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Preface: A Brief History of the Macrolide 
Antibiotics 

Macrolides are a class of bacteriostatic antibiotics containing a large macrocyclic 
lactone ring, generally 14- ,15-, or 16-membered in size, with one or more 
deoxysugars (e.g., cladinose) attached. They bind to the 50S subunit of the bacterial 
ribosome inhibiting bacterial protein synthesis and thus growth and reproduction. 
The most commonly used macrolide antibiotics are the 14-membered erythromycin, 
clarithromycin, and roxithromycin and the 15-membered azalide, azithromycin. 

The first macrolide identified was erythromycin. Dr. Abelardo Aguilar was a 
physician and pharmaceutical representative working at Eli Lilly Company in the 
Philippine island of Iloilo. In 1952, he was doing independent research to attempt to 
identify novel antibiotics and he found that some soil from the Molo cemetery had 
reproducible antibacterial activity. He sent some soil samples to Eli Lilly where 
erythromycin was isolated from a strain of Streptomyces erythreus, which produced 
erythromycin as a metabolic product (1). Commercially, the company launched the 
product in 1952 under the brand name Ilosone to honor the discovery of Iloilo. 

Although erythromycin and a similar compound, troleandomycin, had excellent 
antibacterial activity, their relatively poor bioavailability, unpredictable pharmaco-
kinetics, and low stability in the acidic pH of the stomach, as well as uncomfortable 
gastrointestinal side effects prompted early searches for new derivatives with 
improved properties. Of note, troleandomycin (no longer sold) is a CYP3A4 inhib-
itor affecting drug metabolism and its use caused hepatic dysfunction. Taking 
advantage of erythromycin’s binding to the gastrointestinal motilin receptor, it is 
now used as a prokinetic for some patients with delayed gastric emptying. 

The antibiotic clarithromycin was invented by scientists at the Japanese drug 
company Taisho Pharmaceutical in the 1970s as a result of efforts to overcome the 
acid instability of erythromycin (2). Hoechst Marion Roussel in France synthesized 
roxithromycin (3), and azithromycin was synthesized by PLIVA in Croatia (4). 
Clarithromycin and azithromycin are highly marketed worldwide. 

Early studies suggesting the immunomodulatory properties of these antibiotics 
reach back to the late 1950s when erythromycin and especially troleandomycin were 
observed to be “steroid-sparing” agents when used for patients with asthma who
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required regular systemic corticosteroids for disease control (5). However, it was in 
the early 1980s when Miazawa and Kudo in Japan first exploited these properties for 
the therapy of diffuse panbronchiolitis (6) as detailed in a later chapter by Taniuchi 
and Azuma. 

vi Preface: A Brief History of the Macrolide Antibiotics

Much has happened in the 40 years since this discovery with greater understand-
ing of the potential immunomodulatory mechanisms and effective use, in particular 
for neutrophil-dominated inflammation. We bring much of this information together 
in this book. 
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Macrolides and Diseases Associated 
with Loss of Epithelial Barrier Integrity 

Clive P. Page , Fridrik R. Gardarsson, Jennifer A. Kricker , 
Thorarinn Gudjonsson , Virginia Norris, and Michael J. Parnham 

Abstract In addition to the antiinflammatory/immunoregulatory actions of 
macrolide antibiotics, more recent investigations indicate the potential barrier-
protective effects of these drugs on the epithelium. This chapter builds on and 
expands the chapters on the cytoprotective effects of macrolides, on airway epithelial 
cells, and on mucoregulatory effects of this drug class on the respiratory mucosa, 
which were published in 2005 in a previous PIR volume on Antibiotics as 
antiinflammatory and immunoregulatory agents. Birkhäuser Basel, Basel, 
2005 (75); Takeyama K, in: Antibiotics as antiinflammatory and immunomodulatory 
agents [Internet]. Birkhäuser Basel, Basel, 2005; 96). We consider here the accu-
mulated clinical literature on the subject, including more recent publications since 
the last PIR review, which particularly concern azithromycin and its efficacy in the 
treatment of patients with asthma and chronic obstructive pulmonary disease 
(COPD). We also mention possible effects of barrier-protective macrolides on the 
dermal and gut epithelium, suggesting their potential for efficacy in the treatment of 
skin and gut diseases associated with epithelial barrier injury. 
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1 Introduction 

Since 2000, azithromycin has become the main macrolide investigated for pharma-
cological effects beyond antibiosis. Its demonstrated efficacy now covers the treat-
ment of patients with asthma and chronic obstructive pulmonary disease (COPD) [1– 
4], patients exposed to various airborne viral infections [5–7], and other diseases 
associated with loss of epithelial barrier integrity. 

This current review will consider the characteristics of the epithelial barrier and 
the in vivo and in vitro evidence for the effects of macrolides on epithelium that may 
contribute to their clinical efficacy in a range of diseases known to be associated with 
epithelial dysfunction, including those in the skin, as well as data suggesting their 
potential for efficacy in the gut. A novel class of modified macrolides or so-called 
“Barriolides” exemplified by EP395, an azithromycin-related macrolide with 
reduced antimicrobial resistance potential, that recently entered early clinical devel-
opment targeting chronic airway disease (CAD), will also be discussed [6]. 

2 Epithelial Barrier Failure, a Common Pathophysiological 
Feature of Various Chronic Inflammatory Diseases 

Epithelial integrity and barrier failure are emerging as fundamental determining 
factors for health and disease in a range of organs [8]. While the major focus in 
diseases involving injury to the epithelium has been placed on the involvement of 
inflammatory cells and the vascular endothelium in the past, more recently, the 
concept of epithelial barrier dysfunction as the basis for disease progression has been 
proposed, particularly by Akdis and his colleagues in their recent treatise on the 
epithelial barrier hypothesis [9]. Others, such as Georas and colleagues in the USA, 
have conducted research in patients with asthma to address a “barrier failure” 
hypothesis [10, 11]. Loss of epithelial integrity or barrier failure is now recognized 
as a feature of a number of chronic inflammatory diseases including COPD, asthma, 
cystic fibrosis (CF), dermatitis, inflammatory bowel disease (IBD), and diseases 
associated with lung injury such as acute respiratory distress syndrome (ARDS) and 
sepsis, and is postulated as the underlying defect responsible for infective exacer-
bations, poor resolution and fibrosis [9]. 

The increasing interest in the epithelial integrity paradigm both in academia and 
the pharmaceutical industry is indicated by the growing number of patents and 
publications appearing in this field over the last five decades (Fig. 1). Furthermore, 
several pharma and biotech companies are now developing drug classes targeting the 
epithelium for the treatment of a range of disorders [12]. 

This relatively recent introduction of agents developed based on epithelial phar-
macology and the use of endpoints investigating barrier integrity in inflammation 
research programs has been aided by recent advances in our understanding of 
epithelial biology (discussed below). The stem cell revolution of the nineties with



its transformative effects on tissue culture technology and organoid development 
coupled with the equally transformative effects that genomics, as well as other 
omics, have had in recent years on analytical capabilities on all fronts of biology 
research has also impacted investigations of epithelial cell biology. In the last 
20 years, modern epithelial cell culture systems have created ways that did not 
exist before to detect and analyze the epithelial pharmacology of test compounds 
independently of immune cell pharmacology, antibiotic potency, or any other 
nonepithelial effects in laboratory settings. 
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Fig. 1 Evident increase in epithelial terms by decade in publications cited in PubMed 

2.1 Epithelial Homeostasis, Remodeling, and Barrier Failure 

All epithelial tissues share unifying structural and functional features like hexagonal 
orientation and ongoing cellular renewal, as well as their undisrupted continuity, 
which provides separation between the external environment and the body’s interior 
tissues, acting as a contiguous surface for all organs and a lining for other tissues. 

The epithelium is generally capable of remodeling itself and is often the first line 
of defense against the external environment. It is widely distributed and is the key 
surface lining in organs such as the airways, skin, and the gastrointestinal tract, 
whereby its varying architecture reflects its different functions. Apical to basolateral 
polarity, as in the upper airways and in the gastrointestinal tract, and the stratified 
squamous epithelium of the skin are pivotal to the barrier function of the epithelium 
and its organ-specific functions.
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2.1.1 Airway Epithelium 

In the respiratory tract, the epithelium changes from being pseudostratified in the 
upper airways to cuboidal in the lower bronchioles and simple squamous epithelium 
in the alveoli (Fig. 2). The pseudostratified epithelium is responsible for the 
mucociliary clearing of particles and infectious agents. Goblet cells produce 
mucus which entraps infectious/hazardous agents and ciliated cells produce a thin 
periciliary fluid, which with the help of the beating cilia, move the mucus up the 
respiratory tract to be expelled through the mouth or nose. Macrolide antibiotics such 
as azithromycin are well known to inhibit the secretion of mucus by the airway 
epithelium [13, 14]. Basal cells are responsible for the renewal of both ciliated and 
goblet cells in the trachea and large bronchi [15]. In the lower bronchi, the epithe-
lium has a simple cuboidal structure, with club cells replacing the basal cells as the 
stem or progenitor cells [16]. The bronchioles open into the air-filled alveoli that are 
composed of a thin layer of alveolar type 1 cells with cuboidal type 2 cells distributed 
in between. Whereas the type 1 alveolar cells are responsible for the gas exchange, 
type 2 cells produce surfactants to prevent the alveoli collapsing. They are also the 
progenitor cells for new type 1 cells [17]. The epithelial barrier is generated by the 
ability of epithelial cells to form tight contact to each other via various adhesion 
proteins, most notably the tight junction complexes. Tight junctions formed by 
epithelial cells regulate the paracellular flux and infiltration of leukocytes, and are 
also important in generating apical-basal polarity by controlling the distribution of 
phospholipids and transmembrane proteins within the semi-fluid cell membrane 
[18]. The tight junctions are formed by a variety of adhesion molecules, including 
transmembrane proteins, claudins, occludins, and junctional adhesion molecules 
(JAM), which are linked to the actin cytoskeleton through scaffold proteins, most 
notably, zonula occludens (ZO-1 to -3), cingulin, and afadin [19]. These, in turn, 
are regulated by cytokines, which cause junction modifications during inflammation. 
Together with numerous other proteins involved in cell signaling, they form the 
intracellular tight junction plaques [20]. As discussed below in sect. 2.2, 
azithromycin has been shown to modify airway epithelial tight junction molecule 
expression. 

Loss of epithelial integrity/barrier failure also increases during aging. Indeed, 
aging results in reduced lung function which makes the elderly more vulnerable to 
chronic lung diseases. Aging reduces the mucociliary clearance, thus weakening the 
epithelial barrier, which makes older people more prone to infections such as 
pneumonia [21]. Recently, Angelidis et al. used single cell transcriptomic and 
mass-spectrometry proteomics to quantify changes in 30 lung cell types in young 
and old mice. They demonstrated significant changes in gene regulation and cellular 
remodeling that may affect the epithelial barrier [22]. Several respiratory diseases 
affect the epithelial barrier including COPD, CF, and asthma with cigarette smoking 
and other types of oxidant pollution being the main causes of COPD. Cigarette 
smoking facilitates goblet cell hyperplasia and disrupts tight junctions resulting in
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Fig. 2 The epithelial barrier in airway, skin, and gut. (a) The airway epithelium varies from the 
pseudostratified layer in the bronchi to the single squamous layer in the alveoli. It extends from the 
trachea and large bronchi to the smaller bronchioles and alveoli. The epithelium thus, forms a 
continuous layer that protects the underlying interstitial connective tissue from pathogens and 
pollutant-rich external air. In the trachea and large bronchi, the pseudostratified layers are composed



suboptimal epithelial barrier integrity, mainly as a result of direct oxidant damage 
and inflammation with loss of tight junction integrity [23–25].

8 C. P. Page et al.

In bronchial asthma, repeated injury to the airway mucosal barrier enhances 
mucosal permeability to pathogens and injurious chemicals. This epithelial barrier 
damage results from the activation of airway epithelial cells, dendritic cells, and 
innate group 2 innate lymphoid cells (ILC2), leading to the release of epithelial 
cytokines, such as thymic stromal lymphopoietin (TSLP), as well as interleukins 
IL-25, and IL-33 and to a Th2-biased inflammatory response. The associated 
infiltration and activation of inflammatory cells from the circulation, also reduced 
by azithromycin (see sect. 2.4), leads to the characteristic hallmarks of asthma [26] 
(Fig. 3). 

Upon epithelial damage in the respiratory tract, basal, club, and type 2 alveolar 
cells are activated collectively to induce a recovery phase and healing of the barrier 
by generating new differentiated and functionally active cells. This recovery phase is 
activated very rapidly as epithelial barrier failure allows infectious agents and other 
materials from the external environment such as allergens or pollutant particles to 
enter the subepithelial stroma, triggering an inflammatory response and/or infection 
of submucosal tissues that may exacerbate further tissue damage. Thus, finding 
drugs that enhance the integrity of the epithelial barrier in the airways of people 
with underlying airway diseases such as COPD may reduce the risk of exacerba-
tions, reduce symptoms and improve the quality of life. 

Fig. 2 (continued) of mucociliary epithelium and basal cells which represent progenitor cells. In the 
bronchioles, club cells replace the basal cells as the progenitor cells. The distal part of the airway 
epithelium terminates in the alveoli where gas exchange takes place. The type II alveolar cells are 
responsible for surfactant production and also for the generation of new type I alveolar cells that are 
responsible for gas exchange. In vitro and in vivo work indicates that azithromycin may enhance the 
epithelial barrier via tight junction remodeling, enhancing epithelial cell growth, and differentiation, 
reducing epithelial-derived proinflammatory cytokines, and reducing mucus (see sect. 4)  (b) The 
epidermis forms stratified squamous epithelium. The epidermis is composed of four layers of 
epithelial cells (keratinocytes). Stratum basale sits on top of the basement membrane, which 
separates the epidermis from the underlying dermis. Keratinocyte stem cells (basal cells) are located 
in the stratum basale. These stem cells give rise to keratinocytes which move up to the stratum 
spinosum. In the stratum spinosum, interconnections between cells are apparent, presumably 
through desmosomes. Keratinocytes differentiate further and move up to the stratum granulosum. 
This layer forms the water barrier. Keratinocytes are filled with lipids packed in lamellar bodies that 
make this layer highly hydrophobic and which may possibly be enhanced by barrier-protective 
macrolides (cf sect. 5.3). At the interface of the stratum granulosum and stratum corneum, 
keratinocytes undergo keratinization which is a specific form of apoptosis, losing their nuclei and 
other cellular organelles and accumulate to form the keratin- and lipid-rich stratum corneum. (c) The 
colon epithelium forms a columnar single-layer barrier. The colon epithelium is mainly composed 
of absorptive enterocytes, mucin-producing goblet cells, and stem cells located at the bottom of the 
crypt. The stem cells give rise to new enterocytes and goblet cells. Microfold (M) cells and 
enteroendocrine cells are also found within the colon epithelium (not shown in this figure), where 
they contribute to the immune and hormonal systems, respectively. Potential sites of action of 
barrier-protective macrolides in the gut have yet to be determined. Figures generated by BioRender. 
com
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2.1.2 Epidermis 

The cellular turnover in the stratified squamous epithelium, the epidermis, is fast and 
requires active stem or progenitor cells to generate new keratinocytes [27]. The 
keratinocyte stem cells sit on the basement membrane in the stratum basale [28] and 
give rise to keratinocytes which reach maximal differentiation in the stratum 
granulosum, forming the water barrier. The water barrier between the stratum 
granulosum and stratum corneum is composed of accumulated lipids (e.g., phos-
pholipids, glucosylceramide, sphingomyelin, and cholesterol) that together with 
proteins form lamellar bodies (LBs) [28–31]. These stratified layers are of major 
importance for the barrier function of the skin and help prevent transepidermal water 
loss (TEWL). 

Epidermal barrier failure and the accompanying inflammatory response are 
considered a primary component of skin diseases such as atopic dermatitis (AD), 
rosacea, and ichthyoses [32–35]. AD, a chronic, relapsing skin disease characterized 
by dry erythematous lesions and severe itching (pruritis), has a very high prevalence, 
affecting up to 3% of the worldwide population. Furthermore, the frequency of AD 
and other atopic diseases has increased by two- to threefold during the past decades 
in industrialized countries [36, 37]. Histological features of AD include intercellular 
edema (spongiosis) of the keratinocytes within the stratum spinosum, resulting from 
a lack of cell-cell binding [38]. Although the cause of AD is unknown, barrier failure 
and inflammatory responses are both key features of the disease [39]. A hallmark of 
AD is elevated serum concentrations of allergen-specific IgE antibodies against 
various inhaled, food, and environmental allergens, probably resulting from the 
epithelial barrier failure, leading to passage of allergens into the underlying connec-
tive tissues which initiate an inflammatory response triggered by cross-linking of 
allergens with IgE on mast cells [40]. 

Loss-of-function (LOF) studies on the gene FLG, which encodes for the precur-
sor of the filament-associated protein filaggrin, have shown a strong association with 
AD [41]. LOF FLG mutations are also responsible for the onset of ichthyosis 
vulgaris, the most common skin disorder within ichthyoses (IC). IC are a heteroge-
neous group of skin diseases sharing the feature of barrier failure leading to water 
loss and compensatory hyperproliferation of keratinocytes [42]. Common pheno-
types include dry skin (xerosis) and scaling, and IC patients are at increased risk for 
AD, asthma, and other allergic disorders, probably due to the disrupted skin barrier, 
subsequently allowing easier epidermal penetration of allergens and other external 
inflammatory stimuli [41]. As in IC and AD, rosacea is also characterized by

Fig. 3 (continued) mitochondrial oxygen consumption. As a consequence of these membrane and 
intracellular changes, release of cytokines and enzymes is modified. In airway epithelial cells, 
mucus secretion is decreased, and tight junction proteins are remodeled, resulting in an increase in 
transepithelial electrical resistance (TEER) with reduced paracellular flux. With time, epithelial 
growth and differentiation are enhanced, further facilitating the barrier function of the cells. Since 
junction proteins are crucial to skin and gut epithelium, it is likely that nonantibiotic macrolides will 
beneficially affect these molecules as well as other epithelial processes



increased TEWL with compromised tight junction proteins, while filaggrin remains 
unchanged [43, 44]. The pathophysiology of rosacea is still not understood but 
increased epithelial cell expression of cathelicidin (LL-37) and IL-33 play a key 
role, together with increased expression of vascular endothelial growth factor 
(VEGF) [45]. The epithelium of the skin, although multilayered compared to airway 
and gut, is susceptible to breaches of the barrier resulting in imbalance and subse-
quent inflammation.
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2.1.3 Intestinal and Colon Epithelium 

The intestine and colon epithelium are composed of multiple cell types. In the 
intestine, large folding of the epithelium generates villi and crypts. Cellular 
remodeling is undertaken in the crypts where stem cells deep in the crypts generate 
daughter cells that differentiate either downwards to become Paneth cells (intestine) 
or upwards to generate enterocytes, goblet cells and enteroendocrine cells [46]. The 
epithelial barrier in the gut is of great importance for maintaining homeostasis of the 
gastrointestinal tract, and barrier failure contributes to a variety of conditions such as 
leaky gut [47, 48], and inflammatory bowel diseases (IBD) such as Crohn’s disease 
[49], ulcerative colitis [50] and celiac disease [51]. A common denominator of 
barrier failure in the gut is the aberrant regulation of tight junctions [51]. Recently, 
Parikh et al. used single-cell profiling to demonstrate the intestinal and colonic 
epithelial diversity in normal gut and epithelial cells derived from patients with 
IBD [52]. At the top of the crypts, they found a previously unknown absorptive cell, 
expressing the proton channel otopetrin 2 (OTOP2) and the satiety peptide 
uroguanylin, that senses pH and is dysregulated in inflammation. In IBD, they 
observed a positional remodeling of goblet cells that coincides with the 
downregulation of WFDC2-an antiprotease molecule that they found to be expressed 
by goblet cells and that preserves the integrity of tight junctions and prevents the 
invasion of bacteria and inflammation [52]. The expression patterns of various 
claudins, expressed both by gut epithelial and other mesodermal cells, have been 
investigated in both humans and in murine models of IBD and shown to reflect the 
interactions between the different cells involved in the disease [53]. 

It is apparent, therefore, that tight junctions play an important role in maintaining 
gut epithelial integrity. Others have shown that increased expression of claudin 
2 increases paracellular flux [54], whilst the reduced function of occludin has been 
linked to increased barrier failure. IL-13 has been shown to increase claudin 
2 expression resulting in increased paracellular flux, and TNF-alpha has been 
shown to induce the activity of myosin light chain kinase (MLCK) that further 
induces caveoli endocytosis of occludin resulting in increased leakiness of the gut 
[55]. Based on the importance of the epithelial barrier for healthy organs, drugs that 
maintain and/or increase the strength of the epithelial integrity may therefore be of 
great importance in a range of diseases of the airways, skin, and gastrointestinal tract 
and potentially open to therapy with barrier-protecting macrolides.
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3 In Vitro Models to Study Epithelial Integrity 
and the Mechanism of Action of Macrolides 

Advanced cell culture models are useful tools for studying epithelial biology both in 
health and disease. Since many epithelial tissues are exposed to hazardous environ-
ments, cell culture models have been useful in analyzing the effects of various 
toxicants and infectious agents on epithelial cells. Furthermore, these cell culture 
models now provide convenient assays for analyzing the efficacy of drugs as they 
can provide simple readout assays allowing for the reasonably rapid screening of 
large numbers of compounds. Testing cell viability in conventional monolayer 
culture is simple and fast. However, monolayer cultures have limitations, such as a 
lack of an in vivo-like environment, cellular phenotype plasticity, and association 
with the micro-environment [56]. For analysis of epithelial barrier integrity, cultur-
ing cells on transwell filters can provide a good option, either as liquid–liquid (LL) or 
air–liquid interface (ALI) cell culture. ALI cultures are suitable for analysis of the 
barrier integrity of the airway, gastrointestinal, and skin epithelium. ALI cultures are 
generated by initiating cell culture in liquid-liquid conditions on coated porous filters 
representing a basement membrane, and after a few days in culture, media is 
removed from the apical compartment, which allows for further differentiation into 
organotypic structures. 

Regarding airway epithelium, culture of basal cells in ALI conditions results in 
pseudostratified-like histology. This is demonstrated by formation of apical-
basolateral polarity, and formation of goblet and ciliated cells [57, 58]. Tight junc-
tions are responsible for the apical to basolateral polarity of the cells and fencing, 
meaning they form the tight barrier between epithelial cells, which controls the 
paracellular flux between cells. A simple readout for barrier integrity in ALI cultures 
is to measure transepithelial electrical resistance (TEER) and paracellular flux 
(p-flux). Thus, increased TEER and reduced p-flux are good indicators of a func-
tionally active barrier maintained by tight junctions and other adhesion molecules 
[59]. Additional readout assays include RNA sequencing, proteomic, ELISA, and 
metabolomic analysis. Mimicking the appropriate in vivo-like phenotype in vitro as 
closely as possible is of great importance as this allows for a better understanding of 
the communication between cells and histological appearance and allows investiga-
tion of the effect of external stimuli and drugs on the function of the epithelial 
barrier. 

Reflecting in vivo pathological conditions in cell models using challenging assays 
can be a useful tool to either investigate the clinical condition in question or to study 
drugs or methods to ameliorate the clinical condition. It can be said that there are 
broadly three categories of challenging assays, biological, chemical, and mechani-
cal. Biological assays include challenging the cell culture model with inflammatory 
cytokines and fibrosis-inducing agents such as TGFβ [60]. Chemical challenging can 
be performed using, for instance, EDTA, to bind calcium and subsequently impair 
cell-to-cell adhesion properties [61]. Mechanical challenging includes insults such as 
stretching cell models or increasing pressure in a way that deforms the cells,



mimicking, for instance, what happens in ventilator-induced lung injury [62]. The 
challenge, however, needs to be adapted carefully to the cell type used, as bacterial 
lipopolysaccharide (LPS), for instance, does not exert the same response in different 
cell lines [63]. 
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Using ALI cultures, it has been shown how azithromycin enhances the epithelial 
barrier by increasing TEER, an indicator of a strong barrier [64, 65], and in lung 
epithelial cells, it was shown that this drug also induces epidermal differentiation and 
the formation of lamellar bodies [66], which may be useful pharmacological prop-
erties to explain the effectiveness of macrolides in a number of diseases discussed 
below. 

4 Macrolides and the Epithelial Barrier 

Macrolide antibiotics as a class of drugs are known to have numerous additional 
non-antibacterial effects, such as immunomodulatory/antiinflammatory activity, 
targeted mainly at neutrophils and macrophages, together with the ability to enhance 
epithelial barrier function [6]. They inhibit adhesion, diapedesis, and activation of 
leukocytes, reducing inflammation, as well as reducing the epithelial-to-mesenchy-
mal transition which occurs in fibrosis. In addition, they promote the formation of 
M2 macrophages – involved in active resolution of inflammation – and enhance the 
differentiation of epithelial cells, while regulating airway mucus hypersecretion 
[6]. Azithromycin, particularly, has been shown in bronchial epithelial cells to 
enhance processing of the tight junction proteins, claudin-1 and claudin-4, occludin, 
and junctional adhesion molecule-A, enhance intracellular lipid generation and to 
promote cell differentiation, all of which facilitate epithelial barrier function as 
observed by increased transepithelial resistance and decreased permeability 
[64, 66]. The actions of macrolides in modulating the production by airway epithelial 
cells of the neutrophil chemotactic and activating cytokine, interleukin-8 (IL-8) and 
inhibiting the secretion of mucus from airway secretory cells, in part by inhibition of 
MUC5AC, further contribute to protection of the epithelium from injury, including 
that to cigarette smoke [6, 67, 68]. Azithromycin has also been reported to inhibit, in 
human airway epithelial cells, the stimulation by the viral product polyinosinic-
polycytidylic (poly (I:C)) acid of the T2-biasing cytokine TSLP, a response of 
potential therapeutic benefit in asthma [69]. Moreover, in a rat ovalbumin-induced 
asthma model, azithromycin promoted epithelial thickening and inhibited epithelial 
apoptosis [70]. 

It is of interest therefore, that recently, EpiEndo Pharmaceuticals has developed 
EP395, a macrolide with greatly reduced antimicrobial activity which has entered 
clinical development. This is the first macrolide analogue to have entered clinical 
trials for the treatment of nonbacterial airway diseases since solithromycin was 
tested for non-antibacterial efficacy in patients with COPD and terminated due to 
tolerability issues [71]. While solithromycin is a 14-membered fluoroketolide with 
good antibiotic potency, but a poor long-term safety profile, EP395 is an



azithromycin-related, nitrogen-containing, 15-membered macrolactone that has 
been structurally and functionally optimized away from the antimicrobial class 
effects of macrolides, to minimize induction of host flora resistance [72, 73]. The 
compound has effects on epithelial barrier function, enhancing epithelial integrity, as 
well as possessing antiinflammatory actions that are shared by other 14- and 
15-membered macrolides that have proven efficacy in patients with diffuse 
panbronchiolitis (DPB). Importantly, EP395 exhibits augmented barrier-modulating 
pharmacology in vitro compared to azithromycin, but similar effects have not been 
observed for erythromycin in the same assay [64, 73]. Moreover, inhibitory actions 
of EP395 on murine lung injury induced in vivo by cigarette smoke or SO2 are 
commensurate with its epithelial barrier-protecting effect [72]. 
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5 Macrolide-Sensitive Inflammatory Diseases 

5.1 Distinctions between Macrolide Antibiotics 

There has been an ongoing interest in clarifying the disease modifying pharmacol-
ogy of macrolides ever since the late sixties and seventies when the dramatic 
antiinflammatory and even curative effect of erythromycin on DPB was recognized 
in Japan [74]. As DPB has an essentially unknown etiology and the exact patho-
physiology is still not completely understood, it has remained unclear which of the 
multiple pharmacological properties of azithromycin, erythromycin, and other 
macrolides are responsible for this clinical benefit of a relatively rapid remission 
of inflammation and suppression of further disease progression [75–77]. 

However, it seems likely that the disease-modifying efficacy of macrolides on 
inflammatory responses lies within the 14-membered and 15-membered analogues, 
since the 16-membered compounds are not disease modifying in DPB or other 
macrolide-sensitive indications [78]. The potential efficacy of solithromycin, a 
14-membered fluoroketolide, was investigated against non-bacterial airway diseases, 
but this drug was not well tolerated on long-term use and the trial was terminated due 
to safety issues when tested in patients with COPD [71]. 

In this regard, it is of interest therefore, that a patient with DPB who did not 
respond to erythromycin therapy did respond to clarithromycin [79], while in 
contrast the 16-membered josamycin, despite having prominent 14-membered like 
PMNC inhibitory effects, has been found to be clinically ineffective in treating DPB 
[78]. It is worth mentioning, in this context, that clarithromycin, in addition to its 
well-established antiinflammatory/immunomodulatory actions, also exerts benefi-
cial effects on epithelial cell function [67]. Thus, it seems likely that both the 
14-membered and 15-membered macrolide antibiotics share features essential for 
treating most cases with DPB, while those experimental antiinflammatory features 
shared by them with josamycin appear less important for therapeutic benefit in DPB 
[75, 78].
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Nevertheless, beyond shared properties, each structure has distinct pharmacolog-
ical characteristics differing from those of the others, depending on the assays and 
models of inflammation used. It is also unclear what specific pharmaceutical prop-
erties of macrolides are more relevant than others in macrolide-sensitive disease 
indications. Moreover, no statistically significant head-to-head studies exist to help 
in discerning whether one of the 14-membered or the 15-membered azalide struc-
tures is generally more effective than the others in any of the sensitive indications. 
Nevertheless, it is relevant in this context that clarithromycin is inactive in progres-
sive CF lung disease, a condition repeatedly shown to be sensitive to 
azithromycin [80]. 

In view of the supportive data and despite the absence of direct head-to-head trial 
designs for any of the macrolide-sensitive indications, azithromycin seems to have 
become the go-to macrolide for off-label use, at least for some airway conditions, for 
example, GOLD (COPD) and GINA (asthma), [81, 82]. This is noteworthy as 
azithromycin was not introduced onto the market until 1988 and by then already 
much of the evidence for the 14-membered macrolides in DPB and CF had been 
established. 

Consequently, the structural basis for most early documented attempts to develop 
non-antibiotic macrolides was the 14-membered ring. These compounds emulated 
the erythromycin-like effects on macrophages and neutrophils, their activation, 
chemotaxis, and reactive functions, while the 15-membered azithromycin-like struc-
ture has dominated more recent novel structural approaches. A summary of past 
attempts to develop non-antibiotic macrolides was given recently by Kricker 
et al. [6]. 

5.2 Macrolide Antibiotics in COPD and Asthma 

Arising from the initial studies on DPB, there has been interest in the clinical utility 
of macrolides in the treatment of several respiratory diseases, including COPD, 
asthma, chronic allergic rhinosinusitis, non-CF bronchiectasis, CF, and cryptogenic 
organizing pneumonia (COP), previously termed bronchiolitis obliterans organizing 
pneumonia (BOOP) [83]. More detailed discussions of the use of macrolides in 
specific disorders are given in other chapters in this present volume. We focus here 
on the key clinical studies in patients with asthma and COPD, which are clearly 
associated with epithelial injury, and these are summarized below. 

In asthma, small clinical trials have looked at the effects of macrolides on markers 
of inflammation. For example, it has been shown that 8 weeks of treatment with 
clarithromycin reduced IL-8 and neutrophilic inflammation in the sputum of patients 
with refractory asthma. The effect was most marked in those with refractory 
non-eosinophilic asthma [84]. In children on maintenance inhaled fluticasone pro-
pionate, 4 weeks treatment with clarithromycin reduced eosinophilic inflammation 
as assessed by blood levels of eosinophils and ECP [85]. In the AMAZES trial, 
48 weeks of azithromycin reduced the number of combined moderate and severe



exacerbations compared to placebo (1.07 versus 1.86 events/patient/year; incidence 
rate ratio 0.59 (95% CI 0.47–0.74) in patients with symptomatic asthma despite 
ICS/LABA therapy [2]. Subgroup analysis of the AMAZES trial indicated that 
azithromycin is effective at reducing exacerbations in both eosinophilic and 
non-eosinophilic asthma [86]. ERS/ATS guidelines suggest consideration of a trial 
macrolide treatment to reduce asthma exacerbations in adult asthma subjects on step 
5 therapy that remain persistently symptomatic or uncontrolled. The potential benefit 
should be carefully considered against the risk of the emergence of antimicrobial 
resistance at both the individual patient and wider community levels. In the GINA 
treatment guidelines, in patients with no evidence of type 2 inflammation, a trial of 
low dose macrolide is a treatment option for consideration [82]. In this respect, it is 
worth noting the results of a study in mice sensitized to house dust mite (HDM), then 
exposed to poly(I:C), as a model of asthma complicated with viral infection. Four 
days oral treatment with 25 mg/kg of the non-antibiotic, 14-membered macrolide 
EM900 resulted in significant reduction of bronchial airway lavage fluid (BALF) of 
all cell counts, including the predominant eosinophils, and concentrations of the type 
2 inflammatory cytokines IL-13, IL-5, RANTES, IL-17A, and MIP-2 [87]. These 
data indicate that the use of non-antibiotic macrolides is also likely to be of benefit in  
allergic airway inflammation. 

16 C. P. Page et al.

In a small study (n = 30) in patients with COPD and neutrophilic bronchitis, 
patients were randomized to azithromycin 250 mg a day or placebo for 12 weeks. 
Azithromycin treatment resulted in a non-significant reduction in sputum neutrophils 
and IL-8 levels [88]. In a randomized, double-blind, placebo-controlled study in 
109 COPD patients, 250 mg of erythromycin twice daily for 12 months reduced 
moderate to severe exacerbations compared to placebo [89]. Two studies have also 
been conducted looking at azithromycin on exacerbations in COPD patients. In the 
first such study performed, 1142 patients at risk of exacerbation were randomized to 
receive either 250 mg once a day or placebo for 1 year, in addition to their usual care. 
The median time to the first exacerbation was 266 days (95% confidence interval 
[CI], 227 to 313), among participants receiving azithromycin, as compared with 
174 days (95% CI, 143 to 215) among participants receiving placebo (P < 0.001). 
The frequency of exacerbations was 1.48 exacerbations per patient-year in the 
azithromycin group, as compared with 1.83 per patient-year in the placebo group 
(P = 0.01) [1]. In a second study, COPD patients with 3 or more exacerbations in the 
previous year were randomized to azithromycin 500 mg three times a week (n = 47) 
or placebo (n = 45) for 12 months. Eighty-four exacerbations were recorded in the 
azithromycin group compared with 129 in the placebo group. Azithromycin resulted 
in a significant reduction in the exacerbation rate versus placebo (0�58, 95% CI 
0�42–0�79; p = 0�001) [4]. Interestingly, a sub-analysis of this study suggests that 
COPD patients with higher blood eosinophils (≥2%) derive greater benefit in terms 
of lower number of exacerbations and hospitalizations compared to those with blood 
eosinophils <2% [90]. Treatment recommendations suggest consideration of 
azithromycin in patients who continue to exacerbate despite LABA/LAMA treat-
ment if blood eosinophil counts are <100 cells/μl (i.e., those who are unlikely to



derive benefit from ICS) or those who continue to exacerbate despite LABA/LAMA/ 
ICS, particularly if ex-smokers [81]. 
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TSLP is a key epithelial cytokine released in response to multiple triggers, and 
blocking TSLP with tezepelumab is effective at reducing exacerbations in asthma 
[91]. The inhibition of TSLP generation from airway epithelium by azithromycin 
may contribute to its therapeutic benefit in asthma [69], in addition to the other 
beneficial effects of this drug on airway epithelium described previously. 

Given the broad patient populations who derive clinical benefit from 
azithromycin in terms of exacerbation reduction, taken together with the data from 
HBEC and poly I:C stimulation, effects on the epithelium could at least in part 
explain the efficacy of macrolides in reducing exacerbations in asthma and COPD. 

5.3 Macrolides in Other Inflammatory Disorders 

Based on the foregoing discussion, it is likely that macrolide protective effects on the 
epithelial barrier may also contribute to the therapeutic benefit observed in the 
topical treatment of rosacea or atopic dermatitis with macrolide dermal formulations, 
or the oral macrolide therapy of psoriasis [92–94]. While these dermal disorders are 
also associated with barrier disruption, the effects of macrolides, up till now, have 
been associated with inhibition of inflammatory cell and mediator reduction and 
attributed exclusively to either antibacterial or antiinflammatory actions [92]. We 
have also recently suggested that oral macrolides without antibacterial activity and 
thus, without adverse effects on the gut microbiome, may also be of benefit in the 
treatment of epithelial damage in IBD [6]. A recent article connects gut and skin 
health, showing that fiber-derived short-chain fatty acids formed in the gut promote 
keratinocyte metabolism and differentiation in keratinocytes from the skin [95]. In 
this respect, it is worth noting that the beneficial effects of azithromycin on airway 
epithelial growth and differentiation are associated both with increased expression of 
a set of 51 genes also associated with epidermal differentiation and with increased 
deposition of intracellular fatty acids [66], suggesting a potential common mecha-
nism in airway and skin and even intestinal epithelial protection. 

In a recent review article from 2019 entitled “Azithromycin is the answer in 
pediatric respiratory medicine, but what was the question?” the author, Andrew 
Bush, is critical of the evolution of inappropriate over-prescription and widespread 
use of macrolides in chronic inflammatory diseases both in children and adults, as 
such “off-label” therapy leads to extensive resistance formation [76]. Furthermore, 
he urges the medical and scientific community to focus on better understanding the 
endotype of inflammatory conditions where the non-antibiotic effects of macrolides 
have proven to be beneficial beyond DPB and to develop new non-antibiotic 
macrolides to target strategically these identified endotypes of inflammation [76].
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6 Concluding Remarks 

The efficacy of macrolides in treating inflammatory disorders, particularly those of 
the respiratory tract, arose from the serendipitous observation of the dramatic benefit 
of erythromycin, given as an antibiotic to patients with DPB. In the succeeding 
years, this therapeutic benefit has been attributed to the antiinflammatory/immuno-
modulatory actions of erythromycin and of the next generation macrolides, partic-
ularly clarithromycin and azithromycin, subsequently developed as antibiotics. As a 
result, azithromycin has been used widely off-label in the treatment of COPD and 
asthma, this use supported by several randomized, double-blind, placebo-controlled 
clinical trials. Evidence, albeit associative, has suggested that such actions may play 
a role in the effects of macrolides in inflammatory skin disorders. 

These findings on immunomodulatory actions of macrolide antibiotics have now 
been complemented by studies on the role of epithelial cell directed actions. In view 
of the increasing data on the importance of epithelial cell injury in the pathogenesis 
of inflammatory respiratory, intestinal and skin disorders, the recent data on the 
enhancing effects of azithromycin on epithelial barrier protection suggest that this 
may represent a therapeutically rewarding avenue for novel macrolide development. 
However, the almost inevitable occurrence of bacterial resistance in response to 
long-term macrolide antibiotic administration is a constant limitation to this 
approach. It is likely that the clinical testing of non-antibiotic macrolides, such as 
EP395, will facilitate the pursual of this possibility. 
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Macrolides and Inflammatory Cells, 
Signaling, and Mediators 

Mitsuko Kondo 

Abstract Low-dose long-term macrolide therapy had a remarkable effect on the 
prognosis of diffuse panbronchiolitis and suppression of airway secretion and 
neutrophilic inflammation in this disease. Macrolides inhibit airway water secretion, 
mucin secretion, and mucus production. Macrolides also suppress neutrophilic 
infiltration through suppression of proinflammatory cytokines, chemokines, and 
adhesion molecules. However, macrolides do not appear to be immunosuppressive 
but rather immunomodulatory, to reset and normalize inflammation. In order to 
elucidate the mechanism of action of macrolides, the intracellular signal transduction 
mechanism has been investigated using animal models and cell lines, and in these 
models, it is important to inhibit mitogen-activated protein kinases and transcription 
factors such as NFκB. However, the effects of macrolides are widespread and 
diverse, as are their target proteins and receptors. Since macrolides affect lysosome, 
autophagy, and apoptosis, their affinity with the membranes that constitute the cell 
membrane and intracellular organelles attracts attention. This can explain many of 
the actions of macrolides, intracellular accumulation, and temporal transition of 
actions. 

Keywords Airway secretion · Mucin · Neutrophil · Proinflammatory cytokine · 
Mitogen-activated protein kinase · NFκB · Apoptosis · Cell membrane 

1 Introduction 

Low-dose long-term therapy with erythromycin (EM) brought about a breakthrough 
improvement in the prognosis of diffuse panbronchiolitis (DPB) [1]. The principal 
mechanisms of action for macrolide therapy are thought to be suppressing airway 
hypersecretion and neutrophil inflammation. Macrolides improve mucociliary clear-
ance by directly suppressing excessive water and mucin secretion [2–4]. Macrolides

M. Kondo (✉) 
Department of Respiratory Medicine, Tokyo Women’s Medical University School of Medicine, 
Tokyo, Japan 
e-mail: kondo.mitsuko@twmu.ac.jp 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024 
B. K. Rubin, M. Shinkai (eds.), Macrolides as Immunomodulatory Agents, Progress 
in Inflammation Research 92, https://doi.org/10.1007/978-3-031-42859-3_2

25

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-42859-3_2&domain=pdf
mailto:kondo.mitsuko@twmu.ac.jp
https://doi.org/10.1007/978-3-031-42859-3_2#DOI


also suppress neutrophil activation and accumulation in the airway, which acts 
indirectly on airway epithelial cells to suppress hypersecretion [5]. The characteristic 
features of macrolide therapy are as follows. (1) Macrolides are effective at low-dose 
and long-term administration, (2) Macrolides are effective even in Pseudomonas 
aeruginosa-infected pathologies that are resistant to macrolides, (3) 14-membered 
macrolides [EM, clarithromycin (CAM), roxithromycin (RXM)] and 15-membered 
macrolide/azilide azithromycin (AZM) are more effective than 16-membered 
macrolides [2]. Macrolide concentrations are at least tenfold higher in the epithelial 
lung fluid than serum [2]. Currently, macrolides are widely used for chronic airway 
inflammatory diseases with neutrophil inflammation such as chronic sinusitis, bron-
chiectasis, cystic fibrosis (CF), and COPD. In addition, the usefulness of macrolides 
has been established in some cases of intractable and noneosinophilic asthma and is 
being studied for the therapy of pulmonary fibrosis. In this chapter, we introduce the 
effects of macrolides on airway secretion and inflammatory cells/cytokines and 
describe the broad effects of macrolides on intracellular signaling mechanisms.
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2 Regulation of Airway Secretion and Inflammatory 
Cells/Cytokines and Chemokines by Macrolides 

1. Regulation of water secretion 

Over 90% of airway surface fluid is water, and water secretion is regulated by active 
Cl ion transport in airway epithelial cells. EM suppresses Cl ion transport in airway 
epithelial cells, when the short-circuit current, an indicator of active ion transport, is 
measured by Ussing chamber [3]. Using the patch clamp technique with nasal gland 
cells, RXM suppresses activation of Cl ion channels induced by acetylcholine 
[6]. That is, 14-membered macrolides cause a decrease in water secretion associated 
with inhibition of Cl ion channels. The main Cl ion channels in the airway are 
cAMP-dependent CFTR and Ca-activated Cl ion channels (CaCC). CaCC is a 
transmembrane protein 16A (TMEM16A) [7]. We found that TMEM16A-
dependent Cl ion transport in IL-13-treated airway epithelial cells was suppressed 
by pretreatment with CAM [8]. EM also suppresses intracellular Ca2+ elevation 
induced by ATP stimulation through Ca2+ influx from extracellular spaces and Ca2+ 

oscillations [9]. Cl ion transport suppression by macrolides may also be due to 
inhibiting the increase in intracellular Ca2+ . However, macrolides appear to have no 
effect on Cl ion transport in CFTR-knockout mouse and patients with CF [10]. 

CAM, amoxicillin, and cefaclor were administered for 1 week to patients with 
chronic bronchitis and bronchiectasis, and changes in the sputum volume were 
measured, and a decrease in sputum volume of 30% or more was observed in the 
CAM group. In the sputum, the proportion of solid components increased, and the Cl 
ion concentration decreased [11], suggesting that the decrease in sputum content was 
due to a decrease in water content, perhaps due to inhibiting Cl ion transport. When 
CAM was administered to patients with COPD for 8 weeks, the volume of sputum



was reduced by half, and an increase in sputum elasticity was measured while 
viscosity was unchanged [4]. 
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2. Suppression of mucin secretion 

Mucin accounts for more than 30% of the solid components of airway mucus. 
Mucin is a large glycoprotein, and its core protein is composed of repeating serine 
and threonine peptides decorated with sugar chains linked by O-glycosidic bonds. 
There are secretory and membrane-bound mucins in the respiratory tract, the former 
being gel-forming and a component of mucus. Secretory mucin-producing cells in 
the airway are goblet cells, mucous cells, and serous cells in the submucosal glands. 
MUC5AC and MUC5B are produced from goblet cells, and MUC5B is abundantly 
produced from mucous cells of the submucosal gland [12]. When secretory stimu-
lants are administered to goblet cells, degranulation from the secretory granules 
occurs rapidly. Airway mucus hypersecretion results from degranulation from secre-
tory cells and from increased mucin production. Stimulation of the autonomic 
nervous system and mediators such as elastase and histamine causes degranulation. 
In animal experiments, administration of CAM and EM once a day for 1 week 
suppresses degranulation caused by lipopolysaccharide (LPS) stimulation, but not 
with ampicillin or cefaclor [13]. 

3. Suppression of mucin production 

The epithelial growth factor receptor (EGFR) plays an important role in mucin 
production [14]. There are many EGFR ligands such as epidermal growth factor 
(EGF), TGFα, HB-EGF, amphiregulin and tobaccos smoke, and when EGFR is 
stimulated by these ligands, its phosphorylation occurs and the ERK1/2 pathway is 
activated via Ras, Raf, and MEK [14, 15]. Transcription factors such as NFκB then 
enter the nucleus to promote gene expression and mucin. Macrolides suppress 
TGFα- and LPS-stimulated mucin production in NCI-H292 cells, perhaps at the 
transcriptional level of NFκB [16]. EGFR can be phosphorylated when stimulated 
with TNFα or H2O2 is added to NCI-H292 cells [17]. Because the antioxidant, 
N-acetyl cysteine, suppresses this reaction, it is thought that this is due to reactive 
oxygen species (ROS) derived from neutrophils phosphorylating EGFR [17]. The 
addition of neutrophil elastase to NCI-H292 cells also causes phosphorylation of 
EGFR and enhances mucin production [18]. Macrolides suppress the infiltration and 
activation of neutrophils, resulting in suppression of ROS and elastase production, 
suppression of EGFR activation, and reduction in mucin production. The culture 
supernatant of Pseudomonas aeruginosa stimulates EGFR and enhances mucin 
production [19]; therefore, macrolides can decrease mucin gene expression by 
decreasing EGFR activation. 

4. Regulation of inflammatory cells/cytokines 

Neutrophils release chemokines including IL-8/CXCL8, leukotrienes, proteases, 
and ROS. Low-dose long-term macrolide therapy decreases neutrophil numbers, 
IL-8/CXCL8, and IL-1β in bronchoalveolar lavage fluid of subjects with DPB or 
bronchiolitis [20]. Administration of LPS to rats enhances airway neutrophil



accumulation, IL-8/CXCL8, TNFα, and MUC5AC production, and these can be 
decreased by macrolides [21]. The expression of neutrophil adhesion molecules 
Mac1 (CD11b/CD18) and L-selection is also suppressed by macrolides 
[22, 23]. EM administered to cultured human airway epithelial cells decreases the 
production of IL-6 and IL-8/CXCL8 and the expression of ICAM-1. Macrolides also 
reduce VCAM-1 expression and leukocyte migration in a murine bleomycin-
induced lung fibrosis model [24]. EM inhibits leukocyte recruitment in the lung 
through downregulation of adhesion molecules in vivo study using LPS stimulation 
[25]. That is, macrolides can suppress neutrophil infiltration through suppression of 
proinflammatory cytokines, chemokines, and adhesion molecules. 
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Macrolides have also been shown to be effective against eosinophil inflammation. 
EM suppresses the secretion of the eosinophil chemotactic chemokine, RANTES, 
and eotaxin from IL-1β and TNFα-stimulated fibroblasts [26]. Roxithromycin 
decreases the production of IL-5 from T cells [27]. In a murine asthma model 
induced by human dust mite antigen, AZM decreased the number of eosinophils 
and neutrophils in BAL, with a decrease in IL-4, 5, 6, 10, 12, 13, RANTES, and 
goblet cells. AZM also decreased goblet cell metaplasia and mucus secretion [28]. 

5. Application of macrolides to hypersecretion in COPD and asthma 

Long-term macrolide therapy with EM or azithromycin (AZM) has been shown 
to decrease COPD exacerbations [29, 30]. Macrolides can suppress the expression of 
the adhesion molecule, ICAM-1, needed for the invasion of viruses and decrease 
inflammatory cytokines released from airway epithelial cells [31]. As airway 
defenses are impaired by smoking or oxidants, persistent infection can occur, leading 
to chronic neutrophil accumulation and hypersecretion. Macrolides suppress chronic 
airway inflammation in COPD by inhibiting virus infection, biofilm formation, 
infiltration of inflammatory cells, and hypersecretion [32]. 

IL-8/CXCL8 and neutrophils are involved in non-T2 asthma, and in these 
patients, macrolide therapy inhibits neutrophilic inflammation and improves quality 
of life [33]. Airway obstruction due to mucus leads to decreased respiratory function 
and contributes to fatal asthma [12]. MUC5AC is abundant in the sputum of persons 
with asthma, and MUC5AC, but not MUC5B, is tethered to the cell surface after 
being secreted from goblet cells, increasing sputum viscosity and tenacity. IL-13, a 
T2 cytokine is abundant in the asthma airway; IL-13 causes goblet cell metaplasia 
and increased MUC5AC in airway epithelial cells in vivo and in vitro. IL-13-
induced goblet cell metaplasia is decreased by macrolides but not by corticosteroids 
[34, 35]. CAM inhibits the IL-13 receptor-JAK-STAT6 pathway and EGFR-MAP 
kinase pathway and inactivates NFκB transcriptional activity [35]. IL-13 induces 
secretion of CLCA1 from airway epithelial cells, and this is associated with goblet 
cell metaplasia. CAM also decreases CLCA1 expression [36]. CLCA1 is also a 
regulator of TMEM16A and is involved in the stabilization of TMEM16A in the cell 
membrane [37]. Expression of TMEM16A is also strongly associated with goblet 
cell metaplasia, and CAM suppresses IL-13-induced TMEM16A expression [8] 
(Fig. 1). Macrolides also enhance the barrier function of the airway epithelium by 
differentiation of epithelial cells into ciliated cells and enhancing epithelial repair



[2, 8]. Macrolide therapy is expected to be effective for neutrophil-dominant asthma, 
which is steroid-resistant, and severe asthma with mucus hypersecretion. It is 
reported that AZM therapy for refractory asthma can decrease exacerbations and 
improve quality of life [38]. 

6. Time course of macrolide action on inflammatory cells 
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Fig. 1 The hypothesis from goblet cell metaplasia to the secretion of airway epithelial cells induced 
by IL-13 and the reported points of action of macrolides Stimulation of IL-13 induces TMEM16A 
via JAK1 and STAT6, after which TMEM16A migrates to the cell membrane. Similarly, CLCA1 is 
also produced and secreted extracellularly by stimulation with IL-13. CLCA1 is autolyzed, and 
N-CLCA1 acts on TMEM16A, contributing to the stabilization of TMEM16A on the cell mem-
brane. In addition, TMEM16A interacts with EGFR, MUC5AC is induced via activation of ERK1/ 
2, NFκB, and MAPK13-dependent pathway, mucin granules are formed, and goblet cell formation 
is completed. IL-13 stimulation suppresses FOXA2 through activation of SPDEF and suppresses 
differentiation into ciliated cells. In goblet cells, secretory stimuli such as ATP and UTP increase 
intracellular Ca2+ via P2Y2 receptors and induce extracellular Ca2+ influx. As a result, TMEM16A 
shows CaCC activity and causes Cl ion transport and mucin granule secretory reaction. In this 
hypothesis, the blocking marks are reported as the points of action of macrolides (ML). Created 
with reference to References 8, 9, 34–36 

After the first administration of macrolides, the effects of macrolides on neutro-
phil inflammation are known to be biphasic, nonlinear, and time-dependent 
[2, 39]. In a very acute phase, neutrophil degranulation, phagocytosis, and the 
formation of neutrophil extracellular traps (NETS) are enhanced [40, 41], and the



antibacterial effect and host defense are stimulated. However, after 24 h, macrolides 
decrease IL-8, proteases, and ROS and promote resolution from inflammation. 
Apoptosis of neutrophils is also involved in this process such that neutrophil necrosis 
decreases and the release of inflammatory mediators mitigates. Macrolides also 
suppress the release of proinflammatory cytokines and inducible nitric oxide 
synthase (iNOS) from monocytes and alveolar macrophages and convert M1 to 
M2 macrophages after 2–3 days. M2 macrophages release the antiinflammatory 
cytokine, IL-10 [42]. Macrophages enhance phagocytosis and efferocytosis of 
apoptotic neutrophils in the presence of macrolides [43]. The effect of macrolides 
on the resolution of inflammation lasts for weeks to months [44]. Macrolides also 
reduce the expression of Toll-like receptors and the expression of IL-12 in dendritic 
cells [45]. This causes macrolides to suppress differentiation into Th1 cells and, as a 
result, to reduce IFNγ released from Th1 cells. Macrolides induce immune-tolerant 
dendritic cells and suppress the expression of co-stimulatory molecules [45–47]. 
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Fig. 2 Effect of macrolides on chronic inflammatory airways. In the chronic inflammatory airway, 
barrier dysfunction of the airway epithelium, infiltration of inflammatory cells, goblet cell meta-
plasia, hypersecretion, impairment of mucociliary clearance, and recurrent airway infection are 
observed. Macrolides have antiinflammatory effects such as suppression of proinflammatory 
cytokine productions, adhesion molecules, chemical mediators release, reactive oxygen species 
(ROS) production, and induction of apoptosis of neutrophils. For airway epithelium, macrolides 
suppress secretory responses, enhance barrier function, and suppress proinflammatory cytokines 
and adhesion molecules. For bacteria, macrolides suppress biofilm and quorum-sensing function. 
Downward-facing arrows, inhibition by macrolides; upward-facing arrows, enhancement by 
macrolides 

In summary, the effects of macrolides on the airway are shown in Fig. 2 and 
Table 1.
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3 Intracellular Signaling Mechanisms 

Macrolides are concentrated in tissues and cells, and their concentration is reported 
to reach 10–100 times that of serum [48], suggesting a role of macrolides in 
intracellular signaling. However, the target proteins and receptors are still unknown. 
Intracellular signaling pathways affected by macrolides are shown in Fig. 3. 

1. Intracellular calcium 

Intracellular Ca2+ plays an important role in intracellular signal transduction. In 
airway epithelial cells and A549 cells, EM suppresses intracellular Ca2+ level and 
Ca2+ influx from the extracellular space caused by purinergic receptor stimulation 
[49]. EM and AZM can decrease mucus secretion from the submucosal glands of the 
airways, in part, by inhibiting calcium influx [50]. In mast cells, roxithromycin also 
decreases the activation by β-defensin 2 via the Ca2+ signaling pathway [51]. In 
neutrophils, EM suppresses FMLP-stimulated superoxide production and Ca2+ 

influx [52]. In addition, since intracellular Ca2+ is also involved in the activation 
of mitogen-activated protein kinases (MAPKs) and NFκB, it is speculated that 
macrolides may affect a wide range of cell functions through the regulation of 
intracellular Ca2+ [2]. 

