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Abstract

Acute exacerbation of chronic obstructive pulmonary disease (AECOPD) is the leading cause of hospitalization and mortality
in COPD patients. The occurrence of antibiotic resistance and the progression of non-infectious diseases contribute to poor
patient outcomes. Thus, a comprehensive understanding of the mechanisms underlying AECOPD is essential for effective
prevention. It is widely acknowledged that the immune system plays a fundamental role in pathogen clearance and the devel-
opment of inflammation. Immune dysregulation, either due to deficiency or hyperactivity, has been implicated in AECOPD
pathogenesis. Therefore, the purpose of this review is to investigate the possible mechanisms underlying dysregulated
immune function and disease progression in COPD patients, specifically focusing on the innate and adaptive immune
responses. The ultimate aim is to provide new insights for clinical prevention and treatment strategies targeting AECOPD.
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Introduction

Chronic obstructive pulmonary disease (COPD) remains a
significant global health challenge, ranking as the third
leading cause of mortality.! Acute exacerbations of COPD
represent the leading causes of hospitalization and mortality
among these patients.”> AECOPD, characterized by the
rapid deterioration of airway function and respiratory symp-
toms, affect a substantial proportion of COPD patients.
Annually, 22-40% of patients experience at least one exacer-
bation, while 9-16% suffer from multiple episodes.* The eti-
ology of AECOPD is multifaceted, encompassing both
infectious and non-infectious factors. Notably, bacterial infec-
tion accounts for approximately 50% of AECOPD cases.’
Antibiotic therapy constitutes a cornerstone of conventional
AECOPD management.®™® However, the therapeutic efficacy
is often limited by the presence of non-infectious factors and
antimicrobial resistance (AMR), resulting in suboptimal clin-
ical outcomes and substantial economic burdens.” It is import-
ant to recognize that the pathogenesis of AECOPD, regardless
of infectious or non-infectious etiology, is intricately linked to
immune system dysregulation.'®'" This review aims to
provide a comprehensive analysis of the existing literature
on the role of innate and adaptive immunity in COPD and
AECOPD. By elucidating the mechanisms of action of infec-
tious and non-infectious factors, this review provides novel
insights into AECOPD management and evidence-based
therapeutic strategies.

Innate immune response

The primary trigger of AECOPD is infection. Upon the
initial entry of pathogens or foreign bodies into the internal
environment, innate immune cells and molecules are acti-
vated, triggering the innate immune response. This innate
immune response can be further categorized into two dis-
tinct stages: the humoral factor stage and the cell action
stage, based on the type of effector products and the
timing of their activity.'> Subsequently, we will explore
the specific mechanisms underlying the progression of
COPD in the innate immune stage, focusing on two key
aspects in detail.
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Action stage of humoral factors

In the early stage of humoral factors primarily depends on
pre-existing and rapidly produced anti-pathogen effector
components. This is exemplified by the activation and
effect of the complement system. Complement is a
complex network of proteins that is critical for both
innate immunity and adaptive immune responses.'? It facil-
itates the recognition and clearance of infected or damaged
cells. Under normal physiological conditions, most comple-
ment components remain as zymogens, which can be
sequentially activated by various activators, ultimately
selecting their biological effects.

The activation of the complement system progresses
through two stages: the early stage, also known as the
front-end reaction, initiates a cascade that cleaves comple-
ment C3, producing C5 convertase; the late stage, also
referred to as the terminal pathway, leads to the formation
of the membrane attack complex (MAC) from C5 cleavage.
This MAC produces a cytolytic effect, ultimately leading to
the release of cell contents and promoting inflammatory
reactions.

In terms of the diverse starting materials and activation
sequences, the front-end reaction can be categorized into
three distinct yet overlapping pathways, the mannan-
binding lectin (MBL), classical, and alternative pathways.
Notably, the MBL pathway emphasizes the role of the com-
plement system in innate immune responses, whereas the
classical pathway highlights its function in adaptive
immunity. The alternative pathway, by contrast, primarily
regulates the feedback mechanism of the complement
system.'*

Through clinical studies, it has been observed that the
complement composition in COPD patients differs signifi-
cantly from that of healthy individuals, and it undergoes
corresponding modifications as the disease progresses. C1
is a macromolecular complex with a molecular weight of
750 kDa, consisting of a C1q molecule that non-covalently
combines with two Clrs and two C1 s molecules. The
spherical domains of Clq can bind to the Fc segment of
IgG or IgM in immune complexes (ICs), leading to a con-
formational change in the six subunits of Clq. This con-
formational change results in the activation of Clr and its
cleavage into two fragments, one of which exhibits
enzyme activity.'> Consequently, most studies on C1 pro-
teins begin with an examination of Clq.

In COPD patients, the baseline serum Clq level is sig-
nificantly lower than in non-COPD patients.'® However,
Clq possesses distinct protein-binding sites, with the head
and handle regions of Clq containing two binding sites
for Small Leucine-Rich Proteoglycan (SLRPS). Notably,
only the head region can be activated by SLRP.!
Moraxella catarrhalis, a respiratory pathogen, is a human-
specific symbiotic bacterium that often triggers acute
exacerbations in COPD patients. It is frequently found in

mixed infections, with reports indicating that up to 50%
of cultures may include bacteria such as Streptococcus
pneumoniae or Haemophilus influenzae.'®'? Evidence
exists indicating that SLRPs can regulate complement
activity, thereby enhancing its ability to kill Moraxella cat-
arrhalis. This mechanism may reduce the likelihood of
disease progression in COPD patients.”® The researchers
conducted a 56-month follow-up study on the bacterial
pathogens isolated from sputum samples of 8§81 COPD
patients. They found that Haemophilus influenzae,
Moraxella catarrhalis, Streptococcus pneumoniae, and
Pseudomonas aeruginosa were long-term colonizers in the
airways of COPD patients, which may contribute to the
chronic inflammatory state observed in these individuals.
Furthermore, the isolation of new strains of these bacteria
was associated with a significantly higher risk of clinical
deterioration in the patients.”’ Currently, researchers
remain highly interested in the aforementioned bacteria.
Notably, studies have found that the intracellular elongation
factor thermo-unstable (EF-Tu) was exposed to the surface
of NTHi (non-type able Haemophilus influenzae), and
anti-NTHi EF-Tu IgG could promote the killing of NTHi
and other non-encapsulated Gram-negative bacteria by the
complement system, as well as the regulatory phagocytosis
of Gram-positive bacteria.?? In addition, Pseudomonas aer-
uginosa is strongly correlated with severe exacerbation of
COPD patients and with a increased readmission rate of
AECOPD patients.23’24 However, there is currently no
research showing that the complement system plays a sig-
nificant role in the killing process of Pseudomonas aerugi-
nosa. These findings underscore the critical role of Clq
activation in the pathogen clearance of COPD patients,
effectively preventing disease progression. Interestingly,
an AECOPD patient experienced severe tongue edema
due to angiotensin converting enzyme (ACE) inhibitors.
Following the administration of C1 inhibitor, vascular
edema was effectively treated.”® This observation suggests
a potential relationship between C1 overexpression and
angioedema.

C3 is the most abundant complement protein in blood
and a vital component of the complement system. It plays
a crucial role in detecting and eliminating potential patho-
gens by interacting with other complement proteins.”® C3
is primarily produced in the liver; however, immune cells
and non-immune cells, such as lymphocytes, neutrophils,
and mesenchymal cells, can also synthesize C3.2728 The
central link of complement activation is the C3b molecule
produced by C3 cleavage. Under normal circumstances,
C3 molecules undergo spontaneous activation and degrad-
ation in the body, generating low levels of C3b fragments.
When C3b deposits on the cell surface, it is rapidly inacti-
vated by regulatory proteins. However, if C3b deposits on
the surface of organisms lacking regulatory proteins, it
cannot be inactivated. It then forms a complex with factor
B called C3 convertase (C3bBb), leading to the activation
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of more C3 to form C5 convertase (C3bnBb). This process
culminates in the formation of the MAC due to the appear-
ance of C5b, ultimately lysing target cells.'

It has been observed that individuals with lower C3
levels tend to have poorer outcomes in patients with acute
exacerbations of chronic obstructive pulmonary disease
(AECOPD).” This finding aligns with previous research
on Cl, suggesting that insufficient levels of complement
proteins may hinder the elimination of pathogenic organ-
isms. It’s interesting that the role of C3 in non-infectious
inflammation appears to be intricately linked to the progres-
sion of AECOPD. It is well-established that the primary risk
factor for AECOPD is exposure to cigarette smoke,*” which
triggers oxidative stress, a condition that can initiate chronic
inflammation.*! Oxidative stress activates the NF-kB
pathway, particularly in airway epithelial cells (AECs)
and macrophages, fueling inflammation. Additionally,
TGF-p signaling pathway activation can exacerbate small
airway fibrosis and oxidative stress.*>*? Notably, C3 is
stored within AECs and can protect these cells from
stress-induced death.>* Experimental data reveals that the
C3 expression level is significantly up-regulated in AECs
of mice and human COPD patients exposed to cigarette
smoke extract (CSE) in vitro. Strikingly, C3 gene knockout
in AECs enhances oxidative stress and apoptosis after CSE
exposure, while exogenous C3 treatment mitigates
CSE-induced AEC death in C3 knockout mice.*® These
findings underscore the protective role of C3 in COPD
patients. Therefore, augmenting C3 levels holds promise
for improving the prognosis of non-infectious COPD
patients during exacerbations.

