After eliciting a control response to acetylcholine (ACh, 0.1 uM), the cells were exposed to
each macrolide. The pipette solution was Na-gluconate and the external solution was NaCl/
without K. A distinct Cl current was isolated when the membrane potential was clamped at
0O mV.

Effects on Cl channel in vivo

The effect of macrolides on airway epithelial Cl channel have been studied using
excised tissues and cultured cells, but they may not accurately reflect in vivo ion
transport because of the lack of innervation and blood supply. Therefore, the in vivo
effects of macrolides on Cl channel were investigated by measuring Cl diffusion
potential difference (amiloride-insensitive potential difference, an index of epithelial
cellular and paracellular paths available for Cl diffusion) across rabbit tracheal
mucosa using a high-impedance voltmeter under open-circuit condition [18]
(Fig. 5). As a result, intravenous administration of clarithromycin reduced Cl diffu-
sion potential difference in a dose-dependent manner, whereas aminobenzyl peni-
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Concentration-dependent effects of josamycin (JM), erythromycin (EM) and roxithromycin
(RXM) on acetylcholine (0.1 uM)-induced inward currents at -90 mV in acinar cells of
guinea pig nasal gland. All currents were normalized to the control response induced by
acetylcholine alone.

cillin, cefazolin and amikacin had no effect, thus confirming the specific inhibition
of Cl secretion by a 14-membered macrolide in vivo.

Effects on airway epithelial Ca®* channel

Intracellular Ca?* plays an important role as a second messenger in Cl transport and
mucus secretion stimulated by a variety of inflammatory mediators. It has been
shown that FK506, an immunosuppressive macrolide, attenuates Ca’* responses in
cardiac myocytes [19] and airway epithelial cells [20] through the inhibition of FK-
binding protein. Kondo and co-workers [21] studied the effects of 14-membered
macrolides on Ca?* dynamics in cultured bovine tracheal epithelium. They found
that erythromycin and clarithromycin reduced the adenosine triphosphate (ATP)-
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Schematic diagram for the measurement of transmembrane potential difference across rab-
bit tracheal mucosa in vivo

The exploring bridge was placed on the surface of the posterior membrane, the reference
bridge was inserted into the subcutaneous space of right anterior chest, and potential dif-
ference between the bridges was measured by a high impedance voltmeter.

and uridine triphosphate (UTP)-induced sustained Ca?* rise without altering the
transient Ca®* elevation (Fig. 6). Because the sustained and transient responses
depend on Ca?* influx from extracellular solution and Ca?* release from intracellu-
lar Ca?* stores, respectively, macrolide may specifically inhibit Ca?* entry. Similarly,
Zhao et al. [22] have demonstrated that erythromycin selectively inhibits the ATP-
induced Ca?* influx in human airway epithelial cell line, A549 cells.

Moreover, in single-cell Ca?* image analysis, low concentration of ATP is
known to produce Ca?* oscillations, which arise from repetitive Ca2* release from
intracellular Ca?* stores and require the refilling of the Ca?* stores. Addition of
erythromycin potently inhibits the Ca?* oscillations [21] (Fig. 7). Although the
mechanism of macrolide action on Ca?* dynamics remains unclear, erythromycin
does not affect verapamil-sensitive, voltage-dependent Ca?* channel [21, 22]. One
possibility is that macrolides may have exerted their effects by inhibiting Ca?*
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Figure 6

Representative tracings of fura-2 fluorescence ratio in bovine tracheal epithelium exposed to

ATP

A, control; B, erythromycin (EM) was added 10 min before ATP. Pretreatment of cells with
EM inhibited ATP-induced sustained response but not transient response.

refilling and Ca?* release-activated Ca?* (CRAC) channel that refers to capacita-

tive Ca2* entry or by inactivation of P2X purinoreceptors.

Clinical

In clinical studies, the effect of clarithromycin on sputum production and its rheo-
logical properties have been examined in patients with chronic lower respiratory
tract infections [5]. In this double-blind, placebo-controlled trial, administration of
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Representative tracings of ATP-induced Ca®* responses in single bovine tracheal epithelium
A, low concentration of ATP caused Ca?* oscillations; B, addition of erythromycin (EM)
strongly inhibited ATP-induced Ca?* oscillations.

clarithromycin (100 mg twice daily) for 8 weeks almost halved sputum volume, and
caused an increase in the percent solids of the sputum, indicating a less hydration.
Elastic modulus (G’) of the sputum was significantly increased (at 10 Hz), whereas
dynamic viscosity (1’) remained unchanged. The reduction of sputum production
and the corresponding increase in solid composition of the secretions may be asso-
ciated with the inhibition of airway epithelial Cl secretion. Rubin et al. [23] also
showed that in patients with purulent rhinitis clarithromycin (500 mg twice daily)
for 2 weeks did not significantly alter sputum viscoelasticity but substantially
decreased secretion volume and increased mucociliary transportability. More recent-
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Changes in daily sputum production in patients with chronic bronchitis and bronchiectasis
receiving clarithromycin (CAM, n = 16), amoxicillin (AMPC, n = 15) or cefaclor (CCL, n =
14)

Closed circles indicate individuals whose sputum volume decreased by more than 30% of
the baseline value (responders).

ly, a double-blind, parallel-group study showed that treatment with clarithromycin
(200 mg twice daily) but not by amoxicillin (500 mg three times daily) or cefaclor
(250 mg three times daily) for 1 week decreased sputum volume in patients with
chronic bronchitis or bronchiectasis without apparent respiratory infection [24]
(Fig. 8). Furthermore, this effect was more prominent in the subjects whose sputum
Cl concentration was high at the baseline level, and clarithromycin significantly
decreased the Cl content at the end of the trial. These results suggest that even short-
term administration of macrolide reduces chronic airway hypersecretion, presum-
ably by inhibiting upregulated Cl secretion and the resultant water secretion.

Conclusion
In conclusion, 14-membered macrolides inhibit CI secretion by airway epithelial Cl
channel and Ca?* influx from the extracellular solution. Although subcellular mech-

anism of these actions warrants further studies, the inhibition of Cl secretion may
lead to the reduction of liquid secretion across the airway mucosa toward the
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lumen, and the inhibition of Ca2* entry may lead to the suppression of inflammato-
ry mediator-induced activation of airway epithelium. It is thus likely that the favor-
able effects of 14-membered macrolides on chronic airway inflammation might be
related, at least in part, to the action on airway epithelial ion channels.
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The use of macrolides for treatment of diffuse panbronchiolitis

Arata Azuma and Shoji Kudoh
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Introduction

Diffuse panbronchiolitis (DPB) is a chronic airway disease predominantly affecting
East Asians. It is pathologically characterized by chronic inflammation diffusely
located in the region of respiratory bronchioles and is clinically diagnosed as a spe-
cial type of sinobronchial syndrome with severe lower airway infection [1]. An
unidentified gene in the human leukocyte antigen class I region may predispose
Asians to this disease [2]. The prognosis of DPB has improved dramatically over the
past 20 years as a result of long-term, low-dose treatment with macrolide antibi-
otics. The beneficial effects of erythromycin and other 14-membered-ring and 15-
membered ring macrolides in the treatment of this disease are considered due to
anti-inflammatory rather than antimicrobial mechanisms. Investigations over the
past 15 years have revealed many novel effects of macrolides on epithelial cells and
inflammatory cells, i.e., neutrophils, lymphocytes, macrophages and dendritic cells.
Furthermore, macrolide treatment of DPB has provided new understanding of the
pathophysiology and new concepts in the treatment of chronic infectious airway dis-
eases.

Epidemiology, etiology and clinical features of DPB

A nationwide survey in 1980 reported more than 1,000 probable cases of DPB had
been collected in Japan [3, 4]. Subsequent clinicopathological conferences extracted
319 clinically definite cases and 82 histologically proven cases of DPB. The male-to-
female ratio was 1.4:1, with no remarkable sex predominance noted. Two-thirds of
the patients were non-smokers. There was no notable history of inhalation of toxic
fumes. According to another previous population-based survey in 1980, the preva-
lence of physician-diagnosed DPB was 0.00011 among 70,000 employees in the
Japanese national railway corporation [5]. Recently, however, the incidence of DBP
appears to have decreased.
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DPB was also described in other East Asian populations such as the Chinese and
Koreans in the 1990s, and there are currently a number of case reports in the liter-
ature [6-14], although large surveys have not yet been conducted in China and
Korea. Outside Asia, only a limited number of cases have been reported [15-24];
therefore it is currently prudent to conclude that DPB is a chronic airways disease
predominantly affecting East Asians.

Neither environmental factors nor infectious agents specific to DPB have been
demonstrated thus far [25]. Although the etiology of DPB remains unknown, recent
progress in molecular genetics has shed some light on its genetic background. DPB
is not a simple genetic disorder, but is considered a multifactorial disease of adult-
hood. Development of DPB in East Asians, including Asian emigrants, suggests that
disease susceptibility may be determined by a genetic predisposition unique to
Asians. In fact, human leukocyte antigen (HLA)-B54, an ethnic antigen unique to
East Asians, was found to be strongly associated with the disease in Japan [26]. This
association was subsequently confirmed at the nucleotide sequence level in a larger
case-control study [27]; the odds ratio was 3.4 (95% CI 1.7-7.0). In contrast, Kore-
an patients with DPB exhibited a positive association with another HLA class I anti-
gen, HLA-A11 [28]. Since there is a close relationship between the Japanese and
Korean HLA profiles and their genetic background, these observations have raised
the possibility that a major disease susceptibility gene is located between HLA-A
and HLA-B loci.

Diagnosis
Roentgenographic manifestations

Plain chest X-ray films reveal bilateral, diffuse, small nodular shadows with hyper-
inflation of the lung. In advanced cases, ring-shaped or tram-line shadows suggest-
ing bronchiectasis appear [29]. High resolution computed tomography (HRCT) is
extremely useful for the detection of characteristic pulmonary lesions of DPB
(Fig. 1, right) [29-31]. Centrilobular distribution of the lesions is observed, and the
disease stage can be evaluated by the number and characteristics of peripheral nod-
ules. In the early stage, only nodular opacities are seen; in later stages, nodules with
linear opacities appear that correspond to thickened walls of the second- or third-
order bronchial branchings within the secondary pulmonary lobules. In the
advanced stage, nodular opacities connected to ring-shaped or ductal opacities
develop. In yet more advanced stages, large cystic opacities are accompanied by
dilated proximal bronchi exhibiting the appearance of extensive bronchiectasis.
These findings suggest that inflammatory lesions may extend from the respiratory
bronchioles to the proximal airways.
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Figure 1

Effects of erythromycin (EM) treatment on diffuse panbronchiolitis: a double-blind study of
EM, 600mg/d (A) and placebo (B) for 3 months. Numerical values indicate total scores for
six items (degree of dyspnea on exertion, chest radiological findings, PaO2, forced expira-
tory volume in 1 second, C-reactive protein and sputum volume). 1 point: improved, O
points: unchanged, -1 point: worsened.

Clinical manifestations

More than 80% of patients have a history of, or are suffering from, chronic
paranasal sinusitis [3, 4]. In the second to fifth decade, they usually present with
chronic cough and copious purulent sputum production. Exertional dyspnea then
develops. Physical examination reveals crackles, wheezes, or both. In half of patients
without intervention, sputum volume is greater than 50 ml per day. In a review of
81 histologically proven cases in 1980, 44% had Hemophilus influenzae in their
sputum at presentation and 22% had P. aeruginosa |3, 4]. Less frequently, Strepro-
coccus pneumoniae and Moraxella catarrhalis are involved in the early stage. The
rate of detection of P. aeruginosa increases to 60%, on average after four years of
monitoring.

Laboratory findings suggest immunological abnormalities and reflect chronic
bacterial infection [32]. Cold hemagglutinin titer is continuously increased in most
patients without evidence of Mycoplasma infection [33]. Serum IgA level is
increased, and positive rheumatoid factor is often observed. Other laboratory abnor-
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malities suggesting nonspecific inflammation include mild neutrophilia, increased
erythrocyte sedimentation rate, and positive findings for C-reactive protein [3, 4].

Pulmonary function measurements reveal significant airflow limitation relative-
ly resistant to bronchodilators [34]. Decreased forced expiratory volume in 1 sec-
ond (FEV,)/forced vital capacity (FVC) less than 70%, decreased vital capacity (VC)
less than 80% of predicted value, and residual volume (RV) greater than 50% of
predicted value have been used as simple cut-points [3, 4]. Arterial blood gas analy-
sis demonstrates hypoxemia (partial pressure of arterial oxygen [PaO,] less than 80
mm Hg).

Based on these manifestations of DPB, we usually use the following diagnostic
criteria proposed in 1998 [35] by a working group of the Ministry of Health and
Welfare of Japan:

1. persistent cough, sputum, and exertional dyspnea

2. history of or current chronic sinusitis

3. bilateral diffuse small nodular shadows on a plain chest X-ray or centrilobular
micronodules on chest CT images

4. coarse crackles

5. FEV,/FVC less than 70% and PaO, less than 80 mm Hg

6. cold hemagglutinin titer equal to or higher than 64

Definite cases should meet criteria 1, 2, 3, and at least two of criteria 4, 5, and 6.

Studies of macrolide therapy for DPB in Japan

Over the past 20 years, DPB has changed from a fatal to a curable disease. Before
the use of macrolide therapy, the prognosis of patients with DPB was extremely
poor. According to a study by a research group of the Ministry of Health and Wel-
fare of Japan in 1981 [36], the 5-year survival rate was approximately 40% from
the time of first medical examination. Major bacterial species infecting the airway
often changed from Haemophilus influenzae to Pseudomonas aeruginosa with pro-
gression of the disease. After infection by Pseudomonas, the prognosis became poor,
e.g., the S-year survival rate in patients with Pseudomonas aeruginosa infections
was only 8% before entry of macrolide therapy. In 1982, erythromycin was used for
the first time to treat DPB. The usefulness of erythromycin for DPB was first sug-
gested by an encounter with one patient with this disease who exhibited marked
improvement after treatment with erythromycin. Since at that time it was unusual
to cure patients with DPB, we suspected that the medication he had received (600
mg daily erythromycin for > 6 mths) was responsible for his cure. A randomized
clinical trial using low-dose erythromycin was therefore begun, and the clinical effi-
cacy of erythromycin in subjects with DPB was first reported in 1984 [37]. In 1987,

150



The use of macrolides for treatment of diffuse panbronchiolitis

a paper on 4-years follow-up in treatment of DPB with erythromycin was published
[38].

Preliminary Japanese reports from individual institutions revealed at least three
important findings that are still accepted today. First, the clinical effects, i.e.,
decreased amount of sputum and decreases in cough and dyspnea on exertion of
macrolide therapy were excellent. Second, there were no significant changes in bac-
terial species before and after therapy. Third, even in cases involving Pseudomonas
infection, clinical efficacy was exhibited. In a retrospective study of 52 patients
treated with low-dose erythromycin, it was confirmed that this treatment was sig-
nificantly more effective than that with various conventional agents, i.e., bacterici-
dal beta-lactams, aminoglycosides, new quinolones, or steroids, for 37 patients fol-
lowed for an average of 43 months [39]. In addition, clinical improvement was
excellent after erythromycin therapy as observed over an average follow-up period
of 20 months [39]. The Ministry of Health and Welfare research group then per-
formed another retrospective analysis comparing erythromycin therapy with long-
term administration of a new quinolone, ofloxacin. In that study as well, ery-
thromycin exhibited better efficacy than treatment with new quinolones [40].

The members of this research group then performed a prospective, double-blind,
placebo-controlled study involving daily use of 600 mg of erythromycin for 3
months. In this study, clinical efficacy was evaluated using a scoring system with six
items: dyspnea on exertion, amount of sputum, chest radiological findings, arterial
oxygen tension, forced expiratory volume in 1 second, and serum C-reactive protein
level. The percentage of patients who were “moderately improved” was 57% in the
EM group but only 15% in the placebo group. Conversely, the percentages of
patients exhibiting aggravation were 6% and 38% in the EM and placebo groups,
respectively (Fig. 1) [41]. This double-blind controlled study established the clinical
efficacy of erythromycin treatment for DPB in Japan.

Survival curves for DPB patients in three groups based on time at initial diag-
nosis were significantly improved after the introduction of low-dose erythromycin
treatment (Fig. 2) [42]. In the 1970s, the 5-year survival rate was 63%, while
between 1980 and 1984 it was 72%. However, following the introduction of ery-
thromycin treatment in 1984, the survival curve significantly improved, with a 5-
year survival rate above 90%. Determination of survival rates by patient age
showed that erythromycin therapy was more beneficial for older than for younger
patients. Furthermore, exploratory analysis of erythromycin therapy revealed no
significant difference between survival of patients in the 1970s before erythromycin
therapy was established and that of patients who did not receive erythromycin after
1984. Erythromycin treatment has thus clearly contributed to the recent improve-
ment in the prognosis of DPB. Several clinical studies were conducted to confirm
the efficacy of macrolides in treatment for DPB. Before long, this favorable effect
was confirmed by others [43-46], in all of whose reports clinical efficacy was sat-
isfactory.
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Figure 2

Survival curves according to year of first medical examination for patients with diffuse pan-
bronchiolitis (a:1970-1979, b:1980-1984, c:1985-1990), adapted from Kudoh et al. [8];
with permission

Other macrolides

Recently, 14-membered ring macrolides other than erythromycin have also been
used for treatment. Clarithromycin and roxithromycin are semisynthetic 14-mem-
bered ring macrolides with modifications in their structures to achieve better gas-
trointestinal tolerability and tissue penetration than occurs with erythromycin. Clin-
icians administered these new arrivals for the treatment of DPB in the 1990s and
obtained similar clinical benefits [47-50]. These new macrolides were sometimes
effective even when erythromycin was not [48]. Azithromycin, a 15-membered ring
macrolides had been in limited use in Japan until it was properly available in 2001.
It appears to have similar effects on DPB [51], although we have not yet had much
experience with its use. Josamycin, a 16-membered ring macrolide, has been inef-
fective empirically in treating DPB [52].
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Recommended treatment protocol

A working group of the Diffuse Lung Disease Committee of the Ministry of Health
and Welfare of Japan has proposed clinical guidelines for macrolide therapy for DPB
in 2000, based mainly on evidence from the mentioned nonrandomized trials, obser-
vational studies, and expert opinion [53]: Macrolides should be started soon after
the diagnosis of DPB is made, because clinical response is better in the earlier stage
of this disease.

Choice of drug and dose per day

First choice: erythromycin 400 or 600 mg orally. When this is ineffective, it should
be stopped because of its adverse effects or drug interactions, and the second choice
— clarithromycin 200 or 400 mg orally or roxithromycin 150 or 300 mg orally —
should be administered.

Note: 16-membered ring macrolides appear to be ineffective in treating DPB.

Assessment of response and duration of treatment

1. Although clinical response is usually obvious within 2 or 3 months, treatment
should be continued for at least 6 months and then overall response should be
evaluated.

2. Treatment should be completed after 2 years when clinical manifestations, radi-

ological findings, and pulmonary function measurements are improved and sta-

ble without significant impairment of daily activities.

Treatment should be restarted if symptoms appear again after cessation of it.

4. When treatment is effective in advanced cases with extensive bronchiectasis or
respiratory failure, it should be continued for more than 2 years.

(O8]

We sometimes use a new quinolone or beta-lactam for a short period, added to a

macrolide, when a patient’s symptoms progress rapidly with acute exacerbation of
DPB.

The role of anti-inflammatory effects of erythromycin in the treatment of
chronic airway infection
The change in bacterial species in the sputum of patients with DPB from before to

after treatment was investigated (Fig. 3). With conventional treatment with beta-lac-
tams, aminoglycosides, new quinolones, or steroids, counts of H. influenzae were
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Figure 3

Comparison of bacterial flora in sputum before and after treatment: conventional therapy
(A) versus erythromycin treatment (B). (Panel A adapted from Kino et al. [40]; with permis-
sion. Panel B adapted from Kudoh et al. [4]; with permission.

decreased and those of P. aeruginaosa increased after therapy, but erythromycin
therapy reduced counts of both Haemophilus and Pseudomonas organisms and
induced reversion to normal flora. It is believed that the efficacy of bactericidal
treatment with antibiotics other than macrolides for chronic airway infection is lim-
ited, since chronic airway infection differs from acute airway infection in the type
of disease process involved. First, chronic airway infection exists for reasons such as
a defect in airway defense mechanisms. Second, chronic airway infection is accom-
panied by an inflammatory process, which results in the “vicious circle” of effects
proposed by Cole [54]. Probably most important is that chronic infection is caused
by biofilm organisms. Macrolides may improve prognosis of chronic airway infec-
tion by decreasing biofilm formation by P. aeruginosa. However, even in the early
stage of DPB without P. aeruginosa infection, macrolides have been effective for
treatment. These results suggest that macrolides primarily exhibit anti-inflammato-
ry effects in addition to decreasing biofilm formation in bacteria.

It is currently believed that erythromycin cuts this vicious circle in chronic air-
way infection by inhibiting the inflammatory process, as shown in Figure 4. Fur-
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Figure 4

Vicious circle of acute and chronic infection and inflammation of respiratory tract. Ery-
thromycin cuts this circle of chronic airway inflammation.

PMN, polymorphonuclear cells

thermore, it has recently been found that even sub-minimal inhibitory concentra-
tions of 14-membered-ring macrolides exhibit inhibitory effects on biofilm forma-
tion and expression of virulence factors (piocyanin, elastase, proteases) of P.
aeruginosa (see below). Thus, the effects of anti-inflammatory agents like ery-
thromycin are bi-directional, toward host defense mechanisms and bacterial activ-
ities.

Macrolides, including erythromycin, are originally bacteristatic antibiotics. In
low-dose, long-term erythromycin treatment, however, the mechanism of action of
erythromycin involves only bacteristatic effects. First, DPB can improve without
elimination of bacteria. Second, improvement can be found even in patients with P.
aeruginosa infection. Third, the maximal concentration of erythromycin in serum or
sputum, which is approximately 1 ug/ml, is lower than the minimum inhibitory con-
centration for major species of bacteria [55], though the concentration in neu-
trophils is much higher than this.
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Inhibition of hypersecretion

A large amount of sputum is a characteristic manifestation of DPB. Sputum volume
markedly decreases after erythromycin therapy. Reduction of sputum volume was
the most sensitive parameter of DPB disease activity in the double-blind study men-
tioned above [41]. Goswami et al. [56] first reported that erythromycin dose-depen-
dently inhibited mucus secretion from airway mucosa in vitro, with use of a glyco-
conjugate marker; however this finding was not reproducible. Tamaoki et al. [57]
first observed in vitro ion transport in epithelial cells and reported that ery-
thromycin inhibited this transport in dose-dependent fashion when it attached to the
serosa. Furthermore, Tamaoki et al. found that this inhibition was due to blockade
of chloride channels. Inhibition of mucus and water secretion from epithelial cells

may be an important mechanism of action in improving hypersecretion in patients
with DPB.