2. Mitogen-activated protein kinases (MAPKs) 

MAPKs form a network responding to both internal and external stimuli for 
signal transduction and play an important role in controlling inflammatory gene 
expression, cell proliferation, cell differentiation, and apoptosis [53]. There are three 
main classes of MAPKs: extracellular signal-regulated kinase (ERK), c-Jun N-ter-
minal kinase (JNK), and p38 MAPK. MAPKs induce IL-8/CXCL8 expression by 
both an NFκB-dependent and independent pathway. Shinkai et al. investigated the 
effect of macrolides on MAPK and IL-8/CXCL8 expression using airway epithelial 
cells. CAM suppressed ERK phosphorylation in the initial 30–90 min, the level was 
increased at 2 h to 3 days, and it normalized to the unstimulated level by 5 days. As a 
result, IL-8/CXCL8 was maximal at 24 h, and then gradually decreased [54]. The 
action of macrolides is not to suppress inflammation in one direction but to reset and 
normalize it and thus is immunomodulatory with long-term therapy. Macrolides also 
protect cells by moving the cell cycle to G1/G0, and they decrease the phosphoryla-
tion of ERK in airway epithelial cells [55]. Furthermore, the inhibitory effect of 
CAM and AZM on MUC5AC production from airway epithelial cells and neutrophil 
infiltration during Pseudomonas aeruginosa infection is also mediated by the inhi-
bition of the ERK activity [56–58]. It has been reported that EM restored steroid 
sensitivity by suppressing the activation of the JNK/c-JUN pathway induced by 
tobacco smoke [59]. 

3. Transcription factors; NFκB and AP-1 

Macrolides decrease cytokine production by suppressing the transcription factors 
NFκB and AP-1 in airway epithelial cells and monocytes [60–62]. NFκB is inactive
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Fig. 3 Intracellular signaling transduction pathways and the related sites of macrolide 
immunomodulation. Receptor tyrosine kinases (RTKs) are receptors for many growth factors and 
cytokines. For example, epithelial growth factor receptor (EGFR) activates MEKK, MEK, and 
ERK1/2. Toll-like receptors (TLRs) activated by pathogens and LPS stimulate the IκB kinase (IKK) 
complex and the MAPK pathway. IKK complex activates NFκB through the digestion of IκB, and 
then NFκB is translocated. The MAPK pathway leads to AP-1 induction. Macrolides inhibit these 
pathways and then inhibit proinflammatory gene expression. NLRP3, ProIL-1β, and ProIL-18 gene 
expression form NLRP3 inflammasome, leading to IL-β and IL-18 release decomposed by 
Caspase-1. G-protein-coupled receptor (GPCR) or RTK-mediated activation of phospholipase C 
(PLC) produces inositol triphosphate (IP3) and diacylglycerol (DAG). IP3 increases intracellular Ca 
from endoplasmic reticulum Ca stores, and DAG activates protein kinase C (PKC). RTK- or GPCR-
stimulation also induces activation of PI3K/Akt pathway. Macrolides inhibit these pathways and as 
a result, modulate various cell functions. Blue arrows are major pathways influenced by macrolides. 
Dashed arrows are cross-talk pathways. Red lines indicate the sites of macrolide’s inhibition. 
Modified from Reference 2. Abbreviations: Akt AKT8 virus oncogene cellular homolog; AP-1 
activator protein 1; CaMK calmodulin kinase; ER endoplasmic reticulum; ERK extracellular signal-
regulated kinase; GFR cytokine receptor/growth factor receptor; IKK IκB kinase; IP3R inositol 
triphosphate receptor; JNK c-Jun N-terminal kinase; MEK MAPK/ERK kinase; MEKK MAPK/ 
ERK kinase kinase; mTOR serine/threonine kinase mammalian target of rapamycin; MyD88 
myeloid differentiation factor 88; PI3K phosphoinositide 3-kinase; PKC protein kinase C; TAK1 
transforming growth factor-activated protein kinase 1; TRAF TNF receptor-associated factor; TRIF 
TIR-domain-containing adaptor-inducing interferon-β; TLR Toll-like receptor; Nrf2 Nuclear factor-
erythroid 2-related factor 2



in the cytoplasm when bound to IκB. When IκB is phosphorylated via IκB kinase 
(IKK), the bond with NFκB is dissociated; NFκB then becomes free and translocates 
into the nucleus, initiating transcription. Macrolides suppress IKK and IκB phos-
phorylation and inhibit IκB degradation [63]. AZM decreases IL-8/CXCL8 produc-
tion by suppressing the transcriptional activity of NFκB and AP-1 in CF airway 
epithelial cells [64]. AZM also inhibits MAC5AC production in airway epithelial 
cells via the c-Jun/AP-1 pathway [65]. AZM can decrease AP-1-mediated IL-1β 
production from macrophages in a model of LPS-stimulated neutrophil inflamma-
tion in the lung [66].
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4. PI3K/Akt/mTOR pathway 

Rapamycin, very large macrolide with antiproliferative and immunosuppressive 
effects, inhibits the serine/threonine kinase mammalian target of rapamycin 
(mTOR), forming a complex with FK506 binding protein 12 (FK-BP12) attenuating 
T-cell responses [67, 68]. In an asthma model, AZM also inhibits remodeling by 
suppressing hypoxia-inducible factor (HIF)-α and VEGF via the phosphoinositide 
3-kinase (PI3K)/AKT8 virus oncogene cellular homolog (Akt)/mTOR pathway 
[69]. The enhancement of SLE macrophage phagocytosis and conversion to M2 
macrophages by AZM is mediated by PI3K/Akt phosphorylation [70]. Macrolides 
may suppress inflammation induced by smoking, in part, via the PI3K/Akt-Nuclear 
factor-erythroid 2-related factor 2 (Nrf2) pathway [71]. 

5. Inflammasome 

The inflammasome is a multiprotein complex formed in the cytoplasm by expo-
sure to pathogen-associated molecular pattern (PAMP) or danger-associated molec-
ular pattern (DAMP). The best-characterized inflammasome is the NOD-like 
receptor thermal protein domain associated protein 3 (NLRP3) inflammasome com-
plex. The NLRP3 inflammasome is activated in a two-step process. First, NF-κB 
signaling is induced by PAMP or DAMP-mediated activation of TLR4 or TNFR and 
enhances the expression of NLRP3, pro-IL-1β, and pro-IL-18 (priming step, Signal 
1). Next, diverse signals (whole pathogens, PAMP/DAMP, potassium efflux, envi-
ronment factors such as silica, endogenous factors such as amyloid-β, and mito-
chondrial damage) can indirectly activate NLRP3, resulting in complex formation 
and activation of caspase-1 (Signal 2). Activated caspase-1 induces the secretion of 
the proinflammatory cytokines IL-1β and IL-18, as well as the expression of 
metabolic enzymes, phagosome maturation, vasodilation, and pyrotosis or inflam-
matory programmed cell death [72]. The inflammasome is observed in many cells, 
but its role has been clarified especially in monocytes, macrophages, and neutro-
phils. AZM suppresses the inflammasome complex after LPS stimulation and 
suppresses IL-1β production in monocytes [73]. In addition, NLRP3 inflammasome 
is involved in neutrophilic asthma. It is reported that macrolides inhibit IL-I-
β-induced IL-8/CXCL8 production and mucin production [74, 75], which may be 
inflammasome mediated. 

Aged cells produce proinflammatory cytokines called senescence-associated 
secretory phenotype (SASP), which can cause chronic inflammation and tissue



damage. SASP and inflammasome are closely related, as SASP is regulated by IL-1 
signaling via the inflammasome [76]. AZM appears to selectively eliminate aged 
fibroblasts by glycolysis and autophagy, acting as a senolytic drug [77]. In idiopathic 
pulmonary fibrosis (IPF), SASP induces myofibroblast induction and collagen 
production enhancement via Wnt/β-catenin signaling [78]. Along with autophagy, 
AZM can also enhance mitophagy, a mechanism for the elimination of injured 
mitochondria [79]. 
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6. Lysosomes, autophagy, apoptosis 

The lysosome is an organelle containing digestive enzymes that decomposes and 
recycles intracellular and extracellular components [80]. Since macrolides have 
amphiphilic properties, they accumulate in lysosomes, and the hydrophilic amino 
group of macrolides affects the function of lysosomes [81]. Autophagy is a mech-
anism that takes in damaged intracellular components and pathogens into 
autophagosomes, transports them to lysosomes, fuses them, forms autolysosomes, 
decomposes the components, and reuses them [82, 83]. There are reports that AZM 
enhances smooth muscle autophagy [84] and, conversely reduces fibroblast and 
macrophage autophagy [85]. In a pulmonary fibrosis model, it has been reported 
that AZM suppresses NADPH oxidase 4 by suppressing autophagy and the differ-
entiation of fibroblasts into myofibroblasts [86]. Autophagy of cancer cells is 
advantageous to cancer growth, so macrolides have been used to suppress autophagy 
during cancer therapy [87]. However, inhibition of autophagy appears to depend on 
the intracellular concentration of the macrolide and the cell type involved. Apoptosis 
causes cell death by cell shrinkage, nuclear chromatin condensation, and nuclear 
fragmentation, forming extracellular vesicles that preserve the cell membrane and 
are phagocytosed and eliminated by macrophages. Autophagy and apoptosis have 
common proteins such as Atg5 and Beclin-1 [88]. In smooth muscle, macrolides 
initially cause autophagy, which, when prolonged, leads to apoptosis [84]. Apoptosis 
in neutrophils is related to high concentrations of AZM [89]. Neutrophil apoptosis 
contributes to the resolution of inflammation [44, 90]. However, in macrophages, 
accumulation of macrolides does not cause apoptosis but induces efferocytosis that 
phagocytoses apoptotic cells in COPD. 

7. Interaction with membranes 

Azithromycin has amphiphilic properties, like surfactants, that are both hydro-
phobic and hydrophilic, so the cell membrane takes it up and acts on the cell 
membrane and organelles in various ways [44, 91]. The hydrophobic group enters 
through fatty acid constituents, and the hydrophilic cyclic lactone enters via phos-
phoric acid. Because the cyclic lactone is positively charged, it neutralizes the 
negatively charged site inside the cell membrane. This increases the rigidity of the 
cell membrane and inhibits the release of arachidonic acid. Lipid remodeling 
modifies intracellular signaling, especially MAPK systems, suppressing transcrip-
tion factor activation, particularly when the cells are activated. Membrane 
remodeling affects cell surface molecule recycling and phagocytosis. Molecules 
affected by negative charges are also affected, affecting lysosomal uptake and



autophagy. Apoptosis is induced by inhibition of Bcl at high concentrations of AZM, 
suggesting that macrolides accumulate in lysosomes and alter their function, leading 
to increased phagocytosis and efferocytosis, modified autophagy, and increased 
apoptosis. Changes in the cell membrane also affect intracellular signal transduction, 
resulting in the inhibition of cytokines, mucins, and inflammation-related genes. The 
intracellular target of josamycin was comprehensively examined by a genome-wide 
shRNA screen. It was found that josamycin is associated with mitochondrial tran-
scription and protein, anaerobic metabolism, and MAP kinase kinase kinase 4 (MAP 
3 K4) and is able to suppress oxidative phosphorylation and shift to glycolysis [92]. 
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4 Conclusion 

Low-dose long-term macrolide therapy has progressed from the discovery of 
remarkable clinical effects in DPB to basic research and further to clinical applica-
tion in other airway diseases. Macrolides suppress mucus hypersecretion and neu-
trophilic infiltration through the suppression of proinflammatory cytokines, 
chemokines, and adhesion molecules. Macrolide antibiotics are immunomodulatory, 
meaning that they reset and normalize the immune response. In order to elucidate the 
mechanism of action of macrolides, the intracellular signal transduction mechanism 
has been studied, and the importance of MAPK pathways and transcription factors 
such as NFκB has been clarified. However, the target proteins and receptors for 
macrolides are still unclear. The affinity with the membranes that constitute the cell 
membrane and intracellular organelles suggests effects on cellular integrity and cell 
death. 
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Clinical Use for Airway Disease



Macrolides as Immunomodulatory Agents 

Namiko Taniuchi and Arata Azuma 

Abstract Diffuse panbronchiolitis (DPB) is a disease characterized by diffuse 
bilateral centrilobular lesions consisting of peribronchial infiltration of inflammatory 
cells. More than 50 years after its first being reported in Japan, DPB is recognized as 
a disease that predominantly affects East Asians and disease susceptibility genes 
have been proposed. Kudo et al. found that low-dose long-term erythromycin 
(EM) therapy can be an effective treatment for DPB, resulting in a marked improve-
ment in prognosis. The beneficial effect of EM therapy led to progress in under-
standing the pathogenesis of chronic inflammatory airway diseases and to new 
developments in the field of research on actions other than the antimicrobial activity 
of 14- and 15-membered ring macrolides. Macrolide therapy is most effective in the 
early stage of the disease and should be initiated as soon as possible. In case of 
exacerbation, infection with Haemophilus influenzae, Streptococcus pneumoniae, 
Moraxella catarrhalis, and Pseudomonas aeruginosa should be considered, and 
effective antimicrobial agents should be administered. In recent years, the number of 
cases complicated by pulmonary nontuberculous mycobacterial infections has been 
increasing. In particular, the induction of clarithromycin resistance by Mycobacte-
rium avium complex has become a problem. Macrolide-resistant DPB is also 
becoming a clinical problem. 

Keywords Diffuse panbronchiolitis (DPB) · Erythromycin (EM) · Clarithromycin 
(CAM) · 14- and 15-membered ring macrolides · Macrolide therapy 

1 Introduction 

In 1969, Homma, Yamanaka, and coworkers first reported diffuse panbronchiolitis 
(DPB) as a new clinicopathologic entity characterized by chronic recurrent bronchi-
olitis and peribronchiolitis with lymphocyte and plasma cell infiltration, often
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causing small airway obstruction through the formation of lymph follicles, granulo-
mas, and scars [1, 2]. After more than a decade of research in Japan, the first 
comprehensive report on DPB was published in Western countries in 1983 
[3]. Today, more than 50 years later, DPB is widely recognized internationally as 
an airway disease predominantly affecting East Asians, and disease susceptibility 
genes have been identified [4].
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For the first 10 years after DPB was reported, DPB had a poor prognosis when 
treatment with antibiotics and supportive therapy was used [5]. However, in 1984, 
Kudo et al. found that low-dose long-term erythromycin (EM) therapy could be an 
effective treatment for DPB, resulting in a marked improvement in prognosis [6–9] 
(Fig. 1). The beneficial effect of EM therapy led to progress in understanding the 
pathogenesis of chronic inflammatory airway diseases [9] and to new developments 
in the field of research on actions beyond the antimicrobial activity [9] of 14- and 
15-membered ring macrolide antibiotics. 

2 Epidemiology 

In Japan, the male-to-female ratio of DPB is 1.4–2:1 [25], and consequently, no 
remarkable sex predominance is observed. Two-thirds of patients are nonsmokers, 
and patients have no specific history of inhalation of toxic fumes. Disease onset is 
most common in people in their 40 s and 50 s. DPB is a form of sinobronchial 
syndrome (SBS), with 70%–90% of patients with chronic sinusitis history [2, 10, 
11]. Before the advent of low-dose EM therapy in the 1980s, DPB was a disease of 
high frequency and poor prognosis; DPB prevalence in Japan was reported to be 
13.8/100,000 persons, with a 5-year survival rate of 50–70% [8, 12]. However, long-
term treatment with EM has increased the 10-year survival rate to >90% [8]. In 
recent years, DPB prevalence has decreased, and DPB has become a nonfatal 
disease. This is partly due to the frequent use of macrolides for upper and lower 
respiratory infections in primary care [12]. 

3 HLA Antigens 

DPB is predominantly seen in East Asia, and human leukocyte antigen (HLA) 
analysis of Japanese DPB patients reported that 63.2% of them were found to 
carry human leukocyte antigen (HLA) B54 [13], which is almost exclusively seen 
in East Asians. DPB has also been reported to run in families [14]. HLA typing 
reported the association between HLA-B*5401 and HLA-B*5404 in Japanese and 
HLA-A11 in Korean [15]. In addition, a significant increase of Bw54 and slight 
increases of Cw1 and MC1 were observed in HLA class I and class II antigens in 
Japanese. These increases might be explained by the fact that these two antigens, 
Cw1 and MC1, formed a haplotype with Bw54, which suggests that one or some of



the genes controlling the susceptibility and/or immune responsiveness of DPB might 
be located near HLA loci [13]. The presence of the haplotype B54-Cw1-A11, which 
is common to both Japanese and Koreans, has raised the hypothesis that one of the 
genes responsible for DPB is located between chromosome 6 HLA gene loci A and 
B and that genetic recombination may have occurred during ethnic division or 
integration [16]. 
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Fig. 1 (a) Survival curves according to the year of first medical examination for patients with 
diffuse panbronchiolitis (group a: 1970–1979, group b: 1980–1984, group c: 1985–1990). (b) 
Contribution of treatment with erythromycin (EM) on the survival of patients with diffuse 
panbronchiolitis. In patients in group c treated with EM (n = 62), the survival ratio was significantly 
higher than in simultaneous patients without EM treatment (n = 24) ( p = 0.0056). In contrast, 
survival curves of patients in group a (n = 192) who were not treated with EM before 1985 were not 
significantly different from those of non-EM treated patients in group c ( p = 0.2475)
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However, cases of rheumatoid arthritis (RA) complicating DPB have been 
reported. HLA-DR4 has been reported to be associated with RA in various racial 
groups [17, 18], and of the eight cases of DPB and RA combined in Japanese, the 
three patients in whom both HLA-B54 and HLA-DR4 were measured were all 
positive. Because HLA-B54 and HLA-DR4 constitute a haplotype among Japanese, 
these diseases possibly occur together [19]. 

4 Pathophysiology 

Chronic sinusitis is a frequent complication of chronic respiratory bronchiolitis, 
which is associated with impaired airway clearance and chronic infection 
[11, 20]. Due to the release of proteolytic enzymes and reactive oxygen species, 
the excessive mucin secretion from goblet cells and the recruitment of neutrophils 
increases the production of airway mucus and tissue damage, further impairing 
mucus transport. Histopathological findings show an accumulation of lymphocytes 
and foamy macrophages in the interstitium, consistent with chronic inflammation 
mainly by CD8+ lymphocytes and macrophages [21]. 

In macrolide-refractory and some advanced cases, the patient may expectorate up 
to 200–300 mL of sputum daily as well as changes in airway pathogens, eventually 
leading to chronic respiratory infections with Pseudomonas aeruginosa [22]. 

5 Diagnosis 

In 1988, a working group of the Ministry of Health and Welfare in Japan proposed 
diagnostic criteria, shown in Table 1 [23, 24]. 

More than 80% of the patients have a history of or suffer from chronic paranasal 
sinusitis [25, 26]; even those who appear to be asymptomatic. Chronic cough with 
copious purulent sputum is usually present as well as exertional dyspnea. Ausculta-
tion can show crackles, wheezes, or both. In a review of 81 histologically proven 
cases, 44% had Haemophilus influenzae in their sputum at presentation and 22% had 
Pseudomonas aeruginosa. After 4 years, the detection rate of P. aeruginosa 
increased to 60% [25, 26]. Laboratory findings suggest the presence of immunolog-
ical abnormalities and chronic nonspecific inflammation. The titer of cold hemag-
glutinin is raised in most patients [27]. 

Pulmonary function testing shows airflow limitation and a relative lack of bron-
chodilator reversibility. Decreased FEV1/FVC (forced expiratory volume in 1 sec-
ond/forced vital capacity) of less than 70%, decreased VC (vital capacity) of less 
than 80% predicted, and increased residual volume, greater than 150% predicted, are 
common. Hypoxia with PaO2 (arterial oxygen tension) less than 80 torr subsequently 
develops [9, 25, 26].
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Table 1 Diagnostic criteria for diffuse panbronchiolitis 

Noninvasive (clinical manifestations) 
1. Persistent cough, sputum, and exertional dyspnea. 

2. History or current symptoms of chronic sinusitis. 

3. Chest X-ray: Bilateral, diffuse, small nodular shadows. 
Chest CT (HRCT): Bilateral, diffuse, centrilobular micronodules 

4. Coarse crackles. 

5. FEV1/FVC less than 70% and PaO2 less than 80 mmHg (10.64 kPa). 

6. Titer of cold agglutinins of 64 or greater. 

Diagnosis 
Cases definitely established should fulfill criteria 1, 2, and 3, along with at least two of criteria 4, 5, 
and 6. 

Lung biopsy 
Lung biopsy showing inflammation centered on the respiratory bronchioles with a transmural 
infiltrate composed of lymphocytes, plasma cells, and distinctive lipid-laden “foamy” macro-
phages, also known as foam cellsa 

FEV1 forced expiratory volume in 1 second; FVC forced vital capacity; PaO2 arterial oxygen 
tension; HRCT high-resolution computed tomography 
a In regions where diffuse panbronchiolitis is endemic (e.g., East Asia), a lung biopsy is not needed 
if the patient fulfills the first three criteria and at least two of the second three 

Fig. 2 (a) Chest HRCT in a typical DPB case. Diffusely distributed 1–2 mm sized centrilobular 
granular shadows, as well as linear and dendritic shadows associated with the granular shadows, are 
seen. Bronchiectasis with bronchial wall thickening is also seen. (b) Chest HRCT in an advanced 
DPB case. Marked bronchiectasis and bronchial wall thickening are seen in the basal and central 
bronchus. Granular and dendritic shadows are also shown in the typical DPB 

Chest CT is useful for detecting the characteristic pulmonary lesions of DPB [9, 
28, 29]. Nodular shadows are distributed in a centrilobular fashion, often extending 
to small, branching linear areas of attenuation in a “tree-in-bud” pattern. Peripheral 
air trapping is usually confirmed in expiratory films. There is dilatation of airways 
and bronchial wall thickening characteristic of bronchiectasis. In advanced disease, 
multiple cystic lesions predominate in the lower lung fields accompanied by dilated 
proximal bronchi showing extensive bronchiectasis (Fig. 2).
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6 Treatment 

Table 2 shows the treatment summary for DPB. In 2000, clinical guidelines on 
macrolide therapy for DPB were proposed by the Diffuse Lung Disease Committee 
members of the Ministry of the Health and Welfare in Japan, based mainly on 
evidence from the historical study [8], observational studies, and expert opinion 
[30]. Macrolide therapy is effective in the early stages of disease, so treatment should 
be initiated as soon as possible after diagnosis. Beneficial effect is usually observed 
within 2–3 months. If symptoms and laboratory findings improve, treatment is 
usually completed after 2 years. 

Low-dose long-term macrolide therapy for DPB was first demonstrated using EM 
[6] and established through a large retrospective study [8] and a small randomized 
controlled trial [31]. Similar clinical efficacy was observed using CAM and RXM, 
14-membered ring macrolides as is EM [32, 33]. There are historical changes in 
macrolide therapy for DPB. First, there was a period of investigation based on case 
experience in which complete cure was achieved with EM [8]. Later, AZM, a 
15-membered macrolide, was introduced and proved to be effective in DPB. 
Although it has been reported that AZM was effective in 73% of patients in whom 
14-membered macrolides were ineffective [34], a direct comparison between 
14-membered macrolides and AZM has never been evaluated. In the modern era,

Table 2 Clinical guidelines for diffuse panbronchiolitis therapy 

Macrolides 
First choice: Erythromycin 400 or 600 mg oral/daily 

Second choice: Clarithromycin 200 or 400 mg orally or roxithromycin 150 or 300 mg orally 

Third choice: Azithromycin 250 mg orally, three times a week 

Assessment of response and duration of treatment 
Although clinical response is usually obtained within 2 or 3 months, treatment should be 
continued for at least 6 months, and then the overall response should be evaluated 

Treatment can be completed after 2 years when clinical manifestations, radiological findings, and 
pulmonary function evaluations are improved or stable without significant loss of daily activity 

Treatment should be restarted if symptoms reoccur after cessation 

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

Treatments other than macrolides 
Use expectorants as adjunctive therapy, as appropriate 

If nontuberculous mycobacteria (NTM) infection is present, treatment of NTM should also be 
considered 

When exacerbation occurs, search for causative organisms by sputum culture. 
Additional antimicrobial agents should be administered to cover Haemophilus influenzae, Strep-
tococcus pneumoniae, Moraxella catarrhalis, and Pseudomonas aeruginosa 

Rehabilitation and airway clearance are helpful in advanced cases. Home oxygen therapy should 
be introduced in cases of respiratory failure 

Improvement of nutritional status and vaccination are important to prevent exacerbations 

Lung transplantation should be considered in patients with refractory progression of disease



one reason for first-line EM is that CAM, RXM, and AZM can induce resistance to 
nontuberculous mycobacteria (NTM). About 20% of DPB patients have comorbid 
NTM [35]. The differences between macrolide drugs, in terms of tissue translocation 
[36], inhibition of toxins in P. aeruginosa, and in the production of proinflammatory 
cytokines in dendritic cells [37], have been reported but these differences have not 
been directly associated with different clinical outcomes of therapy.
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There are several randomized trials on the effect of expectorants in treating 
bronchiectasis in more severe DPB [38]. Bromhexine and cysteine-type expectorants 
have been reported to improve sputum, dyspnea, and FEV1 [39, 40]. 

In advanced cases with extensive bronchiectasis or respiratory failure, macrolides 
can be continued for a longer period. No criteria exist for macrolide discontinuation 
when macrolides are ineffective. In practice, there is often no next step, and 
macrolides are often continued indefinitely along with supportive care. In case of 
exacerbation, antimicrobial agents should be administered based on the susceptibil-
ity of the organisms, considering infections such as Haemophilus influenzae, Strep-
tococcus pneumoniae, Moraxella catarrhalis, and P. aeruginosa [41, 42]. 

The mechanisms of action of macrolides in treating DPB cannot be attributed 
entirely to their antimicrobial effect. DPB can improve without eliminating the 
bacteria and improvement is seen even in patients with resistant P. aeruginosa 
infection [9]. As noted in other chapters, many studies have been conducted on the 
effects of macrolides on DPB. A summary of the actions of macrolides found in 
studies related to DPB is shown in Table 3; (i) inhibition of hypersecretion, 
(ii) inhibition of neutrophil activity, (iii) effects on lymphocytes, macrophages, 
and epithelial cells, (iv) Inhibition of chloride channels, (v) effects of cytokine/ 
chemokine expression, and (vi) modulation of bacterial function. A schematic of the 
relationships among cytokines, chemokines, adhesion molecules, and lipid media-
tors involved in DPB inflammation in the airway epithelium is shown in Fig. 3 
[43, 44]. 

Proposed actions of EM in the treatment of airway inflammation are summarized 
in the schematic diagram in Fig. 4 [9]. First, EM suppresses hypersecretion by the 
inhibition of mucus and water secretion from epithelial cells. Second, EM inhibits 
neutrophil accumulation at sites of inflammation by the inhibition of adhesion and 
migration of neutrophils into inflamed regions from capillary vessels, secretion of 
interleukin-8 and leukotriene B4 from the epithelial cells and from neutrophils 
[45]. These effects subsequently reduce the levels of injurious substances, such as 
elastase and superoxide anion [46], and clearly play important roles in the improve-
ment of airway inflammation, although controversies exist concerning the effects of 
EM on neutrophil activity itself [47–50] and on lymphocytes and macrophages. 

DPB is one of the indications for lung transplantation in Japan. The conditions for 
transplantation are as follows: the disease is refractory to treatment and there is no 
effective treatment other than lung transplantation, the patient is in imminent danger 
of death (2-year chance of survival is less than 50%), and the patient must be under 
60 years of age. In Japan, 835 lung transplants were performed between 1998 and 
2020, including 16 cases of DPB [51]. In a report summarizing five lung transplants 
for patients with DPB, all patients had successful transplants with no DPB



recurrence in the transplanted lungs [52]. On the other hand, there was a report of 
DPB developing after lung transplantation [53]. 
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Table 3 Actions of macrolides found in studies related to diffuse panbronchiolitis 

(i) Inhibition of hypersecretion 
A large amount of sputum is a characteristic manifestation of DPB [43]. The reduction of sputum 
volume is the most sensitive parameter [59]. EM inhibits ion transport in epithelial cells in a dose-
dependent fashion, and this inhibition depends on the blockade of chloride channels, resulting in 
reduced water secretion [60]. 

(ii) Inhibition of neutrophil activity 
Many neutrophils are found in bronchoalveolar lavage fluid (BALF), frequently reaching 70 to 
80% [43]. After EM treatment, the percentage of neutrophils in BALF markedly decreases and 
this is associated with attenuated neutrophil chemotaxis [61, 62]. Neutrophil elastase in sputum 
[63] and in BALF [61] is also decreased. 

(iii) Effects on lymphocytes, macrophages, and epithelial cells 
In the peribronchiolar areas, chronic inflammation with lymphocytes, plasma cells, and foamy 
macrophages is the characteristic pathological feature of DPB [43]. These resolve after EM 
treatment [43]. Memory T cells and activation of CD8+ cells, mainly cytotoxic cells, significantly 
increase in DPB but decrease after EM treatment [64]. EM has a suppressive effect on the 
proliferative response of human lymphocytes stimulated with mitogens and antigens. It has been 
suggested that EM may suppress T cell proliferation at a late stage in the activation process by 
impairing their response to IL-2 [65]. EM accelerates both the differentiation and proliferation of 
the monocyte-macrophage system [66]. 

(iv) Inhibition of chloride channel 
In previous in vitro and in vivo studies, EM and other 14-membered ring macrolides can inhibit cl 
secretion across the airway epithelial cl channel [43]. The inhibition of cl secretion may decrease 
water secretion across the airway mucosa toward the lumen [1]. 

(v) Effects of cytokine/chemokine expression 
Airway epithelial cells express and release cytokines/chemokines, adhesion molecules, and lipid 
mediators, and thereby participate in the regulation of inflammatory responses in the airways 
(Fig. 3) [43, 44]. Inflammatory cytokines such as CXCL-8, IL-1β, and TNF-α are increased in 
BALF from patients with DPB [32]. Treatment with a 14-membered ring macrolide decreases 
neutrophil number and these inflammatory cytokines and chemokines [32]. 
EM attenuates airway inflammatory responses by decreasing the local cytokine/chemokine levels 
and thus decreasing the recruitment of inflammatory cells such as neutrophils [43]. 

(vi) Modulation of bacterial function 
Even sub-MIC macrolide concentrations can reduce the infectibility of bacteria, which includes 
virulence factor production and bacterial activity itself. Sub-MIC (minimum inhibitory concen-
tration) of 14-membered ring macrolides exhibits inhibitory effects on biofilm formation and the 
expression of virulence factors of P. aeruginosa [9]. Subinhibitory levels of EM, CAM, and AZM 
enhance the susceptibility of P. aeruginosa to serum bactericidal activity by altering the cell 
membrane structure [67]. EM also modulates the effect of pyocianin indirectly. EM prevents the 
lesion infected with P. aeruginosa from tissue injury caused by pyocianin in both direct and 
indirect manners [68].
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Fig. 3 Airway epithelial cells as sources of cytokines and chemokines in the airways. Airway 
epithelial cells express and release a variety of cytokines/chemokines, adhesion molecules, and lipid 
mediators, and thereby participate in the regulation of inflammatory responses in the airways 

Fig. 4 Schematic diagram of airway inflammation and proposed mechanisms of action of eryth-
romycin. ICAM-1 intercellular adhesion molecule-1; LTB4 leukotriene B4
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7 Macrolide-Resistant DPB 

In clinical practice, 20% of DPB cases are refractory to treatment [16]. EM therapy is 
considered to be ineffective in patients with long disease duration, persistent 
P. aeruginosa positive, severe bronchiectasis, and difficult to control infection [7] 
[54–56]. The reason for this may be an organizing progress from peripheral bron-
chioles to central bronchi due to long-term persistent inflammation leading to 
irreversible airway disease, which is different from the pathogenesis of DPB in the 
early stage when EM is effective [57]. It has also been reported that EM is not 
effective in DPB with severe emphysema. The following mechanisms have been 
postulated for the development of emphysematous change in DPB: first, alveolar 
destruction due to inflammation extending not only to respiratory bronchioles but 
also to alveoli; second, check valve mechanism due to stenosis of respiratory 
bronchioles; and third, age-related effects [58]. 

8 Conclusion 

The first case of DPB was identified in Japan over 50 years ago. Since then, 
considerable research has focused on the disease etiology, and genetic associations 
unique to East Asian populations has been suggested. The advent of EM therapy has 
changed the prognosis and clinical outcome of the disease to a remarkable extent. 
DPB is now regarded as a disease with a good prognosis that can be cured by early 
diagnosis and macrolide therapy. In contrast, the cases complicated by NTM infec-
tions, the macrolide-resistant DPB, and the association and differentiation of DPB 
from other diseases with similar pathophysiology have become clinical problems. 

The etiology of DPB is that it is a complex disease, and no single factor is clearly 
responsible. The beneficial effect of EM therapy led to progress in understanding the 
pathogenesis of chronic inflammatory airway diseases and to new developments in 
the field of research on the immunomodulatory activity of 14- and 15-membered ring 
macrolides. 

Conflict of Interest The authors have no conflicts of interest directly relevant to the 
content of this chapter. 
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Macrolides and Cystic Fibrosis 

Rishi Pabary, Adam Jaffe, and Andrew Bush 

Abstract Macrolide antibiotics attracted interest as a potential therapy in cystic 
fibrosis (CF) due to remarkable similarities in pathogenic features with diffuse 
panbronchiolitis (DPB), as described in the chapter by Azuma and Taniuchi. 
Azithromycin in particular is widely used for acute pulmonary exacerbations in 
CF, both for its direct antimicrobial and indirect immunomodulatory properties. A 
number of randomised clinical trials also support the long-term use of macrolides in 
CF, predominantly in patients chronically infected with Pseudomonas aeruginosa, 
which is surprising given that they have little inherent antibacterial activity against 
this ubiquitous CF pathogen. In this chapter, we recapitulate the pathophysiology of 
CF, discuss the purported mechanisms of action of macrolides and summarise the 
key evidence for their use in this multisystem disease. 
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1 Introduction 

Cystic fibrosis (CF) is a multisystem disorder primarily affecting the respiratory and 
gastrointestinal systems. Whilst life expectancy has increased since it was first 
described by Dorothy Andersen in 1938 [1], CF remains a life-limiting illness; 
current median survival is between 44 and 53 years [2], with death usually due to 
respiratory failure. It is anticipated that the new disease modulators will dramatically 
improve this. 

2 Pathophysiology 

CF is the commonest autosomal recessive disease in the Northern European popu-
lation; between 1/28 and 1/40 [3] are carriers of an abnormal variant of the gene, 
which is localised to the long arm of chromosome 7 [4]. This gene encodes cystic 
fibrosis transmembrane conductance regulator (CFTR), a cAMP-regulated anion 
channel that regulates chloride transport across the apical membrane of epithelial 
cells [5]. CFTR also influences bicarbonate transport, both directly and indirectly 
[6, 7] and other conductance pathways within the cell membrane including the 
epithelial sodium channel (EnAC) and outwardly rectifying chloride channels 
[8, 9]. Over 2000 different CFTR mutations, categorised into six classes, of which 
approximately 400 are known to be disease-causing, have been identified [10], and it 
is therefore unsurprising that the clinical phenotype is variable. Furthermore, there 
are significant inconsistencies between CF genotype and phenotype [11], even in 
patients that have identical mutations and from the same family kindred, suggesting 
that environment, polymorphisms or modifier genes also influence CFTR function. It 
is therefore unsurprising that precisely how defective CFTR results in disease is still 
not completely understood, with several pathways and mechanisms being postu-
lated, many of which are thought to cause an increase in inflammation. 

2.1 Low Volume Hypothesis 

A combination of sodium reabsorption and chloride secretion maintains the 
periciliary fluid layer (PCL) that separates mucus from the cilia in the lung 
[12]. Absorption of airway surface liquid (ASL) in CF is increased, depleting the 
PCL and allowing mucus to interfere with ciliary function, leading to impaired 
mucociliary clearance and airway plugging [13]. This predisposes to infection, 
which can induce a persistent inflammatory response and ultimately lead to the 
destruction of surrounding lung tissue [14].
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2.2 Primary Inflammation Hypothesis 

Elimination of viral pathogens is impaired in CF airway epithelia, allowing increased 
replication and airway inflammatory changes that predispose to earlier acquisition of 
bacterial infections such as Pseudomonas aeruginosa [15]. Resolution of the inflam-
matory response is necessary to prevent collateral damage to normal tissue, and 
several pathways responsible for this process appear impaired in CF [16]. Macro-
phages express CFTR and, in CF, appear unable to switch from the M1 to the M2 
phenotype, a process required for the resolution of inflammatory response; in the CF 
pig, it has been demonstrated that this impacts the response to pathogens including 
Pseudomonas aeruginosa [17, 18]. Whether or not inflammation precedes infection 
in CF remains unclear and is reviewed in detail elsewhere [19, 20], but neutrophils 
have been detected in bronchoalveolar lavage fluid (BAL) in babies as young as 
4 weeks without evidence of infection [21]. Following exposure to microorganisms, 
neutrophils certainly become predominant in the CF airway [22], a finding that 
persists even in clinically stable patients with mild lung disease [23]. The antimi-
crobial capacity of neutrophils through mechanisms such as phagocytosis is 
impaired in CF [24]. Neutrophils lacking CFTR have less intrinsic apoptotic poten-
tial [24], which leads to increased formation of neutrophil extracellular traps (NETs) 
[25], which in turn drive inflammation and lung destruction. Neutrophils also 
produce elastase; this digests proteins, including elastin, in the airway wall, contrib-
uting to bronchiectasis [26] and driving mucus secretion [27], worsening airways 
obstruction and promoting the generation of CXCL8 (also known as IL-8) and 
LTB4, both potent chemoattractants that recruit more neutrophils [28], perpetuating 
the cycle of inflammation and lung destruction. It is, therefore, unsurprising that anti-
inflammatory therapies, in particular neutrophil modulation, are of interest in 
CF. However, the paradigm that reduced inflammation equates to better outcomes 
is oversimplistic; the BIIL 284 BS (an LTB4 receptor antagonist) trial provides a 
cautionary lesson as early cessation of the study was mandated due to an excess of 
infection-related adverse events, likely secondary to suppression of the inflammatory 
response [29] to subnormal levels [30]. 

2.3 Aberrant Mucin Secretion Hypothesis 

Mucus is a protective coating secreted by healthy airways. Mucin glycoproteins are 
the major constitution of the mucus gel, which is responsible for the rheological 
properties of mucus [31], and are encoded by MUC genes, 23 of which have been 
identified [32]. It is speculated that defective CFTR leads to dehydration of mucosal 
surfaces and changes in mucin properties. MUC5AC and MUC5B are the predom-
inant gel-forming mucins secreted in the airway; it is suggested that overexpression 
of these contributes to increased mucin secretion into the lumen of the respiratory 
tract with the resulting formation of mucus plaques, infection and inflammation



[32, 33]. In a study of expectorated sputum in patients with CF, however, DNA was 
shown to play a more prominent role than mucins, with a decrease in MUC5AC and 
MUC5B observed, compared to normal non-CF mucus [34]. This suggests that there 
may be a relative increase in other components of CF sputum or a primary defect of 
mucin secretion in CF. 
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2.4 Cell Receptor Hypothesis 

Adherence of Pseudomonas to airway epithelial cells is critical for establishing 
infection. The exact mechanism for this remains unclear. Abnormally low pH of 
the ASL related to defective CFTR-mediated bicarbonate transport is thought to 
predispose to innate host defence abnormalities in CF [35] including increased 
expression of the asialylated glycoprotein (asialoGM1) receptor on the surface of 
CF epithelial cells [36–38]. Pseudomonas aeruginosa binds to asialoGM1 and 
induces CXCL8 secretion via the nuclear factor kappa B (NF-κB) signalling path-
way [39]. CFTR itself has been shown to be a receptor for Pseudomonas aeruginosa; 
in cultured human airway epithelial cells expressing the commonest CFTR variant 
phe508del, uptake of Pseudomonas aeruginosa is defective [40, 41], limiting 
phagocytosis and leading to increased bacterial load in a murine model of pulmonary 
infection [40]. These findings might help explain the preferential infection of CF 
airways by Pseudomonas aeruginosa. At later stages of infection however, these 
bacteria form hypoxic macrocolonies in the airway and are not in direct contact with 
the epithelial cells [42–44]. This suggests that chronic infection is a process in which 
initial adherence is just one important step and that factors initiating infection are 
probably different from those perpetuating chronic infection. 

3 Clinical Features in CF 

Most patients with CF die from lung disease perpetuated by the inflammatory 
response to recurrent and persistent infections with pathogens including Staphylo-
coccus aureus, Aspergillus fumigatus, non-tuberculous mycobacteria and, ulti-
mately, chronic infection with Pseudomonas aeruginosa in 60-70% of adult 
patients [45]. This is similar to DPB, where various different bacterial species may 
initially infect the airway, but Pseudomonas aeruginosa ultimately causes chronic 
infection with biofilm formation [46]. Interest in macrolides in DPB followed a case 
report suggesting a benefit from long-term erythromycin use, which was subse-
quently demonstrated even in patients chronically infected with Pseudomonas 
aeruginosa, which is typically resistant to this class of antibiotics [46]. In patients 
treated with macrolides, DPB 10-year survival increased from 12% to over 90% 
[47, 48] and, given the similarities between the phenotype of lung disease in DPB 
and CF, this raised the question of whether macrolides might be of similar benefit  in



CF. Whilst the clinical phenotype of DPB and CF are similar, pathophysiologic 
mechanisms are likely to differ. phe508del [49] and rarer CFTR mutations have not 
been described [50] in patients with DPB, although some of the proposed mecha-
nisms of macrolide benefit may be applicable to both conditions. 
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4 Proposed Mechanisms for Action of Macrolides in CF 

Whilst macrolides have direct antimicrobial properties against a number of patho-
gens commonly detected in patients with CF (such as Haemophilus influenzae and 
Staphylococcus aureus), and there are data suggesting that azithromycin may pre-
vent acquisition of new CF pathogens [51], it is the immunomodulatory properties 
and indirect actions on other organisms such as Pseudomonas aeruginosa that are of 
greater interest. However, there is a need to balance these possible benefits of long-
term use against the potential for selection of macrolide-resistant strains of organ-
isms such as Staphylococcus aureus [52, 53]. 

4.1 Signalling Pathways and Chemokine Release 

An early step in the inflammatory cascade is the signalling to effector cells via 
proinflammatory molecules of various cytokines and chemokine families. As 
discussed previously, neutrophils predominate in the airways of patients with CF 
and activation of the neutrophil response results in parenchymal lung damage 
through the production of elastase. Work in animal models [54] and in patients 
with DPB [55] demonstrates reduction in neutrophil influx into the airways follow-
ing treatment with erythromycin. Rather than having a direct modulating effect on 
the neutrophil itself, macrolides are likely to influence neutrophil chemotactic 
activity indirectly by modulating the production of specific cytokines such as 
IL-1β, IL-6 and, in particular, the potent neutrophil chemoattractants CXCL8 [56– 
61], TNF-α [62, 63], and GM-CSF [59]. It is likely that NF-κB, a protein transcrip-
tion factor considered a master regulator of biochemical cascades in innate immunity 
[64, 65] is required for transcription of all these cytokines. 

In children with CF, CXCL8 release from blood and airway neutrophils is higher 
than in controls and not further enhanced by the presence of lipopolysaccharide 
(LPS) [66]. CXCL8 production is greater in airway neutrophils compared to blood 
and, whilst able to partially suppress production by blood neutrophils, dexametha-
sone is not effective at reducing CXCL8 production by airway neutrophils in CF 
[66]. This is relevant to potential benefits of macrolides in CF, as it has been shown 
that these antibiotics are able to modulate CXCL8 secretion. In a small open study in 
CF patients, a 1-month course of erythromycin significantly reduced sputum CXCL8 
in four out of six patients [67] and CXCL8 reduction was also seen in BAL from 
adults with DPB, asthma and bronchiectasis following macrolide therapy



[60]. Macrolides are likely to exert a direct effect on the airway epithelial cell; in 
cultured cells exposed to physiological levels of erythromycin or clarithromycin, 
there is a reduction in CXCL8 mRNA and protein in both healthy subjects and those 
with chronic airway inflammation [60]. Erythromycin has also been shown to reduce 
IL-6 and CXCL8 secretion from human bronchial epithelia stimulated by endotoxin 
[58] and IL-6 and TNF-α in human blood stimulated with Streptococcus pneumonia 
[68]. In a murine model of Pseudomonas infection, azithromycin reduced TNF-α 
levels and inhibited neutrophil recruitment to the lung [69], and clarithromycin has 
been shown to be as effective as prednisolone in reducing IL-5, CXCL8 and 
GM-CSF in nasal tissue cultures from patients with chronic rhinosinusitis [70]. In 
vitro evidence suggests that macrolides may reduce CXCL8 gene expression by 
suppression of ERK1/2 and thus both activator protein-1 (AP-1) binding sites and 
the transcription factor NF-κB [71–73]. This could be of particular relevance as 
human airway epithelial cells derived from CF patients demonstrate elevated NF-κB 
activation compared to control cells, both at baseline and following Pseudomonas 
aeruginosa stimulation, with CXCL8 mRNA levels remaining elevated for longer in 
CF cells [74]. In healthy bronchial epithelial cells stimulated with LPS, 
clarithromycin initially decreases CXCL8 production but then potentiates it over 
twofold before returning to normal level [61]; this highlights that suppression of 
proinflammatory cytokines is not purely time-dependent and that macrolides are in 
fact immunomodulatory rather than simply immunosuppressive [75] and why 
longer-term use might be key in reducing exacerbations and inflammation in patients 
with chronic respiratory disease [76]. 
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4.2 Direct Neutrophil Effect 

In addition to the indirect effects of macrolides on neutrophil pathways discussed 
above, there is evidence macrolides also affect neutrophil function directly via a 
number of different mechanisms. 

4.2.1 Endothelial and Airway Adhesion 

Neutrophils and other inflammatory cells require adhesion molecules to migrate into 
the airway in response to inflammation. Intercellular adhesion molecule (ICAM)-1 
plays an important role in the adhesion of neutrophils to airway epithelium [77] and 
is overexpressed in CF airway epithelium [78–80], a process that may be regulated 
by NF-κB. Any treatment that reduces neutrophil adherence to either epithelial or 
endothelial cells may therefore downregulate the inflammatory cascade. Studies on 
cultures of human bronchial epithelial cells stimulated with Haemophilus influenzae 
endotoxin have shown that erythromycin causes a reduction in IL-6, CXCL8, 
soluble ICAM-1 and decreased neutrophil migration and adhesion to epithelial 
cells [58], a finding replicated in a study using roxithromycin [59]. ICAM-1 and



CXCL8 expression may also be reduced by inhibition of neutrophil elastase (NE); 
erythromycin is an alternate substrate inhibitor of NE, and flurythromycin inactivates 
it in vitro [81]. 
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Integrin CD11b/CD18 (Mac-1) expression on peripheral neutrophils in patients 
with DPB is higher than in controls [82] and is significantly reduced by 
roxithromycin, correlating with a reduction in neutrophils in BAL. Macrolides also 
reduce Mac-1 expression in neutrophils stimulated by LPS and inhibit their oxidative 
burst [83], with a significant reduction in CD-11b/CD18 demonstrated on the surface 
of whole blood cells following erythromycin treatment [84]. In a model using 
cultured fibroblasts, clarithromycin decreased the expression of several adhesion 
molecules including ICAM-1, vascular cell adhesion molecule (VCAM)-1 and 
lymphocyte function-associated antigen-3 (LFA-3), whilst in a murine model of 
lung fibrosis, erythromycin inhibited VCAM-1 mRNA and neutrophil airway infil-
tration, suggesting a role in both resolution of inflammation and prevention of 
fibrosis [85]. 

4.2.2 Migration 

As previously discussed, an increased presence of neutrophils in the CF airway 
predisposes to lung damage [22]. When compared to controls, CF neutrophils 
demonstrate higher migratory responsiveness to CXCL8, which in addition is 
detected at higher concentrations in CF serum, sputum and BAL compared to 
controls [86], suggesting that CF neutrophils are primed to CXCL8 [87]. In a 
small study in CF patients, erythromycin did not reduce neutrophil chemotaxis 
over a 4-week period [87] and, in fact, macrolide doses required to inhibit in vitro 
chemotaxis of blood neutrophils from healthy volunteers are far greater than that 
used therapeutically [88]. These findings suggest that erythromycin does not directly 
modulate neutrophil function [89] and that reduced neutrophil migration demon-
strated in animal models of lung injury [47, 69] is mediated via the signalling and 
adhesion pathways outlined above. 

4.2.3 Reactive Oxygen Species (ROS) 

A key component of innate immunity is the generation of ROS by neutrophil 
NADPH oxidase [90]. However, ROS can also damage surrounding tissues, causing 
a cascade of inflammation; inherent antioxidant mechanisms are crucial to protect 
cells from injury [91]. Given the degree of neutrophilic inflammation in CF, findings 
such as an increase in ROS in the BAL fluid of children with CF are unsurprising 
[92], but it is likely that there is also an intrinsic defect in antioxidant defence due to 
lack of CFTR that exacerbates this [93–95]. In a zebrafish model, loss of CFTR 
function leads to an exaggerated neutrophil response and excessive ROS generation 
from epithelia, irrespective of whether typical CF pathogens are present [96]. Dif-
ferent classes of macrolides are able to inhibit ROS production by neutrophils, both



in vitro and in vivo [75, 97–103], and may therefore attenuate this response. The 
mechanism remains uncertain but may be due in part to stabilisation of the cell 
membrane [104]. As with the effect on CXCL8 production, this is not a time-
dependent effect, the semicolon afterwards alludes to a trial that shows enhancement 
of he burst followed by down regulation of the oxidative burst and increased 
neutrophil apoptosis up to 28 days later [102]. This suggests that macrolides initially 
stimulate neutrophil antimicrobial activity before later dampening down deleterious 
inflammation. 
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4.2.4 Apoptosis 

It has been demonstrated in CF piglets and patients with CF that neutrophils survive 
longer due to delayed apoptosis, allowing the formation of NETs and increasing 
inflammation [25]. Erythromycin increases cyclic AMP (cAMP) levels in neutro-
phils in vitro, leading to accelerated apoptosis at 24 h in a dose-dependent manner 
[105]. This has also been seen in healthy controls up to 28 days after a short course of 
azithromycin [102]. In vitro, in the presence of Streptococcus pneumoniae the 
pro-apoptotic effect of azithromycin is impaired [106] indicating that this proposed 
mechanism of action might not be as relevant in CF, given the almost ubiquitous 
presence of microbial pathogens in the airway from a young age. 

4.3 Effect on Pseudomonas aeruginosa 

Clinical improvement in patients with DPB treated with macrolides is independent 
of whether they are chronically infected with Pseudomonas aeruginosa [46]. Since 
this is seen below the minimum inhibitory concentration (MIC) for Pseudomonas 
aeruginosa, and in fact there are no published breakpoints [107], it is suggested that 
the effects of macrolides on Pseudomonas in DPB are anti-inflammatory rather than 
antibacterial [57, 108, 109]. There are a number of purported mechanisms by which 
macrolides indirectly counteract inflammation secondary to Pseudomonas infection, 
which is of relevance when considering their use in CF. 

4.3.1 Adherence 

In CF, increased binding of Pseudomonas aeruginosa to respiratory epithelial cells, 
likely due to overexpression of receptors and mutant CFTR [36, 37], has been 
demonstrated. In 11 children with CF treated with azithromycin for 3 months, a 
70% decrease in adherence of Pseudomonas aeruginosa to buccal epithelial cells 
was observed [110], but this was not reproduced in seven adult CF patients who 
underwent nasal brushing after 2 weeks of oral azithromycin [111]. It is difficult, 
therefore, to be certain whether in vitro studies showing that macrolides decrease



Pseudomonas adherence to silicon filters [112], mouse tracheal epithelium [113] and 
human type IV basement collagen [114] translate to clinical efficacy in CF via this 
mechanism. 
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4.3.2 Suppression of Bacterial Exoproducts and Mucus Secretion 

Pseudomonas aeruginosa produces extracellular toxins and exopolysaccharide that 
contribute to pathogenesis by stimulating inflammation and tissue destruction in the 
host [115, 116]. In vitro, it has been shown that erythromycin attenuates nasal 
epithelial damage caused by neutrophils in the presence of Pseudomonas 
aeruginosa, with no effect seen where neutrophils were incubated with erythromycin 
alone, suggesting that macrolides attenuate production of virulence factors that 
damage epithelia [117]. Chronic infections in CF develop a mucoid phenotype due 
to hypersecretion of alginate, creating a biofilm that coats airway surfaces [118] and 
protects bacteria within the biofilm from antimicrobials and host immune defences 
[44, 119, 120], making eradication difficult. Biofilms also act as an antigen and 
induce an antigen-antibody reaction on the surface of the airway [121], resulting in 
immune complex deposition and neutrophilia. Sub-MIC concentrations of 
macrolides inhibit production of alginate and the formation and stability of biofilms 
[122, 123]; with an increase in biofilm permeability, penetration of bactericidal 
antibiotics may be facilitated, a mechanism that could explain why a combination 
of azithromycin and ciprofloxacin leads to increased killing of biofilm Pseudomonas 
aeruginosa compared to ciprofloxacin alone [121]. 

Sub-MIC macrolide concentrations also reduce mucus secretion by airway epi-
thelial cells, both in vitro and in vivo [124, 125]. An 80% reduction in viscosity of 
sputa from 29 CF patients infected with Pseudomonas aeruginosa has been demon-
strated in vitro with the addition of roxithromycin [126] and twice weekly treatment 
with azithromycin for 3 months reduced sputum viscosity in 9/10 adolescents with 
CF who were chronically infected with Pseudomonas aeruginosa [127]. The effect 
on mucus secretion occurs via MUC5AC gene expression [125]; this is upregulated 
in a murine model of DPB and Pseudomonas aeruginosa infection and reduces after 
macrolide treatment via modulation of intracellular signal transduction, including 
phosphorylation of extracellular signal-regulated kinase 1/2 [128]. Clinically in CF 
patients, this mechanism might attenuate the inflammatory response by facilitating 
the clearance of secretions. 

Erythromycin suppresses the production of elastase and protease in Pseudomonas 
aeruginosa cultures without affecting bacterial growth over a 24hr period 
[129]. Macrolides appear to differ in their abilities to suppress Pseudomonas 
aeruginosa virulence factors, with azithromycin appearing more efficacious, partic-
ularly in terms of pyocyanin [130, 131], exotoxin A, exoenzyme and phospholipase 
C  [132] production. The mechanisms by which sub-MIC concentrations of 
macrolides are able to suppress virulence factors are not entirely clear; direct 
inhibition of ribosomal translation seems unlikely as this would be expected to 
also suppress bacterial growth although inhibition of protein synthesis, leading to



decreased expression of heat shock proteins and loss of viability of Pseudomonas 
aeruginosa has been demonstrated [133]. Interaction of azithromycin with the 50s 
ribosomal subunit selectively inhibits expression of quorum sensing genes such as 
rhIR at both transcriptional and post-transcriptional levels [107, 134], leading to a 
reduction in virulence factors, oxidative stress and motility of Pseudomonas 
aeruginosa [135]. Loss of motility is mediated by inhibition of flagellin production 
[130, 136] and effects on the assembly of type IV pili [137] by macrolides at 
sub-MIC concentrations, making phagocytosis of bacteria by alveolar macrophages 
easier. 
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4.3.3 Non-inflammatory Effects 

Whilst most data indicate that macrolides exert effects via immunomodulatory and 
anti-virulence mechanisms, it is also suggested that Pseudomonas aeruginosa accu-
mulates azithromycin over a period of chronic exposure, directly affecting viability 
and protein synthesis [138]. This effect was seen at 48hrs, but not at earlier time 
points, in agar cultures of PAO-1 and 13/14 clinical isolates of Pseudomonas 
aeruginosa, with protein synthesis decreasing in a time-dependent manner. This 
suggests that macrolides may in fact be directly bactericidal in circumstances where 
bacteria are exposed for longer periods due to intracellular accumulation of the 
antibiotic. 

