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Chronic obstructive pulmonary disease (COPD) is a debiltiag respiratory disease and
one of the leading causes of morbidity and mortality worldwdie. It is characterized by
persistent respiratory symptoms and air ow limitation dueto abnormalities in the lower
airway following consistent exposure to noxious particlesr gases. Acute exacerbations
of COPD (AECOPD) are characterized by increased cough, puant sputum production,
and dyspnea. The AECOPD is mostly associated with infectiocaused by common cold
viruses or bacteria, or co-infections. Chronic and persignt infection by non-typeable
Haemophilus in uenzae (NTHi), a Gram-negative coccobacillus, contributes to alost
half of the infective exacerbations caused by bacteria. Thiis supported by reports that
NTHi is commonly isolated in the sputum from COPD patients ding exacerbations.
Persistent colonization of NTHi in the lower airway requisea plethora of phenotypic
adaptation and virulent mechanisms that are developed ovdime to cope with changing
environmental pressures in the airway such as host immunaiammatory response.
Chronic inhalation of noxious irritants in COPD causes a cimged balance in the
lung microbiome, abnormal in ammatory response, and an impired airway immune
system. These conditions signi cantly provide an opportuistic platform for NTHi
colonization and infection resulting in a “vicious circlé Episodes of large in ammation
as the consequences of multiple interactions between airmgimmune cells and NTHi,
accumulatively contribute to COPD exacerbations and may sallt in worsening of the
clinical status. In this review, we discuss in detail the iatplay and crosstalk between
airway immune residents and NTHi, and their effect in AECOPOr better understanding
of NTHi pathogenesis in COPD patients.

Keywords: airway, COPD, exacerbation, immune response, infec
inuenza

tion, in ammation, non-typeable Haemophilus

INTRODUCTION

The lungs are vital organs involved in gas exchange betwkenvascular system and the
external environment, thus they are greatly exposed to théremment-derived microorganisms,

including fungi, viruses, and bacteria. The bronchial teeel parenchymal tissues of the lungs,
that until recently were considered as sterile, are colahlzephylogenetically-diverse microbes.

in uenzae. Front. Immunol. 9:2530.
doi: 10.3389/ mmu.2018.02530
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Suetal. NTHi-Immune Response in COPD

The genera ofFirmicutes, Bacteroideteand Proteobacteria by elastolytic destruction and enlargement of the alveolal

are the most common phyla identied and represent 60%distal to the terminal bronchioles. This consequently resul
of the total bacterial microbiome in the healthy airwag, ( in the loss of alveolar attachments to the small airways and
2). The majority of the lung microbiota belongs to the thus limitation of airow and gaseous exchangeShronic
normal ora that play an important role in the pulmonary bronchitis is characterized by consecutive and chronic cough
epithelial integrity, colonization resistance, and hontaes of  with expectorations that last for more than 3 months within 2
the immune system in the respiratory trac)( A small fraction years. It is associated with in ammation of the bronchialllsa

of them are, however, potentially pathogenic microorganismsvith increased in ammatory in ltrates, hyperplasia of goblet
that are involved in a variety of lung diseases, as exemplbed cells, hypertrophy of tracheobronchial submucosa, increase
the genusHaemophilusNon-typeableHaemophilus in uenzae mucous secretion and, nally, dilatation of the airway dsict
(NTHi) is a Gram-negative coccobacillus that are commonlyairways of about 2—4 mm in internal diameter). The majority
residing in the human airways. Uniquely and yet unexplainedpf the ciliated epithelium lining the airways are also either
NTHi is a commensal when colonizing the nasopharynx orcompromised or dysfunctionnal, and may be replaced by non-
throat, but pathogenic in the lower airways triggering a rebu ciliated squamous epithelial cellSmall airway diseaseson
inammatory response [for reviews seel, (5)]. NTHi is the other hand, involve hyperplasia and metaplasia of mucosal
considered a potential opportunistic pathogen as it frequentlyglands and goblet cells, hypersecretion of intraluminal ogjc
infects the lower respiratory tract of lungs with structuda@image macrophage bronchiolitis, and accumulation of lymphocytes i
as a consequence of non-infectious lung diseases or maethanithe small bronchioles (airways of2 mm or less in diameter and
injuries. Moreover, NTHi occasionally causes bronchitisd an terminal bronchioles). In addition, distortion, brosistenosis,
pneumonia @). In addition, lower airway colonization by NTHi tortuosities, hyperplasia, and hypertrophia of the small ajrwa
has been associated with disease progression of several memooth muscles also contribute to the loss of elasticityhien t
or less non-infectious lung diseases such as bronchiecfdsi lung parenchyma. Although COPD mainly a ects the lungs,
cystic brosis @), interstitial lung disease®,(10), but mostly it also produces signi cant extrapulmonary consequences as
in chronic obstructive pulmonary disease (COPD)1(12. a results of an escalated in ammatory response orchestrated
COPD is a severe inammatory lung disease characterizeby airway cells and immune mediator2( 21). The co-

by air ow limitation with a range of pathological changes. morbidities are commonly seen in COPD patients despite the
Both genetics and environmental factors trigger the ondet cactual mechanism responsible for the systemic in ammation
COPD, however, microbes including NTHi play an important remains to be elucidated.

role in the acute exacerbations. This review describes the

disease progression of COPD in the context of host immune-

interactions linked to NTHi, and the overall impact in diseas THE RISK FACTORS OF COPD AND
exacerbation. CONSEQUENCES FOR AIRWAY FUNCTION

The development of COPD is multifactorial, with cigarette
THE PATHOPHYSIOLOGY OF COPD or tobacco smoking being the primary cause of COPD

(22, 23). Other risk factors that may promote the onset
COPD is the third leading cause of morbidity and mortality and progression of COPD includes prolonged occupational
worldwide expected to a ect more than 210 million people byexposure to particles/gases in mining and textile industrads
2030 (L3, 14). According to the Global Initiative for Chronic pollution resulting from biomass combustion, and bronchial
Obstructive Lung Disease (GOLD), COPD is a pulmonarnhyperresponsivenessld 18 24). The variability of COPD
disease that is manageable, but signi cant exacerbatiois aincidences among smokers is also explained by a genetic pre-
co-morbidities may, however, contribute to the overallesly  disposition, such asl-antitrypsin de ciency and cutis laxa
in individual patients (5. COPD is characterized by chronic [mutation of the elastin gen€ELN)] (25, 26). Theal-antitrypsin
air ow limitation of the peripheral airways with a range of de ciency is caused by deleterious homozygous mutations in
pathological changes in the lung that are not fully reversidahel SERPINAL1 which contributes to 1-2% of COPD cases. The
usually become progressively worse over time. The progresside ciency results in increased neutrophil elastase agtithiat
of COPD is associated with an abnormal in ammatory responseilltimately leads to the degradation and collapse of the dilveo
of the lung to noxious particles or gases. Importantly, meta-analyses of genome-wide associationiesud

From a pathological point of view, COPD comprises a grougfGWAS) and other genotyping studies have revealed that