Inhibition of neutrophil activity

Large numbers of neutrophils are found in the bronchoalveolar lavage fluid (BALF)
of patients with DPB, frequently reaching 70-80% of BAL cells. After erythromycin
treatment, neutrophil elastase levels decrease in both sputum [58] and BALF [59].
Kadota et al. [60] reported that the percentage of neutrophils in BALF markedly
decreased after erythromycin therapy, in association with a decrease in neutrophil
chemotactic activity. Oishi et al. [61] reported that level of interleukin-8 in BALF
markedly decreases along with the number of neutrophils and concentration of neu-
trophil elastase. Takizawa et al. [62, 63] found that erythromycin dose-dependent-
ly inhibited interleukin-8, interleukin-6 and granulocyte-macrophage colony-stimu-
lating factor secretion from epithelial cells iz vitro using a human airway epithelial
cell line. Similar inhibition was found in epithelial cells stimulated by Haemophilus
influenzae endotoxin [64]. Recently, Desaki et al. [65] reported that erythromycin
suppressed activation of nuclear factor (NF)-kB and activator protein-1 in human
bronchial epithelial cells and subsequently inhibited interleukin-8 mRNA expression
on epithelial cells.

Effects on lymphocytes and macrophages

The characteristic pathological feature of DPB is chronic inflammation with lym-
phocytes, plasma cells and foamy macrophages in the region of respiratory bron-
chioles. These foci disappear after erythromycin treatment. A study of bron-
choalveolar lavage fluid from a subject with DPB found that the number of memo-
ry T cells and activation of CD8* cells, mainly consisting of cytotoxic T cells, were
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significantly increased in DPB but were decreased after erythromycin treatment
[66]. Keicho et al. [67] reported that proliferation of lymphocytes was inhibited by
erythromycin in a dose-dependent fashion, but that erythromycin did not inhibit the
expression of interleukin-2 and CD25, a mechanism differing from that of
tacrolimus, an immunosuppressant. They concluded that the inhibitory effect of ery-
thromycin on T cells existed in the later activation process, based on the inhibition
of T cell responses to interleukin-2.

Furthermore, Keicho et al. [68] and other Japanese investigators have agreed
that erythromycin accelerates both the differentiation and proliferation of mono-
cyte-macrophage system cells. Erythromycin has been found to inhibit lipopolysac-
charide-induced production of tumor necrosis factor-alpha in human monocytes in
vitro [69]. However, further clarification of the roles of these effects on lymphocytes
and macrophages in eliminating inflammation of the respiratory bronchioles in DPB
is needed.

Modulation of bacterial function
Inhibitory effects of macrolides on biofilm formation by P. aeruginosa

P. aeruginosa forms a bacterial biofilm by producing alginate when it adheres to
mucosa or various medical devices. Macrolide are known to modulate bacterial
activity by affecting bioactivity marker of P. aeruginosa. Ichimiya et al. reported the
effects of certain macrolides on biofilm formation by P. aeruginosa [70, 71]. Using
scanning electron microscopy (SEM), biofilms on a Teflon sheet with CAM were
found to decrease markedly in dose-dependent fashion compared with those on a
control Teflon sheet without CAM. Interestingly, this effect was observed even
though CAM has no direct bactericidal activity against P. aeruginosa. CAM proba-
bly inhibited biofilm synthesis via inhibition of polysaccharide synthesis. A 1/256-
1/64 MIC dose of macrolide inhibited production of alginate, a major component
of biofilm, whereas none of RKM, piperacillin, ceftazidime, and ofloxacin inhibited
alginate production.

Inhibitory effect of macrolides on the expression of virulence factors of
P. aeruginosa

The ability of macrolides to inhibit the expression of virulence factors of P. aerugi-
nosa at subinhibitory concentrations has been studied.

P. aeruginosa infection is preceded by selective adhesion of bacteria to host tar-
get cells via adhesins, including lectins. The production of lectins and of many vir-
ulence factors is positively controlled by transcription activators including signaling
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Figure 5
Schematic diagram of airway inflammation and estimated points of action of erythromycin
D. ICAM-1, intercellular adhesion molecule-1; IL-8, interleukin-8; LTB-4, leukotriene B4.

autoinducers (N-acyl-L-homoserine lactones). Sofer et al. reported that EM at sub-
MIC concentrations suppressed the production of P. aeruginosa hemagglutinins
(including lectins) [72]. In addition, sub-MICs of AZM strongly suppressed the syn-
thesis of elastase, proteases, lecithinase and DNase [73]. CAM and EM were not so
effective in doing so. Of these virulence factors, pyocianine, a pigment, is known to
suppress superoxide anion production by neutrophils, differentiation and prolifera-
tion of lymphocytes, cilliary beating of bronchial epithelial cells, and nitrogen inter-
mediate and cytokine production by alveolar macrophages. EM suppressed the pro-
duction of pyocianin dose dependently in vitro [74]. In vivo, the concentration of
pyocyanin in sputum from patients with chronic lower respiratory tract infection is
reduced after administration of EM.

EM also modulates the effect of piocyanin indirectly. Denning et al. reported that
EM suppressed interleukin-8 production by airway epithelial cells induced by pio-
cyanin stimulation [75]. Thus, it is likely that EM prevents the lesion infected with
P. aeruginosa from tissue injury caused by piocyanin in both direct and indirect fash-
ions.
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Effects of erythromycin in the treatment of airway inflammation

The schematic diagram in Figure 5 shows a summary of points of action of ery-
thromycin in the treatment of airway inflammation, prepared based on recent
papers. First, erythromycin inhibits hypersecretion due to inhibition of mucus and
water secretion from epithelial cells. Second, erythromycin inhibits neutrophil accu-
mulation at sites of inflammation due to inhibition of adhesion of neutrophils to cap-
illary vessels, secretion of interleukin-8 and leukotriene B4 from epithelial cells and
neutrophils [76]. These effects reduce the levels of substances injuring tissue, such as
elastase and superoxide anion [77], and clearly play important roles in improvement
of airway inflammation, although controversies exist concerning the effects of ery-
thromycin on neutrophil activity itself [78-81] and on lymphocytes and macro-
phages. Furthermore, macrolide inhibited biofilm formation in bacteria and a quo-
rum sensing system (see below) as noted above.

Administration of erythromycin has been established as standard treatment for
DPB. Furthermore, erythromycin has been widely used in treating chronic airway
inflammation, not only for lower airway diseases (DPB, chronic bronchitis,
bronchiectasis, cystic fibrosis and bronchial asthma [82-85]) but also upper airway
diseases (chronic sinusitis or exudative otitis media) [86].

Conclusion

In 1994, to begin clarification of the mechanism of action of erythromycin in the
treatment of DPB, a study group on the novel effects of macrolides was formally
started in Japan. Many clinical and experimental investigations in this field have
since been reported; inhibitory effect on bleomycin-induced lung injury in mice, 14-
membered-ring macrolides are known to exhibit motilin-like effects on gastroin-
testinal movement via stimulation of gastrointestinal activity [87, 88]. The anti-
inflammatory activities noted here should be considered a third type of effect of 14-
membered-ring macrolides. It is expected that the anti-inflammatory effects of
erythromycin will be widely beneficial and applied to the treatment of many chron-
ic diseases in the future.
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Introduction

Cystic fibrosis (CF) is a multisystem disease, affecting primarily the respiratory, gas-
trointestinal and genitourinary systems. The average age of survival is approxi-
mately 30 years with death usually due to respiratory failure. The remarkable sim-
ilarities between CF and diffuse pan-bronchiolitis (DPB), as discussed in the chapter
by Azuma and Kudoh, have led to interest in the use of macrolides in this condition.
This chapter will begin by discussing the pathophysiology of CF and then discuss
the potential anti-inflammatory and other mechanisms of macrolides which are rel-
evant to CF. Finally the clinical evidence for macrolide use in CF will be reviewed.

Pathophysiology

Approximately 1 in 25 white people carry the abnormal gene, which is localised to
the long arm of chromosome 7. It encodes for the cystic fibrosis transmembrane con-
ductance regulator (CFTR), which is a cAMP regulated chloride channel. In addi-
tion, CFTR regulates other membrane conductance pathways such as the outwardly
rectifying chloride channel, amiloride sensitive sodium channel (ENaC) and basolat-
eral potassium channels. It is also thought to be involved in osmoregulation and in
the transport of bicarbonate and may regulate airway surface liquid (ASL) pH.

Although much is known of the molecular pathology of CE precisely how the
defective CFTR results in lung disease is not known. There are a number of mecha-
nisms postulated whereby CFTR abnormalities might predispose to damage to the
airways.

Airway surface liquid hydration hypothesis

The tenacious sputum typically seen in patients may be a result of poor hydration
of the ASL due to abnormal chloride secretion and hyperabsorption of sodium (the
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low volume hypothesis). The resultant airway plugging leads to defective ciliary
clearance and bacterial infection, which induces inflammatory responses and
destruction of the surrounding lung tissue.

Defensin hypothesis

It has been shown in vitro that high sodium and chloride concentrations inactivate
human B-defensin (HBD)-1, a salt sensitive naturally occurring antimicrobial pep-
tide present in the airway surface [1, 2]. In the high-salt theory, mutant CFTR leads
to high sodium and chloride in the ASL and subsequent inactivation of human -
defensin-1, as well as other peptides such as lactoferrin and lysozyme. However, the
composition of the airway fluid in CF patients is controversial. If true iz vivo, then
this would partially explain why bacteria are able to infect and multiply in the air-
ways of patients with CF. In addition, HBD-1 and HBD-2 expression is not upreg-
ulated in CF epithelium in response to inflammatory stimuli suggesting an intrinsic
defect in gene expression [3]. In contrast, B-defensins, particularly HBD-2 levels, are
high in BALF of patients with DPB and are thought actively to participate in antimi-
crobial defence in the respiratory tract [4, 5]. Treatment with macrolides reduce
bronchoalveolar lavage fluid (BALF) HBD-2 in DPB. Defensins may therefore be a
marker for inflammation and its response to treatment in DPB [5]. The effect of
macrolides on HBD in CF is not known.

Primary inflammation hypothesis

Some investigators suggest that infection precedes inflammation in CF [6], but this
is controversial. Most studies suggest that the baby born with CF has normal lungs
at birth; however, neutrophils and IL-8 have been detected in the lower airway of
babies as young as 4 weeks without evidence of infection [7] suggesting that inflam-
mation precedes infection in CE. This hypothesis has been supported by animal stud-
ies using CF mice in pathogen-free environments [8] and severe combined immun-
odeficiency mice who have had subcutaneous implants of CF fetal trachea [9]. It has
been suggested that accumulation of protein in the endoplasmic reticulum may lead
to calcium release and activation of the transcription factor NF-kB, which in turn
stimulates interleukin-8 (IL-8) expression [10]. The relevance to CF is suggested by
studies demonstrating endogenous activation of this inflammatory pathway by
endoplasmic reticulum overloaded with mutant CFTR [11, 12] which occurs with
Class 2 mutations such as AF508 [13]. Some studies have demonstrated an increase
in basal secretion of IL-8 by CF cells (both epithelial and neutrophil) [14-16], while
others have demonstrated an exaggerated secretion following stimulation of the CF
cell with stimuli such as TNF-a [17] and Pseudomonas aeruginosa (P. aeruginosa).

168



Macrolides in cystic fibrosis

However, these findings are not always consistent and tend to vary between indi-
viduals and with the different model systems used to study these effects [18, 19]. At
present it is unclear which is the initiating factor in the inflammatory cascade
although it is likely, but not certain, that the CF cell exists in a proinflammatory
state.

The most characteristic feature of inflammation in the CF lung is the presence of
a large number of neutrophils in the airway. This results in an inflammatory cascade
with subsequent lung damage [20]. In addition to contributing to the tenacious spu-
tum in CE neutrophils are also responsible for the production of elastase, oxidants
and proteases. The elastase digests elastin in the airway wall, one of many factors
resulting in bronchiectasis. It directly causes an increase in mucus secretion, thus
worsening airway obstruction and promotes the generation of IL-8 and LTB4 which
are potent chemoattractants, thus recruiting more neutrophils and perpetuating the
cycle of inflammation and lung destruction.

Decreased mucin secretion theory

Mucus is a protective coating secreted by the healthy airway. Mucin glycoproteins
are the major constituent of the mucous gel, which is responsible for the rheologi-
cal properties of mucus. The respiratory mucins are under the control of at least
eight mucin (MUC) genes. In CF, the sputum is composed of a mixture of mucin
polymers, inflammatory cells, inflammatory mediators, DNA from inflammatory
cell necrosis and bacteria. It has been previously speculated that the mucus plugging
in CF is due to mucus hypersecretion. In order to address this issue, Henke et al.
investigated the properties of expectorated sputum in patients with CF and chronic
bronchitis [21]. They demonstrated greater mucin-like glycoprotein in those with
chronic bronchitis and greater DNA in CF sputum suggesting that DNA probably
has a much greater effect on CF sputum properties than mucins. Furthermore, they
demonstrated a substantial reduction in the gel forming mucins MUCSAC and
MUCSB in the CF airways relative to normal mucus. They suggested that this might
be due to a relative increase in other components of CF sputum, or perhaps a pri-
mary defect in mucin secretion in CFE.

Cell-receptor hypothesis

Adherence of Pseudomonas to airway epithelial cells is critical for establishing infec-
tion. The mechanism for this is controversial. Davies et al. have demonstrated
Pseudomonas binding by a specific cell-surface receptor, the asialylated glycopro-
tein, asialoGM1 [22]. Recently, investigators have shown that binding of P. aerugi-
nosa to this receptor induces interleukin (IL)-8 secretion via the nuclear factor (NF)
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kB signalling pathway [23]. CFTR itself has been shown to be a receptor for P.
aeruginosa, and after binding there is internalisation and destruction of the bacteri-
um [24]. An alternative hypothesis is that the abnormal pH of the ASL [25, 26]
results in an increase in asialoGM1 receptors which act as binding sites for P. aerug-
inosa [27, 28]. This would explain the preferential infection of CF airways by P.
aeruginosa. However, recent evidence suggest that at least at a later stage, these bac-
teria form hypoxic macrocolonies in the airway, and are not in direct contact with
the epithelial cells [29]. It is likely that chronic infection of the airways is a process
in which initial adherence to epithelial cells is one important step. Factors initiating
infection are probably different from those perpetuating chronic infection.

Clinical features in cystic fibrosis

Most patients with CF die from lung disease, which is compounded by recurrent
and persistent infection with Staphylococcus aureus, Haemophilus influenzae and
ultimately chronic infection with P. aeruginosa in more than 80% of patients. This
is similar to DPB where many different bacterial species may initially infect the air-
way, but P. aeruginosa ultimately sets up a chronic infection of the airway with asso-
ciated biofilm formation. Another similarity between CF and DPB is that sinus dis-
ease is a common feature. In CFE, this may be associated with nasal polyps and cause
chronic rhinitis and headaches necessitating surgical removal of polyps in some
instances. Other clinical pathological features characteristic of CF, such as pancre-
atic insufficiency, distal ileal obstructive syndrome and infertility, are not seen in
patients with DBP.

Because there has only been recent confirmation of clinical effectiveness of
macrolides in CF, there is a paucity of work exploring the mechanisms of action in
CFE. Most of the work has been done in patients with DPB, models of DPB or with
in vitro systems, which have been extrapolated to CE.

Proposed mechanisms of action in CF
Signalling pathways and chemokine release

An early step in the inflammatory process is the signalling to effector cells via proin-
flammatory molecules of the various cytokine and chemokine families. As discussed
above, neutrophils predominate in the airways of patients with CF and activation
results in parenchymal lung damage through the production of elastase. Rather than
having a direct modulating effect on the neutrophil itself, macrolides may influence
neutrophil chemotactic activity indirectly by affecting chemoattractants such as IL-
8. Work in animal models and in patients with DPB has demonstrated a reduction
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in neutrophil influx into the airway following treatment with erythromycin. It has
been shown that macrolides modulate the production of specific cytokines such as
interleukin (IL)-1B, IL-6, IL-8 [4, 30-35], TNF-a [36, 37] and granulocyte-
macrophage colony stimulating factor [32]. It is likely that NF-«B is required for
transcription of all these cytokines.

An interesting finding with regard to CF is that blood neutrophils demonstrate
different cytokine profiles from those found in the CF airway [15]. Corvol et al.
demonstrated that IL-8 spontaneously released from CF airway and blood neu-
trophils was significantly higher than controls. Furthermore, CF airway neutrophils
produced more IL-8 compared to the CF blood neutrophils. LPS did not enhance
cytokine release in either type of neutrophils. Interestingly, dexamethasone was able
to reduce IL-8 production by CF blood neutrophils but had no effect on airway neu-
trophil cytokine production. These observations may have some relevance to the
effects of macrolides in CF.

Whether the anti-inflammatory mechanisms of macrolides are relevant to CF is
unknown, but one important possibility is that IL-8 secretion is modulated by
these antibiotics. In an open study, treatment with low dose erythromycin for one
month in six CF patients decreased IL-8 in sputum [38]. Reduced IL-8 expression
in cells obtained from bronchoscopy was also demonstrated in five adult patients
with DPB, asthma and bronchiectasis following macrolide therapy [34]. The same
group demonstrated a reduction in mRNA levels and IL-8 release in cultured
media containing erythromycin or clarithromycin, suggesting that macrolides exert
a direct effect on the airway epithelial cell. Of potential clinical relevance to CF,
Wallwork et al. demonstrated that clarithromycin was as effective as prednisolone
in reducing the production of IL-5, IL8 and granulocyte-macrophage colony-stim-
ulating factor in nasal tissue cultured from patients with chronic rhinosinusitis
[39]. There is in vitro evidence to suggest that macrolides may repress IL-8 gene
expression by suppression of both activator protein-1 (AP-1) binding sites and the
transcription factor NF-kB [40-42]. This may be particularly important in CF if
there is an intrinsic increase in NF-xB activation in CF epithelial cells both in a
basal state and following stimulation with P. aeruginosa. This hypothesis is further
supported by a study from Escotte et al. who demonstrated that fluticasone inhib-
ited constitutive and LPS-induced IL-6 and IL-8 production via the Ik-o/f kinase
pathway in both CF and non-CF bronchial epithelial cells [43]. The effect of
macrolides on the signalling pathway, particularly NF-kB, in CF deserves further
attention.

Direct neutrophil effect
In addition to the indirect effects of macrolides on neutrophils discussed above,

there is evidence that macrolides may affect neutrophil function in many ways.
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Endothelial and airway adbesion

Intercellular adhesion molecule (ICAM)-1, plays an important role in the adhesion
of neutrophils to airway epithelium [44] and is overexpressed in CF airway epithe-
lium [18, 45, 46], a process which may be regulated by NF-kB. Thus any treatment
which reduces neutrophil adherence to either epithelial or endothelial cells may
downregulate the inflammatory cascade. To support this, studies on cultures of
human bronchial epithelial cells stimulated with Haemophilus influenzae endotoxin
have shown that erythromycin causes a reduction in IL-6, IL-8, soluble ICAM-1 and
decreased neutrophil migration and adhesion to epithelial cells [31]. Using a similar
model, Kawasaki et al. demonstrated that roxithromycin inhibited neutrophil adhe-
sion to epithelial cells [32]. Furthermore, macrolides such as erythromycin reduce
the expression of integrins CD11b/CD18 in neutrophils stimulated by lipopolysac-
charide (LPS) and inhibit their oxidative burst [47]. Another study demonstrated a
significant reduction of CD11b/CD18 on the surface of whole blood cells following
treatment with erythromycin [48]. In a model using cultured fibroblasts, clar-
ithromycin decreased expression of several adhesion molecules such as ICAM-1,
vascular cell adhesion molecule (VCAM)-1 and lymphocyte function-associated
antigen-3 (LFA-3). Importantly, Li et al. recently demonstrated that erythromycin
inhibited VCAM-1 mRNA and neutrophil airway infiltration in a mouse model of
lung fibrosis and therefore may have a role in the prevention of fibrosis [49].

Migration

As discussed previously, the increased presence of neutrophils in CF airway may
increase lung damage. Macrolides may have an effect on migration either directly
by affecting secretion of chemoattractants such as IL-8, or they may have a direct
effect on neutrophils.

In the only study to date in CF, Brennan et al. demonstrated that CF-derived
blood neutrophils had significantly increased migration to IL-8 compared to non-
CF neutrophils [50]. They subsequently treated eight CF children with a 4-week
course of oral erythromycin and demonstrated no effect on neutrophil migration.
However, it is likely that the length of treatment was too short to exert an anti-
inflammatory effect; and secondly, it is known that newer macrolides such as clar-
ithromycin or azithromycin exert a greater anti-inflammatory effect.

Elastase production and oxidant burst

Various studies have demonstrated impairment of the oxidative burst of neutrophils
both in vitro [51-55] and in vivo by different classes of macrolides [56]. Macrolides
may have a role in preventing superoxide generation by neutrophils and thus limit
lung tissue damage in children with lung conditions in which there is a predomi-
nantly inflammatory and oxidant component such as CE.
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Apoptosis

Aoshiba et al. demonstrated that erythromycin increased cyclic AMP levels in neu-
trophils iz vitro which led to acceleration of apoptosis at 24 h in a dose dependent
manner [57]. This was confirmed iz vivo by Culic et al. who administered a 3 day
course of azithromycin to 12 healthy subjects and demonstrated a time dependent
increase in apoptosis in peripheral blood neutrophils, which was still ongoing 4
weeks following the last dose [56]. While not extensively investigated, it is thought
that CF neutrophil function, including apoptosis differ from those of healthy subjects.
The effect of macrolides on apoptosis in CF neutrophils remains to be examined.

Effect on Pseudomonas aeruginosa

An interesting finding is that the clinical improvement in patients with DPB is inde-
pendent of whether they are chronically infected with P. aeruginosa. Since the effect
is below the minimum inhibitory concentration (MIC) for P. aeruginosa it has been
suggested that the effect of macrolides in DPB on Pseudomonas is anti-inflammato-
ry rather that antibacterial [30, 58, 59]. There are many potential mechanisms by
which macrolides may affect Pseudomonas in CF.

Adbherence

It has been suggested that the oropharyngeal barrier is an innate host defence mech-
anism to prevent Pseudomonas colonising and infecting the airway. In a clinical
trial, Baumann et al. investigated the effects of azithromycin on adherence of P.
aeruginosa to buccal epithelial cells [60]. They demonstrated a 70% decrease of
adherence following oral azithromycin given twice weekly for 3 months in 11 chil-
dren with CF, and concluded that azithromycin may prevent early infection with
Pseudomonas. This clinical study confirms previous in vitro suggestions that
macrolides decrease Pseudomonas adherence to silicon filters [61], acid damaged
murine trachea [62] and human type IV basement collagen [63, 64].

Mucoid conversion

Preliminary data suggest that treatment with azithromycin impairs the change from
non-mucoid to the mucoid phenotype in BALB/c mice infected with alginate embed-
ded P. aeruginosa [65]. This finding needs to be confirmed but may have implica-
tions for the treatment of patients with CF.