4.4 Antiviral Effects 

In human CF bronchial epithelial cells infected with rhinovirus, a sevenfold reduc-
tion in viral replication is seen in cells that are treated with azithromycin compared to 
controls [139]. The likely mechanism for this is via amplification of the antiviral 
response mediated by interferon pathways, as evidenced by upregulated expression 
of interferon-stimulated genes [139, 140]. This is of particular relevance as rhinovi-
ruses frequently trigger pulmonary exacerbations [141], and the innate immune 
response to them is impaired in CF; CF bronchial epithelial cells express up to 
1000 times less interferon type I (β) and type III (λ) mRNA compared with controls 
in response to rhinovirus with a resulting increase in rhinovirus RNA and virus 
release [142]. It is also thought that coinfection with Pseudomonas aeruginosa also 
suppresses interferon responses to rhinovirus in CF bronchial epithelial cells com-
pared with control cells [143]; if macrolides upregulate interferon pathways, this 
provides a plausible biological mechanism to explain the reduction in CF pulmonary 
exacerbations that has been reported in a number of clinical trials.
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4.5 Effects on Ion Transport 

It is suggested that one mechanism by which azithromycin may exert an effect on CF 
is via the modulation of alternate chloride channels. This theory followed a case 
report in which a CF patient had improved lung function after receiving chemother-
apy for fibrosarcoma [157]. An increase in multidrug resistance (MDR) protein 
mRNA in nasal epithelial cells was demonstrated, which was not seen in a CF 
patient not exposed to chemotherapy; it is thought that long-term upregulation of 
genes encoding proteins promoting MDR may complement CFTR function that is 
lacking in CF [158]. CFTR and MDR, a P-glycoprotein, both belong to the 
ATP-binding cassette (ABC) family of chloride channels and share sequence homol-
ogy [159]. The ABC transporter family are a group of proteins whose function is the 
transport of a wide variety of substrates. It is known that erythromycin can 
upregulate P-glycoprotein expression [160]. However, despite potentially 
upregulating chloride-secreting channels, some data suggest that macrolides inhibit 
chloride secretion rather than accentuate it [161, 162], which would be detrimental in 
CF, where chloride secretion is reduced. One potential pathway by which this might 
occur is by an effect on endothelin-1 (ET-1), a potent vaso- and bronchoconstrictor 
produced by endothelial cells [163]. Macrolides reduce ET-1 gene expression and 
release in human bronchial epithelial cells [164] and, as ET-1 is a chloride secreta-
gogue in the airways [165], this could potentially explain a reduction in chloride 
secretion. 

In another study, nasal chloride secretion improved in 6/10 CF patients treated 
with azithromycin for 1 month [166], subsequently suggested to be secondary to 
MDR overexpression [167]. These findings were not replicated in other studies of 
nasal PD measurements in CF mice and patients [111, 168]. In human bronchial 
epithelial cells, a significant dose-dependent increase of chloride efflux is seen in CF 
(but not in non-CF) cells after azithromycin treatment, in the absence of increased 
expression of either MDR or CFTR [169], suggesting that another mechanism rather 
than upregulation of these proteins is responsible. In Ussing chamber studies of 
healthy murine colon tissue, there is an increase in anion secretion with 
azithromycin, which is also seen in sheep trachea treated with erythromycin 
[162]. From these data, it appears that macrolides have a role in modulating ion 
transport, but whether this is a mechanism by which they may be efficacious in CF 
remains unclear. 

4.6 Nitric Oxide (NO) 

NO is a gaseous free radical produced from the amino acid L-arginine by NO 
synthase (NOS). NO is involved in a number of important physiological processes 
within the lung including inflammation and bacterial killing. Given the degree of 
inflammation in the lower airway, exhaled NO is surprisingly low in CF [170] for



reasons that are not entirely clear but may include reduced inducible NOS expression 
(iNOS) in the bronchial epithelium [171] or increased degradation by NO reductase 
by Pseudomonas aeruginosa in the lower airways [172]. Macrolide antibiotics 
inhibit immune complex-induced lung injury in rats; it is thought that this is through 
modulation of cytokine release that downregulates type II iNOS gene expression, 
and thereby reduces NO production by alveolar macrophages [173, 174]. Conversely, 
erythromycin has also been shown to stimulate endogenous NO production by a 
protein kinase A-dependent mechanism [175] and release of NO from 
non-adrenergic, non-cholinergic neurones, a system that is thought to modulate 
airway inflammation [176]. It is not entirely clear how macrolides effect NO 
production in the CF airway but, low NO is thought to enhance adherence of 
Pseudomonas aeruginosa to human bronchial epithelial cells [177] and increase 
susceptibility to bacterial and viral infections [178, 179], and there is a focus on 
possible therapeutic benefits of exogenous NO in CF [180]. 
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4.7 Airway Remodelling 

Airway changes such as dilatation, fibrosis and neovascularisation that are observed 
with disease progression in CF [181] may be modulated by macrolides. 14-member 
macrolides appear to reduce tumour angiogenesis by an unknown mechanism [182], 
and it is therefore possible that bronchial neovascularisation in CF could be reduced. 
Roxithromycin inhibits TNF-α induced vascular endothelial growth factor (VEGF) 
production [183], and macrolides may have indirect effects on angiogenesis via 
CXCL8, which is angiogenic as well as proinflammatory [184]. An analogue of 
rapamycin (a macrolide immunosuppressant) inhibited epidermal growth factor-
induced proliferation [185] and attenuated fibrotic pathways induced by 
transforming growth factor-α [186] in murine models of lung inflammation and 
remodelling. If these effects were recapitulated in the human lower airway, this 
could have profound implications for prevention of remodelling that has been 
demonstrated in children with CF [187]. 

4.8 Bioactive Phospholipids 

Cell injury causes the release of cell membrane phospholipid-derived arachidonic 
acid and is converted into platelet-activating factor (PAF), leukotrienes, prostaglan-
dins and thromboxane A [188]. Many of these membrane-derived phospholipids 
modulate direct and leucocyte-mediated damaging effects on the airway epithelium 
[75]. PAF, in particular, is implicated, with elevated levels in seen in many condi-
tions where inflammation and cell damage are a feature of pathogenesis 
[189]. Macrolides attenuate the adverse effects of bioactive phospholipids on the 
human respiratory epithelium in vitro [190], potentially through inhibition of the



PAF/PAF-receptor and/or thrombin-protease-activated receptor-1 systems 
[191]. Ketolides, a relatively new class of macrolides designed to combat respiratory 
infections that have acquired resistance to conventional macrolides [192], have been 
shown to be cytoprotective against the effects of bioactive phospholipids, 
lysophosphatidylcholine, PAF and lyso-PAF on nasal epithelial strips from healthy 
volunteers [193]. However, the extent to which macrolides protect airway epithelium 
in CF remains unclear; this is further discussed in the chapter authored by 
Clive Page. 
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4.9 Antibacterial Effects in CF 

Macrolides are potentially beneficial in CF for their broad-spectrum antibacterial 
properties, particularly against organisms such as Staphylococcus aureus, 
Haemophilus influenzae and non-tuberculous mycobacteria (NTM) and are widely 
used for acute exacerbations. Interestingly, no clinical trial in CF has yet demon-
strated a clinically significant long-term effect on microbiology, despite evidence for 
clinical improvement [194]. A cautionary tale again the long-term use of macrolides 
is that some studies do report an increased risk of acquisition of macrolide-resistant 
organisms [194]; this is discussed in further detail below. 

4.10 Summary 

Despite a plethora of studies, the mechanisms of benefit of azithromycin in CF 
remain unclear. If mechanisms could be elucidated, a designer macrolide, either in 
nature or synthesised in the laboratory, aimed at the relevant pathway could be a 
powerful therapeutic tool in CF. 

5 Clinical Evidence in CF 

5.1 Efficacy 

The index case that sparked our interest in the potential benefit of macrolides in CF 
was a 16yr old male with genotype ΔF508/G551D who had an improvement in 
forced vital capacity (FVC) from 26% to 65% predicted and forced expiratory 
volume in one second (FEV1) from 11% to 26% predicted following empirical 
treatment with long-term azithromycin. There was also an improvement in baseline 
oxygen saturations in air from 65% to 93%, resulting in him coming off the heart-
lung transplant waiting list for 6 years [195]. This was followed by an open-label 
study of long-term daily azithromycin; in seven children with CF (median age 12.1



[range 5.8 to 16.8 years]) who were chronically infected with Pseudomonas 
aeruginosa and had end-stage CF lung disease or chronic airflow limitation refrac-
tory to conventional therapy, significant improvements in FVC and FEV1 were 
demonstrated [195]. Although there was no control group, historical controls and 
clinical experience suggest that deterioration rather than improvement should have 
occurred in these patients. The improvements were similar to those seen in patients 
with DPB [57, 108]. 
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These effects were not replicated in the first single-blind pilot study of ten CF 
patients (aged 12-26) chronically infected with Pseudomonas aeruginosa who were 
treated with 3 weeks placebo followed by clarithromycin for 6 weeks [196]. No 
significant change in lung function, sputum neutrophils, CXCL8, free neutrophil 
elastase, TNF-α or myeloperoxidase were demonstrated, with no correlation 
between inflammation and lung function. It is likely that clarithromycin was not 
given for sufficiently long in this study; in DPB clinical benefit is often not seen until 
at least 6 weeks of treatment. One patient did have an 11% improvement in 
spirometry, indicating that macrolides might exert their effects in an, as yet 
undefined, subset of CF patients, something which has been seen in other studies 
[144, 146, 195, 197]. 

Since these early studies, there have been several double-blind and placebo-
controlled randomised controlled trials (RCTs) of azithromycin with different dosing 
strategies (daily, thrice weekly, and weekly) undertaken in CF patients. Outcomes 
are summarised in Table 1. A meta-analysis of some of these studies suggests that 
azithromycin provides a 4% relative improvement in FEV1 compared to placebo 
[194], whilst a recent retrospective cohort study suggests per-year relative FEV1 

decline is reduced by 40% in CF patients with chronic Pseudomonas aeruginosa 
compared to matched controls [198]. 

As Table 1 demonstrates, the impact of azithromycin therapy on FEV1 varies 
across studies. Even in RCTs where the benefit was demonstrated, this was often less 
than seen in case reports [195], with the caveat that some individuals seemed to 
respond far better than others. With the advent of newborn screening for CF in many 
countries [199], there is the opportunity for earlier intervention to try and prevent 
complications and improve outcomes, particularly in terms of better early weight 
gain, improved lung function trajectory and delayed onset of chronic Pseudomonas 
aeruginosa infection [200]. This was the premise for undertaking COMBAT-CF; 
this study showed that, whilst using azithromycin for the first three years of life did 
not have an impact on structural lung disease on serial CT scans compared to placebo 
(the primary end point, i.e. this was a negative study), there was a reduction in BAL 
CXCL8 and neutrophil elastase at 36 months of life [156]. Furthermore, those 
children who received azithromycin had significantly fewer pulmonary exacerba-
tions with less days in hospital and less exposure to antibiotics. Ongoing follow-up 
of this cohort of children is planned to see whether this early intervention has had a 
longer-term effect on structural lung disease and lung function but, given neutrophil 
elastase has a prominent role in the progression of lung damage in children 
[201, 202], this could justify starting azithromycin in infants, particularly those 
who are doing badly or not eligible for CFTR modulators. Reduction in BAL
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CXCL8 and neutrophil elastase is particularly relevant as high levels predict future 
pulmonary exacerbations in children [203], and it is possible that modulation via the 
mechanisms outlined previously attenuates the inflammatory response to further 
infective triggers. These findings are mirrored in several RCTs in older people 
with CF (Table 1) showing azithromycin use led to a reduction in pulmonary 
exacerbations, which are associated with failure to regain baseline lung function, 
and long-term respiratory decline [204–207]. However, durability of treatment effect 
remains unclear [52, 208, 209], and long-term macrolide therapy is currently not 
universally advised as best practice unlike, for example, recommendations to com-
mence CFTR modulators for patients with specific genotypes or nebulised dornase 
alfa from 6 years of age [209, 210]. It should also be noted that all therapeutic trials 
were in patients not on highly effective modulator therapy, and whether macrolides 
have benefits in those on modulators is currently not known.
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The finding that some patients with CF respond better to macrolides than others 
[144, 146, 195, 197] may be related to the pulmonary microbiome. The lungs, which 
were historically considered sterile in the absence of infection, actually harbour 
diverse microbial communities, even in healthy controls [211], and the microbiome 
of CF sputum can predict disease course [212]. In a study of the microbiome in CF 
sputum, 45% of patients had reduced lung function decline (responders) after 
commencing azithromycin [213]; those who were azithromycin naïve and responded 
to treatment were found to have relative increased abundance of Stenotrophomonas 
and Abiotrophia (but not Pseudomonas) in sputum at the end of the study when 
compared to non-responders. Differences in the baseline microbiome also predict 
which CF patients respond to inhaled tobramycin [214]. However, unlike in asthma 
[215] and non-CF bronchiectasis [216], azithromycin does not significantly alter the 
composition of the CF microbiome [52, 213]; it is possible that the spectrum of 
treatment benefit observed between individual CF patients treated with macrolides 
[144, 146, 195, 197] relates to patient-specific characteristics of their unique respi-
ratory microbiome and its interaction with azithromycin, rather than antibacterial 
properties of the macrolide itself. As recognition and study of the CF microbiome 
remains an emerging field [217], early clinical trials of azithromycin were not 
designed to evaluate this possibility and, in an era of personalised therapies, further 
work is needed to further elucidate these mechanisms. 

5.2 Safety 

Many studies demonstrate that long-term azithromycin is safe and well-tolerated in 
patients with CF (Table 1). As azithromycin has a long half-life, it continues to 
accumulate within tissues and does not plateau; the optimum dosing regimen is 
unclear. RCTs (Table 1) have been conducted using daily, twice weekly or thrice 
weekly dosing. Studies comparing daily and weekly dosing, and 5mg/kg vs. 15mg/ 
kg, found no difference in change in FEV1 [149, 151], although gastrointestinal side-
effects were more common with 1200mg administered once a week



[149]. Gastrointestinal side-effects are a known side-effect of macrolides, but a 
metanalysis of RCTs in CF found no difference in abdominal pain, vomiting, 
diarrhoea or nausea between azithromycin and placebo groups [218]. Increased 
incidence of wheeze [146] has been described, the mechanism for which is unclear 
given macrolides reduce expression of ET-1, which is a potent bronchoconstrictor, 
and other studies describe a reduction in wheeze with azithromycin [219, 220]. It is 
possible that mobilisation of less viscous mucus into the airways is contributory, but 
this has not been specifically studied. There is no association between long-term 
azithromycin use and prolongation of the QT interval in children with CF [221], 
albeit in a group where very few were on concurrent medications that prolong the QT 
interval; this needs to be factored in when considering macrolide therapy in adults 
and children with CF who require polypharmacy. 
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Macrolide-associated tinnitus and sensorineural hearing loss are reported [222], 
even at standard oral doses, with the risk of tinnitus thought to be cumulative dose-
dependent [223]. Whilst not reported in RCTs (Table 1), the extent of hearing 
impairment is greater than that which would be expected due to ageing alone in 
CF patients [224], especially amongst those receiving frequent courses of macrolides 
or intravenous aminoglycosides [225]. This is a particularly pertinent consideration 
as the life expectancy of CF patients is improving and should continue to do so with 
the advent of CFTR modulators [226, 227], so increased lifetime exposure to 
ototoxic drugs is likely. Macrolides have been associated with hepatic and renal 
toxicity [226]; whilst not widely reported in CF patients [228], again, this needs to be 
taken into account in patients receiving polypharmacy. 

5.3 Macrolide Use in CF: Concerns 

There are concerns about long-term macrolide therapy and emergence of resistant 
organisms [194]. Prevalence of Staphylococcus aureus, Haemophilus influenzae and 
Streptococcus pneumoniae decreases with long-term azithromycin use in CF 
patients [53], but this also leads to a statistically significant increase in isolation of 
macrolide-resistant strains of Staphylococcus aureus [53, 208]. A significant 3.1% 
uplift in FEV1 observed after the first year of azithromycin was reversed after two 
and three years of therapy, although this was not felt to be related to the emergence of 
macrolide-resistant Staphylococcus aureus [208]. Nevertheless, when considered in 
relation to the COMBAT-CF trial [156], these findings might discourage early long-
term macrolide use, particularly as Staphylococcus aureus is the predominant CF 
pathogen in the early years of life, and increased antibiotic resistance following 
macrolide treatment can persist even after cessation of treatment [230]. An increase 
in macrolide-resistant Haemophilus species has also been reported in children with 
CF on long-term azithromycin [231], although other data suggest that this might be 
offset by a reduced risk of acquiring several CF-related pathogens [51, 53]. In 
patients with non-CF bronchiectasis without Pseudomonas aeruginosa infection, 
macrolides do not reduce exacerbations and may cause displacement of



Haemophilus influenzae by more troublesome organisms including Pseudomonas 
aeruginosa [216]. This has not been seen in children with CF without Pseudomonas 
aeruginosa [153] but is another factor to bear in mind when considering early 
intervention with long-term macrolides. A cautionary tale against early use of 
prophylactic antibiotics is that a trend towards increased Pseudomonas aeruginosa 
isolation has been described in children with CF who receive long-term cephalexin 
[232]  or  flucloxacillin [233]; a multicentre trial (CF-START) is currently underway 
to further delineate the causal nature of the latter relationship. 
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NTM disease, particularly Mycobacterium abscessus, is associated with poor 
outcomes and can be a relative contraindication to lung transplant in CF 
[234, 235]. Macrolides are the cornerstone of NTM treatment in CF, and a concern 
about long-term use prior to isolation of NTM is that they might induce ribosomal 
methylase resistance proteins encoded by erm [41], making NTM more resistant to 
treatment, even before it has been cultured in sputum [236]. Although no increase in 
NTM (or MRSA or Burkholderia cepacia complex) prevalence has been reported in 
CF patients on long-term macrolides [51], there are no published data looking at 
whether patients who isolate NTM have a greater incidence of erm [41] expression if 
they have previously been on long-term azithromycin. This warrants more 
investigation. 

Intravenous and nebulised tobramycin is widely used to treat Pseudomonas 
aeruginosa and pulmonary exacerbations in CF [237, 238]. It has been shown 
in vitro that azithromycin antagonises the effects of tobramycin [239, 240]. In a 
cohort study of CF patients, combined use of nebulised tobramycin and 
azithromycin was associated with a significant decrease in FEV1, increased need 
for further antibiotics and a trend towards less reduction in Pseudomonas aeruginosa 
density in sputum when compared with tobramycin monotherapy [240]. In children 
with CF with chronic Pseudomonas aeruginosa infection, the relative improvement 
in FEV1 following intravenous tobramycin was lower in patients also receiving 
azithromycin [207], a finding replicated in a large retrospective registry study that 
also suggested combined therapy was associated with reduced time to next pulmo-
nary exacerbation [241]. A subsequent RCT demonstrated no difference in clinical 
outcomes in patients receiving azithromycin or placebo alongside nebulised 
tobramycin, although there was less reduction in Pseudomonas aeruginosa sputum 
density in the azithromycin group [242], and no inhibitory effect is seen in patients 
receiving azithromycin along with intravenous colistimethate [243]. Whilst these 
later studies provide reassurance, the earlier reports highlight a vital point about 
potential pitfalls of polypharmacy and the importance of tailoring, and rationalising 
where possible, medication regimens to the individual. 

A compelling reason against using macrolides in CF is the advent of CFTR 
modulators. The first publication in 2011 demonstrated that small molecules are 
able to potentiate chloride movement across the CFTR channel [244], and subse-
quent studies showed that correction of other CFTR variants is possible, resulting in 
the treatment of CF at the cellular level for the first time, with the expectation that 
this reduces downstream consequences of the disease [227]. CFTR modulators are 
now able to treat around 90% of known CFTR variants, although they are not



universally licensed across all age groups or available in all countries due to cost. 
There is an argument that azithromycin should be used from an early age so that 
when modulators can be commenced, children start with the best possible lung 
substrate. However, given long-term azithromycin does not reduce structural lung 
damage when given in the first three years of life despite reducing inflammation 
[156] and there are concerns about the durability of benefit [52, 208, 209], we 
consider it only on a case-by-case basis in patients that are not responding to first-
line treatments. A 6- to 12-month trial of therapy to assess response is reasonable; if 
there is no benefit in terms of FEV1 (improvement or reduced rate of decline) or 
fewer exacerbations over this period, discontinuation should be considered as data 
indicate that not all patients are macrolide responders. 
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6 Conclusions and Future Directions 

Since the last iteration of this chapter, understanding of how macrolides might exert 
benefits in CF has increased, although it remains unclear why some patients respond 
better than others, or indeed, what is the mechanism of benefit. This is a key question 
for future research; in an era of high-cost drugs that are tailored to genotype, we 
should also be able to identify mechanisms by which patients might achieve benefit 
from other treatments. Drug-drug interactions are also important; there is little 
published data on long-term interactions of macrolides with these modulators, 
some of which are extensively metabolised in the liver, mainly by cytochrome 
P450 3A (CYP3A), a pathway inhibited by clarithromycin [245]. Longitudinal 
studies are required to monitor cumulative macrolide and CFTR modulator hepato-
toxicity, particularly as patients will likely remain on modulators for life. Long-term 
follow-up of the infant cohort commenced on azithromycin is planned [156]; it will 
be fascinating to see if the early attenuation of inflammation seen in the azithromycin 
group translates into clinical benefits later in life. 

There have been monumental advances in CF care since we last wrote this 
chapter. Aside from CFTR modulation, the rollout of newborn screening in many 
countries has identified children with CF far earlier, giving an opportunity for earlier 
intervention which should translate into better outcomes [199] and ever-increased 
life expectancy [2]. Azithromycin remains an important treatment, though more so 
now for acute exacerbations than long-term therapy for the majority of patients in 
our centres. Whilst many novel macrolides with antiviral and anti-inflammatory 
properties have been identified [246], none are yet commercially available, and 
further elucidation on the potential benefits of these in CF is urgently needed. 
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Non-CF Bronchiectasis 

Dustin Mills, Anne B. Chang, and Julie M. Marchant 

Abstract Bronchiectasis is a disease of recurrent wet cough and acute respiratory 
exacerbations with objective confirmation by abnormal bronchial dilatation on chest 
computed tomography scans. There is strong evidence that macrolide maintenance 
therapy reduces the frequency of respiratory exacerbations in both children and 
adults. This chapter will focus on the clinical use of macrolides in bronchiectasis 
in both adults and children, in relation to current guidelines, evidence and key 
recommendations, as well as exploring risks of long-term therapy and future 
research priorities. 
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1 Introduction 

Bronchiectasis, unrelated to cystic fibrosis (hereafter referred to as bronchiectasis), 
is a clinical syndrome of recurrent or persistent wet/productive cough, respiratory 
exacerbations and abnormal bronchial dilatation on chest computed tomography 
(CT) scans [1–5]. Bronchiectasis is an increasingly appreciated cause of chronic 
respiratory–related morbidity worldwide in both adults and children [4, 6–15]. Bron-
chiectasis is associated with numerous aetiologies that can contribute to the patho-
physiologic process [4, 6, 16]. There are various radiological, microbiological, 
inflammatory and clinical subgroups referred to as phenotypes and endotypes 
[4, 5, 17]. The pathogenesis of bronchiectasis is complex and is likely to vary 
depending on the underlying aetiology, patient age and important modifying factors 
[4, 7, 18–20]. Most evidence supports the “vicious cycle” paradigm, which involves 
airway infection causing inflammation, impaired mucociliary clearance, obstructive 
lung disease and lung tissue disruption resulting in a self-perpetuating cycle with a 
dysregulated immune response [4, 6, 17–20]. (see Fig. 1). 

Fig. 1 Vicious vortex of bronchiectasis pathogenesis [19]
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Neutrophilic airway infiltration and dysfunction is typically described in bron-
chiectasis and is observed in stable bronchiectasis in adults with increases during 
lower airway bacterial infection and exacerbations [21–26]. Less commonly, eosin-
ophilic dominant airway inflammation has also been identified [4, 7]. Neutrophil 
elastase (NE), a serine protease stored in neutrophil granules and released into 
neutrophil extracellular traps (NETs) or at times of apoptosis, has been found to 
increase in quantity during exacerbations of bronchiectasis and decrease after treat-
ment with resolution of symptoms [27–30]. NE impairs ciliary motility and stimu-
lates mucus secretion. Progressive destruction of the elastic, cartilaginous and 
muscular components of the bronchial wall may be in part related to NE 
activity [19]. 

Bacteria, mycobacteria, viruses, and fungi have all been proposed to promote the 
initiation and perpetuation of bronchiectasis [7]. High bacterial density in the lower 
airways is associated with more severe and more frequent symptoms, exacerbation 
frequency, and inflammatory indices [7, 22]. Bronchiectasis patients at greatest risk 
of acute respiratory exacerbations and lung function decline have reduced lower 
airway bacterial diversity (i.e., through the loss of important bacterial taxa) or 
dominance of a single taxon or small group of taxa [31, 32]. 

Acute respiratory exacerbations in bronchiectasis are characterised by increase in 
respiratory symptoms, [1, 33] and are particularly important, sustaining the vicious 
vortex of bronchiectasis and acting as a catalyst for disease progression [34– 
36]. Bronchiectasis respiratory exacerbations are major determinants of healthcare 
costs, [37–39] and are associated with worse clinical outcomes; [1–3] impaired 
quality of life, [40–43] accelerated lung function decline, [44] and in adult studies, 
increased mortality [2, 35, 45]. In addition, parents of children and patients with 
bronchiectasis rate exacerbations as one of the most challenging aspects [46]. Thus, 
impact on acute respiratory exacerbations is a significant outcome measure when 
assessing efficacy of interventions. Understanding of the pathophysiology of pul-
monary exacerbations in bronchiectasis is limited but evolving, with current evi-
dence suggesting respiratory viruses play an initiating role in some but not all 
exacerbations [47–50]. 

There is a large variation in prognosis in bronchiectasis, some patients having 
mild bronchiectasis for many years and others progressing rapidly with frequent 
exacerbations and accelerated lung function decline [4, 6, 51–53]. An important 
clinical phenotype of bronchiectasis in adults is the “frequent exacerbator” (≥3 
exacerbations/year) as it is the strongest predictor of future exacerbations and is 
associated with increased 5-year mortality [41]. A paediatric frequent exacerbator 
phenotype has also been described [54]. Importantly, it has also been shown that 
bronchiectasis may be reversible, in both children and adults, if treated effectively 
and early [1, 2, 55–59]. Bronchiectasis management should be focused on 
interrupting the infection—inflammatory cycle as early as possible to reverse 
and/or halt disease progression and further lung injury. Clinical outcomes are best 
optimised through a multi-modality approach involving not only antimicrobial 
therapies but also airway clearance therapies and anti-inflammatory agents, as well 
as avoiding lung irritants [1–3, 60, 61].
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Antibiotics have a central role in the management of patients with bronchiectasis. 
Antibiotics aim to reduce airway bacterial loads, [4, 27, 62] thereby interrupting the 
cycle of infection and inflammation. Antibiotics can be prescribed to prevent and 
treat acute exacerbations, and to eradicate potentially harmful organisms such as 
Pseudomonas aeruginosa [1–3, 61]. Long-term use of antibiotics (>3 months) is 
recommended for bronchiectasis patients experiencing frequent exacerbations of 
more than three per year and could be considered in patients that have infrequent 
but severe exacerbations, symptoms between exacerbations, radiographic progres-
sion of disease or who are at risk of severe exacerbations 
(e.g. immunocompromised) [1–3, 61]. Three broad approaches are available: 
macrolides, other oral antibiotics and inhaled antibiotics. Before considering long-
term antibiotics it is important to ensure that all other areas of bronchiectasis 
management have been optimised including addressing underlying conditions and 
comorbidities that could result in a deterioration of the patients’ symptoms [1–3, 61]. 

2 The History of Macrolide Antibiotic Use in Bronchiectasis 

The first published randomised controlled trial (RCT) on using macrolides in 
bronchiectasis was a double-blind, parallel design study involving 25 children 
with bronchiectasis and increased airway responsiveness, randomised to 12 weeks 
of treatment with roxithromycin or placebo [63]. The RCT found a significant 
reduction in bronchial responsiveness, sputum purulence and leucocyte count as a 
result of treatment with roxithromycin [63]. While several prior observational 
studies using macrolides were published in the 1950–60’s in adults, the first 
published adult RCT was the EMBRACE study [64]. Since these first reported 
RCTs, macrolide antibiotics are now commonly used as long-term treatments to 
prevent exacerbations in bronchiectasis. Adult data from international bronchiectasis 
studies and bronchiectasis registries suggests moderate use of long-term 
azithromycin, generally ranging from 15–30% of patients [65–68]. There is limited 
data on the prevalence of azithromycin use in paediatric bronchiectasis, with one 
report on children from the Australian Bronchiectasis Registry in 2021 indicating 
47% of patients had ‘ever received a macrolide antibiotic’ as part of their bronchi-
ectasis management [54]. 

3 Mechanism of Action of Macrolide Antibiotics 
in Bronchiectasis 

The mechanisms of the action of macrolides are described in Sect. 1 of this book. 
With respect to its use in people with bronchiectasis, there are numerous possible 
mechanisms to explain how macrolides may influence bronchiectasis



pathophysiology at both the host, and bacterial level. Macrolide antibiotics have 
well-characterised bacteriostatic activity against a broad range of gram-positive and 
negative lung pathogens associated with bronchiectasis. Research in the context of 
inflammatory lung disease has revealed that they also have significant immunomod-
ulatory properties affecting both innate and adaptive immune processes, and both 
acute and chronic dysregulated airway inflammatory processes, making them an 
attractive option to interrupt the vicious vortex of bronchiectasis [69–72]. These 
include mucus-modulating and anti-secretory effects with enhanced mucociliary 
clearance and lower airway epithelial cell barrier function [69–72]. Azithromycin 
has also been found to inhibit microbial virulence factors and disrupts microbial 
quorum sensing and biofilm production [69]. In addition, macrolides have significant 
anti-viral properties [73]. 
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However, it remains unclear as to which of its properties has the most important 
effect [74]. The efficacy of azithromycin demonstrated in bronchiectasis patients 
infected with macrolide-tolerant organisms such as Pseudomonas aeruginosa sup-
ports the concept that their efficacy is at least partly related to immunomodulatory 
rather than antibacterial effects [75]. Authors have suggested that the immune 
modulation provided by macrolides is most accurately viewed as an interplay 
between improved host response to infection, dampening of dysregulated inflam-
mation and the targeted elimination of several relevant and susceptible airway 
pathogens and that macrolide-resistant pathogens (e.g. Pseudomonas aeruginosa) 
may be more sensitive in the context of the lung in vivo and associated high tissue 
drug levels [69, 76]. 

Further studies of macrolides in patients with bronchiectasis have suggested their 
mechanism of action includes:

• Low-dose clarithromycin reduces Th17 cell responses [77]
• Long-term roxithromycin reduces airway inflammation, via measuring markers 

such as Interleukin-8 (IL-8), neutrophil elastase and matrix metalloproteinase-9 
[78]

• Erythromycin inhibits of Pseudomonas aeruginosa quorum sensing [79]
• Inhibition of the production of the mucus protein MUC5AC in the airway mucosa 

[80]
• Reduction in sputum neutrophil extracellular traps [81] 

4 Recommendations for Long-Term Macrolide Therapy 
in Bronchiectasis 

Several randomised controlled trials have investigated long-term macrolide use in 
bronchiectasis in both adults [64, 82, 83] and children [84]. These trials were for 
varying duration (6–24 months), used different types of macrolides (roxithromycin, 
erythromycin, azithromycin) and different doses and regimes. Yet, all consistently 
showed a significant reduction in exacerbation frequency when macrolides were

https://www-sciencedirect-com.ezproxy.library.uq.edu.au/topics/medicine-and-dentistry/pseudomonas-aeruginosa
https://www-sciencedirect-com.ezproxy.library.uq.edu.au/topics/pharmacology-toxicology-and-pharmaceutical-science/antibacterial-activity
https://www-sciencedirect-com.ezproxy.library.uq.edu.au/topics/medicine-and-dentistry/pseudomonas-aeruginosa


used compared to placebo. Whether macrolides are more effective than inhaled long-
term therapy for the reduction of exacerbations in bronchiectasis remains unknown 
in the absence of studies directly comparing oral versus inhaled antibiotics [85]. 
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Eight independently performed systematic reviews and meta-analyses, including 
these trials, have been completed and confirmed significant reductions in exacerba-
tion frequency with long-term macrolide therapy [86–93]. 

Hence unsurprisingly, all recent international bronchiectasis guidelines recom-
mend using long-term macrolides for adults and children with three or more respi-
ratory exacerbations in a 12-month period (see Table 1). 

Azithromycin is the preferred macrolide in bronchiectasis as most of the support-
ive data are with this drug. Azithromycin has good oral bioavailability, excellent 
tissue penetration, prolonged tissue persistence allowing once daily or even one to 
three times weekly dosing, and favourable side effect profile when administered 
orally [94–100]. 

As these systematic reviews and meta-analyses have variably included adult and 
paediatric data, there is a heterogeneity in analysed studies including in participants’ 
age, aetiology of bronchiectasis as well as macrolide dose and duration of therapy. 
We will therefore further explore clinical evidence for macrolide use in paediatrics 
and adults separately below. 

4.1 Paediatric Evidence on Long-Term Macrolides 
in Bronchiectasis Management 

While prior guidelines existed, [101] the first global paediatric-specific bronchiec-
tasis management guidelines published by European Respiratory Society in 2021, 
[1] advises long-term macrolide antibiotics in individuals with recurrent exacerba-
tions (>1 hospitalised or ≥ 3 non-hospitalised exacerbations in the previous 
12-months). The guidelines recommend a macrolide course for a minimum of 
6 months with ongoing evaluation for risk versus benefit, particularly if prescribed 
for >24-months [1]. Indeed the inflammatory damage may be more important in the 
developing lung than the matured lung [102]. 

This guideline recommendation is based on data from three RCTs evaluating 
long-term macrolide treatment in bronchiectasis specifically in children and adoles-
cents [63, 84, 103]. Two of these RCTs have compared long-term macrolide therapy 
to placebo with the number of respiratory exacerbations as outcomes. The combined 
data showed that macrolides reduced the number of individuals experiencing any 
exacerbations during the trial period (RR 0.86, 95%CI 0.75–0.99) [1]. 

The largest of these RCTs, described that using long-term azithromycin halves 
the frequency of exacerbations (incidence rate ratio [IRR] 0.5, 95%CI 0.35–0.70) 
and also likely reduces hospitalisation ( p = 0.06) [84]. This was an international 
multicentre study which included 89 indigenous children from Australia and 
New Zealand who were randomised to receive once-weekly azithromycin (30 mg/



(continued)
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Table 1 Recommendations for the use of macrolide therapy in bronchiectasis guidelines 

Guideline Recommendation Dosage Duration 

European Respiratory 
Society guidelines for 
the management of 
children and adoles-
cents with bronchiec-
tasis, 2021. 
[1] 

Children/adolescents 
with bronchiectasis 
and recurrent exacer-
bations (≥3 
non-hospitalised 
or > 1 hospitalised 
exacerbations in the 
previous 12 months)— 
recommend treatment 
with long-term 
macrolide antibiotics 
to reduce exacerba-
tions (strong recom-
mendation, 
low-quality of 
evidence) 

Not specified Course should be 
for at least 6-months 
with regular 
reassessment to 
determine whether 
the antibiotic con-
tinues to provide a 
clinical benefit 
Children/adoles-
cents receiving lon-
ger treatment 
courses (>24-
months) should 
continue to be eval-
uated for risk versus 
benefit 

European Respiratory 
Society guidelines for 
the management of 
adult bronchiectasis, 
2017 
[2] 

Long-term macrolide 
(azithromycin, eryth-
romycin) treatment for 
adults with bronchiec-
tasis who have 3 or 
more exacerbations 
per yeara 

Not infected with 
P. aeruginosa (condi-
tional recommenda-
tion, moderate quality 
evidence) 
Chronic P. aeruginosa 
infection: Where an 
inhaled antibiotic is 
contraindicated, not 
tolerated, not feasible 
or high exacerbation 
frequency despite 
using an inhaled anti-
biotic. 
(conditional recom-
mendation, 
low-quality evidence) 

Not specified 
Doses used in clinical 
trials/clinical practice 
range from 250 mg 
azithromycin daily, 
500 mg or 250 mg 
three times per week 

Not specified 
Azithromycin dura-
tion used in RCT 
ranged from 
6–12 months. 

British Thoracic Soci-
ety guideline for 
bronchiectasis in 
adults, 2019 
[3] 

Long-term macrolide 
(azithromycin, eryth-
romycin) treatment for 
adults with bronchiec-
tasis who have 3 or 
more exacerbations 
per yeara 

Not infected with 
P. aeruginosa (grade A 
evidence) 

Azithromycin 250 mg 
three times per week 
starting dose which 
can then be increased 
according to clinical 
response and adverse 
events 

Not specified 
Azithromycin dura-
tion used in RCT 
ranged from 
6–12 months.



Chronic P. aeruginosa
infection: Consider
azithromycin or eryth-
romycin as an alterna-
tive (e.g., if a patient
does not tolerate
inhaled antibiotics)
(grade B evidence) OR
as an additive treat-
ment to an inhaled
antibiotic in patients
with high exacerbation
frequency despite
using an inhaled anti-
biotic. (grade D
evidence)

kg) or placebo for up to 24 months. Additional findings included improved mean 
weight for age z-scores (1.03 vs 0.20; p = 0.003) and lower carriage of H. influenzae 
(7 vs 38%, p = 0.002) and M. catarrhalis (0 vs 24%) at the end of the study. Of note, 
the azithromycin group developed significantly higher nasal carriage of 
azithromycin-resistant bacteria (19 of 41, 46%) than those receiving placebo (four 
of 37, 11%; p = 0�002), the clinical significance of this being unknown. Adherence 
was found to be important for efficacy as well as reducing antibiotic resistance. 
Adherence ≥70% (versus <70%) in the Australian azithromycin group was associ-
ated with lower carriage of any pathogen [OR 0.19, 95%CI 0.07–0.53] and fewer 
macrolide-resistant pathogens (OR 0.34, 95%CI 0.14–0.81). Azithromycin was well
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Table 1 (continued)

Guideline Recommendation Dosage Duration 

British Thoracic Soci-
ety guideline for the 
use of long-term 
macrolides in adults 
with respiratory dis-
ease, 2020. 
[61] 

Long-term macrolide 
treatment could be 
offered to reduce 
bronchiectasis exacer-
bations in those with 
high exacerbation rate 
(i.e., 3 or more per 
year) 
(strong 
recommendation) 

Dosing regimens with 
greatest supportive 
evidence: 
Azithromycin 500 mg 
three times per week, 
azithromycin 250 mg 
daily and erythromy-
cin 400 mg twice daily 
starting dose 
azithromycin 250 mg 
three times weekly 
could be considered to 
minimise adverse 
effects with subse-
quent titration 
according to clinical 
response. 

Therapy should be 
offered for mini-
mum of 6 months 

a This threshold may be reduced for adult patients with; a history of severe exacerbation, relevant 
comorbidities such as immunodeficiency, or those with more severe bronchiectasis



tolerated in this study, with no serious adverse events being attributed to the 
intervention [84].
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The ERS guidelines, [1] explained that although the overall quality of evidence 
was low for long-term macrolide therapy in children, their strong recommendation is 
from the large effect found on reduction of exacerbations, the panel’s clinical 
experience, consistency of effect with adult based RCTs, well tolerated therapy 
and preventing exacerbations being key in bronchiectasis management [1]. 

The most recent paediatric systematic review [93] included 4 RCTs on long-term 
macrolide treatment for bronchiectasis in children and described a significant 
decrease in the frequency of exacerbation (OR 0.30; 95%CI 0.10, 0.87), mean 
number of exacerbations per patient (mean difference, - 1.40; 95%CI - 2.26, -
0.54), and sputum purulence score (mean difference, - 0.78; 95%CI - 1.32, -
0.24). However, long-term macrolide treatment was accompanied by an increased 
carriage of azithromycin-resistant bacteria (OR 7.13) [93]. 

4.2 Adult Evidence on Long-Term Macrolides 
in Bronchiectasis Management 

Three RCTs investigating long-term macrolide therapy in adults with bronchiectasis, 
[64, 82, 83] provided strong evidence on the efficacy of macrolides in reducing 
respiratory exacerbations frequency, approximately halving the exacerbation rate. In 
all three studies, a significant increase in macrolide-resistant respiratory pathogens 
was observed [104]. 

The EMBRACE study (Effectiveness of Macrolides in patients with Bronchiec-
tasis using Azithromycin to Control Exacerbations) [64] examined 141 patients with 
at least one exacerbation of bronchiectasis in the prior year who were randomly 
assigned to take azithromycin 500 mg or placebo, orally three times a week for 
6 months. Azithromycin was associated with a decrease in exacerbations compared 
with placebo (0.59 per patient with azithromycin and 1.57 per patient with placebo, 
respectively; RR 0.38, 95%CI 0.26–0.54). However, no significant difference was 
noted in lung function or quality of life [64]. 

The BAT study (Bronchiectasis and Long-term Azithromycin Treatment), [82] 
examined 83 patients and included more severely affected patients with at least three 
pulmonary exacerbations requiring antibiotics and one sputum culture yielding one 
or more bacterial respiratory pathogens in the year prior to study entry. 
Azithromycin was given for 12 months at a daily dose of 250mg significantly 
reduced the number of exacerbations compared with placebo with a median of 
0 versus 2 during treatment. The number of patients with at least one exacerbation 
during the study was 80% in the placebo group and 46.5% in the azithromycin 
group, corresponding to an absolute risk reduction of 33.5% (95%CI 14.1–52.9). 
There was also and longer time to the next exacerbation in the azithromycin group 
(HR 0.29; 95%CI 0.16, 0.51). Moreover, a significant increase in the forced



expiratory volume in 1 second (FEV1), as well as an improvement in the quality of 
life, was noted in the treated group [82]. 
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The BLESS study (Bronchiectasis and Low-dose Erythromycin Study), [83] 
included patients with a history of daily sputum production and two or more 
infectious exacerbations in the year prior to study entry. There were 117 patients 
randomly assigned to take erythromycin 400 mg or placebo twice daily for 1 year. 
The treated group had a modest reduction in exacerbations (mean 1.29 versus 1.97 
per patient per year; IRR 0.57, 95%CI 0.42–0.77). The volume of sputum produced 
and rate of decline in FEV1 was also decreased, although the clinical importance of 
these changes appears small [83]. 

Two of the adult bronchiectasis RCTs later assessed the effects of long-term 
macrolides on structural lung disease in [105, 106]. They described significant 
improvement in the structural changes on repeat CT chest scores, mucus plugging 
and peri bronchial thickening after starting macrolide therapy. However, larger 
prospective studies are required to confirm the nature, extent and time course of 
these findings. 

A systematic review [107] of the main three RCTs suggested that long-term 
macrolide therapy is highly effective in reducing the frequency of exacerbations 
(adjusted IRR 0.49; 95%CI 0.36–0.66). Macrolide treatment improved the time to 
first exacerbation (adjusted hazard ratio 0�46, 95%CI 0�34 to 0�61; p < 0�0001). 
Macrolides were not associated with a significant improvement in FEV 1 (67 mL at 
1 year, 95%CI 22 to 112; p = 0�14). Although the improvement in quality of life 
measured by the St George respiratory questionnaire (SGRQ) did not exceed the 
minimum clinically important difference, the proportion of patients who achieved a 
clinically meaningful improvement in quality of life was increased in the macrolide 
group compared with the placebo group. Importantly, a reduction in the frequency of 
exacerbations was evident across all patient subgroups, including a high level of 
benefit in patients with P aeruginosa infection (IRR 0�36, 95%CI 0�18–0�72) and, 
interestingly, in patients with one to two exacerbations per year (IRR 0�37, 95%CI 
0�16–0�88). There was a trend toward decreased quality of life in younger patients 
(<50 years) and in those with non-frequent exacerbations (one to two per year), 
which may reflect the increased number of side effects in these particular 
subgroups [107]. 

A latter meta-analysis [92] performed a subgroup analysis of the number of 
patients free from exacerbations and described that azithromycin was superior 
(RR 2.25, 95%CI 1.67–3.02) compared to erythromycin (RR 1.33, 95%CI 
0.92–1.94) and roxithromycin (RR 1.14, 95%CI 0.97–1.35). In the British Thoracic 
Society guideline [61] their evidence summary was:

• Long-term macrolide treatment reduces exacerbations in bronchiectasis (High).
• There is evidence of an improvement in QoL as measured by SGRQ when 

azithromycin 250 mg daily is used for 1 year (High).
• The studies with the greatest evidence for reducing exacerbations used therapy for 

a minimum of 6 months (High).
• Long-term macrolide therapy is not associated with improved exercise capacity.



(High)
• Long-term macrolide therapy may reduce sputum volume and weight (Moderate).
• Long-term macrolide therapy is associated with diarrhoea and abdominal pain 

(High).
• Long-term macrolide usage can result in increased antimicrobial resistance 

(High) It is unknown if this has a clinical impact [61]. 
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In addition to the studies targeting all-cause bronchiectasis (other than CF), other 
disease-specific RCTs have also been published. A European multicentre, double-
blind, RCT (BESTCILIA), [108] involving children and adults with primary ciliary 
dyskinesia (PCD) found that 6 months of azithromycin (versus placebo) significantly 
reduced exacerbation rates (rate ratio 0.45, 95%CI 0.26–0.78). Limitations of this 
study was that no definition of exacerbations in PCD was available, and the number 
of participants with HRCT-defined bronchiectasis was not defined [108]. 

A double-blind RCT on long-term azithromycin in adults with primary antibody 
deficiencies and previous respiratory exacerbations (85% had HRCT-confirmed 
bronchiectasis), [109] found similar results to the aforementioned adult bronchiec-
tasis studies. The number of exacerbations was 3.6 (95%CI 2.5–4.7) per patient-year 
in the azithromycin arm and 5.2 (95%CI 4.1–6.4) per patient-year in the placebo arm 
(p = 0.02). The rate of additional antibiotic treatment per patient-year was 2.3 (95% 
CI 2.1–3.4) in the intervention group and 3.6 (95%CI 2.9–4.3) in the placebo group 
(p = 0.004) [109]. 

5 Recommended Macrolide Dosage and Duration 
in Bronchiectasis 

As most studies in both adults and children have used azithromycin as macrolide of 
choice, optimal dosage and duration of long-term azithromycin in bronchiectasis 
will be covered below. 

The optimal dosage and duration of long-term azithromycin in bronchiectasis 
have not been elucidated in adult or paediatric populations [1]. The largest paediatric 
trial used azithromycin 30 mg/kg once weekly (up to 1500 mg/week), [84] although 
the typically recommended dosing is 10 mg/kg three times a week [110]. The largest 
adult trials used azithromycin 250 mg once daily or 500 mg three times weekly 
[64, 82]. Internationally, the most recommended adult dosing is azithromycin 
250 mg or 500 mg three times per week [2, 3, 61]. 

Based on the available evidence, long-term azithromycin in bronchiectasis, if 
commenced, should be given for a minimum of 6 months [1–3, 61]. Pragmatically if 
there is a seasonal approach to the exacerbation frequency, dosing may be limited to 
the months of the year where exacerbations have been most frequent. 

The long half-life of azithromycin allows some flexibility in dosage regimen 
[4, 74, 99, 100]; hence a dose and regimen within the parameters of the aforemen-
tioned clinical trials that is individualised to patient tolerance (particularly



gastrointestinal tolerance) and which optimises adherence is preferred. It is particu-
larly important in the knowledge that adherence greater than 70% has been associ-
ated with statistically significantly lower carriage of respiratory bacterial pathogens 
and macrolide-resistant organisms [84]. 
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6 Cost-Effectiveness of Azithromycin in Bronchiectasis 

There are currently no cost-effectiveness studies on long-term azithromycin in 
bronchiectasis [1]. An Australian study, [38] based in a tertiary paediatric hospital, 
reported that each hospitalised exacerbation cost the health sector in 
2016 ~ $AUD31,000 and the patient's parents ~$AUD2,700, indicating large costs 
associated with hospitalised exacerbations. Therefore, in bronchiectasis patients 
with recurrent exacerbations, the clear reduction in exacerbations provided by 
long-term azithromycin therapy (a relatively inexpensive drug) supports the likely 
cost-effectiveness of long-term azithromycin in bronchiectasis patients with frequent 
exacerbations. However, with a paucity of studies further research is needed to show 
cost-effectiveness of maintenance macrolide therapy in bronchiectasis. 

7 Safety and Adverse Effects of Long-Term Azithromycin 

Long-term azithromycin is generally well tolerated, with discontinuation secondary 
to adverse effects uncommon in bronchiectasis clinical trials [61, 91]. In a recent 
meta-analysis, results also showed no higher risk of adverse events (RR 0.98, 95%CI 
0.85–1.13), even a lower risk of severe adverse events (RR 0.53, 95%CI 0.33–0.85). 
However, considerations in prescribing macrolides are that a substantial number of 
patients will develop gastrointestinal adverse effects, which are likely dose related. 
Meta-analysis of pooled data shows high-quality evidence for diarrhoea being an 
adverse event associated with long-term macrolide use. The frequency of patients 
suffering diarrhoea was 19.3%–20.6% in the treatment groups compared with 4.1%– 
4.5% in the placebo groups. There was also high-level evidence for abdominal pain/ 
discomfort in meta-analysis data (OR 6.97) [92]. 

In addition, a higher risk of macrolide resistance respiratory pathogens on 
oropharyngeal or sputum cultures (RR 3.59, 95%CI 2.6–4.96) was observed 
[61, 92, 111]. Azithromycin has, compared with other macrolides, significant 
periods of concentrations below the minimum inhibitory concentration, which likely 
affects their resistance rates [112]. Currently, there is no evidence that this resistance 
impacts clinical outcomes, however, this finding does present potential concerns and 
further studies are needed to evaluate the effect of macrolides on lung 
microbiome [113]. 

International guidelines recommend that non-tuberculous mycobacteria (NTM) 
are excluded from respiratory specimens where possible before commencing long-



term azithromycin [1–3, 61]. It is still not clear if chronic macrolide therapy pre-
disposes to NTM infection in individuals with bronchiectasis. There is in vitro 
evidence that azithromycin can impair autophagic and phagosomal macrophage 
degradation of NTM [114] and monotherapy with macrolides may increase rates 
of macrolide-resistant NTM [115]. 
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A further caution is the increased risk of macrolide therapy when prescribed for 
any indication to cause hepatotoxicity, ototoxicity cardiac arrhythmias (ventricular 
arrhythmias, torsade des pointes and prolonged QT) and sudden cardiac death 
[115]. These adverse effects have largely been described in the elderly and those 
with severe disease, significant other comorbidities and in combination with other 
QT-prolonging medication [116, 117] and have only rarely been described in adult 
bronchiectasis studies [118]. However, adult guidelines [61] advise that for safety 
purposes, an ECG should be performed prior to initiation of macrolide therapy to 
assess QTc interval and baseline liver function tests. The magnitude of QTc prolon-
gation with azithromycin appears to be less in children [110, 119], and therefore 
child bronchiectasis management guidelines [1] advise that an ECG is not routinely 
required before commencing macrolides; however, it should be obtained if there are 
risk factors (family history of prolonged QT syndrome, arrythmias and acute cardiac 
events) or indeed other QT-prolonging medications are used. 

8 Azithromycin as Acute Management for Acute 
Respiratory Exacerbations in Bronchiectasis 

Antibiotic treatment for acute exacerbations of bronchiectasis is considered standard 
of care in both adult and child guidelines [1–3, 61] and supported by a high-quality 
placebo-controlled RCT in children/adolescents [1]. The method of administration 
(oral, inhaled, or intravenous) depends on the severity of exacerbation. The antibi-
otic should be selected based on the individual’s lower airway microbiology and 
sensitivities from the most recent sputum or other lower airway specimen culture [1– 
3, 61]. 

A recently completed [120] a three-arm, double-dummy, placebo RCT trial of 
amoxicillin-clavulanate or azithromycin versus placebo in bronchiectasis exacerba-
tions in children found that amoxicillin-clavulanate was superior to placebo at 
resolving symptoms after 14-days treatment (relative risk for resolution (RR) 1.50, 
95%CI 1.08–2.09). Azithromycin was associated with improvement (RR 1.41, 95% 
CI 1.01–1.97) but did not reach a priori-defined statistical significance of superiority 
threshold of p < 0�0245. An earlier RCT, [121] comparing amoxicillin-clavulanate 
to azithromycin for treating non-severe bronchiectasis exacerbations in children 
found that by day 21 azithromycin was non-inferior to amoxicillin-clavulanate 
(within 20% margin). However, symptom resolution in those receiving azithromycin 
took a median of 4 days longer than those receiving amoxicillin-clavulanate, a 
statistical and clinically significant result. Therefore, evidence still suggests



amoxicillin-clavulanate as the first-line choice for oral antibiotics for an acute 
respiratory exacerbation, although azithromycin could be considered in particular 
circumstances of genuine penicillin allergy or the need for directly observed daily 
therapy [120–122]. 
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No comparable placebo controlled RCTs comparing azithromycin to other oral 
antibiotics for the management of exacerbations in adults currently exist. 

9 Conclusion and Future Perspectives 

Bronchiectasis is a heterogenous condition with a wide range of aetiologies and 
various clinical, microbiological, functional, and radiological features, which pre-
sents challenges in providing personalised treatment [6, 74, 123]. The mechanisms 
of action of macrolides as a maintenance treatment in bronchiectasis, are likely to 
include immunomodulatory, antiinflammatory and antimicrobial effects. Meta-
analyses consistently report a clear beneficial effect of long-term macrolide therapy 
in bronchiectasis in reducing exacerbations, both in adult and child/adolescent 
patients. Azithromycin, in particular, has the strongest evidence on effect size, 
study participants and tolerance. The benefit of maintenance azithromycin on the 
reduction in number of respiratory exacerbations is significant, given the association 
of exacerbations with health care costs and clinical outcomes including impaired 
QoL, parental stress, accelerated lung function decline and in adult studies mortality 
[1–3, 61]. 

In each individual patient, the benefit should be balanced with adverse effects and 
macrolide resistance; for which the impact upon the host microbiome and population 
health remains uncertain. 

Recently, a prospective study [110] indicated that only 31% of respondents 
(respiratory paediatricians in Australia and New Zealand) would commence 
azithromycin treatment for three or more pulmonary exacerbations in the preceding 
12 months according to international guidelines, indicating the need for ongoing 
education. 

Recognising different phenotypes and endotypes within bronchiectasis could 
help to decide which individuals would benefit from long-term azithromycin therapy 
[17, 18, 124]. For example, adults with bronchiectasis and frequent exacerbations 
(≥3/year) constitute a prognostic group for poor outcomes which is associated with 
hospitalisation and mortality, and long-term macrolides should be considered for 
those patients [35, 41]. There is a clear need for large prospective RCTs in bronchi-
ectasis powered for, and with clear exacerbation definitions which assess phenotypes 
and endotypes that are macrolide responsive. 

Other key research priorities include defining the optimum azithromycin dose and 
duration for bronchiectasis treatment efficacy, continuous vs cyclical regimens, 
comparison studies of long-term macrolides to other antibiotics and in combination, 
and establishing the clinical significance of acquiring macrolide-resistant pathogens 
and effects on the lung microbiome [1, 6, 18, 46, 61, 74, 123–125].
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Looking into the future the role of macrolide therapy, with better classification of 
bronchiectasis using genomics to define those with most benefit, and the develop-
ment of new macrolides that have separate immunomodulatory actions to minimise 
the risk of antimicrobial resistance, hold promise [6, 18]. 

Finally, the timely administration of azithromycin in bronchiectasis, or its pre-
cursors of protracted bacterial bronchitis or chronic suppurative lung disease, may 
halt damage or even reverse existing structural lung damage [126]. Small studies in 
adult bronchiectasis suggest azithromycin may have a role in improving the struc-
tural lung damage associated with bronchiectasis [105, 106]. The role of macrolides 
in halting the progression of bronchiectasis and its precursors, and aiding in the 
reversal of structural lung damage warrants further exploration in the future. 
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Macrolide Use in Chronic Obstructive 
Pulmonary Disease 

Iwein Gyselinck and Wim Janssens 

Abstract Chronic obstructive pulmonary disease (COPD) is a progressive inflam-
matory airway disease characterized by non-reversible airflow limitation and chronic 
respiratory symptoms. Symptoms may periodically worsen during events called 
acute exacerbations (AECOPD), which are associated with increased airway inflam-
mation. AECOPD are the main drivers of poor disease outcomes, making their 
prevention and effective treatment key elements of COPD care. Because a significant 
proportion of events have an infectious trigger, antibiotics remain a mainstay of 
exacerbation management. Particularly as prophylaxis, macrolides have been asso-
ciated with greater benefit compared with other antibiotic classes, possibly due to 
their additive immunomodulatory actions. However, treatment failures are frequent, 
the effectivity of long-term administration is unclear, and there is concern for the risk 
of adverse events and bacterial resistance. Presumably, patients with frequent and 
bacteria-associated exacerbations benefit most. Yet, a better characterization of the 
responding disease traits is vital, both for prophylaxis and treatment of 
exacerbations. 