of pulmonary abnormalities related to the in ammatory reemt  multiple single nucleotide polymorphism (SNPs) in at least 34
of the airways, alveoli, and pulmonary vesséls-{9). These genes from di erent pulmonary genomic loci are associatedhwit
include (i) pulmonary emphysema, (ii) chronic bronchitis,can COPD susceptibilityZ7-30).
(iii) disease in the small airways. The pulmonary abnornesit Airway epithelium exposed to cigarette or tobacco smoke
progressively a ect all parts of the lung, resulting in increéhs has compromised tight junctions and delayed epithelial wound
resistance of the conducting airways and thus chronic air o repair (31-34). Moreover, cigarette smoke alters basal cell
obstruction that eventually will lead to a declined lung €étion.  di erentiation and subepithelial extracellular matrix (ECM)
Emphysemais a permanent loss of elastic lung recoil caused¢omposition, and thus causes airway remodeling (i.e., goble
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cell hyperplasia and small airway squamous metaplasia)} ( remodeling, and (i) DNA methylation of the target genes
37). This results in mucus hypersecretion, impaired mucociliar (Figure 1) (52-54).
clearance, and airway obstruction. Tobacco or cigarettekem Chromatin remodeling is a result of a disrupted balance
also enhances proliferation and ECM deposition by activatiiey in histone acetylation/deacetylatiorb). Excessive activation
extracellular signal related kinase (ERK) and the p38 siggali of more than 20 transcription factors including NEB, and
pathway B8). The alteration of major ECM components are lipoprotein peroxidation products (peroxinitrite, acroleinn@
widespread in all lung compartments in COPD patients with4HNE from tobacco smoking) contributes to such anomaly.
a total increase of type | and Il collagens, bronectin, andNF-kB is a key in ammatory and redox-sensitive transcription
laminin in parallel with reduced concentrations of protectgys, factor that plays a direct role in cigarette smoke-induced
perlecan decorin, versican, biglycan, tenascin and elg&3jri0).  airway in ammation. NFKB has been described as a “smoke-
Cigarette induced-overexpression of matrix metalloprogésas sensor” due to its sensitive activation by tobacco residues
(MMPs-1, 2,7, 9, 12, and 28) and elastase has also been reportgd). Stimulation of multiple signaling cascades [p38 mitogen-
and may contribute to the airway tissue destruction and bi® activated protein (MAPK) kinases, mitogen and stress-ativa
(41-43). In addition, harmful volatile chemicals derived from kinase 1 (MSK1), protein kinase C zeta (P#Cand kB
cigarette smoke (i.e., acetaldehyde, acrolein, and catdehyde) kinase (IKK) complex (IKK, IKKb, and NEMO)] by tobacco
are prone to form carcinogen adducts with DNA and variousresidues promotes the activation and nuclear translocatbn
proteins (i.e., apoliprotein E and surfactant protein A). Theytranscription factor NFkB RelA/p65 §4, 57-64). This is followed
also dysregulate airway epithelial ion transport, disrupt theby a complex formation of NkB/CBP-p300 [coactivator, CREB-
phagocytic activity of airway phagocytes, and diminish thheway  binding protein (CBP) or CBP/p300] at target DNA sequences.
surface liquid volume44-46). It should be noted that CBP/p300 also has intrinsic histone
Numerous proteomics and transcriptomic analyses havacetyltransferase (HAT) activity. Subsequent acetylatoa
unveiled the crucial impact of cigarette or tobacco smokehosphorylation of the subunit p65 in the NKB/CBP-p300
and COPD disease progression on airway gene expressioomplex by the activated MSK1/PESignaling pathways (and
(47,48). The di erential gene expression studies were done usingther 11 dierent kinases), and CBP/p300, respectively, are
COPD experimental models or clinical samples [i.e., bronchialequired for the full activation of NF&B (57, 60, 63). This
epithelial cells, sputum, plasma, blood, and bronchoalveolagnhances the DNA binding a nity of the complex. Histones H3
lavage (BAL) uid]. Collectively, most of the altered germs and H4 in the chromatin complex of target sequences are then
involved in oxidative stress, xenobiotic metabolism, axitlant  being acetylated (histone H3 at Lys9; H4 at Lys8 and Lys12)
responses, DNA repair, ECM remodeling, inammatory and phosphorylated (histone H3 at Ser10) by the subunit CBP
responses, and immune defenses, which the latter two are oof the NFkB/CBP-p300 complex, and the activated MSK1 and
major interest of discussion in this review. The omics datéPKCz respectively. The hyperacetylated core histones, however,
aid in the increased knowledge of molecular mechanisms ifail to be neutralized or deacetylated by a dysfunctionatdrie
COPD. They may re ect the dynamic response and attemptsleacetylase (HDAC?2). Peroxinitrite nitrates the tyrosirgdaes
by the airway epithelial cells to repair the cytotoxic injuryof the HDAC2 and causes inhibition of activation and reduced
primarily triggered by inhaled irritants. Deleterious and expression of the protein. Of note, peroxinitrite is a by-protduc
irreversible alterations occurring and interfering withetairway  generated from the immune cell-derived nitrite oxide (NO)dan
epithelial homeostasis and immune defense may promoteeactive oxygen species (ROS) of cigarette smaké ).
COPD development and progression. Notably, gene alterations Cigarette or tobacco smoke disturbs the DNA methylation
in phagosomal- and leukocyte transendothelial migratiorstatus of target genes through several mechanisms. Firstly
pathways (LTM) are signi cantly correlated with the level of DNA damage caused by cigarette smoke stimulates the
T cells and airway obstruction in smokergd. The LTM, DNA methyltransferase 1 (DNMT) to actively induce CpGs
however, were found to be further dysregulated in COPDmethylation at the damaged sité). The hypermethylation is
patients. Hence, in addition to clinical/physiology variedl prone to introduce error of methylation in some target genes,
a number of gene products with signicant dierential resulting in reduced gene expression. Secondly, activaifon
gene expression may be targeted as specic proteomitcotine signaling pathway by tobacco smoke causes CaMKIl/IV
signatures or biomarkers for early COPD detection, patienand ERK/MAPK pathway activation that subsequently induces
monitoring, disease subgrouping, and nally treatment sélen  the activity of CBP to suppress the expression of DNMTL. This
(50, 51). may result in reduced DNA methylation and thus altered levfel o
gene repression by DNMT68-70). Finally, enhanced activities
of transcription factors such as hypoxia inducible factor & do

ALTERATION OF AIRWAY GENE the high level of carbon monoxide and hypoxia have also been

EXPRESSION AND IMMUNE RESPONSE IN  reported to in uence airway gene expressiari),

COPD Consequently, the combinatorial e ect from both aberrant
acetylation of histone and DNA methylation promotes the

Effects of Tobacco or Cigarette Smoking transformation of chromatin from a condensed structure

Tobacco or cigarette smoke regulates airway gene expresaionto an activated open conformation. This facilitates irreggul
two main mechanisms, by altering the status of (i) chromatinaccessibility of DNA for transcription machineries, hence
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FIGURE 1 | Cigarette and tobacco smoke has several effects on gene redation. Nicotine and other compounds in the smoke alter gen@xpression by two
pathways, rstly, chromatin remodeling(Left) and secondly, DNA methylation(Right) . Chromatin remodeling involves activation of kinases sigting pathways,
activation and nuclear translocation of transcription faor NF-kB (RelA/p65), and complex formation with CBP/p300 on speci ¢ DM sites. CBP/p300 is intrinsically a
histone acetyltransferase (HAT). Subunit p65 is further pisphorylated at Ser276 and Ser311, respectively, by MSK1 athPKCz, whereas CBP acetylates p65 at
Lys310. The phosphorylation and acetylation enhance the faraction within the NFkB/CBP/p300 complex while stabilizing the DNA binding of NFkB. The complex
of NF-kB/CBP/p300 then modi es the histones through CBP-mediated acedylations of histone H3 (at Lys9) and H4 at Lys 8 and Lys12, anghosphorylation of H3 at
Ser10 by MSK1 and PKC. This results in the structure change of chromatin, from a cedensed structure (repressed) to an activated open conforation. The
transcription of target genes is therefore increased. In theecond mechanism, several side effects resulting from cigatte smoking such as DNA damage and nicotine
signaling could trigger the hypermethylation or decreasechethylation of target DNA. This may lead to DNA methylationr@malies and thus altered DNA expression.
Resulting hypoxia due to high concentrations of carbon monxide also contributes to altered gene expression. The abeaint gene expression by cigarette smoke
mostly occurs in pro-in ammatory genes with resulting incrased production of in ammatory mediators, and ampli ed in ammation in the COPD lung upon exposure.

irregular gene expression by various cell types in the airiMag. excessive in ammatory responses among smokers during the
mechanisms reported are responsible for increased expressioourse of COPD.

of NF-kB-dependent proin ammatory gene products [i.e., IL-

1b, IL-6, IL-8, CCL-5 cyclooxygenase (COX)-2, and MIP- .

2/CXCL2] in both pulmonary structural cells (bronchial, sina | N€ IN ammatory Immune Response in

airway, and alveolar epithelial cells) and immune cellsq@ler COPD

macrophages), increased VEGF and iNOS in nasal broblasts af@OPD is associated with chronic in ammation in the peripheral
lymphocytes (Jurkat T cells), respectively, and decreaseityct airways orchestrated by both innate and adaptive immune
of antioxidant transcription factor Nrf2 andl-antitrypsin in  responses that are interconnected via dendritic ceB§).(
bronchial epithelial cells5¢, 56, 57, 59, 62-64, 72-79). These Increasing numbers of inammatory cells (neutrophils,
may contribute to the anatomical anomalies in the airway andnacrophages, T and B lymphocytes, mast cell, eosinophils, and
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dendritic cells) and in ammatory mediators are accumuthia ~ and ampli cation of the in ammation (L00. In addition to the

the airway lumen/wall in the lung parenchyma9 81). These macrophage-derived proteases, neutrophils also secreteeserin
immune cells and in ammatory mediators can hence be deticteproteases [neutrophil elastase (NE), cathepsin G, protei@ase-
in the sputum and BAL uid of COPD patients. The level of MMP-8, and MMP-9] that are associated with serious alveolar
accumulation is positively correlated with disease seyefih  destruction in emphysemal(Ql). The protease activity may
increasing number of studies using animal models and clinicabe further enhanced in conditions with genetic de ciencias
tissues have reported the nature of excessive airway in amma suppressed expression at-antitrypsin by tobacco smoke. In
responses in COPD. Despite this, the heterogeneity in symptonagldition, NE, cathepsin G, and proteinase-3 are involved & th
progression among COPD patients remain unexplained. Thetimulation of mucus secretion from submucosal glands and
overall mechanism of COPD in ammatory immune response isgoblet cells, resulting in airway mucus hypersecretion arwiay

depicted inFigure 2. obstruction in COPD (01).

The NLRP3 (NLRP3: nucleotide-binding domain, leucine-
The First Line of Defense in the Lung—The Innate rich-containing family, pyrin domain-containing-3 OR Nolike
Immunity and In ammasome receptor protein 3) in ammasome is a cytosolic multi-protein