Biofilm and mucus rheology
As discussed elsewhere in this book, mucoid P. aeruginosa produces a biofilm from algi-
nate production, which makes eradication difficult. It has been suggested that in CF, this
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biofilm acts as an antigen and induces an antigen—antibody reaction on the surface of
the airway [66]. Immune complex deposition in the airway, with resultant neutrophil-
ia, is likely to lead to lung damage [67]. There are many iz vitro studies suggesting that
macrolides inhibit biofilm formation and reduce mucus secretion by airway epithelial
cells [66, 68-71]. Dupont and Lapointe used an in vitro quantitative approach to study
the effect of roxithromycin on sputum from 29 CF patients infected with P. aeruginosa
[72]. There was an 80% reduction in viscosity in the sputa cultured on agar plates con-
taining roxithromycin compared to controls. Conversely, data by Shibuya et al. did not
show an effect of erythromycin on visco-elasticity of sputum from CF patients in a
mucus-depleted bovine trachea model [73]. Tai et al. have reported preliminary iz vivo
data in 10 CF patients aged 10-19 years colonised with P. aeruginosa [74]. Following
twice weekly treatment with azithromycin for 3 months sputum viscosity decreased sig-
nificantly in nine of the patients. They also demonstrated a significant reduction in spu-
tum DNA following 3 months of daily azithromycin [75]. Clinically, this might facili-
tate clearance of secretions in patients with chronic mucus production.

In an attempt to unravel the molecular mechanism by which this occurs, Shimizu et
al. demonstrated that both erythromycin and clarithromycin reduced mucus secretion
by respiratory epithelial cells via MUCSAC gene expression [71], a process which may
be modulated by extracellular signal-regulated kinase 1/2 (one of the mitogen activat-
ed protein kinases) [76]. In vitro, the combination of ciprofloxacin and azithromycin
led to an increased killing of biofilm P. aeruginosa when compared with ciprofloxacin
alone [66]. The macrolide may have increased the permeability of the biofilm, facilitat-
ing penetration of the ciprofloxacin. If true, this may have important clinical implica-
tions in CE Little is known about the specific effects of macrolides on the biofilm in CE.

Non-inflammatory effects

While most of the data suggest that macrolides exert their effect vig an anti-inflam-
matory mechanism, some authors believe that P. aeruginosa accumulates azithro-
mycin over a period of chronic exposure and directly affects the viability and pro-
tein synthesis of the bacterium [77]. Another potential non-inflammatory mecha-
nism in CF is the inhibition of quorum sensing in P. aeruginosa, a communications
system that regulates bacterial virulence. Tateda and colleagues demonstrated that
azithromycin inhibited the production of auto-inducer molecules, an integral part of
the quorum-sensing system [78] and thus may have important implications in the
treatment of Pseudomonas in patients with CF.

lon transport

It has been suggested that one mechanism in which azithromycin may exert an effect
in CF is via modulation of alternate chloride channels [79]. This suggestion arose
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following the observation by Lallemand et al. who reported a patient with CF who
developed a fibrosarcoma, whose lung function improved following chemotherapy
[80]. They detected an increase in MDR mRNA in the patient’s nasal epithelial cells.
No MDR mRNA was detected in a CF control who had not been exposed to
chemotherapy. A similar finding was subsequently reported in two further CF
patients following chemotherapy [81]. It is unknown if patients with DPB have
abnormal ion transport and so this mechanism may not be relevant.

CFTR and MDR, a P-glycoprotein, belong to the ATP-binding cassette (ABC)
chloride secreting channel family and share sequence homology. The ABC trans-
porter family are a group of proteins whose function is the transport of a wide vari-
ety of substrates. It is known that erythromycin can upregulate P-glycoprotein
expression [82]. Furthermore, studies suggest that macrolides inhibit chloride secre-
tion rather than accentuate it, which may be detrimental in CF where chloride secre-
tion is reduced [83, 84]. One potential pathway by which this may occur is by an
effect on endothelin-1 (ET-1). ET-1 a very potent vasoconstrictor produced by
endothelial cells [85] which is known to induce bronchoconstriction. Takizawa eval-
uated the effects of erythromycin and clarithromycin on endothelin-1 gene expres-
sion in normal and transformed human bronchial cells and demonstrated a reduc-
tion in mRNA levels as well as endothelin-1 release similar to that seen with dex-
amethasone [34]. Blouquit et al. demonstrated that ET-1 is a chloride secretagogue
in the human airways that acts via activation of the cAMP pathway, which may
explain the reduction in chloride secretion by macrolides seen in the above studies
[86].

In preliminary data, Pradal et al. demonstrated a correction of nasal chloride
secretion in 6 of 10 CF subjects treated with azithromycin daily for one month [87].
This was not replicated in nasal PD measurements in mice treated with clar-
ithromycin [88], or in nine adult CF subjects following daily azithromycin for 2
weeks [89]. Further evidence for a stimulation of chloride secretion comes from pre-
liminary work by App et al. [90]. They studied ion transport in murine colon tissue
in Ussing chambers and found that azithromycin increased anion secretion. This
observation had been reported previously by Middleton et al. in sheep trachea treat-
ed with erythromycin [91]. Clearly, the role of macrolides in modulating ion trans-
port in CF merits further investigation.

Nitric oxide (NO)

NO is involved in a number of important physiological processes within the lung,
including inflammation and bacterial killing. Exhaled NO is surprisingly low in CF,
considering the degree of inflammation present in the lower airway. The reasons for
this are unknown and may be multifactorial including reduced iNOS expression in
bronchial epithelium [92] or increased degradation by NO reductase in Pseudo-
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monas in the lower airway [93]. Erythromycin stimulates endogenous NO produc-
tion by a protein kinase A dependant mechanism [94]. However, inducible NO syn-
thase production is suppressed by erythromycin and clarithromycin, probably via
AP-1 and NF«B [95]. In addition erythromycin causes release of NO from non-
adrenergic, non-cholinergic neurones, a system thought to modulate airway inflam-
mation [96]. It is unknown to what extent macrolides affect NO production in the
CF airway.

Bronchoconstriction

As described above, ET-1, a potent vasoconstrictor, may be modulated by
macrolides [97]. This may help in expectorating sputum in CF patients. Interesting-
ly, in a recent long-term study discussed later in this Chapter, 17% of CF subjects
experienced wheezing following azithromycin [98]. The mechanism is not clear, but
the authors have suggested that less viscous mucus in the airway exacerbated
wheeze.

Airway remodelling

The airway changes seen with disease progression such as dilatation, fibrosis and
neovascularisation may be modulated by macrolides. 14-member macrolides appear
to reduce tumour angiogenesis by an unknown mechanism [99] and therefore it is
possible that bronchial neovascularisation in CF could be reduced. Roxithromycin
inhibits TNF-a induced vascular endothelial growth factor (VEGF) production
[100]. Angiogenesis may also be inhibited indirectly via effects on IL-8, which seems
to be angiogenic as well as proinflammatory. A rapamycin analogue inhibited epi-
dermal growth factor induced proliferation in a murine model of lung inflammation
and remodelling [101]. If this effect were the same in the human lower airway, this
could have profound implications for prevention of remodelling, a process which
occurs in children with CF [102].

Bioactive phospholipids

It is possible that macrolides protect epithelial cells from a number of toxic and
proinflammatory lipids. Cell injury causes the release of cell membrane phospho-
lipid derived arachidonic and is converted into platelet activating factor (PAF),
leukotrienes, prostaglandins and thromboxane A,. Many of these membrane-
derived phospholipids modulate direct and leukocyte mediated damaging effects on
the epithelium of the airway, which are inhibited by macrolides [103]. Ketolides
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have been shown to be cytoprotective against the effects of bioactive phospholipids,
lysophosphatidylcholine, PAF and lyso-PAF on nasal epithelial strips obtained from
normal volunteers [104]. It is unknown to what extent macrolides protect airway
epithelium in CF.

Antibacterial effects in CF

Typical infections

In addition to Pseudomonas, organisms such as Staphylococcus aureus and
Haemophilus influenzae regularly infect the lower airway in patients with CFE
Macrolides are potentially beneficial in CF due to their broad-spectrum antibacter-
ial properties. Interestingly, no clinical trial in CF has yet demonstrated a clinically
significant effect on microbiology, despite evidence for clinical improvement [98,
105].

Atypical infections

Non-tuberculous mycobacterial (NTM) pulmonary infections are increasingly
recognised in patients with CE. As macrolides are part of many standard treatment
regimens for these organisms, it has been suggested that this might be one mecha-
nism of a beneficial action. This is compounded by the fact that true NTM infection
may be difficult to distinguish from sputum contamination.

Clinical evidence in CF
Efficacy

The index case, which sparked our interest in the potential of macrolides in CF, was
a 17 year old male with AF508/GF551D genotype [106].

From the age of 15 he began to deteriorate clinically with poor lung function
and low oxygen saturation necessitating oxygen therapy. At 16 years, he was put
on the waiting list for a heart-lung transplant. Because of reports of the effective-
ness of macrolide use in panbronchiolitis in Japan, azithromycin 500 mg daily was
commenced. In the following months he improved spectacularly with trebling of
lung function, from forced vital capacity (FVC) 840 mls (26%) to 2,420 mls
(65%), forced expiratory volume in one second (FEV,) from 300 mls (11% pre-
dicted) to 940 mls (26%), and an increase in oxygen saturation breathing air from
65% to 93%. He subsequently came off the heart-lung transplant waiting list, and
remained off for a further 6 years until he subsequently required lung transplanta-
tion.
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Subsequently, in an open study, children with CF who had end-stage CF lung
disease or chronic airflow limitation unresponsive to conventional therapy were
treated with long-term azithromycin [107]. In this study, children were treated with
at least 3 months of daily azithromycin. Lung function in the 6 months before treat-
ment was compared to their post treatment average, together with oxygen satura-
tion and height and weight z-scores. Seven children (median age 12.1 year [range
5.8 to 16.8]) were studied, all of whom were chronically infected with P. aerugi-
nosa. Median treatment length was 6 months (range 0.3-1.2). The FVC% rose by
median 11.3% (=5.5 to 24.7) from 62.8 (33.9 t0 95.9) to 70.3 (58.3 to 112.6). The
median FEV;% also rose by 11.0% (-3.6 to 13.4, p<0.03) from 47.5 (12.2 to
75.4) to 49.5 (23.2 to 88.8). Clearly, the limitation of this study was that it did not
have a control group, however, historical controls and clinical experience (with all
the danger of relying on such suboptimal comparisons) suggested deterioration
would be more likely if only conventional treatment had been given. No other sig-
nificant differences were observed. The improvements seen were similar to those
reported in patients with DPB treated with long-term macrolides [30, 58]. Similar
cases were reported from other centres throughout the world in abstract form
[108-110].

Ordonez et al. reported a single blinded pilot study with clarithromycin [111].
They treated 10 CF patients (aged 12-26 years) with placebo for 3 weeks followed
by 6 weeks of clarithromycin. In addition to measuring pulmonary function fol-
lowing the two treatment arms, they measured inflammatory markers in induced
sputum. They demonstrated no improvement in lung function following clar-
ithromycin and concluded that it is not effective in improving airway obstruction.
In addition they demonstrated no change in sputum neutrophil numbers, IL-8, free
neutrophil elastase, TNF-a and myeloperoxidase. They could not identify a corre-
lation between inflammatory markers and lung function. However, it is likely that
clarithromycin was not given for sufficiently long, or to enough patients, to exert
any detectable effect in this study. It is recognised that in DPB, clinical benefit is
often not seen until at least 6 weeks of therapy. They did report that one subject had
an improvement of 800 ml (11%) following treatment but did not report other indi-
vidual responses. This might suggest that macrolides exert their effects in an, as yet
undefined, subset of patients, something seen in the initial study [107], and subse-
quent work [98, 105].

In 2002, Wolter and colleagues published the first randomised double-blind
placebo controlled study in adults [112]. Sixty subjects were randomised to receive
a placebo or 250 mg azithromycin daily for 3 months. The overall difference in
change in FEV,% predicted was significantly better in the treatment group. Over the
treatment period, the placebo group had a significantly greater decline in FEV;%
(-3.62%) and FVC% (-5.73%) compared to the azithromycin group in which lung
function was maintained. In addition, the azithromycin group had fewer intra-
venous antibiotic courses and fewer infective exacerbations. The quality of life and
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dyspnoea scores significantly improved in the azithromycin group, especially in
patients with S. aureus in their sputum. Overall, there was no change in bacteriolo-
gy following treatment. They also demonstrated that C-reactive protein (CRP) lev-
els in the placebo arm remained constant, but fell significantly in the azithromycin
group. However, unfortunately by chance, the azithromycin group contained more
women with overall worse lung function than the placebo group necessitating
adjustments in the statistical modelling. The relevance of this is that the fall in CRP
was strongly related to the baseline CRP, which was higher in the treatment group.
Because of this, it is difficult to draw firm conclusions of the effect of azithromycin
on CRP. In addition, because the two groups were not matched, the azithromycin
group having poorer lung function, the implication of this being that azithromycin
may have a role in those patients with worse lung disease. Furthermore, the very
rapid decline in lung function in the placebo group makes the data difficult to inter-
pret. The authors recognised that treatment of patients with severe and permanent
lung disease may limit any potential benefit from anti-inflammatory treatment.
They recommended trials in children to allow for stratification of results based on
severity of lung disease.

In a study which addressed this very question, Equi et al. conducted the first ran-
domised, placebo-controlled study of azithromycin in children with CF [105]. The
study lasted for 15 months. Subjects received daily azithromycin (bodyweight
= 40 kg: 250 mg = 40 kg: 500 mg) or placebo for 6 months. Following a 2-month
washout period, treatments were then crossed over. The following were exclusion
criteria: abnormal clotting; abnormal liver function tests three times laboratory
upper limit; history of deafness in patient or first degree relative; previous Burk-
holderia cepacia; organ transplantation; oral steroids in the preceding 2 weeks; com-
mencement of rhDNase in the 2 months prior to recruitment. Previous chronic
infection with P. aeruginosa was not a specific entry criterion. Subjects were
reviewed at nine specific visits. The primary outcome measure was the relative
change in FEV, between the active and placebo groups. Subjects underwent a 3 min
standardised 15 cm step exercise test, quality of life assessment and hearing tests.
Sputum and cough swabs were cultured for the common CF pathogens. In addition,
sputum was assessed for total IL-8 and neutrophil elastase.

The median relative difference between azithromycin and placebo was 5.4% in
percentage predicted FEV; (95% CI 0.8-10.5). Of note, there was marked individ-
ual variation. Thirteen of 41 patients had an improvement in FEV1 by more than
13%. Five patients had deterioration in FEV; of 13%. The azithromycin limb
demonstrated an increase in mean percentage predicted FVC at every time point
with a median relative difference of 3.9% between the two groups.

Because of in vitro evidence of an interaction between dornase alpha and
azithromycin [113], the results were analysed for an effect of dornase alpha. It
should be noted that this was a retrospective analysis suggested by an anonymous
peer reviewer for The Lancet, not a predetermined analysis. The median relative dif-
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ference between azithromycin and placebo for FEV; was 11.5% (95% CI 5.3-16.5)
for the 26 patients not treated with dornase alpha and -3.6% (-22 to 3.9) for those
receiving dornase alpha. However, there was marked individual variation. In addi-
tion, it is likely that those patients on dornase alpha represented the group who were
chronically infected with P. aeruginosa and were likely to have worse lung function.
In addition, the study was not powered to detect any subgroup effects. It is difficult,
therefore, to conclude that the lack of benefit in lung function in the dornase alpha
group was solely due to the possible drug interaction. In addition, this effect was not
seen in the USA study published subsequently [98]. Further investigation is needed
before any firm recommendation not to combine azithromycin and dornase alpha
can be sustained.

In addition to the effect on lung function, the azithromycin group had signifi-
cantly fewer courses of oral antibiotics. No affect was seen on sputum IL-8 and neu-
trophil elastase, microbiological profiles and 3 min step test. There was no differ-
ence in quality of wellbeing scores, in contrast to Wolter’s study. In summary, this
study demonstrated a significant improvement in lung function following 6 months
of daily azithromycin and the authors concluded that a 4-6 month trial is justified
in those children with CF who do not respond to conventional treatment. Despite
evidence of clinical improvement, both the optimal dosing regimen and mechanisms
of action remain unclear.

To assess the effect of azithromycin taken three times per week, the Cystic Fibro-
sis Foundation sponsored a study incorporating 23 centres throughout the USA
[98]. It was a double-blind randomised placebo-controlled trial in both children (= 6
years) and adults chronically infected with P. aeruginosa with FEV,% = 30%. Sub-
jects received placebo or azithromycin (= 40 kg: 250 mg = 40 kg: 500 mg) three
times per week for 6 months. 185 subjects were recruited and 87 were randomised
to the treatment limb. They demonstrated a significant relative change in FEV;%
predicted of 6.2% (0.094 litres), and 5.00% in FVC% predicted between the two
groups, similar to that seen in the studies by Wolter and Equi, which disappeared 4
weeks after ceasing the study. The azithromycin group had a less risk of experienc-
ing an exacerbation (defined by the need for intravenous antibiotics or at least 7
days of quinolones), with a reduction in the number of subjects hospitalised. In
addition, the treatment group gained 0.7 kg more than the placebo group. While
there was no significant improvement in total CF quality of life scores, there was a
trend to improvement in the treatment group. No effect on elastase and IL-8 was
seen similar to Equi et al. Although not as yet published, subsequent subgroup
analysis has suggested that, in contrast to the study by Equi et al., no effect of dor-
nase alpha was seen (Saiman, NACF Conference, Anaheim 2003). Furthermore,
those patients homozygous for AF508 had the most marked response. As a result of
this study, the Cystic Fibrosis Foundation is now recommending the use of
macrolides in CF patients over the age of 6 who are chronically infected with P.
aeruginosa (www.CFFE.org).
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To date there has been one further published study which reviewed one UK CF
centre’s experience with azithromycin [114]. In their 21 months experience, 20
adults with chronic P. aeruginosa and declining lung function (> 10% fall in FEV,
over 12 months) were commenced on daily azithromycin 250 mg for more than 3
months. Comparisons were made with 20 patients, all chronically infected with P.
aeruginosa, who had stable lung function (< 5% change in FEV; and FVC) over the
previous year. They demonstrated a significant increase in FEV,% predicted from
50.2% to 59.1% (p=0.001) and FVC% predicted from 64.5% to 76.1%
(p=0.002). The control group demonstrated a small but insignificant fall in lung
function. In addition, the treated group gained more weight than controls (3.9 kg
versus 1.3 kg (p=0.040) and had a 48% reduction in the frequency of intravenous
antibiotics. As this was not a controlled study, the limitations are similar to the work
we initially reported as described above [107].

At present there is little evidence to guide dosage of macrolides in patients with
CE Our own personal practice is to consider azithromycin in patients who contin-
ue to deteriorate despite conventional CF treatment. Because of the marked indi-
vidual variation, patients receive daily azithromycin for 6 months and then
reviewed. If no improvement is seen then the drug is stopped. If there is an improve-
ment in the clinical state then the options are: a) stop treatment; b) continue every
day; ¢) reduce to three times per week.

Safety

While the clinical trials have demonstrated another potential therapy for patients
with CF, it is important with any new therapeutic development that safety remains
paramount. There is now definite clinical evidence of benefit, yet the mechanisms
by which this occurs in CF is unknown. In addition, the dosing regimen is unknown.
Because of the very long half-life of azithromycin, it continues to accumulate with-
in body tissue and does not plateau. In the study by Orddnez et al., no subjects had
an increase in liver function tests during the 6 weeks of clarithromycin [111]. One
subject withdrew during the 3-week placebo treatment due to gastrointestinal com-
plaints. A few subjects suffered minor gastrointestinal symptoms during the treat-
ment period. In Wolter’s study of daily azithromycin for 3 months, 16 adverse
effects were seen in 15 patients causing three subjects to discontinue treatment [112]
— seven of these were in the placebo group. One subject withdrew because of an
urticarial reaction thought “likely” to be related to azithromycin. Neutropenia in
another subject in the treatment limb and “swelling” in a subject in the placebo limb
were considered “possibly” related to the study drug. Two further events (one in
each limb) of a drug rash were considered “possibly” to be related to the study drug.
In Equi’s study in children, there were no subjective reports of side effects [105].
Twelve of 190 subjects failed hearing tests in minor ways but were normal when
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tested 2 months later. One subject had a rise in aspartate transaminase and alanine
transaminase at the end of 6 months of azithromycin. After stopping the drug, the
enzyme levels halved. No adverse effects were seen on clotting.

In the American study, there were 85 (96%) adverse effects (21 serious) in the
azithromycin group, and 94 (96%) in the placebo group (32 serious) [98]. Most
serious side effects were related to CF exacerbations. More subjects in the
azithromycin group exhibited nausea, diarrhoea and wheezing (17% versus 4%)
despite improved lung function. It is unknown why this last symptom occurred; it
had not been reported in previous studies. It is possible that mobilisation of less vis-
cous mucus into the airway may have exacerbated wheeze, although mucus rheolo-
gy was not specifically studied. It is also possible that an increase in airflow caused
wheeze, as seen in seriously ill asthmatics that begin to wheeze following improve-
ment with therapy. As discussed above, macrolides reduce ET-1 expression and thus
may augment bronchodilatation which makes the reported wheezing even more
puzzling. No difference in haematology, liver function or hearing was seen between
the two groups.

Thus it is seen that both daily and three times per week azithromycin is both
effective and safe, at least in the medium term. It is unknown if treatment beyond 6
months is safe although in our practice, CF patients have been treated with
azithromycin for many years without side effects; similarly, safe, long-term treat-
ment is reported in HIV positive children treated for non-tuberculous mycobacteri-
al infection.

Future research directions

From the preceding discussion, it is clear that azithromycin is beneficial in at least
some individuals with CF. However many questions remain unanswered. In order to
refine treatment strategies, it is important to unravel which are the important under-
lying anti-inflammatory and potential antibacterial mechanisms in CE This might
allow the testing of “designer macrolides” with enhanced activity in those areas. In
addition, the emergence of resistant organisms directly linked to increase macrolide
use highlights the need for microbiological surveillance [115].

It is clear that there is great individual variability in the response to macrolides
in CF and future research should attempt to identify the factors that predict a good
response. Potential factors include age, genotype (particularly AF508), chronic
infection with P. aeruginosa, type of P. aeruginosa, presence of other common CF
pathogens e.g., Staphylococcus aureus, concomitant therapy e.g., dornase alpha.
Another important area, which deserves further work, is identification of the opti-
mal dosing regimen in order to minimise potential adverse reactions.

Until these questions are answered, we believe that azithromycin has the poten-
tial to improve clinical status in those patients not responding to conventional CF
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treatment. In these cases, we recommend instigating a 6-month trial of therapy. Our
personal practice is to commence with daily treatment for 6 months, and if there is
an objective improvement, consider a reduction to three times per week for pro-
longed periods.