Keywords COPD · Macrolides · Acute COPD exacerbation 

1 Introduction and Background 

COPD is a clinical syndrome characterized by progressive non-reversible airflow 
limitation and chronic respiratory symptoms caused by structural pulmonary abnor-
malities. It is often accompanied by multiple clinically significant comorbid disor-
ders [1]. Over 300 million people worldwide suffer from COPD [2], and it is now the 
sixth greatest cause of disability-adjusted life years among all causes [3] and the third 
leading cause of death [4]. It is caused by repetitive inhalational injury, typically
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from smoking, but also from household air pollution, occupational exposure and 
ambient air pollution [5]. Pathologically, direct oxidative stress and chronic inflam-
mation result in airway remodelling, narrowing and loss of terminal bronchioles, 
abnormalities of mucus secretion, loss of alveolar attachments and emphysema. 
Neutrophilic and eosinophilic inflammation are recognized as major final common 
inflammatory pathways [6]. Yet, the mechanisms for disease progression are com-
plex and influenced by exposure as well as host factors. This causes considerable 
individual heterogeneity in the underlying pathology, as well as in the resulting 
clinical presentation and optimal treatment decisions [1, 7, 8].
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The natural disease history of COPD is marked by acute exacerbations 
(AECOPD). An AECOPD is defined as an acute worsening of symptoms that 
often requires additional therapy and is usually associated with increased airway 
inflammation, increased mucus production, and gas trapping [8]. AECOPD are the 
main driver of poor COPD outcomes. They accelerate disease progression, strongly 
affect health-related quality of life and carry a high mortality, especially when 
accompanied by respiratory failure leading to hospitalization. Moreover, patients 
with frequent AECOPD are at increased risk of cardiovascular events and other acute 
complications of comorbid diseases, presumably due to concurrent systemic inflam-
mation [9, 10]. Interventions that can prevent exacerbations or improve their out-
come are, therefore, of tremendous clinical benefit. In this context, the therapeutic 
potential of macrolides, with their broad spectrum of antibacterial and immunomod-
ulatory effects, has long been recognized. 

About 50% of AECOPD are bacteria-associated, with viral and eosinophilic 
triggers accounting for most of the remaining events [11]. Evidence supports a 
causative role for changes in the composition of the microbiome in triggering 
bacterial exacerbations, like the acquisition of new strains of pathogenic bacteria 
or antigenic changes in pre-existing strains [12]. Major pathogens involved are 
nontypeable Haemophilus influenzae, Moraxella catarrhalis, Streptococcus 
pneumoniae and Pseudomonas aeruginosa [13]. Most strains of H. influenzae, 
M. catarrhalis and S. pneumoniae are susceptible to macrolides. Pseudomonas is 
clinically not susceptible to macrolides, but macrolides have been shown to interfere 
with many of its major pathogenicity and virulence traits at subinhibitory concen-
trations. Clinical benefits have been shown in Pseudomonas-infected patients with 
other chronic respiratory diseases, such as non-cystic fibrosis bronchiectasis. The 
same mechanisms may account for particular responsiveness to macrolides in COPD 
patients with Pseudomonas-dominated airway infections [14, 15]. 

Besides the potential to treat acute exacerbations, antibiotics may also prevent 
AECOPD by reducing airway bacterial load or by preventing the acquisition of new 
strains when they are given prophylactically. Bacterial colonization during a stable 
state is a risk factor for bacterial exacerbations, and bacterial dysbiosis may also 
contribute to disease progression during a stable state [11, 16]. This is facilitated by 
airway damage and altered barrier function, impaired phagocytotic activity of 
macrophages against H. influenzae, muco-obstructive abnormalities and altered



immune-responses due to the long-term use of inhaled steroids [17–19]. Bacterial 
infection is associated with neutrophilic inflammation, attracted through chemokine 
(C-X-C motif) ligand 8 (CXCL8), previously called interleukin-8. The underlying 
inflammatory pathways are complex and, in part, determined by the pathogen. 
Overweight Proteobacteria, H. influenzae in particular, has been associated with 
increased IL-1β and TNFα, while neutrophilic inflammation with a more balanced 
microbiome has shown a stronger association with T17-regulating cytokines [16]. In 
response to such pro-inflammatory signals, more inflammatory cells are recruited. 
There is increased transcription of nuclear factor kappa B (NF-κB), reinforced by 
cigarette smoke, consequent activation of the NLRP3-inflammasome, and release of 
IL-1α, IL-33 and IL-18. This leads to a neutrophil influx, with the release of 
proteases and consequent airway damage [18]. An adaptive T1 immune response 
may eventually be mounted, with the accumulation of B-cells and organization into 
tertiary lymphoid follicles in more severe COPD [1, 7]. 
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Macrolides have a long half-life and a large distribution volume. They concen-
trate intracellularly, and there is a high uptake by leukocytes that ensures effective 
delivery to sites of infection or inflammation. These favourable pharmacokinetics 
allow for intermittent dosing and may give them some advantage over other antibi-
otics for chronic use [20]. Yet, more importantly, macrolides also exert a range of 
immunomodulatory effects. Macrolides may help restore epithelial barrier function 
[21]. They curb macrophage signal transducer and activator of transcription 
1 (STAT-1) and NF-κB signalling and thereby decrease CXCL8, IL-6 and TNFα 
release [22–24]. Macrolides promote a switch from M1 to M2 macrophages, thereby 
restoring their phagocytotic capacities. They are also known to strongly restrain 
neutrophil recruitment and activation through the down-regulation of 
chemoattractants and adhesion molecules in activated vascular endothelial cells 
[20, 25, 26]. Macrolides may also facilitate steroid sensitivity, relevant for both 
stable and AECOPD treatments [27]. It is noteworthy that trials targeting these 
inflammatory cascades with stronger and more specific biologic agents like anti-
CXCL8-, anti-TNF-, anti-IL17- and anti-IL-1-antibodies, have only yielded mar-
ginal successes in COPD [18]. This may in part be explained by the more pleiotropic 
immunomodulation of macrolides. Yet it may also imply that their antibiotic effect 
remains indispensable for their clinical benefit. 

It is unclear whether macrolides, besides their antibiotic and immunomodulatory 
actions, exert clinically relevant antiviral effects that would protect against viral 
AECOPD [11, 28]. The proven in vitro antiviral activity has not translated into 
clinical benefit during the COVID-19 pandemic, where macrolides have been tested 
and used on a large scale [29, 30]. Although the setting is different, this questions the 
relevance of this effect in the prevention and treatment of AECOPD. 

Optimal COPD management includes a combination of non-pharmacological 
(smoking cessation, influenza and pneumococcal vaccination, pulmonary 
rehabilitation, lung volume reduction) and pharmacological interventions (long-
acting beta-agonists, long-acting antimuscarinic agents, inhaled steroids, prophylac-
tic antibiotics), depending on the severity and clinical phenotype [8]. Numerous 
clinical trials substantiate a place for macrolides as part of a multimodal treatment



approach but also raise some safety concerns. These should be weighed against the 
benefits and warrant careful patient selection. In the following paragraphs, an 
overview of the existing clinical evidence is given and provides a guide for the 
rational use of macrolides in routine practice. 
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2 Macrolides for the Treatment of Acute Exacerbations 
of COPD 

As a significant proportion of AECOPD is caused by bacteria, antibiotics, including 
macrolides, are expected to improve outcomes during and after such exacerbations. 
This is supported by clinical trials, but the effect size is often small and inconsistent. 
A Cochrane metaanalysis [31] showed fewer treatment failures with antibiotic 
treatment. However, except for ICU patients, there was large heterogeneity in the 
individual study results. Potential causes for heterogeneity are variable definitions of 
AECOPD and grading of exacerbation severity, variation in characteristics of 
inpatient and outpatient treated exacerbations beyond disease severity (regional 
organization of healthcare, patient’s social support). Importantly, several studies 
did not differentiate exacerbations with bacterial origin from non-bacterial exacer-
bation phenotypes. Untargeted exposure of patients with non-bacterial exacerbations 
to the adverse effects of antibiotics will inadvertently affect study outcomes. Also, 
co-administration of systemic steroids was frequent in the included trials regardless 
of the exacerbation phenotype and eosinophilia predominance [32]. Moreover, the 
diagnostic accuracy of clinical signs and routinely available point-of-care tests to 
identify exacerbations with a bacterial origin is suboptimal. A sputum culture lacks 
sensitivity and cannot distinguish between colonization and acute infection 
[33]. CRP and procalcitonin may offer guidance, but cut-offs remain debated [34]. 

International guidelines support the use of antibiotics in moderate to severe 
exacerbations, but recommendations remain indistinct as to which patients would 
benefit [35, 36]. While awaiting more robust predictors of therapeutic responses, the 
use of antibiotics to treat AECOPD outside of the ICU should only be considered 
after careful clinical evaluation in patients presenting with: [8, 33, 34, 36, 37].

• moderate to severe acute exacerbations,
• fulfilling at least two out of three clinical Anthonisen criteria (increased dyspnoea, 

increased sputum volume, increased sputum purulence), and/or
• other biochemical signs that increase the likelihood of bacterial origin (e.g. CRP 

of >30 mg/l, procalcitonin >0.76 ng/ml) or that decrease the likelihood of an 
eosinophilic exacerbation (e.g. blood eosinophilia <2%). 

When antibiotics are prescribed, adherence to local guidelines based on local 
sensitivity patterns is advised [35, 36]. For uncomplicated moderate exacerbations, 
macrolides in monotherapy may be used, yet they are not preferred over other agents 
[38–40]. Candidates for early and more aggressive antibiotic therapy are older



patients (>65 years), patients with more severe airflow limitation or receiving 
continuous oxygen therapy, patients with a recent history of severe exacerbations, 
and patients with severe comorbidity. These patients are at increased risk of treat-
ment failure, and second-line agents like amoxicillin/clavulanate or a quinolone may 
be more appropriate. In patients at risk for Pseudomonas or other resistant bacteria, 
cultures should be obtained before starting treatment, and these bacteria should be 
covered by the initial antibiotic regimen [8, 35, 36]. 
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The evidence cited above concerns mainly antibiotic monotherapy. Yet, patients 
with severe AECOPD at high risk for treatment failure might benefit from the broad 
antibiotic coverage and immunomodulatory effects of adding a macrolide as a 
combination therapy. This has also been explored for treating community-acquired 
pneumonia (CAP) [41, 42]. However, in treating COPD, data to support combina-
tion regimens is mostly observational. In ICU-admitted patients with AECOPD, 
macrolide/beta-lactam combination therapy was associated with lower readmission 
rates compared with quinolone monotherapy [43]. A similar benefit was suggested in 
COPD patients hospitalized for CAP. Applying a machine learning approach, 
observational data of 4898 patients hospitalized for CAP were analysed. A survival 
benefit was suggested for macrolide/beta-lactam combination therapy compared 
with other regimens in patients with pre-existing chronic respiratory disease, includ-
ing COPD and with a high leukocyte count in respiratory secretions, regardless of 
cardiovascular comorbidity [44]. 

The BACE study is unique in this regard, as it has been the first to examine 
macrolide add-on in a randomized controlled setting in severe AECOPD 
[45]. Patients hospitalized for AECOPD and with a history of at least one moderate 
to severe exacerbation in the previous year were randomized to standard of care— 
including antibiotics and systemic corticosteroids—or standard of care plus 
azithromycin. Azithromycin was continued for 3 months after the index exacerba-
tion as post-exacerbation prophylaxis, and patients were followed-up for 6 months 
after treatment discontinuation. Although the primary composite endpoint, time to 
treatment failure, was not significantly different (HR: 0.73 (0.53–1.01), p = 0.052), a 
significant reduction in treatment escalation rates (HR: 0.7 (0.51–0.86), p = 0.02) 
and a large reduction in readmission rates was observed (HR: 0.43 (0.25–0.75), 
p= 0.003) at 3 months follow-up. The latter was accompanied by a 24% reduction in 
hospital days (p = 0.006) and 74% reduction in ICU days ( p < 0.0001). The need 
for a step-up in hospital care and hospital readmissions within 3 months was 
significantly reduced in the azithromycin group. A post hoc analysis of the data 
showed that high CRP (>50 mg/l) and low eosinophil count (<300 cells/μl) were 
associated with better response to treatment [46]. Once treatment was discontinued, 
most of the observed effects disappeared over a 6-month follow-up (Fig. 1).
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3 Prophylactic Macrolides for the Prevention of Acute 
Exacerbations of COPD 

There is a long history of testing prophylactic antibiotics, including macrolides, for 
the prevention of exacerbations of chronic bronchitis. Trials date back to the 1950s, 
but early studies lack standardization of COPD diagnosis and inclusion criteria 
[47]. Table 1 [45, 48–64], therefore, provides an overview of randomized controlled 
trials with macrolides conducted after the year 2000 and four meta-analyses that 
considered the class effect of macrolides after 2015. 

Even when only these more recent trials are considered, there is evident diversity 
in the study population, intervention and outcome assessments:

• Except for the study of Vermeersch et al. [45] all subjects were randomized 
during stable disease periods. Most patients presented with at least moderate to 
severe airflow limitation and a history of exacerbations. Other inclusion criteria, 
baseline characteristics and clinical phenotypes differed across studies. In the 
largest trial [53], more than half of the patients received long-term oxygen. In 
Berkhof et al. [54], Simpson et al. [55] and Brill et al. [57], only patients with 
chronic cough or neutrophilic airway inflammation were selected. Suzuki et al. 
[48] excluded patients taking corticosteroids, whereas all patients in Banerjee 
et al. [49] and most patients in Seemungal et al. [50] received inhaled steroids. All 
patients in Blasi et al. [51] had a tracheostomy, and all patients in Shafuddin et al. 
[58] were selected on positive C. pneumoniae serology.

• There was variation in treatment regimens in terms of the macrolide 
(azithromycin, erythromycin, roxithromycin), the total daily doses, the use of 
intermittent dosing (e.g. azithromycin three times a week) and the duration of 
treatment. The studies of Suzuki et al. [48] and Blasi et al. [51] were open-label 
and information regarding blinding was missing in Tan et al. [59].

• Finally, different outcomes were selected. Exacerbation prevention is a key 
objective of COPD management and, not surprisingly, a main outcome in many 
of these trials. Still, the assessment of this outcome differed in terms of how 
exacerbations were defined (only infective exacerbations according to 
Anthonisen versus all exacerbations, specification of mild versus moderate and 
severe exacerbations), in terms of outcome estimator (mean or median exacerba-
tion rate versus proportion of patients with one or more exacerbations) and in 
terms of statistical analysis used (time-to-event analysis, hazard ratios, relative 
risk and odds ratios). Moreover, while AECOPD are known to be strongly 
associated with reduced quality of life, mortality and disease progression, it 
remains unclear if exacerbation prevention effectively impacts on these out-
comes. Most studies were grossly underpowered to detect effects on health status, 
hospitalization rates or mortality and the duration of follow-up would not allow 
for firm conclusions regarding FEV1-decline. 

Despite this diversity, a beneficial effect of macrolides is evident. In the network 
meta-analysis of Janjua et al., comparing different antibiotic classes for prophylactic
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treatment in COPD, continuous treatment with macrolides in intermittent or daily 
dosing regimens had the largest effect size of all classes assessed. Macrolides were 
the only class reaching statistical significance on the primary outcome of reduction 
of exacerbations [64]. This effect of preventing exacerbations is consistent through-
out the evidence. The pooled outcome estimates of the meta-analyses generally lay 
within the confidence intervals of the individual studies. Exceptions are the trials of 
Suzuki et al. [48] and Blasi et al. [51], which seem to have an overly optimistic 
estimation of the effect size. Both studies were however open-label and subject to 
performance bias. 
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AECOPD reduction remained significant for both azithromycin and erythromy-
cin. Results were more consistent for the studies using azithromycin, but the largest 
effect size was seen with erythromycin, strongly driven by the open-label study of 
Suzuki et al. that was not excluded from this analysis. Different treatment regimens 
were used both for azithromycin and erythromycin. All trials using erythromycin 
had daily dosing regimens with doses between 200 mg and 500 mg. For 
azithromycin, trials using higher dosing regimens with intermittent (e.g. 500 mg 
3 times a week) or daily (e.g. 250 mg once daily) administration also had longer 
treatment duration than trials using lower doses and thus more power to detect a 
significant treatment effect [51, 53, 55, 56]. None of the studies with lower dosing 
regimens had a treatment duration longer than 3 months [45, 54, 57], and only one 
was able to show a significant effect on the exacerbation rate [45]. 

Unadjusted post hoc analyses from the largest trial of Albert et al. [53] suggested 
differences in treatment effect depending on age, smoking status, concomitant 
inhaled therapy, oxygen use and GOLD stage. When corrected for potential con-
founders, only older age, milder GOLD stage and a current non-smoker status 
remained associated with better treatment response. Notably, no significant treat-
ment interaction effect was observed for a history of chronic bronchitis [65]. 

While it is clear from the pooled data that macrolides effectively prevent exacer-
bations, the quality of evidence regarding their effect on the severity of exacerba-
tions is much lower. Effect on the duration of exacerbations was only reported in 
Seemungal et al., showing a significant reduction from a median of 13 to a median of 
9 exacerbation days. Although the setting was slightly different, this is corroborated 
by the previously mentioned BACE trial, showing a reduction in the total number of 
days spent in the hospital in the azithromycin-treated group. Most studies that 
reported the effect on the risk of being admitted to the hospital were underpowered 
to assess this outcome. Pooled data shows a trend towards lower hospitalization risk, 
but without reaching significance. However, the BACE trial, with a significant 
reduction in readmissions in the 3 months following randomization, was not 
included in the pooled analyses. Equally, a trend towards lower mortality was 
shown in two of the four meta-analyses, but only based on data from four trials in 
total [48, 51, 53, 56]. Death-rates were low (e.g. 3% in azithromycin and 4% in the 
placebo group of Albert et al. [53]), again resulting in a lack of power. Although all 
of these trials had a relatively long follow-up of 12 months, this may still be too short 
for an effect of exacerbation reduction on mortality to become manifest.
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Exacerbations negatively impact on quality of life [66]. Macrolide treatment may 
provide a small but statistically significant improvement, as measured by the mean 
difference in SGRQ-score. However, only in the pooled estimate of Janjua et al. [64] 
did the point estimate reach the minimal clinically important difference of four 
points [64], and this was mainly driven by the large effect size reported in Berkhof 
et al. [54] Yet, one can question if the mean difference in health status and quality of 
life estimates over the whole study population and study duration are the best 
estimators for the impact of AECOPD. 

A pertinent question is how long prophylactic macrolide treatment should be 
continued. Except for the BACE trial, [45] all trials with a treatment duration of only 
3 months failed to show a statistically significant reduction in exacerbations [49, 54, 
57, 58]. Therefore, some authors state that 3 months of treatment is insufficient to 
gain benefit, and treatment should at least be continued for 6 to 12 months. This may 
not be the best conclusion. Except for the study with clarithromycin from Banerjee 
et al. [49], all point estimates for 3-month interventions favoured treatment. More 
likely, these trials were thus underpowered for the actual treatment effect to show 
significance over 3 months. What is interesting however, is that all studies with a 
follow-up longer than the treatment duration suggest a rapid loss of treatment effect 
when the intervention was stopped [45, 51, 58, 59]. Even in the trial of Blasi et al., 
where treatment was given for 6 months, the effect was not sustained long after 
treatment discontinuation [51]. This justifies longer interventions although no 
published trials have evaluated treatment duration of more than 12 months in a 
COPD population. No information is thus available on the possible waning of the 
effect when patients are treated for longer than 1 year. A pragmatic approach may be 
to continue treatment during periods with the highest risk of infectious exacerba-
tions, for example, during the winter months, and introduce a short ‘medication 
holiday’ of 3– 4 months during summer. Indirect evidence suggests that even a short 
therapy break may significantly reduce bacterial resistance (see below). 

4 Adverse Effects 

Macrolides are generally well tolerated, both for short- and long-term use. The 
adverse-effect profile of macrolides is well-known and includes mild gastrointestinal 
side effects, asymptomatic increase of transaminase levels, allergic reactions and 
drug eruptions and cholestatic jaundice in patients with underlying liver disease. A 
bitter metallic taste perception has been associated with clarithromycin. Irreversible 
hearing loss and tinnitus have been associated with erythromycin [69]. Azithromycin 
has equally been associated with hearing loss that was reversible when treatment was 
stopped [53]. Drug-drug interactions, mostly due to macrolide induction of hepatic 
enzymes, are frequent with clarithromycin and erythromycin but less so with 
azithromycin [69, 70]. The slightly better tolerability and safety profile is probably 
why most trials with long-term administration of macrolides have used 
azithromycin. As would be expected, increased odds of adverse events were



shown in the pooled data of Ni et al. (odds ratio 1.55, 95% CI 1.00–2.39), [61] but 
only rarely led to discontinuation of treatment in these COPD-trials [48–52]. 
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One of the most important concerns with long-term macrolide use, from a safety 
point of view, is probably cardiac toxicity, which is particularly relevant in this 
vulnerable population with multiple comorbidities and often polypharmacy. How-
ever, if macrolides reduce exacerbations, this may be accompanied by a decrease in 
the incidence of acute cardiovascular events, which are much more common in the 
peri-exacerbation period [10]. Macrolides affect cardiac delayed rectifier potassium 
current, which may cause prolongation of repolarization and arrhythmia [71]. Clin-
ical data are conflicting, however, and a large meta-analysis found no increased risk 
of arrhythmia but rather a small increase in the risk of myocardial infarction, larger 
with erythromycin and clarithromycin than with azithromycin, for which the mech-
anism is not clear [71, 72]. In COPD specifically, many of the aforementioned trials 
reported cardiovascular adverse events but found no significant difference in their 
incidence in treated patients versus controls [61]. In the pooled analysis of Janjua 
et al., prophylactic antibiotic use was even associated with decreased odds of serious 
adverse events (SAE) (odds ratio 0.76, 95% CI 0.62 to 0.93), with the greatest 
probability of macrolides having the largest risk reduction [64]. Importantly, how-
ever, many patients included in these studies had frequent exacerbations. Also, a 
prolonged QT interval, concomitant use of other QT-prolonging drugs and cardio-
vascular comorbidity, in general, were very common exclusion criteria. The appar-
ent positive benefit-harm balance may easily shift in populations with other baseline 
characteristics and with less careful patient selection. Performing an ECG before and 
during chronic macrolide treatment is advisable, as is a thorough review of medical 
history and medications for drug-drug interactions. 

Increased bacterial resistance is likely with long-term macrolide use and long-
term prophylactic antibiotic administration in general but it has been difficult to 
prove in COPD patients. Trials with both longer duration of therapy (e.g. Albert et al. 
[53], Seemungal et al. [50]) and shorter duration (e.g. Bril et al. [57]) reported 
increased resistance of potentially pathogenic microorganisms, while other studies 
even after 12 months of antibiotic treatment reported a decrease in resistant bacteria. 
This may be due to low sensitivity and specificity of cultured sputum or nasopha-
ryngeal swabs, and the laboriousness and cost of more accurate techniques. Data 
about the persistence of resistance after treatment discontinuation in COPD is 
equally scarce. Indirect data from the AZISAST trial showed increased macrolide 
resistance of streptococci after 26 weeks of erythromycin treatment in asthma 
patients but a near halving of the resistant bacteria after a 4 weeks washout period 
[73]. This may suggest some benefit for a short discontinuation of prophylactic 
antibiotics, preferably during periods with a lower risk of infectious exacerbations. 
Despite the conflicting evidence, the concern of increased resistance remains and is 
clinically relevant both for the individual patient (colonization and overgrowth of 
resistant pathogens and response to antibiotic therapy during AECOPD) and for the 
population level. Again, this prompts careful consideration of risks and benefits 
before treatment is started. The presence of organisms for which macrolides are an 
essential part of treatment but against which macrolide resistance can emerge, such



as atypical mycobacteria, should be tested and adequately treated before therapy is 
initiated [74]. 

Macrolide Use in Chronic Obstructive Pulmonary Disease 139

5 Evidence Summary and Future Directions 

Abundant clinical data confirms that macrolides can reduce healthcare utilization in 
COPD patients. Yet, only some patients are likely to benefit, and concerns about 
cardiovascular adverse effects and the development of bacterial resistance warrant 
prudent patient selection. The main body of evidence covers long-term macrolide 
treatment as antibiotic prophylaxis, with the highest level of evidence for 
azithromycin in daily or intermittent dosing and a reduced frequency of AECOPD 
as the key outcome measure. Trials mostly selected patients with a history of 
frequent exacerbations and excluded patients with important cardiovascular comor-
bidity, pre-existing QTc abnormalities or concomitant medications that augment the 
risk of QTc-prolongation. In this particular population, long-term macrolide use is 
safe and even associated with a reduction of non-respiratory serious adverse events. 
International guidelines, therefore, support long-term macrolide treatment in patients 
with moderate to severe airflow limitation, suffering from frequent exacerbations, 
despite maximal inhalation therapy and optimization of non-pharmacological man-
agement [8, 62, 74]. Patients should be screened for cardiovascular comorbidity, 
hearing impairment and NTM infection before treatment initiation. Follow-up ECG 
and regular reassessment of sputum cultures are recommended during continued 
administration. It is uncertain how long the effect from macrolide prophylaxis lasts, 
but at least it continues during 12 months of treatment, while disappearing quickly 
after treatment discontinuation. Short therapy holidays during periods with a lower 
risk of exacerbation may help to maintain a long-term benefit by reducing resistance 
development. For the treatment of AECOPD, macrolide monotherapy is not pre-
ferred over other antibiotic classes. However, severe hospitalized exacerbations with 
high inflammatory markers and without evidence of eosinophilia may be a good 
indication to start long-term prophylactic therapy in patients with prior exacerba-
tions. Starting the macrolide as add-on to the standard exacerbation treatment may 
yield additional benefits in terms of in-hospital morbidity and readmission rates. 

Most likely, prophylactic macrolides will only benefit a subset of frequent 
exacerbators, but identifying patients that are likely to respond is difficult. Guide-
lines advise assessing treatment effects after 6 to 12 months [74]. Treatable traits that 
could increase the likelihood of responding to macrolide treatment are co-existent 
bronchiectasis, Pseudomonas infection and repeated non-eosinophilic exacerba-
tions. Greater efficacy is also suggested in older patients and non-smokers 
[75]. These data are indirect or observational. Another trait that has been considered 
a classic treatment indication is chronic bronchitis. Chronic bronchitis is a predictor 
of increased exacerbation frequency and worse outcomes [76]. Yet the point esti-
mates of trials that have specifically targeted patients suffering from chronic cough 
and sputum production hardly differ, nor has a significant subgroup effect been



shown in the largest post hoc analysis. Presumably, this is because chronic bronchitis 
lacks specificity as a clinical marker and may be related to both eosinophilic and 
neutrophilic inflammation [6]. 
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Box 1 Practical guidance for macrolide use in COPD 

During stable COPD [8, 62, 74] 

Consider long-term therapy with azithromycin (or erythromycin) as prophylaxis to reduce 
the number of AECOPD
- In patients with a recent history of frequent exacerbations (2 or more moderate or 
1 severe hospitalized AECOPD),
- Despite optimal bronchodilator therapy and optimal non-pharmacological management 
(influenza vaccination, COVID vaccination and pneumococcal-vaccination, rehabilita-
tion),
- Especially when evidence of repeated infectious exacerbations, pseudomonas coloni-
zation or bronchiectasis. 

Prior to initiation of long-term azithromycin (or erythromycin) therapy

• A thorough review of the history of ischaemic vascular disease, heart disease, electrolyte 
disturbances, known prolonged QT interval should be performed. If present, carefully 
consider risk–benefit and discuss increased risk of adverse effects with patient.

• A thorough review of drug history to assess risk of drug-drug interactions and agents that 
may prolong QT interval should be performed and such medication should be stopped. 
Previous allergy or intolerance to macrolides should be assessed, and treatment should not 
be started if present.

• An ECG should be performed to assess QT interval, and treatment should not be started 
in patients with prolonged QTc (> 450 ms for men, >470 ms for women).

• Liver function tests and electrolyte assay should be performed.

• A sputum culture should be performed to test for NTM. When NTM is present, therapy 
should not be started until patient is successfully treated and NTM is eradicated.

• Hearing problems should be assessed, and audiometry should be considered.

• Potential adverse effects should be discussed with patient (gastrointestinal problems, 
hearing loss, cardiac adverse effects and bacterial resistance). 

Supported treatment regimens (patient preferences should be taken into account)
- Azithromycin 500 mg three times week.
- Azithromycin 250 mg daily.
- Azithromycin 250 mg every 2 days if intolerance for higher doses.
- (erythromycin 200–250 mg twice daily)a . 

After treatment intitiation

• A repeat ECG should be considered in high-risk patients within 1 to 4 weeks to reassess 
the effect of macrolide therapy on QT interval and stop if QTc is prolonged.

• Surveillance cultures should be performed in patients with BRECT or at risk for NTM to 
assess development of bacterial resistance during long-term macrolide therapy.

• Regular follow-up of liver function tests and electrolyte disturbances is advised.

• Consider treatment holiday during periods with lower exacerbation risk (e.g. 3 month 
stop during summer months). 

During AECOPD [8, 33, 35, 36]
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If decided to treat with antibiotics (ICU-admission, moderate to severe exacerbation with 
suspected infectious origin and/or high risk of treatment failure)

• Adhere to local antibiotic guidelines; macrolides can be used for moderate exacerbations 
but are not preferred as monotherapy for severe exacerbations. 

In patients already on long-term prophylaxis with macrolides

• Another antibiotic class should be chosen if decided to treat AECOPD with antibiotics,

• Macrolides should not be stopped during AECOPD if no other drugs with the potential 
risk of drug-drug interactions or QT-prolongation are started. 

In patients with severe AECOPD not on long-term macrolide therapy and meeting the 
criteria for prophylaxis

• Starting macrolide therapy during the exacerbation as add-on therapy to standard of care 
and continue the prophylactic regimen should be considered. 
a neomacrolides like azithromycin have better absorption, better safety profile, fewer drug-
drug interactions compared with erythromycin 

Identification of better clinical, radiological and biological markers of response to 
macrolide treatment remains a major gap in the evidence and an unmet clinical need. 
Presumably, such markers would be related to bacteria-induced airway damage and 
consequent neutrophilic inflammation through activation of T1 and T17-related 
pathways. The available data from randomized trials has been extensively explored, 
and subgroup and sensitivity analyses have been performed. Little additional infer-
ences can be made with these classic statistical approaches without violating their 
underlying assumptions. Novel supervised machine learning approaches are able to 
further mine this existing data, and can identify complex and non-linear relationships 
[77, 78]. Yet, the depth of data collection is limited with regards to the recent 
evolution in the understanding of pathobiological processes driving COPD exacer-
bations and disease progression. Any hope to expand the array of biomarkers 
requires large prospective studies and extensive biobanking, particularly during 
exacerbations. Hypotheses generated from such initiatives, should be confirmed in 
randomized controlled studies with well-defined COPD subgroups [79]. 

Placebo-controlled trials with follow-up beyond 12 months, or with randomiza-
tion after 1 year of macrolide treatment are necessary to assess if the effect of long-
term treatment on exacerbations remains and how this affects the microbiome. 
Longer follow-up is also required to evaluate an effect on mortality. 

Other future directions include variations on the formulations or on the molecular 
structure of the macrolide ring, yielding different pharmacokinetic and pharmaco-
dynamic properties. Macrolides have pleiotropic immunomodulatory effects, but it 
remains unclear how this contributes to the final treatment effect and whether this 
affects non-infective AECOPD. In vitro and animal data have shown positive effects 
with macrolides modified to have enhanced immunomodulation but to be devoid of 
their antibacterial effects (e.g. EM703, EM900), both on viral and bacterial-induced 
inflammation [80–83]. This would reduce the concern for bacterial resistance. 
Inhalation of macrolides may be another strategy to optimize the gain while



bypassing some of the systemic side effects. Contrary to cystic fibrosis and 
non-cystic fibrosis bronchiectasis, inhaled antibiotics in general remain largely 
unexplored in the treatment of COPD. Specifically for macrolides, in vitro and 
animal studies have demonstrated feasibility of formulating macrolides for inhala-
tion, but no human trials have been performed to date [84–86]. 
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6 Conclusion 

Due to their combination of antibiotic and immunomodulatory effects, macrolides 
can be a valuable addition to the pharmacological management of severe COPD. 
Solid clinical evidence supports the long-term use of azithromycin and erythromycin 
in particular, to prevent AECOPD in patients with moderate to severe airflow 
limitation and a history of frequent exacerbations, despite maximal inhalation 
therapy and optimization of non-pharmacological management. Presumably, 
macrolides are the most effective and least expensive drugs to decrease hospital 
(re)- admission, but larger prospective intervention studies are needed to validate 
this. In addition, a better characterization of patient subgroups that are most likely to 
respond is necessary to optimize treatment gain and avoid unnecessary exposure to 
the adverse effects. Together with the development of novel macrolide derivatives, 
such as non-antibiotic molecules or inhaled formulations, this may improve the 
benefit-risk balance and expand future treatment indications. 
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Macrolides and Asthma Therapy 

Krishna Undela, Adil Adatia, Brian H. Rowe, and Giovanni Ferrara 

Abstract Asthma is a chronic condition of the airways that is typified by bronchial 
hyperresponsiveness, variable airflow obstruction, and airway inflammation. Most 
patients can achieve disease control using inhaled corticosteroids, with some need-
ing adjunct long-acting bronchodilator therapy. However, an important minority of 
patients have persistent symptoms and exacerbations despite these treatments. The 
landmark AMAZES study showed that the macrolide azithromycin significantly 
reduced the exacerbation rate in this population, using a randomized parallel group 
design. The efficacy of macrolides in chronic asthma was recently confirmed in a 
Cochrane systematic review, which analyzed 25 randomized controlled trials with a 
total of 1973 patients. Mechanistic studies have shown that this therapeutic effect is 
mediated by reduced mucosal inflammation, improved airway mucus clearance, and 
favorable modulation of host-pathogen interactions. 

Keywords Macrolides · Acute asthma · Chronic asthma · Bacterial resistance · 
Asthma exacerbation 

1 Introduction 

Asthma is one of the most common respiratory diseases in all age groups, affecting 
1–18% of the general population in different countries. The incidence of asthma has 
been increasing over the past several decades [1]. Asthma is characterized by airway
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inflammation, leading to variable symptoms, often in the form of exacerbations, 
comprising wheezing, shortness of breath, chest tightness, and cough. A hallmark of 
asthma is variable and reversible expiratory airflow limitation, which is also diag-
nostic for this condition, although patients with untreated asthma may develop fixed 
airflow limitation over time [2].
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Airway inflammation in asthma can be subclassified based on the presence or 
absence of type 2 (T2) immune signature. Asthma with elevated T2 immune 
response (T2-high asthma) is characterized by excessive expression of the cytokines 
including interleukin (IL)-4, IL-5, and IL-13, and the alarmins thymic stromal 
lymphopoietin (TSLP), IL-25, and IL-33. Patients with T2-high asthma typically 
have elevated fractional exhaled nitric oxide measurements, blood and sputum 
eosinophils, and/or serum immunoglobulin E (IgE). Patients with T2-low asthma 
are generally identified as those in whom such markers of a T2 immune signature are 
absent [3]. 

The main approach to treat asthma and prevent exacerbations is to treat airway 
inflammation with inhaled corticosteroids (ICS) beginning in the earliest phases of 
the condition, although the frequency and dosing of this treatment depend on disease 
severity and symptom burden. Additionally, inhaled short-acting beta 2 agonists 
(SABA), long-acting beta 2 agonists (LABA) and long-acting muscarinic antago-
nists (LAMA) can be added to treat persistent or severe airflow limitation and 
symptoms [1]. 

The current Global Initiative for Asthma (GINA) guidelines provide guidance on 
how to diagnose asthma and how to treat patients experiencing different levels of 
severity by sequentially introducing and increasing the dosage and combination of 
asthma controller medications [1]. While ICS agents, often combined with LABAs 
and LAMAs, and novel treatments (e.g., leukotriene receptor antagonists [LTRA], 
biologic agents) have improved the lives of people living with the disease, symptom 
control has been elusive for some patients. Despite the progress achieved over the 
last 30 years, asthma morbidity and mortality remain a problem for national 
healthcare systems [4, 5]. Moreover, several questions and challenges still exist in 
the management of patients with asthma, especially in low- and middle-income 
countries. 

First, asthma can present with a variety of clinical phenotypes and variable 
severity, and, often, inhaled drugs are unavailable or fail to achieve asthma control. 
In such cases, oral corticosteroids and, in patients with T2-high asthma, biologics 
targeting T2 inflammation such as IgE, IL-5/5R, IL-4alpha (which inhibits IL-4 and 
IL-13 signaling), or TSLP may be required [1, 2]. These severe cases account for a 
significant proportion of asthma-related morbidity and costs [6, 7], and often bio-
logics are unavailable or prohibitively expensive [8]. Second, even inhalers are not 
always easy to use, especially for children and elderly patients, contributing to the 
main problem of nonadherence to treatment and suboptimal asthma control [9]. 

Therefore, there is still a need for new treatment modalities, and macrolide 
antibiotics have been investigated for several decades, thanks to their interesting 
properties [10]. Macrolides were initially investigated as potential corticosteroid-
sparing agents [11]. Later, the possibility that asthma inflammation and asthma



exacerbations could be sustained by intracellular pathogens such as Chlamydia 
pneumoniae triggered interest in testing macrolides in patients with asthma 
[12, 13]. Finally, a well-designed, well-powered, and well-executed randomized 
controlled trial (RCT) demonstrated the benefit of treating with azithromycin to 
reduce asthma exacerbations in patients with moderate-severe asthma [14]. In this 
chapter, we reviewed the mechanisms behind the effect of macrolides in asthma, and 
the evidence for their use in acute and chronic forms of asthma. 
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2 Mechanisms of Action of Macrolides in Asthma 

The mechanisms of macrolide therapy in asthma are incompletely understood. 
Myriad bioactive properties of macrolides have been described and are thought to 
contribute to their therapeutic effects including the modulation of mucosal inflam-
mation, airway mucus, host-pathogen interactions, and gastrointestinal motility. 
Please refer to Fig. 1 for summary. 

2.1 Anti-inflammatory and Immunomodulatory Effects 

Macrolides have been shown in multiple small studies to attenuate eosinophilic and 
neutrophilic airway inflammation in T2-high and T2-low asthma, respectively

Fig. 1 Mechanisms of macrolides in asthma. Macrolides (a) reduce mucus hypersecretion and plug 
formation by inhibiting IL13-induced goblet cell hyperplasia and mucin glycoprotein MUC5AC 
production, (b) modulate airway inflammation by downregulating inflammatory cytokines (e.g., 
IL-1β, IL-6) and augmenting neutrophil efferocytosis, (c) reduce airway microbial diversity by 
inhibiting Haemophilus spp. and, in colonized patients, blocking biofilm growth of Pseudomonas 
aeruginosa by interrupting quorum sensing, and (d) may reduce asthma symptoms due to gastro-
esophageal reflux by increasing gastrointestinal motility (not shown). IL interleukin



[15]. For example, a small RCT of clarithromycin in T2-low asthma demonstrated a 
reduction in the neutrophil chemoattractant IL-8 (chemokine (C-X-C motif) ligand 
8, CXCL8) and total neutrophils found in sputum. Conversely, in the landmark 
AMAZES trial [14], a large randomized parallel-group study, azithromycin signif-
icantly reduced exacerbation rates with no apparent reduction in sputum eosinophil 
or neutrophil abundance. Thus, the clinical effects of azithromycin do not appear to 
be mediated by the amelioration of luminal granulocyte infiltration, although the 
sputum analysis methods used may not have fully captured the airway inflammatory 
endotype [16].
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Azithromycin has been shown to downregulate inflammatory cytokines in the 
airway including IL-1β, IL-6, and extracellular DNA [17]. The decrease in sputum 
extracellular DNA is of particular interest given the emerging role of neutrophil 
extracellular traps (which are comprised of DNA, histones, and granular proteins) in 
asthma with sputum neutrophilia [18]. Azithromycin also augments the phagocytic 
function of alveolar macrophages. It promotes efferocytosis of neutrophils [19] and 
bronchial epithelial cells [20], and it enhances the phagocytosis of bacteria 
[21]. Creola bodies, which are clusters of apoptotic epithelial cells, are readily 
identified in sputa of patients with asthma, and their efficient clearance is important 
for the control of airway inflammation [22]. 

2.2 Effects on Airway Secretions 

Macrolides appear to have significant beneficial effects on airway secretions. Mucus 
hypersecretion and altered mucus composition are well-established pathologic fea-
tures of asthma [23], and recent studies have clearly demonstrated that luminal 
mucus plugging is a major contributor to chronic airflow obstruction in patients 
with asthma [24, 25]. Macrolides are partial antagonists of neutrophil elastase [26], a 
neutrophil granule protease that induces mucin glycoprotein MUC5AC production 
by goblet cells [27], and inhibiting IL13-induced goblet cell hyperplasia [28], thus 
attenuating mucus hypersecretion [29]. The increased mucus viscoelasticity that 
results from crosslinking cysteine residues on MUC5AC is also a key mechanism 
of mucus plug formation in asthma [24], so it is plausible that azithromycin 
additionally reduces luminal mucus plugging. 

2.3 Antimicrobial Effects 

Macrolides are bacteriostatic antibiotics that block protein synthesis by inhibiting the 
50S ribosomal subunit. Azithromycin and clarithromycin are active against gram-
positive, gram-negative, and atypical respiratory pathogens including Streptococcus 
pneumoniae, Haemophilus spp., Mycoplasma pneumoniae, and Chlamydophila 
pneumoniae [30]. Chronic azithromycin does not reduce the total bacterial load in



patients with asthma, but it does decrease respiratory microbial diversity, particularly 
by greatly reducing the abundance of Haemophilus spp. [31]. This reduction in 
Haemophilus spp. is likely clinically important given that a) the baseline abundance 
of Haemophilus influenzae in sputum appears to predict the efficacy of azithromycin 
[32] and b) the reduction of Haemophilus influenzae is associated with a reduction in 
pro-inflammatory cytokines, especially in patients with noneosinophilic asthma 
[17]. Such antimicrobial effects of macrolides are likely to play a larger role in 
patients predisposed to recurrent infective exacerbations such as those with comor-
bid primary ciliary dyskinesia and immunodeficiencies [33–35]. 
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Azithromycin also inhibits biofilm growth of Pseudomonas aeruginosa by 
interrupting quorum sensing, the process by which bacteria modulate gene expres-
sion in response to population density [36], and by impairing twitching motility, 
which facilitates the formation of cell aggregates [37]. These mechanisms are 
thought to partly underlie the benefit of azithromycin in cystic fibrosis and noncystic 
fibrosis bronchiectasis [38]. Comorbid bronchiectasis and attendant Pseudomonas 
colonization is common in severe asthma [39, 40], and recent studies demonstrated 
that severe asthma cohorts have a significantly increased pathogenic cystic fibrosis 
transmembrane conductance regulator (CFTR) allele frequency [41, 42], suggesting 
a possible disease-modifying effect. Hence, the inhibition of biofilm development 
may be an important mechanism in such patients. 

2.4 Effects on Gastrointestinal Motility 

Azithromycin and erythromycin ligate the motilin receptor, resulting in increased 
gastrointestinal motility. Though generally viewed as an adverse off target effect 
(that causes diarrhea in an important minority of patients), some authors have argued 
that the increased gastrointestinal motility treats unrecognized gastroesophageal 
reflux disease (GERD) that triggers asthma symptoms and hence improves asthma 
control [43]. The role of GERD in triggering asthma symptoms is controversial, and 
a recent Cochrane review failed to demonstrate that the treatment of GERD signif-
icantly improves asthma outcomes [44]. It is plausible, nonetheless, that in a subset 
of patients, such as those with obesity, this mechanism plays a role. 

3 Evidence of Macrolide Treatment Effectiveness 

3.1 Acute Asthma 

In general, acute asthma exacerbations are the result of exposures to airway irritants 
(i.e., air pollution, indoor fumes, viruses, environmental allergens, etc.) and/or loss 
of control due to management nonadherence. Consequently, the focus of treatment 
in acute asthma is an aggressive approach to reversing the inflammatory cause of the



exacerbation. For example, acute severe exacerbations are treated with SABA and 
short-acting anticholinergic (SAAC) agents, [45] systemic [46] and inhaled cortico-
steroids [47], and intravenous magnesium sulfate [46]. Since most patients respond 
to treatment and can avoid admission to hospital, current guidelines recommend the 
use of systemic [46] and inhaled corticosteroids [47] for all discharged patients and 
strategies to avoid triggers. 
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Since bacterial infections are thought to play a negligible role in most acute 
exacerbations, current guidance recommends against the universal use of antibiotics 
and restricts their use to cases where there are signs, symptoms, or investigations that 
confirm a bacterial infection. Despite these recommendations, these therapeutic 
agents remain prescribed in the management of patients with acute asthma. The 
anti-inflammatory mechanism of action of macrolides has the potential to contribute 
to the management of acute asthma and hence the interest in exploring the evidence. 

The evidence base for this approach arises from a Cochrane systematic review 
that was last updated in 2018 involving 6 studies and 681 adults and children with 
exacerbations of asthma [48]. Importantly, most studies explicitly excluded patients 
with signs/symptoms of a bacterial infection. Four of the six studies involved 
macrolides and comparisons were made to standard of care or placebo. Overall, 
there was significant among-study heterogeneity, poor outcome reporting, and the 
evidence was imprecise. The authors concluded that there was insufficient evidence 
to support the use of antibiotics in adults and children with exacerbations of asthma. 

An important issue to consider when prescribing antibiotics are the adverse 
effects such as gastrointestinal side effects, antibiotic-induced diarrhea, rash, and 
other allergies. The RCTs included in the systematic review reported adverse effects 
over the short-term and found no difference between those receiving antibiotics and 
those who did not. These results are imprecise and of low quality. 

Given this evidence, in patients experiencing an exacerbation of asthma, we 
support an approach of seeking confirmation of bacterial infection and treating 
those patients with antibiotics. In the absence of clear bacterial infection, we 
recommend maximizing the anti-inflammatory management of all patients 
experiencing an exacerbation of asthma using systemic [46] and inhaled corticoste-
roids [47]. Finally, antibiotics might be a reasonable alternative in cases where 
patients have not fully recovered from their asthma symptoms following aggressive 
anti-inflammatory treatment. 

3.2 Chronic Asthma 

The use of macrolides for the management of chronic asthma has been a vigorously 
debated topic for the past three decades. Preliminary studies on macrolides in people 
with asthma have suggested a steroid-sparing effect [11, 49], while later reports have 
demonstrated an anti-inflammatory effect of this class of antibiotics, whereby 
macrolides also seem to decrease bronchial hyperresponsiveness associated with 
eosinophilic inflammation [50–53]. Recent studies have identified the effects of



macrolides on various clinical outcomes of asthma, such as exacerbations requiring 
hospitalization, emergency department (ED) visits, use of systemic corticosteroids 
[54, 55], symptoms, asthma control, quality of life [56, 57], change in rescue 
medication [58, 59], and/or lung function tests such as forced expiratory volume 
in 1 second (FEV1) and peak expiratory flow (PEF) [54, 55, 57, 59]. 
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Most RCTs have evaluated the efficacy of azithromycin [14, 52, 54, 57, 58, 60– 
63], followed by clarithromycin [50, 51, 53, 59, 62, 64, 65], roxithromycin [66–69], 
and oleandomycin [11, 49]. A well-designed RCT (AMAZES study) with a large 
sample size of well-selected participants identified that azithromycin 500 mg three 
times weekly for 48 weeks reduced asthma exacerbations and improved the quality 
of life of adults with symptomatic asthma despite the current use of moderate-to-high 
doses ICS and LABA therapy [14]. In another RCT, children aged 1–3 years with 
recurrent asthma-like symptoms responded positively to a 3-day course of an 
azithromycin oral solution (10 mg/kg per day). The mean duration of episodes of 
asthma-like symptoms after treatment with azithromycin was 3.4 days compared 
with 7.7 days for children receiving placebo. Evidence suggests that the effect 
increases with early initiation of therapy [70]. An RCT conducted to evaluate the 
effect of 16 weeks of clarithromycin in addition to fluticasone in adults with mild-to-
moderate persistent asthma suboptimally controlled with low-dose ICS agents alone 
demonstrated no beneficial effect on asthma control or lung function when 
clarithromycin was added to fluticasone. A significant reduction in airway 
hyperresponsiveness, however, was observed with clarithromycin treatment in this 
study [59]. 

The most recent Cochrane systematic review on macrolides for chronic asthma 
included 25 RCTs and involved 1973 patients. The primary findings were that 
macrolides likely reduce exacerbations requiring hospitalizations, ED visits, and/or 
treatment with systemic corticosteroids compared with placebo, and may reduce 
asthma symptoms, resulting in slightly improved asthma control [10]. Another 
systematic review of three RCTs identified that children treated with macrolides 
had a significantly lower time to symptom resolution and a decrease in the severity of 
symptoms than controls. No difference was detected, however, in hospitalization and 
time to the next exacerbation between groups [71]. 

Overall, the current evidence suggests that macrolides provide a potential benefit 
to patients with moderate-severe asthma. International guidelines and consensus 
statements suggest adding azithromycin if a patient has persistent, uncontrolled 
asthma despite high-dose ICS and LABA therapy, as an alternative to biologics 
[1, 72, 73]. Hence, macrolide therapy may be especially useful in resource limited 
settings where biologics are not widely available. Macrolide therapy is also one of 
the only evidence-based treatments available for patients with T2-low asthma who 
do not adequately respond to high-dose ICS, LABA, and LAMA treatment and is 
thus widely used in this patient population [74].
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4 Conclusions 

Macrolides have been investigated in different asthma populations and in different 
clinical settings. There is no convincing evidence for the use of macrolides to treat 
acute asthma exacerbations in the absence of concurrent bacterial infection. Con-
versely, a large, well-designed RCT in chronic asthma clearly demonstrated that 
azithromycin reduces asthma exacerbation rates in patients who are inadequately 
controlled despite ICS and LABA therapy [14]. This finding was confirmed by a 
Cochrane systematic review [10] and a meta-analysis of individual patient data [75]. 

International guidelines and position statements recommend considering chronic 
azithromycin therapy in uncontrolled patients already treated with high-dose ICS 
and LABA therapies as an alternative to biologics [1, 72, 73]. Hence, it may be 
particularly useful in resource-constrained healthcare settings where the cost of 
biologics is prohibitive. Macrolides are generally considered to be safe, although 
this aspect has not been widely studied in resource-limited settings where older 
classes of drugs (e.g., digoxin) are still widely used. 

Chronic use of antibiotics may increase the development of antibiotic-resistant 
bacterial strains that cause respiratory and systemic infections. Whether the use of 
macrolides for the treatment of asthma aggravate this problem, particularly in areas 
where antibiotic resistance is already a serious issue, is a question that needs to be 
addressed with properly designed studies and surveillance strategies. A clear risk/ 
benefit assessment and strict patient selection criteria for the use of macrolides in 
chronic asthma are paramount to secure individual benefit and to avoid potential 
detrimental consequences for the patient and the community. 
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Macrolides and Interstitial Lung Diseases 

Yu Hara and Takeshi Kaneko 

Abstract Macrolide antibiotics are well known for their antibacterial properties, but 
extensive research in inflammatory lung diseases such as diffuse panbronchiolitis, 
cystic fibrosis, bronchiectasis, and chronic obstructive pulmonary disease has 
revealed that they also have powerful immunomodulatory properties. Interstitial 
lung diseases (ILD) are a group of diffuse parenchymal lung disorders associated 
with substantial morbidity and mortality. There is accumulating evidence of the 
clinical usefulness of macrolides for various ILDs, including idiopathic pulmonary 
fibrosis and cryptogenic and secondary organizing pneumonias, although antifibrotic 
agents or immunosuppressants are currently the most widely accepted treatment 
strategies for these diseases. 

Keywords Autophagy capacity · Interstitial lung disease · Macrophage 
polarization · Microbiota · Surfactant homeostasis 
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LPS lipopolysaccharide 
MCC mucociliary clearance 
NSIP nonspecific interstitial pneumonia 
OP organizing pneumonia 
SASP senescence-associated secretory phenotype 
TGF Transforming growth factor 
sTNFR soluble TNF receptor 
TNF tumor necrosis factor 

1 Introduction 

Macrolide antibiotics contain a macrocyclic lactone ring and are classified as 14-, 
15-, or 16-membered based on the number of carbon atoms within this structure. 
Macrolide antibiotics have powerful immunomodulatory properties. The discovery 
of the immunoregulatory effects of macrolides is based on the findings by Kudo et al. 
that administration of low-dose erythromycin to patients with diffuse 
panbronchiolitis dramatically improved their prognosis [1]. 

Interstitial lung disease (ILD) is a group of diffuse parenchymal lung disorders 
associated with substantial morbidity and mortality. Among these, idiopathic pul-
monary fibrosis (IPF) has the worst prognosis in adults, and is characterized as 
having a chronic and progressive course characterized by aberrant accumulation of 
fibrotic tissue in the lung parenchyma. Antifibrotic drugs including nintedanib and 
pirfenidone have been associated with a significant slowing of respiratory deterio-
ration in IPF and perhaps prolonged survival [2, 3]. Non-IPF ILD patients with 
progressive fibrosing ILD (PF-ILD) have generally been treated with a combination 
of antifibrotic agents and immunosuppressants [4]. 

Macrolides may be a therapeutic option in ILDs due to their immunomodulatory 
effects; however, there is currently no established evidence of their efficacy. In this 
section, the possible mechanism of macrolide therapy in ILD is introduced, and 
recent reports of macrolide efficacy are discussed for each ILD subtype. 

2 Possible Mechanisms for Macrolide Action in ILD 

2.1 Promotion of Autophagy Capacity and Regulation 
of Surfactant Homeostasis 

Epithelial proteins are susceptible to misfolding, which can occur with disease. The 
endoplasmic reticulum (ER) has control mechanisms that recognize misfolded pro-
teins. Tissue homeostasis is then restored via activation of the unfolded protein 
response, which facilitates the processing, export, and degradation of these proteins.