Lung structural cells (epithelial and endothelial cellsoblasts, complex (consisting of the in ammation sensor protein NLRP3,
and airway smooth muscle cells) are activated by inhalédints  adapter protein ASC, and the e ector protein caspaseiD?).
through the stimulation of several pattern recognitionsgpmrs The NLRP3 in ammasomes are involved in the COPD airway
(PRRs), with Toll-like receptor (TLR)-4 being reported as than ammation by regulating the production of pro-in ammatory
key player in most of the in ammatory response82(85. cytokines IL-A, IL-1b, and IL-18. These cytokines are important
This causes an increased expression and release of an arfay neutrophil survival and activation of T helper (Th) 17
of pro-in ammatory mediators and chemokines through the cells (L03. Interestingly, local airway NLRP3 in ammasome
oxidative pathway by the activated bronchial epithelial scellactivation is positively correlated with acute exacerbetiand
and immune cells (alveolar macrophages). The in ammatonjower airway microbial colonization in COPD patients(3 104).
mediators [(interleukin (IL)-Db, IL-6, IL-8, IL-33, C-X-C motif Moreover, in an elastase-induced emphysema model, the NLRP3
chemokine ligand (CXCL) 10, granulocyte-macrophage colonyin ammasome is activated in addition to hyperproduction of
stimulating factor (GM-CSF), granulocyte-colony stimimgt mucin MUCS5AC by diesel extract particles, extracellular ATP,
factor (G-CSF), tumor necrosis factor (TNB)-broblast growth  and in ammatory protein S100405 106).
factor 1 and 2 (FGF1/2), transforming growth factor (TGF)-
b1, C-C motif chemokine ligand (CCL) 2, CCL20, and thymicThe Adaptive Immunity in COPD
stromal lymphopoietin (TSLP)] act on recruited immune cellsThe adaptive immunity is initiated at a later stage, and is
and resident cells to initiate a series of innate immune resps recognized by the increased number of T and B lymphocytes
(23 86-90). Meanwhile, activated alveolar macrophages, whicand pulmonary dendritic cells. Dendritic cells are the major
are usually patrolling the lung parenchyma, further releasantigen-presenting cells (APC) in the airways, and link the
more pro-in ammatory mediators and chemokines [ILbl innate and adaptive immunity. Circulating dendritic cells
IL-6, IL-8, IL-23, TNFa, CCL1, CXCL1, CXCL5 (ENA-78), (expressing receptors CCR2 and CCRG6) are recruited to the
CXCL9, CXCL10, CXCL11, CCL2, leukotriene B4 (WTBROS, airway via dendritic chemoattractants CCL2 and CCL20 idda
elastolytic enzyme [matrix metalloprotease protein (MMP)-2, by activated airway epithelial cells in response to cigaretteke
and 12; and cathepsin-K,- L, and -S], GM-CSF, and G-CSF107 108. Dendritic cells act by endocytosis of inhaled irritants
(23 91, 92). The enhanced levels of CCL2 and CXCL1 result irthat subsequently are processed into antigen peptides during
recruitement of blood monocytes expressing CCR2 and CXCR®&aturation and further migration to lymph nodes.
(receptors for CCL2 and CXCL1, respectively), to the lung and Uncommitted T lymphocytes are thereafter primed by the
di erentiate locally into macrophages. Interestingly, theare presented antigen. These important cells are activated by2IL-1
higher expression levels of the CCR2 and CXCR2 found on bloagtleased from dendritic cells for subsequent commitmenb int
monocytes in COPD subject§F). This may explain the rapid antigen-speci ¢ T cell lineages, i.e., T helper 1 (Th1; EDB4C)
recruitment and excessive accumulation of monocyte-@etiv cells, whereas immature dendritic cells in the airway promote
interstitial macrophages in the lung tissue of COPD patientd'h2 di erentiation (23, 109. Interestingly, in COPD patients,
(94,95). pulmonary Th and cytotoxic T cells (Tc; CEED8C) express
Upregulation of neutrophil chemoattractors (LEBCXCL1, more CXCR3 receptors compared to healthy individual&(q
CXCL5, IL-8, and TNFa) induces a massive migration of 111). This enhances their migration toward chemoattractants
circulating neutrophils into the lung parenchym&€). The CXCL9, CXCL10, and CXCL11 that are actively released by
transmigration of blood neutrophils occurs through adheten alveolar macrophages in COPD subjects. Activated €08
of the granulocytes to E-selectin of endothelial cells tisat cell subset type 1 (Tcl) releases perforins, granzyme B, and
found to be upregulated in COPDO(). This results in airway TNF-a to induce alveolar cells apoptosis, contributing to the
neutrophilia in several COPD patients, 98, 99). The recruited emphysema 1(12. In parallel, pulmonary Thl7 T cells are
neutrophils (to the lung) are then activated to secrete gtanu activated by alveolar macrophage-derived IL-6 and IL-23 to
proteins [myeloperoxidase (MPO) and neutrophil lipocalin] secrete IL-17A and IL-22 causing neutrophilic in ammation
while releasing its own IL-8 for further neutrophilic rectmient (113 114). In ammatory cytokines are also released by type 3
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FIGURE 2 | Non-typeable H. in uenzae-dependent immune responses in the lower airway of COPD pants result in in ammation. Airway epithelium exposed to
cigarette or tobacco smoke display an increased permeabtlf with compromised tight junctions, and airway remodelindgoblet cell hyperplasia and small airway
squamous metaplasia). Cigarette smoke causes the activatn of airway epithelium and alveolar macrophages. The acawed airway structural and resident immune
cells release an array of chemotactic factors responsiblef recruitment of in ammatory and immune cells to the lung. Ativated epithelium produces TGFb and FGF
that triggers the production of ECM molecules by broblasts.Increased deposition of ECM causes progression of brosis andir ow limitation. The chemokines
CXCL1 and IL-8, and LTB, attract the circulating neutrophils through the receptorsCXCR2 and BLT,, respectively. Meanwhile, CXCL1 and CCL2 targeting the
receptors CXCR2 and CCR2 on blood monocytes are also releask Recruited blood monocytes differentiate into macrophags in the airway tissue. Activated alveolar,
macrophage and epithelium cell also release in ammasome (ZILb and IL-18) for neutrophils survival and activation of helpér cells Th17. The chemokine IL-23 are
released by macrophages to attract T helper cell subset Thl,7and ILC3. Both Th17 and ILC3 will release IL-17 and IL-22 that Wiact on the alveolar epithelium to
release CXCL1 and IL-8 for enhanced recruitment of neutroplsi resulting in neutrophilic in ammation. Activated neutphils are thereafter degranulated and release
myeloperoxidase (MPO), lipocalin, neutrophil elastase BY, cathepsin-G (CG), proteinase-3 (Prot-3), and matrix ntedloprotease (MMP) 8 and 9. The granulated
products are proteolytic and elastilolytic to aveolar, casing alveolar destruction and emphysema. In addition, NE, C@&nd Prot-3 are also targeting goblet cells and
submucosal glands to induce hypersecretion of mucus. Denditic cells carrying the receptors CCR2 and CCR6 are recruiteto airway tissue via chemottractants
CCL2 and CCL20. The dendritic cells uptake the antigen (smakresidues), and present the antigens to the naive T cells atrhph nodes. Uncommitted T lymphocytes
are thereafter primed to the presented antigen and activatkby IL-12 derived from dendritic cells (professional antigepresenting cells; APC). Mature/activated T cells
expressing receptor CXCR3 are chemotactic toward CXCL9, CBL10, and CXCL11 and are recruited to the lung tissue. Cytotxic CD8C T cell subtype Tcl releases
perforin and granzyme B resulting in epithelial apoptosisontributing to emphysema progression. For the humoral immue response, B cells are activated by Th2,
enter the circulation via high-endothelial venule (HE\iké vessel and transported to lung tissue, and organized intlymphoid follicles at peripheral airway. B
cell-derived plasma cells from lymphoid follicles releasigA, and secreted into airway lumen as secretory IgA (slgA) viae polymeric immunoglobulin receptor.
Mucosal antibodies play an important role to eradicate patbgens and noxious antigens via immune exclusion. Howeverhée airway defense by sIgA is diminished by
NTHi IgA protease that degrade the antibodies. TLR2 and TLR4fahe airway phagocytes and epithelium following exposureotcigarette smoke are not responding to
P6 and LOS of NTHi. This results in defective phagocytosis @hdelayed bacterial clearance from the airway. The suppressl TLR4 induction in T cells has also lead to
Th2 predominant immune response, with low production of IFNy and reduced T cell-mediated immune killing of NTHi. MoreoveNTHi downregulates Foxp3 of Tregs
and thus impairs the anti-in ammatory/pro-in ammatory balarce of Tregs. The extensive immunosuppressive activity by 8gs diminishes the response of effector T to
(Continued)
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FIGURE 2 | NTHi stimulation. Lastly, plasma cells from COPD patientsil to produce NTHi-speci ¢ antibodies and compromised immunoglobulin class switching.
The impairment of the host immune response in COPD toward NTiHnfection are labeled in blue. In total, NTHi infection in G€D lung adversely reduces the
production of IL-1b, IL-6, IL-8, CXCL-10, IL-22, TNFa, antimicrobial peptide (AMP), and IFNy. This may explain the inef cient eradication of airway pathgens in
COPD patients whereby persistent NTHi infection concomitatly escalates the in ammation and thus exacerbation in COPD

innate lymphoid cells (ILC3)X(15. The ILCs are involved in the causes for AECOPD with known etiology and are mainly

homeostasis of lung immunity and are regulated by epithiglial attributed to infections by viruses, bacteria, and atyplixaiteria

produced IL-33 and TSLPL(LG 117), and are further stimulated (not detected with conventional Gram-staining)Ll 134

in response to cell damage. 139. Non-infectious causes of AECOPD include air pollution,
The accumulation of B lymphocytes in the peripheralenvironmental factors, meteorological e ects, and comditigs

airway and within lymphoid follicles is associated with agwv of the patients, all of which are partially contributing to COPD

autoimmunity in the progression of COPDL(8. Airway tissue exacerbationsl(33 135 136).

damage in conjunction with impaired T-regulatory cells (82,

both related by cigarette smoke, contributes to the foromti . . . .
of autoantibodies against airway components. Autoantibedi Viral and Bacterial Infections in AECOPD

against elastin, epithelial, endothelial, carbonylateaid a Resp{ratory viral infections are ofteq the primary cause ip the
citrullinated proteins are found in the circulation of COPD infection-dependent AECOPD, and virus was identi ed as &ng
patients ((19-124). The generation of autoantibodies might OF multiple |nfe§:t|ng strains from up to 64% of COPD patients
activate plasma exudate-derived complement componentith exacerbations recorded between years 20012037 (
resulting in a chronic in ammation, and consequently daneag 149 The most common infecting viruses are, by far, human
of the airways with emphysema progressiaa4-127). rhinovirus, in uenza virus A, and respiratory syncytial us,
From a physiological point of view, a modulated in ammatory whereas parain uenza virus, _coronawrus,_echokus, human
process is important for a protective and optimal immunemetapnegmo_wrus,_and adenc_mrus are considerably rare.
response. However, the prolonged airway in ammationin COPD  Bacterial infections contribute to an average of 50% of
as a results of impaired homeostasis leads to serious sidese ed1fective acute exacerba’gons with a prevalence being regort
since it amplies the tissue damage and impairs the localanging from 26 to 81% 132 135 146-14§. The most
immune defenses. The abrogated local immune system may makgmmonly pathogenic bacterial species isolated from the fowe
the airways of COPD patients susceptible for opportunistic ofirway of COPD patients during AECOPD are NTHioraxella

recurrent infections by viruses and bacteria that in turngmi ~ catarrhalis, Streptococcus pneumoniae, Staphylocouoeissa
exacerbate the disease. Pseudomonas aeruginpsand Klebsiella pneumonga(ll, 129

133 136 149-152). It has been suggested that infection with new
strains of the infecting species, rather than a new specieighiy

ACUTE EXACERBATIONS OF COPD associated with an increased risk of exacerbatidn 153 154).
(AECOPD) AND ASSOCIATION WITH Atypical bacteria that cause exacerbations @amydiaspp,
MICROBIAL COLONIZATION Legionella pneumophiliand Mycoplasmapp.