An increased understanding both of why particular patients do and do not
respond and how macrolides work at the cellular and molecular level will ultimate-
ly assist in the development of specifically targeted, novel macrolides as therapy for
individual CF patients in the future.
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Introduction

Historically, macrolides were first used for chronic sinusitis as immunomodulatory
mediators in Japan. In Japan, 14-membered-ring macrolide antibiotics had been
routinely used for the treatment of diffuse panbronchiolitis (DPB) since Kudoh
reported that long-term, low-dose oral administration of erythromycin (EM) was
effective for the disease in 1987 [1]. DPB is a disease of unclear etiology, character-
ized by chronic inflammation in the respiratory bronchioles. DBP is not uncommon
in Japan, but is rare elsewhere. More than 75% of diffuse panbronchiolitis patients
have chronic sinusitis, and chronic sinusitis associated with diffuse panbronchiolitis
improves during macrolide treatment.

EM was originally recovered from a soil sample from the Philippine archipelago.
It is the metabolic product of a strain of Streptomyces erythreus, discovered by
McGuire and co-worker in 1952. Clarithromycin (CAM), roxithromycin (RXM)
and azithromycin (AZM) are new semi-synthetic derivatives of EM. Not only EM
but also other 14- and 15- membered-ring macrolides have been proven to be effec-
tive for diffuse panbronchiolitis. Macrolide is now widely used for chronic sinusitis
and otitis media in Japan. In this chapter, we will discuss clinical results of macrolide
for chronic sinusitis, nasal polyps, and otitis media with effusion.

Chronic sinusitis
Clinical efficacy of erythromycin

The first study on the usefulness of macrolide in treating chronic sinusitis not asso-
ciated with diffuse panbronchiolitis was published in 1991 by Kikuchi et al. [2].
Twenty-six adult patients with chronic sinusitis whose symptoms persisted in spite
of Caldwell-Luc operation and conservative therapy were treated with 400~600 mg
of EM per day for 7.9 months on average. Rhinorrhea was reduced in 60%, post-
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nasal drip 50%, nasal obstruction in 60%, hyposmia in 11.8% and sense of dull-
ness in the head in 100%. This therapy was effective even when EM-resistant bac-
teria such as Haemophilus influenzae were present. Thus, it was thought that the
effectiveness of erythromycin was due to mechanisms other than antibacterial activ-

1ty.

Efficacy of other new macrolides including clarithromycin (CAM),
roxithromycin (RXM) and azithromycin (AZM)

CAM is at least as effective as EM in the treatment of chronic sinusitis. Hashiba et
al. [3] investigated the clinical efficacy of long-term administration of CAM in
intractable cases of chronic sinusitis. Forty-five adult patients were treated with 400
mg/day for 8-12 weeks. Improvement of symptoms and rhinoscopic findings was
noted in 71.1% of the patients. For periods of up to 12 weeks, clinical efficacy
depended upon the duration of treatment. Administration for more than 12 weeks
might further improve clinical results. No significant side effects were noted during
the course of CAM treatment.

RXM 150 mg for 3 months is effective for chronic sinusitis. Kimura et al. [4]
studied the clinical efficacy of RXM administered at the daily dosage of one tablet
(150 mg) for 3 months in 30 patients with chronic sinusitis. Subjective and objec-
tive symptoms disappeared or decreased markedly, especially postnasal drip and
nature of discharge in 87% of the patients. All symptoms significantly decreased,
except for the sensation of foul odor. Symptoms improved even in those cases in
which Haemophilus influenzae was detected. Thus RXM also produces clinically
benefits through immunological or anti-inflammatory mechanisms.

The effects of different macrolides have been compared in a few studies. Kita et
al. [5] compared EM with RXM. In this study, 71 patients with chronic sinusitis
were treated with 600 mg EM or 150 mg RXM daily for 3 months. There were no
significant differences between the effectiveness of EM and that of RXM. Hashiba
et al. [6] compared EM with CAM. In this study, EM and CAM were randomly
assigned to patients. Adults were given a total of 600 mg of EM administered as
three doses daily, or 400 mg of CAM administered as two doses daily. Children were
given 10~15 mg/kg of EM as three doses daily or 200 mg of CAM as two doses
daily, when body weight exceeded 30 kg, and 100 mg of CAM as two doses when
body weight was less than 30 kg. Clinical efficacy was assessed by symptoms and
rhinoscopic findings after 12 weeks administration. 68% of adults treated with
CAM, and 38% of adults given EM, demonstrated improvement. In children, 77%
of CAM patients and 40% of EM patients demonstrated improvement. In both
adults and children, a significant difference between the two groups was shown.
They concluded that the clinical efficacy of CAM exceeded that of EM in the treat-
ment of chronic sinusitis.
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Table 1 - Recommended doses of macrolides for adults and children ([8])

erythromycin clarithromycin roxithromycin
Adults 400~600 mg 200~400 mg 200~400 mg
children 8~12 mg/kg 4~8 mg/kg

Felstead et al. [7] compared patients with upper respiratory tract infections treat-
ed with 1.5 g azithromycin in five or six doses over 5 days with patients treated with
10 g erythromycin in 40 doses over 10 days. The majority of the patients had sinusi-
tis. Clinical cure was recorded in 83% of azithromycin- and 79% of erythromycin-
treated patients.

Thus, new macrolides are as effective for chronic sinusitis as EM. Because of lack
of information, superiority of one macrolide over others is not clear at present. This
should be investigated in future studies.

Dose and length of administration

Recommended doses of macrolides [8] are summarized in Table 1. These doses were
given empirically, as erythromycin had been administered at a daily dose of
400-600 mg to diffuse panbronchiolitis patients [9].

Shinkawa et al. [10] examined when to stop long-term administration of RXM
in patients with chronic sinusitis. The clinical effect was observed in approximately
60% of the patients at 6 months and the clinical effect did not increase even if RXM
was administered for 13 months on average. From these results, they concluded that
the long-term administration of RXM should not be continued more than 6 months.
This contrasts with the cases of diffuse panbronchiolitis, in which macrolides are
given for years. Since chronic sinusitis is not a life-threatening disease as diffuse pan-
bronchiolitis, it is important to minimize the duration of administration in order to
prevent adverse effects.

Symptoms of chronic sinusitis recur after discontinuation of macrolides in some
patients. In such a case, macrolides should be restarted, which often gives favorable
results.

There is evidence to show that macrolide administration for much shorter peri-
ods is effective. For example, MacLeoad et al. reported that CAM 500 mg twice
daily for 14 days was effective for adult chronic sinusitis patients [11]. However, we
believe that longer administration will give more favorable results, because improve-
ment of symptoms is expected until 6 months after the start of administration [10].

When macrolides are effective, rhinorrhea decreases first among subjective
symptoms. Improvement in X-ray or CT findings usually takes longer. Thus it is not
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necessary to continue macrolide administration until abnormal opacification in
paranasal sinuses are completely resolved [7].

Indication

In Japan, macrolide treatment for chronic sinusitis spread rapidly without thorough
information on its indication. As a result, it was found that some patients respond-
ed to macrolides but others did not. Clinical investigation of usefulness of
macrolides revealed the limitation of the therapy. It was found that there was a poor
response to macrolides; in sinusitis patients associated with type I allergic reaction
in pathophysiology, where ostiomeatal complexes are completely occluded, large
nasal polyps, and with acute exacerbation during long-term macrolide therapy [8].

There is evidence to show that macrolide is not effective for sinusitis where aller-
gic reactions play a role. Suzuki et al. suggests that macrolide therapy is indicated
for patients without atopy or smear/tissue/peripheral blood eosinophilia [12]. They
studied the immunological and histopathological factors that affect the prognosis of
chronic rhinosinusitis under long-term, low-dose macrolide therapy. Patients with
normal levels of serum IgE showed a significantly higher symptomatic improvement
rate than those with high levels of serum IgE. The symptomatic improvement rate
was inversely correlated with the eosinophil counts in the peripheral blood, in the
nasal smear and in the sinus mucosa. These results suggest that macrolide therapy
is indicated for patients without atopy or smear/tissue/peripheral blood eosinophil-
ia. Meanwhile, the CT score failed to correlate with the symptomatic improvement
rate. Thus, the severity of the disease is unlikely to be a prognostic factor of chron-
ic rhinosinusitis under long-term low-dose macrolide therapy [12].

Patients with severe ostiomeatal complexes occlusion or with large nasal polyps
do not respond to macrolide therapy. Hirano et al. [13] administered two types of
newly developed 14-membered macrolides to 31 patients with chronic sinusitis for
2 to 3 months and the clinical efficacy was compared with effects of macrolides on
the potency of ostiomeatal unit revealed by CT scan and the size of nasal polyps.
Non-responders to macrolide treatment tended to show a complete obstruction of
the ostiomeatal complexes. The presence of large nasal polyps in the middle nasal
meatus seems to be a critical factor of resistance to the macrolides.

Pediatric patients with chronic sinusitis respond to macrolides as well as adults
patients. Since symptoms of pediatric sinusitis patients tend to fluctuate, their symp-
toms and their infection aggravate when they catch a cold. Macrolides should be
temporarily discontinued and cephalosporin antibiotics should be started.

In chronic sinusitis, diseases with different etiologies are included and the patho-
physiological processes may differ among different countries and different time peri-
ods. In developing countries, for example, they have more infectious sinusitis cases
than developed nations. Previously, all sinusitis was thought to be infectious. It is
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now clear, however, that the majority of patients with chronic sinusitis do not have
an infectious disorder, and this has led to the need for more appropriate terminolo-
gy to describe the myriad of conditions that make up chronic sinusitis. There are
four major pathophysiological processes that have been described as causing chron-
ic sinusitis [14]. These include chronic infectious sinusitis, chronic inflammatory
sinusitis, hyperplastic eosinophilic sinusitis, and allergic fungal sinusitis [14]. Most
of the clinical investigations in Japan were conducted in patients with chronic
inflammatory sinusitis. The effectiveness of macrolide needs to be determined in
each of the four types of chronic sinusitis under stricter classification.

Postoperative use

The macrolide can be used postoperatively. Moriyama et al. evaluated the effect of
EM therapy after endoscopic sinus surgery for chronic sinusitis [15]. The subjects
analyzed in their retrospective study are cases who had previously undergone
surgery for chronic pan-sinusitis. They are classified into two groups: one group
received a postoperative long-term, low-dose EM regimen and the other had not
received this treatment. Greater improvement of symptoms is achieved in the EM
group than in the non-EM group.

Another report suggests the use of macrolides when sinus surgery was not effec-
tive. Cervin et al. [16] tested the efficacy of long-term, low-dose EM therapy in 17
patients with chronic sinusitis persistent after sinus surgery. All patients were treat-
ed with EM 250 mg twice daily or CAM 250 mg once daily and were assessed after
3 months. Responders were reassessed after 12 months of treatment. As a result, 12
out of 17 patients responded to treatment. However, placebo-controlled studies are
needed to validate the potential of this treatment.

Possible mechanisms

It is generally agreed that macrolides exert their effects for chronic sinusitis not by
antibacterial mechanism but by anti-inflammatory mechanism. Suppression of neu-
trophil recruitment and mucus secretion may be two major mechanisms by which
macrolide antibiotics exert their effect on chronic sinusitis. Suzuki et al. assessed
neutrophil numbers in the nasal smear and IL-8 level in the nasal discharge before
and after long-term low-dose RXM administration in patients with chronic sinusi-
tis. Neutrophils and the IL-8 level in the nasal discharge were decreased after the
treatment. These findings suggest that long-term low-dose RXM administration
inhibits the positive feedback mechanism of neutrophil recruitment and IL-8 pro-
duction by the recruited neutrophils, which is considered to be an essential cause of
the prolongation of sinusitis [17].
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Fujita et al. [18] examined the effects of macrolides on interleukin-8 secretion
from human nasal epithelial cells. They examined the in vivo effects of EM and
CAM. Fifteen patients with chronic sinusitis received macrolide treatment (CAM
400 mg/day) for 1 to 3 months. The number of neutrophils and IL-8 concentrations
in the nasal discharges of these patients decreased significantly at 1-2 months after
the treatment. In vitro effects of EM and CAM on IL-8 secretion were examined in
nasal epithelial cells cultured at the air-liquid interface. These results suggest that
macrolide treatment inhibits neutrophil infiltration and IL-8 secretion in nasal
epithelium in vivo.

Shimizu et al. [19] examined the in vivo effects of macrolide antibiotics on mucus
hypersecretion. They induced hypertrophic and metaplastic changes of goblet cells
in rat nasal epithelium by intranasal instillation of ovalbumin (OVA) in OVA-sensi-
tized rats and by intranasal LPS instillation. Oral administration of CAM signifi-
cantly inhibited OVA- and LPS-induced mucus production and neutrophil infiltra-
tion, whereas josamycin and ampicillin showed no effect. Kim et al. [20] examined
the in vitro effect of roxithromycin on MUC2 gene expression in cultured epithelial
cells. Roxithromycin suppressed MUC2 gene transcriptional activity in a dose-
dependent manner in HM3-MUCQC2 cells. Roxithromycin also decreased MUC2 gene
transcriptional activity induced by PMA in a dose-dependent manner. NF-xB acti-
vation, but not AP-1 activation, was significantly suppressed by roxithromycin in
HM3-MUC2 cells. Thus, roxithromycin suppresses MUC2 gene expression in
epithelial cells and this suppression is probably via inhibition of NF-kB activation.

The effects of macrolides on rheological properties of nasal mucus are examined
by Rhee et al. [21]. To determine the effects of oral administration of clarithromycin
(CAM) on rheological properties, they measured the spinability, dynamic viscoelas-
ticity, and solid composition of human nasal mucus from patients with chronic
sinusitis before and after administration of CAM for 4 weeks. After administration
of CAM, the spinability and percentage solid composition of nasal mucus increased
respectively, whereas the ratio of the viscosity to the elasticity of nasal mucus after
the administration of CAM decreased in all of the mucus samples. These results sug-
gest that treatment with CAM may modulate the rheological properties of nasal
mucus in patients with chronic sinusitis.

Biofilm formed by bacteria has recently been shown to be involved in making
infectious diseases intractable. There are two reports from one Institute concerning
the inhibitory activity of macrolides [22, 23]. Kondoh et al. [22] observed that
biofilms on a Teflon sheet with CAM decreased markedly in a dose-dependent man-
ner as compared with a control Teflon sheet without CAM. Ozeki et al. [23] indi-
rectly measured and evaluated the inhibitory effect of RXM on biofilm formation
on the inside of a plastic test tube by determining the number of living bacteria in
the biofilm. As a result, RXM was found to inhibit biofilm formation even though
it does not have antimicrobial activity against Pseudomonas aeruginosa. They con-
cluded that there is a possibility that macrolides are effective against infectious oto-
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laryngological diseases when biofilm formation is likely to be pathologically
involved, even if the detected bacteria are not sensitive to the drug.

Nasal polyps
Clinical efficacy of macrolides for nasal polyps

Nasal polyposis is a chronic inflammatory disease of the nasal mucosa with inflam-
matory cell infiltration and structural modifications of the epithelium (secretory
hyperplasia and squamous metaplasia) and lamina propria (basement membrane
thickening, extracellular matrix accumulation and fibrosis).

As mentioned before, patients with large nasal polyps respond less well to
macrolide treatment. However, there is evidence to show that macrolides are effec-
tive for reducing the size of nasal polyps. Ichimura et al. reported that rox-
ithromycin was effective in reducing nasal polyp size [24]. In order to assess the effi-
cacy of this treatment for nasal polyps, they administered RXM (1 tablet: 150 mg a
day) for at least 8 weeks to 20 patients with nasal polyps associated with chronic
sinusitis. It was effective in controlling nasal polyps with the overall incidence of
improvement being 52%. The incidence of improvement increased with time after
the start of medication in both groups. Smaller polyps were more likely to decrease
in size, but some larger polyps also markedly decreased in size. Associated allergic
conditions and the extent of eosinophilic infiltration had no relation to the treat-
ment result. They speculate that the mechanism of effectiveness of RXM is through
its suppressive potency in cytokine production from inflammatory cells. Yamada et
al. also reported that macrolide treatment decreased the size of nasal polyps [25].

Possible mechanisms

According to Yamada T et al. [25], the reduction in IL-8 may be an important aspect
of the effect of macrolide treatment on nasal polyps in chronic rhinosinusitis. They
administered CAM for 8 to 12 weeks (400 mg/day) to patients with nasal polyps
due to chronic rhinosinusitis and measured the IL-8 level in nasal lavage from them.
The IL-8 levels in nasal lavage from patients with nasal polyps were reduced during
macrolide treatment. There was significant correlation between decreased IL-8 lev-
els in nasal lavage and the clinical effect of macrolides on the size of the nasal
polyps. In the group whose polyps were reduced in size, the IL-8 levels dramatical-
ly decreased, and were significantly higher before macrolide treatment than those in
the group whose polyps showed no change.

Another possible mechanism by which macrolide exerts its effect on nasal polyps
may be by fibroblasts in nasal polyps. Nonaka et al. [26] reported that rox-
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ithromycin inhibits the growth of nasal polyp fibroblast. Fibroblasts are resident
cells thought to play an important role in the development of fibrosis in the nasal
polyps. Nasal polyp fibroblast lines were generated from untreated patients, and
those who were treated with RXM (300 mg/day) for 1 month before biopsy. Nasal
polyp fibroblast lines that were treated with RXM exhibited a lower proliferating
rate in vitro as compared to those that were not treated with RXM. Treatment of
nasal polyp fibroblast lines with RXM suppressed the proliferation of fibroblasts in
a dose-dependent manner. They demonstrated that RXM directly suppressed nasal
polyp fibroblast proliferation, and that this effect of RXM on fibroblast growth was
persistent, indicating that RXM may prevent the progression of nasal polyposis by
inhibiting the development of fibrosis.

Otitis media with effusion
Clinical efficacy of macrolides

Incidence of otitis media with effusion is high (54%) in the adult patients with sino-
bronchial syndrome defined as having both sinusitis and lower respiratory tract dis-
eases [27]. Sixteen patients with both sinobronchial syndrome and otitis media with
effusion were given low-dose and long-term EM therapy (erythromycin base, 600
mg/d for more than 4 months); of these, 13 became effusion-free and most subjects
showed improvement in the symptoms of sinobronchial syndrome. EM therapy thus
seems to be effective for the treatment of sinobronchial syndrome and associated
otitis media with effusion.

lino then administered EM to children with chronic otitis media with effusion
[28]. In their study, 25 children with chronic otitis media with effusion received low-
dose and long-term EM treatment, and middle ear effusion was resolved in 18 out
of the 25 patients. However, there is no control group in the study. lino also [29]
used CAM to 95 pediatric patients with otitis media with effusion and analyzed fac-
tors influencing the resolution of the effusions. As a result, associations with sinusi-
tis, absence of adenoid hypertrophy, and age of three and over, were the factors for
the effectiveness of CAM. On the other hand, gender, association with allergic dis-
eases, or bilaterality did not influence the efficacy of CAM therapy. Therefore,
macrolide antibiotics are recommended for older pediatric patients with otitis media
with effusion who are associated with chronic sinusitis.

Mechanisms of action

Enomoto et al. [30] examined the effect of EM on leukocyte accumulation and
expression of adhesion molecules L-selectin and Mac-1, using a rat experimental
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model. Administration of EM inhibited leukocyte (neutrophil) accumulation in the
middle ear cavity after LPS stimulation. Moreover, EM downregulated L-selectin
expression and inhibited interleukin (IL)-8-induced upregulation of Mac-1 on
peripheral blood neutrophils. These findings suggest that EM may improve otitis
media with effusion by inhibiting neutrophil accumulation in the middle ear cavity
through modulating the expression of adhesion molecules L-selectin and Mac-1 on
peripheral blood neutrophils.

Conclusion

We are given the strong impression that patients’ symptoms and rhinoscopic find-
ings improve with macrolide therapy. However, these assessments were not per-
formed blinded, so an investigator bias cannot be ruled out. Therefore, well
designed control studies are desirable to prove the clinical efficacy of macrolides for
these upper airway diseases.
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Introduction

Macrolides are a widely used class of antimicrobials that feature one or more deoxy-
or amino-sugars bound to a 14-, 15-, or 16-membered macrocyclic lactone ring.
Although their anti-inflammatory properties have been recognized since the 1950s,
these characteristics did not create a great deal of interest until macrolide therapy
was documented to reduce symptoms and improve survival in patients with diffuse
panbronchiolitis (DBP) [1]. Reports of clinical success in this disease, characterized
by progressive airflow limitation and recurrent respiratory tract infections, suggest-
ed potential benefits of their long-term application in a variety of chronic inflam-
matory pulmonary diseases, such as asthma.

Asthma affects approximately 5% of the population, and is associated with
increased risks of long-term morbidity and mortality [2]. Persistent airway inflam-
mation, a central feature of asthma, results in airway hyperresponsiveness and
repeated episodes of airway obstruction. It is commonly accepted that inflammato-
ry cell infiltration with secretion of proinflammatory cytokines plays a key role in
the pathogenesis of asthma. Given the role of airway inflammation, the prompt ini-
tiation of an anti-inflammatory agent is considered the mainstay of therapy [2]. A
growing body of experimental and clinical evidence clearly indicates that the 14-
and 15-membered ring macrolide antibiotics possess distinct immunomodulatory
properties capable of attenuating inflammation of the respiratory tract.

The macrolides have the unique ability to accumulate in high concentrations
intracellularly, most likely accounting in some part for many of their immunodula-
tory effects. Although the unified mechanism by which the macrolides exert their
anti-inflammatory or immunomodulatory effect remain elusive, numerous studies
have documented many of the cellular processes modulated by this class of agents.
Macrolides have been shown to inhibit the production of proinflammatory
cytokines, the activation of nuclear transcription factors, neutrophil oxidative burst,
endothelin-1 release, intracellular adhesion molecules (ICAM)-1 expression, mucus
hypersecretion, neutrophil migration, and eosinophilic inflammation [3]. These
diverse immunomodulatory and/or anti-inflammatory properties of the macrolides
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hold promise as being beneficial in the treatment of asthma. Over the last decade a
growing body of evidence suggests that the macrolides reduce airway hyperrespon-
siveness and improve pulmonary function in patients with asthma [4]. The purpose
of this Chapter is to present the available in vitro and in vivo evidence of the
immunomodulatory/anti-inflammatory properties of macrolides and examine their
potential usefulness in the treatment of asthma.

In vitro studies
Downregulation of proinflammatory cytokine production

Cytokines are involved in the coordination of the inflammatory process as either
proinflammatory such as tumor necrosis factor (TNF)-a, interleukin (IL)-6, IL-8,
IL-12, and interferon (IFN)-y or anti-inflammatory such as IL-10, IL-12 and IL-18.
Macrolides have been shown to impede the production of proinflammatory
cytokines. Erythromycin has been reported to reduce the Haemophilus influenzae
endotoxin-induced IL-6 and IL-8 expression from cultured human bronchial epithe-
lial cells [5]. Similarly, Northern Blot analysis indicated that erythromycin A exhib-
ited a dose-dependent decrease in IL-6 mRNA expression in BEAS-2B human
bronchial epithelial cells [6]. Roxithromycin has also been shown to suppress the IL-
1p-induced IL-6 and IL-8 and granulocyte-macrophage colony stimulating factor
(GM-CSF) production in Beta-1A human bronchial epithelial cells [7].

