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The impact of bacteria-derived ultrafine dust
particles on pulmonary diseases

Jinho Yang®'? Eun Kyoung Kim', Hyeon Ju Park', Andrea McDowell' and Yoon-Keun Kim'

Abstract

The relationship between ambient particulate matter exposure and health has been well established. Ultrafine particles
(UFP) with a diameter of 100 nm or less are known to increase pulmonary disease risk. Biological factors in dust
containing UFP can cause severe inflammatory reactions. Pulmonary diseases develop primarily as a result of chronic
inflammation caused by immune dysfunction. Thus, this review focuses on the adverse pulmonary effects of biological
UFP, principally lipopolysaccharide (LPS), and bacterial extracellular vesicles (EVs), in indoor dust and the
pathophysiological mechanisms involved in the development of chronic pulmonary diseases. The impact of LPS-
induced pulmonary inflammation is based primarily on the amount of inhaled LPS. When relatively low levels of LPS
are inhaled, a cascade of immune responses leads to Th2 cell induction, and IL-5 and IL-13 released by Th2 cells
contributes to asthma development. Conversely, exposure to high levels of LPS induces a Th17 cell response, leading
to increased production of IL-17, which is associated with asthma, COPD, and lung cancer incidence. Responses to
bacterial EV exposure can similarly be broadly divided based on whether one of two mechanisms, either intracellular
or extracellular, is activated, which depends on the type of the parent cell. Extracellular bacteria-derived EVs can cause
neutrophilic inflammation via Th17 cell induction, which is associated with asthma, emphysema, COPD, and lung
cancer. On the other hand, intracellular bacteria-derived EVs lead to mononuclear inflammation via Th1 cell induction,
which increases the risk of emphysema. In conclusion, future measures should focus on the overall reduction of LPS
sources in addition to the improvement of the balance of inhaled bacterial EVs in the indoor environment to minimize
pulmonary disease risk.

Introduction 2.5um or less (PM,5), and ultrafine particles (UFP) are

Particulate matter

The air we breathe inside our homes, workplaces,
schools, and public spaces is ubiquitously contaminated
with a variety of types of particulate matter that comprise
our indoor environment. Epidemiological studies world-
wide have consistently demonstrated links between
ambient particulate matter exposure and adverse health
outcomes, including increased rates of respiratory and
cardiovascular illness, hospitalization, and premature
mortality' . Particles are usually defined based on their
size: coarse particles are those with a diameter of 10 um or
less (PMyg), fine particles are those with a diameter of
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those with a diameter of 100nm or less, which are
abundant in number but make only a minor contribution
to the total mass*. UFP do not readily sediment or floc-
culate and thus have a longer retention time in the
atmosphere than fine particles, allowing them to be car-
ried long distances by the wind>°. In terms of health
hazards, fine particles are only absorbed by alveolar
macrophages when they enter the lungs, whereas UFP are
also absorbed by airway epithelial cells, which can trigger
a potent airway inflammatory response. Moreover, unlike
fine particles, UFPs are absorbed into the body and
increase the risk of cardiovascular and neuropsychiatric
disease. Due to this ability to more deeply infiltrate our
normal lines of defense against foreign particulate matter,
UFP are likely to be more harmful to health than fine
particles®”’.
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Fig. 1 Asthma, COPD, and lung cancer development is associated with chronic inflammation, which is a result of immune dysfunction.
Immune dysfunction is induced by susceptible genes and environmental factors, such as chemical and biological substances. Biological factors
including allergens and biological proteins that act as antigens induce Th1, Th2, and Th17 cell immune responses. These immune responses lead to
mononuclear, eosinophilic and neutrophilic inflammation and contribute to the development of COPD, asthma, and lung cancer.
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In addition, since most people spend ~87% of their time
indoors®, interest in the correlation between indoor
environments and health has been increasing™'’. Previous
studies have suggested that indoor dust is a more
important factor in health and disease than outdoor dust.
Indoor dust has particularly significant effects on health,
as it includes a wide variety of components, including
PM;o, PM, 5, nanoparticles, heavy metals, bacteria, fungi,
and house dust mite-derived allergens. However, promi-
nent organizations such as the World Health Organiza-
tion (WHO) and Environmental Protection Agency (EPA)
have not released specific regulations or guidelines in
terms of the particular composition of pollutants or
nanosized particles in the indoor environment. Rather, the
existing regulations more broadly address the total bac-
teria count (TBC) and the acceptable levels of PM;y,
PM, 5, heavy metals, gaseous pollutants and other pollu-
tants. Therefore, recent efforts have focused on exploring
the specific causative factors and mechanisms involved in
the effects of UFP as indoor air pollutants to understand
the correlation between indoor air dust and disease.