If the client protein load is excessive compared with the reserve of ER chaperones, 
the cell is said to be experiencing ER stress [5]. Ineffective reconstitution of the 
epithelium is a key factor in the inappropriate tissue regeneration observed in 
pulmonary fibrosis. The underlying pathologic mechanisms involve ER stress and 
its participation in cell death through both apoptosis and autophagic pathways 
[6]. Defects in the autophagocytotic mechanism have been found in many patholog-
ical conditions associated with tissue damage and inflammation [7]. Rapamycin, a 
type of macrolide that is not used for antibiotic purposes, induces autophagy by 
inactivating mTOR (mammalian target of rapamycin), a protein kinase that has been 
shown to have an inhibitory effect on autophagy [8]. Macrolide antibiotics such as 
azithromycin have also shown this effect, supporting the hypothesis that they protect 
against the toxic effect of excessive amounts of intracellular protein aggregates 
[9]. Macrolides may also act on lipid metabolism and surfactant homeostasis by 
interacting with the regulating molecules of lipid homeostasis [10, 11]. This role is of 
particular importance when considering that lipids account for almost 90% of 
surfactant mass. Chronic injury of the alveolar epithelium is associated with the 
accumulation of damaged cellular components including proteins and lipids that 
could progressively overwhelm the autophagic capacity of the cells and alter lipid 
and surfactant homeostasis. Emerging potential therapeutic targets of macrolides for 
proper restoration and repair of the alveolar structure include the autophagic path-
way and the lipid and surfactant metabolisms (Fig. 1). 
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Fig. 1 Therapeutic 
potential of macrolides in 
the context of chronic lung 
alveolar injury. Reproduced 
from Guillot et al 
[11]. Emerging potential 
therapeutic targets of 
macrolides for restoring the 
proper repair of alveolar 
structure include the 
autophagic pathway and 
lipid and surfactant 
metabolisms 

2.2 Eliminating Senescent Alveolar Epithelial Cells 

Cellular senescence is a state of irreversible cell cycle arrest occurring naturally or in 
response to exogenous stressors [12]. Senescent cells remain metabolically active, 
secreting inflammatory cytokines, growth factors, chemokines, and extracellular



matrix proteins, collectively known as senescence-associated secretory phenotype 
(SASP) [13]. Studies have shown that increased senescence markers are detected in 
IPF-derived cells and IPF tissues harvested from humans or animal models 
[14]. SASP such as matrix metalloproteinases MMP2 and MMP9 and collagen 
type I alpha 1, are more highly expressed in IPF lungs [14]. Increased expression 
of p16, along with increased pro-fibrotic SASP, has been reported in bleomycin-
induced pulmonary fibrosis mouse models [14]. Because of this, efforts to develop 
drugs that eliminate senescent alveolar epithelial cells (senolytic) without affecting 
normal cells have become a focus [15]. The ability of roxithromycin to selectively 
kill senescent cells by inducing apoptosis and inhibiting the expression of 
senescence-associated secretory phenotype factors suggests the potential role of a 
“senolytic” drug. As well, transforming growth factor (TGF)-β- and senescent cell-
induced lung fibroblast activation was inhibited by roxithromycin treatment [16], 
suggesting that roxithromycin may have clinical benefits in treating IPF. 
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2.3 Modulation of Microbiota 

The microbiome refers to the community of microbes that share a particular envi-
ronment. Based on the results of classical, culture-based studies, the lungs of healthy 
humans were previously believed to be sterile; however, using techniques such as 
16S rRNA sequencing, it is now known that the lungs of healthy never-smokers are 
inhabited by communities of bacteria that are few in number but composed of 
diverse types of bacteria [17]. Recent evidence suggests that the lung microbiome 
might influence the progression of ILDs. In patients with IPF, in particular, alter-
ations in lung microbiome composition have been reported to play key roles in 
disease progression. The composition of the lung microbiome has been reported to 
depend on the balance of several factors, including instillation of microbiota origi-
nating from the mouth, gastric contents, and inhaled air; the ability of the lung to 
clear micro-organisms through mucocilliary clearance and cough; and local envi-
ronmental conditions such as oxygen partial pressure and fluctuations in temperature 
and pH. A shift in the balance of these factors, as occurs in lung diseases, can alter 
the microbiome (Fig. 2)  [18]. In the Correlating Outcomes with Biochemical 
Markers to Estimate Time-progression in Idiopathic Pulmonary Fibrosis (COMET-
IPF) study, the most commonly identified bacteria from 55 samples of 
bronchoalveolar lavage (BAL) were Prevotella, Veillonella, and Escherichia spp, 
and there was a strong association between the presence of specific species of 
Streptococcus and Staphylococcus and disease progression [19]. In a prospective 
study that included 65 patients with IPF, Molyneaux et al. reported that subjects with 
IPF had twice the number of bacteria in BAL fluid compared with 44 control 
subjects, and the baseline bacterial burden predicted the rate of decline in lung 
volume and risk of death [20]. They also demonstrated that Haemophilus, Strepto-
coccus, Neisseria, and Veillonella spp. were more abundant in subjects with IPF than 
in control subjects. In an investigation of the composition of microbial communities



in the lower airways between chronic hypersensitivity pneumonitis (CHP) and IPF, 
Invernizzi R et al. demonstrated that at the genus level, the Staphylococcus burden 
was increased in both CHP and IPF and that Actinomyces and Veillonella burdens 
were increased in IPF. However, in contrast to IPF, there was no association between 
bacterial burden and survival in CHP [21]. In a single-center retrospective study 
conducted by Takahashi et al. that included 34 patients with IPF, it was shown that 
an abundance of Streptococcaceae, Veillonellaceae, and Prevotellaceae families and 
a decrease in the phylum Proteobacteria in the lower airways of IPF patients led to 
reduced microbiota diversity and was associated with disease progression 
[22]. These results suggest that bacterial burden may be an important treatable trait 
in IPF and may be an important therapeutic target for macrolides. However, the
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Fig. 2 Mechanisms that lead to increased microbial burden and reduced diversity of microbiota in 
lungs with idiopathic pulmonary fibrosis (IPF). Reproduced from Ntolios P et al [13]. Composition 
of the lung microbiome has been reported to depend on the balance of several factors, including 
instillation of microbiota originating from the mouth, gastric contents, and inhaled air; the ability of 
the lung to clear micro-organisms through mucociliary clearance and coughing; and local environ-
mental conditions such as oxygen partial pressure, temperature, and pH fluctuations. A shift in the 
balance of these factors, as occurs in lung diseases, can alter the microbiome



serial changes in microbiota due to the use of macrolides and the prognosis of IPF 
treated with macrolides are unknown.
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2.4 Macrophage Polarization 

Oxidative/nitrosative stress results from an imbalance between cellular production of 
reactive oxygen species/reactive nitrogen species and endogenous antioxidants such 
as stress response protein (heme oxygenase-1 (HO-1)) and classic antioxidant 
enzymes (superoxide dismutase, catalase, glutathione peroxidase) [23]. Several 
clinical studies have suggested that increased oxidative/nitrosative stress might 
play a role in the progression of IPF [24–26]. Macrophages play key roles in each 
of the inflammation, proliferation, and remodeling phases of adult wound healing. 
Human peripheral monocytes are differentiated uncommitted macrophages 
(M0) that can be broadly divided into pro-inflammatory M1 macrophages and 
anti-inflammatory M2 macrophages [27]. M2 macrophages, hemorrhage-specialist 
macrophages, and macrophages generated with oxidized phospholipids (as novel 
macrophage subsets) highly express HO-1 [28, 29]. The interaction between M1 and 
M2 macrophages is reported to be closely correlated with disease progression in 
patients with idiopathic interstitial pneumonia, including IPF [30, 31]. Early in vitro 
evidence has suggested that macrolides might impair the oxidative burst and they are 
consistently reported to direct macrophage precursors and existing M1 cells toward 
an M2 phenotype in vitro, and subsequently alter macrophage cytokine production 
[32–35]. 

2.5 Reducing MUC5B in the Distal Airway 

MUC5B is a major gel-forming mucin in the lung that plays a key role in 
mucociliary clearance (MCC) and host defense [36]. A MUC5B promoter polymor-
phism is reported to be the strongest and the most replicated genetic risk factor for 
IPF. This polymorphism appears to be protective and predictive in this disease and is 
likely involved in disease pathogenesis through an increase in MUC5B expression in 
terminal bronchi and honeycombed cysts [37]. Hancock LA et al. demonstrated that 
MUC5B, a mucin thought to be restricted to conducting airways, is co-expressed 
with surfactant protein C in type 2 alveolar epithelia and in epithelial cells lining 
honeycomb cysts, indicating that cell types involved in lung fibrosis in distal 
airspace express MUC5B [38]. Also, MUC5B concentration in bronchoalveolar 
epithelia proved to be related to impaired MCC and to the extent and persistence 
of bleomycin-induced lung fibrosis [38]. In IPF distal airways, the proportion of 
MUC5B positive cells is more than twofold greater compared with control, idio-
pathic nonspecific interstitial pneumonia (NSIP), and systemic sclerosis-associated 
NSIP distal airways and the distal airways, rather than honeycomb cysts, appear to



be the primary site of MUC5B overexpression in IPF lungs [39]. In a murine asthma 
model, treatment with azithromycin significantly decreased IL-13, mucus secretion, 
and gene expression of IL-33, MUC5AC, and MUC5B; compared to the nontreated 
asthma group [40]. Other research showed that azithromycin inhibited ATP-induced 
mucin secretion and airway inflammation in house dust mite-exposed mice 
[41]. From these observations, mucociliary dysfunction might play a role in pulmo-
nary fibrosis in mice overexpressing MUC5B, and MUC5B in distal airspaces is a 
potential therapeutic target in humans with IPF. 
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3 Clinical Evidence of Macrolide Efficacy in Patients 
with ILD (Table 1) 

3.1 IPF 

3.1.1 Inhibition of IPF Progression 

IPF is a form of chronic fibrosing ILD of unknown etiology that occurs predomi-
nantly in older adults [42, 43]. Radiologic and/or histopathologic patterns are 
consistent with usual interstitial pneumonia. The clinical course and rate of progres-
sion of IPF is extremely variable among patients. With therapy, the median survival 
of patients with IPF is generally in the range of 2.5–3.5 years from the time of 
diagnosis. Some patients have acute exacerbation (AE) of IPF that causes a more 
rapid progression of disease, potentially resulting in respiratory failure and death 
[44]. In October 2014, the antifibrotic medications pirfenidone and nintedanib were 
concurrently approved by the Food and Drug Administration (FDA) following the 
results of two phase III, multicenter, placebo-randomized controlled trials (Assess-
ment of Pirfenidone to Confirm Efficacy and Safety in Idiopathic Pulmonary Fibro-
sis [ASCEND] and INPULSIS 1 and 2) that demonstrated that these medications 
slowed the decline in lung function in patients with IPF [45, 46]. Since the “condi-
tional recommendation” of these antifibrotic agents for IPF treatment in the 2015 
American Thoracic Society IPF clinical practice guideline statement, there has been 
increasing real-world evidence of their efficacy [47, 48]. The treatment strategy in 
IPF patients is to introduce antifibrotic agents as early as possible [49]. 

Although recent evidence suggests that macrolide antibiotics may improve sur-
vival in AE of IPF, to date, few studies have examined the potential role of 
prophylactic macrolides in reducing these emergency admissions or disease progres-
sion [50]. In a retrospective study that included 108 IPF subjects who received 
prophylactic azithromycin 250 mg three times a week, a total of 31 hospital admis-
sions (0.29 ± 0.62 per patient-year) were recorded in the pretreatment 12-month 
period, but only seven hospital admissions in the same cohort at 1 year after starting 
azithromycin (0.08 ± 0.3 per patient-year). Treatment conferred a relative risk 
reduction in all-cause nonelective hospitalization rates of 0.72 (0.67–0.88, 
P < 0.001); this was the first study to report the possible benefits of prophylactic



Diagnosis Study design Patient number Ref.

tinued)
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Table 1 Summary of clinical evidence of macrolide efficacy in patients with ILD 

Types of 
macrolide 

Description of 
outcomes 

IPF 
Stable 
condition 

Retrospective 108 AZM Reduction of hospital 
admission and thera-
peutic antibiotic 
courses without sig-
nificant impact on rate 
of decline in lung 
function 

[51] 

Retrospective 
(two arms) 

29 with 
MAC vs. 23 without 
MAC 

Not 
defined 

Reduction of AE (4 of 
29 cases (13.8%) 
treated with MAC and 
8 of 23 cases (34.8%) 
treated without MAC, 
respectively, for 
36 months) 

[52] 

Double-blind 
randomized 
controlled 
crossover trial 

25 were randomized AZM No significant change 
in the Leicester Cough 
Questionnaire score or 
the visual analog scale 
score with AZM or 
with placebo. 

[53] 

AE A prospec-
tive, open-
label study 
with historical 
controls 

20 with 
AZM vs. 56 with 
fluoroquinolone 

AZM Reduction of mortal-
ity at 60 days (20 vs. 
69.6%) ( p < 0.001) 

[63] 

Retrospective 97 Not 
defined 

The MAC use (+) 
group displayed a 
better 6-month sur-
vival rate than the 
MAC use (-) group. 

[64] 

Retrospective 
from a nation-
wide inpatient 
database 

209 Not 
defined 

Survivors received 
co-trimoxazole 
(p ≤ 0.001) and MAC 
(p = 0.02) more fre-
quently than 
nonsurvivors. 

[65] 

Non-IPF 
OP Case reports 3: Cryptogenic 

3: Radiation induced 
CAM Improvement of clin-

ical symptoms and 
pulmonary 
involvements. 

[77] 

RP Retrospective 
(two arms) 

445 with CAM 
era vs. 136 with 
non-CAM era 

CAM The rates of 
RP ≥ grade 
2 and ≥ grade 3 were 
significantly lower in 
CAM group 

(con 

[78]



Diagnosis Study design Patient number

(grade ≥ 2,
16% vs. 9.6%,
P = 0.047; grade ≥ 3,
3.8% vs. 0.73%,
P = 0.037).

macrolides for reducing the burden of unplanned hospitalizations in patients with 
IPF [51]. Kuse et al. retrospectively reviewed data on 52 IPF patients who were 
treated with a combination of conventional agents with or without macrolides. There 
were AE in 4 of 29 (13.8%) treated with macrolides and in 8 of 23 (34.8%) treated 
without macrolides over 36 months. The AE-free survival rate was significantly 
higher in the macrolide group than in the nonmacrolide group (log-rank test 
P = 0.027) [52]. However, these preliminary data need to be considered with 
caution, not only because of their retrospective nature but also because they were 
collected over a period of time (2003–2008) during which “conventional therapy” 
for IPF has changed profoundly. In a double-blind, randomized controlled crossover 
trial, 20 patients with IPF underwent two 12-week intervention periods 
(azithromycin 500 mg three times per week or placebo three times per week) to 
determine the safety and efficacy of azithromycin for the treatment of chronic cough. 
There was no significant change in the Leicester Cough Questionnaire score or the 
cough visual analog scale score with azithromycin or with placebo (NCT02173145) 
[53]. The trial did not support the use of low-dose azithromycin for chronic cough in 
patients with IPF, although the number of cases was extremely small and the 
duration of therapy was short. Therefore, the clinical efficacy of macrolides in IPF 
is unclear, and prospective randomized placebo-controlled studies are needed to 
confirm these observations.
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Table 1 (continued)

Types of 
macrolide 

Description of 
outcomes Ref. 

COP Retrospective 
(two arms) 

40 with 
CAM vs. 22 with 
PRE 

CAM Although s complete 
response was achieved 
in 35(88%) patients 
treated with CAM and 
in all treated with PRE, 
patients treated with 
PRE relapsed more 
frequently than those 
treated with CAM 
(54.5% vs. 10%; 
p ≤ 0.0001). 

[79] 

Footnotes: 
Abbreviations: AE acute exacerbation; AZM azithromycin; CAM clarithromycin; COP cryptogenic 
organizing pneumonia; ILD interstitial lung disease; IPF idiopathic pulmonary fibrosis; MAC 
macrolide; OP organizing pneumonia; RP radiation pneumonitis; PRE prednisolone
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3.1.2 Treatment of AE (Including Other ILDs) 

Prognosis is poor in patients who have AE of ILD because the histological pattern 
typically involves diffuse alveolar damage superimposed upon lung fibrosis without 
obvious clinical causes such as fluid overload, left heart failure, or pulmonary 
embolism [43, 54]. The subtypes of underlying ILD comprise idiopathic interstitial 
pneumonias (IIPs), including IPF and nonspecific interstitial pneumonia; and ILDs 
of known etiology such as collagen vascular disease and CHP [55, 56]. The 
in-hospital mortality rate in patients with AE of IPF is reported to be in excess of 
50% [57]. A retrospective cohort study that included IPF and non-IPF patients 
showed overall survival rates for AE of 67% at 30 days, 43% at 60 days, and 40% 
at 90 days after admission [58]. Other reports have shown mortality rates for AE of 
collagen vascular disease-associated IP (CVD-IP) ranging from 34% to 83% [59]. 

Corticosteroid pulse therapy is the current mainstay of treatment for AE of ILD. 
Potential therapies for AE of IPF specified by the International Working Group 
Report include nintedanib, pirfenidone, and anti-acid drugs as preventative therapy; 
and corticosteroid monotherapy, cyclophosphamide, cyclosporine, polymyxin-B 
immobilized fiber column hemoperfusion, rituximab, plasma exchange, and intra-
venous immunoglobulin, tacrolimus, and thrombomodulin as additional treatment 
options [60]. However, evidence is lacking regarding the efficacy of these treatments 
and of macrolides in patients with AE of ILD, though administration of macrolide 
antibiotics has been reported to be associated with improved outcomes in patients 
with acute lung injury [61]. 

Despite the scant evidence, macrolides tend to be used frequently in the treatment 
of AE-IPF patients in the clinical setting [62]. Kawamura et al. conducted a 
prospective, open-label study (Clinical trial JMA-IIA00095) in patients with AE of 
chronic fibrosing interstitial pneumonia, including 20 in an azithromycin group and 
56 in a fluoroquinolone group (historical controls), and reported that mortality was 
significantly lower in patients treated with azithromycin than in those treated with 
fluoroquinolone (mortality rate at 60 days: 20 vs. 69.6%, P < 0.001; median 
survival time: not reached vs. 29.5 days, P < 0.001) [63]. Kawamura et al. also 
conducted another single-center retrospective study that included 85 consecutive 
patients hospitalized in our department for idiopathic AE of IPF. They reported that 
mortality was significantly lower in patients treated with azithromycin than in those 
treated with fluoroquinolone (azithromycin, 26% vs. control, 70%; P < 0.001)0.40 
Nagasawa et al. reviewed 97 patients with acute exacerbation of ILD that required 
corticosteroid pulse therapy and found significantly worse 6-month mortality among 
patients without macrolide use (22 of 97, 23%: azithromycin, n = 14; 
clarithromycin, n = 6; and erythromycin, n = 2) than among those with macrolide 
use (P = 0.020) [64]. In a retrospective epidemiologic and prognostic analysis that 
included IPF patients who received mechanical ventilation and high-dose cortico-
steroids, the administration of co-trimoxazole (OR = 0.28, 95%Cl 0.132–0.607; 
P = 0.001) and macrolides (OR = 0.37, 95%Cl 0.155–0.867; P = 0.033) was 
associated with better survival [65]. Papiris et al. measured blood levels of



interleukin (IL)-4, IL-6, CXCL8, IL-10, and IL-13, as well as active TGF-β of both 
stable and exacerbated patients with IPF and found that high levels of IL-6 and 
CXCL8 characterized early-onset AE of IPF. In addition, an increase in the levels of 
IL-6 and CXCL8 was associated with worse outcomes in all patients [66]. The use of 
macrolides in addition to conventional treatment for patients with AE of ILD has 
been reported to improve prognosis, perhaps by suppressing local pulmonary IL-6 
and CXCL8 production [67–69]. 
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3.2 Cryptogenic Organizing Pneumonia 

Organizing pneumonia (OP) is characterized pathologically by the presence of buds 
of granulation tissue that consist of fibroblasts and myofibroblasts intermixed with 
loose connective matrix within the lumen of distal pulmonary airspaces [70]. OP is 
associated with connective tissue disorders, infections, drug and radiation reactions, 
hypersensitivity pneumonitis, and aspiration. OP that cannot be linked to an associ-
ated condition and appears to be idiopathic is termed cryptogenic organizing pneu-
monia (COP) [71]. Corticosteroid treatment in COP results in rapid clinical 
improvement and clearing of opacities on chest imaging without significant 
sequelae. However, relapses are common upon stopping or decreasing corticoste-
roids, thus often leading to prolonged treatment. Lazor et al. reported one or more 
relapses in 58% of a 48-patient cohort with biopsy-proven COP and found that 68% 
of relapsing patients were still receiving treatment for their initial episode of COP 
when their first relapse occurred (length of follow-up, 35 ± 31 months; time to 
relapse, 8 ± 9 months) [72]. 

Hyperactivation of proinflammatory mediators from alveolar macrophages in 
both COP and OP appears to be a main reason for using anti-inflammatory therapies 
[73–76]. Because the clinical characteristics of OP correlate with an increase in the 
risk of steroid-related side effects, it is common to use steroid-sparing agents such as 
macrolides. In a 1996 study of biopsy-proven COP patients who showed 
neutrophilia on BAL, Hotta observed a reduction in CXCL8 and neutrophilic 
chemotactic activity in BAL after 600 mg/day erythromycin for 2–3 months, 
which is consistent with a beneficial effect of low-dose macrolides on neutrophil-
mediated inflammation [74]. In COP patients, response to clarithromycin treatment 
was associated with decreases in serum concentrations of IL-6, CXCL8, and TGF-β 
and the BAL concentration of IL-6 [75]. Analysis of alveolar macrophages of OP 
patients revealed that clarithromycin and azithromycin significantly attenuated the 
lipopolysaccharide (LPS)-stimulated production of soluble TNF receptor (sTNFR)1, 
sTNFR2, CXCL8, and CCL18 in a dose-dependent manner. Clarithromycin also 
inhibited LPS-stimulated production of TNF-α, IL-1β, IL-6, and IL-10 [76]. Related 
to these cytokines and chemokines in OP, studies have reported the usefulness of 
macrolide treatment as a first-line alternative to steroids. Stover and Mangino 
reported six patients (three with COP and three with OP secondary to radiation 
therapy) who responded to clarithromycin [77], suggesting that long-term macrolide



therapy can be considered as adjuvant therapy in patients receiving steroids or those 
who cannot tolerate steroids, even those with minimal symptoms or minimal phys-
iological impairment. In a retrospective cohort study, clarithromycin mitigated 
radiation pneumonitis including organizing pneumonia and acute lung injury fol-
lowing stereotactic body radiotherapy for lung cancer [78]. In an observational study 
of COP patients, of whom 40 were treated with clarithromycin (500 mg twice daily 
orally for 3 months) and 22 were treated with prednisone (mean initial dose of 
0.67 ± 0.24 mg/kg/d for a mean of 8.59 ± 3.05 months), complete response was 
reported in 35 (88%) of the patients treated with clarithromycin and in all of those 
treated with prednisone. Unexpectedly, patients treated with prednisone relapsed 
more frequently than those treated with clarithromycin (54.5% vs. 10%; P < 0.0001) 
[79]. However, it is unknown which patients are likely to respond to macrolide 
therapy, as well as appropriate dose and treatment duration. 
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4 Conclusion 

In general, antifibrotic drugs are the principal treatment for IPF, and anti-
inflammatory drugs such as steroids are used for AE-ILDs and COP. Although 
macrolides are not the first choice in these ILDs, they can be effective as supportive 
treatment options. From an ethical point of view, however, it is difficult to plan a 
clinical trial of macrolides alone, and validation is therefore based mainly on 
accumulated evidence from retrospective studies. 

5 Ethical Approval 

All procedures performed in studies involving human participants were in accor-
dance with the ethical standards of the institutional and/or national research com-
mittee and with the 1964 Helsinki declaration and its later amendments or 
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Macrolides in Acute Respiratory Distress 
Syndrome and Acute Lung Injury 

Kodai Kawamura 

Abstract Acute respiratory distress syndrome (ARDS) is a life-threatening condi-
tion caused by injury to the lungs. Despite increased knowledge of the 
immunopathogenesis and advances and improvements in supportive care in clinical 
management (e.g., lung protection strategies), the mortality remains high at approx-
imately 40%. Despite over 55 years of preclinical and clinical trials, there are no 
effective pharmacotherapies to improve the outcomes in patients with ARDS, thus 
necessitating novel therapeutic agents. Macrolides are antibiotics with potent immu-
nomodulatory properties and may be beneficial in ARDS by reversing the 
dysregulated immune response in ARDS. 

Keywords Acute lung injury · Acute respiratory distress syndrome · Azithromycin · 
Acute exacerbation of pulmonary fibrosis 

1 Introduction 

Acute respiratory distress syndrome (ARDS) is a life-threatening form of respiratory 
failure driven by an uncontrolled inflammatory host response induced by direct 
(pulmonary inflammation) or indirect (systemic inflammation) insults [1]. It presents 
as acute hypoxemia with pulmonary infiltrates on chest imaging, which is not fully 
explained by cardiac failure or fluid overload [2]. A previous international study 
demonstrated a 46% mortality in patients with severe ARDS [3]. Treating the 
underlying cause and providing supportive care is the mainstay of therapy 
[4]. Since its first description in 1967, and despite over 50 years of research, there 
are no clearly effective pharmacological therapies for ARDS. Supportive care 
remains the primary treatment, and this includes lung-protective ventilation and 
conservative fluid management [5]. 
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Macrolides exert pleiotropic immunomodulatory effects that may reverse the 
uncontrolled immune response in critically ill patients. Their beneficial effects 
have been reported for chronic pulmonary diseases, such as asthma [6], chronic 
obstructive pulmonary disease (COPD) [7, 8], and diffuse pan-bronchiolitis [9]. Evi-
dence suggests that macrolides could be potentially beneficial in ARDS [10–13]. 

This chapter provides an overview of current studies on the immunomodulatory 
effects of macrolides in ARDS and acute lung injury (ALI) and we discuss potential 
mechanisms underlying the immunomodulatory properties of macrolides in ARDS, 
ALI, and ARDS-related conditions. 

2 ARDS 

2.1 Overview of ARDS 

ARDS is a common cause of respiratory failure in critically ill patients. It is defined 
by the acute onset of noncardiogenic pulmonary edema, hypoxemia, and the need for 
respiratory support [4, 14]. Risk factors for ARDS may include pneumonia, aspira-
tion, smoke inhalation, drowning, sepsis, and systemic inflammatory reactions (e.g., 
pancreatitis, trauma, surgery, blood transfusion, and toxic drugs). ARDS predomi-
nantly occurs in the setting of pneumonia, sepsis, the aspiration of gastric contents, 
or severe trauma [15]. Its prevalence was confirmed in 10% and 23% of the patients 
in intensive care and on mechanical ventilation, respectively, in a cross-sectional 
analysis of 29,144 patients from 50 countries conducted in the winter of 2014 
[3]. Since it was first described by Ashbaugh et al. 56 years ago [16], the mortality 
has decreased in clinical trials, but remains high at approximately 40% in observa-
tional studies. Pathological specimens from patients with ARDS frequently reveal 
diffuse alveolar damage. Laboratory studies have demonstrated alveolar epithelial 
and lung endothelial injury, resulting in the accumulation of protein-rich inflamma-
tory edematous fluid in the alveolar space. The diagnosis is usually based on the 
Berlin definition (Table 1) [2]. The management of ARDS focuses on the diagnosis

Table 1 Berlin definition 

Within 1 week of a known clinical insult or new or worsening respiratory 
symptoms 

Chest imaging Bilateral opacities—Not fully explained by effusions, lobar/lung collapse, or 
nodules 

Origin of 
edema 

Respiratory failure not fully explained by cardiac dysfunction or fluid overload 

Oxygenation 

Mild 200 mmHg < PaO2/FiO2 ≤ 300 mmHg with PEEP/CPAP ≥5cmH2O 

Moderate 100 mmHg < PaO2/FiO2 ≤ 200 mmHg with PEEP ≥5cmH2O 

Severe PaO2/FiO2 ≤ 100 mmHg with PEEP ≥5cmH2O 

PEEP positive end-expiratory pressure, CPAP continuous positive airway pressure



and treatment of infection, respiratory support including oxygenation and positive 
pressure ventilation, careful fluid administration which is particularly important in 
cases of shock, and general supportive measures, including nutritional support. The 
treatment focuses on lung-protective ventilation. No specific pharmacotherapies 
have been shown to be effective. Clinical studies have focused on using anti-
inflammatory agents as a potential treatment for ARDS. However, clinical trials of 
glucocorticoids [17–19], granulocyte-macrophage colony-stimulating factor [20], 
statins [21, 22], aspirin [23], antioxidants [24], and vitamin C [25] have not 
demonstrated clinical utility.
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2.2 Pathophysiology of ARDS 

ARDS leads to pulmonary edema due to increased permeability of alveolar septal 
walls resulting from severe inflammation [14, 15]. ARDS has been considered a 
series of pathobiological phases, and the response of the distal airspace to an injury. 
These pathological processes can be divided into the exudative, proliferative, and 
fibrotic phases. The exudative phase is the initial response to ALI; disrupting the 
alveolar epithelial-endothelial barrier in which the edematous flooding of the alve-
olar and interstitial compartments occurs. Inflammatory cells, such as macrophages 
and neutrophils are activated and release inflammatory chemokines and cytokines 
including tumor necrosis factor alpha (TNF-α), interleukin (IL)-6, CXCL8, and 
arachidonic acid metabolites. Neutrophils play a central role in the inflammation 
and tissue injury of ARDS [26]. Activated neutrophils have reduced plasticity, 
making it difficult for them to pass through the pulmonary microvascular network 
[27]. Simultaneously, changes, such as the increased expression of adhesion mole-
cules (e.g., intercellular adhesion molecule-1) occur on the endothelial side, thereby 
resulting in increased adhesion between the neutrophils and endothelial cells and the 
accumulation of peripheral blood neutrophils within the pulmonary vasculature 
[27]. Neutrophils in the pulmonary vasculature migrate from the pulmonary vessels 
under the influence of chemotactic factors derived from alveolar macrophages. 
Those that reach the pulmonary interstitium and alveolar space release neutrophil 
elastase and reactive oxygen species [27]. This results in severe inflammation of the 
lungs with cellular injury of the vascular endothelium and alveolar epithelium and 
the increased permeability of the pulmonary microvascular endothelium and alveolar 
epithelium. Increased endothelial permeability leads to the leakage and retention of 
fluid in the interstitium around the blood vessels and bronchioles resulting in 
interstitial pulmonary edema. With alveolar injury, exudate-containing plasma com-
ponents fill the alveolar space, thus resulting in pulmonary edema. Secondarily, the 
proliferative phase begins as early as day 3 to repair the injury by re-establishing the 
alveolar barrier with the clearance of exudative fluid. In this phase, the M2 pheno-
type predominates as both resident and recruited macrophages are polarized from the 
M1 to M2 (anti-inflammatory) phenotype. M2 macrophages exert anti-inflammatory 
effects by clearing apoptotic neutrophils and cell debris, and reducing lung



inflammation [28]. M2 polarization mitigates inflammatory conditions observed 
during ARDS [28, 29]. 
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Notwithstanding advances in revealing the complex mechanisms underlying 
these initial phases of ARDS, the details of ARDS pathogenesis, in particular the 
fibrotic phase, remains poorly understood. 

2.3 Possible Mechanisms of Action of Macrolides in ARDS 

Macrolides exert beneficial effects on patients with inflammatory lung disease, in 
addition to their ability to inhibit the growth of pathogenic bacteria. In vitro and 
in vivo studies have demonstrated that macrolides suppress inflammation and 
modulate the immune system as discussed in several chapters of this book. 
Macrolides can regulate cytokine balance, inhibit chemokine production and neu-
trophil elastase activity, accelerate neutrophil apoptosis, alter macrophage morphol-
ogy, block the activation of nuclear transcription factors, and stabilize the epithelial 
cell membrane [30–34]. These effects may contribute to the improved outcome of 
ARDS. Moreover, they decrease lung inflammation and injury, reduce inflammatory 
cytokines and oxidative stress, and improve survival in animal models of lung injury 
[35–37]. 

Reports on the effects of macrolides on cytokine production and neutrophil 
function emphasize this as a primary pathway of their beneficial effects in ARDS. 
However, the mechanisms by which macrolides influence the outcomes in patients 
with ARDS remains speculative. 

3 Possible Mechanisms of Action of Macrolides 
in ARDS-related conditions 

3.1 Ventilator-Associated Lung Injury (VALI) 

Despite the application of high-flow nasal cannula and extracorporeal support, 
mechanical ventilation remains the mainstay of care for a patient with ARDS. 
Mechanical ventilation for ARDS is a double-edged sword because it is a lifesaving 
technique but is also associated with potentially harmful complications [38]. It adds 
mechanical stress to the airway [39] and may induce an additional injury called 
ventilator-associated lung injury (VALI). Minimizing the duration of mechanical 
ventilation is the best way to minimize complications and reduce mortality in 
patients with ARDS. Inflammation is one main driver of VALI [40]. Melatonin 
[41] and dexamethasone [42] have anti-inflammatory effects and reportedly decrease 
VALI. Researchers have reported on the pleiotropic beneficial effects of macrolides 
in VALI in in vivo and using in vitro models [43–46]. 

A recent randomized controlled trial aiming to evaluate the immunomodulatory 
effects of azithromycin (AZM) in preventing mechanical ventilation-induced lung



injury in very low birth weight preterm neonates demonstrated that the use of AZM 
was significantly associated with decreased serum IL-2 and CXCL8 levels, and a 
lower incidence of death and oxygen dependency at 28 days in AZM-treated 
patients [45]. 
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3.2 Ventilator-Associated Pneumonia (VAP) 

Notwithstanding the initial lung injury, patients with ARDS may develop a second-
ary pulmonary infection, ventilator-associated pneumonia (VAP) 
[47]. VAP-complicating ARDS appears to affect between 20% and 40% of these 
patients [48, 49]. The incidence of VAP was 1.18 (0.86–1.60) per 100 days of 
invasive mechanical ventilation in a post hoc analysis of a clinical trial evaluating the 
prone position in ARDS [49], and VAP was associated with higher mortality, with a 
hazard ratio of 2.2 (95% confidence interval 1.39–3.52, p < 0.001) after adjusting 
for confounding factors. Recent data from the Center for Disease Control and 
Prevention suggest that VAP rates are not decreasing in the USA [50]. 

Giamarellos-Bourboulis et al. reported on a multicenter trial of macrolide therapy 
in patients with sepsis who had VAP [51]. Macrolides significantly shortened the 
time to the resolution of VAP (10 days in the clarithromycin group vs. 15.5 days in 
the placebo group, p = 0.011) and the time to ventilation liberation (16 days in the 
clarithromycin group vs. 22.5 days in the placebo group, p = 0.049). The macrolide 
group also had faster improvement in lung inflammation scores and less progression 
to multiple organ failure [51]. The all-cause mortality on day 90 was 60% and 43% 
in the placebo arm and clarithromycin arm, respectively (P = 0.023), and intrave-
nous clarithromycin for 3 consecutive days as an adjunctive treatment in VAP and 
sepsis offered long-term survival benefits along with a considerable reduction in the 
hospitalization costs [52]. They also reported on serum markers, 
immunophenotyping characteristics of monocytes and neutrophils, and the ex vivo 
function of monocytes and neutrophils in patients who participated in this trial. 
Macrolides restored the balance between pro-inflammatory and anti-inflammatory 
mediators [53]. 

3.3 Pulmonary Fibrosis after ARDS 

ARDS can also lead to pulmonary fibrosis [54–56]. Distinct from the idiopathic form 
of pulmonary fibrosis or progressive interstitial lung diseases, ARDS-mediated 
fibrosis appears to be nonprogressive and in some cases many resolve. However, 
some may have a persistently decreased lung function [56]. Macrolides exert an 
antifibrotic effect in animal models of ALI [57, 58]. Wuyts et al. reported that AZM 
reduced fibrosis and the restrictive lung function pattern in a bleomycin mouse 
model. This effect was caused by the modulation of both innate and adaptive



immunity [57]. Zhang et al. reported that bleomycin-induced pulmonary fibrosis was 
ameliorated by macrolides, owing to the effects of macrolide-targeting senescent 
cells mediated by the NADPH oxidase 4 pathway [58]. 
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4 Current Evidence for Macrolides in ALI and ARDS from 
Human Data 

4.1 Effects of Macrolides in Patients with ARDS 

The association between the administration of a macrolide antibiotic and mortality in 
patients with ALI was evaluated using publicly available data from the Acute 
Respiratory Distress Network Lisofylline and Respiratory Management of Acute 
Lung Injury trial, in which 235 patients were randomized in a two-by-two fashion to 
receive low tidal volume vs. standard tidal volume ventilation and either lisofylline 
(an anti-inflammatory metabolite of pentoxifyline) or placebo [10]. It was found that 
47 of 235 patients received a macrolide within 24 h of study enrollment. Following 
adjustment for confounding variables, subjects who had received a macrolide anti-
biotic had a significant reduction in 180-day mortality and a shorter time to discon-
tinuation of mechanical ventilation. By contrast, fluoroquinolone and cephalosporin 
antibiotics had no survival advantage [10]. 

We have been using AZM for ARDS and other cases of severe acute respiratory 
failure since 2012, based on the above report [10]. AZM administration within 24 h 
of septic ARDS diagnosis improved the long-term survival and reduced the time to 
the liberation from mechanical ventilation [11]. We performed a single-center 
retrospective cohort study that identified 62 patients with moderate or severe 
ARDS who had received AZM. Treatment with AZM significantly reduced both 
90-day mortality and time to successful liberation from mechanical ventilation 
[12]. In a subsequent large multicenter prospective observational study, 158 of 
873 patients with ARDS admitted to the ICU received macrolides (97% erythromy-
cin), and this was associated with a decreased 30-day mortality [13]. 

However in a retrospective analysis of prospectively collected data from 7182 
patients admitted to 20 French intensive care units with acute respiratory failure, 
1295 patients received a macrolide for 3 days, and were compared with 5887 patients 
who did not receive a macrolide. Using the inverse probability of treatment 
weighting approach, showed no difference in the 28-day outcomes including the 
duration of mechanical ventilation [59]. 

Recently, researchers performed a retrospective observational study using data 
from the Diagnosis Procedure Combination database of Japan to compare the effects 
of AZM when used with β-lactam with that of β-lactam alone in mechanically 
ventilated patients with CAP-associated ARDS [60]. The propensity score matching 
analysis and the inverse probability of treatment weighting analysis revealed no 
significant difference between the groups with respect to the 28-day mortality and



in-hospital mortality. However, this study had several limitations, such as inadequate 
detailed clinical data and missing information on the severity of ARDS based on the 
Berlin criteria [60]. 
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4.2 Severe Pneumonia 

4.2.1 Severe Community-Acquired Pneumonia 

Severe pneumonia is the leading cause of ARDS. The American Thoracic Society/ 
Infectious Diseases Society of America (ATS/IDSA) guidelines recommend the use 
of macrolides in combination with beta-lactams, for the treatment of community-
acquired pneumonia (CAP), including critically ill patients admitted to the ICU and 
beta-lactams and macrolide combination are preferred over beta-lactams and 
fluoroquinolone [61]. 

A recent large randomized controlled study assessing empiric antibiotic regimens 
for patients with suspected CAP demonstrated that β-lactam monotherapy was not 
inferior to combination therapy with a macrolide or to respiratory fluoroquinolone 
monotherapy [62]. There was no statistical difference in either the overall survival or 
complication rates between the three treatment arms. The study was pragmatic, 
however it was impossible to recruit only patients admitted to non-ICU wards. 
Thus, the results could not be generalized to either critically ill patients or those 
with severe CAP in ICU settings. 

A multicenter, prospective observational study of intubated patients with CAP 
receiving guideline-concordant therapy demonstrated that the combination treatment 
of a β-lactam and macrolide significantly decreased 30-day mortality (hazard ratio 
[H.R.]: 0.48; 95% CI: 0.23–0.97; and P = 0.04), including in those with shock (HR: 
0.44; 95% CI: 0.2–0.95; and P = 0.03), compared with fluoroquinolone 
monotherapy [63]. 

Sligl and colleagues performed a meta-analysis of observatiwonal studies with 
approximately 10,000 critically ill patients with CAP, and demonstrated that 
macrolide-containing therapies (often in combination with a b-lactam) were associ-
ated with a significant mortality reduction (18% relative risk, 3% absolute risk), 
compared with non–macrolide-containing therapies [64]. A mortality benefit from 
macrolides has been principally observed in cohorts of patients with severe CAP. In 
a systematic review, Vardakas and colleagues compared β-lactam/fluoroquinolone 
to the β-lactam/macrolide combination for the treatment of patients with CAP. 
β-lactam/fluoroquinolone combination therapy resulted in higher mortality than 
β-lactam/macrolide combination therapy. However, the studies had an overall low 
quality, and the researchers could not recommend for or against either of the 
regimens [65]. A prospective study demonstrated that macrolide treatment in 
patients with nonresponding CAP lowered IL-6 and TNF-α in the bronchoalveolar 
lavage fluid and IL-6, CXCL8, and IL-10 in the plasma. Patients had a shorter length



of hospitalization and reached clinical stability earlier [66]. The magnitude of 
survival benefits appears to be independent of the antimicrobial efficacy. 
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4.2.2 Viral Pneumonia 

Viral pneumonia is a common cause of ARDS. Macrolides have been assessed 
in vitro and in respiratory viral infections for their potential immunomodulatory 
and antiviral effects, with inconsistent results [67]. 

An open-label RCT conducted in patients hospitalized for influenza (n = 107) 
reported that the combination of clarithromycin, naproxen, and oseltamivir in the 
early stages of diagnosis significantly reduced mortality and hospital days, compared 
with oseltamivir alone [68]. Lee et al. conducted a multicenter trial in adults 
hospitalized for laboratory-confirmed influenza. The patients were randomized to 
receive oseltamivir-AZM or oseltamivir alone [69]. This study demonstrated a rapid 
reduction in plasma concentrations of pro-inflammatory cytokines and chemokines 
IL-6, CXCL8, IL-17, CXCL9/membrane immunoglobulin, soluble TNF receptor 
1, and IL-18 and in C-reactive protein in the oseltamivir-AZM group, with a trend 
toward earlier symptom resolution [69]. 

In a randomized phase 2 clinical trial of 48 children with respiratory failure due to 
respiratory syncytial virus, high-dose AZM reduced matrix metalloproteinase-9 
levels, TNF-α, IL-1β, and IL-10. Patients treated with high-dose AZM displayed 
reduced ventilator use and days on oxygen as well as shorter hospital stay. These 
high doses of AZM were considered safe [70]. By contrast, a multicenter observa-
tional study reported that macrolide treatment did not affect survival in severely ill 
patients with H1N1 influenza A [71]. Macrolides were not associated with decreased 
90-day mortality and viral RNA clearance in Middle East respiratory syndrome [72]. 

Considering their potent immunomodulatory and antiviral potential, macrolides 
have been investigated for their efficacy against the pandemic of coronavirus disease 
2019 (COVID-19). In the early phase of the pandemic, researchers performed 
various clinical trials examining the efficacy of macrolides against COVID-19. 
Particularly, these trials focused on the combination of AZM with 
hydroxychloroquine (HCQ), an antimalarial agent also used as an immunomodulator 
in rheumatoid arthritis and systemic lupus erythematosus. Predominantly observa-
tional studies reported that combination therapy with AZM and HCQ promoted 
recovery, reduced disease symptoms, viral load, and the risk of hospitalization [73– 
76]. However, several studies reported on no clinical benefits or no improvement in 
mortality of patients prescribed AZM/HCQ combination therapy, compared with 
controls on standard therapy [77–79], with caution about adverse events and safety 
risks [80]. 

The RECOVERY trial, a randomized, controlled, open-label, adaptive platform 
trial, identified no benefits of AZM on the outcomes in hospitalized patients with 
COVID-19 [81]. It randomized 7763 patients to AZM or standard care, thus 
providing strong evidence of lack of benefit in this group. Macrolides may be of



no use for mild symptoms of COVID-19; nonetheless, their evaluation in-hospital 
settings to treat established ARDS warrants further investigation. 
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4.3 Acute Exacerbation of Pulmonary Fibrosis 

Idiopathic pulmonary fibrosis (IPF), is a chronic and progressive disease with poor 
prognosis, characterized by progressive lung scarring and the destruction of the lung 
parenchyma. Most patients with IPF have a relatively prolonged clinical course but 
up to 15% experience an acute exacerbation (AE) of IPF each year [82], defined as 
an acute worsening or development of dyspnea and bilateral ground-glass abnor-
mality and/or consolidation on computed tomography [83]. The definition of AE 
resembles the Berlin definition of ARDS. AE-fibrosing ILD may be interpreted as 
ARDS that develops in patients with fibrosing ILD. Furthermore, the basic mecha-
nisms of pulmonary fibrosis are common, despite differences in the subtypes of 
pulmonary fibrosis following ARDS and in chronic diseases, such as IPF [84]. 

AE are not unique to IPF but occurs in nonspecific interstitial pneumonia, 
connective-tissue disease associated with interstitial lung disease, and chronic 
hypersensitivity pneumonitis [85]. A previous epidemiologic survey of Japanese 
patients with IPF demonstrated that AE-IPF was the most common cause of death 
[86]. AE had 50% in-hospital mortality and a major impact on the overall survival of 
patients with IPF [82]. Current guidelines recommend the use of steroids, despite no 
clear evidence of benefit. Based on the beneficial effects of macrolides on ALI [10], 
we investigated the efficacy of macrolides in patients with AE of chronic fibrotic 
interstitial pneumonia. Using a historical cohort as the control group, we investigated 
the efficacy of intravenous macrolides (500 mg for 5 days) in patients with AE of 
fibrotic interstitial pneumonia [87]. The use of intravenous AZM improved the 
60 day survival compared with the historical cohort treated with a fluoroquinolone 
(60-day mortality: 20% in the AZM group vs. 69.6% in the fluoroquinolone group). 
We also reported on the efficacy of macrolides for AE in an analysis limited to 
patients with AE-IPF [88]. 

A study using a large contemporary and comprehensive Japanese clinical data-
base assessed the efficacy of combined treatment options, including high-dose 
corticosteroids in patients with IPF who had severe rapid progression and required 
ventilator support. Treatment using the combination of macrolides with high-dose 
corticosteroids was associated with better prognosis [89]. Macrolide-containing 
regimens may improve the prognosis in patients with acute respiratory failure from 
interstitial lung disease requiring extracorporeal membrane oxygenation [90].
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5 Summary of the Use of Macrolides in ARDS and ALI 

The effect of macrolides in ARDS and AE of interstitial pneumonia is probably 
insufficient at conventional oral doses owing to bioavailability, suggesting that 
intravenous macrolides may be necessary to achieve a beneficial effect. However, 
the increased bioavailability may increase side effects, such as QT prolongation, so 
cardiac monitoring is recommended during macrolide administration. AZM may 
marginally increase cardiovascular events [91, 92]. However, ARDS, severe pneu-
monia, and AE of interstitial pneumonia can be fatal, and the benefits of macrolides 
probably outweigh the potential increased risk of cardiovascular events. 

6 Future Research Perspectives 

6.1 The Impact of ARDS Phenotypes on Therapeutic 
Response 

ARDS is a syndrome rather than a distinct pathological entity. Therefore, patients 
with ARDS display substantial heterogeneity in their clinical, physiological, radio-
logical, and biological phenotypes. A latent class analysis of clinical and biomarker 
data from five randomized trial cohorts of patients with ARDS identified two distinct 
endotypes [93]. One endotype, representing approximately 30% of the patients with 
ARDS, had higher plasma concentrations of inflammatory cytokines, lower plasma 
concentrations of the coagulation factor protein C and bicarbonate, higher preva-
lence of shock, and consistently worse clinical outcomes than patients with 
endotypes characterized by lower inflammatory markers [93]. Pulmonary ARDS is 
likely to respond differently than extrapulmonary ARDS [94], and the pathogenesis 
may differ within these broad categories. 

Almost all clinical trials of ARDS therapies have focused on large patient cohorts, 
without considering the heterogeneous nature of this syndrome and the varying 
immune responses of each patient. Therefore, a precision medicine approach, iden-
tifying a potential subgroup of patients who are likely more responsive to 
macrolides, may be helpful. 

7 Conclusion 

There is limited evidence for the usefulness of macrolides for acute respiratory 
diseases, such as ARDS (summarized in Table 2). The pleiotropic immunomodula-
tory effects of macrolides may be effective in ARDS and AE of interstitial pneumo-
nia, characterized by excessive cytokine/chemokine release and neutrophil 
activation. The results of several animal models of ALI and preclinical studies
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support this hypothesis. Preclinical studies have described macrolides as promising 
immunomodulatory agents that appear to have the potential to rectify imbalanced 
immune homeostasis in critically ill patients. This warrants future trials to investigate 
macrolides in terms of their dosing, duration, type, and side effects as well as focus 
on preventing antibiotic resistance. Future studies should identify the endotypes of 
ARDS that may respond to adjunctive macrolide treatment.
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Azithromycin for Other Lung Diseases: 
Lung Transplantation and Sarcoidosis 

Geert M. Verleden and Stijn E. Verleden 

Abstract Azithromycin was introduced in lung transplantation in an attempt to 
improve the pulmonary function in patients with chronic allograft dysfunction 
(CLAD), which is defined as a progressive and usually irreversible decline in 
FEV1 of at least 20% compared to the best postoperative values and is considered 
to be the net result of chronic rejection. In fact, in a first case series by Gerhardt et al., 
a response to azithromycin was observed in 30% of the patients with CLAD (Cooper 
et al. Am J Respir Crit Care Med 168:85, 2003). Although its mechanism of action is 
still unknown, it is nowadays specifically used in the treatment and in the prevention 
of CLAD. After the first case series, many centers have published their experience, 
all pointing to an increased FEV1 and improved survival, at least in a subset of 
patients with the bronchiolitis obliterans (BO) phenotype of CLAD. Also, in sar-
coidosis, there has been interest in azithromycin, however, mostly in combination 
with broad-spectrum antimycobacterial drugs (Royer et al. Sarcoidosis Vasc Diffuse 
Lung Dis 30:201-11, 2014). 

In this chapter, we will give an overview of the possible treatment indications and 
effects of azithromycin in lung transplantation and sarcoidosis. 
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1 Role of Azithromycin in Lung Transplantation 

1.1 Short-Term Treatment Effects in Patients 
with Bronchiolitis Obliterans Syndrome (BOS) 

Azithromycin was first introduced as a potential treatment for the obstructive 
phenotype of CLAD (BOS), which is believed to be the clinical correlate of chronic 
rejection [1]. The pathophysiology of BOS may be the consequence of a primary 
insult toward the respiratory epithelium, such as ischemia–reperfusion injury, acute 
rejection, infection, or aspiration, which may be either isolated (for instance one 
acute rejection episode, such as a respiratory syncytial virus infection) or repetitive 
infection of the airways with bacteria or fungi). Injury to the epithelium may locally 
upregulate dendritic cells, attracting more inflammatory cells (macrophages, neutro-
phils, T-lymphocytes, and NK cells), leading to epithelial damage and inflammation, 
with resulting production of chemokines and cytokines from the epithelium, the 
smooth muscle cells, macrophages, and neutrophils. Activated neutrophils may 
further increase epithelial damage via the production of reactive oxygen species 
and metalloproteinases [2, 3]. After an initial inflammatory phase, a fibro-
proliferative phase occurs, driven by a variety of growth factors, such as platelet-
derived growth factor, insulin-like growth factor, fibroblast growth factor, 
transforming growth factor-b and endothelin-1, leading to proliferation of smooth 
muscle cells and fibroblasts (myofibroblasts), epithelial to mesenchymal transition, 
with deposition of collagen resulting in the typical fibrous, obliterative lesions of the 
airways [4, 5]. On the other hand, other immunological factors such as human 
leukocyte antigen–antibody driven chronic rejection may also play a role in this 
process. 

An increased bronchoalveolar lavage fluid (BAL) neutrophilia with upregulation 
of CXCL8 seems to be common in BOS patients [6]. Riise et al. described an 
increased BAL neutrophilia in patients with BOS between 1% and 96.5%, 
[7]. Although the mean percentage of BAL neutrophilia in most publications is 
increased in patients with BOS, there is also a significant proportion of patients 
without BAL neutrophilia, despite the fact that their progressive decrease in FEV1 is 
comparable. Interestingly, there is some controversial evidence that BAL 
neutrophilia is a prerequisite for macrolide therapy to be effective in BOS patients 
as reducing this neutrophilic inflammation may be one of its main mechanisms of 
action [8]. 

Since 2003, when the first case series on azithromycin add-on treatment of BOS 
patients was published by Gerhardt et al. [9], different publications have corrobo-
rated these results, demonstrating that adding azithromycin (250 mg, 3 times a week) 
to the stable immunosuppressive treatment may improve the FEV1 in some of the 
lung transplant patients at different stages of BOS [10–12]. In contrast, only one 
study failed to show an improvement in FEV1 in 11 patients [13]. Taking all these 
publications together, 30–35% of all patients at different stages of BOS responded to 
azithromycin treatment by a mean increase in their FEV1 of about 14%. A



comparable effect on FEV1 was demonstrated with clarithromycin, proving that the 
effects are rather class-dependent and not drug specific. Indeed, 12 of 31 patients 
with BOS or potential BOS responded with a mean FEV1 increase of 732 ml, 10 of 
them by 3 months of treatment, 2 after 6 months [14]. These studies were open-label 
add-on azithromycin studies with a rather small number of patients. However, in 
2015, Corris et al. published the first placebo-controlled trial with add-on 
azithromycin in a population of 48 patients with BOS after lung transplantation. 
They compared azithromycin (250 mg alternate days over 12 weeks) with placebo 
and their primary outcome was FEV1 change after 12 weeks of treatment. Of the 
initially 48 randomized patients (25 azithromycin and 23 placebo), two were 
excluded because they did not have BOS. Thus, 46 patients were analyzed as 
intention to treat (ITT) with 33 patients completing the study. Study completers 
showed an estimated mean difference in FEV1 between treatment groups 
(azithromycin minus placebo) of 0.278 L, ( p = <0.001). Nine of 23 (39%) ITT 
patients in the azithromycin group had ≥10% gain in FEV1 from baseline. No 
patients in the placebo group had ≥10% improvement in FEV1 from baseline 
(p = 0.002) [15]. 
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As a consequence of these publications, it became clear that different BOS 
phenotypes or different disease stages needed to be distinguished [16, 17]. BOS 
may present with neutrophilic airway inflammation, starting rather early after lung 
transplantation and characterized by an increase in the FEV1 while being treated with 
azithromycin, whereas the other phenotype has no neutrophilic airway inflammation, 
starts rather late after transplantation and does not respond to azithromycin 
[17]. Therefore, the first phenotype could no longer be considered as classical 
BOS, since this is still defined as a largely irreversible and mostly progressive 
airways obstruction [17]. It was, therefore, proposed to rename this phenotype as 
neutrophilic reversible allograft dysfunction (NRAD) or azithromycin reversible 
allograft dysfunction (ARAD), and it was also accepted in recent guidelines that 
BOS can only be diagnosed after an unsuccessful azithromycin treatment trial of at 
least 8 weeks, to specifically exclude NRAD/ARAD [18, 19]. 

The possible mechanisms of action of azithromycin in BOS patients are unknown 
at present, although several hypotheses have been put forward, such as inhibition of 
the transcription of quorum-sensing genes, which may then prevent the production 
of tissue-damaging proteins that have been detected in clinically stable lung trans-
plant recipients without any signs of infection [19], nevertheless leading to a 
neutrophilic inflammatory response. Other mechanisms include a positive effect on 
gastroesophageal reflux, which is accepted as a risk factor for the development of 
BOS, an effect involving neutrophils and CXCL8 through inhibition of IL-17 
induced CXCL8 release from airway epithelial cells and smooth muscle cells 
[20, 21] via inhibition of different mitogen-activated protein kinases and via its 
anti-oxidative effect [22, 23]. This seems important as it has been shown that a BAL 
neutrophilia of at least 15% [8] was the best predictor to obtain an improvement of 
the FEV1 with azithromycin. Different other possible mechanisms, including 
antibacterial and immunomodulatory, may be operative and have been previously 
reviewed in detail by Parnham et al. [24].
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1.2 Long-Term Effects of Add-on Azithromycin in Patients 
with BOS 

Several authors have investigated the long-term effects of adding azithromycin in 
patients with BOS, with specific attention to the FEV1 improvement and survival. 
The first paper was published by the Hannover group and included 81 patients with 
at least BOS stage 0p who have been treated with azithromycin for a mean period of 
1.3 years [25]. In this study, 24 out of 81 (30%) patients experienced an improve-
ment of their FEV1. However, 23% of the initial responders later developed a 
progressive decrease in FEV1, compatible with chronic rejection, while still being 
treated with azithromycin. The authors also found the BAL neutrophilia (>20%) to 
be predictive for a positive FEV1 response and demonstrated that most patients 
responded within 3 months after the addition of azithromycin [25]. 

In a retrospective study, including 178 patients with BOS, Jain et al. compared 
78 patients who had been treated with add-on azithromycin versus 100 who were not 
[26]. Compared with the no-azithromycin cohort, the azithromycin cohort did not 
demonstrate a survival benefit; however, for those started on azithromycin before the 
development of BOS stage 2 (n = 31) there was a significant decrease in the risk of 
death (unadjusted hazard ratio [HR] = 0.29, 95% CI 0.11 to 0.82, p = 0.02). In 
contrast, compared with the no-azithromycin cohort, there was no difference in the 
risk of death for those started on azithromycin after BOS stage 2 (n = 47, unadjusted 
HR = 1.54, 95% CI 0.91 to 2.61, p = 0.11). This was the first study to suggest that 
azithromycin therapy may specifically improve survival in lung transplant recipients 
with BOS stage 1 and that early treatment initiation (before the development of BOS 
stage 2) may be important [26]. 

In another retrospective study, Vos et al. also demonstrated a survival benefit in  
107 BOS patients treated with azithromycin during a mean of 3.1 years [27]. They 
showed an increase in FEV1 ≥ 10% after 3–6 months of treatment in 40% of their 
patients; 33% later redeveloped BOS. Pre-treatment neutrophilia was again higher in 
responders: 29.3% (9.3% to 69.7%) vs 11.5% (2.9% to 43.8%) ( p = 0.025), and 
decreased significantly to 4.2% (1.8% to 17.6%) ( p = 0.041) after 3 to 6 months of 
azithromycin therapy. Responders demonstrated better survival compared to 
non-responders with 6 and 21 deaths, respectively, during follow-up ( p = 0.027). 
Multivariate analysis identified initial azithromycin response and earlier post-
transplant initiation of azithromycin to be protective for both BOS progression and 
relapse (HR = 0.12 [95% CI 0.05 to 0.28], p < 0.0001; and HR = 0.98 [95% CI 0.97 
to 0.98], p < 0.0001, respectively) and retransplantation and death during follow-up 
(HR 0.10 [95% CI 0.02 to 0.48], p = 0.004; and HR 0.96 [95% CI 0.95 to 0.98], 
p < 0.0001, respectively) [27]. 