In addition to promoting oxidative stress and inflammatory
reactions, cigarette smoke has also been identified as a com-
plement activator.>*~® Multiple studies have shown that cig-
arette smoke can increase the expression and functional
reactivity of C5a receptors on human bronchial epithelial
(HBE) cells. It can also enhance the expression of ICAM-1
and the adhesion of monocytes through C5a-mediated signal-
ing. This mechanism is a key factor contributing to the chronic
airway inflammation observed in COPD patients due to non-
infectious factors.**** Notably, the plasma C5a concentration
is significantly higher in COPD patients compared to healthy
smokers; however, no further significant systemic C5a
increase is observed during acute exacerbations of COPD.*!
Subsequent research has found elevated levels of C3a and
C5a in the sputum of both stable and exacerbated COPD
patients.‘”J‘4 Conversely, serum levels of C3a, C5a, and C4
decrease significantly during COPD exacerbations.*>*¢
Researchers think that this may be due to the migration of
locally activated complement components (including C3a
and C5a) from circulation to lung tissue,45 but there is still
no substantial evidence. While the liver is the primary site
of complement synthesis, lung epithelial cells and alveolar
macrophages are capable of producing complement pro-
teins.*’ C5a produced in lung tissue has been shown to

activate macrophages in the presence of immune complexes,
leading to the production of pro-inflammatory cytokines and
chemokines.*®

Cell action stage

Various cells in the human body express pattern recognition
receptors (PRRs), including Toll-like receptors (TLRs),
C-type lectin receptors (CLRs), NOD-like receptors
(NLRs), and scavenger receptors (SRs). Macrophages are
the primary cells expressing these receptors. Upon patho-
gen invasion, macrophages recognize specific molecular
patterns on the pathogen’s surface through their surface
and intracellular PRRs. This leads to the pathogen clear-
ance, with the pathogen’s characteristic antigens (such as
protein fragments) subsequently presented on major histo-
compatibility complex (MHC) molecules on the macro-
phage surface. These antigens are then displayed to T
cells, further activating the adaptive immune response.*’
One of the characteristics of COPD is the increase in alveo-
lar macrophages in the lungs.” Theoretically, this increase
in alveolar macrophages should enhance the pathogen clear-
ance. However, several studies have shown that the response
of alveolar macrophages in COPD patients is significantly
impaired, with reduced phagocytic capacity for patho-
gens.5 1,52 Researchers have found that, in response to stimu-
lation with NTHI’s lipooligosaccharide (LOS) and outer
membrane protein P6, alveolar macrophages from COPD
patients exhibit significantly reduced responses of IL-8,
TNF-a, and IL- 1 secretion. In contrast, there is no significant
difference in the response of peripheral blood macrophages to
NTHI antigens in COPD patients.”® Similarly, alveolar
macrophages from COPD patients show increased levels of
Mcl-1, decreased apoptosis, and reduced bactericidal activity
against serotype 14 Streptococcus pneumoniae, indicating
impaired mitochondrial metabolism and bactericidal function,
which leads to delayed bacterial clearance.>* Further research
has revealed a close connection between the diminished
phagocytic ability of alveolar macrophages and the expression
of TLR receptors on their surface. Studies have shown that
alveolar macrophages from COPD donors prone to acute
exacerbations exhibit resistance to IL-8 induction by patho-
gens such as NTHI, M. catarrhalis, and S. pneumoniae,
which is linked to impaired TLR-2 and TLR-4 signaling path-
ways.” Upon ligand recognition, TLR2 or TLR4 undergoes
conformational changes and recruits adapter proteins, primar-
ily MyDS88. Once activated, MyD88 recruits and activates
IL-1 receptor-associated kinases (IRAKSs), such as IRAK4
and IRAKI1, which further interact with tumor necrosis
factor receptor-associated factor 6 (TRAF6). The activation
of TRAF6 initiates a signaling cascade that includes the acti-
vation of mitogen-activated protein kinase (MAPK) pathways
and the IxB kinase (IKK) complex. Among these, the activa-
tion of IKKf leads to the phosphorylation of IkBa (inhibitor of
NF-xB). Phosphorylated IxkBa is subsequently tagged for
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Table |I. The expression and recognition characteristics of mammalian Toll-like receptors in innate immunity.

Expression
TLR site Main ligand Ligand source
TLRI Membrane Triacyl lipopeptide Mycobacterium tuberculosis
TLR2 Membrane Peptidoglycan, GPI anchor, lipoprotein, ~ Gram-positive bacteria, Trypanosoma cruzi,
yeast mannan Mycobacterium tuberculosis, fungi
TLR3 Cytoplasm Double-stranded RNA (dsRNA) Virus
TLR4 Membrane LPS, Lipoarabinomannan (LAM) Gram-negative bacteria, Mycobacterium tuberculosis
TLR5 Membrane Flagellin Bacteria
TLR6 Membrane Diacyl lipopeptide, yeast mannan Mycobacterium tuberculosis, fungi
TLR7 Cytoplasm Single-stranded RNA (ssRNA) Virus
TLR8 Cytoplasm Single-stranded RNA (ssRNA) Virus
TLR9 Cytoplasm Unmethylated CpG DNA Bacteria, Herpes viruses
TLRI10 (Human) Unknown Unknown Unknown
TLRI| (Mouse) Membrane Profilin and related proteins Toxoplasma gondii, urinary tract pathogens

degradation, thereby releasing NF-xB (primarily the p65/p50
dimer) from its inhibitory state. NF-«xB then translocates to the
nucleus, where it binds to specific DNA sequences and acti-
vates the transcription of various genes, which typically
encode pro-inflammatory cytokines (e.g., TNF-a, IL-6,
IL-1pB), immune modulators, and antigen-presenting mole-
cules, ultimately contributing to the inflammatory response.
Therefore, it can be concluded that the expression of TLR2/
4 on alveolar macrophages (AMs) is closely linked to the
exacerbation of COPD in patients. Additionally, animal
studies have demonstrated that AMs differ from other macro-
phages in both their expression of TLR9 and their sensitivity
to CpG oligodeoxynucleotides (CpG-ODN). Their low TLR9
expression is closely associated with reduced sensitivity to
CpG-ODN, which has been shown to activate immune
cells, highlighting the unique characteristics of AMs.>® This
finding also suggests a possible link between TLR expression
and COPD progression. Interestingly, studies have shown that
the innate immune response of AMs mediated by TLRs is
impaired, potentially contributing to increased susceptibility
to acute exacerbations in COPD patients.”® Therefore,
paying special attention to PRRs may provide important
ideas and methods for the prevention and treatment of
AECOPD.

Toll-like receptor. TLRs are essential protein molecules
involved in nonspecific immunity, serving as a bridge
between nonspecific and specific immunity. Discovered in
the 1980s, the term “Toll” was coined by a German
scholar while studying genes regulating the development
of the dorsal ventral axis in Drosophila melanogaster.
Subsequently, it was unexpectedly observed that the Toll
gene also contributed to the formation of antibacterial bar-
riers in Drosophila to prevent fungal infections.

In mammals, a transmembrane molecule family with a
similar structure is involved in anti-infection, and its
members include IL-1R and TLRs. Currently, 11 types of

TLR have been identified in humans, each capable of recog-
nizing distinct components and molecules of PAMP
(Table 1). Many TLRs are associated with the progression
of COPD. For instance, Pseudomonas aeruginosa flagellin sti-
mulates TLR-5, leading to phosphorylation of p38, ERK, and
JNK, which triggers the production of IL-6 and IL-8, thereby
promoting COPD progression and exacerbation.>’

Researchers infected lung whole tissue explants (WTEs)
with viruses to investigate the impact of TLRs on COPD pro-
gression. The results indicated that TLRs 3, 7, and 8 activa-
tion in lung tissue stimulates the release of molecules like
TNFa and CCLS3, initiating pro-inflammatory responses.”®
Similarly, LPS activation of TLR4 leads to the release of
IL-6, IL-8, and TNF-a, fueling inflammation and COPD pro-
gression.””% Additionally, TLR4 overexpression in bron-
chial epithelial cells is observed with increasing COPD
severity in patients, suggesting a close correlation between
TLRs and COPD pathogenesis and exacerbation.®'

At the cellular level, TLRs are expressed in various
immune cells, including macrophages, dendritic cells, B
cells, and certain T cells, as well as non-immune cells
such as fibroblasts and epidermal cells. A characteristic
feature of COPD is the increase in alveolar macrophages
in the lung, whose role is to eliminate infectious agents.””
Bacterial colonization in the lung is a common occurrence
in COPD, and it promotes inflammation through persistent
and repeated TLR stimulation. Interestingly, when the same
bacteria are repeatedly stimulated, TLR tolerance is
observed in COPD alveolar macrophages. However, upon
repeated stimulation with different bacteria, TLR tolerance
does not develop but rather leads to increased cytokine pro-
duction.®” As previously discussed, due to the diverse
nature of bacteria in the lung, the same bacteria can stimu-
late different TLRs, resulting in repeated stimulation of
numerous TLRs by various bacteria. This may represent a
potential mechanism for excessive inflammation in COPD
patients caused by bacteria.



Wu et al.

