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Abstract: Acute exacerbation of chronic obstructive pulmonary disease (AECOPD] is the main
cause of hospitalization and death of patients with chronic obstructive pulmonary disease.
This is largely due to bacterial resistance caused by clinical antibiotic abuse and the limited
efficacy of current treatment strategies in managing noninfectious AECOPD, which presents a
significant challenge for clinicians. Therefore, it is urgent for clinical treatment and prevention
of AECOPD to fully understand the specific mechanism of AECOPD in the immune system and
master the key differences between infectious factors and noninfectious factors. This article
systematically discusses AECOPD triggered by various factors, including the activation of
immune system, the recruitment and activation of inflammatory cells and the role of specific
inflammatory responses, and through a comprehensive review of the literature, this article
expounds the existing targeted diagnosis and treatment methods and technologies at different
stages in order to provide new ideas and strategies for clinical prevention and treatment of
AECOPD.
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Plain language summary

Understanding the causes of COPD flare-ups: How infections and noninfectious factors
affect the lungs

Yadan Tu
Chronic obstructive pulmonary disease (COPD) can get worse suddenly, leading to what Yong Chen
doctors call an acute exacerbation (AECOPD). These flare-ups are the main reason why ﬁ;':,';acv::,g

Chenghu Wang

people with COPD end up in the hospital or die from the disease. One problem is that
overusing antibiotics can make infections harder to treat, and noninfectious causes of
AECOPD are often not well treated. To better treat and prevent AECOPD, it's important
to understand exactly how these flare-ups affect the immune system and to know the
key differences between those caused by infections and those that aren’t. This paper
explains the different reasons why AECOPD happens, including how the immune system
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is activated, how inflammatory cells are involved, and the specific inflammatory reactions
that occur. We also review current methods and technologies for diagnosing and treating
AECOPD at different stages. This information aims to provide new ideas and strategies for
preventing and treating AECOPD in clinical practice.
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Introduction

Chronic obstructive pulmonary disease (COPD)
remains a significant global health challenge,
ranking as the third leading cause of mortality.!
The acute exacerbations (AE) of COPD are the
primary drivers of hospitalization and mortality
among these patients.2 AECOPD, a clinical con-
dition characterized by rapid deterioration of air-
way function and respiratory symptoms, affects a
substantial proportion of COPD patients, with
22%-40% experiencing at least one exacerbation
per year and 9%-16% experiencing multiple
attacks.? The triggering factors for AECOPD
encompass both infectious and noninfectious
components. Infectious factors typically refer to
infections caused by pathogens such as bacteria,
viruses, and fungi, which subsequently activate
the immune system and provoke inflammatory
responses. In contrast, noninfectious factors
include environmental elements (such as air pol-
lution and smoke), allergic reactions, medica-
tions, and psychological stressors, all of which can
lead to airway inflammation and dysfunction.*
Notably, bacterial infection accounts for approxi-
mately 50% of AECOPD cases.> Antibiotic treat-
ment forms a crucial component of conventional
therapy for AECOPD.® However, the therapeutic
efficacy is often limited by the presence of nonin-
fectious factors and antimicrobial resistance,
leading to unsatisfactory outcomes and signifi-
cant economic burden in clinical practice.”

Therefore, it is important to understand the differ-
ent changes of immune system in vivo to infec-
tious factors and noninfectious factors.® Only in
this way can we better decide the use of antibiot-
ics, improve the curative effect of patients, reduce
the economic burden of patients, and improve the
quality of life. Therefore, this review will begin by
examining both infectious and noninfectious fac-
tors, detailing the mechanisms underlying the
patients’ immune responses, as well as discussing
the latest research and corresponding treatment
methods. This aims to provide new insights for
the prevention and treatment of clinical AECOPD.

Activation of the immune system

COPD is a chronic inflammatory lung disease
characterized primarily by airflow limitation, which
is usually not fully reversible. This condition arises
because various stimuli (such as smoking, harmful
particles or gases, pathogens) activate airway epi-
thelial cells and pulmonary macrophages, leading

to the release of multiple inflammatory mediators
(such as IL-8 and TNF-a). These mediators
attract inflammatory cells, including neutrophils,
macrophages, and lymphocytes, to the airways,
causing an inflammatory response in the lungs.
Prolonged inflammation results in thickening,
fibrosis, and hyperplasia of the airway walls, lead-
ing to narrowing of small airways and bronchial
wall destruction, ultimately causing airflow limita-
tion. Furthermore, the destruction of alveolar walls
leads to emphysema, which further reduces the
surface area for gas exchange.® This inflammatory
basis underlies the physiological propensity for
AECOPD when exposed to various stimuli.
Understanding the mechanisms by which different
factors lead to AECOPD is essential for improving
patient outcomes (Figure 1).

Infection-driven immune activation

Free pathogens stage. Pathogens enter the respi-
ratory tract through inhalation or contact and are
recognized with the help of airway epithelial cells,
macrophages, and dendritic cells. Pattern recog-
nition receptors (PRRs) on host cell surfaces
(such as TLRs and NLRs) identify pathogen-
associated molecular patterns (PAMPs), initiating
innate immune responses. Common pathogens
such as bacteria, fungi, and viruses can enter the
lungs via the respiratory tract. Bacteria, for exam-
ple, adhere to respiratory epithelial cells using
surface adhesins (such as capsules, polysaccha-
rides, proteins), primarily infecting areas like the
nasal cavity, pharynx (e.g., Group A Streptococ-
cus causing pharyngitis), trachea, bronchi, and
alveoli (e.g., Streptococcus pneumoniae causing
pneumonia, Klebsiella pneuwmoniae).’® Fungi
spread through airborne spores, affecting areas
such as the sinuses (e.g., Aspergillus causing
sinusitis) and bronchi and alveoli (e.g., Aspergil-
lus and Candida causing pulmonary mycosis).!!
Viruses attach to respiratory epithelial cells
through specific surface receptors (e.g., hemag-
glutinin of influenza virus binding to sialic acid
receptors), affecting regions such as the nasal cav-
ity, pharynx (e.g., rhinovirus causing the common
cold), and bronchi and alveoli (e.g., influenza and
SARS-CoV-2 causing pneumonia).!2

Upon entry into the body of COPD patients, the
complement system plays a crucial role in the ini-
tial stages of infection.!3 Opsonization by comple-
ment is highly effective in clearing bacteria, viral
particles, and fungi. The complement system is
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Figure 1. Schematic diagram of infectious factors and noninfectious factors invading epithelial cells of COPD

patients.
Source: Created with BioGDP.com.

activated via classical, alternative, or lectin path-
ways, 4 producing active fragments like C3b dur-
ing the complement cascade. C3b is the primary
component of opsonization, covalently binding to
pathogen surfaces (such as bacteria and viral par-
ticles), marking these pathogens for recognition.
These opsonized pathogens interact with comple-
ment receptors (such as CR1) on phagocytes

(e.g., macrophages and neutrophils), enhancing
phagocyte affinity for the pathogens and promot-
ing their engulfment and destruction.!> Clinically,
lower C3 levels in AECOPD patients are associ-
ated with poorer prognosis.l'® Beyond opsoniza-
tion, noninactivated C3b on cell surfaces
combines with factor B to form C3 convertase
(C3bBb), leading to more C3 activation
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and formation of C5 convertase (C3bnBb). This
process results in the formation of the membrane
attack complex, which punctures pathogen mem-
branes, causing lysis and death.1?

It’s important to note that the complement sys-
tem has precise regulatory mechanisms. For
instance, C3b deposited on cell surfaces is rapidly
inactivated by regulatory proteins unless it is on
surfaces lacking these proteins (e.g., pathogen
surfaces), where it remains active.!” Thus, under
normal circumstances, the complement system
does not damage normal cells. At present, the
clinical use of the C5 complement specific drug
Eculizumab (Soliris®, Alexion Pharmaceuticals,
Boston, MA, USA) has been approved. It is a
new human ig(G2/4k monoclonal antibody, which
was produced by NSO cell line using recombinant
DNA technology. It binds to C5 to prevent C5
invertase from cracking C5a and C5b-9 complex.
Eculizumab is approved for the treatment of par-
oxysmal nocturnal hemoglobinuria. However, in
a placebo-controlled trial, the drug inhibited C5
in the lung by inhalation and showed significant
response in improving vital capacity and reducing
eosinophilia induced by allergens in the middle
and late stage of induced sputum in patients with
mild allergic asthma.!8 Then it also has a certain
prospect in the treatment of COPD patients.