The ability of macrolides to affect the production of a wide variety of cytokines
was also evaluated in whole blood or in peripheral blood leucocytes ex vivo. Ery-
thromycin produced a dose-dependent decrease in heat killed Streptococcus pneu-
moniae (HKSP)-induced production of TNF-a and IL-6 in human whole blood in
vitro and in whole blood obtained from healthy subjects after a 30 min infusion of
erythromycin 1 g [8]. At the higher concentrations of erythromycin, the release of
IL-1, IL-12, and IFN-y was also affected. Using leucocytes isolated from patients
with asthma, Konno et al. demonstrated that roxithromycin suppressed the mito-
gen-activated secretion of T cell cytokine IL-2, IL-3, IL-4 and monocyte cytokine
TNF-a in a dose-dependent manner [9]. Although the molecular interactions
involved in the inflammatory cascade are complex, reduction in the levels of proin-
flammatory cytokines by macrolides provides some insight into their anti-inflam-
matory activities.

Inhibition of activation of transcriptional factors

The stimulation of cells with various cytokines initiates the inflammatory process
by activating transcription factors. Once bound to the promoter region of genes,
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these factors act on genes that encode inflammatory cytokines, chemokines, adhe-
sion molecules, and other proteins that induce and amplify inflammation.
Although there are numerous transcription factors, only nuclear factor-xB (NF-
kB) and activator protein-1 (AP-1) have been evaluated in relation to macrolides
[10-14].

NF-kB is essential for the transcription of genes that encode a number of
proinflammatory molecules including TNF-a, ICAM-1, inducible nitric oxide
synthase (iNOS), IL-6, and IL-8. Erythromycin has been shown to downregulate
IL-8 cytokine gene expression in Jurkat T cells by inhibiting NF-kB activation
through interference with non-calcineurin-dependent signaling pathways [10].
Similar observations were found when nuclear and cytoplasmic extracts were
analyzed from a human monocytic leukemia cell line (U-937), Junkat cells (a T-
cell line), a pulmonary epithelial cell line (A549), and peripheral blood mononu-
clear cells [11]. The pretreatment of U937, A549, and Jurkat cells with clar-
ithromycin was shown to suppress production of proinflammatory cytokines via
inhibition of TNF-a-induced NF-xB activation in a concentration-dependent
manner. Although the exact mechanism of this has not yet been determined, it has
been theorized that since the macrolides readily diffuse into intracellular fluids
they may inhibit NF-kB activation by interfering with the generation of reactive
oxygen intermediates.

In addition to NF-xB, macrolides also inhibit activation of AP-1. Clar-
ithromycin has been shown to repress TNF-a-induced IL-8 gene transcription by
inhibiting AP-1 binding to the IL-8 gene promoter in human bronchial epithelial
cells [12]. Erythromycin suppressed the phorbol myristate acetate (PMA)-induced
activation of both NF-kB and AP-1 in human bronchial epithelial cells [13]. Sim-
ilar findings were also noted in monocytes and THP-1 cells when clarithromycin
modified lipopolysaccharide (LPS)-induced binding of both AP-1 and NF-kB and
reduced IL-8 production [14]. These results suggest that both AP-1 and NF-«xB
are key factors for IL-8 gene transcription and macrolides can displace the bind-
ing of these transcriptional factors, reducing the expression of inflammatory
cytokines.

Attenuation of neutrophil accumulation

Recent evidence indicates that the neutrophil is a source of various proinflammato-
ry cytokines and chemokines. Several studies have demonstrated that IL-8 plays a
pivotal role as a potent neutrophil chemotactic and activating factor [15-17]. Once
migrated within the respiratory tract, neutrophils secrete IL-8 which stimulates neu-
trophilic airway inflammation. The stimulation of human bronchial epithelial cells
with LPS, TFN-8, IL-1B, and TNF-a upregulates neutrophil adhesion to the epithe-
lial cells following interaction with ICAM-1 [3, 7]. The macrolides have consistent-
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ly been shown to inhibit neutrophil accumulation in pulmonary alveoli by inhibit-
ing the expression of ICAM-1 and the release of neutrophil chemoattractant
chemokines such as IL-8.

As previously mentioned, macrolides reduce IL-8 production by bronchial
epithelial cells thus inhibiting neutrophil chemotaxis [5, 18]. In addition, rox-
ithromycin has been shown to inhibit the expression of ICAM-1 and neutrophil
adhesion to cultured epithelial cells in a concentration-dependent fashion [7]. These
findings suggest that roxithromycin indirectly modulated the recruitment of neu-
trophils to inflamed sites by suppressing the expression of ICAM-1. Clarithromycin
also significantly reduced LPS-induced expression of ICAM-1 expression in a con-
centration-dependent manner when added to cultured rat tracheal epithelial cells
3.

The inhibitory effect of macrolides on LPS-induced neutrophil infiltration was
confirmed in guinea pig airways [19]. Pretreatment with oral clarithromycin (10
mg/kg) inhibited the LPS-induced neutrophil recruitment at 3, 6, and 9 h after LPS
inhalation. Erythromycin also significantly suppressed acute neutrophil influx into
the lung and the expression of ICAM-1 in an established murine model of experi-
mental extrinsic allergic alveolitis [20].

Reduction in nitric oxide-induced lung injury

Inappropriately generated or overproduced nitric oxide (NO) by the inducible
form of NO synthase (iNOS) may cause lung inflammation and injury [21].
This may occur as a result of viral or bacterial infections which induce antigen-
antibody immune complexes [22]. The deposition of immune complexes stimu-
lates alveolar macrophages or neutrophils to release IL-1f and TNF-a. The
release of these cytokines, in turn, leads to an inflammatory response, resulting
in lung injury. The effect of macrolides on NO-induced lung injury may be
mediated by inhibition of the production of these cytokines that upregulate
iINOS activity.

Erythromycin has been noted to significantly inhibit the release of IL-1f and
TNF-a [23]. Furthermore, treatment of rat pulmonary alveolar macrophages with
erythromycin, clarithromycin, roxithromycin, and josamycin decreased the
immune-complex-induced production of NO and iNOS mRNA. However, these
macrolides had no effect on IL-1p and TNF-a-induced NO release. These findings
indicate that macrolides inhibit immune complex-induced IL-1p and TNF-a release
and subsequent iNOS gene expression and NO release. These results were con-
firmed in a rat model of immune complex-induced lung injury [23]. Erythromycin
dosed at 50 mg/kg significantly reduced the immune-complex-induced increase in
exhaled NO concentration and reduced neutrophil accumulation within the alveo-
lar spaces.
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Impaired neutrophil oxidant burst

Reactive oxidant production by polymorphonuclear neutrophils (PMN) is known to
damage tissue and cause bronchial hyperresponsiveness. The reported effect of
macrolides on superoxide production in studies is confusing. When compared to
erythromycin, spiramycin, oleandomycin, and josamycin, roxithromycin strongly
decreased the PMN oxidative burst [24, 25]. However, another study found that
both erythromycin and roxithromycin selectively inhibited superoxide generation by
activated neutrophils [26]. Clarithromycin has also demonstrated dose-dependent
inhibition of superoxide production by activated neutrophils and was also docu-
mented to have a membrane-stabilizing effect [27]. These data seem to indicate that
the macrolides may stabilize the epithelial cell membrane by inhibiting PMN oxida-
tive burst and may be a factor in reducing bronchial hyperresponsiveness.

Reduced production of endothelin-1

Endothelin-1 is a potent vasoconstrictor and has bronchoconstrictor effects. It has
been reported to stimulate mucus secretion and to cause mucosal edema, thereby
contributing to airway inflammation as a result of the increased presence of
eosinophils and neutrophils in respiratory tract tissues. Bronchial smooth muscle
cells have been shown to possess specific binding sites for endothelin-1. Interesting-
ly, asthmatics are thought to release large amounts of biologically active endothelin-
1. Similar to corticosteroids, both erythromycin and clarithromycin have been
shown to suppress endothelin-1 release and expression by human bronchial epithe-
lial cells [28]. These effects on endothelin-1 are likely to be one of the more impor-
tant mechanisms by which bronchoconstriction and pulmonary inflammation is
reduced with treatment of macrolide in asthmatic patients.

Modification of the rheologic properties of mucus

It has been established that the rheologic properties of mucus greatly impacts
mucociliary clearance and consequently airway inflammation. Mucins are macro-
molecular glycoproteins that impart viscoelastic properties to mucus and are medi-
ated by mucin genes, MUC4, MUCS5AC, and MUCSB. In a human bronchial epithe-
lial cell model the addition of erythromycin or clarithromycin has been noted to
inhibit LPS-induced MUCSAC gene expression and modulate transforming growth
factor (TGF)-a-induced and LPS-induced phosphorylation of inhibitor of NF-«xB (I-
kBa). These data indicate that the macrolides may not only decrease mucin pro-
duction but may also alter the properties of mucus, potentially improving its clear-
ance from airways in patients with inflammation of the respiratory tract.
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Animal studies
Inhibition of inflammatory response

The macrolides have been documented to have potent anti-inflammatory effects in
various animal models. In rat a carrageenan pleurisy model of acute inflammation,
roxithromycin, azithromycin, or clarithromycin all were documented to reduce
edema formation [29]. In this model of acute inflammation, roxithromycin
appeared to be more effective in reducing edema formation than either azithromycin
or clarithromycin [29]. In another study roxithromycin was noted to produce a
marked effect on edema formation in carrageenan and poly-L-arginine hind paw
edema models as well as a croton oil inflamed ear model [30]. These studies seem
to indicate that in various animal models roxithromycin has the most potent anti-
inflammatory activity of the macrolides, followed by azithromycin and clar-
ithromycin, and with erythromycin being least effective.

Decreased mucus secretion

Treatment with macrolides has been documented to reduce mucus hypersecretion in
various animal models. This effect is likely not a result of a direct effect upon
mucus-producing goblet cells, but rather may be associated with their anti-inflam-
matory activities. A daily dose of clarithromycin or erythromycin for 1 week prior
to exposure with nebulized LPS in pathogen-free guinea pigs resulted in a dose-
dependent decrease in LPS-induced goblet cell mucus secretion [19]. Similar to these
results, pretreatment with single daily doses of roxithromycin or erythromycin for
1 week prior to IL-8 inhalation, in a rodent model, inhibited goblet cell mucus secre-
tion [23]. In this study the increase in the numbers of neutrophils in the tracheal
mucosa was noted to coincide with increased mucus discharge. These data suggest
that the macrolides may be mediating airway goblet cell mucus secretion by the inhi-
bition of cytokines.

Human data/clinical experience

Unrelated to their known antibacterial properties, the 14- and 15-membered
macrolide antibiotics possess anti-inflammatory activity that may contribute to the
clinical benefits noted in patients with airway inflammation. As early as the 1950s,
the macrolide antibiotics (troleandomycin and erythromycin) had been studied and
documented to be of value in corticosteroid dependent asthmatics [31]. Since then,
reductions in steroid use in steroid-dependent asthmatic patients (of greater than
50%) [32-36], hospital admissions [35, 37, 38], airway hyperresponsiveness [34],
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less evidence of adrenal suppression [37] as well as improved spirometry test results
(e.g., FEV; and FVC) [32, 33, 38] and asthma control [37, 38] have been docu-
mented in various trials using the older as well as the newer macrolide antibiotics.

Spector et al. studied 74 corticosteroid-dependent patients (treated with methyl-
prednisolone) with severe asthma and chronic bronchitis in a double-blind crossover
trial comparing troleandomycin to placebo [39]. Sixty-six percent of those patients
studied showed a considerable improvement in pulmonary function measurements,
sputum production, in the need for bronchodilators, as well as subjective evalua-
tions. Much of this effect was ascribed to the troleandomycin induced inhibition of
theophylline and methylprednisolone metabolism by the hepatic cytochrome P-450
complex in these patients [40]. However, various open label studies with trolean-
domycin in methylprednisolone-dependent asthmatics (children and adults) have
demonstrated a greater reduction in corticosteroid doses than would be predicted by
hepatic inhibition of corticosteroid metabolism alone. Rosenberg et al. reported that
in methylprednisolone-dependent asthmatics treatment with troleandomycin result-
ed in a reduction in corticosteroid doses greater than would have been predicted by
inhibition of methylprednisolone metabolism by the liver [41]. Spahn et al. have also
suggested that the beneficial effects of the macrolides are not only a result of the
inhibition of the clearance of methylprednisolone but also a result of their anti-
inflammatory properties [42].

Miyatake et al. [43] evaluated 23 asthmatic patients not receiving steroid thera-
py who were treated with a 10 week course of low dose erythromycin (200 mg three
times daily). These investigators documented a significant decrease in bronchial
hyperresponsiveness to histamine challenge in these patients (as measured by PC20
- 20% fall in FEVy). Similar results have been observed with clarithromycin and
roxithromycin [44, 45]. In a randomized, double-blind, placebo-controlled,
crossover study, Amayasu and co-workers [44] measured bronchoconstriction after
a methacholine challenge in 17 adult patients with mild-to-moderate bronchial asth-
ma who received placebo or clarithromycin, 200 mg twice daily for 8 weeks. The
investigators reported a statistically significant reduction in the clarithromycin treat-
ed patients versus placebo in blood and sputum eosinophil counts, and sputum
eosinophilic cationic protein, as well as in the suppression of bronchial hyperre-
sponsiveness after 8 weeks of treatment. These investigators also reported that over-
all the symptom score significantly decreased after clarithromycin treatment in the
clarithromycin treated patients. Ekici et al. evaluated 11 patients with mild asthma
who received 250 mg azithromycin orally, twice weekly for 8 weeks. They noted a
significant increase in the PC20 of methacholine challenged patients whereas the
FEV, and FVC were unaffected [46].

Gotfried et al. conducted a double-blind, randomized, placebo-controlled, pilot
study [47] to evaluate the efficacy of therapy with clarithromycin, 500 mg twice
daily for 6 weeks, in 21 patients with corticosteroid-dependent asthma (i.e., patients
had been receiving = 5 mg prednisone for = 6 months prior to study enrollment).
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After 6 weeks of clarithromycin therapy patients were able to tolerate a significant
reduction in mean (SD) prednisone dosage from baseline (30% [18%]; P=0.02).
Pulmonary function, QOL and asthmatic symptoms did not significantly worsen
despite the reduction in prednisone dosage for these patients. Diary reported symp-
toms such as chest discomfort and cough improved significantly during and after
clarithromycin therapy and prednisone taper, respectively (P=0.031 and 0.02,
respectively). In a subsequent case series reported by these same authors, of three
patients administered clarithromycin for one year, two elderly patients were able to
discontinue prednisone therapy altogether [48].

Anti-inflammatory bronchial effects have also been reported with roxithromycin
use. In a double-blind, placebo-controlled, crossover study [49] of 14 patients with
asthma (aspirin-intolerant), a statistically significant decrease in patients’ symptoms,
serum eosinophil counts, sputum eosinophil levels, and serum and sputum
eosinophilic cationic protein levels was noted after 8 weeks of therapy with 150 mg
of roxithromycin given twice daily. Kamoi and collaborators [50] evaluated the
impact of roxithromycin on neutrophil activation and bronchial hyperreactivity in
10 asthmatic patients who had been treated with 150 mg daily for 3 months, com-
pared to 10 healthy control subjects. They reported a significant reduction (p <0.01)
in bronchial hyperreactivity and synthesis of free radicals (i.e., superoxide anion).
Most patients required at least 2 months of macrolide therapy before a demonstra-
ble clinical improvement was noted. Shimizu et al. [45] documented a significant
reduction in airway hyperresponsiveness to a histamine challenge in 12 children
hospitalized with asthma after 4 weeks (p <0.05) and 8 weeks (p <0.01) of therapy
with roxithromycin, 150 mg daily. Shimizu et al. also reported that roxithromycin
was noted to attenuate acid induced cough and water induced bronchoconstriction
in children with asthma [51].

The efficacy of macrolide therapy in patients with asthma may not be based
exclusively on their anti-inflammatory effects. Atypical intracellular pathogens
(Chlamydia pneumoniae and Mycoplasma pneumoniae) may play a role in the
pathogenesis of reactive airway diseases [52-55], and macrolides possess antimi-
crobial activity against these pathogens [56—60]. In one study [61], M. pneumoniae
or C. pneumoniae was present in the airways (detected by polymerase chain reac-
tion [PCR]) in more than half of stable patients with chronic asthma. Thus, it is dif-
ficult to distinguish between the anti-inflammatory and antimicrobial effects of
macrolides compared with the beneficial responses in some patients with asthma.

There has been some discussion that perhaps macrolide therapy improves lung
function in asthmatic patients by the eradication of some occult infection. A grow-
ing body of data suggests infection with C. pneumoniae may in some way be respon-
sible for the pathogenesis of asthma [62-67]. Hahn and Golubjatnikov [65] treated
46 asthmatic patients with either azithromycin, 1 g once weekly, erythromycin, 1 g
daily, or doxycycline (Vibramycin; Pfizer Pharmaceuticals; New York, NY), 100 mg
twice daily for a median of 4 weeks. After treatment the mean FEV, (67.8% of pre-
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dicted at baseline) increased by 12.5% (p=0.003). Kraft et al. [66] conducted a
double-blind study in which 52 patients with chronic stable asthma were random-
ized to therapy with either clarithromycin, 500 mg, or placebo twice daily for 6
weeks. Clarithromycin therapy was documented to significantly increase mean
(= SD) FEV; measurements in those asthmatic patients who were PCR-positive for
Chlamydia or Mycoplasma (baseline, 2.50 = 0.16 L; post treatment, 2.69 = 0.19 L;
p = 0.05). In contrast, no improvement was noted in FEV; in those patients who
were PCR-negative (baseline, 2.59 = 0.24 L; post treatment, 2.54 = 0.18 L; p =
0.85).

Black and colleagues [67] studied the effects of roxithromycin in patients with
asthma who were antibody positive for C. pneumoniae. They randomized 232 asth-
matic patients to roxithromycin, 150 mg, or placebo twice daily. After 6 weeks of
therapy, patients treated with roxithromycin were documented to have a signifi-
cantly increased nighttime peak expiratory flow (increase from baseline: rox-
ithromycin, 15 L/min; placebo, 3 L/min; p = 0.02), but no significant change in the
daytime peak expiratory flow (increase from baseline: roxithromycin, 14 L/min;
placebo, 8 L/min). These benefits disappeared within 3 months of stopping the med-
ication. Even though there was a trend towards improvement in the symptom score
this was not considered significant. In their discussion the authors speculated that
macrolide therapy might possibly have briefly mitigated the effects of C. pneumo-
nige infection on the patient’s airways, with infection and its sequelae persisting
after the discontinuation of macrolide treatment.

Conclusion

Macrolides, in addition to their antimicrobial properties, possess biological
response-modifying mechanisms which are beneficial in asthma. Data published
over the last few decades clearly indicates that therapy with the 14- and 15-mem-
bered ring macrolides improves the signs and symptoms of asthma, most likely as a
result of their anti-inflammatory properties. Significantly, long-term administration
of these antimicrobials has not been linked with the emergence of any clinically sig-
nificant microbial resistance.

Overall, these effects of the macrolides seem to be associated with the downregu-
lation of the nonspecific host inflammatory response to injury to tissues within the
respiratory tract. Although precise mechanisms by which these effects occur remains
to be identified, it may be likely that these agents act in at numerous points along the
inflammatory cascade. In summary, the immunomodulatory/anti-inflammatory
effects of the macrolides may improve both the symptoms and function in inflamma-
tory respiratory diseases such as asthma. However, further large-scale studies are nec-
essary to evaluate if macrolide antibiotics are beneficial and safe in asthmatic patients
in both short- and long-term treatment and ultimately, improving quality of life.
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Roles of macrolides in treatment of lung injury
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Introduction

Macrolides, particularly 14-membered macrolides such as erythromycin, exhibit
anti-inflammatory effects in treatment of chronic airway infectious diseases, and are
known to improve the survival of patients with diffuse panbronchiolitis in Japan [1].
Neutrophils are key cells in chronic airway inflammation, a condition improved by
long-term, low-dose treatment with erythromycin. Erythromycin improves the
inflammation associated with neutrophils themselves and the injurious substances
derived from them. On the other hand, lung injury is often found in association with
neutrophil inflammation, and can be expected to decrease upon treatment with
macrolides. This chapter will describe iz vitro and in vivo findings demonstrating
the potential of erythromycin and its derivatives in the treatment of neutrophil-
induced lung injury.

Enhanced apoptosis of neutrophils

Chronic inflammation associated with neutrophils in the airway involves a vicious
circle of inflammation. Regulation of prolonged inflammation due to neutrophils is
a target of strategies for anti-inflammatory therapy. The survival time of neutrophils
is regulated by several cytokines associated with apoptosis of these cells. Azythro-
mycin (AZM) is a 15-membered ring macrolide, and has been reported to promote
apoptosis of neutrophils (10.27% = 1.4%) compared with a control substance
(2.19% = 0.42%), and thus to ameliorate prolonged inflammation. This effect was
not observed in the presence of Staphylococcus pneumoniae. Neutrophil functions,
such as oxidative metabolism and interleukin-8 production, are not inhibited by
AZM [2]. Neutrophil survival has also been reported to be decreased by Tilmicosin,
a macrolide antibiotic used for the treatment of bovine bacterial pneumonia. This
finding suggests that Tilmicosin-induced apoptosis may have anti-inflammatory
effects [3]. Tilmicosin was reported to specifically induce neutrophil apoptosis in the
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Figure 1

Percentage of apoptotic peripheral bovine PMNs incubated for 2 h with either 1 x PBS
(CON), 0.5 ug of tilmicosin per ml (TIL), 0.5 ug of penicillin per ml (PEN), 0.5 ug of ceftio-
fur per ml (CEF), 0.5 ug of oxytetracycline per ml (OXY), or 108 M dexamethasone (DEX).
Values are means + standard errors of the means; n = 5 per experimental group. **, P < 0.01
versus control.

presence or absence of live P. haemolytica, while other antibiotics, including peni-
cillin, ceftiofur, and oxytetracycline, did not induce neutrophil apoptosis (Fig. 1).
These experimental results suggest that, though some macrolides induce neu-
trophil apoptosis, factors such as the presence or absence of bacilli may affect
inflammation. Macrolides decrease the lifespan of activated neutrophils by acceler-
ating apoptosis and phagocytosis of apoptotic neutrophils by macrophages, in con-
trast to steroids, which prolong the survival of neutrophils. The apoptosis of neu-
trophils induced by macrolides appears to markedly affect chronic inflammation.