Impact of the biological factors in indoor dust on health

Inhaled air pollutants are correlated with pulmonary
disease and allergic diseases influenced by the environment,
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such as atopic dermatitis, asthma, and allergic rhinitis.
Aside from air pollutants, smoking is also known to be an
important factor in the development of chronic inflamma-
tory pulmonary diseases such as asthma, chronic obstruc-
tive pulmonary disease (COPD), and lung cancer'"'?,
Furthermore, exposure to chemicals with harmful phar-
macological effects is also a potential contributing factor to
chronic inflammatory disease. However, the etiology of a
large proportion of chronic inflammatory diseases in the
lungs cannot be explained by the effects of such chemical
factors alone. In addition, many COPD and lung cancer
patients have no history of cigarette smoking®®. Interest-
ingly, the relationship between serum anti-dust extracellular
vesicle (EV) IgG levels and the risk of asthma, COPD, and
lung cancer is stronger than that for cigarette smoking'*.
Pulmonary diseases are a result of chronic inflammation
induced by immune dysfunction stemming from the pre-
sence of genes conferring susceptibility and environmental
factors, including chemical substances and biological fac-
tors. Asthma, COPD, and lung cancer generally develop as a
result of pathology induced by chronic inflammation, e.g.,
airway hyperreactivity, airway fibrosis, alveolar destruction,
cell dysplasia, and tissue invasion (Fig. 1a).

Biological factors such as allergens, viruses, and bac-
terial substances in dust can cause severe inflammatory
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reactions in certain cases. For example, bacterial factors
might induce airway hypersensitivity due to exposure to
protein antigens. Even when humans are exposed to very
small amounts of bacterial factors, the body recognizes
the antigens as harmful, and this can cause an inflam-
matory reaction. Clinical manifestations may vary
depending on the type of inflammation that occurs in the
airways'>~". Biological factors in indoor dust can induce
immune dysfunction and chronic inflammation, leading
to chronic inflammatory pulmonary diseases, including
asthma and COPD'®". Biological factors acting as anti-
gens can differentially induce Thl, Th2, and Th17 cell
immune responses, leading to the release of IFN-gamma,
IL-5/IL-13, and IL-17; subsequently, these immune
response factors lead to the activation of the mono-
nuclear, eosinophilic, and neutrophilic pathways, respec-
tively, and contribute to the development of COPD,
asthma, and lung cancer (Fig. 1b).