In contrast to viral infections that are diagnosed in 5-45%

Acute exacerbations of COPD (AECOPD) are episodes af COPD patients with stable disease and increase to 39.3-64%
acute symptom worsening that usually are associated with boduring COPD exacerbations, bacterial colonization in teiays
respiratory (increased airway in ammation) and non-respoey  are more common with the same species during both stable
(system in ammation/co-morbidities) e ects 128-130. The disease (25-86%) and exacerbations (58.8—-81%).82 13§
typical symptoms of an AECOPD include increased productiorl37 142, 155-158. Hence the precise or direct role of bacterial
of purulent sputum, dyspnea, cough, wheezing, and symptonisfection as the primary cause in triggering AECOPD remains
of a cold that may last from 7 days up to 12 weeks, (13Q  controversial although a signi cantly increased bacteldad is
131). It commonly occurs in patients with advanced COPD andobserved during exacerbation in several patients. This &irth
results in additional therapy based on the level of exac@bat suggests that bacteria might be more involved as secondary
Exacerbations are classi ed in three levels according td. BO invaders after an initial viral infection.
There is the mild disease that can be treated with short gctin ~ Viral infections have been reported to cause several
bronchodilators (SAB); moderate disease with SAB combinephysiological changes in the lung that in turn facilitates
with antibiotics and/ or oral corticosteroids; and nallesere secondary bacterial invasion. The mechanism of bacterial
exacerbations with acute respiratory failure which regsiire superinfection has been described foH. inuenzae,
emergency room visit and eventually hospitalizatis, (L30). S. pneumoniae, S. aurewd many other airway pathogens

AECOPD is a complex yet multifactorial consequence of153-161). Firstly, viral infections destroy the tight junctions
COPD. Most of the exacerbations could be triggered by indeisti  of the airway epithelial barrier while inducing epithelium
(up to 80%) or non-infectious agents (0%) (AECOPD with apoptosis. This results in the onset of airway epithelium lining
known etiology), whereas up to 30% of cases are of unknowrepair whereby the sloughed o dead cells would become
etiology (L32 133. Respiratory tract infections are the major a rich nutrient source for growth of infecting bacteria. The
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damaged epithelium lining also enables bacterial adherenesicrobiome. The chain of events thus generates a viciowatecir
to the exposed basement membrane and ECM. Secondly, theat contributes to COPD progression and exacerbation.
demolished ciliated clearance as a result of the virus-dgatha Several studies have documented that COPD progression
airway epithelium lining further promotes bacterial coloation  from stable state to an exacerbation could induce microlsbié
and subsequent epithelial transmigration into deeper tissudn the lower airway (bronchioles), sputum, and throas(, 196-
(162-1649). Lastly, viral infections are also detrimental to the196. Alteration in the microbiome complexity or richness is
airway immune defense by causing degradation of antimiedob associated with the in ammatory process and changes in ECM
peptides (AMP), and by triggering IFNg-secretion by immune protein expression in the lung, as observed in CORBH 197).
cells. This results in suppressed macrophage and neutroplileclined diversity in the lung microbiome has been reported t
responses to infecting bacteria, and thus enables baatedalon be related to disease severity, in ammation and decreasegl |
of the airway immune defensel§5-169. Nevertheless, viral functions in COPD. This includes the increased emphysenstou
and bacterial coinfection have greater impact in the AECOPRIestruction, bronchial tissue remodeling, lymphoid fdbic
airway in ammatory responses than bacteria or virus infenti formation, elevated autoantibodies, and IL-17A productiand
alone (L68 169. This is in parallel with the co-isolation of both nally increased neutrophil extracellular traps (NET) fornat
respiratory viruses and bacteria from 6 to 30% of AECOPDN the airway of animal models or AECOPD patients9¢-
patients ((29 133 136 17G-174). 201). It has recently been reported that lung microbiome
Infective AECOPD is also attributed to impaired functions diversity is also associated with genetic factors. Marnhasging
of AMP, macrophages, and neutrophils triggered by inhaledectin (MBL) de ciency has also been associated with disease
irritants such as tobacco smoke. Expression of microbialseverity and exacerbations in patients with cystic brosisl an
induced AMP (humanb-defensin 2) is suppressed in airway bronchiectasis 4029. However, COPD patients with a genetic
epithelial cells when exposed to cigarette smoké5(176. de ciency in MBL are less susceptible tdaemophilusspp.
Both the alveolar and monocyte-derived macrophages in ptiencolonization, lowering the risk of exacerbations while tHeng
with COPD are defective in phagocytosis of bacteria suchicrobiota is more diverse than normal COPD patierit§9.
as H. inuenzae and S. pneumoniaeg(177 179, and in
e erocytosis of apoptotic neutrophils and epithelial cells. In
addition, neutrophils from COPD patients are aberrant inTHE CLINICAL ROLE OF NTHi IN COPD
chemotactic response with defective accuratyd. All these
factors contribute to the failure to resolve in ammation@OPD  In this review we will focus on NTHi, one of the dominant genera
leading to facilitated chronic microbial colonizationsalduring that is relatively abundant in the total COPD-dependent lung
exacerbations. microbiome, due to its role of infection in COPD immunologica
responsesl(36 149 192-195 198 204-206).
The microbiology oH. in uenzaehas recently been reviewed
) i . in detail by our group and others4( 5, 207). It is a Gram-
The Role of the Lung Microbiome in negative coccobacillus that commonly colonizes the human
AECOPD nasopharynx, and is typed as capsulated (type a—f) or non-
The low number of cultivable bacteria found in healthy encapsulated strains (NTHi)H. in uenzae may cause both
individuals previously led to the conclusion that healthydan invasive and mucosal diseas&0. Since the introduction of
normal lungs are virtually sterile. This hypothesis is cathg  capsule polysaccharide conjugate vaccines against type b (Hib)
being revised, since the introduction of 16S rDNA basedNTHi dominate, followed by capsule type f (HifRQ9 210.
molecular diagnostics has shown that even healthy lunge haMucosal infections, including acute otitis media, sinusitnd
a distinct microbial community, di erent from that seen in &h  exacerbations in COPD, are nowadays mainly associated with
upper respiratory tract8Q 181). This has led to the concept of NTHi. There has also been a signi cant shift in the epidemgylo
a core human lung microbiome which can be altered in COPDof severe invasive disease, from Hib infections in smaltic to
stable disease and during exacerbatioh8?. The role of the NTHiin adults (210 211). The most common principal infection
lung microbiome in the pathogenesis of COPD by in uencingfocus byH. in uenzaeis now community acquired pneumonia
host immune response has also been suggesiéd, ((83- (CAP), whereas the incidence of historically common disgg®o
189. such as meningitis and epiglottitis have signi cantly dexsed
The stability of the lung microbiome has profound impact (21Q 217). Patients with underlying conditions, notably COPD,
on maintaining local immune homeostasid89. According seem to be at higher risk for invasive infectio289.
to the “vicious circle” hypothesis, airway in ammation and Thereis consensus thdt in uenzaeis one of the key bacterial
impaired immune defenses caused by either viral infectionpathogens involved in pathogenesis of both stable COPD disease
or irritant inhalation have ecological in uence on the aiay and acute exacerbation&({7). However, the relative abundance
microenvironment and growth conditions that would evenliya and signi cance of NTHi in COPD varies between di erent
lead to dysbiosis of the lung microbiota&2 190. The changed studies. Several factors, such as sampling methodologyecbbi
lung microbiome would then cause a maladaptive immunoldgicamicrobiological analysis and, if the patient has a stable desea
response resulting in further in ammation and damage of theor an exacerbation, or has been subject to previous antiioti
lung immune defenses, and additional alteration of the lungherapies, tend to a ect the outcome of the studig&?).
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Common sampling methods from the lower respiratoryof these ndings is strengthened by previous work identifyin
tract include both bronchoscopy techniques such as protecteapregulation of many of the same bacterial gene products durin
specimen brush (PSB) and collection of BAL uid as wellgrowth in COPD sputum 223. Moreover, peroxiredoxin-
as non-invasive methods like sputum samplingl®. All  thioredoxin, an antioxidant enzyme, was found to be one
of these methods, particularly sputum, are to some exterdf the most enriched proteins in NTHi during growth in
subject to the risk of contamination from the normal micrebi COPD sputum, suggesting that the bacteria upregulate oxielati
ora of the oro- and nasopharynx, which might reduce their stress-countermeasures when facing oxidative imbalandés
speci city (213. However, several studies still show a distinctdiseased lung223. Oxidative stress resistance has previously
association between lower respiratory tract samples anccelini been shown to be vital for NTHi survival in infection
parameters in COPD patients, making the information valuablenodels £24).