A meta-analysis performed by Kingah et al., not only demonstrated a significant 
improvement in lung function in BOS patients following a mean of 7 months of 
additional azithromycin treatment, but also demonstrated that patients were less 
likely to die from BOS compared to non-treated patients [28].
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1.3 Azithromycin Treatment as Prevention 
for the Development of BOS 

Since it was shown that addition of azithromycin may improve the FEV1 in some 
patients with established (neutrophilic) BOS, the question arose whether preventive 
treatment with azithromycin might also impact on the development of new onset 
BOS. To answer this question, a placebo-controlled study was performed in Leuven, 
including 83 lung transplant patients who were either initiated on azithromycin 
(250 mg, 3 times a week) from discharge after their lung transplantation (n = 40) 
or received additional placebo (n = 43) [29]. Primary end-points were BOS-free and 
overall survival 2 years after transplantation. All patients who developed BOS 
during the trial, were treated with open-label azithromycin to assess the change in 
FEV1. The study demonstrated that BOS development was significantly decreased in 
patients receiving azithromycin: 12.5% versus 44.2% ( p = 0.0017) and also that the 
BOS-free survival was better with azithromycin (HR 0.27, 95% CI 0.092–0.816; 
p = 0.020), while overall survival was comparable. Patients receiving azithromycin 
also had a better FEV1 (p = 0.028) and less airway neutrophilia ( p = 0.015) over 
time. Open-label azithromycin for BOS improved FEV1 in 52.2% of the patients. No 
serious adverse events were noted. The authors concluded that azithromycin pro-
phylaxis, compared to placebo, reduces BOS prevalence 2 years after lung trans-
plantation, improves FEV1 and attenuates neutrophilic airways inflammation [29]. 

In a post hoc analysis of this study, Ruttens et al. [30] evaluated the development 
of BOS on the long term in view of the updated classification of CLAD that was 
published in 2014 [31]. This study was a retrospective, ITT analysis of the previ-
ously described randomized controlled trial comparing prophylactic treatment with 
placebo versus azithromycin [29]. CLAD, graft loss (retransplantation and mortality) 
and evolution of pulmonary function were analyzed 7 years after inclusion of the last 
study subject. During this follow-up period, 22/43 (51%) subjects in the placebo 
group and 11/40 (28%) subjects in the azithromycin group eventually developed 
CLAD ( p = 0.043), with the CLAD-free survival being significantly longer in the 
azithromycin group ( p = 0.024). No difference was found in the prevalence of 
obstructive (BOS) versus restrictive (restrictive allograft syndrome, RAS) CLAD 
between both groups. Graft loss was similar in both groups: 23/43 (53%) versus 
16/40 (40%) patients ( p = 0.27). Long-term pulmonary function and functional 
exercise capacity were significantly better in the azithromycin group ( p < 0.05). It 
was concluded that prophylactic azithromycin therapy reduced long-term CLAD 
prevalence and improved CLAD-free survival, pulmonary function, and functional 
exercise capacity [30]. 

This survival benefit with prophylactic azithromycin treatment was recently 
corroborated by Li et al. [32]. In their study, including 445 double lung transplant 
recipients, 344 received prophylactic azithromycin, starting at a median of 51 days 
after transplantation. Azithromycin was associated with improved survival (HR: 
0.59; 95% CI: 0.42–0.82; p = 0.002) and a reduced risk of baseline lung allograft 
dysfunction (BLAD), which is defined as a lower pulmonary function than what
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would be expected after lung transplantation. (Odds ratio: 0.53; 95% CI: 0.33–0.85; 
p = 0.046). The time to CLAD onset was significantly longer in the azithromycin 
treated group compared to the non-treated group ( p = 0.02); however, there was no 
clear reduction in the adjusted risk of CLAD (HR: 0.69; 95% CI: 0.47–1.03; 
p = 0.07), although there was a reduction in the severity of CLAD. The authors 
again concluded that prophylactic azithromycin improved the survival after lung 
transplantation, potentially through an improved baseline pulmonary function, 
which may also affect the prevalence and the severity of CLAD [32]. 
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1.4 Other Possible Indications for Azithromycin Treatment 
after Lung Transplantation 

Aiming to investigate the effect of azithromycin on early allograft function, Van 
Herck et al. performed a double-blind, placebo-controlled randomized study with 
azithromycin add-on versus placebo in 68 lung transplant recipients, where 
azithromycin (1000 mg) or placebo was initiated immediately before lung transplan-
tation and from the first day of transplantation on (250 mg azithromycin or placebo, 
3 times a week). Both groups comprised 34 subjects. There was no difference in 
FEV1 at 30 and 90 days after the transplantation, but the azithromycin treated 
subjects demonstrated significantly less BAL neutrophilia with lower CXCL8 levels 
[33]. Although azithromycin had no effect on the early post-transplant FEV1, i  
cannot be excluded that it might affect the best post-transplant FEV1, in agreement 
with the study from Li et al. [32]. 

The role of azithromycin in the treatment of acute cellular rejection remains 
unclear, although a positive effect has also been demonstrated in lymphocytic 
bronchiolitis (LB), which is considered as a manifestation of acute airway rejection. 
Important also is that LB was proven to be rather refractory to high dose corticoste-
roid treatment, in contrast to classical acute cellular perivascular rejection 
[34]. IL-17/CD8 cells have been demonstrated to be present in LB after lung 
transplantation, but not in acute A-grade/rejection nor during infection 
[35]. Azithromycin significantly decreased the number of IL-17+ cells in the airway 
wall, which may further explain why it reduces BAL neutrophilia (via inhibition of 
the IL-17 induced CXCL8 production in the bronchial epithelium [21]) and may 
improve FEV1 [35]. 

Since lymphocytic airway inflammation is a major risk factor for CLAD, it 
seemed logical to investigate whether azithromycin could control LB and improve 
allograft function. With this aim, Vos et al. included 15 lung transplant recipients 
with acute allograft dysfunction due to isolated LB. They were prospectively treated 
with open-label azithromycin (250 mg, 3 times a week) for at least 6 months. 
Spirometry was assessed before and up to 12 months after initiation of azithromycin. 
Radiologic features, local inflammation assessed on airway biopsy (rejection score, 
IL-17(+) cells/mm2 lamina propria), and bronchoalveolar lavage fluid (total and



differential cell counts, chemokine and cytokine levels) as well as systemic 
C-reactive (CRP) protein levels were compared between baseline and after 3 months 
of treatment. Azithromycin treatment significantly improved pulmonary function 
after 1 month. After 3 months, radiologic abnormalities, submucosal cellular inflam-
mation, bronchoalveolar lavage protein levels of different cyto- and chemokines, 
number of neutrophils and eosinophils, as well as plasma CRP levels significantly 
decreased compared to baseline ( p < 0.05). It was concluded that azithromycin 
significantly decreased LB and its associated inflammation with concomitant 
improvement in lung allograft function [36]. 
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In another study, a mixed model was fitted to examine the association between 
daily variations in air pollution, measured as particulate matter (PM)10 and A-grade 
rejection/LB on 1276 bronchoscopic biopsies in 397 patients. A difference of 10 μg/ 
m3 in PM10 3 days before diagnosis of LB had an OR of 1.15 (95% CI 1.04–1.27; 
p = 0.0044) but not with A-grade rejection. These variations in PM10 also correlated 
with BAL neutrophilia ( p = 0.013), lymphocytes ( p = 0.0031) and total cell count 
( p = 0.024), however, this effect was only present in patients not taking 
azithromycin, again proving that azithromycin may have a protective effect in this 
setting [37]. Azithromycin also protected against the development of BOS and 
mortality risk, due to traffic air pollution, again by its immunomodulatory effect, 
possibly via neutrophils [38]. 

Despite these rather overwhelming positive effects of azithromycin, either as 
prophylactic treatment or as treatment for established BOS after lung transplantation, 
there exists great variability in the clinical use of azithromycin among lung trans-
plant providers. Indeed, in a survey to capture azithromycin practices in 
103 responders (in 15 different countries) from the International Society for Heart 
and Lung Transplantation community, 36% reported inconsistency even within their 
own center. Azithromycin was prophylactically initiated by 30 responders, 10/73 
other responders waited until CLAD diagnosis was established. Most responders, 
however, initiated azithromycin after a CLAD risk-factor and/or event, including 
59 for a persistent ≥10% decline in FEV1, 32 for LB, and 27 for BAL neutrophilia 
[39]. We did not identify if there are lung transplant centers who do not use 
azithromycin for any indication, although, as already mentioned before, the recent 
guidelines on treatment of CLAD do call for an 8 week course of azithromycin, 
before being able to establish a CLAD diagnosis [18, 19, 31]. This means that almost 
every lung transplant patient will benefit from azithromycin treatment at some time 
during the course of follow up. 

2 Azithromycin in the Treatment of Sarcoidosis 

Sarcoidosis is a disease of unknown origin that involves the lungs in >90% of 
affected patients. Not every patient needs treatment, as sarcoidosis can spontane-
ously resolve, at least in earlier stages. The classical treatment, when deemed 
necessary, involves a stepwise approach, and depends on the affected organs. At



least for pulmonary sarcoidosis, the initial treatment option mostly consists of 
corticosteroids followed, if necessary, by antimetabolites such as azathioprine, 
mycophenolate, and methotrexate, or leflunomide in an attempt to taper the daily 
corticosteroid dose. The next treatment step may involve anti-TNF treatment in case 
of disease progression or toxic effects, followed by corticotropin, vasoactive intes-
tinal peptide or CLEAR (concomitant levofloxacin, ethambutol, azithromycin, and 
rifabutin), in case of insufficient response [39]. Treatment with CLEAR is based on 
the presence of mycobacterial DNA and proteins in sarcoidosis granulomas [40]. 
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The first evidence for CLEAR therapy (8 weeks) comes from a randomized, 
placebo-controlled single-masked trial in 30 subjects with symptomatic chronic 
cutaneous sarcoidosis lesions. In the ITT analysis, the CLEAR-treated group had a 
significant improvement in symptoms, along with a significant decrease in lesion 
dimeter, in granuloma burden and in lesion severity. In the CLEAR-treated group 
4/15 subjects discontinued the treatment, whereas in the placebo group 3/15 also 
stopped the treatment because of side effects [41]. 

In an open-label trial, involving 15 subjects with chronic pulmonary sarcoidosis, 
Drake et al. evaluated the effect of CLEAR therapy on forced vital capacity (FVC) as 
a primary outcome, and on change in six-minute walking distance (6MWD) and 
quality of life as secondary endpoints. Of the 15 subjects included in the study, 
11 completed 4 weeks of therapy and 8 completed 8 weeks of therapy. At 4 and 
8 weeks, FVC significantly increased with 0.23 and 0.42 L, respectively. The 
6MWD increased by 87 meters from baseline. The mean score on the St George’s 
Respiratory Questionnaire (SGRQ) significantly improved at 8 weeks. Discontinu-
ation of the CLEAR regimen in half of the subjects was due to adverse events such as 
leucopenia, arthralgia, insomnia, and rash. The authors concluded that these data 
were promising and needed to be validated by a placebo-controlled trial [42]. 

In a more recent double-blind, placebo-controlled, multicenter investigation, 
97 subjects with pulmonary sarcoidosis were randomly assigned to receive 
16 weeks of CLEAR (n = 49) or matching placebo (n = 48) in addition to their 
baseline immunosuppressive regimen. The primary outcome of this study was a 
comparison of the change in percentage of predicted FVC among the two patient 
groups. Secondary outcomes included 6MWD, SGRQ score, adverse events, and 
decrease in mycobacterial early secreted antigenic target of 6 kDa (ESAT-6) immune 
responses. The ITT analysis showed no significant differences in change in FVC 
between both groups, nor in 6MWD, whereas the change in SGRQ favored placebo 
(-8.0 for placebo vs -1.5 for CLEAR; P = 0.028). The per-protocol analysis also 
demonstrated no significant change in FVC, nor in 6MWD nor in SGRQ at 16 weeks 
between groups. A decline in ESAT-6 immune responses at 16 weeks was noted 
among CLEAR-treated group (P = 0.0003) but not subjects receiving placebo 
(P = 0.24). In the CLEAR group, 8 subjects stopped the treatment, due to toxicity, 
while only 4 in the placebo group. The number of serious adverse events was 
comparable in both groups. The authors concluded that a 16-week CLEAR regimen 
provided no benefit in FVC or 6MWD despite a significant decline in ESAT-6 
immune responses [43].
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In an open-label exploratory clinical trial, 21 patients with chronic cough due to 
sarcoidosis were treated with azithromycin, 250 mg, once daily for 3 months. Only 
5/21 were on corticosteroids, none took other immunosuppressive agents. The 
primary outcome was number of coughs in 24 h. In the 20 subjects completing the 
trial, the median number of coughs significantly decreased from a mean of 228 at 
baseline, to 122 at 1 month and 81 at 3 months. All reported outcomes improved 
(cough visual analog scale, quality of life as measured by the Leicester Cough 
Questionnaire and King’s Sarcoidosis Questionnaire [44]). 

3 Conclusion 

Azithromycin can be an important add-on treatment after lung transplantation, as it 
may improve survival and may reduce the development of CLAD, which remains 
the most important risk factor for mortality. When it should be initiated remains a 
matter of debate; either as a prophylactic add-on treatment, where it may indeed 
impact on survival and the development of CLAD, or as a treatment when CLAD is 
diagnosed, where it may (partially) reverse the decline in FEV1 at least in some 
30–35% of the patients. As a consequence, a treatment trial with azithromycin of at 
least 8 weeks before CLAD can be definitely diagnosed, is now implemented in the 
most recent guidelines. Overall, the treatment seems safe and well tolerated by most 
of the patients. 

Whether azithromycin has any effect in pulmonary sarcoidosis is unclear. Open-
label studies suggest it may improve the FVC as a part of CLEAR therapy, but a 
recent placebo-controlled trial was negative, suggesting that further studies may be 
needed. There may still be a role in the treatment of sarcoidosis-induced cough, 
although these data needs validation with a placebo-controlled trial [45]. 
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Macrolides for Rhinosinusitis and Nasal 
Polyps 
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Abstract Low-dose and long-term administration of a 14- or 15-membered ring 
macrolide (macrolide therapy) is well known to be effective in the treatment of 
chronic airway inflammatory diseases, including diffuse panbronchiolitis, chronic 
rhinosinusitis (CRS), and cystic fibrosis. The mechanism of action of macrolide 
therapy is probably immunomodulatory rather than antibacterial. In CRS, macrolide 
therapy appears to be particularly effective when there is neutrophil-dominant (T17) 
inflammation, and where there is mucus hypersecretion with nasal discharge and 
posterior rhinorrhea. However, macrolide therapy is not very effective for CRS with 
eosinophil-dominant (T2) inflammation, characterized by serum and tissue 
eosinophilia. 
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ILC innate lymphoid cell 
IFN interferon 
IL interleukin 
RXM roxithromycin 
T1 Type 1 
T2 Type 2 
T17 Type 17 
TNF-α tumor necrosis factor-α 

1 Introduction 

Chronic rhinosinusitis (CRS) is a prolonged inflammatory condition of the nose and 
the paranasal sinuses characterized by two or more sinonasal symptoms, including 
nasal obstruction, nasal discharge, facial pain, and loss of smell for more than 
12 weeks [1]. The CRS prevalence in the population has been estimated to be 
between 5.5% and 28% [2–4]. CRS is a multifactorial disease with no single etiology 
but rather is a complex interplay of factors, including genetic, nutritional, environ-
mental, anatomic, infectious, and allergic predisposition. CRS was conventionally 
divided into two clinical phenotypes based on the endoscopic findings, CRSwNP or 
CRSsNP (chronic rhinosinusitis with or without nasal polyps). CRSwNPs generally 
have a greater disease burden than CRSsNPs in terms of severity, recurrence, 
frequent exacerbations, and less response to conventional therapy [5]. CRS endotype 
classification has been based on the biomarkers derived from canonical pathophys-
iology, such as type 1 (T1), type 2 (T2), and/or type 17 (T17) inflammation. The T1 
immune response is classically observed with intracellular microbes and viruses 
stimulating T1 cytokines, e.g., interferon (IFN)-γ produced by T1 cells and innate 
lymphoid cell (ILC1). T2 inflammation is caused by adaptive and innate immune 
responses, and is characterized by T2 cytokines, including interleukin (IL)-4, 5, 13 
secreted from T2 cells, mast cells, and ILC2 to directly and indirectly induce 
eosinophilic inflammation. T17 inflammation is associated with the immune reaction 
to the bacteria and fungi to promote neutrophilic inflammation, and is characterized 
by the Treg/T17 cytokines, IL-17, IL-21, and IL-22, produced from T17 cells and 
ILC3. Among these inflammatory pathways, it is suggested that the T2-dominant 
endotype is associated with the refractory CRS subtype [6], and is characterized by 
eosinophilia, olfactory dysfunction, and comorbidity with asthma. EPOS2020 pro-
posed to classify primary CRS to T2 or non-T2-dominant endotypes based on 
biomarkers such as serum and tissue eosinophils [1]. Treatments targeting T2 
inflammation in CRS include corticosteroids and biologics, such as an anti-IL-4 
receptor α monoclonal antibody, dupilumab. CRS endotypes are thought to be 
influenced by genetics, geography, age, and environment. The primary inflammation 
type of CRS in Europe, the United States, and Asia is thought to differ, with a higher 
European proportion having T2 inflammation compared to Asians [7, 8]. The T2



mucosal inflammation presence in CRS varies from about 15%–85%, depending on 
geographic region and “ethnicity” [8–14]. However, it is not always possible to 
classify CRS endotypes in clinical practice, and some present have a mixture of 
endotype biomarkers [6, 15]. 
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Macrolide antibiotics are a group of antibacterial agents with a distinctive mac-
rocyclic lactone ring combined with sugars. They are active against many Gram-
positive and some Gram-negative bacteria. In addition to antibacterial activity, these 
compounds exert immunomodulatory activities in vitro and in vivo through 
inhibiting inflammatory cell migration and inflammatory cytokine and chemokine 
production [16–20]. Macrolide antibiotics, especially the 14- and 15-membered ring 
macrolides, are used to treat chronic airway inflammatory diseases, such as diffuse 
panbronchiolitis (DPB), CRS, and cystic fibrosis [21, 22]. Studies have revealed that 
the immunomodulatory actions, not the antibacterial action of macrolides, are 
responsible for their clinical efficacy in CRS [16–24]. 

2 Progress in Macrolide Therapy for CRS 

Long-term treatment with a low-dose macrolide treatment (macrolide therapy) for 
CRS was developed in Japan. Macrolide therapy has since been recognized in many 
countries as evidence-based therapy [25, 26]. Kudoh et al. first reported the clinical 
effectiveness of low-dose, long-term erythromycin (EM) treatment in 18 DPB 
patients. The introduction of macrolide therapy for DPB increased the 5-year 
survival rate for DPB to 91.4% between 1985 and 1990 [27]. 

The response to macrolide therapy suggests an immunomodulatory effect as 
(1) low-dose treatment is sufficient for a therapeutic response, (2) long-term 
(at least 1–3 months) treatment is required, and (3) treatment is also effective against 
macrolide-resistant bacteria, such as Pseudomonas aeruginosa. Many investigators 
have demonstrated that macrolides exhibit immunomodulatory activities [20], 
including inhibiting mucus hypersecretion [28] affecting ion transport [29]; improv-
ing mucociliary clearance [30]; inhibiting inflammatory cytokine/chemokine pro-
duction [31]; transcription factor suppression and inflammatory cytokine/chemokine 
gene expression [32]; effects on inflammatory cells, fibroblasts, and epithelial cells 
[33–35]; and decreasing bacterial quorum-sensing, twitching motility, and biofilm 
formation [36, 37]. 

DPB is a sinobronchial syndrome often associated with refractory CRS. Suzaki 
et al. investigated the effects of low-dose, long-term EM treatment for CRS compli-
cated by DPB in 38 patients aged 17–79 years (mean 50.7 years). All patients were 
treated with EM at 600 mg/day for 6–66 months (mean 20.8 months). The lower 
airway symptom improvement rate was 84.2% and that of sinonasal symptoms in 
CRS associated with DPB was 71% [38]. Subsequently, this group reported the 
clinical efficacy of low-dose, long-term administration of EM (400–600 mg/day for 
3–19 months) in a study of 26 patients with intractable CRS without DPB, who did 
not benefit from surgery or standard therapies [39] and the same group also
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demonstrated benefit with the low-dose, long-term administration efficacy of EM 
(400–600 mg/day for adults and 200–300 mg/day for children for 3–27 months) in 
130 refractory CRS patients including 21 children [40]. Long-term treatment of CRS 
with low-dose roxithromycin (RXM) and clarithromycin (CAM) had good efficacy 
in most reports [41, 42]. In 2007, the Japan Rhinologic Society proposed guidelines 
for the treatment of CRS with a strong recommendation to use macrolide therapy 
(Table 1) [43]. 
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Table 1 Macrolide therapy recommendations for chronic rhinosinusitis in Japan [43] 

14-membered macrolides; erythromycin (EM), clarithromycin (CAM), 
roxithromycin (RXM) 

2. Indication: (1) Cases with hypersecretory symptoms such as nasal discharge and/or 
postnasal drip(2) Postoperative cases 

3. Daily dosage: As a rule, one-half of the usual dose.Adult: EM (400–600 mg/day), 
CAM (200 mg/day), RXM (150 mg/day) Child: EM (10 mg/kg/day), 
CAM (5 mg/kg/day) 
Except for the following cases: a. In cases with severe clinical symptoms, 
macrolides should be administered at the usual dosage initially. b. In 
cases of acute exacerbation, macrolides should be increased to the usual 
dosage, or switched to other antibiotics. 

4. Duration of 
therapy: 

As a rule, macrolide therapy is administered for 3 months. 
(1) Responders If adequate response has been obtained, the therapy 
should be suspended. 
(2) Non-responders If the patients failed to improve clinical condition, 
the drug should be switched to other antibiotics or alternative therapies 
including surgery. 

5. Clinical 
assessment: 

Assessment of clinical efficacy should be based primarily on improve-
ments in subjective symptoms. 
Radiological findings are informative, but they are not suitable for 
clinical assessment. 

6. Relapse of 
symptoms: 

About half of patients experience relapse of symptoms after discontinu-
ation of the therapy. 
Such patients often respond to readministration of macrolide therapy. 
Patients with multicycles of relapse and remission, at short intervals, may 
require alternative therapies, including surgery. 

7. Poor responders: (1) Type I allergic inflammation(2) Acute exacerbation(3) Large nasal 
polyps and severe obstruction of the middle nasal meatus(4) Type 2 pre-
dominant chronic rhinosinusitis characterized by serum and tissue 
eosinophilia, high serum IgE levels, and asthma co-existence 

8. Combination 
therapies: 

Macrolide therapy could be more effective in combination with endo-
scopic sinus surgery and nasal irrigation. 

9. Clinical 
precautions: 

Pay sufficient attention to cross-reaction, which may occur with some 
anti-allergic drug. 

The 15-membered ring macrolide/azalide azithromycin (AZM) has immunomod-
ulatory effects similar to those of EM, CAM, and RXM, and good clinical response 
has been demonstrated with low-dose, long-term AZM administration for CF in the 
United States and Europe [44]. A multinational randomized controlled trial showed 
the clinical efficacy of low-dose, long-term AZM administration (250 mg or 500 mg



three times a week for 6 months) for primary ciliary dyskinesia in Europe. However, 
the study showed no significant improvement in sinonasal symptoms as measured by 
QOL-PCD questionnaire. The reason for the lack of improvement might be that 
patients included in the study had more severe symptoms, making it difficult to 
achieve significant improvement [45]. The 16-membered ring macrolides, including 
josamycin, do not exhibit immunomodulatory effects [26, 28]. 
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Cervin et al. [46] from Sweden reported that 1-year EM administration improved 
symptoms, mucociliary transport, and endoscopic findings in patients with persistent 
CRS after surgery. In the first double-blind, randomized, placebo-controlled study of 
macrolide CRS therapy, subjects were given RXM 150 mg/day for 3 months to treat 
CRSsNP. This treatment resulted in improved Sinonasal Outcome Test-20 (SNOT-
20) scores, saccharin transit time, and nasal endoscopic findings in the RXM group 
compared to the placebo group [47]. The pathophysiological CRS background is that 
most CRSwNP cases are accompanied by high IgE levels and severe eosinophilic 
inflammation; however, the benefit of macrolides was best seen in patients with low 
serum IgE levels. 

The evidence-based guideline for CRS established by the European Position 
Paper on Rhinosinusitis and Nasal Polyps (EPOS) 2007 and separately, the British 
Society for Allergy and Clinical Immunology designated low-dose, long-term 
macrolide therapy as a strong grade-A recommendation for CRSsNP treatment 
based on the results of this placebo-controlled study [48, 49]. Macrolide therapy, 
local corticosteroid treatment, and nasal irrigation are recommended for moderate/ 
severe CRSsNP. 

However, in EPOS 2012 [50], the grade-A designation for macrolide therapy was 
reduced to grade C based on a randomized clinical trial of AZM 500 mg/week for 
3 months) [51]. However, this study included patients with high IgE levels, nasal 
polyposis, and asthma, against which macrolide therapy is ineffective. It has been 
reported that macrolide therapy is most effective against neutrophilic inflammation, 
including non-T2-dominant inflammation; however, its effect on eosinophilic 
inflammation is limited. 

A systematic review and meta-analysis of macrolide therapy in CRS assessed the 
prognostic factors that predict favorable outcomes: CRS phenotypes; specifically, 
CRSwNP or CRSsNP, serum IgE, size of the macrolide lactone ring, concurrent 
endoscopic sinus surgery (ESS), and macrolide dosage and duration. Subgroup 
analysis revealed that low-dose macrolide administration was clinically effective 
in CRSsNP, and macrolide therapy for at least 24 weeks was more effective than 
shorter duration therapy [52]. They also concluded that macrolide therapy success 
was not associated with serum IgE, size of the lactone ring, concurrent ESS, and 
dosage of macrolides. The EPOS 2020 Steering Group using the Grading of 
Recommendations Assessment, Development and Evaluation (GRADE) system 
gave the overall recommendation for long-term systemic antibiotics as “uncertain” 
due to the relatively low quality of available evidence [1] and this included 
macrolide therapy. The International Consensus Statement on Allergy and 
Rhinology: rhinosinusitis 2021 positions macrolide therapy as a treatment option 
for CRSsNP and CRSwNP, especially in persons with nasal polyps and



neutrophil-dominant inflammation with poor response to corticosteroids [53]. Appro-
priate patient selection for CRS macrolide therapy is thought to be important for 
good therapeutic efficacy, and future pathogenesis and identification analysis of 
biomarkers useful for predicting therapeutic efficacy in CRS is expected. The
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Table 2 Evidence of macrolide therapy on adult patients with CRS 

Study Year Method Participants Macrolides Main results 

Suzaki 
et al. [38] 

1990 Prospective 
open study 

38 CRS 
Complicated 
by DPB 

EM Lower airway symp-
toms improved 84.2% 
and sinonasal symp-
toms improved 71.0% 

Kikuchi 
et al. [39] 

1991 Prospective 
open study 

26 CRS EM Improvement in 
sinonasal symptoms 
and endoscopic 
findings. 

Kikuchi 
et al. [40] 

1992 Prospective 
open study 

109 CRS EM Improvement in 
sinonasal symptoms 
and endoscopic 
findings. 

Hashiba 
et al. [54] 

1997 Single-
blind study 

59 CRS CAM vs. EM CAM was significantly 
more effective when 
compared to EM. 

Cervin 
et al. [46] 

2002 Prospective 
open study 

17 CRS EM Significant improve-
ment on symptom VAS 
scale, endoscopic find-
ing and saccharin tran-
sit time. Trend toward 
an increase in nasal 
nitric oxide.No signifi-
cant effect on ciliary 
beat frequency. 

Wallwork 
et al. [47] 

2006 Double-
blind pla-
cebo control 
study 

64 CRSsNP RXM vs. placebo Significant improve-
ment on SNOT-20, 
endoscopic finding, and 
saccharin transit time. 
Subgroup analysis on 
low vs high IgE levels 
found a 93% improve-
ment in the low IgE 
group. 

Videler 
et al. [51] 

2011 Double-
blind pla-
cebo control 
study 

60 CRSwNP 
and CRSsNP 

AZM vs. placebo No significant effects. 

AZM azithromycin; CAM clarithromycin; CRS chronic rhinosinusitis; CRSwNP chronic 
rhinosinusitis with nasal polyps; CRSsNP chronic rhinosinusitis without nasal polyps; DPB diffuse 
panbronchiolitis; EM erythromycin; PNIF peak nasal inspiratory flow; roxythromycin; SNOT 
Sinonasal Outcome Test; VAS visual analog scale



progress and evidence of macrolide therapy on adult CRS are summarized in 
Table 2.
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3 The Therapeutic Mechanism of Macrolides on CRS 

EM, CAM, and RXM are used to treat CRS in Japan [25, 26], as previously 
described. There is a better clinical response to CRS with CAM (400 mg/day) 
compared to EM (600 mg/day) based on a single-blind study [54]. However, clinical 
efficacy comparisons among macrolides to treat CRS have rarely been reported, and 
thus which agent is most effective is uncertain. Macrolides have been shown to 
inhibit viral attachment, infection, reproduction, and accentuate the host’s antiviral 
defenses [55–58]. The sites of action of CRS macrolide therapy are shown in Fig. 1. 
As discussed in other chapters, macrolides have immunomodulatory properties to 
suppress proinflammatory cytokines and chemokines [23, 31, 59–61]. 

Macrolide therapy decreases CXCL8 in CRS nasal lavage ameliorating neutro-
phil inflammation [47, 60, 62] by inhibiting neutrophil chemotaxis and recruitment 
[28, 63, 64]. Macrolides are also reported to block airway epithelial nasal gland cells 
Cl- channels, which can decrease water and mucin secretion and enhance ciliary 
clearance [20, 28, 65–68]. Macrolide therapy appears to be most effective in persons 
with CRS who have neutrophilic predominant inflammation, mucus hypersecretion, 
and a history of sinus surgery [69–73]. However, macrolide therapy is less effective 
for patients with CRS who have large nasal polyps and T2 inflammation marked by 
asthma, aspirin intolerance, and eosinophilia; also known as Samter’s triad [74– 
76]. CRS with predominant T2 inflammation is usually treated with topical and/or 
systemic corticosteroids, sinus surgery, and occasionally biologic agents targeting 
T2 inflammation. 

Reactive oxygen species and free radicals contribute to local tissue damage. 
Macrolides inhibit reactive oxygen species production by neutrophils and fibroblasts 
[77–79]. Inflammatory cytokine production, e.g., IL-1β and TNF-α production, is 
modulated by circadian rhythms, and this is modulated in part, by plasma cortico-
steroid concentration. Macrolides may act on the hypothalamus–pituitary system to 
enhance endogenous corticosterone production in the adrenal cortex [80]. Immuno-
logically, the effects of macrolides on CRS may be expected to modulate inflam-
matory immune responses and tissue damage factor production, resulting in 
improvement of the condition and suppression of prolonged disease. 

4 Macrolide Therapy in Children 

CRS is less common in children at 2.1–4% [1, 81–84], but the negative impact on 
quality of life is similar to that in adults [81, 85]. The primary causes of CRS in 
children and adults are thought to differ, with environmental tobacco smoke and
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adenoid hypertrophy as a reservoir of pathogenic bacteria and/or a cause of nasal 
obstruction being more important in children [1]. Macrolide therapy appears to be 
effective in treating CRS in children although studies in children are limited 
[26]. The benefit of adding macrolide therapy to intranasal corticosteroids and saline 
irrigation was shown in a retrospective study of a small number of children with CRS 
who have failed conventional therapy [86]. The macrolide dose for children is half 
the usual EM dose at 10 mg/kg and CAM at 6 mg/kg. In children, acute exacerba-
tions due to bacterial infection can occur during therapy and thus there may be a 
benefit to add an antibiotic directed against the etiologic bacterial pathogen. The 
duration of macrolide administration should be as short as possible since pediatric 
CRS may resolve spontaneously. ESS is performed less frequently in children 
because of concerns about the effect on facial bone development. EPOS2020 
proposed that saline irrigation and nasal corticosteroid therapy are acceptable con-
ventional treatments for pediatric CRS patients, but there was a lack of evidence to 
support macrolide adjunctive therapy [1]. 
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5 Conclusion 

Macrolide therapy is useful in non-eosinophilic (non-T2) CRS treatment due, in part, 
to immunomodulation. Macrolide therapy should be initiated for the treatment of 
CRS patients with mucopurulent rhinorrhea lasting more than 1 month, and the drug 
should be discontinued if efficacy is not observed 2 months after administration. 
Care should be taken to avoid unnecessary prolonged macrolide use since macrolide 
therapy is not uniformly effective in CRS. Attempts should be made to identify the 
endotype of each patient and consider macrolide therapy in combination with other 
drugs and surgical treatment as indicated. 

Declarations None. 

Conflict of Interest The authors declare no conflicts of interest in association with 
the present study. 

Funding This research was funded, in part, by a grant from the Denny Hamlin 
Foundation. 

Authors’ contributions I.S. collected data and prepared the article. 

Acknowledgments Not applicable. 

Ethical Approval This chapter does not contain any studies with human partici-
pants performed by any of the authors.



216 I. Suzaki

References 

1. Fokkens WJ, Lund VJ, Hopkins C, Hellings PW, Kern R, Reitsma S, et al. European position 
paper on rhinosinusitis and nasal polyps 2020. Rhinology. 2020;58:1–464. https://doi.org/10. 
4193/Rhin20.600. 

2. Hastan D, Fokkens WJ, Bachert C, Newson RB, Bislimovska J, Bockelbrink A, et al. Chronic 
rhinosinusitis in Europe–an underestimated disease. A GA2 LEN study. Allergy. 2011;66:1216– 
23. https://doi.org/10.1111/j.1398-9995.2011.02646.x. 

3. Hirsch AG, Stewart WF, Sundaresan AS, Young AJ, Kennedy TL, Scott Greene J, et al. Nasal 
and sinus symptoms and chronic rhinosinusitis in a population-based sample. Allergy. 2017;72: 
274–81. https://doi.org/10.1111/all.13042. 

4. Pilan RR, Pinna FR, Bezerra TF, Mori RL, Padua FG, Bento RF, et al. Prevalence of chronic 
rhinosinusitis in Sao Paulo. Rhinology. 2015;70:533–9. https://doi.org/10.1111/all.12577. 

5. Akdis CA, Bachert C, Cingi C, Dykewicz MS, Hellings PW, Naclerio RM, et al. Endotypes and 
phenotypes of chronic rhinosinusitis: a PRACTALL document of the European academy of 
allergy and clinical immunology and the american academy of allergy, asthma & immunology. 
J Allergy Clin Immunol. 2013;131:1479–90. https://doi.org/10.1016/j.jaci.2013.02.036. 

6. Kato A, Peters AT, Stevens WW, Schleimer RP, Tan BK, Kern RC. Endotypes of chronic 
rhinosinusitis: relationships to disease phenotypes, pathogenesis, clinical findings, and treat-
ment approaches. Allergy. 2022;77:812–26. https://doi.org/10.1111/all.15074. 

7. Staudacher AG, Peters AT, Kato A, Stevens WW. Use of endotypes, phenotypes, and inflam-
matory markers to guide treatment decisions in chronic rhinosinusitis. Ann Allergy Asthma 
Immunol. 2020;124:318–25. https://doi.org/10.1016/j.anai.2020.01.013. 

8. Wang X, Zhang N, Bo M, Holtappels G, Zheng M, Lou H, et al. Diversity of T(H) cytokine 
profiles in patients with chronic rhinosinusitis: a multicenter study in Europe, Asia, and 
Oceania. J Allergy Clin Immunol. 2016;138:1344–53. https://doi.org/10.1016/j.jaci.2016. 
05.041. 

9. Tomassen P, Vandeplas G, Van Zele T, Cardell LO, Arebro J, Olze H, et al. Inflammatory 
endotypes of chronic rhinosinusitis based on cluster analysis of biomarkers. J Allergy Clin 
Immunol. 2016;137:1449–56.e4. https://doi.org/10.1016/j.jaci.2015.12.1324. 

10. Zhang Y, Gevaert E, Lou H, Wang X, Zhang L, Bachert C, et al. Chronic rhinosinusitis in Asia. 
J Allergy Clin Immunol. 2017;140:1230–9. https://doi.org/10.1016/j.jaci.2017.09.009. 

11. Wang ET, Zheng Y, Liu PF, Guo LJ. Eosinophilic chronic rhinosinusitis in east Asians. World J 
Clin Cases. 2014;2:873–82. https://doi.org/10.12998/wjcc.v2.i12.873. 

12. Cao PP, Li HB, Wang BF, Wang SB, You XJ, Cui YH, et al. Distinct immunopathologic 
characteristics of various types of chronic rhinosinusitis in adult Chinese. J Allergy Clin 
Immunol. 2009;124:478–84. 

13. Zhang N, Van Zele T, Perez-Novo C, Van Bruaene N, Holtappels G, DeRuyck N, et al. 
Different types of T-effector cells orchestrate mucosal inflammation in chronic sinus disease. 
J Allergy Clin Immunol. 2008;122:961–8. https://doi.org/10.1016/j.jaci.2008.07.008. 

14. Tokunaga T, Sakashita M, Haruna T, Asaka D, Takeno S, Ikeda H, et al. Novel scoring system 
and algorithm for classifying chronic rhinosinusitis: the JESREC study. Allergy. 2015;70:995– 
1003. https://doi.org/10.1111/all.12644. 

15. Stevens WW, Peters AT, Tan BK, Klingler AI, Poposki JA, Hulse KE, et al. Associations 
between inflammatory endotypes and clinical presentations in chronic rhinosinusitis. J Allergy 
Clin Immunol Pract. 2019;7:2812–20.e3. https://doi.org/10.1016/j.jaip.2019.05.009. 

16. Asano K, Suzuki M, Shimane T, Suzaki H. Suppression of co-stimulatory molecule expressions 
on splenic B lymphocytes by a macrolide antibiotic, roxithromycin in vitro. Int 
Immunopharmacol. 2001;1:1385–92. https://doi.org/10.1016/s1567-5769(01)00070-4. 

17. Suzaki H, Asano K, Yu M, Hisamitsu T. Influence of roxithromycin on inflammatory cytokine 
production from nasal polyp fibroblasts in vitro. Acta Otolaryngol. 2003;123:637–42. https:// 
doi.org/10.1080/0001648021000028132.

https://doi.org/10.4193/Rhin20.600
https://doi.org/10.4193/Rhin20.600
https://doi.org/10.1111/j.1398-9995.2011.02646.x
https://doi.org/10.1111/all.13042
https://doi.org/10.1111/all.12577
https://doi.org/10.1016/j.jaci.2013.02.036
https://doi.org/10.1111/all.15074
https://doi.org/10.1016/j.anai.2020.01.013
https://doi.org/10.1016/j.jaci.2016.05.041
https://doi.org/10.1016/j.jaci.2016.05.041
https://doi.org/10.1016/j.jaci.2015.12.1324
https://doi.org/10.1016/j.jaci.2017.09.009
https://doi.org/10.12998/wjcc.v2.i12.873
https://doi.org/10.1016/j.jaci.2008.07.008
https://doi.org/10.1111/all.12644
https://doi.org/10.1016/j.jaip.2019.05.009
https://doi.org/10.1016/s1567-5769(01)00070-4
https://doi.org/10.1080/0001648021000028132
https://doi.org/10.1080/0001648021000028132


Macrolides for Rhinosinusitis and Nasal Polyps 217

18. Furuya A, Asano K, Shoji N, Hirano K, Hamasaki T, Suzaki H. Suppression of nitric oxide 
production from nasal fibroblasts by metabolized clarithromycin in vitro. J Inflamm. 2010;7:56. 
https://doi.org/10.1186/1476-9255-7-56. 

19. Suzaki I, Asano K, Kanei A, Suzaki H. Enhancement of thioredoxin production from nasal 
epithelial cells by the macrolide antibiotic, clarithromycin in vitro. In Vivo. 2013;27:351–6. 

20. Kanoh S, Rubin BK. Mechanisms of action and clinical application of macrolides as immuno-
modulatory medications. Clin Microbiol Rev. 2010;23:590–615. https://doi.org/10.1128/cmr. 
00078-09. 

21. Keicho N, Kudoh S. Diffuse panbronchiolitis: role of macrolides in therapy. Am J Respir Med. 
2002;1:119–31. https://doi.org/10.1007/bf03256601. 

22. Rubin BK, Henke MO. Immunomodulatory activity and effectiveness of macrolides in chronic 
airway disease. Chest. 2004;125:70s–8s. https://doi.org/10.1378/chest.125.2_suppl.70s. 

23. Culić O, Eraković V, Parnham MJ. Anti-inflammatory effects of macrolide antibiotics. Eur J 
Pharmacol. 2001;429:209–29. https://doi.org/10.1016/s0014-2999(01)01321-8. 

24. Kwiatkowska B, Maślińska M. Macrolide therapy in chronic inflammatory diseases. Med Inf. 
2012;2012:636157. https://doi.org/10.1155/2012/636157. 

25. Suzaki H. Clinical study and action mechanisms of macrolide therapy for chronic rhinosinusitis. 
Asian Rhinol J. 2013;1:14–20. 

26. Shimizu T, Suzaki H. Past, present and future of macrolide therapy for chronic rhinosinusitis in 
Japan. Auris Nasus Larynx. 2016;43:131–6. https://doi.org/10.1016/j.anl.2015.08.014. 

27. Kudoh S, Azuma A, Yamamoto M, Izumi T, Ando M. Improvement of survival in patients with 
diffuse panbronchiolitis treated with low-dose erythromycin. Am J Respir Crit Care Med. 
1998;157:1829–32. https://doi.org/10.1164/ajrccm.157.6.9710075. 

28. Shimizu T, Shimizu S, Hattori R, Gabazza EC, Majima Y. In vivo and in vitro effects of 
macrolide antibiotics on mucus secretion in airway epithelial cells. Am J Respir Crit Care Med. 
2003;168:581–7. https://doi.org/10.1164/rccm.200212-1437OC. 

29. Tamaoki J, Isono K, Sakai N, Kanemura T, Konno K. Erythromycin inhibits cl secretion across 
canine tracheal epithelial cells. Eur Respir J. 1992;5:234–8. 

30. Tamaoki J, Chiyotani A, Sakai N, Takeyama K, Takizawa T. Effect of erythromycin on ciliary 
motility in rabbit airway epithelium in vitro. J Antimicrob Chemother. 1992;29:173–8. https:// 
doi.org/10.1093/jac/29.2.173. 

31. Takizawa H, Desaki M, Ohtoshi T, Kawasaki S, Kohyama T, Sato M, et al. Erythromycin 
modulates IL-8 expression in normal and inflamed human bronchial epithelial cells. Am J 
Respir Crit Care Med. 1997;156:266–71. 

32. Desaki M, Takizawa H, Ohtoshi T, Kasama T, Kobayashi K, Sunazuka T, et al. Erythromycin 
suppresses nuclear factor-kappaB and activator protein-1 activation in human bronchial epithe-
lial cells. Biochem Biophys Res Commun. 2000;267:124–8. https://doi.org/10.1006/bbrc.1999. 
1917. 

33. Kanai K, Asano K, Hisamitsu T, Suzaki H. Suppression of matrix metalloproteinase production 
from nasal fibroblasts by macrolide antibiotics in vitro. Eur Respir J. 2004;23:671–8. https://doi. 
org/10.1183/09031936.04.00057104. 

34. Ichikawa Y, Ninomiya H, Koga H, Tanaka M, Kinoshita M, Tokunaga N, et al. Erythromycin 
reduces neutrophils and neutrophil-derived elastolytic-like activity in the lower respiratory tract 
of bronchiolitis patients. Am Rev Respir Dis. 1992;146:196–203. https://doi.org/10.1164/ 
ajrccm/146.1.196. 

35. Kikuchi T, Hagiwara K, Honda Y, Gomi K, Kobayashi T, Takahashi H, et al. Clarithromycin 
suppresses lipopolysaccharide-induced interleukin-8 production by human monocytes through 
AP-1 and NF-kappa B transcription factors. J Antimicrob Chemother. 2002;49:745–55. https:// 
doi.org/10.1093/jac/dkf008. 

36. Tateda K, Comte R, Pechere JC, Köhler T, Yamaguchi K, Van Delden C. Azithromycin inhibits 
quorum sensing in Pseudomonas aeruginosa. Antimicrob Agents Chemother. 2001;45:1930–3. 
https://doi.org/10.1128/aac.45.6.1930-1933.2001.

https://doi.org/10.1186/1476-9255-7-56
https://doi.org/10.1128/cmr.00078-09
https://doi.org/10.1128/cmr.00078-09
https://doi.org/10.1007/bf03256601
https://doi.org/10.1378/chest.125.2_suppl.70s
https://doi.org/10.1016/s0014-2999(01)01321-8
https://doi.org/10.1155/2012/636157
https://doi.org/10.1016/j.anl.2015.08.014
https://doi.org/10.1164/ajrccm.157.6.9710075
https://doi.org/10.1164/rccm.200212-1437OC
https://doi.org/10.1093/jac/29.2.173
https://doi.org/10.1093/jac/29.2.173
https://doi.org/10.1006/bbrc.1999.1917
https://doi.org/10.1006/bbrc.1999.1917
https://doi.org/10.1183/09031936.04.00057104
https://doi.org/10.1183/09031936.04.00057104
https://doi.org/10.1164/ajrccm/146.1.196
https://doi.org/10.1164/ajrccm/146.1.196
https://doi.org/10.1093/jac/dkf008
https://doi.org/10.1093/jac/dkf008
https://doi.org/10.1128/aac.45.6.1930-1933.2001


218 I. Suzaki

37. Yanagihara K, Tomono K, Imamura Y, Kaneko Y, Kuroki M, Sawai T, et al. Effect of 
clarithromycin on chronic respiratory infection caused by Pseudomonas aeruginosa with bio-
film formation in an experimental murine model. J Antimicrob Chemother. 2002;49:867–70. 
https://doi.org/10.1093/jac/dkf013. 

38. Suzaki H, Kudoh S, Oritsu S, Kurashima A, Nagai H. The effects of low-dose long-term 
erythromycin administration treatment on chronic rhinosinusitis complicated by diffuse 
panbronchiolitis. Ther Res. 1990;11:29–31. [in Japanese] 

39. Kikuchi S, Suzaki H, Aoki A, Ito O, Nomura Y. Clinical effect of long-term low-dose 
erythromycin therapy for chronic sinusitis. Pract Otorhinolaryngol. 1991;84:41–7. 
[in Japanese]. https://doi.org/10.5631/jibirin.84.41. 

40. Kikuchi S, Yamasoba T, Suzaki H, Aoki A, Hara M, Nomura Y. Long-term low-dose 
erythromycin therapy for chronic sinusitis practica oto-rhino-laryngologica 1992;85:1245– 
1252. [in Japanese] doi:https://doi.org/10.5631/jibirin.85.1245. 

41. Ohyama M, Ueno K, Matsune S, Hanamure Y, Tsurumaru H. Current status on macrolide 
therapy in chronic sinusitis. Pract Otorhinolaryngol. 1999;92:571–82. [in Japanese]. https://doi. 
org/10.5631/jibirin.92.571. 

42. Majima Y. Clinical implications of the immunomodulatory effects of macrolides on sinusitis. 
Am J Med. 2004;117:20–5. https://doi.org/10.1016/j.amjmed.2004.07.025. 

43. Japan Rhinologic Society. Macrolide therapy. In: The handbook of management of chronic 
rhinosinusitis. Tokyo: Kanehara Press; 2007. p. 49–51. [in Japanese]. 

44. Southern KW, Barker PM. Azithromycin for cystic fibrosis. Eur Respir J. 2004;24(5):834–8. 
https://doi.org/10.1183/09031936.04.00084304. 

45. Kobbernagel HE, Buchvald FF, Haarman EG, Casaulta C, Collins SA, Hogg C, et al. Efficacy 
and safety of azithromycin maintenance therapy in primary ciliary dyskinesia (BESTCILIA): a 
multicentre, double-blind, randomised, placebo-controlled phase 3 trial. Lancet Respir Med. 
2020;8:493–505. https://doi.org/10.1016/s2213-2600(20)30058-8. 

46. Cervin A, Kalm O, Sandkull P, Lindberg S. One-year low-dose erythromycin treatment of 
persistent chronic sinusitis after sinus surgery: clinical outcome and effects on mucociliary 
parameters and nasal nitric oxide. Otolaryngol Head Neck Surg. 2002;126:481–9. https://doi. 
org/10.1067/mhn.2002.124849. 

47. Wallwork B, Coman W, Mackay-Sim A, Greiff L, Cervin A. A double-blind, randomized, 
placebo-controlled trial of macrolide in the treatment of chronic rhinosinusitis. Laryngoscope. 
2006;116:189–93. https://doi.org/10.1097/01.mlg.0000191560.53555.08. 

48. Fokkens W, Lund V, Mullol J. EP3OS 2007: European position paper on rhinosinusitis and 
nasal polyps 2007. A summary for otorhinolaryngologists. Rhinology. 2007;45:97–101. 

49. Scadding GK, Durham SR, Mirakian R, Jones NS, Drake-Lee AB, Ryan D, et al. BSACI 
guidelines for the management of rhinosinusitis and nasal polyposis. Clin Exp Allergy. 
2008;38:260–75. https://doi.org/10.1111/j.1365-2222.2007.02889.x. 

50. Fokkens WJ, Lund VJ, Mullol J, Bachert C, Alobid I, Baroody F, et al. EPOS 2012: European 
position paper on rhinosinusitis and nasal polyps 2012. A summary for otorhinolaryngologists. 
Rhinology. 2012;50(1):1–12. https://doi.org/10.4193/Rhino12.000. 

51. Videler WJ, Badia L, Harvey RJ, Gane S, Georgalas C, van der Meulen FW, et al. Lack of 
efficacy of long-term, low-dose azithromycin in chronic rhinosinusitis: a randomized controlled 
trial. Allergy. 2011;66:1457–68. https://doi.org/10.1111/j.1398-9995.2011.02693.x. 

52. Seresirikachorn K, Suwanparin N, Srisunthornphanich C, Chitsuthipakorn W, 
Kanjanawasee D, Snidvongs K. Factors of success of low-dose macrolides in chronic sinusitis: 
systematic review and meta-analysis. Laryngoscope. 2019;129:1510–9. https://doi.org/10. 
1002/lary.27865. 

53. Orlandi RR, Kingdom TT, Smith TL, Bleier B, DeConde A, Luong AU, et al. International 
consensus statement on allergy and rhinology: rhinosinusitis 2021. I Int Forum Allergy Rhinol. 
2021;11:213–739. https://doi.org/10.1002/alr.22741.

https://doi.org/10.1093/jac/dkf013
https://doi.org/10.5631/jibirin.84.41
https://doi.org/10.5631/jibirin.85.1245
https://doi.org/10.5631/jibirin.92.571
https://doi.org/10.5631/jibirin.92.571
https://doi.org/10.1016/j.amjmed.2004.07.025
https://doi.org/10.1183/09031936.04.00084304
https://doi.org/10.1016/s2213-2600(20)30058-8
https://doi.org/10.1067/mhn.2002.124849
https://doi.org/10.1067/mhn.2002.124849
https://doi.org/10.1097/01.mlg.0000191560.53555.08
https://doi.org/10.1111/j.1365-2222.2007.02889.x
https://doi.org/10.4193/Rhino12.000
https://doi.org/10.1111/j.1398-9995.2011.02693.x
https://doi.org/10.1002/lary.27865
https://doi.org/10.1002/lary.27865
https://doi.org/10.1002/alr.22741


Macrolides for Rhinosinusitis and Nasal Polyps 219

54. Hashiba M. Clinical efficacy of long-term macrolides therapy for chronic sinusitis-comparison 
between erythromycin and clarithromycin. Pract Otorhinolaryngol. 1997;90:717–27. 
[in Japanese]. https://doi.org/10.5631/jibirin.90.717. 

55. Sato K, Suga M, Akaike T, Fujii S, Muranaka H, Doi T, et al. Therapeutic effect of erythro-
mycin on influenza virus-induced lung injury in mice. Am J Respir Crit Care Med. 1998;157: 
853–7. https://doi.org/10.1164/ajrccm.157.3.9703098. 

56. Yamaya M, Shinya K, Hatachi Y, Kubo H, Asada M, Yasuda H, et al. Clarithromycin inhibits 
type a seasonal influenza virus infection in human airway epithelial cells. J Pharmacol Exp 
Ther. 2010;333:81–90. https://doi.org/10.1124/jpet.109.162149. 

57. Asada M, Yoshida M, Suzuki T, Hatachi Y, Sasaki T, Yasuda H, et al. Macrolide antibiotics 
inhibit respiratory syncytial virus infection in human airway epithelial cells. Antivir Res. 
2009;83:191–200. https://doi.org/10.1016/j.antiviral.2009.05.003. 

58. Suzuki T, Yamaya M, Sekizawa K, Hosoda M, Yamada N, Ishizuka S, et al. Erythromycin 
inhibits rhinovirus infection in cultured human tracheal epithelial cells. Am J Respir Crit Care 
Med. 2002;165:1113–8. https://doi.org/10.1164/ajrccm.165.8.2103094. 

59. Khan AA, Slifer TR, Araujo FG, Remington JS. Effect of clarithromycin and azithromycin on 
production of cytokines by human monocytes. Int J Antimicrob Agents. 1999;11:121–32. 
https://doi.org/10.1016/s0924-8579(98)00091-0. 

60. Suzuki H, Shimomura A, Ikeda K, Furukawa M, Oshima T, Takasaka T. Inhibitory effect of 
macrolides on interleukin-8 secretion from cultured human nasal epithelial cells. Laryngoscope. 
1997;107:1661–6. https://doi.org/10.1097/00005537-199712000-00016. 

61. Tamaoki J, Kadota J, Takizawa H. Clinical implications of the immunomodulatory effects of 
macrolides. Am J Med. 2004;117:5s–11s. https://doi.org/10.1016/j.amjmed.2004.07.023. 

62. Yamada T, Fujieda S, Mori S, Yamamoto H, Saito H. Macrolide treatment decreased the size of 
nasal polyps and IL-8 levels in nasal lavage. Am J Rhinol. 2000;14:143–8. https://doi.org/10. 
2500/105065800782102717. 

63. Kadota J, Sakito O, Kohno S, Sawa H, Mukae H, Oda H, et al. A mechanism of erythromycin 
treatment in patients with diffuse panbronchiolitis. Am Rev Respir Dis. 1993;147:153–9. 
https://doi.org/10.1164/ajrccm/147.1.153. 

64. Tamaoki J, Takeyama K, Yamawaki I, Kondo M, Konno K. Lipopolysaccharide-induced goblet 
cell hypersecretion in the Guinea pig trachea: inhibition by macrolides. Am J Phys. 1997;272: 
15–9. https://doi.org/10.1152/ajplung.1997.272.1.L15. 

65. Ikeda K, Wu D, Takasaka T. Inhibition of acetylcholine-evoked cl- currents by 14-membered 
macrolide antibiotics in isolated acinar cells of the Guinea pig nasal gland. Am J Respir Cell 
Mol Biol. 1995;13:449–54. https://doi.org/10.1165/ajrcmb.13.4.7546775. 

66. Goswami SK, Kivity S, Marom Z. Erythromycin inhibits respiratory glycoconjugate secretion 
from human airways in vitro. Am Rev Respir Dis. 1990;141:72–8. https://doi.org/10.1164/ 
ajrccm/141.1.72. 

67. Mori S, Saito H, Kimura Y, Takahashi N, Yamada T. Effect of macrolides on nasal ciliary 
activity. Jibi Inkoka Tembo. 1995;38:220–7. [in Japanese]. https://doi.org/10.11453/ 
orltokyo1958.38.Supplement3_220. 

68. Yen TT, Jiang RS, Chang CY, Wu CY, Liang KL. Erythromycin reduces nasal inflammation by 
inhibiting immunoglobulin production, attenuating mucus secretion, and modulating cytokine 
expression. Sci Rep. 2021;11:21737. https://doi.org/10.1038/s41598-021-01192-8. 