As noted above, impaired immune responses such as
macrophage tolerance play a significant role in AECOPD
by hindering bacterial clearance from the lower respiratory
tract.*®* Previous studies have shown that in COPD
patients, AMs exhibit markedly dysregulated responses to
TLR2 and TLR4 ligands of NTHI and impaired phagocytic
function against NTHI.>*>* Notably, this immune dysfunc-
tion extends beyond responses to NTHI alone.®® To further
investigate the mechanisms underlying impaired immune
responses in COPD-associated AMs, researchers observed
that healthy volunteers carrying heterozygous TLR4 SNPs
showed a diminished systemic inflammatory response to
inhaled LPS compared to wild-type controls,’®®” suggest-
ing a potential role for TLR polymorphisms in impaired
immune function. In one study, DNA amplification of
AMs from COPD smokers and controls revealed that,
among COPD patients who had ceased smoking, AMs
with the TLR9 (T1237C) SNP demonstrated reduced IL-8
responsiveness to NTHI, Mycoplasma -catarrhalis, and
Streptococcus pneumoniae, with no association found for
TLRY9 (T1486C). Furthermore, AMs carrying TLR9
(T1237C) but not TLR9 (T1486C) were correlated with
reduced FEV % predicted values in these patients.®®

These findings suggest that the intrinsic tolerance of
TLRs to pathogens, as well as the impact of TLR poly-
morphisms on the tolerance of alveolar macrophages
AMs to pathogens, could offer novel insights into control-
ling the inflammatory response in COPD patients.

In addition to its association with COPD progression
induced by infectious factors, TLR also exhibits a certain
degree of correlation in non-infectious inductions. As we
are well aware, smoking is a major inducer. A study
exposed alveolar macrophages from COPD patients and
controls to CSE and then to TLR2, TLR4, and TLRS5
ligands. The results showed that CSE exposure inhibited
TLR-induced tumor necrosis factor TNF-a, IL-6, and
IL-10 but did not affect IL-8 (CXCLS8) production.®® This
suggests that smoking may lead to COPD progression by
reducing macrophage killing capacity post-infection
without affecting CXCLS8 secretion. This, in turn, promotes
neutrophil aggregation, leading to sustained local inflam-
mation. Other studies have also examined the effects of
smoking on TLR4, finding that smoking can induce differ-
ential expression of circulating miRNAs. For example, it
can lead to miR-149-3p downregulation, which in turn reg-
ulates TLR4/NF-kB signaling to increase the inflammatory
response in COPD patients.’® Furthermore, smoking not
only exasperates inflammatory symptoms by affecting
macrophages but also increases the susceptibility of
COPD patients to bacterial infections by interfering with
the MyD88/IRAK signaling pathway and inhibiting
Thl-mediated immune responses against Gram-negative
bacteria.”'

Compared to macrophages, TLR expression on other
immune cells is relatively low in COPD patients.

Nevertheless, TLR1, TLR2, TLR4, TLR6, and TLR2/1
expression on CD8" T cells is significantly increased in
COPD patients compared to normal subjects. Moreover,
activation of TLR2/1 receptors is positively associated
with the severity of emphysema symptoms in patients.
Additionally, activation of TLR2/1 receptors on CD8* T
cells significantly enhances their ability to produce IFN-y
and TNF-a.”? Furthermore, TLR expression on NK cells
is also closely related to the progression of COPD. It has
been found that stimulation of TLR3/7/9 expressing
murine lung epithelial cells with TLR ligands and CS pro-
motes surface expression of NKG2D ligands RAETI,
leading to increased NK cell hyperactivity and airway dila-
tion.”” Therefore, TLR expression can also affect the
inflammatory symptoms of COPD patients by influencing
the function of T cells and NK cells.

Lectin receptor type C (CLR). CLR is a class of PRRs that
bind to surface carbohydrates of microorganisms with the
involvement of Ca>*, expressed on macrophages, dendritic
cells, and certain tissue cells. Some forms are soluble pro-
teins found in the blood and extracellular fluids. The con-
served carbohydrate recognition domain can recognize
mannose, glucose, N-acetylglucosamine, and p-glucans.

In CLRs, research related to COPD has primarily focused
on Dectin-1, langerin, CLEC5A, and Clec9A. Among these,
Dectin-1 is an important immune receptor that recognizes
B-glucan and plays a key role in antifungal immunity. In the
respiratory system, Dectin-1 primarily mediates immune
responses in lung epithelium against respiratory pathogens
such as Aspergillus fumigatus and Mycobacterium tubercu-
losis. Immunohistochemical staining of lung tissue from 19
human subjects revealed that Dectin-1 was positive in 17 of
the samples.74 Furthermore, cell-based experiments have con-
firmed that Dectin-1 effectively recognizes Non-typeable
Haemophilus influenzae (NTHI), a pathogen implicated in
COPD progression, and triggers an immune response.
However, there are currently no direct studies on the role of
Dectin-1 in COPD exacerbation.

Langerin, another CLR, is expressed on a subset of den-
dritic cells (DCs) and plays a key role in pathogen capture
and clearance through binding to carbohydrate ligands.
Research has shown that langerin exhibits an unusual affinity
for 6-sulfated galactose (Gal), a structure primarily found in
keratan sulfate (KS). Interestingly, highly sulfated KS disac-
charide L4 has been shown to inhibit lung inflammation, and
it has demonstrated significant efficacy in a murine model of
COPD and its exacerbation.”® To explore the details and bio-
logical outcomes of this interaction, researchers synthesized
and analyzed the corresponding chemical compounds, disco-
vering that oligomerization of the L4 unit increased its affin-
ity for langerin. However, it remains to be experimentally
verified whether this L4 oligomer can directly reduce inflam-
mation in patients with acute exacerbations of COPD.”®
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The type 1 conventional dendritic cell (cDCI1 s) in DC
cells expresses the C-type lectin domain family 9A
(Clec9A), which plays a crucial role in cytotoxic CD8* T
cell responses in cancer and viral infections.””~”® To inves-
tigate the role of this type of CLR in the progression of
COPD, a study detected the expression of Clec9A in both
healthy controls and COPD patients. The results showed
that compared to healthy individuals, serum Clec9A
levels were elevated in patients with COPD at different
stages. Furthermore, the percentage of Clec9A* DCs was
increased in the bronchoalveolar lavage fluid of COPD
patients compared to non-obstructive chronic bronchitis
patients. Additionally, enhanced recruitment of ClecOA*
DCs was positively associated with cytotoxic CD8* T
cell responses in the bronchoalveolar lavage fluid of
COPD patients. This study suggests that ClecOA™ DCs par-
ticipate in chronic airway inflammation mediated by CD8"
T cells. It also indicates that CLR has a strong regulatory
effect on the biological function of DC cells and that the
over-expression of CLR in COPD patients is significantly
associated with chronic airway inflammation in COPD
patients.

C-type lectin receptor SA (CLECSA) is a PRR coupled
with spleen tyrosine kinase (Syk), expressed on myeloid
cells, and plays a role in innate immune responses to viral
and bacterial infections. The impact of CLEC5A on acute
exacerbations of COPD (AECOPD) is primarily mediated
through macrophages. Studies have shown that CLEC5A is
expressed on alveolar macrophages in mice exposed to cig-
arette smoke and in smokers. Furthermore, CLEC5A-
mediated macrophage activation, without the use of LPS or
GM-CSF, significantly increases cytokine production and
promotes inflammation. Notably, COPD progression is
driven by both infectious and non-infectious factors, and
the presence of CLECSA contributes to the exacerbation of
inflammation in both contexts. Therefore, modulating the
expression of CLEC5A on macrophages may offer a poten-
tial strategy to enhance the efficacy of COPD treatments.®®

Other receptors with potential associations. Nucleotide-binding
oligomerization domain-like receptors (NLRs) play a crit-
ical role in signaling transduction by recognizing PAMPs
and damage-associated molecular patterns (DAMPs) in
the cytoplasm. They are essential for the elimination of bac-
terial and viral pathogens. A clinical study examined the
levels of NLRP3, its associated proteins, and cytokines in
COPD and AECOPD patients. It was found that as the clin-
ical symptoms of COPD patients exacerbated, the levels of
NLRP3 protein and IL-8 increased. Suggesting that the acti-
vation of the NLRP3 inflammasome in both systemic and
local airway tissues is associated with acute exacerbations
of COPD."'

To investigate its specific mechanism of action, researchers
demonstrated that by inhibiting NLRP3, the cytotoxicity and
lung injury induced by PM2.5 combined with cigarette

smoke, both in vitro and in vivo, occur through the activation
of the NLRP3 inflammasome and pyroptosis pathway. This
suggests that the NLRP3 inflammasome plays a critical role
in airway inflammation induced by PM2.5-CS, a non-
infectious factor.%? Consequently, researchers have identified
the regulation of the NLRP3 inflammasome as a potential
therapeutic target for treating AECOPD. For example, it has
been discovered that the lipid peroxidation product 4-hydro-
xynonena can directly disrupt the interaction between
NEK7 and NLRP3, thereby inhibiting the NLRP3 inflamma-
some and preventing caspase-1 activation.** However, studies
directly linking NLRs to AECOPD remain limited.

Moreover, scavenger receptors (SRs) are pivotal PRRs
within the innate immune system.84 However, research on
the role of SRs in the pathogenesis and progression of COPD
remains limited and predominantly observational. For instance,
a genotyping study in at-risk smokers identified a strong asso-
ciation between the P275A mutation in the macrophage scav-
enger receptor-1 (MSRI) gene and increased COPD
susceptibility, impaired lung function, and macrophage dys-
function.®® Consistently, a large-scale Danish study reported
that heterozygosity for the SRAI/II Arg293X mutation signifi-
cantly impaired lung function in males and increased their risk
of developing COPD.*® These observational studies suggest a
potential link between SRs and AECOPD, though robust
experimental evidence is lacking.