Furthermore, enhancing complement system
activity in AECOPD patients to suppress patho-
gen invasion is crucial. Researchers are exploring
macrophage-avoiding nanoparticles (NPs)
designed with Poly(2-methyl-2-oxazoline)
(PMOZXA), which have been shown in animal
models to broadly trigger complement activation
via the classical pathway and accelerate C3
opsonization.!®

Pathogen-host cell interaction. PRRs are widely
expressed in cells involved in innate immune
responses. They recognize PAMPs and Damage-
Associated Molecular Patterns (DAMPs), playing
a crucial role in host defense by detecting foreign
pathogens or endogenous damage signals and ini-
tiating appropriate immune responses.2°

Upon contact with normal tissue cells of COPD
patients, pathogens are first recognized by host
cell PRRs. Key PRRs include Toll-like receptors
(TLRs), Nod-like receptors (NLRs), Rig-like
receptors, scavenger receptors (SRs), and cyto-
plasmic DNA sensors. TLRs, in particular, play a

significant role in AECOPD due to their broad
recognition capabilities and inflammation-regu-
lating functions.?!-22 Eleven types of TLRs have
been identified in humans, each recognizing dif-
ferent PAMP components and molecules. For
example, double-stranded RNA (dsRNA) pro-
duced by many viruses during replication is rec-
ognized by TLR3; single-stranded RNA (ssRNA)
viruses such as influenza virus and HIV are recog-
nized by TLR7 and TLRS&; unmethylated CpG
DNA sequences in DNA viruses are recognized
by TLLR9.23-25 Upon activation, TLRs initiate dif-
ferent signaling pathways. Clinically, TLR4
expression in bronchial epithelial cells positively
correlates with COPD severity.2¢ Further research
shows that lipopolysaccharide (LPS), a common
PAMP, is recognized by TLR4 on host cells. LPS
binding to TLR4, facilitated by the MD-2 auxil-
iary protein, promotes TLR4 dimerization and
activation. Activated TLR4 then binds MyD88
adaptor protein via its TIR domain, recruiting
and activating IL.-1 receptor-associated kinases
(IRAKs), which subsequently activate TNF
receptor-associated factor 6 (TRAF6). TRAF6
mediates IkB kinase (IKK) activation, leading to
IxBa phosphorylation and degradation. Degraded
IxkBa releases NF-«B dimers (e.g., p65/p50),
which translocate to the nucleus to initiate target
gene transcription, inducing the expression of
TNF-a, IL-1B, IL-6, MCP-1, and other inflam-
matory mediators, thereby exacerbating local and
systemic inflammatory responses.27-32 In addition
to TLR4’s importance in COPD progression,
Pseudomonas aeruginosa flagellin stimulates TLR5,
leading to phosphorylation of p38, ERK, and
JNK, which triggers the production of IL.-6 and
IL-8, promoting COPD progression and exacer-
bation.?> Research using lung tissue explants
infected with viruses shows that activation of
TLRs 3, 7, and 8 in lung tissue stimulates the
release of pro-inflammatory molecules like TNFa
and CCL5, triggering inflammatory responses.3+
Thus, TLRs play a significant role in the occur-
rence and development of AECOPD.

Current clinical applications of TLRs in
AECOPD focus on reducing tissue damage and
enhancing antiviral capabilities. Inhibitors of the
TLR4 signaling pathway, such as TAK-242 and
Bay 117082, have been developed, significantly
inhibiting inflammatory responses in pulmonary
artery smooth muscle cells of COPD rats and
reducing IFN-y production.?>:36 The PDE4 inhib-
itor piclamilast modulates TLR7/8 signaling
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pathways to inhibit inflammation caused by
Rhinovirus.3”7 Additionally, TLR5 receptors play
an important role in enhancing mucosal immune
responses, protecting the respiratory tract from
pathogens, and increasing resistance to bacterial
infections, proving beneficial in COPD
treatment.>8

Biomass-induced immune activation
Exacerbations in COPD patients can also be trig-
gered by various noninfectious factors, including
environmental pollution (particulate matter and
toxic gases such as PM2.5, sulfur dioxide, and
nitrogen oxides), smoking, climate changes (cold
weather, humidity variations), improper medica-
tion use, and the exacerbation of comorbidities
(such as cardiovascular diseases).3° Noninfectious
factors significantly contribute to AECOPD inci-
dence and remain a major clinical challenge.

Smoking is a predominant noninfectious factor
and a leading cause of COPD. Smoking and air
pollution generate large amounts of reactive oxy-
gen species (ROS), leading to lung cell integrity
damage and inflammatory response activation.4°
ROS are reactive molecules and free radicals con-
taining oxygen, including hydrogen peroxide
(H,0,), superoxide anion (O,7), and hydroxyl
radical (-\OH). While ROS are normally gener-
ated during cellular metabolism, excessive ROS
cause cell damage and inflammation. Smoking
and air pollution generate ROS through various
mechanisms, such as the direct production of
ROS from nitric oxide (NO) and superoxide
(0, in cigarette smoke and the activation of lung
neutrophils and macrophages, producing large
amounts of ROS through NADPH oxidase
(NOX) and myeloperoxidase (MPQ).40-42
Excessive ROS directly oxidize cellular lipids,
proteins, and DNA, leading to cell dysfunction
and death. Importantly, ROS induce lipid peroxi-
dation, protein carbonylation, and DNA histone
modifications,*? which act as DAMPs, recognized
by PRRs, activating the innate immune system.

Unlike TLRs that predominantly recognize
PAMPs, NLRs play a major role in AECOPD
caused by noninfectious factors. The NLR family
has 22 members in humans and more in mice,
most sharing common structural features, includ-
ing a C-terminal leucine-rich repeat domain
involved in ligand recognition, a central nucleo-
tide-binding oligomerization domain (NOD),

and a variable N-terminal effector domain.%
NLRs are further classified into five subfamilies.
The NLRA subfamily includes CIITA, a tran-
scription factor with at least one splice variant
expressing CARD. CIITA activates transcription
of genes encoding major histocompatibility com-
plex class II.¥> The NLRB group includes
NAIP1-7 in mice and NAIP in humans, express-
ing a BIR domain. The NLRC group includes
NOD1 and NOD2, expressing CARD. The
NLRP group includes NLRP1-14, expressing
PYD. The NLRX group contains only one mem-
ber, NLRX1, expressing CARD, and localized to
mitochondria.***¢ Among these, NLRP3 plays a
critical role in noninfectious AECOPD, respond-
ing to a variety of DAMPs, including ROS.
Studies have shown that components in cigarette
smoke can induce stress responses and damage in
airway epithelial cells and macrophages, leading
to the release of cytokines and chemokines that
activate NOD1 and NOD2. Activated NODI1
and NOD2 then trigger downstream signaling
pathways (such as NF-xB and MAPK), further
promoting the release of inflammatory mediators
and exacerbating airway inflammation and tissue
damage.¥” Moreover, smoking increases ROS
production in mitochondria, which activates
NLRX1, resulting in mitochondrial dysfunc-
tion.*8 Dysfunctional mitochondria also produce
excessive ROS, leading to persistent immune sys-
tem stimulation.*®

Researchers have found that Nlrp10 gene knock-
out mice exposed to cigarette extract exhibited
significantly lower leukocyte recruitment com-
pared to wild-type mice. Under the influence of
cigarette extract, the expression of Nlrp10 protein
not only promotes leukocyte aggregation but also
plays a crucial role in caspase-1 activation,
cytokine/chemokine production (IL-1p, IL-18,
MCP-1, and IL-17A), and the induction of
NF-«xB and MAPKs in the lungs of C57Bl/6
mice.’? Cell experiments have also shown that
exposure to cigarette extract increases the produc-
tion of inflammatory cytokines (IL-8 and MCP-1)
in a dose-dependent manner. Additionally, cells
exposed to both cigarette extract and LPS exhibit
significantly increased NLRP3 inflammasome
activity and IL-1f levels.>!

Extensive clinical and experimental studies have
confirmed the importance of NLR in the progres-
sion of COPD due to noninfectious factors such
as smoking. Consequently, research into treating
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AECOPD by inhibiting the function of NLR
receptors and related signaling pathways has
emerged. Isoforskolin and sodium butyrate
appear promising. Researchers have found that
Isoforskolin can alleviate AECOPD by downreg-
ulating pro-inflammatory cytokines, Thl17/
IL-17A, and the NF-«xB/NLRP3 pathway,
thereby improving lung function and reducing
inflammation.52 Sodium butyrate mitigates smok-
ing-induced COPD inflammation by activating
GPR43 and inhibiting the NF-kB/MAPKSs sign-
aling pathway. It also inhibits the expression lev-
els of the NLRP3 inflammasome, which comprises
NLRP3, apoptosis-associated speck-like protein
(ASC), and caspase-1 in cells stimulated by ciga-
rette extract.>> Additionally, other drugs such as
MCC950, a potential treatment for NLRP3-
related syndromes (including autoinflammatory
and autoimmune diseases), may also become
potential treatments for COPD.5¢

Inflammatory cell recruitment
and activation

Selectins

In COPD, immune system activation due to mul-
tiple pathways leads to elevated levels of various
inflammatory mediators in the airway, lung tis-
sue, and bloodstream.5> The continuous migra-
tion of inflammatory cells (mainly neutrophils)
from the vascular compartment to the lungs is
partially regulated by selectins.>¢ Selectins medi-
ate transient adhesive interactions related to
inflammation by recognizing carbohydrate
epitopes such as sialyl Lewis* (sLe¥) on structur-
ally diverse protein-lipid ligands expressed on cir-
culating leukocytes. The rapid turnover of
selectin-ligand bonds, due to their fast off-rates
and very high tensile strength, enables them to
mediate cell tethering and rolling in shear flow.57
Three selectins have been identified: L-, P-, and
E-selectins. Targeting these molecules may
reduce inflammation in COPD.?® Inhibiting
selectin function is commonly achieved by directly
inhibiting one or more selectins. Carbohydrates,
recombinant soluble ligands, antibodies, and
small molecule inhibitors have all entered clinical
development as potential therapeutics targeting
selectins.