69. Moriyama H, Yanagi K, Ohtori N, Fukami M. Evaluation of endoscopic sinus surgery for 
chronic sinusitis: post-operative erythromycin therapy. Rhinology. 1995;33:166–70. 

70. Nakamura Y, Suzuki M, Yokota M, Ozaki S, Ohno N, Hamajima Y, et al. Optimal duration of 
macrolide treatment for chronic sinusitis after endoscopic sinus surgery. Auris Nasus Larynx. 
2013;40:366–72. https://doi.org/10.1016/j.anl.2012.09.009. 

71. Varvyanskaya A, Lopatin A. Efficacy of long-term low-dose macrolide therapy in preventing 
early recurrence of nasal polyps after endoscopic sinus surgery. Int Forum Allergy Rhinol. 
2014;4:533–41. https://doi.org/10.1002/alr.21318.

https://doi.org/10.5631/jibirin.90.717
https://doi.org/10.1164/ajrccm.157.3.9703098
https://doi.org/10.1124/jpet.109.162149
https://doi.org/10.1016/j.antiviral.2009.05.003
https://doi.org/10.1164/ajrccm.165.8.2103094
https://doi.org/10.1016/s0924-8579(98)00091-0
https://doi.org/10.1097/00005537-199712000-00016
https://doi.org/10.1016/j.amjmed.2004.07.023
https://doi.org/10.2500/105065800782102717
https://doi.org/10.2500/105065800782102717
https://doi.org/10.1164/ajrccm/147.1.153
https://doi.org/10.1152/ajplung.1997.272.1.L15
https://doi.org/10.1165/ajrcmb.13.4.7546775
https://doi.org/10.1164/ajrccm/141.1.72
https://doi.org/10.1164/ajrccm/141.1.72
https://doi.org/10.11453/orltokyo1958.38.Supplement3_220
https://doi.org/10.11453/orltokyo1958.38.Supplement3_220
https://doi.org/10.1038/s41598-021-01192-8
https://doi.org/10.1016/j.anl.2012.09.009
https://doi.org/10.1002/alr.21318


220 I. Suzaki

72. Lin CF, Wang MC, Merton AT, Ho NH, Wu PS, Hsu AT, et al. Add-on effect of clarithromycin 
to oral steroids as post- operative therapy for chronic rhinosinusitis with nasal polyps: a 
randomised controlled trial. Rhinology. 2020;58:550–8. https://doi.org/10.4193/Rhin19.325. 

73. Perić A, Baletić N, Milojević M, Sotirović J, Živić L, Perić AV, et al. Effects of preoperative 
clarithromycin Administration in Patients with nasal polyposis. West Indian Med J. 2014;63: 
721–7. https://doi.org/10.7727/wimj.2013.313. 

74. Haruna S, Shimada C, Ozawa M, Fukami S, Moriyama H. A study of poor responders for long-
term, low-dose macrolide administration for chronic sinusitis. Rhinology. 2009;47:66–71. 

75. Suzuki H, Ikeda K, Honma R, Gotoh S, Oshima T, Furukawa M, et al. Prognostic factors of 
chronic rhinosinusitis under long-term low-dose macrolide therapy. ORL. 2000;62:121–7. 
https://doi.org/10.1159/000027731. 

76. Kim SD, Cho KS. Samter's triad: state of the art. Clin Exp Otorhinolaryngol. 2018;11:71–80. 
https://doi.org/10.21053/ceo.2017.01606. 

77. Terao H, Asano K, Kanai K, Kyo Y, Watanabe S, Hisamitsu T, et al. Suppressive activity of 
macrolide antibiotics on nitric oxide production by lipopolysaccharide stimulation in mice. 
Mediators of Inflamm. 2003;12:195–202. 

78. Park HH, Park IH, Cho JS, Lee YM, Lee HM. The effect of macrolides on myofibroblast 
differentiation and collagen production in nasal polyp-derived fibroblasts. Am J Rhinol Allergy. 
2010;24:348–53. https://doi.org/10.2500/ajra.2010.24.3520. 

79. Nozoe K, Aida Y, Fukuda T, Sanui T, Nishimura F. Mechanisms of the macrolide-induced 
inhibition of superoxide generation by neutrophils. Inflammation. 2016;39:1039–48. https:// 
doi.org/10.1007/s10753-016-0333-3. 

80. Yamamoto S, Asano K, Shimane T, Hisamitsu T, Suzaki H. Enhancement of endogenous 
corticosterone levels by a macrolide antibiotic, roxithromycin in mice. Life Sci. 2001;69:1115– 
21. https://doi.org/10.1016/S0024-3205(01)01199-7. 

81. Cunningham MJ, Chiu EJ, Landgraf JM, Gliklich RE. The health impact of chronic recurrent 
rhinosinusitis in children. Arch Otolaryngol Head Neck Surg. 2000;126:1363–8. https://doi.org/ 
10.1001/archotol.126.11.1363. 

82. Adams PF, Hendershot GE, Marano MA. Current estimates from the national health interview 
survey, 1996. Vital Health Stat. 1999;10:1–203. 

83. Sidell D, Shapiro NL, Bhattacharyya N. Obesity and the risk of chronic rhinosinusitis, allergic 
rhinitis, and acute otitis media in school-age children. Laryngoscope. 2013;123:2360–3. https:// 
doi.org/10.1002/lary.24038. 

84. Gilani S, Shin JJ. The burden and visit prevalence of pediatric chronic rhinosinusitis. 
Otolaryngol Head Neck Surg. 2017;157:1048–52. https://doi.org/10.1177/0194599817721177. 

85. Sami AS, Scadding GK. Rhinosinusitis in secondary school children-part 2: main project 
analysis of MSNOT-20 Young persons questionnaire (MSYPQ). Rhinology. 2014;52:225– 
30. https://doi.org/10.4193/Rhin12-011-2. 

86. Seresirikachorn K, Chetthanon T, Suwansirisuk T, Aeumjaturapat S, Chusakul S, 
Kanjanaumporn J, et al. Low-dose macrolides for treating pediatric rhinosinusitis: a retrospec-
tive study and literature review. SAGE Open Med. 2020;8:2050312120933642. https://doi.org/ 
10.1177/2050312120933642.

https://doi.org/10.4193/Rhin19.325
https://doi.org/10.7727/wimj.2013.313
https://doi.org/10.1159/000027731
https://doi.org/10.21053/ceo.2017.01606
https://doi.org/10.2500/ajra.2010.24.3520
https://doi.org/10.1007/s10753-016-0333-3
https://doi.org/10.1007/s10753-016-0333-3
https://doi.org/10.1016/S0024-3205(01)01199-7
https://doi.org/10.1001/archotol.126.11.1363
https://doi.org/10.1001/archotol.126.11.1363
https://doi.org/10.1002/lary.24038
https://doi.org/10.1002/lary.24038
https://doi.org/10.1177/0194599817721177
https://doi.org/10.4193/Rhin12-011-2
https://doi.org/10.1177/2050312120933642
https://doi.org/10.1177/2050312120933642


Part III 
Clinical Use for Other Diseases



Macrolides for Cancer 

Masahiro Shinoda 

Abstract Macrolides exert their antitumor effects through various mechanisms. 
Clarithromycin markedly reduced the incidence of mucosa-associated lymphoid 
tissue (MALT) lymphoma with Helicobacter pylori eradication. For cancer growth 
signals, clarithromycin and roxithromycin exhibit their antitumor effects by 
inhibiting the Raf to mitogen-activated protein-kinase pathway by acting on extra-
cellular signal-regulated kinase and exhibit antitumor effects. Rapamycin, a mam-
malian target of rapamycin (mTOR) inhibitor, is effective against cancer by 
inhibiting the phosphatidylinositol-3 kinase/Akt/mTOR signaling pathway. Iver-
mectin has been shown to inhibit the Wnt/β-catenin signaling pathway and the 
Hippo signaling pathway. Regarding growth suppressor evasion, clarithromycin 
can have an antitumor effect by suppressing TGF-β in combination with other 
drugs. Regarding resisting cell death, clarithromycin, azithromycin, and ivermectin 
can induce apoptosis. Clarithromycin and azithromycin can have antitumor effects 
by acting on autophagy in combination with anticancer drugs. Ivermectin has been 
reported to induce pyroptosis. Clarithromycin, azithromycin, and ivermectin can 
have antiangiogenic effects. Ivermectin is expected to inhibit epithelial–mesenchy-
mal transition. Ivermectin and clarithromycin have been reported effective in their 
action on reactive oxygen species. Erythromycin is effective in overcoming resis-
tance to anticancer drugs and has synergistic effects with other drugs. In clinical 
trials, the efficacy of clarithromycin has been established as an eradication therapy 
for MALT lymphoma. Also, clarithromycin, in combination with lenalidomide and 
dexamethasone, is effective in multiple myeloma. Rapamycin is effective in renal 
cell carcinoma, neuroendocrine tumors, breast cancer, etc., and has been approved 
by the FDA. Macrolides, which have various antitumor effects, will be the subject of 
future research, especially in combination with other drugs. 
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Abbreviations 

CI confidence interval 
CR complete response (remission) 
HR hazard ratio 
ORR objective response rate 
OS overall survival; 
PD progressive disease 
PFS progression-free survival 
PR partial response 
SD stable disease 

1 Introduction 

Cancer is a large group of diseases that occur in almost every organ or tissue of the 
body, in which abnormal cells grow uncontrollably, cross normal boundaries to 
invade adjacent parts of the body, and spread to other organs. The latter process, 
called metastasis, is an important cause of cancer deaths. Nearly ten million people 
died from cancer in 2020. The leading causes of cancer death in 2020 were lung 
(1.80 million deaths), colon and rectum (916,000 deaths), liver (830,000 deaths), 
stomach (769,000 deaths), and breast (685,000 deaths) [1]. 

It is recognized that 5–10% of all cancers are hereditary. The remaining 90–95% 
of cancers are believed to be caused by genetic mutations occurred by toxins (e.g., 
tobacco), lifestyle factors such as unhealthy diet and excessive alcohol consumption, 
infections (Helicobacter pylori, human papillomavirus, etc.), environmental factors 
(ultraviolet light, radon, asbestos, ionizing radiation, etc.). Many additional factors 
increase the risk of developing cancer. Accumulation of genetic mutations causes 
tumors to develop, grow, progress, and metastasize through various mechanisms 
[1, 2]. In 2011, Hanahan and Weinberg proposed 11 cancer hallmarks (sustaining 
proliferative signaling, evading growth suppressors, resisting cell death, enabling 
replicative immortality, inducing angiogenesis, activating invasion and metastasis, 
activating invasion and metastasis, deregulating cellular energetics, genome insta-
bility and mutation, avoiding immune destruction, and tumor promoting inflamma-
tion) and the tumor microenvironment to guide the exploration of new research areas 
and the devising of new treatments. In addition, resistance to anticancer drugs is an 
important problem for cancer chemotherapy [3]. 

In this chapter, we describe the expected effects of macrolides on these cancer 
characteristics, summarize clinical studies’ results, and remark on prospects.
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2 Carcinogenic Mechanisms and Macrolide Effects 
on Them 

2.1 Infection 

2.1.1 Helicobacter pylori (H. pylori) Infection 

H. pylori is a spiral-shaped Gram-negative, microaerophilic bacterium found in the 
human stomach. Chronic gastric infection by H. pylori is strongly associated with 
the development of distal gastric carcinoma and gastric mucosal lymphoma in 
humans [4]. 

Mucosa-associated lymphoid tissue (MALT) lymphoma is a low-grade lym-
phoma originating from marginal zone B cells [5]. The stomach is the most common 
site of MALT lymphoma, 90% of which are caused by chronic gastritis caused by 
H. pylori infection. In total, 50%–90% of gastric MALT lymphomas achieve 
complete remission※ with H. pylori eradication treatment, including 
clarithromycin [6]. 

While tumor-shrinking effects on lymphoma may be due to the antibacterial 
effects of clarithromycin on H. pylori, some reports attribute such findings to direct 
antitumor or immunomodulatory effects of clarithromycin [7–10]. As for gastric 
cancer, eradication is known to suppress the development of gastric cancer [11]. 

2.2 Sustaining Proliferative Signaling 

2.2.1 Raf to Mitogen-Activated Protein (MAP)-Kinase Pathway 

Activation of Ras proteins, small guanosine triphosphatases (GTPases) related to 
signaling pathways involved in cell cycle progression, cell migration, apoptosis, and 
senescence, trigger MAPK cascade activation such as Raf/MEK/extracellular signal-
regulated kinase (ERK). RAS proteins have three isotypes: HRAS, KRAS, and 
NRAS [12, 13]. Ras mutations have been identified in both hematological and 
solid tumors, with NRAS prevalent in hematological and melanomas and KRAS 
prevalent in pancreas, colon, and lung cancers [14]. 

Nodes of MAPK signaling transmit and regulate extracellular stimuli to control 
and fine-tune vital cellular functions, including proliferation, cell division, metabo-
lism, motility, innate immunity, cellular stress response, apoptosis, and survival 
functions in eukaryotes from yeast to humans. The MAPK pathway is known to 
have four major branch pathways and more than a dozen MAPK enzymes, which are 
classified into at least seven different groups. [15, 16] The ERK pathway is induced 
by proliferative factors involved in proliferative signaling and is critical for cell 
proliferation, differentiation, and survival. MEK1 and MEK2 selectively phosphor-
ylate ERK1 and ERK2 on serine and threonine residues, and ERK1/2 directly 
regulates cell cycle mediators, promotes protein and nucleotide synthesis, and



regulates mammalian target of rapamycin (mTOR) signaling through interactions 
with proteins such as TSC2 [17]. While the upstream RAS and RAF kinases are 
frequently mutated in MAPK-driven cancers, mutations in MEK and ERK are less 
common, accounting for <1% of all observed MAPK oncogenic genomic alter-
ations. However, despite the low frequency of MEK/ERK-activating mutations, this 
pathway is important because of the problem of acquired resistance to RAF inhibitor 
therapy and the dependence of multiple tumor types on the MAPK pathway [18]. 
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Clarithromycin at physiological concentrations is known to suppress ERK, delay 
progression of bronchial epithelial cells into the S phase of the cell cycle, and delay 
cell growth [19]. ERK1/2 is activated and associated with more advanced tumors in 
non-small cell lung cancer. Antitumor effects may be partly mediated through 
macrolide regulation of ERK [20]. 

A combination of the histone deacetylase inhibitor FK228 and roxithromycin had 
synergistic inhibitory effects on cell survival in the HUT-78, Ki-JK, and EL-4 
lymphoma cells, and inhibited the phosphorylation of Akt and extracellular signal-
regulated kinase (ERK) in EL-4 cells in a dose-dependent manner [21]. 

2.2.2 Phosphatidylinositol-3 Kinase (PI3K)/Akt/mTOR Signal Pathway 

Somatic mutations caused by PI3K/Akt/mTOR-related genes induce constitutive 
activation of various cancer growth pathways, leading to tumor cell proliferation, 
growth, differentiation, metabolism, and apoptosis, and other functional 
dysregulation that support tumor cell survival [22]. PI3K is activated through 
multiple upstream signals such as cytokines, integrins, B cell receptor (BCR) 
activation, or G protein-coupled receptor (GPCR) ligands. After PI3K binds to the 
ligand, receptor tyrosine kinases or G protein-coupled receptor (GPCR)-induced 
PI3K activation occurs at the cell membrane. Activated PI3K phosphorylates PIP2 to 
generate PIP3. Accumulating PIP3 and recruitment of proteins with pleckstrin 
homology domains, such as Akt and phosphoinositide-dependent kinase-1 
(PDK1), subsequently trigger signaling cascades that affect cell growth, survival, 
calcium mobilization, cell motility, vesicle trafficking, cell proliferation, apoptosis, 
etc. [23] Three classes have been identified in PI3K. Class I PI3K has been reported 
to be associated with various malignancies [22]. Tumor types with PIK3CA muta-
tions include breast, endometrium, urinary tract, cervix, skin, and ovary. Tumor 
types with PIK3R1 mutations include endometrium, colorectal, cervix, upper respi-
ratory tract, and central nervous system [22]. 

The tumor suppressor PTEN inhibits Akt by suppressing the activity of signaling 
through PI3K and acts as a negative regulator of the PI3K/Akt/mTOR signaling 
cascade [24]. Somatic mutations, including PTEN homozygous deletion, truncation 
mutation, point mutation, and other abnormalities, have been identified in many 
cancers [22]. Akt is a member of the AGC family and its activation functions as a 
master switch for various signaling pathways, triggering many intracellular 
responses through downstream targets and interacting partners. These signaling 
abnormalities affect a wide range of diseases, including cancer, diabetes, and



neurodegeneration [25]. Akt binds to PIP3 through its pleckstrin homology 
(PH) domain and translocates to the cell membrane. PDK1 is also translocates to 
the membrane via its PH domain, and threonine 308 of Akt is phosphorylated. The 
second phosphorylation of Akt at serine 473 by the mTOR-Rictor complex 
(mTORC2) results in full Akt activation [25–28]. Tumors with Akt mutations 
have been reported in the meninges, breast, endometrium, urinary tract, thyroid, 
skin, lung, ovary, hematopoietic/lymphatic system, and kidney [22]. A downstream 
effector of the PI3K/Akt pathway, mTOR forms complexes with different regulatory 
protein subunits that control various aspects of signal transduction and is activated 
by multiple mechanisms. mTOR comprises two protein complexes, mTORC1 and 
mTORC2 core catalytic unit [29]. The mTORC1 complex, composed of mTOR, 
Raptor, and mLST8, regulates cell growth and proliferation by phosphorylating the 
eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1) and the ribo-
somal protein S6 kinase (S6K). mTORC1 regulates various tumor cell-specific 
processes such as translation, ribosome biogenesis, autophagy, glucose metabolism, 
cellular responses to hypoxia, and metastasis [29]. The mTORC2 complex consists 
of mTOR, Rictor, mLST8, and mSin1 and phosphorylates multiple proteins (Akt, 
serum glucocorticoid-regulated kinase 1 (SGK1), and protein kinase Cα (PKCα)). 
mTORC2 functions to control cell survival and proliferation [30]. Tumors with 
mTOR mutations have been reported in the endometrium, kidney, colorectal, lung, 
skin, esophagus, upper respiratory tract, urinary tract, breast, ovary, hematopoietic/ 
lymphatic system, liver, pancreas, and brain [22]. 
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Rapamycin (sirolimus), a macrolide derived from Streptomyces hygroscopicus 
[31], has been used to prevent transplant rejection and to treat 
lymphangioleiomyomatosis. Rapamycin is an inhibitor of mTOR1 and has 
antitumor effects on head and neck cancer, ovarian cancer, glioblastoma, prostate 
cancer, breast cancer, endometrial cancer, renal cancer, testicular cancer, colon 
cancer, bladder cancer, lung cancer, and melanoma [32]. 

2.2.3 Wnt/β-Catenin Signal Pathway 

Activation of the Wnt pathway is initiated by the interaction of Wnt/Frizzled (FZD) 
with low-density lipoprotein receptor-related proteins 5 and 6 (LRPS5/6). It is 
subsequently signaled via Dishevelled (Dvl) to downstream mediators of the Wnt 
signaling cascade. Accumulating β-catenin and its nuclear translocation promotes 
interactions with T-cell factor/lymphoid enhancer factor (TCF/LEF) family mem-
bers required to transcribe target genes. The cytoplasmic protein β-catenin regulates 
the activity of multiple transcription factors that regulate genes involved in the 
development, cell cycle control, and carcinogenesis. Dvl signal propagates to planar 
cell polarity (PCP) and PCP signaling ultimately induces actin polymerization and 
microtubule stabilization required for cell polarity and migration. Dvl is also 
involved in Ca2  + -dependent regulation of calcineurin, the transcription factors 
nuclear factor of activated T cells (NFAT) family controls the expression of genes 
associated with cell fate determination and migration [33]. Ivermectin suppresses the



Wnt/β-catenin/TCF transcriptional response. This effect is rescued by continuous 
and direct activation of TCF transcriptional activity and is related to repression of the 
levels of C-terminally phosphorylated β-catenin phosphoforms and cyclin D1 [34]. 
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2.2.4 Hippo Signaling Pathway 

Hippo signaling controls organ size by regulating cell proliferation, apoptosis, and 
stem cell self-renewal. Dysregulation of the Hippo pathway contributes to cancer 
development. A kinase cascade is a core to the Hippo pathway, wherein Mst1/2 
kinases and SAV1 form a complex to phosphorylate and activate large tumor 
suppressors 1 and 2 (LATS1/2). LATS1/2 kinases phosphorylate and inhibit the 
transcription co-activators YAP and TAZ, two major downstream effectors of the 
Hippo pathway. When dephosphorylated, YAP/TAZ translocate into the nucleus 
and interact with TEAD1–4 and other transcription factors to induce the expression 
of genes that promote cell proliferation and inhibit apoptosis [35]. Many studies have 
associated increased accumulation of YAP1 in the nucleus with poor prognosis in 
patients with intrahepatic cholangiocellular carcinoma and combined hepatocellular 
and cholangiocarcinoma, colorectal cancer, ovarian cancer, and gastric cancer 
[36]. Ivermectin can inhibit the proliferation of gastric cancer cells by inhibiting 
YAP1 in vivo and in vitro [37]. 

2.3 Evading Growth Suppressors 

2.3.1 Corruption of the Transforming Growth Factor (TGF)-β Pathway 
Promotes Malignancy 

TGF-β signaling is tumor-suppressive in epithelial cells but can promote invasion 
and metastasis during the late stage of cancer progression. During tumor progres-
sion, tumor cells often lose the antiproliferative response to TGFβ, which is associ-
ated with increased TGF-β expression in the microenvironment. TGF-β-mediated 
regulation in the tumor microenvironment can be attributed to many factors, includ-
ing cell-autonomous signaling, stromal–epithelial interactions, inflammation, 
immune evasion, and angiogenesis. Cell-autonomous TGF-β signaling triggers 
epithelial–mesenchymal transition (EMT) in cancer cells, increasing invasion and 
metastasis. Conversely, abrogation of autonomous TGF-β signaling in cancer cells 
can increase metastasis in the apparent absence of EMT. Together, cell-type-depen-
dent and context-dependent effects of TGF-β signaling contribute to the regulation 
of tumor initiation, progression, and metastasis [38]. A study using 13762NF 
mammary adenocarcinoma in the F-344 rat system did not observe any significant 
reduction in mortality with clarithromycin alone, but a significant decrease in 
mortality was obtained when either carboplatin or clarithromycin was administered 
in combination with cyclophosphamide. Clarithromycin showed no direct



cytotoxicity against this tumor in vitro, although expressions of matrix 
metalloproteinase-9 (MMP-9), TGF-β, and tumor necrosis factor (TNF)-α were 
decreased. Spleen cells from clarithromycin-treated tumor-bearing rats expressed 
lower levels of TGF-β and IL-6 genes and stronger tumor-neutralizing activity than 
those obtained from rats not treated with clarithromycin [39]. 
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2.4 Resisting Cell Death 

2.4.1 Apoptosis 

Apoptosis, the programmed autonomous cell death controlled by genes to maintain 
the stability of the internal environment of multicellular organisms, is generally 
unregulated in many types of cancer [40].The intrinsic pathway can be activated by 
endogenous stresses such as oncogenes, direct DNA damage, hypoxia, and survival 
factor deficiency. A sensor of cellular stress, p53 is a key activator of the intrinsic 
pathway. This pathway is tightly regulated by the balance of activities of Bcl-2 
family proteins, including proteins promoting apoptosis (Bax, Bak, Bad, Bid, Puma, 
Bim, and Noxa) and proteins inhibiting apoptosis (Bcl-2, Bcl-xL, Bcl-w, and Mcl-1). 
[41, 42] There are at least two pathways in the extrinsic pathway: the receptor-
mediated pathway and the cytotoxic stress-mediated pathway. Receptor-mediated 
pathways include those activated by death ligands. Death Receptors (DR) are cell 
surface receptors that transmit specific ligand-initiated apoptotic signals and play a 
central role in induced apoptosis. These receptors activate des-caspase (DC) within 
seconds of ligand binding, leading to apoptotic cell death within hours [43]. Both 
intrinsic and extrinsic pathways ultimately depend on the protease activity of specific 
caspase family members. These caspases fall into two major categories. Initiator 
caspases such as caspase-2, -8, -9, -10, and -12 are coupled with upstream 
proapoptotic signals and cleave executioner caspases such as caspase-3, -6, and -7 
and ultimately modify proteins involved in cell demolition [44]. 

In a BALB/c murine B-cell lymphoma cell line, clarithromycin induced apoptosis 
through the appearance of apoptotic bodies, DNA fragmentation, degeneration, and 
detachment of cells, which may be induced through the TNF system [45]. Most 
DLBCL and gastric MALT lymphoma cases show bcl-2 expression, and NF-κB-
mediated downregulation of antiapoptotic genes following clarithromycin adminis-
tration. This may partially explain the suppression of tumor growth after the erad-
ication or in the absence of H. pylori infection. [46, 47] Mouse studies have shown 
that Bcl-xL may be involved in the pathogenesis of B-cell MALT lymphoma arising 
from chronic infection with Helicobacter species. [48, 49] In activated lymphocytes, 
downregulation of Bcl-xL has been reported as the mechanism by which 
clarithromycin induces apoptosis [50]. Azithromycin inhibited cell proliferation 
more effectively in the HeLa cervical adenocarcinoma cells and SGC-7901 gastric 
cancer cells than in the transformed BHK-21 hamster fibroblast cell line. 
Azithromycin-induced apoptosis is partially mediated by a caspase-dependent



mechanism involving upregulation of apoptotic protein-cleaved PARP and caspase-
3 products and downregulation of the anti-apoptotic proteins, Mcl-1, bcl-2, and 
bcl-X1. Moreover, the combination of azithromycin and the common anticancer 
chemotherapeutic agent vincristine selectively synergized against apoptosis in HeLa 
and SGC-7901 cells [51]. Azithromycin enhanced tumor necrosis factor-related 
apoptosis-inducing ligand (TRAIL)-induced apoptosis in colon adenocarcinoma 
cells, mainly through the upregulation of DR4 and DR5 [52]. Azithromycin has 
been shown to enhance caspase 3/7 activity and induce apoptosis in chronic mye-
logenous leukemia cell lines. Combined administration of imatinib and azithromycin 
significantly induced apoptosis compared to single administration in imatinib-
resistant cell lines [53]. 
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Ivermectin has been reported to induce caspase-dependent apoptosis in HeLa 
cells [54], breast cancer cells [55], glioblastoma [56], chronic myelogenous leukemia 
cells [57], OCI-AML2 leukemia cells [58], and epithelial ovarian cancer cells [59]. 

2.4.2 Autophagy 

Autophagy is a lysosomal degradation pathway for the breakdown of intracellular 
proteins and organelles. Although constitutive autophagy is a homeostatic mecha-
nism for intracellular recycling and metabolic regulation, it is also stress-responsive 
and is important for removing damaged proteins and organelles. Autophagy confers 
stress tolerance, limits damage, and sustains viability under adverse conditions. 
Autophagy is a tumor-suppression mechanism, yet it enables tumor cell survival 
under stress (nutrient starvation, radiotherapy, and certain cytotoxic drugs) [60]. 

A study in myeloma and chronic myelogenous leukemia cells suggested that 
clarithromycin might halt the autophagic process after the fusion of autophagosomes 
and lysosomes. Clarithromycin may, therefore, represent a potential adjuvant for 
therapies in which tumors use autophagy as an escape mechanism [61]. Treatment of 
chronic myeloid leukemia cells with dasatinib, a tyrosine kinase inhibitor, induces 
autophagy [62]. The combination of clarithromycin and dasatinib inhibits late 
autophagy, resulting in a reduced percentage of living cells compared with dasatinib 
alone. Cell lines with clinically known dasatinib-resistance mutations also became 
more sensitive to dasatinib when clarithromycin was co-administered. Although 
clinically relevant dasatinib concentrations alone did not affect cell death, combina-
tion with clarithromycin achieved a cell death rate of 32% in these mutant cells 
[62]. The effects of combination therapy with DNA-damaging drugs (doxorubicin, 
etoposide, carboplatin, etc.) and azithromycin in non-small cell lung cancer cell 
lines, the cytotoxic activity of the DNA-damaging drugs was enhanced in the 
presence of azithromycin. Concomitant use of azithromycin has been reported to 
block autophagy and lead to the accumulation of lysosomes and autolysosomes 
[63]. In myeloma cell lines [64], metastatic breast cancer cell lines [65], and head and 
neck squamous cell carcinoma cell lines [66], macrolides have been suggested to 
induce cell death by inhibiting autophagy via the proapoptotic transcription factor 
C/EBP homologous protein (CHOP).
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PAK proteins are critical modulators of nuclear signaling and cytoskeletal reor-
ganization. Among the PAK proteins, p21 (RAC1)-activated kinase 1 (PAK1) 
modulates a wide range of signals involved in numerous biological activities. 
Blockade of PAK1 signaling contributes to tumor cell death [67]. PAK1 is associ-
ated with the development of most human cancers and functions as an Akt-binding 
protein that stimulates Akt phosphorylation and activation [68]. The Akt/mTOR 
signaling pathway was shown to play an important inhibitory role in autophagy 
[69]. Several studies have shown that the PAK1 inhibitor ivermectin inhibits the 
growth of breast [70], ovarian [71], glioblastoma [67], and NF2 tumors [71] b  
inducing cytostatic autophagy in vitro and in vivo. 

2.4.3 Pyroptosis 

Pyroptosis is a type of inflammatory cell death induced by inflammasomes. 
Inflammasomes initiate the conversion of pro-caspase-1 via self-shearing into acti-
vated caspase-1. Activated caspase-1 can cause pro-IL-1β and pro-IL-18 to mature 
and be secreted [72]. 

It was reported that activated caspase-1 was significantly increased in breast 
cancer cells after ivermectin intervention, and characteristic pyroptosis phenomena 
such as cell swelling and rupturing were observed [55]. 

2.5 Inducing Angiogenesis 

Tumors require sustenance in the form of nutrients and oxygen as well as an ability 
to evacuate metabolic wastes and carbon dioxide. The tumor-associated 
neovasculature generated by angiogenesis addresses these needs. During tumor 
progression, an angiogenic switch is almost always activated and remains on, 
causing normally quiescent vasculature to sprout new vessels that help sustain 
expanding neoplastic growths continually [73]. 

Vascular endothelial growth factor (VEGF) is a heparin-binding homodimeric 
glycoprotein that acts via endothelial-specific receptor tyrosine kinases/VEGFRs 
(vascular endothelial growth factor receptors; VEGFR1 (FLT1), VEGFR2 
(KDR/Flk1), and VEGFR3 (FLT4)) and the signaling is critical to the processes of 
angiogenesis and tumor growth [74–76]. The binding of VEGF-A to VEGFR-2 
activates the Ras/Raf/MAPK/ERK pathway and PI3K/Akt/mTOR pathway, leading 
to endothelial cell proliferation [77]. 

Endothelial tube formation is inhibited by clarithromycin in a dose-dependent 
manner in vitro, and clarithromycin can inhibit tumor-induced angiogenesis [78]. In 
vivo and in vitro studies with mouse B16BL6 melanoma cells have also shown that 
clarithromycin and roxithromycin potentiate the inhibition of tumor growth by 
cyclophosphamide, cisplatin, doxorubicin, or vindesine, possibly via antiangiogenic 
effects [79].
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Azithromycin inhibited capillary network formation in human lung tumor-
associated endothelial cells (HLT-ECs) both in vitro and in vivo and can target 
VEGFR2-mediated focal adhesions and PI3K/Akt signaling pathways and may 
suppress angiogenesis and lung tumor growth [80]. 

A study investigating the effect of roxithromycin on tumor angiogenesis in the 
HepG2 human liver cancer cell line suggested that roxithromycin inhibits tumor 
angiogenesis and that changes in VEGF expression are involved in the mechanism 
underlying this inhibitory effect [81]. 

In vitro capillary network formation experiments using human brain microvas-
cular endothelial cells (HBMECs) revealed that ivermectin eliminated the ability of 
HBMECs to form tubular structures, confirming the effect of ivermectin against 
angiogenesis, which indicated that ivermectin is a potent angiogenesis inhibitor [56]. 

2.6 Activating Invasion and Metastasis 

2.6.1 Epithelial–Mesenchymal Transition 

Epithelial–mesenchymal transition (EMT) is an important biological process for the 
migration and invasion of malignant tumor cells derived from epithelial cells and 
involved in angiogenesis, tumor growth, and the generation of cancer stem cells 
(CSCs) that might influence tumor recurrence and resistance to conventional thera-
pies [82, 83]. The multidomain adapter proteins SIN3A and SIN3B are essential 
facilitators of epigenetic deregulators with no intrinsic DNA-binding activity that act 
as molecular scaffolds that drive interactions between sequence-specific 
DNA-binding transcription factors and chromatin regulators [84]. The blockage of 
interactions between the PAH2 domain of the chromatin regulatory factor SIN3A 
and SIN3 interaction domain (SID)-containing proteins via the SID peptide leads to 
EMT reversal and the expression of silenced genes encoding proteins involved in 
cell differentiation and growth [85]. 

It was reported that ivermectin, as a small mimetic of the SID peptide, inhibits the 
interaction between SIN3-PAH2 and MAD [86]. 

2.7 Deregulating Cellular Energetics 

Reactive oxygen species (ROS), produced in the body primarily by the mitochon-
dria, serve as cell signaling molecules generated in oxidative metabolism and are 
associated with several human diseases. The reprogramming of redox metabolism 
induces abnormal accumulation of ROS in cancer cells. It has been widely accepted 
that ROS plays opposite roles in tumor growth, metastasis, and apoptosis according 
to their different distributions, concentrations, and durations in specific subcellular 
structures. These double-edged roles in cancer progression include the



ROS-dependent malignant transformation and the oxidative stress-induced cell 
death [87]. 
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In ovarian cancer cells in vitro and in vivo, clarithromycin and cisplatin decreased 
expression of endogenous antioxidant enzymes and increased levels of ROS 
[88]. Clarithromycin has been suggested to potentiate the cytotoxic effects of 
cisplatin. Some recent data demonstrate that ivermectin exhibits selective toxicity 
in inducing mitochondrial dysfunction and oxidative stress and enhances the role of 
BCR-ABL TKIs in CD34 chronic myeloid leukemia cells [57]. 

2.8 Cancer Stem Cells (CSCs) 

CSCs are a cell population like stem cells with characteristics of self-renewal and 
differentiation potential in tumor tissue. Their robust proliferation and 
multidirectional differentiation abilities are unrestricted because they lack a negative 
feedback regulation mechanism for stem cell self-renewal. CSCs are identified in 
most types of liquid and solid cancers and contribute to tumor onset, expansion, 
resistance, recurrence, and metastasis after therapy. [89, 90] 

It was reported that ivermectin would preferentially target and inhibit CSCs-rich 
cell populations compared with other cell populations in MDA-MB-231 breast 
cancer cells and the expression of the homeobox protein NANOG, octamer-binding 
protein 4 (OCT-4) and SRY-box 2 (SOX-2), which are closely related to the self-
renewal and differentiation ability of stem cells in CSCs [91]. 

2.9 Drug Resistance/Synergistic Effect with Other Drugs 

P-glycoprotein (P-Gp) encoded by the mdr1 gene in cells is an active efflux pump for 
hydrophobic, cationic anticancer drugs, such as vinca alkaloids and anthracycline 
antibiotics. This glycoprotein may play a vital role in the antitumor activity of these 
agents against anticancer drug-resistant cells through the overexpression of P-Gp 
[92]. In a study by Wang et al., erythromycin and clarithromycin increased the 
accumulation of vinblastine and cyclosporine A in anticancer drug-resistant (P388/ 
ADR) cells without affecting sensitive mouse leukemia P388 cells, prolonging the 
survival of P388/ADR-bearing mic [92]. 

In a study evaluating the therapeutic effects of imatinib and azithromycin com-
bination therapy in imatinib-resistant chronic myelogenous leukemia, azithromycin 
alone and the azithromycin/imatinib combination reduced P-Gp function in both 
K562S cells and high MDR-1 (P-Gp)-expressing K562R cells [53].Also, several 
studies have confirmed that ivermectin could reverse drug resistance by inhibiting 
P-Gp. [93–95]. Alpha 1 acid glycoprotein (AGP), also known as orosomucoid, is an 
acute-phase protein that influences the free plasma concentrations of drugs and AGP 
alters the distribution and metabolism of some drugs [96]. Serum concentrations of



AGP increase several-fold in response to local inflammatory stimuli, and were 
increased in both plasma and ascites in cancer patients. [97, 98] Erythromycin can 
reactivate the cell growth-inhibitory effects of paclitaxel after suppression by AGP. 
In an OCUM-2MD3 peritoneal carcinomatosis xenograft mouse model, administra-
tion of paclitaxel alone did not diminish peritoneal carcinoma, but co-administration 
of erythromycin and paclitaxel reduced peritoneal carcinomatosis [99]. 
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Erythromycin has also been reported to modulate chemosensitivity associated 
with human ether-a-go-go related gene (hERG) K+ channel expression in cancer 
cells. The hERG encodes the pore-forming subunit of the rapidly activating delayed 
rectifier potassium channel (IKr) in cardiomyocytes and has been identified as a gene 
involved in chromosome 7-associated long QT syndrome [100]. Several studies 
have shown that hERG is expressed in some cancer cell lines and is absent in the 
healthy cells from which the respective cancers are derived. [101–103] An in vitro 
study using HT-29 and T84 human colon carcinoma cells, MCF-7 and SK-BR-3 
human mammary adenocarcinoma cells, PG highly metastatic human lung giant-cell 
carcinoma cells, and A549 human lung adenocarcinoma cells found correlations 
between hERG expression levels and chemosensitivity to vincristine, paclitaxel, and 
hydroxy-camptothecin. Erythromycin suppressed the proliferation of cancer cells, 
with its antitumor efficacy correlating with hERG expression. Synergistic effects 
were identified between erythromycin and vincristine, paclitaxel, and hydroxy-
camptothecin [104]. 

3 Clinical Data※ 

3.1 Clarithromycin (Table 1) 

Although some studies have failed to confirm efficacy with clarithromycin 
monotherapy [116–118], it has been reported that clarithromycin plus dexametha-
sone and low-dose thalidomide have efficacy for patients with multiple myeloma and 
Waldenström’s macroglobulinemia [105]. The addition of clarithromycin to treat-
ment with low-dose dexamethasone and lenalidomide, in a regimen known as BiRd, 
has been shown efficacy in a phase II trial [106, 107] and a case-matched study [108] 
in treatment-naïve multiple myeloma patients. However, in a phase III trial of 
treatment-naïve, transplant-ineligible multiple myeloma patients, addition of 
clarithromycin to Rd. resulted in more toxic deaths and did not improve 
progression-free survival (PFS) despite increases in the complete response rate. 
This was attributed to side effects associated with overexposure to corticosteroids 
resulting from the delayed clearance induced by clarithromycin in this elderly 
population [109]. 

Eradication of H. pylori has shown high efficacy in several phase II trials for 
H. pylori-associated MALT lymphoma. [112, 113] As for extranodal marginal zone 
B-cell lymphoma relapsed/refractory stage IE and IV, in a single-center phase II trial, 
it was reported that clarithromycin monotherapy was effective [9].
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For chronic myelogenous leukemia, a clinical study, although it included a small 
number of 4 cases, reported that combination therapy with tyrosine kinase inhibitor 
(TKI) showed 25% complete hematological remission and all patients had Bcr-abl/ 
abl transcript level reduction [119]. 

Regarding solid cancer, in a randomized trial with advanced lung cancer, 
clarithromycin maintenance therapy showed significantly longer median survival 
than the control group, especially in non-small cell lung cancer, which was more 
effective, nearly doubling median survival [115]. These findings were thought to be 
due to decreased serum IL-6 levels after treatment with clarithromycin [120]. 

3.2 Azithromycin 

In a phase II trial of long-term oral azithromycin for MALT lymphoma, only 4 of 
16 patients (25%) responded, with 2 complete responses and 2 partial responses, 
while stable disease was seen in 9 patients (56%) and progressive disease in 
3 patients (19%). Administration of azithromycin showed some antilymphoma 
activity, but overall response rate (ORR) fell below predefined thresholds of interest 
and the study was discontinued [121]. 

In a study of low-dose azithromycin combined with paclitaxel and cisplatin for 
advanced non-small cell lung cancer, patients taking azithromycin displayed modest 
but clear advantages in both progression-free and overall survival [122]. 

3.3 Rapamycin (Everolimus (Table 2), Temsirolimus 
(Table 3), Ridaforolimus (Table 4)) 

In a double-blind, randomized, placebo-controlled phase III trial that investigated the 
efficacy of everolimus for advanced renal cell carcinoma that had progressed after 
VEGFR-TKI therapy, the median PFS was significantly longer in the everolimus 
group (4.9 months) compared with in the placebo group (1.9 months) 
[123]. Everolimus has shown antitumor activity in patients with advanced neuroen-
docrine tumors in many trials. [126, 127] In a randomized, placebo-controlled, phase 
III study for nonfunctional neuroendocrine tumors of the lung or gastrointestinal 
tract, the median PFS was significantly longer in the everolimus group compared 
with the placebo group [126]. In a phase III trial for hormone receptor-positive, 
human epidermal growth factor receptor 2 (HER2)-negative, metastatic/recurrent 
breast cancer, everolimus, and exemestane were compared with exemestane 
monotherapy as endocrine therapy after second-line treatment in patients previously 
treated with nonsteroidal aromatase inhibitors. The combination group significantly 
prolonged PFS of the overall population [124]. By these findings, the FDA approved 
everolimus as advanced renal cell carcinoma, pancreatic neuroendocrine tumors, and
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breast cancer. In addition, phase II trials have shown everolimus could be effective in 
advanced/persistent/recurrent endometrial cancer [141], peripheral T-cell lymphoma 
[142], and refractory Hodgkin’s lymphoma [143].
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In a randomized controlled trial conducted in patients with previously untreated, 
poor-prognosis metastatic renal-cell carcinoma, patients who received temsirolimus 
alone significantly had a more prolonged overall survival and PFS than those who 
received interferon alfa alone [129]. Temsirolimus has been approved as first-line 
drug for advanced renal cell carcinoma. In a phase III trial, temsirolimus improved 
PFS and ORR compared with standard therapy in patients with relapsed or refractory 
mantle cell lymphoma [144]. 

In a phase III trial of patients with metastatic soft tissue sarcoma or osteosarcoma 
who had achieved objective response or stable disease on prior chemotherapy, 
ridaforolimus improved PFS compared to placebo and induced a mean 1.3% reduc-
tion in target lesion size [140] Additionally, phase II trials have shown efficacy in 
advanced endometrial cancer [145] and HER2-positive trastuzumab-refractory met-
astatic breast cancer [139]. 

4 Future Outlook and Conclusion 

Macrolides modulate diverse targets and signaling pathways in cancer cells, regulate 
the tumor microenvironment by inhibiting CSCs activity, reduce tumor angiogenesis 
and metastasis, and exert antitumor effects. They have also been shown to induce 
cell death, including apoptosis, autophagy, and pyroptosis. They are also effective 
against drug-resistant cancer. Combined therapy may be expected to improve cancer 
patient prognosis, as evidenced by the combination of currently used anticancer 
agents with different mechanisms of action. Which anticancer drug and when to 
combinate will be the subject of future research. 

In the RAS–RAF–MEK–ERK pathway, which is critical for cell proliferation, 
differentiation, and survival, extensive studies have been conducted to elucidate the 
activation mechanisms and structural components of the upstream MAPK compo-
nents, but these kinases have been elusive. Relatively little attention had been 
directed to MEK and ERK due to the low frequency of oncogenic activating 
mutations. MEK inhibitors cobimetinib, trametinib, binimetinib, and selumetinib 
are FDA-approved, and trametinib is approved in combination with BRAF inhibitors 
for lung cancer and melanoma. No ERK inhibitors have been approved and are 
under development [18]. ERK-inhibiting clarithromycin and other macrolides are 
considered the subject of future research in combination therapy. 

The previously widely used macrolide repurposing strategy avoids the high cost 
and lengthy time associated with traditional drug discovery strategies, as toxicity and 
pharmacokinetic profiles are already established. Therefore, repurposing approved 
non-anticancer macrolides for cancer treatment is an attractive strategy for anticancer 
drug discovery.
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We believe that macrolides could be further developed and clinically introduced 
as a bridge role in cancer therapy in the near future. 

※ For MALT lymphoma, complete remission was defined as total disappearance 
of lymphoma and absence of histopathological evidence of lymphoma on endo-
scopic biopsy. Partial remission was assumed in cases of tumor reduction of at least 
50%. Patients revealing normalization of macroscopic findings but with persistent 
residual lymphoma infiltrates on histological examination were classified as minimal 
residual disease. 

For extranodal marginal zone B-cell lymphoma, response was defined according 
to the National Cancer Institute standardized criteria (Cheson et al. 1999). 

In multiple myeloma, response criteria were adopted from the International 
Myeloma Working Group criteria. 

Solid tumor response was assessed by Response Evaluation Criteria in solid 
tumor. 

Overall response rate is the sum of complete remission (response) and partial 
remission (response). 
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Macrolides in Chronic Skin Disorders 

Yozo Ishiuji 

Abstract Macrolide antibiotics are widely used to treat infections of soft tissues and 
the respiratory tract due to their efficacy against Gram-negative and Gram-positive 
bacteria. In addition to being antimicrobials, in the late 1980s long-term therapy with 
the macrolide antibiotic erythromycin was shown to alter the clinical course of 
diffuse panbronchiolitis. Since that time, macrolides have been found to have 
immunomodulatory properties. These effects provided the rationale for studies 
performed to assess the usefulness of macrolides in other inflammatory diseases 
including skin and hair disorders, including rosacea, palmoplantar pustulosis, pso-
riasis, pityriasis rosea, bullous pemphigoid, pityriasis lichenoides, alopecia areata, 
cutaneous adverse reactions specific to epidermal growth factor receptor inhibitors, 
and atopic dermatitis. This review summarizes these clinical studies, case reports, 
and animal studies dealing with the potential benefits of macrolides antibiotics in the 
treatment of selected dermatoses which have primarily been classified as 
noninfectious. 

Keywords Macrolides · Chronic Skin Disorders · Immunomodulatory effects · 
rosacea · CXCL8 · tumor necrosis factor (TNF)-α · interferons (IFNs)γ 

1 Introduction 

Erythromycin A, the prototype macrolide antibiotic was isolated from a Philippine 
soil sample in the 1940s and was first marketed in 1952. During the 1990s 
clarithromycin, roxithromycin (RXM), and azithromycin were introduced. 
Macrolides inhibit RNA-dependent protein synthesis by reversibly binding to the 
50S ribosomal subunit of a susceptible microorganism [1]. 

Macrolides are widely used to treat infections of soft tissues and the respiratory 
tract due to their efficacy against Gram-negative and Gram-positive bacteria, includ-
ing intracellular organisms such as Chlamydia and Legionella [2, 3]. In addition to
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being antimicrobials, macrolides antibiotics have immunomodulatory properties and 
are thus beneficial in treating chronic pulmonary diseases. It must be pointed out that 
immune modulation is the suppression of inflammation and immune hyperactivation 
without causing immunosuppression [4]. Macrolides may directly influence phago-
cyte and lymphocyte function and chemotaxis. Effects on the generation and release 
of chemokines and cytokines involved in the inflammatory process have been 
studied both in vivo and in vitro [5]. The immunomodulatory properties have been 
studied most thoroughly in chronic inflammatory airway diseases, particularly 
diffuse panbronchiolitis (DPB) and cystic fibrosis (CF). The immunomodulatory 
activity of macrolides has been a source of mechanistic and clinical research in 
non-DPB inflammatory airway disease. Erythromycin (EM), azithromycin, 
clarithromycin, and roxithromycin (RXM) inhibit chemotaxis and infiltration of 
neutrophils into the airway and, subsequently, decrease mucus secretion. The mech-
anisms of action for these properties are clearly multifactorial. Macrolides inhibit the 
production of many proinflammatory chemokines and cytokines, such as interleukin 
(IL)-1, IL-6, CXCL8, and tumor necrosis factor (TNF)-α and increase production of 
IL-10 and, possibly, IL-4 (Fig. 1). Macrolides also inhibit leukotriene B4 and the 
release of superoxide anion by neutrophils. In addition, macrolides block formation 
of adhesion molecules necessary for neutrophil migration. EM and its derivatives 
inhibit T-lymphocyte proliferation and induce T-lymphocyte apoptosis [6, 7]. In this 
chapter, I summarize clinical studies, case reports and animal studies dealing with 
the potential benefits of macrolides in the treatment of selected noninfectious 
dermatoses (Table 1).
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Fig. 1 The mechanisms of action for the anti-inflammatory properties of the macrolides are clearly 
multifactorial. Macrolides inhibit the production of many proinflammatory chemokines and cyto-
kines, such as CXCL8, and IFNγ
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Table 1 The summary of the potential benefits of macrolides antibiotics in the treatment of 
selected dermatoses which have primarily been classified as noninfectious 

Diseases The clinical evidence Ref. 

Rosacea Ten patients who were intolerant of or had per-
sistent symptoms of rosacea despite conventional 
treatment, improved with the oral use of 
azithromycin. 

[8] 

A 67-year-old man who had photosensitivity to 
doxycycline and hyperpigmented dyschromia to 
minocycline with oral azithromycin in a dose of 
250 mg 3 times weekly. 

[9] 

Azithromycin decreased the number of lesions by 
75% and the number of inflammatory lesions 89% 
after therapy. 

[10] 

Azithromycin is as effective as doxycycline and 
improves the quality of life of patients. 

[11] 

52-year-old woman with 2 weeks of oral 
azithromycin who had intractable rosacea not 
responding to conventional treatments including 
topical benzoyl peroxide and metronidazole, as 
well as oral metronidazole, isotretinoin, and 
doxycycline. 

[12] 

Palmoplantar pustulosis and 
SAPHO syndrome 

Low-dose and long-term oral macrolide therapy 
significantly improves refractory PPP which was 
unresponsive to topical corticosteroids in more 
than 75% of patients treated. 

[13] 

Several authors have also reported successful 
control of SAPHO syndrome with azithromycin. 

[14–16] 

Five patients with SAPHO syndrome, ages 27 to 
44 years, with a beneficial response to macrolide, 
clindamycin, and the nonsteroidal anti-
inflammatory drug, lornoxicam. 

[17] 

Psoriasis Some studies have shown the efficacy of 
macrolides in psoriasis. 

[18] 

Ten subjects with chronic plaque psoriasis to take 
150 mg RXM orally twice daily for 1 to 7 weeks. 
Six out of the ten patients had a decreased psori-
asis area and severity index (PASI) score. 

[19] 

Oral azithromycin in a single blind randomized 
case-control trial of 50 subjects with moderate-to-
severe chronic plaque psoriasis. Of these, 30 sub-
jects received azithromycin for 48 weeks as a 
single oral 500 mg daily dose for 4 days with a gap 
of 10 days. A significant improvement in PASI 
score was noted from 12 weeks most of the sub-
jects in the azithromycin group. 

[20] 

Adult-onset Still’s disease 
(AOSD) 

Remarkable improvement followed rechallenges 
with clarithromycin for subsequent AOSD flares. 

[21] 

Therapeutic responses using clarithromycin in 
some patients with AOSD. 

[22]
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Table 1 (continued)

Diseases The clinical evidence Ref. 

Chronic Urticaria Antibiotics for HP eradication suppressed CSU 
(chronic spontaneous Urticaria) symptoms and 
improved remission with or without HP eradica-
tion. Some antibiotics, such as clarithromycin, 
attenuate proinflammatory cytokine production 
during the innate immune response by inhibiting 
T2 cytokine secretion. 

[23, 24] 

Pityriasis Rosea EM is probably more beneficial in reducing the 
severity of itching than placebo. 

[25] 

Pityriasis Lichenoides Oral EM showed clearance rates ranging between 
66% and 83%. 

[26] 

Bullous pemphigoid Tetracyclines and macrolides have been used as 
third-line options due to their immunomodulatory 
activity, and have shown efficacy as both 
monotherapy and adjuvant therapy. 

[27] 

Idiopathic thrombocytopenic 
purpura 

HP-positive ITP patients can be successfully 
treated by using a proton pump inhibitor, amoxi-
cillin, and clarithromycin. 

[28, 29] 

Alopecia Areata RXM increased the percentage of HFs in the 
anagen phase. 

[30] 

Targeted therapy and chemo-
therapy associated skin 
toxicities 

Oral tetracyclines are effective in the treatment of 
dverse skin reactions induced by targeted thera-
pies. There is insufficient evidence for the useful-
ness of macrolide antibiotics. However, 
considering their immunomodulatory effects, they 
may be an alternative to tetracyclines in patients 
with tetracycline side effects. Macrolide antibi-
otics may be an alternative to tetracyclines in 
patients with tetracycline side effects. 

[31] 

Atopic dermatitis (itch) Seventeen subjects participated in an open trial of 
macrolides for treatment of psoriasis. Mean PASI 
scores dropped significantly, and itch was reduced 
in 11 subjects after therapy. 

[32] 

Six subjects with severe pruritus and six with 
moderate pruritus in the study group reported that 
itch disappeared completely after the treatment. 

[33] 

Topical application of josamycin to AD lesions 
colonized by S. aureus may help control AD. 

[34] 

2 Rosacea 

Rosacea is a chronic cutaneous disorder affecting primarily the face and character-
ized by erythema, transient or persistent, telangiectasia, and inflammatory lesions 
including papulo-pustules and swelling [35]. Topical medications, systemic drugs, 
lasers, and light-based therapies have been used for the management of rosacea with 
variable results. Tetracyclines and their derivatives, including minocycline and



doxycycline, have anti-inflammatory properties that correlate with certain aspects of 
the pathophysiology and are commonly used to treat rosacea [36]. However, long-
term treatment with tetracycline is not well tolerated due to requiring frequent 
administration, poor adherence and side effects including gastrointestinal intoler-
ance, photosensitivity, and candidiasis [10]. Moreover, given the chronic nature of 
the disease, bacterial resistance will develop. Azithromycin is also effective in 
treating rosacea as confirmed by several clinical studies. Fernandez-Obregon 
reported that 10 patients who were intolerant of or had persistent symptoms of 
rosacea despite conventional treatment, improved with the oral use of azithromycin 
[8]. Modi et al. treated a 67-year-old man who had photosensitivity to doxycycline 
and hyperpigmented dyschromia to minocycline with oral azithromycin in a dose of 
250 mg 3 times weekly [9]. Bakar et al. reported that treatment with oral 
azithromycin decreased the number of lesions by 75% and the number of inflam-
matory lesions 89% after therapy [10]. An open-label study showed that 
azithromycin is as effective as doxycycline and improves the quality of life of 
patients [11]. Kim et al. treated a 52-year-old woman with 2 weeks of oral 
azithromycin who had intractable rosacea not responding to conventional treatments 
including topical benzoyl peroxide and metronidazole, as well as oral metronidazole, 
isotretinoin, and doxycycline [12]. The authors reported that the lesions had mark-
edly improved, and no side effects related to azithromycin were noted. Rosacea 
patients have more skin reactive oxygen species levels than healthy controls. A 
significant decrease in chemiluminescence, a measurement of the generation of 
reactive oxygen species, was shown after treatment with azithromycin 500 mg on 
three days each week for 4 weeks [10]. 
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3 Palmoplantar Pustulosis and SAPHO Syndrome 

Palmoplantar pustulosis or pustulosis palmaris et plantaris (PPP) is a refractory 
pustular eruption of the palms and soles with unknown etiology. In addition to 
skin lesions, PPP patients may present with severe joint pain and pustulotic arthro-
osteitis (PAO), especially of the sternoclavicular joint. PAO is sometimes regarded 
as a variant of synovitis, acne, pustulosis, hyperostosis and osteitis (SAPHO) 
syndrome [37]. Despite recent advances in the understanding of the epidemiologic, 
pathophysiologic, and immunogenic mechanisms involved in PPP, PAO and 
SAPHO syndrome, etiopathogenesis remains poorly understood. Researchers have 
found associations with PPP including smoking, infections, certain medications and 
genetics. Propionibacterium acnes, the microorganism associated with acne, has 
been recovered from bone biopsy in some patients with SAPHO syndrome, but the 
possible pathogenic role of an infectious agent in a genetically predisposed individ-
ual, resulting in exaggerated inflammatory response as “reactive osteitis,” is a largely 
unproven hypothesis [38]. 