While experimental studies remain limited, one study has
offered valuable insights into the role of SRs in COPD pro-
gression. Specifically, alveolar macrophage SR-A has been
shown to amplify inflammation induced by cigarette smoke
extract, bacteria, and viruses, contributing to the persistence
of COPD.*” Although research in this area remains scarce,
the dual role of SRs in mediating AECOPD caused by
both infectious and non-infectious factors represents a prom-
ising avenue for further investigation.

Adaptive immunity

The adaptive immune response refers to the complete
process in which antigen-specific T and B lymphocytes,
upon receiving antigen stimulation, undergo self-activation,
proliferation, and differentiation into effector cells, leading
to a series of biological effects. Based on the different types
of cells involved in the immune response and their mechan-
isms, the adaptive immune response can be categorized into
two types: humoral immune response, which is mediated by
B cells, and cellular immune response, which is mediated
by T cells.

Cellular immunity

Mature T lymphocytes exhibit significant heterogeneity in
terms of differences in cell surface molecule expression
and biological functions. Based on the type of T-cell recep-
tor (TCR), T lymphocytes can be divided into af T cells and
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v0 T cells, with the former accounting for the majority and
serving as the main effector cells mediating adaptive
immune responses. aff T cells can also be further classified
based on their functional characteristics into helper T cells
(Th), cytotoxic T lymphocytes (Tc), and regulatory T
cells (Treg). Th cells primarily promote the activation and
function of other cell types through cytokine secretion,
exerting broad immunoregulatory effects. Tc cells have
direct cytotoxic effects and play a crucial role in immune
protection against viral infections. Treg cells are a type of
cell named for their wide-ranging immunosuppressive/
regulatory functions, which they perform in self-tolerance,
peripheral tolerance, and inhibition of pathological
immune damage. However, Treg cells in COPD will also
have a negative side for patients. When Th cells are acti-
vated, they become effector T cells and secrete various
lymphatic factor. These lymphatic factor play an important
role in activating B cells, Tc cells, phagocytes and other
cells involved in immune response. In COPD patients,
Tregs, MDSCs, and exhausted PD-1(+) T cells contribute
to the dysfunction of effector T cells.®®

The exacerbation of COPD is usually triggered by
respiratory pathogens such as viruses, which drive adaptive
immune responses and expand the population of CD8* T
cells in the lungs.®® A clinical study found that compared
to asymptomatic smokers with normal lung function,
smokers with COPD had increased numbers of CD8" T
lymphocytes and smooth muscle area in lung tissues,
while the numbers of neutrophils, macrophages, and
CD4" T lymphocytes were similar between the two
groups.”®  Additionally, among COPD patients and
smokers exposed to the same smoking factor, increased
numbers of CD8* T cells were observed in the sputum of
COPD patients.”’ This suggests a close association
between disease exacerbation in COPD and the levels of
CD8™ T cells.

To investigate the relationship between CD8* T cells and
COPD, researchers have used cell sorting techniques and
found an increased abundance of two CD8* T cell subsets in
mild-to-moderate COPD patients’ lungs: cytotoxic klrgl *
TIGIT * cx3crl " TEMRA (T effector memory CD45RA™)
cells and DNAM-1*CCRS5™ tissue-resident memory (TRM)
cells. These CD8" T cells interact with alveolar type II cells
through IFN-y and exhibit over-expanded TCR clone types,
potentially leading to inflammation prior to severe disease.”>
Interestingly, these T cell subsets showed distinct spatial distri-
bution patterns in the bodies of COPD patients, which may
reveal their specific pathological features driving COPD,
such as alveolar destruction and airway remodeling. TEMRA
cells are primarily described as present in the blood and
lymph nodes,” suggesting that their presence in the lungs
may reflect transport through the pulmonary circulation
rather than permanent residency. The observation of immune
subsets in proximity to terminal bronchioles using imaging
mass cytometry analysis further revealed their significant

association with infiltrating CD8* T cells and their involvement
in small airway remodeling. Selective CD8" T cells establish
residence in the lungs following initial infection, exhibiting
immune memory to encounter future challenges from the
same pathogen.

This retention of immune cells in the terminal bronchus
undoubtedly has a significant impact on the condition of
COPD patients. We know that COPD is characterized by
extensive infiltration of immune cells and alterations in
tissue structure, such as bronchial fibrosis. Fibroblast-like
white blood cells, known as fibrocytes, which are produced
in the bone marrow and released into the peripheral circula-
tion, are associated with lung fibrosis.”*°> They can also be
recruited in the blood of COPD patients during acute exacer-
bations.”® Moreover, higher circulating fibrocyte counts
during this stage are associated with an increased risk of mor-
tality, indicating that fibrocytes may contribute to disease
progression.”® In addition to their roles in the generation of
fibrotic extracellular matrix and impact on lung contraction
function,” recruited fibrocytes may participate in pulmonary
inflammation as antigen-presenting cells for T cells, thereby
regulating fibroblast differentiation.”®

Furthermore, researchers have found that fibroblasts and
CD8" T cells are both located near the distal airways.
Moreover, there is increased potential interaction between
these two cell types in COPD patient tissues compared to
the control group. The increased proximity and clustering
of CD8" T cells and fibroblasts are associated with
changes in lung function in patients. CD8* T cells from
COPD patients promote fibroblast chemotaxis through the
CXCL8-CXCR1/2 axis. In vivo imaging shows that CD8*
T cells and fibroblasts establish short-term interactions, trig-
gering CD8* T cell proliferation, pro-inflammatory cytokine
production, CD8* T cell cytotoxicity against bronchial epi-
thelial cells, and fibroblast immune regulatory properties,
in a CD54 and CD86-dependent manner.”® This provides
another explanation for how infections can lead to exacerba-
tion of COPD symptoms.

However, not all infectious pathogens in COPD patients
lead to disease exacerbation. Research has found that there
is a high expression of HHIP (a genetic variant associated
with susceptibility to COPD) in lung tissues. Insufficiency
in HHIP monomers induces the accumulation of T cells in
the lungs.'® Furthermore, fibroblast-specific depletion of
HHIP enhances the accumulation of IFNy™ tissue-resident
T cells after respiratory viral infection.'”" This suggests
that genetic changes driven by common variations can alter
the host’s susceptibility to the retention of CD8* T cells.
This also provides another explanation for why some clinical
COPD patients develop AECOPD after an infection.

Smoking similarly affects the susceptibility of COPD
patients to viral infections. Cigarette smoke exposure (CS)
is recognized as a key cause of chronic pulmonary inflamma-
tion in the development and onset of COPD. Prolonged expos-
ure to inhaled irritants can activate structural cells and
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inflammatory cells in the respiratory tract.'®> Research has
found that smoking impairs the immune response of COPD
patients” CD8™ T cells to viral infections. The smoke from
cigarettes interferes with the production and presentation of
MHC class I molecules, leading to impaired activation of
CDS8" T cells during viral infections.'®* Structural cells and
inflammatory cells in the lungs react to CS exposure by releas-
ing pro-inflammatory mediators, which recruit additional
inflammatory immune cells to establish a chronic inflamma-
tory microenvironment. Chronic inflammation leads to lung
damage, impairs innate and adaptive immune responses,
and promotes recurrent respiratory infections, thus exacerbat-
ing and further manifesting the pathological features of stable
COPD.'"” In summary, regulating the function of immune
cells, such as CD8™ T cells, is a crucial direction for preventing
AECOPD. Treg cells are a subgroup of CD4* T cells that
express the transcription factor Forkhead box P3 (FoxP3)
and are involved in maintaining self-tolerance to autologous
antigens and eliminating autoimmune reactions.'” The
imbalance between inflammatory Th17 cells and regulatory
Treg cells contributes to the progression of COPD. A clinical
cross-sectional study revealed the immunophenotype of
AECOPD patients, demonstrating abnormal activation of
Th1, Th17, and Treg cells. The proportion of Th17 cells is cor-
related with the severity of COPD.'* Similarly, in COPD sub-
jects with rapidly declining lung function, the proportion of
regulatory Tregs (FoxP3*/CD4 * CD25bright) is significantly
lower than in subjects whose lung function did not decline
rapidly.'®” Analysis of blood RNA sequencing data from
COPD genetic epidemiological studies also suggests that
COPD patients with lower CD4" T cell counts are more
prone to AECOPD.'® Given that Treg cells possess immuno-
suppressive functions, their low expression in COPD patients
is likely an important factor in the occurrence and progression
of AECOPD.

Smoking also impacts the function of Treg cells in COPD
patients. Research has found that CSE exposure reduces the
percentage of Tregs in CD4*CD25% cells. Additionally,
CSE intervention significantly upregulates IL-6 and TNF-a
in HBE cells. Interestingly, COPD patient serum and
CSE-exposed HBE cells secrete elevated levels of secreted
Frizzled-related protein 2 (sFRP2). However, these findings
are reversed following gene silencing of sSFRP2.'” Similarly,
miR-29bs can regulate the imbalance between Th17 and
Treg cells induced by CSE in experimental COPD by inhibiting
the IL-22-dependent JAK/STAT3 pathway.''® Such studies
provide compelling evidence for the development of clinical
interventions aimed at preventing and treating AECOPD.

Reports have shown that immune metabolism of Treg
cells may play a role in the pathogenesis of COPD.'!"-!!2
Glycolysis plays a central role in the induction and suppres-
sive function of Treg cells in humans and mice, as the
enzyme enolase-1 controls the expression of specific
FoxP3 splice variants in human Treg cells.!'® Thus, study-
ing the immune metabolism of Treg cells may provide new

insights into the treatment of COPD patients. Furthermore,
leptin, a powerful regulator of intracellular glucose metab-
olism and glycolysis, ranks first among circulating factors
along with insulin and increases glucose uptake into cells.
Plasma leptin levels are negatively correlated with lung
function in COPD patients.''*~"'® Therefore, determining
whether leptin can intervene in COPD patients’ lung func-
tion by regulating glycolysis and the function of FoxP3
splice variants in Treg cells offers hope for interventions
in the clinical treatment of COPD.