Previous studies have demonstrated that Thl7 is
important for pathogen clearance and the support of host
defense reactions and induces tissue inflammation in
autoimmune diseases®®. Functionally, angiogenesis and
tumor growth are promoted by the overexpression of IL-
17 in tumor cell lines in immune-compromised mice*". In
addition, lung metastasis was shown to be suppressed by
IL-17A deficiency or IL-17A blockade in tumor models™.
Furthermore, IL-17 could directly promote the invasion of
non-small cell lung cancer (NSCLC) cells, and an elevated
IL-17 level in peripheral blood was shown to be related to
the tumor-node-metastasis (TNM) stage23. These results
indicate that tumor development is promoted by IL-17-
mediated responses through the production of a micro-
environment associated with tumor promotion and that a
primary mechanism of tumor induction is the IL-17-
mediated regulation of myeloid-derived suppressor cells
(MDSCs)**. Regarding Th17 cells in lung cancer, recent
studies have supported the role of Th17 cells in lung
cancer pathogenesis. The levels of Th17 markers, such as
RORC2, RORo4, IL-17A, IL-17A receptor, and VEGF,
were significantly elevated in lung cancer patients®>?°,
and immune effector T cells (Teff) from small cell lung
cancer (SCLC) patients included a large population of
Th17 cells’’. Furthermore, CD4 + -IL-17A + and
CD8 + -IL-17A + cells were detected in lung adeno-
carcinoma tissues, whereas they were absent in normal
tissues, suggesting the pathogenic role of IL-17A in lung
adenocarcinoma®®. Intranasal treatment with a neutraliz-
ing anti-IL-17A antibody in a lung adenocarcinoma
model was also shown to reduce tumor growth™.

Biological UFP in indoor dust

Biological fine particles contain microorganisms (bac-
teria and fungi) and contribute to ~5-34% of indoor air
pollution®®, However, a concrete scientific explanation of
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the underlying mechanisms and the extent to which
indoor contaminants, including UFP, cause disease
remains elusive. Microbes themselves cannot be classified
as biological UFP, as the typical bacterium is over a
micrometer in diameter, and pathogenic bacteria act
primarily as infectious agents. However, nanometer-sized
substances derived from microbes, such as lipopoly-
saccharide (LPS) and EVs, are common UFP in indoor
dust. LPS has been characterized as having various sizes
that are in the range of a few hundred nanometers;
however, there have been numerous reports of nanosized
(10-200 nm) LPS derived from bacteria®?*~3!. Bacterial
EVs are lipid bilayer vesicles that act as cell-to-cell com-
municators between bacterial cells or eukaryotic cells and
are secreted during cell proliferation and death®*??, The
endotoxin LPS is a cell wall component of gram-negative
bacteria that is ubiquitous in our living environment®*,
LPS, which directly affects the development of disease, is
both embedded in the cell membrane of gram-negative
EVs and detached from the cell membrane in the soluble
fraction (SF). The amount of LPS in dust SF was greater
than that in dust EV; however, the levels of TNF- « and
IL-6 induced by dust EV were significantly higher than
those induced by dust SF**. Thus, this review focuses on
the adverse pulmonary effects of biological UFP in indoor
dust, such as LPS and bacterial EVs, and the pathophy-
siological mechanisms involved in the development of
chronic pulmonary diseases such as asthma, COPD, and
lung cancer.

Lipopolysaccharide as a biological UFP
Association between LPS and pulmonary diseases based
on epidemiological studies

The endotoxin LPS is a cell wall component of gram-
negative bacteria that is ubiquitous in our living envir-
onment. LPS is a contaminant in various organic dusts
and environments that support gram-negative bacterial
growth. Exposure to LPS induces the production of pro-
inflammatory and immune-modulating factors via
TLR4>**°, Furthermore, LPS is known to be a biological
factor commonly derived from bacteria that is associated
with chronic inflammatory pulmonary disease'®. A sig-
nificant and growing body of literature has reported on the
association between endotoxin exposure and pulmonary
disease, including asthma, COPD, and emphysema®’.

Airborne endotoxin exposure has been linked with
occupational respiratory diseases in work environments
associated with high concentrations of organic dust, such
as agricultural sites, cotton mills, breweries, and waste
processing sites®®, Interestingly, it has been reported that
the LPS concentration in dust rather than the dust itself is
positively correlated with decreased pulmonary func-
tion®. Epidemiological studies suggest that endotoxin
exposure is positively associated with an increased risk of
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asthma and asthma severity in both adults and children®.
Furthermore, atopic asthma has also been positively
associated with early childhood exposure to endotoxins
through the transmission of infectious disease*'. Similarly,
a higher abundance of airway microbiota and increased
LPS levels have been identified in patients with neu-
trophilic asthma®®. Altogether, these epidemiological
findings suggest that exposure to LPS via inhalation may
be positively correlated with respiratory disease.