Low-dose and long-term oral macrolide therapy significantly improved refractory 
PPP which was unresponsive to topical corticosteroids in more than 75% of patients



treated. A clinical effect was objectively recognized within 1–2 weeks after the start 
of the therapy and patients’ evaluations were favorable after 4–12 weeks [13]. The 
authors concluded that 14-member macrolides down-regulated CXCL8 or 
Staphylococcal-superantigen in stimulated keratinocytes in refractory PPP. Several 
authors have also reported successful control of SAPHO syndrome with 
azithromycin [14–16]. Matzaroglou et al. [17] reported five patients with SAPHO 
syndrome, ages 27 to 44 years, with a beneficial response to macrolide, clindamycin, 
and the nonsteroidal anti-inflammatory drug, lornoxicam. All patients remained 
symptom-free for up to 4 years, after a 3–8-month course of treatment. 
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4 Psoriasis 

Psoriasis is a chronic, systemic immune-mediated disease characterized by devel-
opment of erythematous, indurated, scaly, pruritic plaques on the skin. Psoriatic 
immunopathogenesis is driven by circulating pro-inflammatory cytokines, including 
TNF-α, IL-17, IL-23 and type 1 and type 2 interferons (IFNs) including IFNα/β and 
IFNγ. These cytokines are produced by T-helper (Th) cells and activated dendritic 
cells (DCs) that infiltrate the skin and remain as memory T cells in lesional skin [39]; 
supporting the observation that psoriatic lesions generally recur in the same anatom-
ical area [40]. Upregulation of these molecular pathways stimulates keratinocyte 
hyperproliferation and T cell-mediated inflammation [41]. Psoriasis is also charac-
terized by the presence of neutrophil activation and overproduction of IL-6 and 
CXCL8 from keratinocytes [18]. It is now clear that macrolides inhibit the produc-
tion of many proinflammatory chemokines and cytokines, perhaps by inhibiting 
ERK1/2 and suppressing nuclear transcription factors, and decreasing neutrophil 
activity [42]. Although in some studies it has been reported that antibiotics are not 
beneficial [43, 44], other studies have shown the efficacy of macrolides in psoriasis 
[18]. Because streptococcal throat infection is a primary trigger for psoriasis exac-
erbations, it is possible that streptococcal antigens may induce cross reactive T-cell 
responses against skin components [45, 46]. SEB (staphylococcal enterotoxin B) 
have also been associated with psoriatic disease [47]. Patients with psoriasis are at an 
increased risk for staphylococcal colonization compared with healthy individuals. 
Prospective studies on how bacterial loads correlate with disease activity can guide 
the clinical management of bacterial colonization while preventing the emergence of 
drug-resistant strains [19, 48]. Ten subjects with chronic plaque psoriasis were 
enrolled and took 150 mg of RXM orally twice a day. Six out of the ten patients 
had a decreased psoriasis area and severity index (PASI) score. 

Macrolides, as a class, and azithromycin in particular, have a characteristic 
immunomodulatory potential, in addition to their main antibacterial action against 
streptococci. Azithromycin decreases levels of the chemokine CXCL8 in IFN-
γ-treated keratinocytes as well as expression of MHC class II, secretion of IL-1 
alpha, and superantigen presenting ability [49, 50]. Saxena and Dogra [20] used oral 
azithromycin in a single blind randomized case-control trial of 50 subjects with



moderate-to-severe chronic plaque psoriasis. Of these, 30 subjects received 
azithromycin for 48 weeks as a single oral 500 mg daily dose for 4 days with a 
gap of 10 days. A significant improvement in PASI score was noted from 12 weeks 
most of the subjects in the azithromycin group. At the end of 48 weeks, 18 subjects 
(60%) showed excellent improvement, while 6 (20%) showed good improvement, 
and 4 (13.33%) showed mild improvement. 
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5 Adult-Onset Still’s Disease (AOSD) 

Adult-onset Still’s Disease (AOSD) is a systemic inflammatory disorder character-
ized by prolonged fever, polyarthralgia, and an evanescent rash. The etiology is 
unknown but infections have been suggested to be a trigger in predisposed hosts and 
a role for dysregulation of innate immunity has been suggested. Based on this, it was 
suggested that macrolides may have induced a therapeutic response. Thanou-
Stavraki et al. described a patient with AOSD complicated by calf fasciitis that 
serendipitously responded to clarithromycin administered for another indication 
[21]. Remarkable improvement followed rechallenges with clarithromycin for sub-
sequent AOSD flares. Notably, other studies have reported therapeutic responses 
using clarithromycin in some patients with AOSD [21, 22]. 

6 Chronic Urticaria 

Chronic urticaria is one of the most frequent skin diseases in medical practice. 
Urticaria is defined as acute if the wheal persists for less than 6 weeks and as chronic 
if it persists for longer. Chronic urticaria that lasts from several years to decades and 
significantly impairs the quality of life. There is evidence that Helicobacter pylori 
(HP) has a role in extragastric diseases such as chronic urticaria. A review suggested 
that antibiotics for HP eradication suppressed CSU (Chronic Spontaneous Urticaria) 
symptoms and improved remission with or without HP eradication [23]. In a 
subgroup analysis, high eradication rates of HP increased remission of CSU, while 
low eradication did not. Some antibiotics, such as clarithromycin, attenuate 
proinflammatory cytokine production during the innate immune response by 
inhibiting T2 cytokine secretion [24]. As well, the gut microbiome is a regulator in 
the gut–skin axis [51]. Antibiotics may alter microbiota, resulting in the reduction of 
systemic inflammation [52]. In addition, as HP itself induced the release of histamine 
by mast cells, HP eradication by antibiotics may have a favorable effect on the 
pathophysiology of CSU [53].
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7 Pityriasis Rosea 

Pityriasis rosea is a scaly, itchy rash that mainly affects young adults and lasts for 
2 to 12 weeks. The effects of many available treatments are uncertain. Macrolides 
have anti-inflammatory and immunomodulating effects that might affect the course 
of Pityriasis Rosea or other cutaneous eruptions, independent of their antibacterial 
properties [54]. Several studies evaluated the use of macrolide antibiotics [55– 
59]. But none of these showed conclusive benefit on rash. Based on a single trial, 
EM is probably more beneficial in reducing the severity of itching than placebo. 
There is probably no difference between azithromycin and clarithromycin in reso-
lution of itch [25]. 

8 Pityriasis Lichenoides Chronica 

Pityriasis lichenoides (PL) represents a spectrum of inflammatory skin diseases 
comprising pityriasis lichenoides et varioliformis acuta (PLEVA) and pityriasis 
lichenoides chronica (PLC). PLEVA is an uncommon condition which presents 
acutely with papulo-vesicles that may develop necrotic, ulcerative, or hemorrhagic 
changes. This condition responses well to EM and ultraviolet light therapy. A 
systematic review was performed according to PRISMA guidelines for studies 
investigating PL treatment. A total of 441 papers were screened, and 37 original 
manuscripts meeting the inclusion and exclusion criteria were found, including12 
case series, 18 reviews, four prospective studies, two comparative studies and a 
single randomized controlled study. Oral EM showed clearance rates ranging 
between 66% and 83%, whereas methotrexate up to 100% but in small but dated 
studies. Evidence for other treatments is scarce [26]. 

9 Bullous Pemphigoid 

Bullous pemphigoid is the most common autoimmune-mediated bullous disease 
in men. 

The treatment of localized or mild BP is mainly based on topical corticosteroids 
which can be combined with antibiotics [60]. Most patients with moderate-to-severe 
disease will require at least some oral corticosteroids. The aim of oral corticosteroids 
is to establish prompt remission and then wean to the lowest possible dose to 
maintain control with the aid of steroid-sparing adjuvants. Oral corticosteroids 
should then be tapered slowly to achieve a minimum effective dose for preventing 
new lesion formation. Tetracyclines and macrolides have been used as third-line 
options due to their immunomodulatory activity, and have shown efficacy as both 
monotherapy and adjuvant therapy [27].
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10 Idiopathic Thrombocytopenic Purpura 

Primary Idiopathic Thrombocytopenic Purpura (ITP) is an acquired immune disor-
der characterized by an isolated thrombocytopenia due to pathogenic anti-platelet 
autoantibodies, T cell-mediated platelet destruction, and impaired megakaryocyte 
function. Some studies have suggested that HP-positive ITP patients can be suc-
cessfully treated by using a proton pump inhibitor, amoxicillin, and clarithromycin 
[28, 29]. It has been reported in some cases of ITP, such as HP-positive ITP, there are 
increased platelet counts with macrolide treatment [28, 61, 62]. Immunomodulatory 
effects from macrolides might be obtained by the eradication of bacteria or by 
modulation of the immune system involving the mucosa on which commensal 
bacteria reside [63]. 

11 Alopecia Areata 

Campuzano-Maya described the case of a 43- year-old man with patchy alopecia 
areata and HP infection; the patient had hair regrowth after bacterial eradication 
[64]. RXM promotes hair growth and antagonizes catagen in patients with andro-
genic alopecia (AGA), presumably by inhibiting keratinocyte apoptosis [30]. While 
these hair effects could also derive from macrolide-induced immunomodulation, 
interestingly, in AGA the HF microbiome shows dysbiosis [65], characterized by an 
increased abundance of (RXM-susceptible) Cutibacterium acnes. Therefore, the 
effects of RXM on hair growth might also arise from microbiome changes. RXM 
also increased the percentage of HFs in the anagen phase [30]. 

12 Targeted Therapy and Chemotherapy Associated Skin 
Toxicities 

Skin toxicities due to systemic cancer treatment are a significant problem for many 
patients and can greatly affect their quality of life. Preventing and managing skin-
related toxicities can decrease treatment disruption and improve patient well-being. 
Treatments that cause skin toxicities are used to treat most cancers and affect a high 
percentage of patients. Adverse skin reactions can involve skin barrier function, hair, 
and nails. Epidermal growth factor receptor inhibitors (EGFRIs) are an important 
class of anticancer agents. Although these agents have a more favorable toxicity 
profile than other anticancer therapies, they have unique adverse events [66]. The 
primary toxicity associated with EGFRIs are an acneform rash that can occur in more 
than 80% of patients receiving these agents [67–69]. The rash associated with 
EGFRIs is mild in most cases, but it can lead to treatment cessation or dose 
modifications [70, 71]. Patients who experience an EGFRI rash experience negative



effects on physical, functional, emotional, and social well-being [72]. Oral tetracy-
clines are effective in the treatment of papulopustular acne and rosacea [31]. Aside 
from the antibiotic properties of tetracyclines, these drugs have an anti-inflammatory 
effect, inhibiting matrix metalloproteinases and reducing neutrophil chemotaxis and 
the production of proinflammatory cytokines. They also have antiangiogenic prop-
erties and possibly affect immune modulation via reduced T-cell activation [73]. The 
use of either oral lymecycline or doxycycline is recommended, dependent on local 
availability, once or twice daily at the approved dose. However, lymecycline is 
preferred as a result of its slightly better adverse event profile, including the lesser 
risk of photosensitivity, compared with other tetracyclines. There is insufficient 
evidence for the usefulness of macrolide antibiotics. However, considering their 
immunomodulatory effects, they may be an alternative to tetracyclines in patients 
with tetracycline side effects. 
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13 Itch and Atopic Dermatitis 

Tamaki investigated the antipruritic effects of macrolide antibiotics in several 
pruritic skin diseases and found that in most of the patients, the drug was effective. 
Macrolides may inhibit production of cytokines or neuropeptides that cause pruritus 
[32]. Seventeen subjects participated in an open trial of macrolides for treatment of 
psoriasis. Mean PASI scores dropped significantly, and itch was reduced in 11 sub-
jects after therapy. Polat et al. reported that EM was more effective against pruritus 
than control therapy [33]. Six subjects with severe pruritus and six with moderate 
pruritus in the study group reported that itch disappeared completely after the 
treatment [18]. 

Chronic skin colonization by Staphylococcus aureus (S. aureus) can exacerbate 
atopic dermatitis (AD) and control of skin colonization using an antibiotic ointment 
might relieve AD-related skin inflammation. Topical treatment with josamycin 
improved the skin severity score in NC/Nga mice with AD-like skin lesions induced 
by Dermatophagoides farinae extract. This suppressive effect was associated with 
decreases in the S. aureus count on the lesional skin, scratching behavior of mice, 
and IL-31 mRNA expression in the skin. The severity of AD-like skin inflammation 
in NC/Nga mice correlated with the amount of S. aureus colonization and IL-31 
production in the skin. Therefore, topical application of josamycin to AD lesions 
colonized by S. aureus may help control AD by eliminating skin S. aureus and by 
suppressing IL-31-induced scratching behavior [34].
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14 Conclusion 

There is strong evidence providing support to the benefit of using 14 or 15 member 
macrolides to treat some chronic skin disorders. The macrolides have some poten-
tially useful immunomodulatory effects. Although additional studies are needed, 
macrolide therapy in some of chronic dermatoses has the potential of modifying the 
morbidity and possibly ameliorating the severity of some of these conditions. 
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Macrolide Use in Preschool-Aged Children 
with Acute or Recurrent Respiratory Tract 
Illnesses with Wheezing 

Lauren D. Benton and Fernando D. Martinez 

Abstract Acute and recurrent lower respiratory tract illnesses with wheezing 
(WLRI) are a common problem among preschoolers and have high societal costs. 
Currently there are few options that are effective for either preventing or treating 
WLRI, especially in children without atopy. Macrolides may be a promising option 
for treating WLRI in preschool children, but there has been conflicting data on their 
efficacy. Their effect in WLRI may be due to their immunomodulatory or antimi-
crobial properties. 

Keywords Macrolide · Azithromycin · Preschool · Children · Wheezing · 
Respiratory tract illness · Asthma · Bronchiolitis 

1 Epidemiology of Lower Respiratory Tract Illnesses 
with Wheezing (WLRI) 

Acute and recurrent WLRI are among the most common causes of morbidity in 
children, especially among preschoolers. Twenty percent of children will have a 
wheezing episode before 3 years of age and 50% will have one before 6 years of age 
[1, 2]. WLRI are the most frequent cause of emergency department visits and 
hospitalizations in this age group. Data from the National Hospital Ambulatory 
Medical Care Survey (NHAMCS) indicate that between 2010 and 2014, over 
250,000 children aged 0–4 years visited an emergency department in the United 
States for “asthma” and of these, 28,000 were hospitalized [3]. These numbers may
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underestimate the true incidence, because not all preschool children with WLRI are 
diagnosed with “asthma.” A significant proportion of these children go on to develop 
persistent asthma, and WLRI are associated with deficits in lung function growth that 
may predispose for chronic obstructive pulmonary disease in adult life [4].
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Despite the high burden and morbidity associated with WLRI, available treat-
ments are often ineffective in reversing airway obstruction or preventing future acute 
episodes. Daily use of inhaled corticosteroids (ICS) or montelukast have proven to 
be effective in decreasing WLRI rates in asthmatic patients, but montelukast is 
inferior to ICS, and ICS is mostly effective in children with a T2 phenotype (i.e., 
associated with blood eosinophilia and/or allergic sensitization) [5]. Systemic corti-
costeroids are often used to treat acute WLRI episodes, but results have been mixed, 
with some studies showing no difference in hospitalization rates between oral 
corticosteroids versus placebo [6]. Short-acting beta agonists are also used in acute 
wheezing episodes for symptom treatment, but their effects are short lived [7]. There 
is the clear need for new approaches to the treatment of WLRI in preschool children, 
and especially among those who do not have evidence of a T2 phenotype. 

Macrolide antibiotics such as azithromycin, erythromycin, clarithromycin, and 
roxithromycin have both antimicrobial and immunomodulatory effects and have 
been shown to be effective in the treatment of pulmonary diseases such as diffuse 
panbronchiolitis, cystic fibrosis, and severe nonatopic asthma in adults. This has led 
to an interest in using immunomodulatory macrolides for wheezy children to prevent 
worsening of WLRI and to shorten their course, thus decreasing the need for 
hospitalization. 

2 Etiology of WLRI 

Until recently, the established consensus regarding WLRI was that viruses were the 
most frequent triggers of these acute episodes of airway obstruction. However, in 
2010, Bisgaard et al. showed that in children aged 4 months to 3 years, WLRI were 
associated with equally strong evidence of bacterial infection (mainly H. influenzae, 
M. catarrhalis, and S. pneumoniae) or viral infection [8]. Subsequently, Teo et al. 
reported that children whose nasopharynx was colonized with S. pneumoniae were 
more likely to have subsequent recurrent episodes of wheezing than those who were 
not [9]. More recently, Dumas et al. showed that children with increased proportions 
of Haemophilus-dominant or Moraxella-dominant nasopharyngeal microbiota pro-
files after an episode of bronchiolitis were more likely to have subsequent recurrent 
wheezing than those with other microbial profiles [10]. Finally, Kloepfer et al. 
reported that children 4–12 years old had twice the risk of having an asthma 
exacerbation if S. pneumoniae or M. catarrhalis were isolated from their nasal 
samples compared to children in whom neither S. Pneumoniae nor M. catarrhalis 
were isolated [11]. Taken together, these data suggest that bacteria may play a role in 
the pathogenesis of recurrent wheezing and seemed to provide support to the idea 
that antibiotics could be used to treat WLRI.
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3 Biological Effects of Macrolides Relevant to WLRI 

Macrolides are antibiotics with monolactone rings. In the United States of America 
commonly used macrolides include azithromycin, clarithromycin, and erythromy-
cin. Macrolides have good respiratory penetration and can concentrate in inflamma-
tory cells and mucus making them potential candidates to treat WLRI. Macrolides 
are bacteriostatic antibiotics that exhibit their effects by binding to the 50S ribosomal 
subunit stopping bacterial protein synthesis [12]. Apart from antimicrobial activity, 
some macrolides (azithromycin, clarithromycin, roxithromycin, erythromycin, 
dirithromycin, and troleandomycin) increase airway defense mechanisms, have 
immunomodulatory effects, and antiviral activity. 

Macrolides have effects on host immune defense mechanisms. Airway epithelial 
cells form tight bonds that serve as a barrier. An intact epithelial barrier function is 
critical for respiratory health and is modulated by junctional complexes. 
Azithromycin, but not erythromycin, has been shown to increase epithelial barrier 
function independent of changes in bacterial colonization [13]. Mucus production 
and mucociliary clearance are an important part of the airways defense mechanism 
against pathogens. Goblet cells produce mucin, which creates a protective mucus 
layer that engulfs foreign particles, including viruses and bacteria; cilia beat these 
trapped particles up and out of the airway. In chronic inflammatory states, goblet cell 
hyperplasia can occur leading to greater mucus production. Clarithromycin, 
azithromycin, and erythromycin have been shown to decrease mucus production 
possibly by inhibiting MUC5A activation [14, 15]. 

Macrolides have immunomodulatory effects that may help protect against more 
severe respiratory infection and defend against viral respiratory infections. Neutro-
phils and macrophages migrate from the blood stream into the airway to help kill 
bacteria and viruses; however, these effects are nonspecific and can lead to the 
unintended consequence of injuring the airway. Viruses are known to induce 
neutrophilic inflammation and increase proinflammatory cytokines and chemokines 
such as IL-6, CXCL8, and IL-16 [16]. Atypical bacterial infections are also known to 
induce bronchial epithelial cell expression TNF-alpha, CXCL8, IFN-gamma, and 
nuclear factor kappa-beta, which in mice has been shown to induce bronchial hyper 
responsiveness [17]. Macrolides have been shown to alter these inflammatory 
pathways, leading to less secondary airway injury. Erythromycin inhibits neutrophil 
elastase and production of superoxide anions by neutrophils, which are both 
nonspecific  inflammatory molecules that can damage the airway [18, 19]. Following 
initial stimulation of neutrophilic degranulation and oxidative burst, azithromycin 
has immunomodulatory effects via downregulating neutrophilic chemotactic factors 
such as CXCL8, reduction in oxidative burst by neutrophils, and upregulation of 
neutrophilic apoptosis [20–23]. Azithromycin also inhibits rhinovirus replication in 
airway epithelial cells and increases rhinovirus pattern recognition receptors, IFN, 
and IFN-stimulated gene mRNA levels [24]. Macrolides immunomodulatory effects 
may not be fully independent of their antimicrobial effects. In a study investigating 
clarithromycin’s effects on cytokines and chemokines in children’s nasal airways



Fonseca-Aten et al. found that clarithromycin decreased concentrations of TNF-α, 
IL-1β, and IL-10 [25] and that this effect attenuated in children with M pneumoniae 
and/or C pneumoniae. The relative role of antimicrobial, antiviral, and immuno-
modulatory effects of macrolides in their putative effects on WLRI prevention and 
treatment in currently unknown. 
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4 Use of Macrolides during Acute Wheezing Illnesses 

Macrolide’s efficacy in wheezing illnesses in children is debated and studies have 
shown conflicting data. A 2014 Cochrane review reported that antibiotics and, 
specifically, azithromycin use in children under 2 years old with bronchiolitis had 
no significant effect on length of hospitalization or duration of oxygen requirement 
and concluded that there was not sufficient evidence to support the use of antibiotics 
in bronchiolitis [26]. There have been a few meta-analyses investigating all 
macrolides that suggest they may be associated with less need for short-acting 
beta-agonist, lower risk of recurrent wheezing episodes, and shorter time to resolu-
tion of symptoms in children with asthma and wheezing [27–29]. However, these 
same meta-analyses have also shown little benefit of macrolide use in length of stay, 
need for oxygen, symptoms and signs of respiratory distress readmission rate, and 
rates of hospitalizations in these same children [27–29]. 

Studies investigating the efficacy of macrolides in WLRI have used mostly used 
azithromycin, which is the macrolide with the most consistent body of work 
completed. There have been fewer studies using clarithromycin or erythromycin 
[30]. Clarithromycin given at a dose of 15 mg/kg daily for 3 weeks to hospitalized 
patients with RSV bronchiolitis showed a reduction in length of stay and need for 
oxygen [30]. Since the 2014 Cochrane review, there have been additional random-
ized clinical trials investigating the use of azithromycin in preschool children with 
recurrent WLRI, and results have been mixed. A Danish study that recruited 1–3-
year-old children with recurrent asthma-like illnesses from the Copenhagen Pro-
spective Studies on Asthma in Childhood (COPSAC) 2010 Cohort randomized 
subjects with respiratory illnesses lasting longer than 3 days to either a 3-day course 
of 10 mg/kg azithromycin or a placebo. The study showed that the course of illness 
was shortened from 7.7 days in the placebo group to 3.4 days in the treatment group 
and that this effect was enhanced when azithromycin was given earlier in the course 
of illness. Also, treatment with azithromycin reduced the duration of short-acting 
beta agonist use [31]. Subsequently this same group assessed the hypopharyngeal 
microbiota during an acute WLRI in the children enrolled in this same trial 
[32]. They found that the composition of the airway microbiota was associated 
with the duration of the acute episode, and that the microbial richness of the sample 
before treatment increased the effect of azithromycin. These results suggested that 
the effects of azithromycin could be attributable to its antimicrobial and antiviral 
activity. Another study (the APRIL trial) recruited children 12 to 71 months of age 
from nine different US academic centers who had a history of recurrent severe WLRI 
but no impairment between episodes, and showed a positive effect of azithromycin



when given early in the course of a respiratory illness [33]. In this study, the 
children’s guardians were to start azithromycin (12 mg/kg once daily for 5 days) 
as soon as the child developed signs or symptoms of their “usual starting point before 
development of a severe lower respiratory tract illness.” Children who received 
azithromycin had lower risk of progressing to a severe lower respiratory tract 
infection and those who did go on to develop a severe lower respiratory tract 
infection had fewer symptoms compared to those who received placebo. 
Azithromycin’s effect was not modified by sex, asthma predictive index, viral 
detection, season of illness, or CXCL8 rs4073 genotype [33]. Although these studies 
showed a positive outcome when azithromycin was given to children with WLRI, a 
third study showed no positive effect. Mandhane et al. recruited children 12 to 
60 months old who presented to Alberta Children’s (Calgary) Stollery Children’s 
(Edmonton) Hospital Emergency Departments in Canada with WLRI. Subjects were 
given azithromycin 10 mg/kg for 1 day and then 5 mg/kg for 4 days for a total course 
of 5 days of antibiotics or placebo. They found no significant difference in time to 
resolution of symptoms between the groups [34]. The difference in how these studies 
were conducted could possibly explain the reason for their different reports of benefit 
of use of azithromycin in respiratory tract illnesses. The Canadian investigators used 
a lower dosage and a shorter course of azithromycin in the treatment group, which 
may have led to less clinical benefit. They also recruited children who presented to 
the emergency department potentially later in their illness while the APRIL study, 
for example, recruited patients before the most severe phase of their illness, and this 
may have attenuated benefit. This is supported by the Danish study showing a 
greater effect when azithromycin was given earlier in the course of illness. Finally, 
the Canadian study enrolled all patients with a current wheezing illness, whereas 
both the US and Danish studies only enrolled patients with a previous history of 
wheezing. Of note, the Canadian study intended to enroll 440 participants and 
include approximately 400 in the primary analysis, but only 300 were finally 
randomized and 222 included in the primary analysis. It is unclear if these circum-
stances might have biased the results towards the null. 
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In summary, it is currently uncertain if azithromycin could be used to effectively 
treat WLRI among preschool children and if so, in which children. A limitation of all 
studies performed heretofore is that azithromycin was given to acutely ill children 
regardless of their microbial nasopharyngeal profile. Implicit in those studies’ design 
is the assumption that efficacy of treatment with azithromycin would be attributable 
to nonantimicrobial effects of this antibiotic, but there is no definitive support for this 
assumption. To address this gap and provide definitive answers to this issue, one of 
us (FDM) co-leads an ongoing clinical trial called AZithromycin Therapy in Pre-
schoolers With a Severe Wheezing Episode Diagnosed at the Emergency Depart-
ment (AZ-SWED) (NCT04669288). Over 1500 preschool children will be 
randomized to either azithromycin (12 mg/kg/day for 5 days) or placebo, and the 
trial will be stratified by the presence or absence at the time of the acute illness of any 
one of the three taxa in the nasopharynx most frequently isolated in young children 
with WLRI (i.e., H. influenzae, M. catarrhalis, and S. pneumoniae). With this study 
design, the study will be able to determine if azithromycin is effective in preschool



children with WLRI and if so, if it is specifically effective in those colonized with 
these pathogenic bacteria or if its effects are observed in all children regardless of 
bacterial colonization. 
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5 Azithromycin for Respiratory Syncytial Virus (RSV) 
Bronchiolitis to Prevent Future Wheezing Illnesses 

Many infants who are hospitalized for acute bronchiolitis go on to have subsequent 
episodes of wheezing, and these recurrent episodes are associated with high mor-
bidity and significant societal costs [35, 36]. There is some evidence that acute 
respiratory infections due to RSV are associated with a neutrophilic airway inflam-
mation [37, 38], and this has suggested the possibility that, given azithromycin’s 
anti-CXCL8 effects and associated attenuation of neutrophilic inflammation [39], it 
could play a role in the treatment of RSV bronchiolitis and in the subsequent 
development of recurrent wheezing. 

Beigelman et al. studied otherwise healthy children hospitalized with RSV 
bronchiolitis. They were given either 14 days of placebo or azithromycin 10 mg/ 
kg for 7 days and then 5 mg/kg for 7 days [40]. Infants treated with active drug had a 
greater decrease in nasal lavage fluid CXCL8 by day 15 and had a significantly 
prolonged time to the third WLRI episode post-RSV than those treated with placebo. 
They also had fewer days with respiratory symptoms (cough, wheeze, or shortness of 
breath) during a 50-week follow-up period. However, a subsequent, larger study by 
this same group of investigators did not confirm these results. They enrolled two 
hundred 1- to 18-month-old children hospitalized with RSV bronchiolitis in this 
single center and randomly assigned them to receive oral azithromycin (10mg/kg 
daily for 7 days, followed by 5 mg/kg daily for 7 days) or placebo 
[41]. Azithromycin did not reduce the risk of post-RSV recurrent wheeze (47% in 
the azithromycin group vs. 36% in the placebo group; adjusted hazard ratio, 
p = 0.11). Azithromycin did have a biological effect, in that children in the active 
drug arm had lower levels of CXCL8 in nasal wash samples at 14 days 
postrandomization than those in the placebo group. Similarly, McCallum et al. 
investigated children 18 months or younger hospitalized for bronchiolitis [42]. In 
this study, children were given placebo or a single dose of 30 mg/kg of azithromycin. 
The azithromycin group did not have a difference in their rate of rehospitalization in 
6 months of follow-up. These results thus suggest that azithromycin given to 
children hospitalized for bronchiolitis has no effect on the subsequent development 
of recurrent WLRI. 

It is important to note here that most studies in which macrolides were shown to 
attenuate neutrophil dominant airway disease such as cystic fibrosis used long-term 
(i.e., 3 months or more) low-dose (e.g., thrice weekly) therapy. No such design has 
been attempted for the use of macrolide in the prevention of future WLRI in young 
children with RSV bronchiolitis.
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6 Risks of Macrolide Use 

The major side effect of macrolides is gastrointestinal issues and less commonly QT 
prolongation. Erythromycin can cause dose-dependent tinnitus and hearing loss. 
Erythromycin and clarithromycin may have interactions with drugs that use the 
cytochrome-P-450 system for metabolism. Many of the studies that use 
azithromycin report mild GI discomfort as the main side effect but in one of the 
clinic trials two people withdrew from the study due to side effects [34]. One subject 
had periorbital erythema and the other had diarrhea and vomiting [34]. Although the 
main side effect reported is GI discomfort there are concerns over widespread use of 
increasing macrolide resistance amongst bacteria, and gut dysbiosis. 

Four studies have reported on the development of antibiotic resistance during 
trials in which azithromycin was tested; two of these trials were in adults and two in 
children. The AZISAST trial, which enrolled asthmatic patients 18 years or older, 
showed an increase in oropharyngeal carriage of azithromycin-resistant streptococci 
[43]. The AMAZES trial, which enrolled patients with asthma 18 years of age or 
older, did not report increased prevalence of azithromycin-resistant strains [44]. In 
the APRIL trial quoted earlier, assessment of nasopharyngeal samples from only one 
of the study centers showed an increase in azithromycin-resistant organisms in both 
the control and the treatment group, but the rates were higher in the azithromycin 
treated group, with S aureus being the most common resistant organism detected 
[33]. In a study of 5–15-year-old children with poorly controlled asthma, no 
azithromycin-resistant organisms were detected in the throat swabs collected. How-
ever, this was in only a small subset of their subjects due to COVID-19 not allowing 
collection of swabs in all subjects [45]. To provide more definitive answers regard-
ing this issue and as part of a pre-established secondary outcome assessment, the 
AZ-SWED study is collecting nasopharyngeal swabs before and after administration 
of azithromycin to determine the development of resistance to the three bacterial taxa 
that have been implicated in the development WLRI. 

The gut microbiota has commensal bacteria that may be altered by macrolides 
(or by any antibiotic). Dysbiosis could have negative consequences, since it has been 
shown that a healthy gut microbiome is important for protection against the devel-
opment of asthma [46]. In the Beigelman et al. study quoted earlier, a post hoc 
analysis showed that children who had been treated with azithromycin during an 
RSV infection and were antibiotic naïve at the time of the acute episode had an 
increased risk of subsequent recurrent wheeze [41]. Why this effect was found in 
antibiotic-naïve children and not in those who had received antibiotics earlier is 
unknown. There have been previous studies and meta-analyses that show increased 
rates of asthma in children treated with antibiotics early in life; however, no causal 
relationship has been identified [47, 48]. Although perturbation of gut microbiome 
may be an adverse effect of macrolides, there have not been studies showing 
prolonged gut microbiome perturbations, and only short-term changes have been 
observed [49].
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7 Conclusion 

Whether macrolides are useful to prevent deterioration in acute wheezing episodes 
or prevent future wheezing episodes is yet to be determined. Studies looking at using 
macrolides in wheezing children have shown mixed results, but there is no fixed 
medication dosing or timing and many of the studies suffer from small sample sizes 
and very short study durations. Given that macrolides have both an antibiotic and 
immunomodulatory effects, they are likely to be helpful in subgroup of children with 
wheezing illnesses, and particularly, in those with non-T2-associated wheeze. 

Compliance with Ethical Standards No human or animal studies were performed 
to complete this manuscript. 
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References 

1. Martinez FD, Wright AL, Taussig LM, Holberg CJ, Halonen M, Morgan WJ. Asthma and 
wheezing in the first six years of life. The group health medical associates. N Engl J Med. 
1995;332(3):133–8. 

2. Bisgaard H, Hermansen MN, Buchvald F, Loland L, Halkjaer LB, Bonnelykke K, et al. 
Childhood asthma after bacterial colonization of the airway in neonates. N Engl J Med. 
2007;357(15):1487–95. 

3. Qin X, Zahran HS, Malilay J. Asthma-related emergency department (ED) visits and post-ED 
visit hospital and critical care admissions, National Hospital Ambulatory Medical Care Survey, 
2010-2015. J Asthma. 2021;58(5):565–72. 

4. Bisgaard H, Norgaard S, Sevelsted A, Chawes BL, Stokholm J, Mortensen EL, et al. Asthma-
like symptoms in young children increase the risk of COPD. J Allergy Clin Immunol. 2021;147 
(2):569–76 e9. 

5. Fitzpatrick AM, Jackson DJ, Mauger DT, Boehmer SJ, Phipatanakul W, Sheehan WJ, et al. 
Individualized therapy for persistent asthma in young children. J Allergy Clin Immunol. 
2016;138(6):1608–18.e12. 

6. Castro-Rodriguez JA, Beckhaus AA, Forno E. Efficacy of oral corticosteroids in the treatment 
of acute wheezing episodes in asthmatic preschoolers: systematic review with meta-analysis. 
Pediatr Pulmonol. 2016;51(8):868–76. 

7. Castro-Rodriguez JA, Rodrigo GJ, Rodríguez-Martínez CE. Principal findings of systematic 
reviews of acute asthma treatment in childhood. J Asthma. 2015;52(10):1038–45. 

8. Bisgaard H, Hermansen MN, Bonnelykke K, Stokholm J, Baty F, Skytt NL, et al. Association 
of bacteria and viruses with wheezy episodes in young children: prospective birth cohort study. 
BMJ. 2010;341:c4978. 

9. Teo SM, Mok D, Pham K, Kusel M, Serralha M, Troy N, et al. The infant nasopharyngeal 
microbiome impacts severity of lower respiratory infection and risk of asthma development. 
Cell Host Microbe. 2015;17(5):704–15. 

10. Dumas O, Hasegawa K, Mansbach JM, Sullivan AF, Piedra PA, Camargo CA Jr. Severe 
bronchiolitis profiles and risk of recurrent wheeze by age 3 years. J Allergy Clin Immunol. 
2019;143(4):1371–9 e7.



Macrolide Use in Preschool-Aged Children with Acute or. . . 279

11. Kloepfer KM, Lee WM, Pappas TE, Kang TJ, Vrtis RF, Evans MD, et al. Detection of 
pathogenic bacteria during rhinovirus infection is associated with increased respiratory symp-
toms and asthma exacerbations. J Allergy Clin Immunol. 2014;133(5):1301–7. 7 e1–3 

12. Nagel AA. Macrolide antibiotics. Chemistry, biology, and practice. Edited by Satoshi Ōmura. 
Academic Press, Inc., Orlando, FL 32887. 1984. 635 pp. J Pharm Sci. 1985;74(9):1023. 

13. Asgrimsson V, Gudjonsson T, Gudmundsson GH, Baldursson O. Novel effects of azithromycin 
on tight junction proteins in human airway epithelia. Antimicrob Agents Chemother. 2006;50 
(5):1805–12. 

14. Imamura Y, Yanagihara K, Mizuta Y, Seki M, Ohno H, Higashiyama Y, et al. Azithromycin 
inhibits MUC5AC production induced by the Pseudomonas aeruginosa autoinducer 
N-(3-Oxododecanoyl) homoserine lactone in NCI-H292 cells. Antimicrob Agents Chemother. 
2004;48(9):3457–61. 

15. Shimizu T, Shimizu S, Hattori R, Gabazza EC, Majima Y. In vivo and in vitro effects of 
macrolide antibiotics on mucus secretion in airway epithelial cells. Am J Respir Crit Care Med. 
2003;168(5):581–7. 

16. Papadopoulos NG, Papi A, Psarras S, Johnston SL. Mechanisms of rhinovirus-induced asthma. 
Paediatr Respir Rev. 2004;5(3):255–60. 

17. Blasi F, Aliberti S, Allegra L, Piatti G, Tarsia P, Ossewaarde JM, et al. Chlamydophila 
pneumoniae induces a sustained airway hyperresponsiveness and inflammation in mice. Respir 
Res. 2007;8:83. 

18. Mitsuyama T, Tanaka T, Hidaka K, Abe M, Hara N. Inhibition by erythromycin of superoxide 
anion production by human polymorphonuclear leukocytes through the action of cyclic 
AMP-dependent protein kinase. Respiration. 1995;62(5):269–73. 

19. Gorrini M, Lupi A, Viglio S, Pamparana F, Cetta G, Iadarola P, et al. Inhibition of human 
neutrophil elastase by erythromycin and flurythromycin, two macrolide antibiotics. Am J Respir 
Cell Mol Biol. 2001;25(4):492–9. 

20. Esterly NB, Furey NL, Flanagan LE. The effect of antimicrobial agents on leukocyte chemo-
taxis. J Invest Dermatol. 1978;70(1):51–5. 

21. Miyachi Y, Yoshioka A, Imamura S, Niwa Y. Effect of antibiotics on the generation of reactive 
oxygen species. J Invest Dermatol. 1986;86(4):449–53. 

22. Shinkai M, Foster GH, Rubin BK. Macrolide antibiotics modulate ERK phosphorylation and 
IL-8 and GM-CSF production by human bronchial epithelial cells. Am J Physiol Lung Cell Mol 
Physiol. 2006;290(1):L75–85. 

23. Bosnar M, Cuzic S, Bosnjak B, Nujic K, Ergovic G, Marjanovic N, et al. Azithromycin inhibits 
macrophage interleukin-1beta production through inhibition of activator protein-1 in 
lipopolysaccharide-induced murine pulmonary neutrophilia. Int Immunopharmacol. 2011;11 
(4):424–34. 

24. Schogler A, Kopf BS, Edwards MR, Johnston SL, Casaulta C, Kieninger E, et al. Novel 
antiviral properties of azithromycin in cystic fibrosis airway epithelial cells. Eur Respir 
J. 2015;45(2):428–39. 

25. Fonseca-Aten M, Okada PJ, Bowlware KL, Chavez-Bueno S, Mejias A, Rios AM, et al. Effect 
of clarithromycin on cytokines and chemokines in children with an acute exacerbation of 
recurrent wheezing: a double-blind, randomized, placebo-controlled trial. Ann Allergy Asthma 
Immunol. 2006;97(4):457–63. 

26. Farley R, Spurling GK, Eriksson L, Del Mar CB. Antibiotics for bronchiolitis in children under 
two years of age. Cochrane Database Syst Rev. 2014;10:CD005189. 

27. Pincheira MA, Bacharier LB, Castro-Rodriguez JA. Efficacy of macrolides on acute asthma or 
wheezing exacerbations in children with recurrent wheezing: a systematic review and meta-
analysis. Paediatr Drugs. 2020;22(2):217–28. 

28. Lei WT, Lin HH, Tsai MC, Hung HH, Cheng YJ, Liu SJ, et al. The effects of macrolides in 
children with reactive airway disease: a systematic review and meta-analysis of randomized 
controlled trials. Drug Des Devel Ther. 2018;12:3825–45.



280 L. D. Benton and F. D. Martinez

29. Lin CY, Yeh TL, Liu SJ, Lin HH, Cheng YJ, Hung HH, et al. Effects of macrolide treatment 
during the hospitalization of children with childhood wheezing disease: a systematic review and 
meta-analysis. J Clin Med. 2018;7(11) 

30. Tahan F, Ozcan A, Koc N. Clarithromycin in the treatment of RSV bronchiolitis: a double-
blind, randomised, placebo-controlled trial. Eur Respir J. 2007;29(1):91–7. 

31. Stokholm J, Chawes BL, Vissing NH, Bjarnadottir E, Pedersen TM, Vinding RK, et al. 
Azithromycin for episodes with asthma-like symptoms in young children aged 1-3 years: a 
randomised, double-blind, placebo-controlled trial. Lancet Respir Med. 2016;4(1):19–26. 

32. Thorsen J, Stokholm J, Rasmussen MA, Mortensen MS, Brejnrod AD, Hjelmso M, et al. The 
airway microbiota modulates effect of azithromycin treatment for episodes of recurrent asthma-
like symptoms in preschool children: a randomized clinical trial. Am J Respir Crit Care Med. 
2021;204(2):149–58. 

33. Bacharier LB, Guilbert TW, Mauger DT, Boehmer S, Beigelman A, Fitzpatrick AM, et al. Early 
Administration of Azithromycin and Prevention of severe lower respiratory tract illnesses in 
preschool children with a history of such illnesses: a randomized clinical trial. JAMA. 2015;314 
(19):2034–44. 

34. Mandhane PJ, Zambrano P, de Silbernagel P, Aung YN, Williamson J, Lee BE, Spier S, et al. 
Treatment of preschool children presenting to the emergency department with wheeze with 
azithromycin: a placebo-controlled randomized trial. PLoS One. 2017;12(8):e0182411. 

35. Zorc JJ, Hall CB. Bronchiolitis: recent evidence on diagnosis and management. Pediatrics. 
2010;125(2):342–9. 

36. Hall CB, Weinberg GA, Iwane MK, Blumkin AK, Edwards KM, Staat MA, et al. The burden of 
respiratory syncytial virus infection in young children. N Engl J Med. 2009;360(6):588–98. 

37. Everard ML, Swarbrick A, Wrightham M, McIntyre J, Dunkley C, James PD, et al. Analysis of 
cells obtained by bronchial lavage of infants with respiratory syncytial virus infection. Arch Dis 
Child. 1994;71(5):428–32. 

38. Pitrez PM, Pinto LA, Machado DC, Tsukazan MT, Jones MH, Stein RT. Upper airway cellular 
pattern in infants with acute bronchiolitis: neutrophils or eosinophils? J Pediatr. 2003;79(5): 
443–8. 

39. Beigelman A, Mikols CL, Gunsten SP, Cannon CL, Brody SL, Walter MJ. Azithromycin 
attenuates airway inflammation in a mouse model of viral bronchiolitis. Respir Res. 2010;11:90. 

40. Beigelman A, Isaacson-Schmid M, Sajol G, Baty J, Rodriguez OM, Leege E, et al. Randomized 
trial to evaluate azithromycin's effects on serum and upper airway IL-8 levels and recurrent 
wheezing in infants with respiratory syncytial virus bronchiolitis. J Allergy Clin Immunol. 
2015;135(5):1171–8.e1. 

41. Beigelman A, Srinivasan M, Goss CW, Wang J, Zhou Y, True K, et al. Azithromycin to prevent 
recurrent wheeze following severe respiratory syncytial virus bronchiolitis. NEJM Evidence. 
2022;1(4):EVIDoa2100069. 

42. McCallum GB, Morris PS, Chatfield MD, Maclennan C, White AV, Sloots TP, et al. A single 
dose of azithromycin does not improve clinical outcomes of children hospitalised with bron-
chiolitis: a randomised, placebo-controlled trial. PLoS One. 2013;8(9):e74316. 

43. Gibson PG, Yang IA, Upham JW, Reynolds PN, Hodge S, James AL, et al. Effect of 
azithromycin on asthma exacerbations and quality of life in adults with persistent uncontrolled 
asthma (AMAZES): a randomised, double-blind, placebo-controlled trial. Lancet. 2017;390 
(10095):659–68. 

44. Brusselle GG, Vanderstichele C, Jordens P, Deman R, Slabbynck H, Ringoet V, et al. 
Azithromycin for prevention of exacerbations in severe asthma (AZISAST): a multicentre 
randomised double-blind placebo-controlled trial. Thorax. 2013;68(4):322–9. 

45. Ghimire JJ, Jat KR, Sankar J, Lodha R, Iyer VK, Gautam H, et al. Azithromycin for poorly 
controlled asthma in children: a randomized controlled trial. Chest. 2022;161(6):1456–64. 

46. Depner M, Taft DH, Kirjavainen PV, Kalanetra KM, Karvonen AM, Peschel S, et al. Matura-
tion of the gut microbiome during the first year of life contributes to the protective farm effect on 
childhood asthma. Nat Med. 2020;26(11):1766–75.



Macrolide Use in Preschool-Aged Children with Acute or. . . 281

47. Chen IL, Huang HC, Chang YH, Huang HY, Yeh WJ, Wu TY, et al. Effect of antibiotic use for 
acute bronchiolitis on new-onset asthma in children. Sci Rep. 2018;8(1):6090. 

48. Ahmadizar F, Vijverberg SJH, Arets HGM, de Boer A, Turner S, Devereux G, et al. Early life 
antibiotic use and the risk of asthma and asthma exacerbations in children. Pediatr Allergy 
Immunol. 2017;28(5):430–7. 

49. Wei S, Mortensen MS, Stokholm J, Brejnrod AD, Thorsen J, Rasmussen MA, et al. Short- and 
long-term impacts of azithromycin treatment on the gut microbiota in children: a double-blind, 
randomized, placebo-controlled trial. EBioMedicine. 2018;38:265–72.



Macrolides and Immunomodulation: Today 
and the Future 

Masaharu Shinkai 

Abstract In this final chapter, we briefly summarized the contents of each chapter 
of the book and suggested thoughts for possible future directions and recommenda-
tions for future studies on macrolides as immunomodulators, including the devel-
opment of new nonantimicrobial macrolides such as EP395. 
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(T17) inflammation · Nonantimicrobial macrolides · EM900 · EP395 · Solithromycin 

Professor Rubin and I have been collaborators and friends for several decades, 
studying these unique immunomodulatory properties of the macrolide antibiotics 
[1], and leading to the clinical trials establishing their effectiveness in treating cystic 
fibrosis. This was summarized in the first edition of this book, published with Prof. 
Jun Tamaoki in 2005. It is clear that a great deal has happened since then and we are 
delighted to summarize this knowledge in this volume, organized in 15 chapters by 
experts on the mechanisms and clinical effects of macrolides as immunomodulators. 

Prof. Rubin begins the Introductory Chapter, “A brief history of the macrolide 
antibiotics” with a history of the macrolide antibiotics with an emphasis on the 
discovery of their immunomodulatory properties. “Macrolides and Diseases Asso-
ciated with Loss of Epithelial Barrier Integrity” discusses the diverse mechanisms of 
macrolide immunomodulatory action as well as the cytoprotective effects of 
macrolides on airway epithelial cells, and on skin and intestinal epithelium, and 
how these properties can be used to treat airway, skin, and intestinal diseases related 
to epithelial barrier disorders. “Macrolides and Inflammatory Cells, Signaling, and 
Mediators” continues to explore these diverse immunomodulatory mechanisms, 
including normalizing airway water and mucus secretion, inflammatory cytokines, 
chemokines, adhesion molecules, and inhibiting neutrophil infiltration through the 
involvement of transcription factors such as mitogen-activated protein kinase and 
NFκB. Additionally macrolides can affect the function of lysosomes, autophagy, and 
apoptosis, increasing affinity for cell membranes within and without the cell. 
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“Clinical Macrolide Use for DPB” then emphasizes that the first widespread use 
of macrolides as immunomodulators was in Japan, to treat diffuse panbronchiolitis 
(DPB). Macrolide therapy is most effective in the early stages of DPB, but the 
induction of clarithromycin resistance to Mycobacterium avium complex has been a 
problem, perhaps addressed by the clinical development of nonantimicrobial 
macrolides as discussed below. The use of macrolides, in particular azithromycin, 
to treat cystic fibrosis (CF) is reviewed in “Macrolides and Cystic Fibrosis” and 
non-CF bronchiectasis in “Non-CF Bronchiectasis”. As noted in “Macrolide Use in 
Chronic Obstructive Pulmonary Disease”, azithromycin therapy is now included in 
the Global Initiative for Chronic Obstructive Lung Disease (GOLD) guidelines as 
add-on therapy to decrease the frequency of acute exacerbations of chronic obstruc-
tive pulmonary disease (COPD) with a summary of these compelling data. 

As early as the 1950s, and before their established use in DPB, troleandomycin, a 
14-member macrolide antibiotic, was recommended as a “steroid-sparing” medica-
tion for patients with severe asthma. In “Macrolides and Asthma Therapy”, the 
history of macrolide use for therapy of severe asthma, especially T17 dominant, 
nonallergic asthma is reviewed. This is now recommended for severe, difficult-to-
treat asthma in both the NAEPP and GINA asthma guidelines. Furthermore, as 
discussed in “Macrolide Use in Preschool Aged Children with Acute or Recurrent 
Respiratory Tract Illnesses with Wheezing”, macrolides may be a promising option 
for decreasing the occurrence of acute and recurrent lower respiratory illness with 
wheezing in preschool children. 

In “Macrolides and Interstitial Lung Diseases”, evidence is presented suggesting 
clinical benefits of add-on macrolide therapy for idiopathic pulmonary fibrosis, 
cryptogenic pneumonitis, and organizing pneumonitis when there is an incomplete 
response to antifibrotic or immunosuppressive agents. In the following 2 chapters, 
the effectiveness of macrolide antibiotics in calming the cytokine storm of acute 
respiratory distress syndrome (ARDS) and in ameliorating the risk of chronic lung 
allograft dysfunction (CLAD) and rejection in lung transplant recipients when 
administered early and before symptoms of CLAD is reviewed. 

There are extensive data, largely from Drs. Suzaki’s and Sakakura’s otolaryngol-
ogy research groups that macrolide antibiotics can be effective in treating both 
chronic rhinosinusitis and recalcitrant nasal polyposis. This again, appears to be 
especially true when there is neutrophil-dominant (T17) inflammation with promi-
nent mucus hypersecretion and nasal discharge. 

Chapter “Macrolides for Cancer” reviews the reported anticancer effects of the 
macrolide antibiotics. Macrolides inhibit ERK and this can impede the Raf to 
mitogen-activated protein kinase pathway, decreasing TGF-β activation, inducing 
apoptosis, enhancing antiangiogenic effects, and acting on autophagy. These drugs 
have also been reported to block resistance to anticancer drugs and/or to synergize 
with the use of other anticancer drugs. Clarithromycin significantly decreased 
mucosa-associated lymphoid tissue (MALT) lymphoma with Helicobacter pylori 
eradication. Clarithromycin has also been effective in treating multiple myeloma 
when used in combination with lenalidomide and dexamethasone. Finally, 
“Macrolides in Chronic Skin Disorders” reviews the use of macrolide antibiotics



to tread inflammatory skin diseases, including rosacea, pustulosis palmoplantaris, 
psoriasis, pityriasis rosea, bullous pemphigoid, pityriasis lichenoides, alopecia 
areata, and atopic dermatitis. 
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Based on the accumulated data, macrolide therapy seems to be most effective for 
treating chronic neutrophilic epithelial inflammation that is poorly controlled with 
conventional therapy. Because of this, biomarkers of effectiveness might include 
tissue neutrophils and neutrophil-associated cytokines such as CXCL-8. Based upon 
extensive studies of DPB therapy from Japan, it is recommended that macrolide 
therapy should begin with erythromycin at low dose. Gastrointestinal side effects of 
erythromycin are generally minimal with low-dose therapy. Improvement in clinical 
symptoms such as cough and sputum is generally observed in 1–3 months, and 
improvement in pulmonary function testing and imaging findings is usually obvious 
by 6 months. At 6 months the clinical response should be evaluated to determine 
whether treatment with erythromycin should be continued or therapy changed to 
clarithromycin or azithromycin. Treatment should be continued for 1–2 years, and if 
the disease is stable, treatment can be discontinued at that time. If the disease 
relapses, it is appropriate to resume macrolide therapy as before. Although there 
are fewer studies addressing the duration of therapy in other epithelial inflammatory 
diseases, it is reasonable to extrapolate from the known affects when treating DPB. 

Chronic and low-dose (sub-MIC90) macrolide therapy is well tolerated but 
carries the risk of inducing bacterial resistance. In East Asian countries where 
low-dose macrolide therapy is frequently used, macrolide-resistant Streptococcus 
pneumoniae, the most common causative agent of community acquired pneumonia, 
has become a major problem, with about 80% of isolates macrolide resistant 
[2]. Therefore, the Kitasato group aimed to develop nonantimicrobial macrolides 
with preserved immunomodulatory activity, focusing on the ability to promote the 
differentiation of monocytes into macrophages [3]. 

Exposing erythromycin A to weak acids forms intramolecular acetals, yielding 
EM201 [4]. When EM201 is placed under basic conditions, translactonization 
occurs, yielding EM701 with a 12-membered ring. Since EM701 is less stable to 
acids, its ethanol moiety can be reduced to obtain EM900, which is more stable to 
acids. After demethylation of EM900, a p-chlorobenzyl group is introduced to obtain 
EM905. EM900 administration in a guinea pig model of cigarette smoke-induced 
airway disease, deceased airway resistance, residual air volume, and alveolar dila-
tation and suppressed endotoxin shock. EM905, with no antimicrobial activity, 
induced monocyte differentiation into macrophages 30-fold more than that erythro-
mycin A. It further had a marked anti-inflammatory effect in a rat model of refractory 
colitis. 

EP395 [5], EpiEndo Pharmaceutical’s lead compound is a new class of macrolide 
named “barriolds.” EP395 has anti-inflammatory activity in lipopolysaccharide and 
respiratory syncytial virus induced lung disease in mice. EP395 dose-dependently 
inhibited neutrophil infiltration with ED50 of 3.7 (n = 10) and 14 μmol/kg/week 
(n = 8), respectively. Concentrations of the proinflammatory cytokines TNFα and 
IL-6 were significantly reduced by 2 weeks of pretreatment with EP395, comparable 
to that seen with azithromycin and roflumilast. These data support the potential of



EP395 to treat diseases such as COPD that involve neutrophil infiltration and 
epithelial barrier dysfunction. A randomized, double-blind, placebo-controlled, 
multicenter trial is underway to evaluate EP395 in patients with COPD [6]. Patients 
will receive EP395 or placebo as oral capsules once daily for 12 weeks. Safety, 
tolerability, lung function, lung inflammation, systemic inflammation, patient symp-
toms, and quality of life will be evaluated. 
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Telithromycin is a ketolide agent with a ketone group introduced at the 8th 
position of the 14-membered ring to decrease bacterial macrolide resistance. It has 
strong antibacterial activity against macrolide-resistant Streptococcus pneumoniae. 
The introduction of ketone groups and modification of the side-chain structure 
increases acid stability and enhances its binding to the bacterial ribosome. It also 
has antibacterial activity against Gram-negative respiratory pathogens such as 
Haemophilus influenzae and Moraxella catarrhalis. However, it is not used clini-
cally due to reports of serious liver damage, syncope, and loss of consciousness in 
patients treated with telithromycin. A modification of this ketolide is solithromycin. 
Solithromycin is a novel fluoroketolide antibiotic that is reported to avoid the 
syncope that was a problem with telithromycin. Oral solithromycin was found to 
be noninferior to oral moxifloxacin in the treatment of community-acquired pneu-
monia [7]. Kobayashi et al. [8] showed that solithromycin suppressed TNFα/CXCL8 
production and phorbol 12-myristate 13-acetate-induced matrix metalloproteinase 
9 (MMP9) activity in macrophage-like U937 cells and peripheral blood mononu-
clear cells from COPD patients, about tenfold more potently than erythromycin, 
clarithromycin, azithromycin, and telithromycin under oxidative stress conditions. 
Furthermore, oxidative stress induced activation of NFκB was completely 
suppressed by solithromycin. It shows a better anti-inflammatory profile compared 
to currently used macrolide antimicrobials while preserving antimicrobial activity 
even in macrolide-resistant bacteria. We also showed that solithromycin inhibits 
IL-13-induced goblet cell hyperplasia and MUC5AC by suppressing the expression 
of chloride channel accessory 1 (CLCA1) and anoctamin-1 (ANO-1) [9]. 

Macrolides are classic examples of drug repurposing. Drugs, like the macrolides, 
that affect multiple target molecules can be extremely effective even when the effects 
on individual pathways are weak. Macrolides have many effects on the inflammatory 
cascade that have been reported, although the mechanisms underlying these effects 
are still being determined. Future research can be directed toward the development 
of topical macrolide therapies, such as aerosols for pulmonary diseases and creams/ 
lotion for skin diseases as well as more potent immunomodulatory macrolides 
without antimicrobial properties. 
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