Humoral immunity

B lymphocytes, also known as B cells, play a critical role in
the immune system. They are derived from bone marrow
and primarily reside in the lymphoid follicles of peripheral
immune organs, constituting approximately 20% of the
total peripheral lymphocytes. Upon antigen invasion, B
cells can be activated, proliferate, and eventually differenti-
ate into plasma cells, also known as antibody-producing
cells (AFC). These plasma cells secrete specific soluble
immunoglobulins (Ig), commonly referred to as antibodies.
Antibodies mediate specific immune responses by binding
to and clearing antigens, thereby exerting immunological
effects. This immune response mediated by B cells is also
known as humoral immune response.''”

As an essential immune pathway, humoral immunity has
a significant impact on the occurrence and development of
diseases in patients. Similarly, in the context of COPD, an
elevation of CD4* and CD8" T lymphocytes and B lym-
phocytes has been observed in both the large and peripheral
airways.''®!'? As the severity of the disease worsens, the
number of B cells and B cell-rich lymphoid follicles (LF)
increases in the bronchioles of patients.''~!?

Chemokines play a crucial role in LF formation. For
instance, LF formation in the lungs of COPD patients can
be achieved through the recruitment and/or retention of T
and B lymphocytes expressing CXCR3.'** Moreover,
lung B cells can drive CXCL13-dependent mechanisms
through TLR and lymphotoxin receptor signaling.'*® High
expression of CXCL13 in lung tissues of COPD patients
has also been confirmed.'?® B cells are the primary cellular
population within these LF,'** and their proliferation exhi-
bits oligoclonal and antigen-specific characteristics.'** The
maturation, differentiation, and survival of B cells depend
on B cell-activating factor (BAFF). BAFF is a type II trans-
membrane homotrimeric protein of the TNF family,
expressed by innate immune cells, T cells, activated B
cells, stromal cells, and airway epithelial cells."?”128 1t is
widely present in immune cells within lymphoid follicles
and the surrounding stromal cells.'?® Similarly, researchers
have observed a significant increase in the expression of
BAFF in the lungs of COPD patients and mice exposed
to CS.'2%'% Further intervention studies involving prophy-
lactic and therapeutic administration of BAFFR-Fc in



Wu et al.

CS-exposed mice have shown a significant reduction in the
number of B cells in lung tissue. This intervention also pre-
vents CS-induced LF formation and the increase in
immunoglobulin levels, significantly alleviating lung
inflammation and preserving alveolar wall integrity.'*

Inducible bronchus-associated lymphoid tissue (iBALT)
has been found to play a crucial role in the occurrence of
AECOPD."*"'? iBALT possesses the ability to resist
viral infections, thereby exhibiting pro-inflammatory
effects.**!3! However, they may have detrimental effects
on the outcomes of chronic inflammatory conditions such
as COPD."* Animal experiments have also demonstrated
that the absence of iBALT can prevent CS-induced emphy-
sema in COPD animal models,'?%-33134

Currently, it is known that iBALT worsens the disease in
AECOPD patients caused by infectious factors. To further
explore the role of iBALT in AECOPD triggered by non-
infectious factors, researchers have found that, especially
during chronic CS exposure, oxysterols critically regulate
iBALT formation and the immunopathogenesis of COPD.
They have discovered that the expression of CH25H and
CYP7B1 in airway epithelial cells is significantly upregulated,
thus regulating CS-induced B cell migration and iBALT for-
mation. This highlights the crucial role of cholesterol oxy-
sterol metabolism in the localization of immune cells in
secondary lymphoid tissues. Treatment with ketoconazole,
an inhibitor of the oxysterol pathway, significantly inhibits
iBALT formation and attenuates CS-induced emphysema,
indicating that iBALT can be activated and formed under
the influence of both infectious and certain non-infectious
factors, leading to the exacerbation of COPD in patients.
Therefore, this target may provide a new perspective for the
clinical treatment of AECOPD.'®

Antibodies, produced by the differentiation of B cells into
plasma cells (effector B cells), are large Y-shaped proteins
used by the immune system to identify and neutralize
foreign substances such as bacteria and viruses. Based on
their physical and biological properties, antibodies can be
classified into five classes: IgM, IgG, IgA, IgE, and IgD.
Among them, immunoglobulin A (IgA) is the primary first-
line defense mechanism present on mucosal surfaces, includ-
ing the airways. It is produced in the form of dimeric IgA
(dIgA) and can (unlike monomeric IgA) bind to polymeric
immunoglobulin receptor (pIgR) on epithelial cells, mediat-
ing their endocytosis into mucosal secretions. Studies have
found that COPD is characterized by subepithelial deposition
of IgA and related immune complexes, as well as increased
expression of IgA and IgE in lung lymphoid follicles.'**~'3*
Particularly in AECOPD patients, there is a significant
increase in the number of IgA™ B cells in distal airway lymph-
oid follicles.'*

Based on the characteristics of B cells, scientists have
developed monoclonal antibodies, which are highly homo-
geneous and specifically target a particular antigenic
epitope. These antibodies, derived from a single B cell

with the ability to encode only one type of antibody, have
been used in the treatment of various diseases. COPD is
typically characterized by type 2 (T2) inflammation, in
which Th cells release pro-inflammatory cytokines such
as IL-4, IL-5, IL-9, and IL-13. This immune response
may promote the production of IgE and increase/activate
serum eosinophils. When COPD patients are exposed to
certain environmental factors or non-infectious factors,
this immune response can lead to excessive mucus produc-
tion, airway inflammation, and other allergic reactions. In a
clinical study that investigated the use of anti-IgE monoclo-
nal antibody drugs in COPD patients, it was found that
COPD patients with T2 inflammation showed significant
improvement in lung function, X-ray sinusitis, and serum
inflammatory markers after treatment with monoclonal anti-
body drugs.'*® In addition to monoclonal antibodies,
researchers have also found that fluticasone propionate
(FP) may reduce adaptive immune responses in COPD
patients and may be more effective in patients with higher
titers of autoantibodies/B cell/antibody responses.'*'

With the advancement of molecular biology research,
two groups of opposing B cells have been defined based
on the spectrum of cytokine production by B cells: effector
B cells (Beffs) and regulatory B cells (Bregs). Beffs actively
regulate immune responses by releasing pro-inflammatory
cytokines such as interleukin IL-6, IFN-y, and GM-CSF,
while Bregs negatively regulate immune responses by
releasing anti-inflammatory cytokines such as IL-10,
IL-35, and transforming growth factor TGF-p.'** Bregs
act as a feedback mechanism to maintain immune balance
by preventing excessive inflammation and tissue damage.
Reduced and/or impaired Bregs have been observed in
many autoimmune diseases, infectious diseases, and
cancers, resulting in immune imbalance.*>™'* It has been
suggested that Bregs may contribute to the pathogenesis
of stable COPD (sCOPD).146 Compared to never-smokers,
the percentage of IL-10" Bregs in the circulating memory B
cell subpopulation is significantly reduced in both flow-
limited smokers and COPD patients without airflow limita-
tion. This suggests that the decrease in Bregs and their
impaired function may be associated with the occurrence
and progression of AECOPD.'*" Further investigation
into the specific mechanisms of action of Beffs and Bregs
may provide important insights for the treatment of
AECOPD.

Conclusion

This systematic review comprehensively summarizes the
research on innate immunity and non-adaptive immunity,
revealing the significant roles of both immune systems in
the exacerbation of COPD. For instance, complement
factors in innate immunity, as well as TLRs, NLRs, Treg
cells, CD8™ T cells, and fibroblasts in non-adaptive immun-
ity, can profoundly impact the exacerbation and prognosis
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of COPD patients. Moreover, this review deliberately ana-
lyzes and discusses the infectious and non-infectious trig-
gers of AECOPD. For example, we found that the
interaction between macrophage TLR expression and the
microbiome may be an important underlying mechanism
for infectious triggers of AECOPD. Additionally, the
release of C3 complement components in AECs induced
by smoking may offer significant avenues for preventing
and managing non-infectious triggers of AECOPD.
However, during the literature review process, we found
that there is still insufficient innovation in experimental
studies on AECOPD, which limits the exploration of new
directions for clinical treatment and prevention. Therefore,
this review primarily aims to provide new perspectives
and directions for the clinical prevention and treatment of
AECOPD by logically integrating existing literature-
supported evidence.

Author contributions

Linguangjin Wu'": Conceptualization; Methodology; Data cur-
ation; Writing—original draft preparation;

Erxin Zhang'": Methodology; Data curation; Writing—original
draft preparation;

Yadan Tu: Methodology; Writing—original draft preparation;
Yong Chen: Formal Analysis; Writing—review and edition;
Chenghu Wang: Formal Analysis; Writing—review and edition;
Visualization;

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

Bangjiang Fang: Conceptualization; Software; Writing—review
and edition; Visualization;

Declaration of conflicting interests

The authors declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding

The authors disclosed receipt of the following financial support for
the research, authorship, and/or publication of this article: State
administration of traditional chinese medicine high-level key discip-
line of traditional Chinese medicine (zyyzdxk-2023067); National
Natural Science Foundation of China (General Program: 82374350);
National Superiority College of Traditional Chinese Medicine
Construction Project (2024YSZKZZYX006).