Heparin is a known inhibitor of selectin-mediated
interactions. PGX-100 (2-0, 3-0 desulfated hep-
arin) and PGX-200 (the inhaled formulation of

PGX-100) have been developed to maximize
heparin’s anti-selectin activity while minimizing
anticoagulant effects, but PGX-100’s phase IIb
trial in AECOPD patients was terminated due to
lack of efficacy shown in interim analysis.>°
Bimosiamose (TBC1269,1) is a synthetic pan-
selectin antagonist targeting E-, P-, and
L-selectins. In vitro, under static and dynamic
flow conditions, bimosiamose blocks adhesion of
neutrophils, eosinophils, and lymphocytes.®® In
vivo, it has shown anti-inflammatory effects in
various animal models, including lung inflamma-
tion.%! In a pilot trial, inhaled bimosiamose was
safe and well-tolerated in stable mild-to-moderate
COPD patients and showed positive anti-inflam-
matory effects on sputum parameters, reducing
IL-8levels and lymphocyte counts.%? Additionally,
a study of 77 moderate-to-severe COPD patients
using standard bronchodilators showed that
28days of inhaled bimosiamose was well-toler-
ated and safe,® leading to widespread and signifi-
cant attenuation of airway inflammation and
trends toward improved lung function.

Chemokines

Various chemokines are major drivers of local
inflammatory cell aggregation. Chemokines are
small molecules (8-12kDa) belonging to the
cytokine family. Due to their involvement in vari-
ous biological functions such as chemotaxis, leu-
kocyte degranulation, hematopoiesis, and
angiogenesis, they are therapeutic targets in many
inflammation-related diseases.5%%7 Chemokines
mediate various cellular processes, particularly
chemotaxis, through interactions with cell surface
G-protein-coupled receptors. More than 50 dif-
ferent chemokines are known to activate up to 20
different surface receptors.%® Based on differences
in the position of key cysteine residues,
chemokines are classified into four families: CC,
CXC, C, and CX3C. These four groups of
chemokines are defined by the positions of con-
served residues and their quaternary structures.%®
All chemokines share a highly conserved tertiary
structure fold, consisting of a flexible N-terminus
and N-terminal loop, followed by a three-stranded
B-sheet with a C-terminal a-helix. This confor-
mation allows them to form oligomers, mainly
not only homodimers and heterodimers but also
tetramers and higher-order oligomers.”°

Chemokines strongly bind to glycosaminoglycans
(GAGsS), and this interaction drives chemokine
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oligomerization.”! Oligomerized chemokines can
form more stable and defined chemical gradients
in tissues, guiding inflammatory cells along the
gradient to specific sites of inflammation.”? For
instance, CXCLS8 or IL-8 binds to heparan sul-
fate, promoting the stabilization and distribution
of chemokines in the extracellular matrix, form-
ing chemical gradients that attract neutrophils
and other inflammatory cells to sites of infection
or injury. Different oligomers, such as monomers
and dimers of CXCL12, selectively induce differ-
ent signaling pathways, such as B-arrestin recruit-
ment, with only monomeric CXCL12 promoting
cell migration.”?7* For some chemokines, such as
CCL2, CCL4, and CCL5, GAG binding and oli-
gomerization are necessary to induce cell recruit-
ment.”> In the context of AECOPD, chemokine
gradients in lung tissue differ significantly from
those in other locations, mainly due to lung extra-
cellular matrix (ECM) components, especially
GAGs.” ECM proteins have been shown to fur-
ther influence chemokine expression levels and
localization patterns during AECOPD.7778

Among many chemokines, CXCLS8 (IL-8) is one
of the most extensively studied and well-known
neutrophil inflammatory mediators.”9-8! Initially
identified as a monocyte-secreted factor stimu-
lated by lipopolysaccharide (LLPS) that stimulates
neutrophil degranulation and oxidative burst,82
CXCLS8 was the first chemokine found to play a
role in COPD inflammation. Compared to smok-
ers with normal lung function and nonsmokers,
COPD patients show elevated CXCL8 concen-
trations in induced sputum, correlating with
increased neutrophil numbers.” Subsequent
studies have confirmed CXCLS8’s role in neutro-
phil inflammation in COPD airways.

Other chemokines also play significant roles in
COPD progression. CXCL9, CXCL10, and
CXCLI11 are primarily produced by alveolar
macrophages but can also be produced by bron-
chial epithelial and bronchial smooth muscle
cells.50:83-86 Their affinity for their common recep-
tor (CXCR3) increases from CXCL9 to
CXCL11, indicating a hierarchical relationship.8”
Elevated concentrations of these chemokines in
induced sputum from COPD patients correlate
with neutrophil numbers.88 COPD patients’
peripheral blood mononuclear cells exhibit
enhanced migratory responses to CXCLO9,
CXCL10, and CXCLI11 compared to nonsmok-
ers.89 Activated Thl and CDS8* lymphocytes

induce CXCR3 expression and are believed to be
involved in recruiting these cells to inflammation
sites in COPD patients.%°

Further research has confirmed that the decline
in lung function in COPD patients is associated
with a higher proportion of CXCR3-expressing T
cells,?! suggesting that CXCL9, CXCL10, and
CXCL11 may be involved in T cell recruitment
and subsequent immune-mediated lung injury
observed in COPD.%2 Conversely, the CXCL11
gradient in the lungs of COPD patients is also
associated with the resolution of lung inflamma-
tion. The recruitment of effector T cells to
mucosal surfaces, such as the bronchial epithe-
lium, is important for defending against airway
pathogens, but the migration of lymphocytes
from the epithelium to the airway lumen, known
as “egress,” is also physiologically crucial for pre-
venting harmful leukocyte accumulation in the
stroma.

Inflammatory response

Upon migration of immune cells such as neutro-
phils, monocytes/macrophages, and T lympho-
cytes to the lung tissue through chemokines, these
cells release additional inflammatory mediators
locally, thereby exacerbating the local inflamma-
tory response.

Neutrophil recruitment and activation

Neutrophils are a critical component of the host
response against invading pathogens, represent-
ing the first line of defense in the innate immune
system, accounting for approximately 70% of
peripheral blood leukocytes.?2 In response to
inflammatory stimuli, neutrophils migrate from
the circulation to the site of infection, where they
can efficiently bind, phagocytize, and inactivate
pathogens through phagocytosis, degranulation,
and the release of neutrophil extracellular traps
(NETs).%4 When the body is infected or stimu-
lated to induce inflammation, neutrophils become
activated and release NET's, composed of gran-
ules and nuclear components, which can neutral-
ize and kill pathogens extracellularly through a
series of activated signaling pathways. However,
the impact of NETs can be potentially harmful
depending on the location, timing, and degree of
the inflammatory response. Excessive production
of NETS at specific times or locations can lead to
tissue damage in the host.
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One significant factor contributing to the devel-
opment of AECOPD is excessive NET's damage.
Studies have found the presence of NETs in the
airways of patients with chronic inflammatory
airway diseases.?> Furthermore, the accumula-
tion of NETsSs is associated with the activation of
innate immune responses, which may help to
understand the pathogenesis of AECOPD
induced by neutrophils.®> Various biological
molecules produced by pathogens or biologics,
such as interleukin-8 (IL-8), tumor necrosis fac-
tor-alpha (TNF-a), platelet-activating factor,
lipopolysaccharides (LPS), anti-neutrophil cyto-
plasmic antibodies, granulocyte-macrophage
colony-stimulating factor (GM-CSF), and com-
plement factor 5a (C5a), have been shown to
induce neutrophil activation.?¢-101 Subsequently,
activated nicotinamide adenine dinucleotide
phosphate oxidase 2 (NOX2) produces large
amounts of ROS, leading to neutrophil nuclear
membrane rupture through interaction with Toll-
like receptor 4 (TLR4). Moreover, intracellular
neutrophil elastase (NE) and myeloperoxidase
(MPO) migrate to the nucleus through the rup-
tured neutrophil nuclear membrane, where they
partially degrade specific histones and promote
chromatin decondensation.!92 Additionally, his-
tone citrullination induced by peptidyl arginine
deiminase 4 (PAD4) further promotes chromatin
decondensation.!®®> The exact mechanism of
PAD4 activation remains largely unknown,
although one study suggests that calcium binding
may be involved, and ROS may play a role in reg-
ulating PAD4 activation.1%¢ After chromatin
decondensation, the loose chromatin mixes with
granular cytoplasmic and various proteins, which
are then extruded into the extracellular space,
forming a web-like structure.

The release of NETSs triggers a form of cell death
known as NETosis, distinct from apoptosis and
necrosis.!% NETosis is an irreversible process
that is highly dependent on ROS production,
referred to as NOX-dependent NETosis.
However, a groundbreaking report demonstrated
that during acute infection with Staphylococcus
aureus, neutrophils retained multitasking abilities
upon releasing NETSs, found to be independent of
NOX.106 Current research reports indicate that
platelet TLR4 and activated PAD4 play crucial
roles in NETs formation,®8:197 and some studies
have shown that direct interaction between neu-
trophils and LPS, without involving platelet
TLR4, can also lead to NET formation.108-110

The mechanisms of NETosis are still not fully
understood. However, it is well known that NOX
activation plays an important role in NETosis,
with NOX-dependent NETosis signaling cas-
cades involving the Raf/MEK/ERK and p38
MAPK pathways.!!! Additionally, the TLR4-
MyD88 signaling pathway is necessary for neu-
trophils to release NET's. 112,113

Neutrophils can induce chronic airway mucus
hypersecretion and lung parenchymal destruction
by releasing NE, a major component of NET's
and other active substances. NE has a pro-inflam-
matory effect in COPD, especially by stimulating
the secretion of IL-8.11% Therefore, COPD is a
significant influencer of tissue damage mediated
by NETSs formation and NETosis. Clear morpho-
logical evidence indicates the presence of NET's
in the sputum of stable and exacerbated COPD
patients.!1%116 Furthermore, a study by
Grabcanovic-Musija et al. showed that NET's for-
mation in COPD patients correlates with the
severity of airflow limitation.!1® The exact patho-
physiological mechanisms of NETSs involvement
in airway inflammation and lung injury in COPD
patients remain unclear. NETSs, containing a mix-
ture of extracellular DNA, histones, and granular
proteins, may directly exert cytotoxic effects on
airway epithelial and endothelial cells or indi-
rectly induce lung tissue damage by promoting
autoimmune responses against abnormal amounts
of NET components.!17:118 The precise mecha-
nisms remain unknown.