(214). In a seminal investigation by Pettigrew et al., whole-

Cultivable bacteria are seldom found in the lower airways ofjenome sequencing (WGS) was conducted to followitthévo
healthy individuals 215, whereas COPD patients show bacterialadaptation of NTHi to the COPD environment over timéZ5.
growth in 30-50% of cases even during stable diséadBe(1).  Several interesting ndings were reported in this work. Birs
On top of that, several studies have shown a signi cant insee  the median duration of persistence by the pathogen was found to
in the Proteobacterighylum, which includesdaemophiluspp., be 161 days, but it could persist in patients for up to as many
in individuals with both stable disease and AECOPIalfle 2. as 1,422 days. Secondly, slipped-strand mispairing-mediated
NTHi is consistently one of the predominating bacterial spsci phase variation was identi ed as the primary genetic adaptatio
isolated in those cultures; other important pathogens inelud to the niche. Poignantly, the genes a ected by the regulation
S. pneumoniae, M. catarrhalsnd P. aeruginos§?19. During  mechanism encoded for (among others) the HMW adhesins,
AECOPD, the bacterial load is increased even further, anliNT LOS biosynthesis, and iron uptake, that is, the same processes
continues to be the predominating speci€®®. Furthermore, identied in the previous studies as important for COPD
acquisition of a new NTHi strain has, in one study, beenadaptation £22 223. Thirdly, and somewhat surprising, it was
linked to the onset of AECOPD163. Moreover, the growth observed that a very limited number of genes were gained/lost
and dominance oH. in uenzae following rhinovirus infection during persistent colonization, meaning that selection for
was observed in the sputum microbiome of patients withstrains that thrive in the in amed lower airways occurs aeth
COPD (190. very onset of colonization. Finally, the authors reportectth

genetic changes occurred in 8 of the 12 investigated vaccine
antigens during persistent infections, a fact that might Hesta

COLONIZATION AND ADAPTATION OF into consideration for potential vaccine development agains
NTHi IN THE LOWER AIRWAYS OF COPD NTHi.
PATIENTS Another virulence factor that has been reported by Murphy

and co-workers to play a pivotal role for NTHi survival in

The chronic in ammation that characterizes COPD pathogeses COPD settings is IgA-protease, a hydrolytic enzyme that eleav
causes signi cant changes to the pulmonary tissue. The lowesecretory IgA (slgA) antibodies in the mucosal epitheliu?d -
respiratory tract of patients suering from this disease is228. Four genes encode for the same number of di erent variants
marked by epithelial denuding, hypersecretion of mucuspf the endopeptidase with various cleavage site speci cities:
disproportionate phagocyte presence and imbalances itwo igaA (igaAlandigaA2 and two igaB (igaBland igaB3.
antioxidant/oxidants 220. This altered milieu selects for The igaA is present in all NTHi whereagyaB is present in
specic bacterial species that are genetically equipped40% of the strains226. TheigaBlgene has been reported
to competently address these environmental stressot® be more prevalent in COPD exacerbation-causing strains,
(151, 195 221). NTHi is the most common pathogen isolated although thein vivo expression levels did not dier from
from the sputum of COPD patients, and the primary causeasymptomatic colonization strains that also carried the gene
of exacerbations2(19, indicating a unique ability to colonize (226. However, IgA-protease B1 and B2 have been found to
and persist in the chronically inamed lower respiratory promote the intracellular survival of NTHi in human epithelial
tract. cells, providing a secondary function (in addition to hydysis

In recent years, great e orts have been made in understandingf IgA antibodies) that could facilitate NTHi growth in in ared
how NTHi colonizes the pulmonary tissue. In addition to environments £27). While a majority of the persistent NTHi
the regular arsenal of virulence factors associated wittHNT strains that dwell in COPD patients continuously express one
(5), the bacterial pathogen undergoes specic adaptations ter more variants of the enzyme, it has recently been found tha
increase its tness in the COPD setting. Specic geneti@ phase variation to an OFF-state can occur via slipped-strand
islands that includeireABCEFGHIic2b, hgbA, iga, hmwhnd  mispairing over time 228. This suggests that during certain
hmw2 have been reported to be enriched in NTHi strainsconditions, there is a tness bene t in not expressiiggin the
isolated from COPD patients compared to commensal NTHiairways of COPD patients, albeit the speci cs of this process ar
(229. These genes are involved in raising the pH of thecurrently unknown.
environment, lipooligosaccharide (LOS) synthesis, ironalpt Another interesting aspect of NTHi colonization of COPD
immune evasion, and attachment to host tissue. The validitpatients is with regard to bio Im formation429. NTHi strains
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TABLE 1 | Abundance and signi cance of NTHi and other potentially patbgenic bacteria in healthy individuals and various stagesf €OPD using culture-based methods.

Sample type Microbiological Main ndings Study
analysis
Healthy individuals AECOPD P Stable COPD disease
PSB2 Quantitative culture Potentially pathogenic bacteria  Potentially pathogenic bacteria Potentially pathogenic Rosell et al.
found in 4% of patients found in 54% of patients bacteria found in 29% of (148)
patients
NTHi found in 3% of patients NTHi found in 30% of patients NTHi found in 17% of patients
(predominating species) (predominating species)
BAL® Quantitative culture Potentially pathogenic bacteria  N.A9 Potentially pathogenic Sethi et al.
found in 0% of ex-smokers bacteria found in 34% of (216)
and in 20% of non-smokers patients
(no NTHi)
NTHi predominating species
Sputum/Throat Culture and molecular ~ NTHi recovered in 35% of NTHi recovered in 7% of NTHi recovered in 57% of Bandi et al
swab/PSB /BAL typing of strains patients at any respiratory site intubated patients with respiratory  patients at any respiratory site  (217)
exacerbation
Sputum Culture and molecular ~ N.A. Isolation of a new strain of NTHi N.A. Sethi et al.
typing of strains signi cantly associated with (153)
exacerbation
Patients with a new NTHi-strain
twice as likely to have AECOPD
Sputum Quantitative culture N.A. Potentially pathogenicdcteria Potentially pathogenic Wilkinson
found in 70% of exacerbations bacteria found in 48% of etal (L72)
patients
NTHi predominating species NTHi predominating species
(38%) (14%)
Sputum Quantitative culture N.A. Potentially pathogenic dcteria Potentially pathogenic Papi et al.
found in 55% of exacerbations bacteria found in 38% of (171)

NTHi predominating species

cultures
NTHi predominating species

apSB, protected specimen brush.
bAECOPD, acute exacerbation of COPD.
CBAL, bronchoalveolar lavage.

4 N.A., not applicable.

that colonize the Eustachian tube causing otitis media amnn  well-established virulence mechanism employed by NTHi and
to build up bioIms in situ (230. However, strains isolated other pathogensZ32. It is currently unknown which bacterial
from COPD patients tend to have signi cantly diminished atyil  virulence factor(s) that induce the reduction of E-cadhdavels
to form bio Im compared to invasive strains or those isolatedin the host.
from otitis media patientsZ29, suggesting that this mechanism  In summary, investigations from recent years show that the
is not important for survival in the COPD niche. As bio Ims environment of the lower respiratory tract of COPD patients
tend to protect the bacterial community from external astgul selects for NTHi strains that can upregulate adhesins, modify
these ndings could indicate that the hypermucoid milieu in LOS biosynthesis pathways, increase antioxidant stregsnsss
the COPD airways is severely impaired in its ability to delive@nd cellular invasion strategies, and, nally, trigger talece
an apt immune response for optimal clearance of residingdainst acidic pH. These important colonization mechanisms
microorganisms. In light of this impairment, bio Im formatin  thus provide researchers with viable targets for developmgh
might not be necessary for NTHi to persist in this particular therapies.
environment.

Infections with NTHi have also been shown to reduce cellulaNTHi-DEPENDENT AIRWAY IMMUNE
levels of E-cadherin, a protein required for tight junction
formation and epithelial cell integrity in human cell231). RESPONSES IN COPD
Considering that perturbations in the epithelial cell barrie NTHi is a commensal in the nasopharyngeal site but is
caused by the loss of E-cadherin is a common symptom of COPRfien associated with strong in ammatory responses in the
NTHi-mediated exacerbations likely contribute to this stef |ower respiratory airways, especially in patients with COPD,
COPD pathogenesis. The subsequent denuding of the epitheliugtonchiectasis, cystic brosis, pneumonia, or idiopathic
could facilitate microbial colonization of the basal lamjna  pulmonary brosis (L1, 233. Colonization and subsequent
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TABLE 2 | Abundance and signi cance of NTHi and other potentially patbhgenic bacteria in healthy individuals and various stagesf@OPD using molecular methods.

Sample Microbiological Main ndings Study
analysis
Healthy individuals Stable COPD disease AECOPD
Sputum 16S rDNA N.A. Baseliné Signi cant increase of the Huang et al.
Proteobacteria phylum (which (195)

includes Haemophilusspp.)

Sputum 16S rDNA N.A. Baselin@ An increase in relative abundance of  Millares et al.
Haemophilusspp. as well as other (218)
bacteria typically associated with

exacerbations
Sputum 16S rDNA No increase in numbers of N.A. Signi cant increase in numbers of Molyneaux et al.
proteobacterial sequences proteobacterial sequences, mainly (190)
following rhinovirus infection H. in uenzae, following Rhinovirus
infection
Sputum 16S rDNA N.A. Baseliné An increase in the relative Wang et al. (49)

abundance of Haemophilusspp.
following exacerbation, an increase
of Haemophilusfollowing
corticosteroid treatment but a
decrease after antibiotic treatment

Sputum 16S rDNA N.A. A signi cant increase in the No signi cant increase in Mayhew et al.
abundance of Haemophiluswith abundance of Haemophilusgenera (151)
increasing disease severity during exacerbation

aComparison of the microbiota sampled from a patient during stable diseas(de ned as baseline) and during an exacerbation.

infection of NTHi in the lower airways of COPD patients innate immune cells and endothelium in addition to epithé&lia
elicits episodes of immune responses orchestrated by botiells £38-240. TLRs are PRRs that sense stimulation by NTHi-
the innate and adaptive immunity. NTHi infection is thus derived pathogen-associated molecular patterns (PAMPs), and
commonly associated with in ammation that is mainly medddt play a primary role in initiating e ector cellular responses and
by transcription factor NF«B-dependent production of intracellular signaling for NFB activation £39. Among the
proin ammatory mediators. The activation of NkB requires di erent TLRs, most of the studies on NTHi infection have by
induction of cross-signaling networks and cascades visat@n far been focused on TLR2 and 4. Lipoproteins including NTHi
of PRRs (pattern recognition receptors) of host innate immuneP6, and LOS are potent immunomodulators for activation of
cells £34. Unresolved or prolonged (chronic) in ammation or TLR2 and TLR4, respectively, and has been described in several
failure to restore the homeostatic in ammatory status pdiefty  studies on airway epithelial cells and alveolar macrophatyEs-(
contributes to exacerbations. This is clearly shown in merin 244).