ORCID iD

Yadan Tu https:/orcid.org/0009-0002-1827-7457

References

1. Collaborators GCRD. Prevalence and attributable health
burden of chronic respiratory diseases, 1990-2017: a system-
atic analysis for the Global Burden of Disease Study 2017.
Lancet Respir Med 2020; 8: 585-596.

2. Ko FW, Chan KP, Hui DS, et al. Acute exacerbation of
COPD. Respirology 2016; 21: 1152-1165.

10.

11.

12.

13.

14.
15.

17.

18.

20.

. Foo J, Landis SH, Maskell J, et al. Continuing to confront

COPD international patient survey: economic impact of
COPD in 12 countries. PLoS One 2016; 11: e0152618.

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

GOLD 2017 recommendations in primary care? - a descrip-
tive study of patient classifications, treatment burden and
costs. Int J Chron Obstruct Pulmon Dis 2018; 13:3485-3492.

. Bafadhel M, McKenna S, Terry S, et al. Acute exacerbations

of chronic obstructive pulmonary disease: identification of
biologic clusters and their biomarkers. Am J Respir Crit
Care Med 2011; 184: 662-671.

. Anthonisen NR, Manfreda J, Warren CP, et al. Antibiotic

therapy in exacerbations of chronic obstructive pulmonary
disease. Ann Intern Med 1987; 106: 196-204. PubMed.

. Saint S, Bent S, Vittinghoff E, et al. Antibiotics in chronic

obstructive  pulmonary  disease  exacerbations. A
meta-analysis. JAMA 1995; 273: 957-960. PubMed.

. Allegra L, Blasi F, de Bernardi B, et al. Antibiotic treatment

and baseline severity of disease in acute exacerbations of
chronic bronchitis: a re-evaluation of previously published
data of a placebo-controlled randomized study. Pulm
Pharmacol Ther 2001; 14: 149-155. PubMed.

. Lépez-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. DOI: 10.1183/
13993003.00589-2023.

Polverino F. Adaptive immune responses and protein
homeostasis in COPD: the immunoproteasome. Eur Respir
J2022; 59: 2102557. DOI: 10.1183/13993003.02557-2021.
Mantovani A and Garlanda C. Humoral innate immunity and
acute-phase proteins. N Engl J Med 2023; 388: 439-452.
Elvington M, Liszewski MK and Atkinson JP. Evolution of
the complement system: from defense of the single cell to
guardian of the intravascular space. Immunol Rev 2016;
274: 9-15.

Monach PA. Complement. Arthritis Rheumatol 2024; 76: 1-8.
Sarma JV and Ward PA. The complement system. Cell
Tissue Res 2011; 343: 227-235.

. Zhang K, Han K, Liu H, et al. Circulating complement Clq

as a novel biomarker is associated with the occurrence and
development of COPD. Int J Chron Obstruct Pulmon Dis
2022; 17: 395-404.

Sjoberg AP, Manderson GA, Morgelin M, et al. Short
leucine-rich glycoproteins of the extracellular matrix
display diverse patterns of complement interaction and acti-
vation. Mol Immunol 2009; 46: 830-839.

Pollard JA, Wallace RJ, Nash DR, et al. Incidence of
Branhamella catarrhalis in the sputa of patients with
chronic lung disease. Drugs 1986; 31: 103—-108. PubMed.

. Barreiro B, Esteban L, Prats E, et al. Branhamella catarrhalis

respiratory infections. Eur Respir J 1992; 5: 675-679.
PubMed.

Laabei M, Liu G, Ermert D, et al. Short leucine-rich proteo-
glycans modulate complement activity and increase killing
of the respiratory pathogen Moraxella catarrhalis. J
Immunol 2018; 201: 2721-2730.


https://orcid.org/0009-0002-1827-7457
https://orcid.org/0009-0002-1827-7457
https://doi.org/10.1183/13993003.00589-2023
https://doi.org/10.1183/13993003.00589-2023
https://doi.org/10.1183/13993003.00589-2023
https://doi.org/10.1183/13993003.02557-2021
https://doi.org/10.1183/13993003.02557-2021

et al.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Sethi S, Evans N, Grant BJB, et al. New strains of bacteria
and exacerbations of chronic obstructive pulmonary
disease. N Engl J Med 2002; 347: 465-471. PubMed.
Thofte O, Su Y-C, Brant M, et al. EF-Tu from non-typeable
Haemophilus influenzae is an immunogenic surface-exposed
protein targeted by bactericidal antibodies. Front Immunol
2018; 9: 2910.

Lin S-H, Kuo P-H, Hsueh P-R, et al. Sputum bacteriology in
hospitalized patients with acute exacerbation of chronic
obstructive pulmonary disease in Taiwan with an emphasis
on Klebsiella pneumoniae and Pseudomonas aeruginosa.
Respirology 2007; 12: 81-87. PubMed.

ChoiJ,OhJY, Lee YS, et al. Pseudomonas aeruginosa infec-
tion increases the readmission rate of COPD patients. Int J
Chron Obstruct Pulmon Dis 2018; 13: 3077-3083.

Nielsen EW and Gramstad S. Angioedema from
angiotensin-converting enzyme (ACE) inhibitor treated
with complement 1 (C1) inhibitor concentrate. Acta
Anaesthesiol Scand 2006; 50: 120-122. PubMed.

Lavoie EG, Wangdi T and Kazmierczak BI. Innate immune
responses to Pseudomonas aeruginosa infection. Microbes
Infect 2011; 13: 1133-1145.

Lubbers R, van Essen MF, van Kooten C, et al. Production
of complement components by cells of the immune
system. Clin Exp Immunol 2017; 188: 183-194.

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

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 2023; 23: 5161-5176.

Rennard SI and Vestbo J. COPD: the dangerous underesti-
mate of 15%. Lancet 2006; 367: 1216-1219. PubMed.
Bhalla DK, Hirata F, Rishi AK, et al. Cigarette smoke,
inflammation, and lung injury: a mechanistic perspec-
tive. J Toxicol Environ Health B Crit Rev 2009; 12:
45-64.

Gorowiec MR, Borthwick LA, Parker SM, et al. Free radical
generation induces epithelial-to-mesenchymal transition in
lung epithelium via a TGF-p1-dependent mechanism. Free
Radic Biol Med 2012; 52: 1024-1032.

Michaeloudes C, Sukkar MB, Khorasani NM, et al. TGF-§
regulates Nox4, MnSOD and catalase expression, and IL-6
release in airway smooth muscle cells. Am J Physiol Lung
Cell Mol Physiol 2011; 300: L295-1.304.

Kulkarni HS, Elvington ML, Perng Y-C, et al. Intracellular
C3 protects human airway epithelial cells from
stress-associated cell death. Am J Respir Cell Mol Biol
2019; 60: 144-157.

Pei Y, Zhang J, Qu J, et al. Complement component 3 pro-
tects human bronchial epithelial cells from cigarette
smoke-induced oxidative stress and prevents incessant apop-
tosis. Front Immunol 2022; 13: 1035930.

Kew RR, Ghebrehiwet B and Janoff A. Cigarette smoke can
activate the alternative pathway of complement in vitro by
modifying the third component of complement. J Clin
Invest 1985; 75: 1000-1007. PubMed.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Kew RR, Ghebrehiwet B and Janoff A. Characterization of
the third component of complement (C3) after activation
by cigarette smoke. Clin Immunol Immunopathol 1987; 44:
248-258. PubMed.

Kihira Y, Kobayashi J and Kitamura S. Effects of nicotine
and cigarette smoke extracts on plasma level of complement
C3a and C5a, thromboxane B2 and 6-keto PGF1 alpha in
rabbits. Nihon Kyobu Shikkan Gakkai Zasshi 1989; 27:
1495-1501. PubMed.

Perricone R, de Carolis C, de Sanctis G, et al. Complement
activation by cigarette smoke condensate and tobacco infu-
sion. Arch Environ Health 1983; 38: 176—179. PubMed.
Floreani AA, Wyatt TA, Stoner J, et al. Smoke and C5a
induce airway epithelial intercellular adhesion molecule-1
and cell adhesion. Am J Respir Cell Mol Biol 2003; 29:
472-482. PubMed.

Marc MM, Kristan SS, Rozman A, et al. Complement factor
CS5ain acute exacerbation of Chronic Obstructive Pulmonary
Disease. Scand J Immunol 2010; 71: 386-391.

Zhang J, Yao W-Z and Sun Y-C. Changes of anaphylatoxin
C5a in chronic obstructive pulmonary disease and the rela-
tionship with systemic and local inflammation. Zhonghua
Jie He He Hu Xi Za Zhi 2008; 31: 356-359. PubMed.
Zhang J, Yao W-z and Chen Y-h. Change in airway
anaphylatoxin-complement factors C3a of sputum in patients
with chronic obstructive pulmonary disease. Beijing Da Xue
Xue Bao Yi Xue Ban 2011; 43: 446—449. PubMed.

Marc MM, Korosec P, Kosnik M, et al. Complement factors
c3a, c4a, and c5a in chronic obstructive pulmonary disease
and asthma. Am J Respir Cell Mol Biol 2004; 31: 216-219.
PubMed.

Westwood J-P, Mackay AJ, Donaldson G, et al. The role of
complement activation in COPD exacerbation recovery. ERJ
Open Res 2016; 2: 00027-2016. DOI: 10.1183/23120541.
00027-2016.

Kosmas EN, Zorpidou D, Vassilareas V, et al. Decreased C4
complement component serum levels correlate with the
degree of emphysema in patients with chronic bronchitis.
Chest 1997; 112: 341-347. PubMed.