Pathophysiological mechanisms of LPS involved in the
development of pulmonary disease

Although efforts to determine the concrete etiological
basis of pulmonary disease are ongoing, several studies
have confirmed that LPS is a causative factor in respira-
tory disease and other chronic inflammatory illnesses. In a
mouse model, an allergen challenge was performed in
three ways: ovalbumin (OVA) with no LPS, OVA with
0.1 pug of LPS, or OVA with 100 pg of LPS. While treat-
ment with OVA, a protein commonly used to stimulate
allergic reactions, did not induce inflammatory responses,
OVA combined with LPS was reported to induce
inflammatory responses, suggesting that LPS is an
essential element of the inflammatory response associated
with immune dysfunction in the airways. Moreover, OVA
combined with a low dose of LPS led to Th2 cell
responses, and OVA combined with a high dose of LPS
was shown to induce Thl inflammatory responses. These
findings confirmed that the inflammatory immune
response in the airway is differentially induced depending
on the amount of LPS present in the indoor air environ-
ment*’, Our group’s research findings also demonstrated
that different forms of asthma can be induced in an
in vivo mouse model depending on the amount of LPS.
Animal models indicated that allergen sensitization with a
low dose of LPS (0.1 pg) induced type 2 asthma pheno-
types, such as airway hyperresponsiveness, eosinophilic
inflammation, and allergen-specific IgE upregulation.
Allergen sensitization with 10 ug of LPS-induced asthma
phenotypes such as airway hyperresponsiveness and Th17
cell-mediated neutrophilic inflammation'®,

Specific immunological responses have been shown to
vary in response to differing levels of LPS in the airway,
which can be generally classified according to two
immunological mechanisms: Th2 and Thl7 immune
responses (Fig. 2). It has been well established that low
doses of inhaled LPS induce a Th2 cell response. Fur-
thermore, when a combination of a low dose of LPS and
allergens enters the airway through inhalation, only LPS is
absorbed into airway epithelial cells and immune cells,
such as macrophages, natural killer T (NKT) cells, and
dendritic cells (DCs). Airway epithelial cells activated by a
low dose of LPS induce the secretion of pro-inflammatory
mediators, such as thymic stromal lymphopoietin (TSLP).
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TSLPs derived from epithelial cells both function in DC
activation and enable DCs to polarize naive T cells,
leading to the production of proallergic Th2 cytokines
such as IL-5 and IL-13*. Furthermore, this immunolo-
gical pathway leads to the production of (TNF-«) in
surrounding cells in response to macrophages and
NKT cells activated by TSLP or low levels of LPS. TNF-«
released by the surrounding immature dendritic cells then
induces the increased expression of costimulatory mole-
cules and IL-4 in dendritic cells'®. These mature dendritic
cells then migrate to the draining lymph nodes (DLN) and
induce T cell proliferation and differentiation into Th2
cells through the production of IL-4, activating the signal
transducer and activator of transcription 6 (STAT6) sig-
naling pathway*’. Through the STAT6 pathway, chronic
inflammatory signaling is initiated as Th2 cells are
induced to release IL-5 and IL-13, which are pro-
inflammatory cytokines associated with the development
of eosinophilic asthma and eosinophilic bronchitis.
Conversely, exposure to high levels of inhaled LPS is
primarily associated with the Th17 cell response. High-
dose LPS exposure induces vascular endothelial growth
factor (VEGF) release from surrounding cells, including
airway epithelial cells, macrophages, and NKT cells*.
VEGF is produced during the LPS-induced innate
response and acts as a potent mediator of vascular
remodeling and angiogenesis in the lungs*’. VEGF indu-
ces DC maturation and expression of costimulatory
molecules via the vascular endothelial growth factor
receptor 1 (VEGFR1)-dependent pathway. Through this
pathway, IL-6-expressing DCs are then upregulated, and
mature DCs are transferred to the DLN. Upon T cell
proliferation, the excess T cells differentiate into Th17
cells via the IL-6 and STATS3 signaling pathways. Through
the immunological response to high levels of airborne
LPS, Th17 cells are induced to secrete IL-17, contributing
to the development of serious pulmonary diseases such as
neutrophilic asthma, COPD, and lung cancer'®***’,