Inhibition of radical formation and neutrophil migration into tissue
Tamaoki and colleagues reported that the macrolide compounds erythromycin and

josamycin, but neither amoxicillin nor cephaclor, inhibited IgG immune-complex
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(IgG-ICx)-induced lung injury in a rat model [4]. They found that the inhibitory
effects of macrolides on IgG-ICx-induced lung injury were probably associated with
reduction of cytokine release and induction of nitric oxide synthase. Erythromycin
also inhibited lipopolysaccharide (LPS)-induced acute lung injury, by decreasing vas-
cular leakage (6.7 + 1.2 to 1.4 = 0.3% (p<0.01)), neutrophil recruitment (365 = 51
to 149 = 30 cells/mm? (p <0.01)), and the wet/dry ratio of the lung (6.76 = 0.30 to
5.39 £ 0.21 (p<0.01)) [5]. Pretreatment with erythromycin was more effective than
concurrent or post-treatment with it. The priming effect of erythromycin may sta-
bilize the hyperresponsiveness of mice infected with influenza. In a model of influen-
za virus (A/Kumamoto/Y5/67 (H,N,)) infection, concurrent administration of ery-
thromycin (from days 1 to 6 after infection) significantly improved the rate of sur-
vival of infected mice. The rate of survival of virus-infected mice at day 20 after
infection increased in dose-dependent fashion with administration of erythromycin
(control 14%, erythromycin 1.0 mg/kg/d 42% and 3.3 mg/kg/d 57%) [6] (Fig. 2).
Erythromycin inhibited induction of IFN-y, a key molecule promoting lymphocyte
alveolitis in influenza virus-induced lung injury. Erythromycin may thus have sig-
nificant therapeutic value for various types of acute inflammation such as influen-
za-induced lung injury.

Macrolide treatment of drug-induced lung injury

We have found that macrolides improve drug-induced acute lung injury and subse-
quent fibrosis in a rat model. In this model neutrophils migrated into the airways
and released injurious substances, such as oxygen radicals and proteases, resulting
in epithelial damage and fibroblast proliferation. Erythromycin inhibited migration
of neutrophils into the airways, resulting in significant decrease in levels of neu-
trophil-derived elastase [7]. The effect of erythromycin was stronger when it was
administered prophylactically than after bleomycin instillation.

In addition, in a mouse model, bleomycin-induced pulmonary fibrosis was atten-
uated by treatment with 14-membered ring macrolides including erythromycin,
clarithromycin, and roxithromycin. Treatment with 14-membered ring macrolides
inhibited induction of mRNAs of some adhesion molecules such as vascular cell
adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1),
but not that of mRNAs of selectins [8] (Fig. 3). These findings indicate that attenu-
ation of inflammatory cell migration into the airspace by 14-membered ring
macrolides, especially that of neutrophils and macrophages, inhibited lung injury
and subsequent fibrosis. Fourteen-membered ring macrolides inhibited neutrophil
migration and release of injurious substances from them, resulting in attenuation of
epithelial destruction. In another study, roxithromycin directly inhibited the prolif-
eration of fibroblasts derived from nasal polyps [9]. We expect prophylactic admin-
istration of 14-membered ring macrolides to be clinically effective in preventing
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Figure 2

Effect of EM on survival rate (A) and body weight (B) of mice infected with influenza virus.
At each time point after influenza virus infection [1.5 x LD50 of influenza virus (A/Kumamo-
to/Y5/H,N,)], the survival rate of infected mice was evaluated and the body weight of mice
was measured. The mice were given EM intraperitoneally (solid squares: 1.0 mg/kg/d, solid
circles: 3.3 mg/kg/d in saline/0.5% DMSO) every 24 h from Day 1 to Day 6 after virus infec-
tion. The control group (open circles) was injected intraperitoneally with 0.5 ml saline/0.5%
DMSO. Fourteen mice were used in each experimental group: p < 0.05, control versus EM-
treated groups.
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Figure 3

Comparison of hydroxyproline contents. Significantly different from bleomycin alone-treat-
ed group by the Mann-Whitney U test, **p < 0.01; significantly different from 14-MRML-
pretreated groups by the Mann-Whitney U test, p < 0.01. Values are means; bars=SD,
n=10;, HOP, hydroxyproline; DW, dry lung weight; N, normal saline-treated group; B,
bleomycin-alone-treated group;, BE, bleomycin- and erythromycin-treated group;, BC,
bleomycin- and clarithromycin-treated group; BR, bleomycin and roxithromycin-treated

group.

acute lung injury, acute exacerbation of interstitial pneumonia, and progression of
fibrosis. This expectation is supported by similar experimental findings [10].

Recent developments concerning the anti-inflammatory effects of ketolides

New ketolide compounds, such as HMR 3647, are active against intracellular
pathogens. Ketolides include a 3-keto group instead of an L-cladinose, a neutral
sugar characteristic of erythromycin-A derivatives. Recently, HMR3647, which is
now available for treatment of respiratory infectious diseases, was reported to
exhibit anti-inflammatory effects. The anti-inflammatory activities of ketolides are
mainly due to time- and concentration-dependent inhibition of the production of
superoxide anions [11]. HMR3647 is avidly uptaken and concentrated by poly-
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morphonuclear cells (PMNs), with cellular-to-extracellular concentration ratios of
31+4.2 at 5 min and up to 348 +27.1 at 3 h. HMR3004, a derivative of
HMR3647, also inhibited oxidant production by PMNs [12]. HMR3004 exhibited
membrane-stabilizing potential, as well as effects on the production of superoxide
by human neutrophils activated by several stimulants. Labro and colleagues com-
pared the anti-inflammatory effects of new ketolides, HMR3647 and HMR3004,
with those of roxithromycin (RXM) [13]. TNF-a and GM-CSF each decreased the
inhibitory effect of HMR3647 on oxidant production by PMNs. The 50% inhibito-
ry concentrations of HMR3647 were in the same range for control and cytokine-
treated cells. These findings suggest that HMR3647 acts downstream of the prim-
ing effect of cytokines [13]. In contrast, the decrease in production of oxidants
induced by RXM and HMR 3004 was not changed (or an increase in production of
oxidants was observed) with treatment of cells with TNF-a or GM-CSE. The
authors hypothesized that the effects of TNF-a and GM-CSF may be associated
with protein kinase A- and tyrosine kinase-dependent phosphorylation, which is
necessary for optimal uptake of macrolides into cells. In other words, accumulation
of macrolides in cells regulated by protein kinases modulates the inhibitory effect of
macrolides on oxidant production. The quinoline side chain of HMR3004 plays a
key role in inhibition of oxidant synthesis.

In another study, HMR3004 significantly prevented recruitment of neutrophils
and monocytes into lung and attenuated IL-6 release and nitric oxide production in
lung tissue infected with Streptococcus pneumoniae. HMR3004 protected intersti-
tial tissue against edema and led to rapid and profound modifications of the host
response in lungs, which may protect mice from deleterious inflammatory reactions
by controlling bacterial invasion. Both anti-inflammatory and antimicrobial effects
of ketolides are exhibited in bacterially infected lung tissue [14].

Summary

Lung injury is in many cases ameliorated by treatment with macrolides. The princi-
pal mechanism of action of macrolides is inhibition of neutrophil activity. The
effects of macrolides are often compared with those of corticosteroids. Many inves-
tigations have found significant inhibitory effects of macrolides on the activity of
neutrophils associated with inflammation, but the degree of such inhibition used to
be only partial, in contrast to inhibition by corticosteroids, which decrease most
cytokine activities to baseline level. It thus appears that macrolides may stabilize
over-responsiveness of several factors in inflammation to physiological levels, but
that corticosteroids have immunosuppressive effects and often result in immuno-
compromised status associated with fungal infections, Prneumocystis carinii pneu-
moniae, and cytomegalovirus infection. More detailed investigations are needed to
clarify the differences between macrolides and corticosteroids in effects on lung
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injury. Furthermore, we hope to develop new anti-inflammatory compounds specif-
ically active against neutrophils instead of exhibiting antimicrobial activity alone, in
order to avoid the problem of bacterial resistance.

References

10

11

Kudoh S, Azuma A, Yamamoto M, Izumi T, Ando M (1998) Improvement of survival
in patients with diffuse panbronchiolitis treated with low-dose erythromycin treatment.
Am | Respir Crit Care Med 157: 1829-32

Koch CC, Esteban D], Chin AC, Olson ME, Read RR, Ceri H, Morck DW, Buret AG
(2000) Apoptosis, oxidative metabolism and interleukin-8 production in human neu-
trophils exposed to azithromycin: effects of Streptococcus pneumoniae. | Antimicrob
Chemother 46(1): 19-26

Chin AC, Lee WD, Murrin KA, Morck DW, Merrill JK, Dick P, Buret AG (2000) Tilmi-
cosin induces apoptosis in bovine peripheral neutrophils in the presence or in the
absence of Pasteurella haemolytica and promotes neutrophil phagocytosis by
macrophages. Antimicrob Agents Chemother 44(9): 2465-70

Tamaoki J, Kondo M, Kohri K, Aoshiba K, Tagaya E, Nagai A (1999) Macrolide antibi-
otics protect against immune complex-induced lung injury in rats: role of nitric oxide
from alveolar macrophages. | Immunol 163(5): 2909-15

Tamaoki J, Tagaya E, Yamawaki I, Sakai N, Nagai A, Konno K (1995) Effect of ery-
thromycin on endotoxin-induced microvascular leakage in the rat trachea and lungs.
Am | Respir Crit Care Med 151(5): 1582-8

Sato K, Suga M, Akaike T, Fujii S, Muranaka H, Doi T, Maeda H, Ando M (1998) Ther-
apeutic effect of erythromycin on influenza virus-induced lung injury in mice. Am |
Respir Crit Care Med 157(3 Pt 1): 853-7

Azuma A, Furuta T, Enomoto T, Hashimoto Y, Uematsu K, Nukariya N, Murata A,
Kudoh S (1998) Preventive effect of erythromycin on experimental bleomycin-induced
acute lung injury in rats. Thorax 53(3): 186-9

Li Y, Azuma A, Takahashi S, Usuki J, Matsuda K, Aoyama A, Kudoh S (2002) Four-
teen-membered ring macrolides inhibit vascular cell adhesion molecule 1 messenger
RNA induction and leukocyte migration: role in preventing lung injury and fibrosis in
bleomycin-challenged mice. Chest 122(6): 2137-45

Nonaka M, Pawankar R, Tomiyama S, Yagi A (1999) macrolide antibiotic, rox-
ithromycin, inhibits the growth of nasal polyp fibroblasts. Am | Rhinol 13(4): 267-72
Kawashima M, Yatsunami ], Fukuno Y, Nagata M, Tominaga M, Hayashi S (2002)
Inhibitory effects of 14-membered ring macrolide antibiotics on bleomycin-induced
acute lung injury. Lung 180(2): 73-89

Vazifeh D, Preira A, Bryskier A, Labro (1998) Interactions between HMR 3647, a new
ketolide, and human polymorphonuclear neutrophils. Antimicrob Agents Chemother
42(8): 1944-51

225



Arata Azuma

12

13

14

226

Mokgobu I, Theron AJ, Anderson R, Feldman C (1999) The ketolide antimicrobial
agent HMR-3004 inhibits neutrophil superoxide production by a membrane-stabilizing
mechanism. Int | Immunopharmacol 21(6): 365-77

Vazifeh D, Bryskier A, Labro MT (2000) Effect of proinflammatory cytokines on the
interplay between roxithromycin, HMR 3647, or HMR 3004 and human polymor-
phonuclear neutrophils. Chemother 44(3): 511-21

Duong M, Simard M, Bergeron Y, Bergeron MG (2001) Kinetic study of the inflamma-
tory response in Streptococcus pneumoniae experimental pneumonia treated with the
ketolide HMR 3004. Antimicrob Agents Chemother 45(1): 252-62



Macrolides and cancer, arthritis and IBD

Keiichi Mikasa', Kei Kasahara?, Eiji Kita®

TCenter for Infectious Diseases, 2Department of Medicine I, 3Department of Bacteriology,
Nara Medical University, 840 Shijyocho, Kashihara, Nara 634-8521, Japan

Introduction

A lot of investigations on the group of 14-membered ring macrolides have strongly
suggested that members of this group have the capacity for regulating inflammato-
ry process [1]. Such regulatory effects are aimed at various types of cells, including
neutrophils, macrophages, lymphocytes and epithelial cells. The mode of action of
these macrolides, however, has yet to be clearly elucidated, despite the presence of
extensive study on their non-antimicrobial effects. Recently, several investigators
have demonstrated that these compounds modify the intracellular signaling for the
expression of cytokine/chemokine messages [2].

Clinically, 14-membered ring macrolides are administered to patients for con-
siderably long time periods unlike their conventional use as an antimicrobial agent;
at least 2-3 months. In Japan, such long-term therapy with a 14-membered ring
macrolide started with erythromycin (EM) for diffuse panbronchiolitis [3], which is
a chronic airway disease diffusely affecting respiratory bronchioles, and is included
into a sinobronchial syndrome with severe lower airway infection [4]. This therapy,
that lasts for an average length of 20 months, brought remarkable improvement in
clinical outcome of DPB [5], although no substantial effect on pathogens colonizing
in the respiratory tract was achieved. Furthermore, long-term treatment of ery-
thromycin did not elicit undesirable effects in treated patients; in particular, it did
not induce any superinfections.

One of the most marked activities of 14-membered ring macrolides is their abil-
ity to suppress the production of proinflammatory cytokines; especially tumor
necrosis factor-o. (TNF-a) and interleukin (IL)-6 [6]. In contrast to their suppressive
effect on inflammatory cytokines, these macrolides are able to enhance the produc-
tion of interferon-y (IFN-y) and IL-12 [7], both of which comprise the Th1-domi-
nant responses. Based on these properties, the group of 14-membered ring
macrolides has been tested for the ability to control the diseases associated with
either chronic inflammation or deviated T-cell function.
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Adjuvant therapy for lung cancer

Lung cancer is now one of the leading causes of mortality in the developed coun-
tries; although the recent advancement of lung cancer therapy consisting of surgical
treatment, radiation therapy, chemotherapy and their combinations, has increased
survival days for treated patients, life expectancy is still unsatisfied. Non-small cell
(NSC) lung cancer does not respond to chemotherapy as much as small cell lung
cancer; accordingly, the mean survival time for patients with NSC lung cancer is
shorter than that for those with small cell lung cancer. For this reason, some adju-
vant treatments capable of enhancing the host immune system might be expected to
improve the outcome of patients treated with conventional anti-cancer therapy.

Innate resistance against tumor cells will provide the first defense line primarily
consisting of natural killer (NK) cells, polymorphonuclear cells and cytotoxic
macrophages. It is noteworthy, however, that any type of cancer therapy affects the
innate immune system of treated patients; in particular radiation and chemothera-
py, which are likely to interfere with the host defense system. Cancer therapy there-
fore might be more effective when it is associated with some adjuvant treatment to
enhance the function of innate immune systems to the extent as to suppress the
growth of surviving tumor cells. With the growth of a tumor, malnutrition (so-called
cachexia) may become apparent. Such host condition is assumed to be related with
the overproduction or sustained secretions of TNF-a, which can result in the further
lowering of host resistance to tumors. Adjuvant therapy for the prevention of
cachexia therefore would be able to enhance anti-tumor immunity, either innate or
acquired, during the course of tumor progression.

Mikasa et al. [8] first reported that long-term administration of EM (600-
1,200 mg/day) increased NK activity in patients with chronic lower respiratory
tract infection. Subsequently, Hamada et al. [9] confirmed this ability of EM using
CDF1 mice bearing syngeneic tumor (P388 leukemia) cells. Interestingly, treatment
with EM (5 mg/kg/day) enhanced serum levels of IL-4 in the tumor-bearing CDF1
mice, the level of which was closely related to the magnitude of cytotoxic activity
of macrophages and that of mouse survival potency [9]. Such EM treatment
markedly suppressed the growth of allogeneic tumors (Ehrlich ascites carcinoma)
subcutaneously transplanted in ddY mice (Fig. 1); anti-tumor effect of EM was
apparently correlated with the serum levels of IL-4 as well as NK activity in the
spleen [9].

The enhancement of NK activity resulting from macrolide treatment (Tab. 1)
was closely associated with the increase in numbers of IFN-y-producing cells, which
was demonstrated in the spleen of tumor-bearing C57BL/6 mice that had received
another 14-membered ring macrolide, clarithromycin (CAM) (2-5 mg/kg), for 2—4
weeks after chemotherapy (Tab. 2) [10].

In particular, enhancement of NK activity followed the increase in numbers of
IL-12-producing cells; on the other hand, elevation in serum levels of IFN-y
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Figure 1

Antitumor effect of EM in ddY mice injected subcutaneously with 5 x 10° cells of Ehrlich
ascites carcinoma

(A) no apparent tumor formation in mice receiving 5 mg/kg of EM at 60 days after inocula-
tion; (B) apparent tumor formation at 7 days after inoculation and further growth of the
tumor at 30 days in mice receiving vehicle treatment at 30 days after inoculation.

(from Chemotherapy (71995) 41: 59-69, with permission of S. Karger AG, Basel)

occurred following the increase in NK activity of spleen cells [10]. These facts sug-
gested that NK cells accounted for the increased production of IFN-y in EM-treat-
ed mice. Such responses in tumor-bearing mice were more prominent when they
received chemotherapy than when they received vehicle therapy. Treatment with
CAM for 2-4 weeks following chemotherapy significantly suppressed the growth of
Lewis tumor (3LL) cells in the lung, and afforded long-term mouse survival [10].
Similar to EM therapy, long-term treatment of CAM increased the number of 1L-4-
producing cells in the spleen of 3LL-bearing mice, which accounted for the induc-
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Table 1 - Effect of CAM treatment following chemotherapy on NK activity in the spleen of
tumor-bearing mice.

NK activity, %

Treatment

Day 1 Day 7 Day 14 Day 21

Untreated mice 57+14 86+23 123= 4.5W -
Mice receiving chemotherapy (day 7) W
Without CAM treament - - 6322 ] b19.4 =+ 4.8+

al b1
CAM treatment from day 7 - - 15.7 = 5.9J 23.6 = 6.2% a

al

CAM treatment from day 14 - - - 43.6 = 7.2J

C57BI/6 mice bearing Lewis lung carcinoma were given chemotherapy 7 days after tumor
inoculation (day 0), and then received CAM treatment for 7 (until day 7) or 14 days (until
day 14) just after chemotherapy.

Each cytotoxic test was done in triplicate. Data were obtained from 3 different experiments
and expressed as the mean + SD of 9 determinants.

—, not tested; a, p <0.05; b, not significant.

tion and activation of cytotoxic macrophages (Tab. 2) [10]. This indicated that long-
term treatment of 14-membered ring macrolides stimulated both Th1l and Th2
responses in tumor-bearing mice. In addition, the number of CD8* T cells cytotox-
ic to 3LL cells increased in the lung of the tumor-bearing C57BL/6 mice [10]. In con-
trast to the enhanced production of IFN-y, IL-4 and IL-12, the long-term therapy
decreased serum levels of TNF-a and IL-6 in tumor-bearing mice; accordingly, these
animals lost body weight to a lesser extent compared with vehicle controls. Taken
together, the long-term treatment of 14-membered ring macrolides may possibly
induce the well-balanced resistance (namely, the balance between Th1 and Th2
responses) to the growth of tumor cells as well as to prevent nutritional decline.
More importantly, these beneficial effects resulting from the long-term macrolide
therapy are more active in mice receiving anti-cancer therapy than those receiving
vehicle treatments.

There were no double-blind trials on the long-term macrolide therapy as an adju-
vant treatment for anti-cancer therapy. However, Mikasa et al. [11] performed a
prospective randomized trial; treatment with CAM (400 mg/day) following prior
basic anti-cancer therapy was compared to the same basic therapy alone in patients
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Figure 2

Estimates of survival according to treatment using the Kaplan-Meier methods for patients
with unresectable NSC lung cancer

Vertical bars indicate patients still alive. solid line: CAM group (n=22), dotted line: non-
CAM group (n=20), p=0.0132 by the generalized Wilcoxon method, p =0.0032 by the log-
rank test.

(from Chemotherapy (1997) 43: 288-96, with permission of S. Karger AG, Basel)

with advanced NSC lung cancer (stages IIIA, ITIIB and IV). The endpoint of this trial
was survival: the median survival time was calculated by the method of Kaplan and
Meier, and the statistical significance of the difference in median survival time
between the CAM group and the control group was analyzed by the generalized
Wilcoxon method. They showed that the long-term treatment with CAM following
radiation, chemotherapy or their combination therapy significantly increased the
median survival time for NSC lung cancer patients, which was estimated by the
method of Kaplan and Meier. The median survival for the CAM-treated group was
535 days and that for the non-CAM group was 277 days (p =0.0132 by the gener-
alized Wilcoxon, p=0.0032 by the log-rank test) (Fig. 2). Furthermore, multivari-
ate analysis of prognostic factors by the Cox proportional hazard model demon-
strated that only treatment with CAM was predictive of longer survival for NSC
lung cancer (p =0.0181; hazard ratio = 0.23).
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Figure 3

Suppression of neovascularization by CAM in the rabbit cornea

Injection of human lung cancer cell (A549) extract into a rabbit corneal pocket induced vas-
cularization in the cornea (A), while co-inoculation of monoclonal antibody to IL-8 almost
completely abolished its potency (C). Extract of the cells cultured with CAM (2-5 ug/ml)
decreased its potency (B).

Following their report, many investigators attempted to determine whether or
not CAM had a direct action on the growth of tumor cells in vitro or in vivo. Sawa-
ki et al. [12] first reported that CAM was able to suppress the tumor-induced
angiogenesis (Fig. 3), the degree of which was apparently related to its ability to
suppress IL-8 production. Subsequently, Yatsunami et al. [13] demonstrated the
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Figure 4

Changes in serum IL-6 levels before (1 month after basic cancer therapy) and after CAM
treatment (4 months after basic cancer therapy)

At 3 months of CAM treatment, serum levels of IL-6 were significantly decreased. a: p < 0.05
compared with IL-6 levels of patients with chronic lower respiratory tract infections (CLRTI)
and healthy adults, b: p < 0.05 compared with IL-6 levels before CAM treatment. © = ade-
nocarcinoma; [ = large cells carcinoma; & = squamous cell carcinoma; ® = controls.