COPD simulation models with NTHi-triggered in ammation Interaction of NTHi lipoprotein P6 with TLR2 on human
(235-237. Mice exposed to NTHi lysates display inamed epithelial cells [type Il alveolar A549 and human middle ear
airways loaded with increased levels of in ammatory medfisit epithelial cells (HMEE)] causes NB-dependent activation
and phagocyte in ltrates. Moreover, multiple exposures tovia two distinct TLR-signaling pathways, that is, the NF-
bacterial lysates which may represent a chronic NTHi infecti kB translocation-dependent, and -independent pathwal/d)
caused extremely high in ltration of phagocytes and lymphesy The NFkB nuclear translocation-dependent pathway requires
in the airways of this particular mouse model. In addition, theactivation of NFkB-inducing kinase IKK complex. In the second
airway walls of the infected animals were also thickened dugathway, the MKK3/6-p38 MAPK signaling cascade is recruited
to increased collagen deposition ( brosis) that re ects thefor direct nuclear phosphorylation, and thus activation of NF
typical COPD features. The host immune response and specikB. The branching of both pathways may occur at the TIGF-
interactions during NTHi infection in COPD is summarized in activated kinase 1 (TAK1) signaling junction. NTHi stimtitan

Figure 2 via TLR2 and downstream activation of p38 MAPK/NF-

kB-dependent pathways result in expression of COX-2 and
NTHi Stimulation of PRRs in Immune prostaglandin (E2) (PGE2) that promote in ammatory responses
Activation (249.

The epithelium and alveolar macrophages are predominant cell TLR4 stimulation by NTHi LOS also contributes to the
types in the airway compartment. They comprise the rst line ofactivation of NFkB via two signaling pathways, the primary
defense in the cellularimmune response against potentialath ~ activating pathway of MyD88 cascade and the alternative
pathogens and antigens. The sensing of bacteria, and pantigul pathway of Toll/IL-1R domain-containing adapter-inducing
NTHi in the lower airways is initiated via PRRs expressed onterferond (TRIF). Both pathways activate N&B through
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phosphorylation and degradation of inhibitokBa (243 246. cells occurs via NKB nuclear translocation-dependent
NTHI-TLR4 signaling mediates an e ective innate immuneand independent pathways. The latter pathway involves
response that leads to upregulation of TMF-IL-1b, IL- MAPK/extracellular signal regulated kinase kinase kinase 1
6, macrophage-in ammatory protein (MIP)d, MIP-2, and (MEKK1)-dependent activation of MAPK kinase 3/6—p38
neutrophil in Itration in the airways of mice. The TLR4 respans MAPK pathway £53. However, the synergetic action of
promotes e cient pulmonary clearance of bacteria in TLR4-NTHi with TGF-bl is mediated by another mechanism which
expressing animals compared to CD14/TLR4 knockout micénvolves Smad3/4-protein kinase A (PKA)-p300-dependent
(243 244. A recent study by Jungnickel et al. revealed thatsignaling cascade. The pathway components, PKA and p300,
in parallel with the infection-induced pulmonary neutrophili phosphorylates residue Ser276 and acetylates Lys221 of the
in ammation, NTHi-dependent stimulation of both TLR2 NF-kB subunit p65, respectively. This results in enhanced
and TLR4 in a transgenic mouse [(KF48) with oncogenic DNA-binding activity of NFKB (254).
Kras allele in the lung epithelium] additionally promotes the The synergetic action of NTHi with both TNB-and TGFb1
proliferation of Kras-induced early adenomatous lesion lre t enhances the production of TN&: IL-1b, and IL-8 from airway
lung in an TLR-dependent manner47. The association or epithelial cells and interstitial polymorphonuclear in ltres.
role of NTHi-induced airway in ammation in lung cancer Recently, it has been reported that co-infection of human
progression, however, is not supported by another recent dohorhinovirus and NTHi on the airway epithelial cells (NHBE cells
study showing the lack of di erences in NTHi speci c-antibedi  and the BEAS-2B cell line) also results in synergetic inducti
between cancer- and non-cancer COPD patief3.( of CCL20 and IL-8, albeit the exact mechanism remains to be
Lastly, Dectin-1 and the epidermal growth factor receptorelucidated 259. Of note, activated macrophages also release
(EFGR) pathway also have proin ammtory e ects uponincreased concentrations of TNi-and IL-1a (259, further
interaction with NTHi (248 249. Activation of the Dectin- enhancing the inammatory synergetic e ect of surrounding
dependent proin ammatory response requires NTHi-inducedimmune cells.
phosphorylation of the Dectin-1 hem-immunoreceptor tyrosine  Finally, IL-1a acts synergetically with NTHi to upregulate the
based activation motif (hemITAM)449. Direct activation of expression of AMFo-defensin 2 (DEFB-4) via the p38/MAPK
EFGR in alveolar cells and HMEE by NTHi-derived EGF-pathway £57. Of note, IL-Ja could also act individually to
like factor has been shown to contribute to MB- activation. upregulate the expression of DEFB-4 via the Src-dependent
The EFGR-dependent NKB activation is mediated via an NF- MEK1/2-ERK1/2 signaling pathway%9. Taken together, the
kB nuclear translocation-independent pathway, which invslve synergetic action may aid in the expansion of the in ammatory
both MKK3/6-p38 and PI3K/Akt signaling pathway49. response and in some cases worsen the clinical outcome.
Surprisingly, the interaction of EFGR and NTHi also results i
negative regulation and suppression of the induction of TLR . . .
via the Src-MKK3/6-p3&/b MAP kinase-dependent signaling ?Phagocyt05|s of NTHi by Airway
cascade, and this in turn may facilitate NTHi infectioB5(). Phagocytes
The actual components of NTHi that exhibit the EGF-like Alveolar macrophages located in the air-parenchyma interface
factor activity have, however, yet to be de ned. The EFGRare the primary professional phagocytes in the lu&g§9 260).
dependent negative regulation of TLR2 may thus suggest Ehese cells are responsible for infection eradication tgiou
novel mechanism targeted by NTHi for immune evasion byits phagolysosomal machinery while releasing a plethora of
attenuating the responses of host PRR, despite the contrddictéh ammatory cytokines and chemokines for promoting a
role of EFGR in proin ammatory and innate immune responseslocal in ammatory response and recruitment of neutrophils.
of the airway epithelium%51). NTHi infection also upregulates Neutrophils are the rst responder cells recruited from
the NRLP3-in ammasome during NTHi-induced in ammation circulation to the airway for e cient kiling of pathogens
in the airway epithelium and alveolar macrophages, leading through an array of microbicidal strategieg6(, 262. During
increased secretion of ILbland IL-8, and thus neutrophilic NTHilung infection, both alveolar macrophages and neutrdghi
in ux to the lung (252). are the main innate immune cells involved in the pulmonary
bacterial clearance through phagocytosis. They are also an
. . . important source of cytokine secretion required for indwctiof
Synergetic Action of NTHi and other immune cells and enhanced bacterial killing. Eradérat
In ammatory Mediators of NTHi by alveolar macrophages involves adhesion or contact
Some of the endogenous inammatory mediators that arghagocytosis and phagolysosomal processing of bacteria,
produced in response to NTHi infection, including TN&-IL-  in addition to secretion of TNFa. Phagocytic clearance
la, and TGFb1, may act synergetically with NTHi on the airway of NTHi by alveolar macrophages is orchestrated through
epithelial and immune cells. The synergetic interactionvesi actin polymerization, plasma membrane lipid rafts, and
a positive feedback loop to amplify the N¥B- transcriptional phosphatidylinositol 3-kinase (PI3K) signaling cascade upon
activity on proin ammatory genes and further augments aigwa induction of macrophage PRRs by NTHI%9.
in ammation. Interestingly, in response to NTHi infection, human alveola
The synergetic activation of NkB by NTHi and TNFa  macrophages, and blood neutrophils produce extensive amount
in HMEE and normal human bronchial epithelial (NHBE) of intracellular and extracellular ROS as a component of the
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antimicrobial defense. This leads to the formation of mgidrage COPD patients treated with corticosteroid&7()). Interestingly,
and neutrophil extracellular traps (METs and NETS, respect)yelyantigen-speci ¢ Th17 cells from NTHi-immunized non-COPD
with co-expression of MMP-12 for enhanced bacterial killingmice model recognize both homologous and heterologous
(263 2649). Nevertheless, the overexpression of MMPs magtrains of NTHi, and are able to confer protection upon adoptive
adversely result in a protease imbalance and contribute tvansfer 79. However, it is unclear whether the Th17 cell
alveolar emphysematous destruction and bronchiectasis mhich is prone to the in ammatory response could be “trained”
COPD (265. Moreover, excessive endogenous ROS productiotm counteract the NTHi infection in COPD patients, particularly
could also introduce airway oxidative stress that is de¢mtal  during exacerbations.
by causing chronic in ammation and tissue damage in the lung  During the systemic humoral immune response in NTHi-
and thus contributing to the COPD exacerbatiot6G 267). The  infected COPD patients, greater concentrations of NTHi-sgec
NET formation is elicited mainly by NTHi LOS in addition to 1gG, IgA, IgM, and IgE serum antibodies are produced compared
otherHaemophilu$AMPs @64). to non-infected controls 12, 279-281). Some of the NTHi-
speci ¢ serum immunoglobulins are specic to P2, P5, and P6
L. . (12,282 283. However, decreased mucosal antibodies associated
Cellular and Humoral Immunity in NTHi with sIgA de ciency, or decreased total IgG in the small aiys
Evasion have been reported in COPD patients, and might be associated
Several studies by King et al. have revealed that T cellvith disease severity283 284. Importantly, NTHi-specic
mediated adaptive immune responses against NTHi airwagnucosal sIgA has been found to be lower in the airways of
infection in patients with idiopathic bronchiectasis and CDP NTHi-infected COPD patients than the non-colonized patients
has been predominated by a Th2/Tc2 resporz@3(270. The (285 286.
activated T cells produce reduced level of the CD40 ligand The epithelial polymeric immunoglobulin receptor (plgR) is
and IFN-g, and increased levels of TNE-IL-13, and IL-17, essential for the generation of mucosal slgA. It is, however
as well as altered IgG subclass production by plasma cells.dbwnregulated in COPD patients with a positive correlation
is to be noted that the Th2/Tc2-mediated immune responséo disease severity and increased level of BGE87. The
is less e ective in suppressing NTHi infection. Redirectingcombinatorial e ects of downregulateplgR and elevated TGF-
the Th2/Tc2-mediated immune response to Th1/Tcl dominanbl contribute to an impaired mucosal IgA immunity in COPD
(which is more protective) by adding the Th1l/Tcl mediatorspatients. A mouse model lacking thEgR ( = ) is therefore
(CD40 ligand and IFNg) has helped to restore the T cell- devoid of slgA and are susceptible to airway stimulation
mediated immune killing of NTHi £69. However, a separate by an NTHi lysate resulting in increased in ammation and
study in a COPD mouse model by lai al.reported that NTHi  airway neutrophilia. Interestingly, introduction of exagausly
infection causes increased production of airway type 1 ieteri added sIgA mitigated the airway in ammation289. NTHi-
(2-IFN) (277). It was further reported that DNA of NTHi acts infected COPD patients with greater airway in ammation have
as a PAMP in stimulating the STING/TBK1/IRF3 pathway, andalso decreased NTHi-speci ¢ mucosal IgG1 in the BAL uid
thus the production of 1-IFN. The impact of the bacterial DNA- compared to the non-colonized patient3d3. Interestingly, the
induced 1-IFN in host immune/in ammatory response, which phenomenon with decreased NTHi-speci ¢ antibodies seems to
may potentially induce a Thl/Tcl response requires furthebe restricted to the airways, since the speci ¢ serum aniigod
investigations. are not a ected. Therefore, the reduced mucosal IgG is uhfike
COPD patients also have abnormally higher number of Trego be associated with hypogammaglobulinemia (IgG de ciency)
cells, myeloid-derived suppressor cells (MDSC), and exhdustelespite the latter was reported as a contributing factor in NTH
eector T cells (PD-£) than healthy individuals 72 273. infection (289. Decreased airway IgA might be attributed to the
Cigarette smoke-induced anti-in ammatory activity of Tggin  expression of IgA proteases by NTHi. The bacterial IgA protease
a COPD model is further suppressed by NTHi infection. Thedegrades the local airway IgA during airway colonization to
pathogen causes downregulation of Foxp3 (biomarker of Tregsavoid immune exclusion by slgA2Pg 228. Reduced mucosal
and thus impairs the anti-in ammatory/pro-in ammatory antibodies might promote host immune evasion and resistance
balance of Tregs2(’3 274). This may lead to the extensive to complement-mediated killing of NTHi, thus enable persistent
immunosuppressive activity by Tregs on the proliferation ofcolonization of NTHi in the airways of COPD patients, in
NTHi P6-speci c e ector T cells, causing a diminished responseaddition to a plethora of various other virulence mechanisms
of eector T cells to sputum IL-6 and IL-8 induction, and (4,5, 207).
increased levels of IL-10 and TGE-(272 275. Recently, it has
:)een reported that mucosal-assomat(_ed |r_1var|ant T cells (WA IMPAIRED IMMUNITY IN COPD IN
rom COPD patients are more e ective in response to NTHi .
stimulation and thus produce increased levels of IgN3-, to RESPONSE TO NTHI
10-fold more than the COPD Th (CB% and Tc (CD&) cells INFECTION—CURRENTLY KNOWN
(279. However, the pulmonary MAIT cell immune responsesMECHANISMS
are compromised in the presence of corticosteroids that are
commonly used for the treatment of COPD. This may potentiallyin a cohort study of stable COPD patients, augmented
prone the T cell-mediated immunity to a Th2/Tc2 response inairway in ammation and plasma brinogen, but not systemic
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in ammation, were found to be constantly correlated with Altered and Abnormal TLR/PRR