Strunk RC, Eidlen DM and Mason RJ. Pulmonary alveolar
type 1II epithelial cells synthesize and secrete proteins of
the classical and alternative complement pathways. J Clin
Invest 1988; 81: 1419-1426. PubMed.

Sarma VJ, Huber-Lang M and Ward PA. Complement in
lung disease. Autoimmunity 2006; 39: 387-394. PubMed.
Lee J-W, Chun W, Lee HJ, et al. The role of macrophages in
the development of acute and chronic inflammatory lung dis-
eases. Cells 2021; 10: 897. DOI: 10.3390/cells10040897.
Barnes PJ. New concepts in chronic obstructive pulmonary
disease. Annu Rev Med 2003; 54: 113—-129. PubMed.

Sethi S, Maloney J, Grove L, et al. Airway inflammation and
bronchial bacterial colonization in chronic obstructive pul-
monary disease. Am J Respir Crit Care Med 2006; 173:
991-998. PubMed.

Berenson CS, Garlipp MA, Grove LJ, et al. Impaired phago-
cytosis of nontypeable Haemophilus influenzae by human
alveolar macrophages in chronic obstructive pulmonary
disease. J Infect Dis 2006; 194: 1375-1384. PubMed.
Berenson CS, Wrona CT, Grove LJ, et al. Impaired alveolar
macrophage response to Haemophilus antigens in chronic


https://doi.org/10.1183/23120541.00027-2016
https://doi.org/10.1183/23120541.00027-2016
https://doi.org/10.1183/23120541.00027-2016
https://doi.org/10.3390/cells10040897

Innate Immunity

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

obstructive lung disease. Am J Respir Crit Care Med 2006;
174: 31-40. PubMed.

Bewley MA, Preston JA, Mohasin M, et al. Impaired mito-
chondrial microbicidal responses in chronic obstructive pul-
monary disease macrophages. Am J Respir Crit Care Med
2017; 196: 845-855.

Berenson CS, Kruzel RL, Eberhardt E, et al. Impaired innate
immune alveolar macrophage response and the predilection
for COPD exacerbations. Thorax 2014; 69: 811-818.
Suzuki K, Suda T, Naito T, et al. Impaired Toll-like receptor 9
expression in alveolar macrophages with no sensitivity to CpG
DNA. Am J Respir Crit Care Med 2005; 171: 707-713.
PubMed.

Nakamoto K, Watanabe M, Sada M, et al. Pseudomonas
aeruginosa-derived flagellin stimulates IL-6 and IL-8 pro-
duction in human bronchial epithelial cells: a potential mech-
anism 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 J Chron Obstruct Pulmon
Dis 2016; 11: 2409-2417. PubMed.

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 2021; 11:
1313-1321.

von Scheele I, Larsson K and Palmberg L. Budesonide
enhances Toll-like receptor 2 expression in activated bron-
chial epithelial cells. Inhal Toxicol 2010; 22: 493-499.

Di Stefano A, Ricciardolo FLM, Caramori G, et al.
Bronchial inflammation and bacterial load in stable COPD
is associated with TLR4 overexpression. Eur Respir J
2017; 49: 1602006. DOI: 10.1183/13993003.02006-2016.
Lea SR, Reynolds SL, Kaur M, et al. The effects of repeated
Toll-like receptors 2 and 4 stimulation in COPD alveolar
macrophages. Int J Chron Obstruct Pulmon Dis 2018; 13:
771-780.

Sethi S and Murphy TF. Bacterial infection in chronic
obstructive pulmonary disease in 2000: a state-of-the-art
review. Clin Microbiol Rev 2001; 14: 336-363. PubMed.
Murphy TF. The role of bacteria in airway inflammation in
exacerbations of chronic obstructive pulmonary disease.
Curr Opin Infect Dis 2006; 19: 225-230. PubMed.
Berenson CS, Kruzel RL, Eberhardt E, et al. Phagocytic dys-
function of human alveolar macrophages and severity of
chronic obstructive pulmonary disease. J Infect Dis 2013;
208: 2036-2045.

Arbour NC, Lorenz E, Schutte BC, et al. TLR4 Mutations
are associated with endotoxin hyporesponsiveness in
humans. Nat Genet 2000; 25: 187-191. PubMed.

Michel O, LeVan TD, Stern D, et al. Systemic responsive-
ness to lipopolysaccharide and polymorphisms in the
Toll-like receptor 4 gene in human beings. J Allergy Clin
Immunol 2003; 112: 923-929. PubMed.

Berenson CS, Kruzel RL, Wrona CT, et al. Impaired innate
COPD alveolar macrophage responses and toll-like
receptor-9 polymorphisms. PLoS One 2015; 10: e0134209.
Metcalfe HJ, Lea S, Hughes D, et al. Effects of cigarette
smoke on Toll-like receptor (TLR) activation of chronic

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

obstructive pulmonary disease (COPD) macrophages. Clin
Exp Immunol 2014; 176: 461-472.

Shen W, Liu J, Zhao G, et al. Repression of Toll-like
receptor-4 by microRNA-149-3p is associated with
smoking-related COPD. Int J Chron Obstruct Pulmon Dis
2017; 12: 705-715.

Knobloch J, Schild K, Jungck D, et al. The T-helper cell type
1 immune response to gram-negative bacterial infections is
impaired in COPD. Am J Respir Crit Care Med 2011; 183:
204-214.

Freeman CM, Martinez FJ, Han MK, et al. Lung CD8+ T
cells in COPD have increased expression of bacterial
TLRs. Respir Res 2013; 14: 13.

Wortham BW, Eppert BL, Flury JL, et al. TLR And NKG2D
signaling pathways mediate CS-induced pulmonary patholo-
gies. PLoS One 2013; 8: €78735.

Heyl KA, Klassert TE, Heinrich A, et al. Dectin-1 is
expressed in human lung and mediates the proinflammatory
immune response to nontypeable Haemophilus influenzae.
mBio 2014; 5: e01492—01414.

Kizuka Y, Mishra S, Yamaguchi Y, et al. Implication of
C-type lectin receptor langerin and keratan sulfate disacchar-
ide in emphysema. Cell Immunol 2018; 333: 80-84.

Ota F, Hirayama T, Kizuka Y, et al. High affinity sugar
ligands of C-type lectin receptor langerin. Biochim Biophys
Acta Gen Subj 2018; 1862: 1592-1601.

Joffre OP, Segura E, Savina A, et al. Cross-presentation by
dendritic cells. Nat Rev Immunol 2012; 12: 557-569.
Pearson FE, Tullett KM, Leal-Rojas IM, et al. Human
CLEC9A antibodies deliver Wilms’ tumor 1 (WT1)
antigen to CD141+ dendritic cells to activate naive and
memory WTl-specific CD8+ T cells. Clin Transl
Immunology 2020; 9: el 141.

Cui TX, Fulton CT, Brady AE, et al. Lung CD103+ dendritic
cells and Clec9a signaling are required for neonatal
hyperoxia-induced inflammatory responses to rhinovirus infec-
tion. Am J Physiol Lung Cell Mol Physiol 2021; 320: L193-1.204.
Wortham BW, Eppert BL, Flury JL, et al. Cutting edge:
CLEC5A mediates macrophage function and chronic
obstructive pulmonary disease pathologies. J Immunol
2016; 196: 3227-3231.

Wang H, Lv Ce, Wang S, et al. NLRP3 Inflammasome
involves in the acute exacerbation of patients with chronic
obstructive pulmonary disease. Inflammation 2018; 41:
1321-1333.

Fan X, Gao Y, Hua C, et al. Daphnetin ameliorates
PM2.5-induced airway inflammation by inhibiting NLRP3
inflammasome-mediated pyroptosis in CS-exposed mice.
Biomed Pharmacother 2023; 165: 115047.

Hsu CG, Chavez CL, Zhang C, et al. The lipid peroxidation
product 4-hydroxynonenal inhibits NLRP3 inflammasome
activation and macrophage pyroptosis. Cell Death Differ
2022; 29: 1790-1803.

Zhu S and Cheng X. Medical immunology. Shanghai
Scientific & Technical Publishers 2020; 4: 34.

Ohar JA, Hamilton RF, Zheng S, et al. COPD Is associated
with a macrophage scavenger receptor-1 gene sequence vari-
ation. Chest 2010; 137: 1098-1107.

Thomsen M, Nordestgaard BG, Tybjaerg-Hansen A, et al.
Scavenger receptor AI/Il truncation, lung function and


https://doi.org/10.1183/13993003.02006-2016
https://doi.org/10.1183/13993003.02006-2016

et al.

13

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

COPD: a large population-based study. J Intern Med 2011,
269: 340-348.

Xie L, Li Q, Dong R, et al. Critical regulation of inflamma-
tion via class A scavenger receptor. Int J Chron Obstruct
Pulmon Dis 2018; 13: 1145-1155.

Kalathil SG, Lugade AA, Pradhan V, et al. T-regulatory cells
and programmed death 14 T cells contribute to effector
T-cell dysfunction in patients with chronic obstructive pul-
monary disease. Am J Respir Crit Care Med 2014; 190:
40-50.

Mallia P, Message SD, Gielen V, et al. Experimental rhino-
virus infection as a human model of chronic obstructive pul-
monary disease exacerbation. Am J Respir Crit Care Med
2011; 183: 734-742.

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. PubMed.

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.
PubMed.

Villasefior-Altamirano AB, Jain D, Jeong Y, et al. Activation
of CD8+ T cells in chronic obstructive pulmonary disease
lung. Am J 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.