(from Chemotherapy (1995) 41: 59-69, with permission of S. Karger AG, Basel)

potential of CAM as an inhibitor of tumor-induced angiogenesis through its sup-
pressive effects on endothelial cell tube formation. The report by the same group
[14] demonstrated the inhibitory effects of roxithromycin (RXM), a 14-membered
ring semi-synthetic macrolide, on tumor angiogenesis and growth of mouse B16
melanoma cells; this activity was assumed to suppress the metastasis of implanted
melanoma cells in the tumor-bearing mice. Nevertheless, CAM alone was unable to
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control the spread of NSC lung cancer in SCID mice [15], despite the fact that
CAM augmented the IL-2-induced killer (LAK) activity iz vitro [15], and also that
CAM treatment decreased metastatic development in patients with NSC lung can-
cer [11]. The inability to control the spread of NSC lung cancer in SCID mice
seemed to be accounted for by their severe innate T-cell dysfunction, and suggest-
ed that at least some of the macrolide effect was due to inadvertently boosting host
immunity. Teramoto et al. [16] first demonstrated the ability of CAM to induce
high levels of IL-12 and IFN-y expression in the vicinity of tumor lesion surgically
resected from the lung of patients with NSC lung cancer; IL-12 mRNA was not
expressed in NSC lung cancer patients receiving drugs other than 14-membered
ring macrolides. More importantly, there was a statistically significant correlation
between the decrease in serum IL-6 and longer survival time in CAM-treated
patients with NSC lung cancer (Fig. 4) [17], which may suggest that nutritional sta-
tus is an important factor for the full expression of CAM’s adjuvant effect on stan-
dard anticancer therapy.

As mentioned previously [9-11], treatment with 14-membered ring macrolides
suppressed metastasis of implanted tumor cells in both mouse models and patients.
In this regard, a recent report by Sasaki et al. [18] has shown that EM and CAM
have the ability to modulate the growth factor-induced expression of heparanase
mRNA on human lung cancer cells i vitro. Heparan sulfate proteoglycans (HSPGs)
are the major component of extracellular matrix protein, and also important struc-
tures in basement membranes. This type of cell-surface proteoglycans is involved in
cell adhesion, migration, proliferation, and angiogenesis [19, 20]. Initial process of
tumor cell metastasis may be attributable to the action of several types of proteolytic
enzymes, including matrix metalloproteinases, serine and cysteine proteases, and
heparanases [21-23]. Moreover, overexpression of heparanase in tumor cells is
shown to confer a high metastatic potential in mouse tumor models [24, 25].
Recently, Kita et al. [26] have demonstrated that RXM suppressed syndecan-1 shed-
ding, upon microbial adhesion, from human airway epithelia: syndecan-1 is the
major constituent of HSPGs on human epithelial cells. The suppression of syndecan-
1 shedding by RXM was dependent on its ability to inhibit the activation of matrix
metalloproteinase-7 (MMP-7: Matrilysin) [26]. Furthermore, recent clinical investi-
gations [27, 28] have shown that high serum syndecan-1 levels at diagnosis were
associated with poor outcome prognosis in lung cancer. Taken together, inhibition
of tumor metastasis by 14-membered ring macrolides is most probably related to
their suppressive activity in several classes of proteolytic enzymes.

Finally, it is worth noting that the long-term administration of 14-membered ring
macrolides has a high inhibitory potential in the development of lung tumor initiat-
ed by N-nitrosobis (2-hydroxypropyl) amine in rats [29]. This novel effect is
assumed to result from the anti-inflammatory effect of the macrolides, based on the
analyses of microbial culture and histological examination in the airway during
tumor development. In connection with this effect, inhibition of Martilysin by these
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macrolides may be crucial to the anti-inflammatory action of 14-membered ring
macrolides, since this proteinase plays a major role in the formation of transepithe-
lial gradient of chemokines in the respiratory tract [30]. Persistent microbial infec-
tion is defined as one of etiological factors for chronic inflammatory diseases such
as atherosclerosis, and gastric ulcer, and also some neoplastic diseases. Further, a
double-blind placebo-controlled randomized trial [31] has shown that prophylactic
use of RXM in combination with ciprofloxacin reduced the incidence of febrile leu-
copenia during the standard chemotherapy in the treatment of lung cancer. This
effect was primarily accounted for by the prophylactic capacity of both antibiotics
in preventing infection; however it could not be ruled out that RXM exhibited the
overall anti-inflammatory effects. The group of 14-membered ring macrolides there-
fore might weigh up the potential benefits of prophylactic use in patients at risk of
cancer development initiated by persistent microbial infection and also for
chemotherapy-induced febrile leucopenia, since long-term administration of the
drugs has never brought any life-threatening side effects.

In conclusion, long-term administration of 14-membered ring macrolides as an
adjuvant treatment for anticancer therapy may possibly benefit patients with NSC
lung cancer by increasing the overall tumor resistance and by improving nutrition-
al status. Beneficial effects of 14-membered ring macrolides as an adjuvant drug
therefore seem to be attributed to its biological response modifier (BRM) activity,
which is characterized by the ability to induce the well-balanced immunological
response between Th1 and Th2, by the anti-inflammatory activity including the sup-
pression of proinflammatory cytokine/chemokine production, and by the regulato-
ry effect of proteinase activation.

Macrolides versus arthritis

Until now, most investigators have been interested in infection-induced arthritis as
well as rheumatoid arthritis (RA) for the target of macrolide treatment. The first
use of macrolide compounds was experimentally in the treatment of arthritis
induced by Borrelia burgdorferi in hamsters, which mimicked Lyme disease in
humans [32]. CAM was effective in preventing the onset of B. burgdorferi-induced
arthritis as determined by several parameters of paw swelling; this effect was due
to its direct antimicrobial activity that was at least 1 log more potent than tetra-
cycline against clinical isolates of the pathogen. Even after the onset of arthritis,
CAM therapy was able to reduce the degree of swelling and shorten recovery time.
The latter effect may possibly result from anti-inflammatory action of this
macrolide.

The next experimental evidence for the availability of macrolides in the infec-
tion-induced arthritis was obtained from experimental therapy with azithromycin
(AZM) for septic arthritis caused by group B streptococci (GBS) [33]. A single
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intraperitoneal dose of AZM (100 mg/kg) strongly reduced the incidence or articu-
lar lesions in CD-1 mice infected with 107 cfu of type IV GBS, the level of which
was much higher than that afforded by EM or penicillin G. Three repeated
intraperitoneal injections of AZM (50 mg/kg at 12 h intervals) resulted in the com-
plete prevention of arthritis in infected mice. Moreover, AZM was able to cure
about 70% of infected mice when administered on days 7, 8, and 9 of infection.
These effects of this macrolide may be accounted for by its higher ability of bacter-
ial killing, longer half-life, and higher affinity for the joints. The fact that delayed
initiation of AZM treatment was still effective in this infection model might imply
the capacity of this macrolide to regulate the inflammatory process in the affected
joints. In this regard, AZM was shown to decrease extracellular release of lysoso-
mal enzymes in the synovial fluid of the injected hind paw of rats that had received
a single subplantar injection of Freund’s complete adjuvant (adjuvant arthritis) [34].
This effect was mainly due to reduced exocytosis of lysosomal enzymes, B-glu-
curonidase and B-N-acetylglucosaminidase from polymorphonuclear leukocytes
(PMN) accumulating at the affected lesion. In this regard, 14-membered ring
macrolides have the ability to reduce the increment in vascular permeability during
inflammatory processes [35], in addition to the capacity for suppressing the pro-
duction of PMN chemokines [36, 37] and proinflammatory cytokines [6, 35, 38].
Thus, the overall efficacy of AZM on adjuvant arthritis is likely to result from the
synergy of these individual anti-inflammatory actions.

Furthermore, CAM was able to suppress the expression of HLA-DR and co-
stimulatory molecules by IFN-y-stimulated synoviocytes, which in turn might inhib-
it the antigen-specific T cell proliferation induced by synoviocytes [39]. Recently, a
small pilot study, an open uncontrolled trial, demonstrated that according to the
American College of Rheumatology (ACR) criteria, CAM was very beneficial in RA
patients who had not responded to disease-modifying antirheumatic drugs [40]. In
the study, patients were treated with CAM at the dose of 500 mg twice per day for
the first 10 days, followed by a daily maintenance dose of 250 mg twice per day.
Regression of RA symptoms and reduction in plasma levels of prostaglandin E2 and
soluble phospholipase A2 were closely related to plasma levels of CAM. However,
they did not measure IL-6 in the circulation or joint fluid, despite the fact that IL-6
is defined as one of critical factors for the progression of RA [41, 42]. In this con-
nection, Sakamoto et al. [17] demonstrated that reduction in plasma IL-6 levels by
CAM administration was closely related to longer survival for NSC lung cancer
patients (Fig. 4). We found that CAM administration increased survival for Balb/c
mice intravenously inoculated with murine myeloma cells (unpublished data); this
effect was closely related with the decrease in serum levels of IL-6. In fact, IL-6 was
shown to promote the growth of myeloma cells in association with CD45 induction
[43]. These facts strongly suggested that the efficacy of the macrolide therapy for
controlling chronic inflammatory process in the airway and the joint might be in
part dependent on its ability to suppress IL-6 production.

237



Keiichi Mikasa et al.

A

Figure 5

White cell scan of a 22 year old female patient (A) before treatment with rifabutin and CAM
showing (arrow) active inflammation in the diseased bowel, and (B) 22 months after treat-
ment showing complete abolition of abnormal technetium-99 uptake.

(from Journal of Antimicrobial Chemotherapy (71997) 39: 393-400, with permission of the
British Society for Antimicrobial Chemotherapy)

Potential therapy for inflammatory bowel diseases

Among inflammatory bowel diseases (IBD), Crohn’s disease was the original target
to be treated with macrolides. While the exact cause of Crohn’s disease remains con-
troversial, a variety of microbes, including normal intestinal bacteria and yeasts, can
be recovered from mesenteric lymph nodes [44, 45]. It therefore appears likely that
microbes invade the mucosa in patients of Crohn’s disease, possibly resulting from
a breakdown in the normal intestinal barrier.

Recently, evidence for the involvement of Mycobacterium paratuberculosis in the
pathogenesis of this disease has been accumulating from both long-term culture [46]
and polymerase chain reaction (PCR) tests [47]. Although the role of viable
mycobacteria in its pathogenesis remains unproven, M. paratuberculosis is a specif-
ic chronic pathogen in the intestine of many animal species, including primates.
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Recent evidence implies that this pathogen could be conveyed to humans in pas-
teurized cows’ milk [48]. Based on these facts, small open studies using antimy-
cobacterial agents were carried out, and such treatments appeared promising but
not to a satisfactory extent [49], probably due to the fact that M. paratuberculosis
was generally resistant to standard antimycobacterial drugs. Then, Gui et al. [50]
performed the combination therapy of rifabutin and CAM or AZM for 46 patients
with severe Crohn’s disease, since these three antibiotics had enhanced activity
against M. paratuberculosis. Two-year outcomes analysis of active Crohn’s disease
treated with rifabutin and one of these other macrolides demonstrated that this
treatment brought a substantial clinical improvement in the disease (Fig. 5). A
reduction in the Harvey-Bradshaw Crohn’s disease activity index occurred after 6
months’ treatment (p =0.004, paired Wilcoxon test) and was maintained at 24
months (p =0.001 versus pretreatment). An improvement in inflammatory parame-
ters, including reduction in erythromycin sedimentation rate (p =0.009) and C-reac-
tive protein (p=0.03) at 18 months compared with pretreatment levels, was
obtained. Further, this treatment increased serum levels of albumin at 12 months
(p =0.04). These clinical parameter changes were consistent with the data obtained
by the long-term treatment of CAM for patients with NSC lung cancer [17]. These
clinical benefits therefore reflected the BRM activity of 14-membered ring
macrolides.

In IBD, the normal healing process during restitution can be disrupted by the
inflammation; this may be due to loss of growth factors, surface adhesion molecules
or both, leading to a reduced rate of healing [51]. The expression of syndecan-1, as
the predominant epithelial syndecan, was markedly reduced in reparative epitheli-
um from IBD patients [52]. Syndecan-1 shedding is thought to reflect the activation
of cellular proteases such as MMP-7, capable of cleaving ectodomains of this syn-
decan from the cell surface, which in turn may result in the formation of transep-
ithelial CXC chemokines gradient [30]. Since IBD is characterized by intestinal per-
meability changes and large numbers of neutrophils trafficking through the epithe-
lium [53], an increased rate of syndecan-1 shedding may initiate subsequent
inflammatory processes including activation of proteases and production of CXC
chemokines [26]. Contrary to the function as an initiator of inflammation, synde-
can-1 could contribute to the healing process through its function as a co-receptor
for epidermal growth factor-2 (EGF-2). Since 14-membered ring macrolides have
the capacity for suppressing MMP-7 activation and CXC chemokine production
[26], as well as regulating the epithelial and endothelial permeability [35], they
would possibly be expected to reduce the inflammatory process in the intestinal
epithelium. In contrast, it is postulated that syndecan-1 participates in cell adhesion
mainly in the foveolar epithelium of digestive tracts, and plays a role in the healing
of ulcerative lesions by interacting with heparin binding growth factors, based on
the study by in situ hybridization and immunohistochemistry in stomachs of
patients with active ulcers as well as those undergoing early scar formation [54].
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The group of 14-membered ring macrolides exhibits the suppressive effect on proin-
flammatory cytokine/chemokine production at damaged tissue, but not on healthy
tissue [35]. Such dual effects of the macrolides might be expected to function even
in the expression of syndecan-1, depending on the degree of inflammation in the
damaged tissue. The binding activity of syndecan-1 to heparin-binding growth fac-
tors such as FGF-1 and -2 may facilitate the healing process of damaged tissue [52].
Thus, the regulatory action of 14-membered ring macrolides on syndecan-1 shed-
ding [26] may reduce inflammatory damage but also enhance healing process in
IBD.

Conclusion

Recently, tetracyclines have been shown to exert a number of anti-inflammatory and
immunomodulatory activities; they specifically inhibit activated B cell function [55],
decrease NO synthase [56, 57] and phospholipase A2 [58] in activated
macrophages, and also modulate secretion of soluble factors such as TNF-a [59]
and Fas ligand [60]. Furthermore, tetracyclines can specifically inhibit the expres-
sion, activation from proenzyme precursor, as well as the enzyme activity of MMPs
(reviewed in [61, 62]); this function is in part responsible for the anti-inflammatory
activity of tetracyclines. These regulatory activities of tetracyclines are very similar
to those of 14-membered ring macrolides. However, it has never been confirmed
whether the long-term therapy of tetracyclines can be safe and effective in patients
with chronic inflammatory diseases.

At the present time, the precise mechanisms underlying non-antimicrobial activ-
ity of the macrolides have not been clarified, but recent development of molecular
study has suggested that macrolides are able to modify the function of various mol-
ecules responsible for intracellular signaling. Intracellular uptake of drugs generally
results in profound modifications of host cell metabolism and functions. It is plau-
sible that macrolides confer such effects on intracellular molecules, since macrolides
are usually highly concentrated in host cells. Against arthritis and IBD, regulatory
activity of matrix metalloproteases appears to be critical for macrolides to express
anti-inflammatory effects: activation of the proteases must be a prerequisite to syn-
decan shedding as well as formation of transepithelial CXC chemokines gradient.
Furthermore, the healing process of damaged tissue requires enhanced syndecan
expression. Against lung cancer, suppressive activity of heparanase is also very
important for macrolides to exhibit an anti-tumor effect, since heparansulphate of
syndecan ectodomains functions as a co-receptor for several growth factors and
chemokines. In addition to these effects due to modifications of cell-molecular func-
tion, long-term administration of macrolides apparently alters T cell-mediated
responses. It is not yet explained whether such alteration is a result from the direct
action of macrolides on T cells or from the consequence of the above-described
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effects. Further study on the interaction between lymphocytes and macrolides would
help to make the long-term administration of 14-membered ring macrolides more
reliable and safer for clinical use in the treatment of chronic inflammatory diseases
and lung cancer.
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Introduction

The interactions of bacterial pathogens with the host comprise several steps.

. Bacteria adhere to and colonise epithelial surfaces followed by penetration into
and dissemination within the macroorganism. Usually, the early stages of infection
are passed through without antibacterial therapy; once a bacterial infection has
been diagnosed most infectious diseases are treated with antibiotics. Antimicrobial
agents interfere with the bacterium and infection but these can modify the inter-
action between bacteria and the host cells [1].

. The infection is a potent activator of the immune response causing inflammato-
ry responses and triggering the cytokine network. Bacterial exoenzymes, exo-
toxins, like polysaccharide, lipoteichoic acid and teichoic acid, peptidoglycan
and even bacterial DNA released by bacteria affect the immune system and
induce the release of cytokines. Bacterial products may also induce B cell prolif-
eration or activate the complement pathways. Antimicrobial agents may not only
reduce bacterial numbers but also these bacterial products. Consequently, antibi-
otics modulate the release of proinflammatory bacterial compounds. Both the
direct antibacterial effect and the differential interaction of various antibiotics
with the release of bacterial products have a significant effect on treatment out-
come (for summaries see [2, 3]).

. The indigenous microflora plays a role in maintaining a healthy immune system.
The depletion of some components of the intestinal flora affects the maintenance
of a healthy immune system [4]. Also, bacterial translocation may significantly
influence antibody response. Although the immune responses in the intestine are
of immense importance and powerful immunological forces are present, the
mechanisms are poorly understood [35, 6].

. Antibacterial agents may indirectly interfere with the host bacteria relationship.
They may enhance phagocytosis and/or may make bacteria more vulnerable to
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intraleukocytic killing by altering the morphology and structure of bacterial sur-
face [7, 8].

5. Antibacterial agents may indirectly interfere with phagocytic efficacy.
Quinolones and macrolides in particular, readily penetrate into phagocytes, are
accumulated intracellularly and exhibit intracellular bacterial activities despite
the acidic intracellular pH [9-11].

6. Antibiotics may cause immunopharmacological effects by being antigenic. Peni-
cillins, cephalosporins and rifampin are examples of antigenic antibiotics [12,
13].

7. Antibacterial agents may directly interact with the immune system.

Almost all drug classes exert effects on the specific immune system and complement
activation. Aminoglycosides, ansamycins, benzylpyrimidinones, B-lactams, cyclines,
fosfomycin gyrase B-inhibitors, lincosamides, peptides, sulfonamides, and in partic-
ular macrolides as well as quinolones either increase or decrease phagocyte func-
tions. For many of these agents the underlying mechanisms of immunomodulation
are not well defined and some events are strongly dependent on the methods
applied. By contrast, the immunomodulation by macrolides [14] and quinolones
[15] is much better described phenotypically.

The main in vitro and in vivo effects of the various families of antibacterial
agents were reviewed by Labro [16], Nau [2] and Dalhoff [17] and are summarized
and updated in this review.

Aminoglycosides

Aminoglycosides interfere with bacterial protein synthesis by acting on the 30S ribo-
somal subunit.

There are controversial data on the inhibitory effect of aminoglycosides at ther-
apeutic concentrations on polymorphonuclear leukocyte (PMN) chemotaxis, oxida-
tive metabolism, and yeast killing [18, 19]. Various mechanisms have been
advanced, including binding to negatively-charged membrane phospholipids, lead-
ing to membrane disturbances, specific binding to inositol biphosphate resulting in
inhibition of phospholipase C, and inhibition of protein kinase C (PKC).

The intraphagocytic activity of streptomycin on intracellular Escherichia coli
has been suggested to rely on stimulation of O,-dependent cellular microbacterici-
dal mechanisms in macrophages, although drug uptake was not studied in this
model [20].

Neomycin showed concentration dependant inhibitory or stimulatory effects on
the generation of leukotrienes by PMNs, depolymerization of actin and GTPase
activity of crude membrane fractions. These drugs (particularly neomycin) appear
to be useful tools studying transmembrane signaling pathways [18].
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Gentamicin and other aminoglycosides inhibit protein synthesis and may induce
cell lysis, which might then increase release of endotoxins (lipopolysaccharide
[LPS]). For this reason, aminoglycosides may not be ideal candidates for the reduc-
tion of proinflammatory bacterial compounds [21, 22]. Gentamicin may also correct
the function of the cystic fibrosis transmembrane conductance regulator (CFTR)
when there is a stop mutation. By suppressing premature termination codons, these
aminoglycosides permit mRNA to “read through” increasing the expression of
CFTR in target epithelia [124]. This could have a secondary effect on the chronic
bacterial infection and inflammation that is characteristic of CF airway disease.

Ansamycins

Antibacterial ansamycins (rifamycins) are mainly effective against Mycobacteria
and alter RNA biosynthesis by interfering with RNA polymerase activity. Rifampin,
the most important representative of this group, impairs various PMN functions
such as chemotaxis and oxidative burst. The compound has been claimed to bind at
glucocorticoid receptors leading to pharmacological glucocorticoid-like effects such
as host immunosuppression, thereby acting as an immunosuppressant. Recent stud-
ies in human alveolar and neuroblastoma cells and in mouse hippocampal cells,
however, have found no evidence of activation of the glucocorticoid receptors by
rifampin [23, 24].

Immunosuppression, including inhibition of T cell activity, reduced humoral and
cell-mediated immunity has long been noted during rifampin therapy [25, 26]. A
possible effect offsetting drug-induced immune supression was shown in a study in
which rifampin increased GM-CSF- and IL-4-induced expression of CD1b (a human
antigen-presenting molecule belonging to the nonclassical MHC-independent sys-
tem involved in the presentation of nonpeptide antigens) thereby favoring the
lipid/glycolipid antigen presentation mediated by CD1b on peripheral blood mono-
cytes [27].

In vivo administration of geldanamycin attenuates lung inflammation and acute
lung injury in animal models, thereby suggesting that geldanamycin also has anti-
inflammatory effects. Supporting this in vivo effect, geldanamycin inhibits the TNF-
a-mediated IL-8 gene expression possibly through inhibition of NF-kB activation
[28]. Another explanation might be that geldanamycin inhibits the production of
TNF-a, IL-6, and IL-18 in activated macrophages possibly through heat shock pro-
tein (HSP) 90 which is also critical in the intracellular signaling pathways promot-
ing inflammatory cytokine production [29]. Furthermore ansamycin antibiotics
inhibit function of HSP90, causing selective degradation of several intracellular pro-
teins regulating such processes as proliferation, cell cycle regulation, and prosurvival
signaling cascades. HSP90 has been identified previously as a molecular target for
anticancer agents [30].

249



Bruce K. Rubin et al.

Benzylpyrimidines (trimethoprim and analogs)

Benzylpyrimidines include trimethoprim (TMP), tetroxoprim, epiroprim, and brodi-
moprim, which all inhibit dihydrofolate reductase. TMP is generally used in combi-
nation with another antifolate drug (sulfamethoxazole). In most studies, TMP, alone
or in combination, had an inhibitory effect on PMN functions. In one study the
PMN chemotaxis and chemiluminescence were increased, and this effect was also
observed with defective functions [31]. The liposolubility of brodimoprim was
about three times higher than that of TMP and also had a greater cellular uptake.
Brodimoprim did not decrease either phagocytosis or phagocyte-mediated bacterici-
dal activity, nor did it affect oxidative burst activity, whereas TMP influences the
oxidative burst [32]. It is speculated that the underlying mechanism of TMP-
induced inhibition of PMN oxidative metabolism is probably an inhibitory effect of
TMP on the PLD-phosphatidate phosphohydrolase pathway, leading to decreased
generation of diradylglycerol, leading to activation of the O, _-generating respira-
tory burst. However, the concentration which impaired the PMN oxidative burst by
about 50% was far higher than therapeutic concentrations [33].

p-lactams

B-lactam antibiotics represent more than half of all antimicrobial drugs used thera-
peutically. Structurally, they comprise of five groups of compounds: penams (peni-
cillins and B-lactamase inhibitors), penems (faropenem), carbapenems (imipenem,
meropenem), cephems (cephalosporins, cephamycins, oxacephens, and carba-
cephems), and monobactams (aztreonam, etc.). All groups have a common antibac-
terial mechanism involving inhibition of various enzymes (such as penicillin-binding
protein) involved in the synthesis of peptidoglycan. Many data are available on the
in vitro effects of these drugs on phagocyte functions and specific immune effectors,
but no class- or subgroup-related effect has been demonstrated. p-lactam-induced
modulation of immune responses does not appear to be of major clinical relevance,
with the possible exception of cefodizime.