the increased bacterial load@33. Higher numbers of NTHi Expression: Inaccurate Responses to NTHi
has a greater impact thaB. pneumonia@nd M. catarrhalis  The intrinsically reduced expression of TLRs in COPD
in_triggering in ammatory responses as measured by theatients may also contribute to the impaired pulmonary
augmented levels of in ammatory cytokines in sputumincligi  jmmune response thus facilitating NTHi persistent colonizatio
IL-8, MPO, and 1L-b. The increased in ammatory response gxpression of TLR2 or TLR4 are found to be lower on sputum
in aected patients is potentially attributed to the persistentneytrophils, alveolar macrophages, nasal epithelium, andi3 ce
colonization of NTHi in the lower airway 407, 233. The i3 COPD patients despite high concentrations of IL-8 and MMP-
compromised innate immune response in COPD, particularlyg (295-299.
the decreased microbicidal activity, has been regarded as The |ack of the more protective Th1/Tcl immune response
one of the culprits for persistent airway colonization byjy cOPD patients against NTHi infection might be attributed
NTHi, and is highly associated with COPD exacerbationgg upregulated antagonists (A20, IRAK-M, and MyD88s)
(Figure 2. of the MyD88/IRAK/MAPK signaling pathway in COPD T
cells @99. It should be noted that the MyD88/IRAK/MAPK

. . . athway is required for expression of TLR4 in Thl, whereas
TLF\_) TO|era_nce' L_JnreSponSIVe to NTHI Sroduct)i/on of (?FNg in Thl?Tcl is TLR4-dependent via the
Antigen Stimulation TLRA4/TRIF/IKKe/TBK1 signaling pathway. The antagonists
Whilst the role of macrophage extracellular traps (MET)prevent the NTHi LOS-induced TLR4 expression in Th1 and Tcl
for killing of NTHi remains unknown, it has been reported znd thus a reduced secretion of IF\4n addition, unusual high
that blood neutrophils and NET from COPD patients arenymbers of Tregs in COPD patients have also contributed to
defective in the killing of planktonic or bio Im/NET-entrapfe e ector T cell dysfunction or a Th2/Tc2 predominant immune
NTHI, respectively 263 264 290. A series of studies by response72. However, Freeman et al. reported that Tc (CD)8
Berenson et al. revealed that alveolar macrophages derivggs from COPD patients have increased expression of TLR1,
from COPD patients are basically dysfunctional in eradwati T R2 TLR4, TLR6, and TLR2/1 as well as Tcl cytokines (IFN-
of NTHi (177 291-293. Intriguingly, TLR2 and TLR4 g and TNF-a) compared to healthy individuals that may imply
expressed on alveolar macrophages from COPD patients afige auto-aggressive response of lung Tc cells in COPD lung
intrinsically unresponsive to the potent immunomodulatory jn ammation (299. However, the COPD Tc cells can only
lipoprotein P6 and LOS, respectively. This causes decreasgd stimulated by ligands for TLR2/1 (Pam3CSK4) yet tolerant
LOS/P6-induced expression of TLRs, reduced Ki-nuclear tg other agonists, indicating the dysfunctional TLRs or TLR
activation and consequently diminished IL-8, TNE-and  tolerance on T cells despite their high level of receptor expmess
IL-1b responses by alveolar macrophages from COPD patients. |nyersely, peripheral blood neutrophils isolated from COPD
The compromised TLR expression and signaling potentiallyatients have increased expression of TLR2, TLR4, and NLRP3
contribute to the defective complement-dependent ani)298 300. Nevertheless, the increased TLRs expression might
independent phagocytosis of NTHi. The defective phagocytosisot improve the microbicidal ability of COPD peripheral
is greater for NTHi than forM. catarrhalis and correlates with neutrophils probably due to the inaccurate responses to cyeki
disease severity. Interestingly, the phagocytosis disabil (179. |n addition, certain types of SNPs (SNPs) in TLR2 and
was not detected in monocyte-derived macrophages iff| R4 have also been associated with decreased lung function,
COPD. In contrast, however, Taylor et al. reported thatenhanced in ammatory responses and increased immune cell
monocyte-derived macrophages from COPD patients arg, |tration in COPD (307). Interestingly, the diminished IL-8
also defective in phagocytosis of NTHi arl pneumoniae responsiveness of COPD alveolar macrophage to NTHi infection
The author also suggested that the defective monocyteras a strong association with the carriage of TLR9 (T1237C)
derived macrophages are not attributed to the alteratiorbolymorphism instead of TLR2 (Arg753GlIn), TLR4 (Thr399lle;
in cell surface TLR2 or TLR4 expression, macrophaggsngggy), and TLR9 (T1486C}{2. The carriage of TLR9
receptor with collagenous structure (MARCO), CD163,T1237C) is also positively correlated with diminished lung
CD36 or the mannose receptorl{§. The unresponsive fynction. Of note, the activation of TLR9-signaling cascaule

TLR2 and TLR4 in COPD alveolar macrophages to NTHipro-in ammatory cytokine response requires stimulation fino
lipoprotein and LOS might be explained by the recentlymicrobial DNA (303.

reported phenomenon of TLR tolerance?29d). Repetitive

stimulation of COPD alveolar macrophages with the same .

TLR ligands, Pam3CSK4 and LPS desensitizes the TLR2 ahfl€ Tobacco Smoke: Negative Effects on

TLR4, respectively, and generates TLR tolerance. Moreovéhe Immune Defense Against NTHi

the repetitive TLR stimulation further reduced the productio The microbicidal malfunction in both innate and adaptive

of TNF-a, CCL5, and IL-10 without a ecting the constantly immune cells is also potentially linked to the deleterious
augmented level of IL-6 and IL-8 in alveolar macrophages ect of tobacco smoke, the major risk factor for COPD.