In noninfectious COPD progression, the relation-
ship with neutrophils appears to be minimal.
Some studies suggest that nicotine toxicity-
induced lung injury can occur in smokers without
manifesting airflow limitation, as nicotine, the
addictive component of tobacco, may cause nico-
tine toxicity.!16:119 Additionally, studies have
shown that the current smoking status of COPD
patients does not affect NET formation,!2° indi-
cating that smoking may not trigger NET forma-
tion in COPD patients. Currently, glucocorticoids
are the primary treatment for AECOPD. While
some patients with AECOPD respond favorably
to systemic glucocorticoid treatment, a subset of
patients remains resistant to this therapy.!?!

Adaptive immunity
Mature T lymphocytes exhibit significant hetero-
geneity, characterized by differences in cell
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membrane molecule expression and biological
functions. According to the type of T cell recep-
tor (TCR) molecules, they can be divided into of3
T cells and yd T cells, with the former being the
majority and serving as the primary effector cells
mediating adaptive immune responses. oy T cells
can also be classified into helper T lymphocytes
(Th), cytotoxic T lymphocytes (Tc), and regula-
tory T lymphocytes (Treg) based on functional
characteristics. Th cells mainly secrete cytokines
to promote the activation and function of other
cell types, exhibiting extensive immunoregulatory
effects. Tc cells, known for their direct cytotoxic
effects, play an important immunoprotective role
against viral infections. Treg cells, named for
their broad immunosuppressive/regulatory func-
tions, play a crucial role in maintaining self-toler-
ance, peripheral tolerance, and inhibiting
pathological immune damage.

Studies have shown that, compared to asympto-
matic smokers with normal lung function, the
number of CD8" T lymphocytes is increased in
the lung tissue of COPD smokers.!?22 Additionally,
the content of CD8" T cells in the sputum of
COPD patients is also elevated.!?3 This suggests a
potential correlation between the severity of
COPD and the levels of CD8* T cells, and to
explore the relationship between CD8" T cells
and COPD disease, researchers used cell sorting
techniques to find that the abundance of two
CD8" T cell subsets increased in the lungs of
mild-to-moderate COPD patients: cytotoxic
klrgl "TIGIT*CX3CR1*TEMRA (T effector
memory CD45RA™") cells and DNAM-1"CCR5*
T resident memory (TRM) cells. These CD8" T
cells interact with myeloid pulmonary type II cells
through Interferon gamma (IFNG) and have
overly expanded TCR clonotypes, potentially
leading to inflammation before severe disease.!?*
Interestingly, these T cell subsets exhibit different
spatial distributions in COPD patients, revealing
their specific pathological features (e.g., alveolar
destruction, airway metaplasia) driven in COPD.
TEMRA cells, primarily found in the blood and
lymph nodes,!?> reflect pulmonary circulation
rather than permanent residency in the lungs.
Imaging mass spectrometry technology shows
immune subgroups around the terminal bronchi-
oles in COPD, significantly associated with small
airway remodeling and the presence of infiltrative
CD8* T cells. After the initial infection, selective
CD8" T cells establish residency in the lungs

(TRM), maintaining immune memory to respond
to future challenges from the same pathogen.

This immune cell residency at the terminal bron-
chioles significantly impacts COPD patients’
condition. COPD is characterized by extensive
immune cell infiltration and structural changes
such as peribronchial fibrosis. Fibrocytes, derived
from the bone marrow and released into the
peripheral circulation, are associated with pulmo-
nary fibrosis.!26 They are recruited into the blood
of COPD patients during AE.!27 High circulating
fibrocyte counts during this stage correlate with
increased mortality risk, suggesting that fibro-
cytes may be detrimental to disease progres-
sion.127 Besides their role in scar matrix generation
and affecting pulmonary contraction, recruited
fibrocytes may participate in lung inflammation
through their immune properties, acting as anti-
gen-presenting cells for T cells, thus regulating
fibrocyte differentiation.128

Researchers have found that fibrocytes and CD8*
T cells are located near the distal airways.
Compared to the control group, the potential
interactions between these two cell types are more
frequent in COPD patient tissues. This increased
proximity and clustering of CD8" T cells and
fibrocytes correlate with changes in patients’ lung
function. CD8" T cells from COPD patient tis-
sues promote fibrocyte chemotaxis via the
CXCL8-CXCRI1/2 axis. Live imaging shows that
CD8* T cells establish short-term interactions
with fibrocytes, triggering CD8" T cell prolifera-
tion, pro-inflammatory cytokine production,
cytotoxic activity of CD8" T cells against bron-
chial epithelial cells, and the immunoregulatory
properties of fibrocytes through a CD54- and
CD86-dependent manner.'2° This offers an
explanation for why infections exacerbate the
condition in COPD patients.

However, not all COPD patients infected with
pathogens experience exacerbations. Studies have
found that the gene HHIP (hedgehog-interacting
protein), which is associated with COPD suscep-
tibility, is highly expressed in lung tissue.
Haploinsufficiency of HHIP induces T cell accu-
mulation in the lungs.13% Additionally, fibroblast-
specific deletion of HHIP enhances the
accumulation of IFNy™* tissue-resident T cells fol-
lowing respiratory viral infections.!3! This sug-
gests that genetic variations driven by common

journals.sagepub.com/home/tar


https://journals.sagepub.com/home/tar

THERAPEUTIC ADVANCES in
Respiratory Disease

Volume 19

mutations can alter the host’s susceptibility to
CD8" T cell residency, providing another expla-
nation for why some clinical COPD patients
develop AECOPD following infections.

Smoking also affects COPD patients’ susceptibil-
ity to viral infections. Cigarette smoke (CS)
induces chronic pulmonary inflammation and is a
key etiological factor in the development and pro-
gression of COPD. Long-term exposure to inhaled
irritants activates structural cells and inflammatory
cells in the airways.!32 Studies have found that
smoking impairs the antiviral CD8" T cell immune
response in COPD patients. CS interferes with the
production and presentation of Major Histo-
compatibility Complex (MHC) class I antigens,
impairing CD8" T cell activation during viral infec-
tions.!33 Structural and inflammatory cells in the
lungs respond to CS exposure by releasing pro-
inflammatory mediators, which recruit additional
inflammatory immune cells, collectively establishing a
chronic inflammatory microenvironment. Chronic
inflammation leads to lung injury, impairs innate
and adaptive immune responses, and promotes
recurrent respiratory infections, thereby exacerbat-
ing and further contributing to the pathological
manifestations of stable disease.!3* Overall, regu-
lating the function of immune cells like CD8" T
cells is crucial in preventing AECOPD.

Tregs play a crucial role in maintaining tolerance
to self-antigens and mitigating autoimmune
inflammatory responses. They are a subset of
CD4" T cells, and a reduction in Tregs can lead
to excessive inflammation. A clinical cross-sec-
tional study has identified immune phenotypes in
patients with AECOPD,!35 highlighting abnormal
activation of Tregs. Furthermore, patients with
elevated Treg levels demonstrate significantly
better lung function compared to those with low
Treg levels.136

Notably, the function of Tregs is severely
impacted by smoking. Interestingly, both in the
serum of COPD patients and in the bronchial
epithelial (HBE) cells of individuals exposed to
cigarette smoke extract (CSE), the secretion of
secreted frizzled-related protein 2 (sFRP2) is sig-
nificantly upregulated. Silencing the sFRP2 gene
leads to a notable increase in the percentage of
Tregs and a decrease in the levels of IL-6 and
TNF-a in HBE cells, thereby improving the
inflammatory response.!3” Additionally, miR-29b
can regulate the Th17/Treg imbalance induced

by CSE in experimental COPD by inhibiting the
IL-22-dependent JAK/STAT?3 pathway.!3® These
findings provide new insights for the treatment
and prevention of AECOPD caused by noninfec-
tious factors.

Moreover, the immunometabolism of Tregs may
play a significant role in the pathogenesis of
COPD. For instance, glycolysis is crucial for the
induction and suppressive functions of Tregs in
both humans and mice, as the glycolytic enzyme
enolase-1 regulates the expression of specific
FoxP3 splice variants in human Tregs.!3°
Investigating the immunometabolism of Tregs
could offer novel therapeutic avenues for COPD.
Additionally, leptin, an effective regulator of
intracellular glucose metabolism and glycolysis, is
a key circulating factor that increases cellular glu-
cose uptake, in conjunction with insulin. Plasma
leptin levels are significantly negatively correlated
with lung function in COPD patients.140
Understanding whether leptin can modulate
FoxP3 splicing through glycolysis to influence
Treg function and subsequently affect lung func-
tion in COPD patients is an important research
direction.