Bacterial EVs are a key etiological agent of chronic
pulmonary inflammatory diseases

Bacterial EVs are vesicles encased in a lipid bilayer
containing transmembrane proteins, cytosolic proteins,
LPS, and nucleic acids that range from 20 to 100 nm in
diameter. EVs are ubiquitous in all bacteria and are
commonly referred to as outer membrane vesicles
(OMVs) in Gram-negative bacteria and membrane vesi-
cles (MV) in Gram-positive bacteria®*>®, After oral
administration of bacteria-derived EVs, the EVs are
absorbed through the intestinal barriers and transported
to various organ systems, including the liver, adipose
tissue and skeletal muscle®. As the EV membrane is
embedded with surface ligands that interact with recep-
tors on target cells, EVs can attach to and modify the
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Fig. 2 Low level-lipopolysaccharide (LPS) in the airway is absorbed into airway epithelial cells and immune cells, such as macrophages,
natural killer T (NKT) cells, and dendritic cells (DCs). Exposure to low levels of LPS in the airway is associated with Th2 immune response and Th2
cytokines, such as IL-5 and IL-13, which contribute to the development of asthma. High levels of LPS in the airway induce vascular endothelial growth
factor (VEGF). High levels of LPS is related with Th17 immune response and increased Th17 cytokines, such as IL-17, that contributes to the

development of asthma, COPD, and lung cancer.
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physiological state of recipient cells**°. Furthermore,
bacterial EVs have recently been shown to be involved in
the development of a wide variety of diseases, including
cancer, diabetes, atopic dermatitis, and meningitis.

Association between EVs and pulmonary diseases based
on epidemiological studies

A variety of epidemiological evidence has suggested a
strong link between the presence of bacterial EVs in dust
in the indoor environment and chronic pulmonary illness.
For example, a previous clinical study reported that while
only ~5% of patients with allergic rhinitis or atopic der-
matitis and healthy subjects showed sensitization to bac-
terial EVs present in apartment dust, over 50% of patients
with childhood asthma were shown to be sensitized to
EVs in indoor dust. This finding indicates the particularly
significant role that EVs in indoor dust play in the
development of childhood asthma-associated immune
responses>”. Higher serum anti-dust EV IgG antibody
levels were also reported in patients with noneosinophilic
asthma, COPD, and lung cancer than in healthy con-
trols'*. Interestingly, adjusted multiple logistic regression
showed that the significant increase in anti-dust EV IgG
antibody levels in patients with pulmonary disease com-
pared with those in healthy controls was an independent
risk factor for asthma, COPD and lung cancer irrespective
of more typically associated factors, such as smoking
history, age, and sex'*. Altogether, while research on the
impact of bacterial EVs in indoor dust on pulmonary
disease is in its early stages, preliminary findings indicate
that bacterial EVs pose a serious risk in terms of asthma,
COPD, and lung cancer incidence.

Pathophysiological mechanism of microbial EVs involved
in the development of pulmonary disease

Our group was the first to report the presence of large
amounts of bacterial EVs in indoor dust collected from
beds in apartments®>°"*%, Significantly, these indoor dust
bacterial EVs were found to be mainly derived from
pathogenic bacteria. The microbial EV composition of
indoor dust is dominated by bacteria from the genera
Pseudomonas, Acinetobacter, Enterobacter, and Staphy-
lococcus (Manuscript in submission). We also demon-
strated that prolonged exposure to bacterial EVs in
inhaled indoor dust induces significant airway inflam-
mation that leads to severe asthma-like responses as well
as emphysema. The induction of emphysema is of parti-
cular concern, as it is known to be a major factor in the
development of irreversible airway obstruction, including
COPD™.