This may provide alternative explanations for diminishedlt has been reported that, exposure of tobacco or cigarette
immune responses against the recurrent/repetitive infectio smoke can impair phagocytosis/engulfment of NTHi by alveolar
by NTHi. macrophages isolated from COPD patierits§ 304). Moreover,
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the chemical exposure also suppressed the TLR-induced TNpersist immunomodulatory properties3{7~319. Ironically,

a, IL-6, and IL-10 production in COPD alveolar macrophagest is plausible that the increased level of cathelicidin could
that have been pre-stimulated with TLR2, 4, or 5 ligandsliminish or alter the balance in lung microbiota, and the
(Pam3CSK4, LPS, or phase | agellin, respectively), or wholenmune/in ammatory response. This might contribute to the
NTHi bacteria B05. This may potentially delay the macrophage-“vicious circle,” thus considerably increasing the risk forHi
dependent bacterial clearance. The suppressive e ect of tigareinfection during COPD exacerbation&14 320. Moreover, the
smoke in macrophage-dependent phagocytosis is due to thmicrobicidal property of cathelicidin could be compromised by
suppression of the PI3K signaling cascade which is required féhe in ammatory conditions in the airway, such as low pH,
optimal phagocytic activity and movemen256. Meanwhile, or the e ect of cigarettes that causes peptide citrulinatior an
the cigarette smoke also inhibits the activation of the pF&E modi cation (321, 322). Finally, expression of AMPs (human
signaling pathway and p65/NKB, thus dampens the NTHi LOS- beta defensin 2 and S100A7) by COPD airway epithelium in
induced cytokine production of COPD alveolar macrophagesesponse to NTHi infection, is also disturbed by cigarette senok
(309. The diminished alveolar macrophage responsiveness coulthe insulted airway cells have also a reduced expression of
also be related to anticholinergic agents used by COPD patienTLR4 and IL-8, and impaired NTHi-induced NKkB activation
that results in lower concentrations of NTHi-induced TNF- (175296. Thus, alarge body of evidence exists on the deleterious
a (309. Nevertheless, the impaired phagocytosis of NTHie ects of tobacco smoke.

by COPD alveolar macrophages could be improved in the

presence of nuclear erythroid related factor 2 and microRNA

MiR-328 (07, 309. Interestingly, in addition to the constant ANTIBIOTIC TREATMENT OF NTHi IN
exacerbated in ammatory e ect observed in di erent murine COPD

model studies, Gaschler et al. observed a rapid pulmonary

clearance of NTHi in mice upon exposure to cigarette smokeintibiotic treatment of AECOPD has been shown to signi chnt
and this was positively correlated with an increased neutil@gph reduce the risk of treatment failure, especially for in-patsen
in the animal BAL uid (236 309-311). However, in other with severe exacerbations and patients requiring intencare
COPD animal studies, cigarette smoke also impaired the ILE323. The e cacity of antibiotic treatment for out-patients wht

22 production that has a potential anti-bacterial activityilgh exacerbations is less cleaeg 324).

delaying the airway clearance of NTHII:-313. Interestingly, Recommendations on which empirical treatment to use
IL-22 might play a protective role in COPD exacerbation agor AECOPD varies between di erent countries, but common
supplementation of IL-22 manages to restore the homeostasitimicrobial agents that are frequently used as de nitive
of airway immune response and improve NTHi clearanceherapy against NTHi include aminopenicillins (with or
(313. without a beta-lactamase inhibitor), tetracyclines, tetmoprim-

The increased airway neutrophilia might be due to thesulfamethoxazole, and uoroquinolones. In addition, thirial
enhanced production of pulmonary IL-17 triggered by cigagett and Laboratory Standards Institute (CLSI) has developedcelini
smoke (52 236 311 319. This may imply the important breakpoints for the macrolides azithromycin and clarithrorimyc
microbicidal role of neutrophils (neutrophilia) in compensag (325, whereas the European Committee on Antimicrobial
the COPD- or cigarette smoke-associated dysfunction&lcddy  Susceptibility Testing (EUCAST) have not set any clinical
macrophages96, 319. However, such compensation may not breakpoints against this class of antibiotics due to lack of
be adequate to provide optimal immune defense to eradicatginical data 826. One study shows that NTHi frequently
persistent NTHi lower airway colonization, since the cigere develops resistance to macrolides during prolonged treatmen
smoke also has profound suppressive e ect on the host adaptiand that treatment failure may occur, making uoroquinoles
immunity, thus constantly risking the COPD patients to epissd more reliable for eradication in COPD-patient847). As for
of exacerbation and relapsed infection. In adaptive immunityaminopenicillins, resistance is also common, with up to 18420
cigarette smoke impairs the antigen-specic B and T cell®f NTHi isolates expressing beta-lactamases and an adédltion
responses to NTHi infection. It suppresses the secretion of IFNLO-20% of the isolates having amino acid substitutions in
g and IL-4 by NTHi-specic T cells. Antibody production by penicillin-binding protein 3 (PBP3), which reduces their
B cells has also been attenuated, with lower levels of specisusceptibility to these agent32g 329. The fraction of isolates
anti-P6 antibodies and compromised IgG1, IgG2a, and IgAsclagexpressing beta-lactamases has been stable during the last
switching @11, 312. years, whereas an increase has been seen in isolates digplayin

A recent and some previous cohort studies revealed thatltered PBP3 330 331). This is worrisome, since some of
the level of airway antimicrobial cathelicidin (hCAP18/L these amino acid substitutions also confer resistance talthir
37) in COPD patients increase gradually from the stablgeneration cephalosporins3§2. Moreover, there seems to
disease to exacerbation statels/§ 316. Moreover, higher be a correlation between isolates expressing altered PBP3
levels of cathelicidin are positively associated with NTidvay and increased invasiveness. Studies have shown that sstrain
colonization, sputum neutrophilia, and higher concentraio that express a mutated PBP3 with certain key amino acid
of IL-8, particularly in the NTHi-infected COPD patients. Of substitution have a signi cantly higher rate of invasion of
note, cathelicidin and other AMPs play important roles in bronchial epithelial cells compared to strains with a wild type
the innate immune defense against dierent pathogens andBP3 833. However, when such mutated PBP3 was cloned into
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a susceptible wild type strain, invasion e cacy did notincsea in the last 25 years, as excellently reviewed elsewhgge (
suggesting that PBP3 is only indirectly linked to invasion342.
(339. Two of these antigens, fused into one protein, Protein

Besides using antibiotics for acute management of COPE-PIlA, are together with Protein D currently being tested
exacerbations, some studies have considered the use lyf GlaxoSmithKline in a phase llb proof-of-concept clinical
continuous prophylactic antibiotics in the management oftrial (randomized, observer-blind, placebo-controllednda
patients with COPD 212. There is some evidence that multicentric) for infection prophylaxis in COPD patients (508-7
continuous administration of macrolide antibiotics would years old) ). Notably, theM. catarrhalisubiquitous surface
prevent future exacerbations in a selected population of thprotein A2 (UspA2) is also included in the vaccine so that an
most severely ill patients, but a Cochrane review revealechmune response against both exacerbation-causing pattsogen
no support for a reduced all-cause mortality or less hospitatould be elicited by the same preparation. This clinical study
readmissions335. However, more recent studies have shown gNCT03281876) is the only one currently being conducted on
signi cant decrease in both the frequency of exacerbatiamd NTHi (and M. catarrhali§ according to clinicaltrials.gov, and
hospitalizations when long-term azithromycin treatment sva as the investigations are on-going, the results are cuiyent
chosen 836. unknown.

The fact that macrolide antibiotics display not only Due to an increase in the di culty to treat NTHi infections,
antimicrobial e ects, but also have anti-in ammatory and an e cient and protective NTHi vaccine likely considerably
immunomodulatory properties, has made them interestingraises the quality of life of COPD patients. Since NTHi-mediated
to use as prophylactic therapy212. It has been shown that exacerbations contribute to the progression of the diseadeaan
azithromycin inhibits mucus hypersecretion in the respirgto steady deterioration of the pulmonary capacity of those pasien
tract by signi cantly inhibiting TNFa induction of the prevention against NTHi infections potentially slows down the
MUCS5AC mucin secretion from human nasal epithelial cellsdebilitating e ect of the disease. It is therefore criticatontinue
(337. More speci cally, it has been shown that azithromycinthis line of research until such a vaccine has been obtained.
can reduce the NTHi-dependent induction of MUCSAC It could also be worth targeting non-conventional struater
expression by suppressing the transcription factor activatowith a vaccine, such as the secreted enzymes urease and IgA1-
protein-1 (339. Apart from a ecting mucus secretion, it also protease that have proven important for NTHi infections in
seems that low-dose azithromycin has the ability to improveCOPD patients in several studiezQ).
phagocytosis of bacteria by airway macrophag&s9( One
study showed that azithromycin concentrations that werahie
to kill NTHi still increased the uptake rate of the bacteridgan CONCLUSIONS
alveolar macrophages by enhancing their phagocytic function
(340. However, the risk of development of antimicrobial COPD is a multifaceted airway disease. Several factorsmeceie
resistance limits the use of low-dose azithromycin solely fothe clinical outcome of COPD. Importantly, the crosstalk
its immunological properties. This has triggered an interesbetween intrinsic factors (the stability and integrity betairway
in nding new macrolide substances that lack antibioticimmune response and structure in addition to hereditary ¢esj,
eect and solely interact with the airway immune systemand the extrinsic factors (lung microbiome, viral and baiztke
(34D. infections, meteorological factors, and noxious inhala}io

determines the fate of lower airway opportunistic infectignHh

in uenzae Intriguingly, NTHi has been one of the most isolated

pathogens at both stable and exacerbation states of COPD. Such
PERSPECTIVE IN NTHi VACCINE persistent airway colonization of NTHi costs virulence tness
DEVELOPMENT to counteract with the bactericidal e ect of the host immune

response. Adversely, the impaired defense mechanisms in COPD
The considerable clinical problems caused by NTHi with regar are not only unable to protect the lung structure from inhaled
to COPD exacerbations and otitis media has prompted th@hysical assaults, but they also fail to suppress NTHi infection
scienti c community to investigate whether a vaccine can belhe disoriented immune response in COPD instead allows the
developed against the pathoges €68 342. The search has pathogen to cause more harm and in ammation in the airways.
been intensi ed due to a steady increase in antibiotic tasise The currently used bronchodilator and inhaled corticosidro
and a trend of more invasive infections caused by NTHi ovetherapies have limited e cacy in preventing disease progressio
the last decade5f. Whereas, a highly e cient glycoconjugate in COPD. Moreover, the inhaled corticosteroid therapies might
vaccine has previously been developed against Hib, an iééntidave side e ects that may weaken the immune response. Hence,
strategy cannot be employed against NTHi due to the lacknore investigations are needed to garner a more adequate
of a polysaccharide capsule. Vaccine developments e orts hakaeowledge regarding the variabilities in immune networdgin
thus been concentrated on identifying NTHi surface struesi of COPD. This knowledge will be an important platform
that are immunogenic, have low antigenic variability, amé a for a more e cient drug design. In addition, a vaccine
conserved across this genetically highly heterogeneowsespe targeting NTHi is another important approach in controlling
Several promising vaccine candidates have been identi eithe infective exacerbations in COPD as the antibiotic tresin
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