Humoral immunity

The cells responsible for humoral immunity are B
lymphocytes (B cells), also known as bone mar-
row-dependent lymphocytes. When viral particles
or bacterial surface antigens invade, antigen-spe-
cific B cells are activated, proliferate, and ulti-
mately differentiate into plasma cells. These
plasma cells produce specific soluble immuno-
globulins (Igs) or antibodies. These antibodies
mediate specific immune responses by binding to
and neutralizing antigens, thereby fulfilling the
role of immune effectors.4!

Researchers have observed elevated levels of B
lymphocytes in both central and peripheral air-
ways of patients with COPD.142 Furthermore, the
number of B cells and B cell-rich lymphoid folli-
cles (LFs) around small airways increases with
the severity of the disease.142:143 LFs play a crucial
role in the development and activation of B cells,
as well as in antibody production and immune
memory. In LFs, B cell-activating factor (BAFF)
is produced by plasma cells and dendritic cells,
significantly influencing B cell maturation, differ-
entiation, and survival. Increased expression of
BAFF has also been noted in the lungs of COPD
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patients and mice exposed to CS.144145> Treatment
with BAFF receptor (BAFFR)-Fc in CS-exposed
mice significantly reduces the number of B cells
in lung tissue, prevents the formation of
CS-induced LFs and the increase in immuno-
globulin levels, and alleviates lung inflammation
and alveolar wall destruction.!4

Additionally, inducible bronchus-associated lym-
phoid tissue (iBALT) plays a critical role in the
pathogenesis of AECOPD.!# iBALT contributes
to the worsening of infection-related AECOPD.
To further explore the role of iBALT in noninfec-
tious AECOPD, researchers have found that oxi-
dized sterols significantly modulate the formation
of iBALT and the immunopathogenesis of COPD
during chronic CS exposure. Elevated expression
of CH25H and CYP7BI in airway epithelial cells
can regulate CS-induced B cell migration and
iBALT formation. Treatment with clotrimazole,
which inhibits the oxysterol pathway, effectively
reduces iBALT formation and mitigates
CS-induced emphysema.l46 Therefore, activation
and formation of iBALT triggered by infection or
certain noninfectious factors can exacerbate
COPD, suggesting that targeting this pathway
may offer new therapeutic strategies for
AECOPD.

Antibodies are large Y-shaped proteins secreted
by plasma cells (effector B cells) that the immune
system uses to identify and neutralize foreign sub-
stances, such as bacteria and viruses. Based on
the characteristics of B cells, monoclonal anti-
bodies have been developed for the treatment of
various diseases. These highly uniform antibodies
are produced from a single B cell clone that tar-
gets specific antigen epitopes. COPD is typically
characterized by type 2 (T2) inflammation. A
clinical study observed significant improvements
in lung function, sinus imaging, and serum T2
inflammatory markers in T2 inflammatory COPD
patients treated with anti-IgE monoclonal
antibodies. !4’

Currently, molecular biology defines two oppos-
ing subpopulations of B cells based on the pat-
terns of cytokine production. One is effector B
cells (Befs), which actively regulate immune
responses by releasing  pro-inflammatory
cytokines such as IL-6, IFN-y, and GM-CSF.
The other is regulatory B cells (Bregs), which
negatively regulate immune responses through

the release of anti-inflammatory cytokines like
IL-10, IL-35, and transforming growth factor
(TGF)-B. Bregs play a crucial role in maintaining
immune balance by preventing excessive inflam-
mation and tissue damage. A reduction or dys-
function of Bregs has been observed in various
autoimmune diseases, infections, and cancers,
leading to immune dysregulation.148

Notably, compared to nonsmokers, both smokers
without airflow limitation and patients with
COPD exhibit a significantly lower percentage of
IL-10" Bregs in the blood-derived memory B cell
subset. This suggests a potential link between
reduced Breg numbers and function and the
development and progression of AECOPD.!4°
Further research into the specific mechanisms of
action of Befs and Bregs may provide critical
breakthroughs for the treatment of AECOPD.

Conclusion

AECOPD has caused great health and economic
burden to society. The abuse of antibiotics and low
efficiency are the main reasons. The root cause is
the inaccuracy of treatment methods. Only by
adopting different treatment methods for different
causes in each immunization stage can the curative
effect and quality of life of patients be effectively
improved. Although many specific mechanisms
have been found in the current research, the
matching clinical diagnosis and treatment methods
are still less applicable or lacking. Increasing the
accurate diagnosis and treatment of patients with
AECOPD as soon as possible is the top priority of
clinical work at present.

Declarations

Ethics approval and consent to participate
This is a review manuscript and no ethics approval
was required.

Consent for publication

All authors have read and approved the submitted
manuscript. No other consent for publication was
required.

Author contributions

Yadan Tu: Conceptualization; Methodology;
Data curation; Writing—original draft
preparation.

journals.sagepub.com/home/tar


https://journals.sagepub.com/home/tar

THERAPEUTIC ADVANCES in
Respiratory Disease

Volume 19

Yong Chen: Methodology; Writing—original
draft preparation.

Xuanhan Li: Methodology; Data curation;
Writing—original draft preparation.

Yigang Wang: Formal Analysis; Writing—

review and edition.

Bangjiang Fang: Formal Analysis; Writing—
review and edition; Visualization.

Yi Ren: Conceptualization; Software; Writing—
review and edition.

Chenghu Wang: Conceptualization; Software;
Writing—review and edition; Visualization.

Acknowledgements
None.

Funding

The authors disclosed receipt of the following
financial support for the research, authorship,
and/or publication of this article: Chongqing
Chinese medical scientific research project (Joint
project of Chongqing Health Commission and
Science and Technology Bureau) (No.
2023QNXMO057), Top-notch Young Talents
Project of Chongqing Hospital of Traditional

Chinese Medicine (No. CQSZYY2023016),
Science and Technology Research Project of
Chongqging Education Commission (No.

KJZD-K202215103).

Competing interests
The authors declare that there is no conflict of
interest.

Availability of data and materials
Not applicable.

ORCID iD
Yadan Tu
1827-7457

https://orcid.org/0009-0002-

References
1. GBD Chronic Respiratory Disease Collaborators.
Prevalence and attributable health burden of
chronic respiratory diseases, 1990-2017: a
systematic analysis for the Global Burden of
Disease Study 2017. Lancetr Respir Med 2020; 8:
585-596.

10.

11.

12.

13.

14.

15.

Rothnie KJ, Millerova H, Smeeth L, et al. Natural
history of chronic obstructive pulmonary disease
exacerbations in a general practice-based population
with chronic obstructive pulmonary disease. Am ¥
Respir Crit Care Med 2018; 198: 464-471.

Gayle A, Dickinson S, Morris K, et al. What is
the impact of GOLD 2017 recommendations

in primary care? A descriptive study of patient
classifications, treatment burden and costs. Int ¥
Chron Obstruct Pulmon Dis 2018; 13: 3485-3492.

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

Bafadhel M, McKenna S, Terry S, et al. Acute
exacerbations of chronic obstructive pulmonary
disease: identification of biologic clusters and
their biomarkers. Am ¥ Respir Crit Care Med
2011; 184: 662-671.

. YuH, Lei T, Su X, et al. A systematic review and

Bayesian meta-analysis of the antibiotic treatment
courses in AECOPD. Front Pharmacol 2023; 14:
1024807.

Lopez-Campos JL, Hartl S, Pozo-Rodriguez
F, et al. Antibiotic prescription for COPD
exacerbations admitted to hospital: European
COPD audit. PLoS One 2015; 10: e0124374.

Kapellos TS, Conlon TM, Yildirim AO, et al.
The impact of the immune system on lung injury
and regeneration in COPD. Eur Respir J 2023;
62: 2300589.

Barnes PJ. Immunology of asthma and chronic
obstructive pulmonary disease. Nat Rev Immunol
2008; 8: 183-192.

Weiser JN, Ferreira DM and Paton JC.
Streptococcus pneumoniae: transmission,
colonization and invasion. Nat Rev Microbiol
2018; 16: 355-367.

Romani L. Immunity to fungal infections. Nar
Rev Immunol 20115 11: 275-288.

Iwasaki A and Pillai PS. Innate immunity to
influenza virus infection. Nat Rev Immunol 2014;
14: 315-328.

Kulkarni HS, Liszewski MK, Brody SL, et al.
The complement system in the airway epithelium:
an overlooked host defense mechanism and
therapeutic target? ¥ Allergy Clin Immunol 2018;
141: 1582-1586.¢el.

Monach PA. Complement. Arthritis Rheumatol
2024; 76: 1-8.

van Lookeren Campagne M, Wiesmann C and
Brown EJ. Macrophage complement receptors

journals.sagepub.com/home/tar


https://journals.sagepub.com/home/tar
https://orcid.org/0009-0002-1827-7457
https://orcid.org/0009-0002-1827-7457

Y Tu, Y Chen et al.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

and pathogen clearance. Cell Microbiol 2007; 9:
2095-2102.

He S, Wu S, Chen T, et al. Using complete
blood count, serum immunoglobulins G/A/M and
complement C3/C4 levels to predict the risk of
COPD acute exacerbation: 2-year follow-up in a
single-center prospective cohort study. Clin Exp
Med 20235 23: 5161-5176.

Sarma JV and Ward PA. The complement
system. Cell Tissue Res 2011; 343: 227-235.