Cefodizime a 2-amino-5-thiazolyl cephalosporin has been investigated in vitro, ex
vivo, and in vivo in humans and animals (both healthy and immunocompromised).
Overviews have summarized the main immunomodulatory properties of cefodizime
[34-36]. It enhances the immune function of natural killer cells and phagocytic activ-
ity of monocytes and macropahges in immunocompromised animals.

Experimental models using immunocompromised animals confirm the efficacy
of cefodizime. In a mouse pneumonia model, it upregulated the early Klebsiella
pneumoniae induced secretion of TNF-a and the number and phagocytic efficacy
of alveolar macrophages [8]. Prophylactic administration of cefodizime increased
the survival of some mouse strains after infection with Toxoplasma gondii or Can-

250



Anti-inflammatory properties of antibiotics other than macrolides

dida albicans |34, 37]. In contrast, cefodizime inhibited the LPS-stimulated release
of TNF-a and IL-1 from human monocytes [38] and TNF-a and IL-6 secretion into
the bronchoalveolar lavage fluid after intranasal challenge with heat-killed preu-
mococci [39]. In healthy rats, an intravenous bolus of 30 mg per kg of ceftazidime
led to a substantial increase in serum IL-6 and TNF-a concentrations [40].

Ex vivo studies demonstrated a strain- and concentration-dependent responsive-
ness of the immune system to cefodizime with regard to delayed-type hypersensitiv-
ity, antibody production, and lymphocyte proliferation. In healthy humans given
cefodizime the immune system was not affected, whereas in immunocompromised
individuals (with immune systems suppressed by cancer, hemodialysis, old age, sur-
gical stress, etc.) there appears to be enhanced immune system function after
cefodizime administration. In particular, cefodizime administration increased
phagocytic functions. When placebo or comparator antibiotics were given, the ben-
eficial effect was seen only in the cefodizime-treated group. The chemical structure
responsible for the immunomodulatory properties was identified as the thio-thia-
zolyl moiety at position 3 of the cephem ring [41], but the cellular mechanism
responsible for the immunomodulatory properties remains unclear.

In vitro, cefodizime stimulates the proliferative response of lymphocytes, increas-
es the phagocytotic and bactericidal activity of PMNs, and downmodulates the pro-
duction of proinflammatory cytokines by stimulated monocytes. In contrast to all
B-lactams, cefodizime was also reported to significantly increase colony formation
by granulocyte-monocyte progenitors [42]. Alteration of bacterial virulence in sus-
ceptible and resistant bacteria has also been demonstrated with cefodizime.

In a study comparing 15 infected patients receiving cefodizime with a compara-
ble group treated with ceftriaxone, although phagocyte function recovered signifi-
cantly earlier, the only apparent clinical advantage was earlier defervescence in the
cefodizime-treated group [43]. In a study of subjects with multiple myeloma and
chronic uremia given cefodizime for 5-7 days, there was increased monocyte and
neutrophil chemotaxis and an increased percentage of lymphocyte subgroups [44].
The effect of cefodizime on phagocytosis and candidacidal capacity was generally
greater than that of ofloxacin, ciprofloxacin and IFN-2a [45]. Candidacidal capac-
ity only increased significantly with ciprofloxacin at 2 micg/ml, but ciprofloxacin
had no effect on phagocytosis. Ofloxacin and IFN-2a had no effect, and combina-
tions of these three antibiotics with IFN-2a showed the same effects as the drugs
alone. These results indicate that cefodizime has an enhancing effect on PMN func-
tion in patients with chronic renal failure.

Cyclines

Cyclines interfere with bacterial protein synthesis by acting on the 30S ribosomal
subunit.
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Minocyclin inhibits caspase-1 and caspase-3 expression, thereby delaying mor-
tality in a transgenic mouse model of Huntington disease [48]. In a rat model of
ischemic stroke, minocycline reduced the infarct size when started before and up to
4 h after the onset of ischemia [49].

Tetracyclines are potent inhibitors of the matrix metalloproteinase (MMP) fam-
ily of enzymes, [50]. Doxycycline, a tetracycline derivative, has been used experi-
mentally to inhibit matrix degradation during abdominal aortic aneurysm forma-
tion [51, 52], and recent clinical studies have investigated the use of doxycycline to
limit aneurysm growth [53, 54]. Tetracyclines also inhibit cell proliferation, cell
migration, and synthesis of the extracellular matrix in a variety of cell types studied
in culture [55-57].

Few studies have investigated the effect of cyclines on cytokine production: para-
doxically, minocycline and tetracycline, increased IL-1p secretion by LPS-stimulat-
ed human monocytes [58]. Various mechanisms have been proposed to explain the
inhibitory action of cyclines. Structure-activity relationships indicate a parallel
increase in lipid solubility (possibly cellular accumulation) and inhibitory properties
(for example, doxycycline > chlortetracycline > tetracycline > oxytetracycline) [59,
60]. However, other studies stress the different chemical reactivities of the various
molecules under UV exposure.

Clinical relevance

The clinical relevance of the inhibitory properties of cyclines on phagocyte functions
is widely acknowledged. Tetracyclines are widely used in the treatment of inflam-
matory acne. These antibiotics inhibit the proliferation of Propionibacterium acnes,
but tetracycline also significantly inhibits the release of reactive oxygen species
(ROS) from human PMN and reduces the capacity of Propionibacterium acnes to
produce neutrophil chemotactic factors, providing evidence that it has anti-inflam-
matory actions [61].

Tetracyclines have been also used in reactive arthritis, i.e., nonpurulent inflam-
mation of a joint following, urogenital, gastrointestinal, or lower respiratory tract
infections [62] possibly mediated via inhibiting the nitric synthase activity and
nitrosothiols [63-66]. A multicenter double-blind placebo-controlled trial conclud-
ed that minocycline was safe and effective in patients with mild-to-moderate
rheumatoid arthritis [67, 68], supporting the use of this drug alone or as adjunctive
therapy in rheumatic diseases. The anti-inflammatory action of tetracyclines seems
related to a non-antibacterial mechanism. In addition, the anti-inflammatory action
of tetracycline has been proposed to be of benefit to prevent endotoxic shock by
blockade of LPS-induced TNF-a. and IL-1p secretion [69].
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Fosfomycin

Fosfomycin (1-cis-1,2-epoxypropylphosphoric acid) is a natural product with broad-
spectrum bactericidal antibiotic. It interferes with bacterial cell wall biosynthesis by
inhibiting the pyruvate-uridine diphosphate-N-acetylglucosamine transferase.

In a mouse model of gut-derived P. aeruginosa sepsis, treatment with an isomer
of fosfomycin without antibacterial activity significantly increased the survival rate
in comparison to saline-treated mice. It was speculated that the fosfomycin isomer
possessed immunomodulatory activity inducing protection against P. aeruginosa
bacteremia [70].

In a rat air pouche inflamed with carrageenan it was found that the volume, pro-
tein amounts and cell counts in the exudates obtained from fosfomycin-treated ani-
mals were significantly reduced compared with that from placebo-treated animals.
The content of PGE,, TNF-a, and mRNA for cyclooxygenase-2 were also marked-
ly suppressed in fosfomycin-treated rats. Histological examination showed suppres-
sion of the inflammatory response in the pouch tissues from fosfomycin-treated rats
[71].

In vitro, fosfomycin has immunomodulatory activity on B- and T-lymphocyte
function, and also inhibits histamine release from basophils [72, 73]. It was report-
ed that fosfomycin decreased the rate of synthesis of TNF-a and IL-1 but increased
that of IL-6 in phagocytes [74]. In mice injected with LPS, fosfomycin significantly
lowered the serum levels of TNF-a and IL-1pB, indicating that fosfomycin alters
inflammatory cytokine production after LPS stimulation [75]. Fosfomycin also
reduced the formation of biofilms, produced by uropathogenic E. coli strains [76].
The therapeutic relevance of these effects is under evaluation.

Gyrase B inhibitors

Gyrase B inhibitors impair bacterial DNA replication and consist of novobiocin and
coumermycin. Novobiocin interferes with metabolic processes in eukaryotic cells. In
particular, it is a potent inhibitor of ADP ribosylation.

At therapeutic concentrations, coumermycin has been reported to impair chemo-
taxis, superoxide anion production, and intracellular killing of PMNs [77]. It sup-
presses the production of proinflammatory cytokines (TNF-a, IL-1, and IL-6), and
the anti-inflammatory cytokine IL-10, by LPS-stimulated human monocytes [78].

Novobiocin downregulates the surface molecules on monocytes, in particular
CD14. The cytosolic protein phosphorylation pattern was altered by novobiocin
and other inhibitors of ADP ribosylation, suggesting a role in monocyte signal trans-
ductional pathways. A species dependence with novobiocin was shown, since mouse
macrophages were far less susceptible to the inhibitory effect of novobiocin on TNF-
o production than were human monocytes [78]. Although the drug had hepatopro-
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tective properties in vivo, elevated TNF-a levels in mice treated with D-galac-
tosamine were not reduced by novobiocin administration [78].

Novobiocin is also known to enhance anticancer drug sensitivity of cancer cells
in vitro and in vivo. This is probably due to inhibition of DNA repair, topoisomerase
IT and/or drug-efflux activities but the mechanism remains undetermined [79-82].

Lincosamides

Lincomycin and clindamycin interfere with bacterial protein synthesis at the level of
the 50S ribosomal subunit. Clindamycin, although not effective against E. coli, sup-
pressed the production of hemolysin in an animal model of haemolytic E. coli peri-
tonitis [83]. The ceftazidime-induced release of cytokines (TNF-a, and IL-1p) by E.
coli-LPS could be suppressed by prior administration of clindamycin. But it increas-
es the IL-6 production [84].

Peptides

Peptide antibiotics are a broad family comprising the bacillus antibiotics (tyrocidins,
gramicidins, and bacitracin) predominantly active against gram-positive bacteria
and polypeptides (polymyxins, streptogramins, daptomycin, teicoplanin and van-
comycin [an antistaphylococcal glycopeptide]) active against gram-negative bacte-
ria. The mechanisms underlying the antibacterial activity of these drugs differ but
most are bactericidal. In general, peptide antibiotics do not significantly alter phago-
cyte functions at therapeutic concentrations.

Polymyxin B is the most extensively studied drug in this respect. Polymyxin B
inhibits PKC [85]. It also decreased endotoxin levels in rats after cecal ligation and
puncture [86]. It also attenuated NO and TNF-a production from Kupffer cells
after LPS stimulation, probably to the ability of polymyxin B to bind the lipid A por-
tion of LPS. This drug is widely used in vitro to neutralize possible LPS contamina-
tion [86, 87]. The amounts of intact drug or the reactive side chain necessary to
achieve anti-LPS activity, however, are toxic and preclude systemic use of polymyx-
in in humans [38, 88]. Polymyxin B by itself is able to stimulate some cellular func-
tions, for example, monocyte production of IL-1, IL-6, GM-CSE, and complement
components [89, 90].

Vancomycin and teicoplanin have been reported to depress some PMN functions
but only at very high, clinically irrelevant, concentrations. At a concentration of 50
mg/liter, teicoplanin also increased the production of TNF-q, IL-1, and IL-6 by con-
canavalin A-stimulated human monocytes [91]. Teicoplanin was able to bind and neu-
tralize endotoxin. After incubation of teicoplanin with LPS for 3 h, it reduced iz vitro
reactivity and lethality of D-galactosamine-sensitized mice challenged intraperi-
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toneally with Salmonella enterica LPS [92]. Vancomycin showed no inhibitory influ-
ence on the endotoxin-induced IL-6 and TNF-a production of human PMNs [46].

Quinolones

Quinolones are synthetic antibacterial compounds, whose first representative
(nalidixic acid) was synthesized in 1962. Since then, thousands of compounds have
been made, of which the 6-fluorinated molecules (fluoroquinolones) represent a
breakthrough. The antibacterial activity of fluoroquinolones stems from their
inhibitory effect on bacterial DNA gyrase and topoisomerase IV and thus on DNA
replication. Fluoroquinolones might also affect mammalian DNA metabolism by
inhibiting the topoisomerase II. The selectivity of fluoroquinolones for the bacterial
topoisomerases is up to 1000-fold that of mammalian counterparts [93]. Effects of
these drugs on the immune system under iz vivo or clinically relevant in vitro con-
ditions have not been well demonstrated. Therefore, this synopsis is limited to a
review of published work describing effects of fluoroquinolones on cytokine syn-
thesis under experimental conditions.

In vitro experiments

Ciprofloxacin decreased cytokine synthesis concentration dependently in LPS stim-
ulated human monocytes [94, 95]. The inhibition of cytokine synthesis was statisti-
cally significant at high ciprofloxacin concentrations only. Lower ciprofloxacin con-
centrations ranging from 1-30 mg/L showed an inhibitory effect that did not reach
statistical significance [96].

The effect of moxifloxacin on secretion of cytokines by human monocytes
obtained from 10 healthy volunteers was studied following stimulation with either
LPS or pansorbin (heat killed Staphylococcus aureus, Cowan strain). Exposure of
LPS-stimulated monocytes to three clinically achievable moxifloxacin concentrations
resulted in a significant inhibition of secretion of IL-1a, IL-1pB, IL-8 and of TNF-a.
Secretion of IL-4, IL-6 and IL-12 by LPS-stimulated monocytes was not significantly
inhibited by either of the three moxifloxacin concentrations [94, 97]. Although expo-
sure of LPS-stimulated monocytes to moxifloxacin inhibited cytokine-secretion, the
same experimental procedure had no effect on cytokine secretion by pansorbin-stim-
ulated monocytes [97]. These discrepant findings may be explained by the fact that
LPS and heat killed Staphylococcus aureus preparations use different pathways to
induce cytokine synthesis by human monocytes [98]. Alternatively, moxifloxacin may
directly interact with LPS, and/or its receptors and/or its stimulatory pathway(s) to
inhibit cytokine secretion. Ciprofloxacin had a concentration dependent inhibition of
LPS activity [99]. Moxifloxacin has not yet been studied in this respect. However, nei-
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ther ciprofloxacin or moxifloxacin are incorporated into LPS or displace cations from
LPS [100].

Trovafloxacin significantly inhibits the secretion of IL-1a, IL-1p, IL-6, IL-10,
granulocyte-macrophage colony stimulating factor (GM-CSF) and TNF-o by mono-
cytes stimulated by either LPS or pansorbin [101]. Trovafloxacin exerted this effect
on the monocytes obtained from all 10 volunteers; it had no demonstrable cytotox-
icity under the experimental conditions studied. This finding is in contrast to the
observations of the same group with moxifloxacin [97]. These differences may be
due to the day-to-day variations observed in monocyte samples obtained from the
same volunteer on different days [101].

Grepafloxacin at concentrations ranging from 1 to 30 mg/l inhibited the produc-
tion of IL-1a and IL-1p but stimulated the synthesis of IL-2 by human LPS-stimu-
lated monocytes [102]. Grepafloxacin inhibited the expression of IL-1ca, IL-1p, TNF-
a, IL-6 and IL-8 mRNA, indicating that the inhibitory effect of grepafloxacin is
exerted, at least in part, at the gene transcription level [103]. Similarly, grepafloxacin
inhibits TNF-a induced IL-8 expression in human airway epithelial cells [104]. Pre-
treatment of epithelial cells with grepafloxacin (1 to 25 mg/l) 1 h before TNF-o-stim-
ulation resulted in a concentration dependent reduction of IL-8 synthesis;
grepafloxacin concentrations of 1.0, 2.5, 5.0, 10 and 25 mg/l inhibited IL-8 produc-
tion by 0%, 40%, 59%, 70% and 83 %, respectively. This phenomenon was due to
grepafloxacin mediated inhibition of TNF-a induced IL-8 mRNA expression [104].

Levofloxacin concentrations ranging from 5 to 100 mg/l stimulated IL-2 pro-
duction by monocytes in a concentration dependent manner, with levofloxacin con-
centrations = 10 mg/l causing a significant increase. By contrast, IL-1p production
in LPS stimulated monocytes was concentration dependently decreased whereas
TNF-a production was affected at a concentration of 100 mg levofloxacin/l only.
IL-8 production was negligibly affected by levofloxacin [105].

These in vitro data indicate that most fluoroquinolone derivatives superinduce
IL-2 synthesis. By contrast, they inhibit synthesis of IL-1 and TNF-a.. However,
diverse effects were reported, indicating a variation between different cells and/or
stimuli studied and iz vitro methods used.

Ex vivo studies

To investigate the in vivo effect of orally administered ciprofloxacin (25 mg/kg) on
the capacity of peripheral blood monocytes from healthy human volunteers to pro-
duce IL-1a, IL-1B, IL-6 and TNF-a ex vivo in response to endotoxin stimulation
was determined [106].

Eight patients received ciprofloxacin (25 mg/kg) orally twice daily for 7 days cor-
responding to a usual treatment. Peripheral blood was collected the day before the
treatment (DO), 2 h after the last administration of ciprofloxacin (D7) and 7 days
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after the end of the treatment (D14). Extracellular and cell-associated TNF-a and
IL-1o and extracellular IL-1 activity and cell-associated IL-6 production were sig-
nificantly enhanced after 7 days administration of ciprofloxacin. Other cytokines
measured were at the limit of significance. At D14 the capacity for cytokine pro-
duction decreased compared to D7, showing that the elevation observed at D7 was
probably related to ciprofloxacin treatment. Extracellular TNF-o and IL-6 produc-
tion was even significantly lower at D14 than at DO [106].

These data do not match with the observations of its iz vitro studies [96, 107, 108]
possibly due to in vivo cellular interactions that could modify monocytic reactivity to
a secondary challenge of LPS. Another possibility is that ciprofloxacin was adminis-
tered to healthy non-infected volunteers harbouring non-stimulated cells. The
immunomodulatory effects of fluoroquinolones are noted in stimulated cells only.

In vivo studies

The evaluation of the effects of ciprofloxacin and rufloxacin in an intra-abdominal
infection model represents one of the first attempts to determine whether fluoro-
quinolones iz vivo alter the T cell response and cytokine production [109]. These
two fluoroquinolones were studied as they are inactive against B. fragilis in vitro
(MIC = 4 mg/l), so that their in vivo efficacy is most likely due to immunomodula-
tory effects [110].

Treatment of mice with rufloxacin or ciprofloxacin resulted in an elimination of
B. fragilis from 66.6% and 63.5% of the animals, respectively. This therapeutic effi-
cacy coincided with a modulation of TNF-a production in vivo. Other fluoro-
quinolones, like difloxacin [111] or temafloxacin [112], were found to be effective
against B. fragilis in vivo, too, despite their lack of in vitro activity.

These results indicate that the in vivo efficacies of these four fluoroquinolones
may be related to their ability to modulate TNF-o. production. Morphological
changes of B. fragilis triggered by sub-MIC levels making the bacteria more vulner-
able to phagocytosis and intraleukocytic killing could be an alternative explanation.
Both possibilities are not mutually exclusive.

The in vivo efficacy of trovafloxacin was studied in the same experimental model
of intra-abdominal abscesses in rats. The decrease in mortality rate, elimination of
infection and reduction of TNF-a concentrations was dose proportional [113,
114]. The protective effect of trovafloxacin was probably due to the modulation of
TNF-a concentrations and not due to its antibacterial efficacy [115] since
trovafloxacin was seen to be effective at subtherapeutic doses and in animals chal-
lenged with heat-killed bacteria [113].

Fluoroquinolones have been shown to protect mice from LPS induced death and
from sublethal LPS-challenge [116, 117]. A set of additional in vitro and in vivo
studies lends support to the above observations. Ciprofloxacin and trovafloxacin
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were found to modulate the inflammatory response of macrophages to LPS [47,
118] by reducing significantly the TNF-a response by stimulated with LPS or living
Pneumococcus aeruginosa.

These data suggest that ciprofloxacin protects mice by decreasing TNF-a. or IL-
12 concentrations and by increasing IL-10 concentrations. Accentuation of IL-10
production and diminished IL-12 production were most pronounced in sublethally
challenged animals. Both IL-10 and IL-12 are considered to play an important role
in the functional differentiation of immunocompetent cells and trigger the initiation
of the acquired immune response. The data suggest that the fluoroquinolones stud-
ied may affect cellular and humural immunity by attenuating cytokine responses in
addition to their antibacterial activity.

Sulfones and sulfonamides

Dapsone (4,4'-diaminophenyl sulfone) was synthesized by Framm and Whitman in
1908. The antibacterial activity of sulfonamides was discovered in the early 1930s.
Modification of the active derivative (sulfanilamide) has generated many com-
pounds. The antibacterial action of all compounds is the same, i.e., inhibition of
dihydropteroate synthase. The most frequently used antibacterial sulfonamide is
sulfamethoxazole in combination with trimethoprim (cotrimoxazole). Sulfonamides
exert an inhibitory effect on phagocyte functions, and many agents in this class have
been switched from infections to inflammatory diseases, i.e., sulfasalazine and sul-
phapyridine. The mechanisms underlying the effects are unclear.

Dapsone inhibits neutrophil functions such as chemotaxis and oxidant produc-
tion. It also irreversibly inhibits myeloperoxidase (MPO) and impairs the produc-
tion of HOCI by converting MPO into its inactive compound II (ferryl) form [119].
It inhibits the adherence of neutrophils to antibodies, bound to the basement mem-
brane in a dose-dependent manner. This may be related to an effect directly with the
antibodies. This inhibition may contribute to the clinical efficacy of dapsone in anti-
body-mediated diseases [120].

Dapsone impairs the production of prostaglandin E, by neutrophils, a possible
explanation for dapsone-induced potentiation of cell-mediated immunity [121].

The hematologic toxicity of dapsone is linked to its oxidative metabolism.

Clinical significance
Low-dose macrolide therapy has greatly increased survival in patients with diffuse

panbronchiolotis, a chronic inflammatory airway disease that is relatively frequent
in the Far East, with a high mortality during conventional treatment [122]. This has
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led to investigations concerning macrolide use in cystic fibrosis, bronchiectasis, and
asthma. Preliminary results in patients with cystic fibrosis are encouraging [123].

For other indications, at present there is no place for attempts to modulate the
immune response by antibacterials in clinical routine. Several effects, however,
deserve attention for future research in humans.
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