Airway exposure to microbial EVs triggers two main
pathophysiological mechanisms based on whether the
parent cell is extracellular vs. intracellular: the Thl7
response is induced in response to extracellular bacteria-
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derived EVs, especially Gram-negative OMVs, and the
Thl response is induced in response to intracellular
bacteria-derived EVs, such as Gram-positive myco-
bacterial MVs (Fig. 3). Specifically, extracellular bacterial
EVs generally induce neutrophilic inflammation via IL-17
release by polarized Th17 cells, while intracellular bac-
terial EVs cause mononuclear inflammation through IFN-
y produced by polarized Thl cells. The neutrophilic
inflammatory response induced by pathogenic bacterial
EVs generally leads to airway hyperreactivity and fibrosis
that contributes to asthma development, while the com-
bination of increased elastase production and fibrosis
induced by neutrophilic inflammation can lead to COPD.
Furthermore, epithelial cell dysplasia and induction of
matrix metalloproteinase (MMP) expression associated
with neutrophilic inflammation can lead to lung cancer,
and an increase in COPD incidence increases lung cancer
risk. Meanwhile, intracellular bacterial EVs, such as
mycobacterial EVs, lead to Thl polarization and sub-
sequent IFN-y-induced mononuclear inflammation,
leading to increased elastase production in alveoli and
thus causing emphysema.

Our previous studies have shown that repeated airway
exposure over four weeks to Gram-negative Escherichia
coli (E. coli)-derived EVs in mice induced IL-17A-
dependent neutrophilic inflammation and emphysema in
conjunction with elastase upregulation®. Intraperitoneal
injection of EVs derived from intestinal E. coli induced
host responses that resemble clinically relevant condi-
tions, such as systemic inflammatory response syndrome
(SIRS), that were characterized by piloerection, eye exu-
dates, hypothermia, tachypnea, leukopenia, disseminated
intravascular coagulation, dysfunction of the lungs,
hypotension, systemic increases in TNF-a and IL-6 pro-
duction, and lethality®®. Pseudomonas aeruginosa (P.
aeruginosa) often contributes to pulmonary diseases such
as cystic fibrosis, and its EVs increase pulmonary
inflammation through activation of the TLR2 and TLR4
pathways. P. aeruginosa-derived EVs induce pulmonary
inflammation via dose-dependent increases in the che-
mokines CXCL1 and CCL2 and the cytokines IL-1,
TNEF-qa, IL-6, and IFN-y and increases in neutrophils and
macrophages in vivo®®>, Moreover, indoor dust, which
contains many components of bacteria, has been asso-
ciated with both Thl and Th17 responses, which induce
neutrophilic pulmonary inflammation®>°®, As bacteria-
derived EVs can affect distal host cell sites'?, these vesicles
might have significant effects throughout the body. These
results suggest that the pathogenicity of bacterial EVs is
dependent on the substances contained in the EVs.