Smith SG, Watson B, Clark G, et al. Eculizumab
for treatment of asthma. Expert Opin Biol Ther
2012; 12: 529-537.

Tavano R, Gabrielli L, Lubian E, et al. Cl1g-
Mediated complement activation and C3
opsonization trigger recognition of stealth poly(2-
methyl-2-oxazoline)-coated silica nanoparticles
by human phagocytes. ACS Nano 2018; 12:
5834-5847.

Kawai T and Akira S. The role of pattern-
recognition receptors in innate immunity: update
on Toll-like receptors. Nat Immunol 2010; 11:
373-384.

Pouwels SD, Hesse L, Faiz A, et al. Susceptibility
for cigarette smoke-induced DAMP release and
DAMP-induced inflammation in COPD. Am ¥
Physiol Lung Cell Mol Physiol 20165 311: L.881—
1.892.

Baines KJ, Simpson JL and Gibson PG. Innate
immune responses are increased in chronic
obstructive pulmonary disease. PLoS One 2011;
6: €18426.

Matsukura S, Kokubu F, Kurokawa M,

et al. Role of RIG-I, MDA-5, and PKR on the
expression of inflammatory chemokines induced
by synthetic dsRNA in airway epithelial cells.
Int Arch Allergy Immunol 2007; 143(Suppl. 1):
80-83.

Han X, Li X, Yue SC, et al. Epigenetic regulation
of tumor necrosis factor oo (TNFa) release in
human macrophages by HIV-1 single-stranded
RNA (ssRNA) is dependent on TLRS signaling.
F Biol Chem 2012; 287: 13778-13786.

Anders H-J, Banas B, Linde Y, et al. Bacterial
CpG-DNA aggravates immune complex
glomerulonephritis: role of TLR9-mediated
expression of chemokines and chemokine
receptors. ¥ Am Soc Nephrol 2003; 14: 317-326.

Di Stefano A, Ricciardolo FLM, Caramori G,
et al. Bronchial inflammation and bacterial
load in stable COPD is associated with TLLR4
overexpression. Eur Respir F 20175 49.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Li Y-L, Qin S-Y, Li Q, et al. Jinzhen Oral Liquid
alleviates lipopolysaccharide-induced acute lung
injury through modulating TLR4/MyD88/NF-«xB
pathway. Phytomedicine 2023; 114: 154744.

Ma X, Guo S, Jiang K, et al. MiR-128 mediates
negative regulation in Staphylococcus aureus
induced inflammation by targeting MyD88. Int
Immunopharmacol 2019; 70: 135-146.

Suzuki N, Suzuki S and Yeh W-C. IRAK-4 as
the central TIR signaling mediator in innate
immunity. Trends Immunol 2002; 23: 503-506.

Bai Y, Min R, Chen P, et al. Disulfiram blocks
inflammatory TLR4 signaling by targeting
MD-2. Proc Natl Acad Sci U S A 2023; 120:
€2306399120.

Zeng X, Liu X and Bao H. Sulforaphane
suppresses lipopolysaccharide- and
Pam3CysSerLys4-mediated inflammation in
chronic obstructive pulmonary disease via toll-like
receptors. FEBS Open Bio 20215 11: 1313-1321.

von Scheele I, Larsson K and Palmberg L.
Budesonide enhances Toll-like receptor 2
expression in activated bronchial epithelial cells.
Inhal Toxicol 20105 22: 493-499.

Nakamoto K, Watanabe M, Sada M, et al.
Pseudomonas aeruginosa-derived flagellin
stimulates IL-6 and IL-8 production in human
bronchial epithelial cells: a potential mechanism
for progression and exacerbation of COPD. Exp
Lung Res 2019; 45: 255-266.

Pomerenke A, Lea SR, Herrick S, et al.
Characterization of TLR-induced inflammatory
responses in COPD and control lung tissue
explants. Int ¥ Chron Obstruct Pulmon Dis 2016;
11: 2409-2417.

Westwood J-P, Mackay AJ, Donaldson G, et al.
The role of complement activation in COPD
exacerbation recovery. ER¥ Open Res 2016; 2:
00027-2016.

Wang P, Han X, Mo B, et al. LPS enhances
TLR4 expression and IFN-y production via the
TLR4/IRAK/NF-«B signaling pathway in rat
pulmonary arterial smooth muscle cells. Mol Med
Rep 2017; 16: 3111-3116.

Van Ly D, De Pedro M, James P, et al. Inhibition
of phosphodiesterase 4 modulates cytokine
induction from toll like receptor activated, but
not rhinovirus infected, primary human airway
smooth muscle. Respir Res 2013; 14: 127.

Sun H, Li Y, Zhang P, et al. Targeting toll-like
receptor 7/8 for immunotherapy: recent advances
and prospectives. Biomark Res 2022; 10: 89.

journals.sagepub.com/home/tar


https://journals.sagepub.com/home/tar

THERAPEUTIC ADVANCES in
Respiratory Disease

Volume 19

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Pope CA and Dockery DW. Health effects of fine
particulate air pollution: lines that connect. ¥ Aur
Waste Manag Assoc 20065 56: 709-742.

Barnes PJ. The cytokine network in chronic
obstructive pulmonary disease. Am F Respir Cell
Mol Biol 2009; 41: 631-638.

Rahman I and Adcock IM. Oxidative stress and
redox regulation of lung inflammation in COPD.
Eur Respir ¥ 2006; 28: 219-242.

Hogg JC and Timens W. The pathology of
chronic obstructive pulmonary disease. Annu Rev
Pathol 2009; 4: 435-459.

Zuo L and Wijegunawardana D. Redox role of
ROS and inflammation in pulmonary diseases.
Adv Exp Med Biol 2021; 1304: 187-204.

Chen G, Shaw MH, Kim Y-G, et al. NOD-
like receptors: role in innate immunity and
inflammatory disease. Annu Rev Pathol 2009; 4:
365-398.

Zika E and Ting JPY. Epigenetic control of
MHC-II: interplay between CIITA and histone-
modifying enzymes. Curr Opin Immunol 2005; 17:
58-64.

Schroder K and Tschopp J. The inflammasomes.
Cell 2010; 140: 821-832.

Kang M-], Lee CG, Lee J-Y, et al. Cigarette
smoke selectively enhances viral PAMP- and
virus-induced pulmonary innate immune and
remodeling responses in mice. ¥ Clin Invest 2008;
118: 2771-2784.

Nagai-Singer MA, Morrison HA and Allen IC.
NLRXI1 Is a multifaceted and enigmatic regulator
of immune system function. Front Immunol 2019;
10: 2419.

van der Toorn M, Rezayat D, Kauffman HF,
et al. Lipid-soluble components in cigarette
smoke induce mitochondrial production of
reactive oxygen species in lung epithelial cells.
Am F Physiol Lung Cell Mol Physiol 2009; 297:
1L.109-L114.

Kaur G, Bagam P, Pinkston R, et al. Cigarette
smoke-induced inflammation: NLRP10-
mediated mechanisms. Toxicology 2018; 398—
399: 52-67.

Nachmias N, Langier S, Brzezinski RY, et al.
NLRP3 inflammasome activity is upregulated in
an in-vitro model of COPD exacerbation. PLoS
One 2019; 14: €0214622.

Xiao C, Cheng S, Li R, et al. Isoforskolin

alleviates AECOPD by improving pulmonary
function and attenuating inflammation which
involves downregulation of Th17/IL-17A and

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

NF-«B/NLRP3. Front Pharmacol 2021; 12:
721273.

Zhao Z, Tong Y, Kang Y, et al. Sodium butyrate
(SB) ameliorated inflammation of COPD
induced by cigarette smoke through activating
the GPR43 to inhibit NF-kB/MAPKSs signaling
pathways. Mol Immunol 2023; 163: 224-234.

Coll RC, Robertson AAB, Chae JJ, et al. A small-
molecule inhibitor of the NLRP3 inflammasome
for the treatment of inflammatory diseases. Naz
Med 20153 21: 248-255.

Barnes PJ. Mediators of chronic obstructive
pulmonary disease. Pharmacol Rev 2004; 56:
515-548.

Geng JG. Directional migration of leukocytes:
their pathological roles in inflammation and
strategies for development of anti-inflammatory
therapies. Cell Res 2001; 11: 85-88.

Cheung LS-L, Raman PS, Balzer EM, et al.
Biophysics of selectin-ligand interactions in
inflammation and cancer. Phys Biol 2011; 8:
015013.

Barnes PJ. COPD: is there light at the end of the
tunnel? Curr Opin Pharmacol 2004; 4: 263-272.

Bedard PW and Kaila N. Selectin inhibitors: a
patent review. Expert Opin Ther Par 2010; 20:
781-793.

Davenpeck KL, Berens KL, Dixon RA, et al.
Inhibition of adhesion of human neutrophils

and eosinophils to P-selectin by the sialyl Lewis
antagonist TBC1269: preferential activity against
neutrophil adhesion in vitro. J Allergy Clin
Immunol 2000; 105: 769-775.

Radi ZA, Caverly JM, Dixon RA, et al. Effects
of the synthetic selectin inhibitor TBC1269
on tissue damage during acute Mannheimia
haemolytica-induced pneumonia in neonatal
calves. Am J Vet Res 2001; 62: 17-22.

Kirsten A, Watz H, Kretschmar G, et al. Efficacy
of the pan-selectin antagonist Bimosiamose

on ozone-induced airway inflammation in
healthy subjects—a double blind, randomized,
placebo-controlled, cross-over clinical trial. Pulm
Pharmacol Ther 20115 24: 555-558.