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

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. J Allergy
Clin Immunol 2016; 137: 1036-1042.¢7.

Henrot P, Eyraud E, Maurat E, et al. Muscarinic receptor M3
activation promotes fibrocytes contraction. Front Pharmacol
2022; 13: 939780.

Chesney J, Bacher M, Bender A, et al. The peripheral blood
fibrocyte is a potent antigen-presenting cell capable of
priming naive T cells in situ. Proc Natl Acad Sci U S A
1997; 94: 6307-6312. PubMed.

Eyraud E, Maurat E, Sac-Epée J-M, et al. Short-range inter-
actions between fibrocytes and CD8+ T cells in COPD bron-
chial inflammatory response. Elife 2023; 12: RP85875. DOI:
10.7554/eLife.85875.

Yun JH, Lee C, Liu T, et al. Hedgehog interacting
protein-expressing lung fibroblasts suppress lymphocytic
inflammation in mice. JCI Insight 2021; 6: €144575. DOI:
10.1172/jci.insight.144575.

Wang C, Hyams B, Allen NC, et al. Dysregulated lung stroma
drives emphysema exacerbation by potentiating resident lym-
phocytes to suppress an epithelial stem cell reservoir.
Immunity 2023; 56: 576-591.e10.

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

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

ChenJ, Wang X, Schmalen A, et al. Antiviral CD8+ T-cell immune
responses are impaired by cigarette smoke and in COPD. Eur
RespirJ2023;62:2201374. DOI: 10.1183/13993003.01374-2022.
Bhat TA, Panzica L, Kalathil SG, et al. Immune dysfunction
in patients with chronic obstructive pulmonary disease. Ann
Am Thorac Soc 2015; 12: S169-S175.

Williams LM and Rudensky AY. Maintenance of the
Foxp3-dependent developmental program in mature regula-
tory T cells requires continued expression of Foxp3. Nat
Immunol 2007; 8: 277-284. PubMed.

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 regu-
latory T cells are decreased in COPD with a rapid decline in
lung function. Respir Res 2020; 21: 330.

Ryu MH, Yun JH, Morrow JD, et al. Blood gene expression
and immune cell subtypes associated with chronic obstruct-
ive pulmonary disease exacerbations. Am J Respir Crit Care
Med 2023; 208: 247-255.

Zhou M, Jiao L and Liu Y. sFRP2 promotes airway inflamma-
tion and Th17/Treg imbalance in COPD via Wnt/B-catenin
pathway. Respir Physiol Neurobiol 2019; 270: 103282.
Zhao N, Yu MJ, Xu J, et al. microRNA-29b mediates Th17/
Treg imbalance in chronic obstructive pulmonary disease by
targeting IL-22. J Biol Regul Homeost Agents 2021; 35:
987-999.

Saucillo DC, Gerriets VA, Sheng J, et al. Leptin metabolic-
ally licenses T cells for activation to link nutrition and
immunity. J Immunol 2014; 192: 136-144.

Gerriets VA, Danzaki K, Kishton RJ, et al. Leptin directly
promotes T-cell glycolytic metabolism to drive effector
T-cell differentiation in a mouse model of autoimmunity.
Eur J Immunol 2016; 46: 1970-1983.

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

Oh Y-M, Jeong B-H, Woo S-Y, et al. Association of plasma
adipokines with chronic obstructive pulmonary disease sever-
ity and progression. Ann Am Thorac Soc 2015; 12: 1005-1012.
Suzuki M, Makita H, Ostling J, et al. Lower leptin/adiponec-
tin ratio and risk of rapid lung function decline in chronic
obstructive pulmonary disease. Ann Am Thorac Soc 2014;
11: 1511-1519.

Bruzzaniti S, Bocchino M, Santopaolo M, et al. An immuno-
metabolic pathomechanism for chronic obstructive pulmonary
disease. Proc Natl Acad Sci U S A 2019; 116: 15625-15634.
Zhang H, Gao J, Tang Y, et al. Inflammasomes cross-talk
with lymphocytes to connect the innate and adaptive
immune response. J Adv Res 2023; 54: 181-193.

Cosio MG, Saetta M and Agusti A. Immunologic aspects of
chronic obstructive pulmonary disease. N Engl J Med 2009;
360: 2445-2454.

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

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


https://doi.org/10.7554/eLife.85875
https://doi.org/10.1172/jci.insight.144575
https://doi.org/10.1183/13993003.01374-2022
https://doi.org/10.1183/13993003.01374-2022

Innate Immunity

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Faner R, Cruz T, Casserras T, et al. Network analysis of lung
transcriptomics reveals a distinct B-cell signature in emphy-
sema. Am J Respir Crit Care Med 2016; 193: 1242-1253.
Hogg JC, Chu F, Utokaparch S, et al. The nature of
small-airway obstruction in chronic obstructive pulmonary
disease. N Engl J Med 2004; 350: 2645-2653. PubMed.
van der Strate BWA, Postma DS, Brandsma C-A, et al.
Cigarette smoke-induced emphysema: a role for the B cell?
Am J Respir Crit Care Med 2006; 173: 751-758. PubMed.
Kelsen SG, Aksoy MO, Georgy M, et al. Lymphoid follicle
cells in chronic obstructive pulmonary disease overexpress
the chemokine receptor CXCR3. Am J Respir Crit Care
Med 2009; 179: 799-805.

Litsiou E, Semitekolou M, Galani IE, et al. CXCLI13
Production in B cells via Toll-like receptor/lymphotoxin
receptor signaling is involved in lymphoid neogenesis in
chronic obstructive pulmonary disease. Am J Respir Crit
Care Med 2013; 187: 1194-1202.

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

Mackay F and Browning JL. BAFF: a fundamental survival
factor for B cells. Nat Rev Immunol 2002; 2: 465-475. PubMed.
Mackay F and Schneider P. Cracking the BAFF code. Nat
Rev Immunol 2009; 9: 491-502.

Polverino F, Cosio BG, Pons J, 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.

Moyron-Quiroz JE, Rangel-Moreno J, Kusser K, et al. Role of
inducible bronchus associated lymphoid tissue (iBALT) in
respiratory immunity. Nat Med 2004; 10: 927-934. PubMed.
Chiu C and Openshaw PJ. Antiviral B cell and T cell immun-
ity in the lungs. Nat Immunol 2015; 16: 18-26.

Hwang JY, Randall TD and Silva-Sanchez A. Inducible
bronchus-associated lymphoid tissue: taming inflammation
in the lung. Front Immunol 2016; 7: 258.

John-Schuster G, Hager K, Conlon TM, et al. Cigarette
smoke-induced iBALT mediates macrophage activation in
a B cell-dependent manner in COPD. Am J Physiol Lung
Cell Mol Physiol 2014; 307: L692-L706.

Seys LIM, Verhamme FM, Schinwald A, et al. Role of B
cell-activating factor in chronic obstructive pulmonary
disease. Am J Respir Crit Care Med 2015; 192: 706-718.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

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. DOI: 10.15252/emmm.201708349.
Ladjemi MZ, Lecocq M, Weynand B, et al. Increased IgA
production by B-cells in COPD via lung epithelial
interleukin-6 and TACI pathways. Eur Respir J 2015; 45:
980-993.

Pilette C, Godding V, Kiss R, et al. Reduced epithelial
expression of secretory component in small airways corre-
lates with airflow obstruction in chronic obstructive pulmon-
ary disease. Am J Respir Crit Care Med 2001; 163: 185-194.
PubMed.

Polosukhin VV, Cates JM, Lawson WE, et al. Bronchial secre-
tory immunoglobulin a deficiency correlates with airway
inflammation and progression of chronic obstructive pulmon-
ary disease. Am J Respir Crit Care Med 2011; 184: 317-327.
Ladjemi MZ, Martin C, Lecocq M, et al. Increased IgA
expression in lung lymphoid follicles in severe chronic
obstructive pulmonary disease. Am J Respir Crit Care Med
2019; 199: 592-602.

Gore MR, Fung E and Tao M. An analysis of biologic ther-
apies in patients with asthma and chronic rhinosinusitis.
Cureus 2022; 14: e30017.

Lee J, Machin M, Russell KE, et al. Corticosteroid modula-
tion of immunoglobulin expression and B-cell function in
COPD. FASEB J 2016; 30: 2014-2026.

Matsushita T. Regulatory and effector B cells: Friends or
foes? J Dermatol Sci 2019; 93: 2-7.

Mauri C and Menon M. Human regulatory B cells in health
and disease: therapeutic potential. J Clin Invest 2017; 127:
772-779.

Ran Z, Yue-Bei L, Qiu-Ming Z, et al. Regulatory B cells and
its role in central nervous system inflammatory demyelinat-
ing diseases. Front Immunol 2020; 11: 1884.

de Masson A, Socié G, Bagot M, et al. Deficient regulatory B
cells in human chronic graft-versus-host disease.
Oncoimmunology 2015; 4: €1016707. PubMed.

Lin S, Ma Z, Huang Y, et al. Chronic obstructive pulmonary
disease is characterized by reduced levels and defective sup-
pressive function of regulatory B cells in peripheral blood.
Mol Immunol 2022; 141: 87-93.

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 2022; 23: 287.


https://doi.org/10.15252/emmm.201708349

	 Introduction
	 Innate immune response
	 Action stage of humoral factors
	 Cell action stage
	 Toll-like receptor
	 Lectin receptor type C (CLR)
	 Other receptors with potential associations


	 Adaptive immunity
	 Cellular immunity
	 Humoral immunity

	 Conclusion
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