Watz H, Bock D, Meyer M, et al. Inhaled pan-
selectin antagonist Bimosiamose attenuates
airway inflammation in COPD. Pulm Pharmacol
Ther 2013; 26: 265-270.

Baggiolini M. Chemokines and leukocyte traffic.
Nature 1998; 392: 565-568.

Mackay CR. Chemokines: immunology’s high
impact factors. Nar Immunol 2001; 2: 95-101.

journals.sagepub.com/home/tar


https://journals.sagepub.com/home/tar

Y Tu, Y Chen et al.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

717.

78.

79.

Youn BS, Mantel C and Broxmeyer HE.
Chemokines, chemokine receptors and
hematopoiesis. Immunol Rev 2000; 177: 150-174.

Belperio JA, Keane MP, Arenberg DA, et al.
CXC chemokines in angiogenesis. ¥ Leukoc Biol
2000; 68: 1-8.

Locati M, Bonecchi R and Corsi MM. 81.

Chemokines and their receptors: roles in specific
clinical conditions and measurement in the
clinical laboratory. Am ¥ Clin Pathol 2005;
123(Suppl.): S82-S95.

Zlotnik A and Yoshie O. Chemokines: a new 82.

classification system and their role in immunity.
Immuniry 20005 12: 121-127.

Miller MC and Mayo KH. Chemokines from a

Structural Perspective. Int ¥ Mol Sci 2017; 18. 83.

Proudfoot AEI. Chemokines and
Glycosaminoglycans. Front Immunol 2015; 6:
246.

84.

Gschwandtner M, Strutzmann E, Teixeira
MM, et al. Glycosaminoglycans are important
mediators of neutrophilic inflammation in vivo.
Cytokine 2017; 91: 65-73.

Veldkamp CT, Seibert C, Peterson FC, et

al. Structural basis of CXCR4 sulfotyrosine
recognition by the chemokine SDF-1/CXCL12.
Sci Signal 2008; 1: ra4.

Drury L], Ziarek JJ, Gravel S, et al. Monomeric
and dimeric CXCL12 inhibit metastasis through
distinct CXCR4 interactions and signaling
pathways. Proc Natl Acad Sci US A 2011; 108:
17655-17660.

Proudfoot AEI, Handel TM, Johnson Z, et al.
Glycosaminoglycan binding and oligomerization
are essential for the in vivo activity of certain
chemokines. Proc Natl Acad Sci U S A 2003; 100:
1885-1890.

88.

Burgstaller G, Ochrle B, Gerckens M, et al. The
instructive extracellular matrix of the lung: basic
composition and alterations in chronic lung
disease. Eur Respir ¥ 2017; 50.

Sand JMB, Knox AJ, Lange P, et al. Accelerated
extracellular matrix turnover during exacerbations
of COPD. Respir Res 2015; 16: 69.

Karakioulaki M, Papakonstantinou E and Stolz
D. Extracellular matrix remodelling in COPD.
Eur Respir Rev 2020; 29.

Keatings VM, Collins PD, Scott DM, et al.
Differences in interleukin-8 and tumor necrosis
factor-alpha in induced sputum from patients
with chronic obstructive pulmonary disease or

80.

85.

86.

87.

89.

90.

asthma. Am ¥ Respir Crit Care Med 1996; 153:
530-534.

Yamamoto C, Yoneda T, Yoshikawa M, et al.
Airway inflammation in COPD assessed by
sputum levels of interleukin-8. Chest 1997; 112:
505-510.

Woolhouse IS, Bayley DL and Stockley RA.
Sputum chemotactic activity in chronic obstructive
pulmonary disease: effect of alpha(1)-antitrypsin
deficiency and the role of leukotriene B(4) and
interleukin 8. Thorax 2002; 57: 709-714.

Peveri P, Walz A, Dewald B, et al. A novel
neutrophil-activating factor produced by human
mononuclear phagocytes. ¥ Exp Med 1988; 167:
1547-1559.

Pechkovsky DV, Goldmann T, Ludwig C, et al.
CCR2 and CXCR3 agonistic chemokines are
differently expressed and regulated in human alveolar
epithelial cells type II. Respir Res 2005; 6: 75.

Sauty A, Dziejman M, Taha RA, et al. The

T cell-specific CXC chemokines IP-10, Mig,
and I-TAC are expressed by activated human
bronchial epithelial cells. ¥ Immunol 1999; 162:
3549-3558.

Hardaker EL, Bacon AM, Carlson K, et al.
Regulation of TNF-alpha- and IFN-gamma-
induced CXCL10 expression: participation of
the airway smooth muscle in the pulmonary
inflammatory response in chronic obstructive
pulmonary disease. FASEB ¥ 2004; 18: 191-193.

Donnelly LE and Barnes PJ. Chemokine
receptors as therapeutic targets in chronic
obstructive pulmonary disease. Trends Pharmacol
Sci 20065 27: 546-553.

Eiger DS, Smith JS, Shi T, et al. Phosphorylation
barcodes direct biased chemokine signaling at
CXCR3. Cell Chem Biol 2023; 30: 362-382.e8.

Kelsen SG, Aksoy MO, Georgy M, et al.
Lymphoid follicle cells in chronic obstructive
pulmonary disease overexpress the chemokine
receptor CXCR3. Am ¥ Respir Crit Care Med
2009; 179: 799-805.

Costa C, Traves SL, Tudhope S]J, et al.
Enhanced monocyte migration to CXCR3 and
CCR5 chemokines in COPD. Eur Respir ¥ 2016;
47:1093-1102.

Saetta M, Mariani M, Panina-Bordignon P, et al.
Increased expression of the chemokine receptor
CXCR3 and its ligand CXCLI10 in peripheral
airways of smokers with chronic obstructive
pulmonary disease. Am § Respir Crit Care Med
2002; 165: 1404-14009.

journals.sagepub.com/home/tar


https://journals.sagepub.com/home/tar

THERAPEUTIC ADVANCES in
Respiratory Disease

Volume 19

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Kheradmand F, Zhang Y and Corry DB.
Contribution of adaptive immunity to human
COPD and experimental models of emphysema.
Physiol Rev 2023; 103: 1059-1093.

Cosio MG, Majo J and Cosio MG.
Inflammation of the airways and lung
parenchyma in COPD: role of T cells. Chest
2002; 121: 160S-1658S.

Camicia G, Pozner R and de Larrafiaga G.
Neutrophil extracellular traps in sepsis. Shock
2014; 42: 286-294.

Brinkmann V, Reichard U, Goosmann C, et
al. Neutrophil extracellular traps kill bacteria.
Science 2004; 303: 1532-1535.

Wright TK, Gibson PG, Simpson JL, et al.
Neutrophil extracellular traps are associated
with inflammation in chronic airway disease.
Respirology 20165 21: 467-475.

Cheng OZ and Palaniyar N. NET balancing: a
problem in inflammatory lung diseases. Front
Immunol 2013; 4: 1.

Keshari RS, Jyoti A, Dubey M, et al. Cytokines
induced neutrophil extracellular traps formation:
implication for the inflammatory disease
condition. PLoS One 2012; 7: e48111.

Clark SR, Ma AC, Tavener SA, et al. Platelet
TLR4 activates neutrophil extracellular traps to
ensnare bacteria in septic blood. Nar Med 2007;
13: 463-469.

Douda DN, Jackson R, Grasemann H, et al.
Innate immune collectin surfactant protein

D simultaneously binds both neutrophil
extracellular traps and carbohydrate ligands and
promotes bacterial trapping. ¥ Immunol 2011;
187: 1856-1865.

Sangaletti S, Tripodo C, Chiodoni C, et al.
Neutrophil extracellular traps mediate transfer
of cytoplasmic neutrophil antigens to myeloid
dendritic cells toward ANCA induction and
associated autoimmunity. Blood 2012; 120:
3007-3018.

Yousefi S, Mihalache C, Kozlowski E, et al.
Viable neutrophils release mitochondrial DNA
to form neutrophil extracellular traps. Cell Death
Differ 2009; 16: 1438-1444.

Papayannopoulos V, Metzler KD, Hakkim A,

et al. Neutrophil elastase and myeloperoxidase
regulate the formation of neutrophil extracellular
traps. ¥ Cell Biol 2010; 191: 677-691.

Wang Y, Li M, Stadler S, et al. Histone
hypercitrullination mediates chromatin

104.

105.

106.

107.

108.

109.

110.

112.

113.

114.

decondensation and neutrophil extracellular trap
formation. ¥ Cell Biol 2009; 184: 205-213.

Rohrbach AS, Slade DJ, Thompson PR, et al.
Activation of PAD4 in NET formation. Front
Immunol 2012; 3: 360.

Brinkmann V and Zychlinsky A. Neutrophil
extracellular traps: is immunity the second
function of chromatin? ¥ Cell Biol 2012; 198:
773-783.

Pilsczek FH, Salina D, Poon KKH, et al. A
novel mechanism of rapid nuclear neutrophil
extracellular trap formation in response to
Staphylococcus aureus. § Immunol 2010; 185:
7413-7425.

Marin-Esteban V, Turbica I, Dufour G,

et al. Afa/Dr diffusely adhering Escherichia coli
strain C1845 induces neutrophil extracellular
traps that kill bacteria and damage human
enterocyte-like cells. Infect Immun 2012; 80:
1891-1899.

Mclnturff AM, Cody MJ, Elliott EA, et al.
Mammalian target of rapamycin regulates
neutrophil extracellular trap formation via
induction of hypoxia-inducible factor 1 a. Blood
2012; 120: 3118-3125.

Neeli I, Dwivedi N, Khan S, et al. Regulation of
extracellular chromatin release from neutrophils.
F Innate Immun 2009; 1: 194-201.

Neeli I, Khan SN and Radic M. Histone
deimination as a response to inflammatory
stimuli in neutrophils. ¥ Immunol 2008; 180:
1895-1902.

. Hakkim A, Fuchs TA, Martinez NE, et al.

Activation of the Raf-MEK-ERK pathway
is required for neutrophil extracellular trap
formation. Nat Chem Biol 2011; 7: 75-77.

Wieland CW, Florquin S, Maris NA, et al.
The MyD88-dependent, but not the MyD88-
independent, pathway of TLLR4 signaling is
important in clearing nontypeable haemophilus
influenzae from the mouse lung. ¥ Immunol
2005; 175: 6042-6049.

Juneau RA, Pang B, Weimer KED, et al.
Nontypeable Haemophilus influenzae initiates
formation of neutrophil extracellular traps. Infect
Immun 20115 79: 431-438.

Ungurs M], Sinden NJ and Stockley RA.
Progranulin is a substrate for neutrophil-
elastase and proteinase-3 in the airway and
its concentration correlates with mediators of
airway inflammation in COPD. Am ¥ Physiol
Lung Cell Mol Physiol 2014; 306: 1L.80-1L.87.

journals.sagepub.com/home/tar


https://journals.sagepub.com/home/tar

Y Tu, Y Chen et al.

115.

116.

117.

118.

1109.

120.

121.

122.

123.

124.

125.

126.

127.

Obermayer A, Stoiber W, Krautgartner W-D,

et al. New aspects on the structure of neutrophil
extracellular traps from chronic obstructive
pulmonary disease and in vitro generation. PLoS
One 20145 9: e97784.

Grabcanovic-Musija F, Obermayer A, Stoiber
W, et al. Neutrophil extracellular trap (NET)
formation characterises stable and exacerbated
COPD and correlates with airflow limitation.
Respir Res 20155 16: 59.

Narasaraju T, Yang E, Samy RP, et al. Excessive
neutrophils and neutrophil extracellular traps
contribute to acute lung injury of influenza
pneumonitis. Am ¥ Pathol 2011; 179: 199-210.

Radic M and Marion TN. Neutrophil
extracellular chromatin traps connect innate
immune response to autoimmunity. Semin
Immunopathol 2013; 35: 465-480.

Hosseinzadeh A, Thompson PR, Segal BH, et
al. Nicotine induces neutrophil extracellular
traps. ¥ Leukoc Biol 2016; 100: 1105-1112.

Pedersen F, Marwitz S, Holz O, et al.
Neutrophil extracellular trap formation and
extracellular DNA in sputum of stable COPD
patients. Respir Med 2015; 109: 1360-1362.

Barnes PJ. Inhaled corticosteroids in COPD: a
controversy. Respiration 2010; 80: 89-95.

Saetta M, Di Stefano A, Turato G, et al. CD8+
T-lymphocytes in peripheral airways of smokers
with chronic obstructive pulmonary disease. Am
J Respir Crit Care Med 1998; 157: 822-826.

Tzanakis N, Chrysofakis G, Tsoumakidou M,
et al. Induced sputum CD8+ T-lymphocyte
subpopulations in chronic obstructive
pulmonary disease. Respir Med 2004; 98: 57—65.

Villasefior-Altamirano AB, Jain D, Jeong Y,

et al. Activation of CD8+ T cells in chronic
obstructive pulmonary disease lung. Am ¥ Respir
Crit Care Med 2023; 208: 1177-1195.

Thome JJC, Yudanin N, Ohmura Y,

et al. Spatial map of human T cell
compartmentalization and maintenance over
decades of life. Cell 2014; 159: 814-828.

Pilling D, Zheng Z, Vakil V, et al. Fibroblasts
secrete Slit2 to inhibit fibrocyte differentiation
and fibrosis. Proc Natl Acad Sci U S A 2014;
111: 18291-18296.

Dupin I, Allard B, Ozier A, et al. Blood
fibrocytes are recruited during acute
exacerbations of chronic obstructive pulmonary
disease through a CXCR4-dependent pathway.
F Allergy Clin Immunol 2016; 137.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Bucala R, Spiegel LA, Chesney ], et al.
Circulating fibrocytes define a new leukocyte
subpopulation that mediates tissue repair. Mol
Med 1994; 1: 71-81.

Eyraud E, Maurat E, Sac-Epée J-M, et al.
Short-range interactions between fibrocytes and
CD8+ T cells in COPD bronchial inflammatory
response. Elife 2023; 12: RP85875.

Yun JH, Lee C, Liu T, et al. Hedgehog
interacting protein-expressing lung fibroblasts
suppress lymphocytic inflammation in mice.
JCI Insight 2021; 6: e144575.

Wang C, Hyams B, Allen NC, et al.
Dysregulated lung stroma drives emphysema
exacerbation by potentiating resident
lymphocytes to suppress an epithelial stem cell
reservoir. Immuniry 20235 56: 576-591.e10.

Thorley AJ and Tetley TD. Pulmonary
epithelium, cigarette smoke, and chronic
obstructive pulmonary disease. Int ¥ Chron
Obstruct Pulmon Dis 2007; 2: 409-428.

Chen J, Wang X, Schmalen A, et al. Antiviral

CD8+ T-cell immune responses are impaired
by cigarette smoke and in COPD. Eur Respir ¥
2023; 62: 2201374.

Bhat TA, Panzica L, Kalathil SG, et al. Immune
dysfunction in patients with chronic obstructive
pulmonary disease. Ann Am Thorac Soc 2015;
12(Suppl. 2): S169-S175.

Xiong X-F, Zhu M, Wu H-X, et al.
Immunophenotype in acute exacerbation
of chronic obstructive pulmonary disease: a
cross-sectional study. Respir Res 2022; 23:
137.

Eriksson Strom J, Pourazar J, Linder R, et
al. Airway regulatory T cells are decreased in
COPD with a rapid decline in lung function.
Respir Res 2020; 21: 330.

Zhou M, Jiao L and Liu Y. SFRP2 promotes
airway inflammation and Th17/Treg imbalance
in COPD via Wnt/-catenin pathway. Respir
Physiol Neurobiol 2019; 270: 103282.

Zhao N, Yu MJ, Xu ], et al. MicroRNA-29b
mediates Th17/Treg imbalance in chronic
obstructive pulmonary disease by targeting
11.-22. ¥ Biol Regul Homeost Agents 2021; 35:
987-999.

De Rosa V, Galgani M, Porcellini A, et al.
Glycolysis controls the induction of human
regulatory T cells by modulating the expression
of FOXP3 exon 2 splicing variants. Nat Immunol
2015; 16: 1174-1184.

journals.sagepub.com/home/tar


https://journals.sagepub.com/home/tar

THERAPEUTIC ADVANCES in
Respiratory Disease

Volume 19

Visit Sage journals online
journals.sagepub.com/
home/tar

S Sagejournals

140.

141.

142.

143.

144.

Oh Y-M, Jeong B-H, Woo S-Y, et al.
Association of plasma adipokines with chronic
obstructive pulmonary disease severity and
progression. Ann Am Thorac Soc 2015; 12:
1005-1012.

Zhang H, Gao J, Tang Y, et al. Inflammasomes
cross-talk with lymphocytes to connect the
innate and adaptive immune response. ¥ Adv Res
2023; 54: 181-193.

Gosman MME, Willemse BWM, Jansen DF,
et al. Increased number of B-cells in bronchial
biopsies in COPD. Eur Respir ¥ 2006; 27: 60—64.

Brusselle GG, Demoor T, Bracke KR, et al.
Lymphoid follicles in (very) severe COPD:
beneficial or harmful? Eur Respir ¥ 2009; 34:
219-230.

Polverino F, Cosio BG, Pons ], et al. B cell-
activating factor. An orchestrator of lymphoid
follicles in severe chronic obstructive pulmonary
disease. Am J Respir Crit Care Med 2015; 192:
695-705.

145.

146.

147.

148.

149.

Bracke KR, Verhamme FM, Seys LJM, et al.
Role of CXCL13 in cigarette smoke-induced
lymphoid follicle formation and chronic
obstructive pulmonary disease. Am J Respir Crit
Care Med 2013; 188: 343-355.

Jia J, Conlon TM, Sarker RS, et al. Cholesterol
metabolism promotes B-cell positioning during
immune pathogenesis of chronic obstructive
pulmonary disease. EMBO Mol Med

2018; 10: e8349.

Gore MR, Fung E and Tao M. An analysis

of biologic therapies in patients with asthma
and chronic rhinosinusitis. Cureus 2022; 14:
e30017.

Mauri C and Menon M. Human regulatory B
cells in health and disease: therapeutic potential.
F Chlin Invest 20175 127: 772-779.

Jacobs M, Verschraegen S, Salhi B, et al. IL-10
producing regulatory B cells are decreased in
blood from smokers and COPD patients. Respir
Res 20225 23: 287.

journals.sagepub.com/home/tar


https://journals.sagepub.com/home/tar
https://journals.sagepub.com/home/tar
https://journals.sagepub.com/home/tar