Although Gram-negative OMVs are better understood
and characterized than Gram-positive MVs, several
studies have uncovered immunological responses to
some common Gram-positive MVs in the airway. For
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example, mononuclear cell-induced inflammatory
responses associated with Gram-positive EVs produced
by pathogens such as Staphylococcus aureus (S. aureus),
a typical gram-positive bacterium, have been implicated
in atopic dermatitis-like skin inflammation®"*?. S. aur-
eus EVs increase IL-6, IL-17, serum IgGl, IgE, TSLP,
MIP-1a, and eotaxin levels in addition to increasing the
recruitment of mast cells and eosinophils in the skin®
Furthermore, repeated exposure to S. aureus EVs in the
airways induced both Thl (IFN-y) and Th17 (IL-17)
immune responses in addition to increasing neutrophilic
pulmonary inflammation primarily through TLR2
engagement®’. While the immune response to airway
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microbial EVs can be broadly categorized based on the
intracellular vs. extracellular type of the original cells,
the specific immune responses to different types of
bacterial EVs are summarized in Table 1. While various
immune responses have been reported for different
species of microbial EVs, common airway immune
responses can be identified based on the Gram-type of
indoor dust microbial EVs. For example, common airway
Gram-negative EVs, such as those derived from P. aer-
uginosa, E. coli, and Acinetobacter baumanii (A. bau-
manii), all increased IL-6 levels and neutrophilic activity.
Meanwhile, Gram-positive EVs, such as those derived
from S. aureus and Faecalibacterium prausnitzii
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Fig. 3 Bacteria-derived extracellular vesicles (EVs), especially Gram-negative outer membrane vesicles (OMVs), induce Th17 immune
response and lead to neutrophilic inflammation. Intracellular bacteria-derived EVs, such as Gram-positive mycobacterial membrane vesicles (MVs)
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Table 1 Immune responses to bacterial extracellular vesicles.

Bacterial EV Immune response Reference

Gram Negative OMV

Pseudomonas aeruginosa Dose-dependent gene and protein expression of MIP-2, TNF-a, IL-1B, and IL-6 in vitro. Ellis, et al.>®
Induction of pulmonary inflammation via dose-dependent increases in CXCL1, CCL2, IL-13, TNF-q, IL-6, and ~ Park, et al>®
IFN-y as well as increases in neutrophils and macrophages in vivo.

Escherichia coli Induction of systemic inflammatory responses via increases in serum TNF-a, IL-6, and IFN-y and increases  Park, et al*
in lung permeability and dysfunction in vivo.
Induction of emphysema through IL-17a-mediated neutrophilic inflammation in vivo. Kim, et al>
Induction of systemic and lung inflammation via increased TNF-a and IL-6 levels in serum and Jang, et al.”®
bronchoalveolar lavage fluid in vivo.

Acinetobacter baumannii Intratracheal administration of EVs elicits expression of IL-1B3, IL-6, IL-8, MIP-1a, and MCP-1 in lungs in Jun, et al®®
addition to vacuolization, detachment of epithelial cells and neutrophilic infiltration.
Hemorrhage, necrosis, and infiltration of polymorphonuclear leukocytes in lung tissue 48 h after Jin, et al®!
intratracheal infection of EVs in vivo.

Gram Positive MV

Staphylococcus aureus Increases in IL-6, IL-17, serum IgG1, IgE, TSLP, MIP-1a, and eotaxin levels in addition to the recruitment of Hong, et al!
mast cells and eosinophils in a dose-dependent manner.
Induction of neutrophilic pulmonary inflammation through Th1 and Th17 cell responses in vivo. Kim, et al>’

Faecalibacterium prausnitzii

Upregulation of the anti-inflammatory cytokines IL-10, TFG-32, and IL-1RA and downregulation of the pro-

Jafari, et al®?

inflammatory cytokines IL-6, TNF-a and TNF-B in a lung cancer cell line.

OMV outer membrane vesicles, MIP macrophage inflammatory proteins, TNF tumor necrosis factor, IL interleukin, CXCL chemokine (C-X-C motif) ligand, CCL
Chemokine (C-C motif) ligand, MV membrane vesicles, Ig immunoglobin, s-lg secretory Ig, IFN Interferon, TSLP thymic stromal lymphopoietin, TFG transforming

growth factor

(F. prausnitzii), have been reported to commonly
increase IFN- y levels.

Conclusion

Prolonged exposure to biological UFP contained in
indoor dust has been recently demonstrated to induce a
variety of innate and chronic immune responses that can
lead to the development of a variety of respiratory dis-
eases. Generally, bacterial UFP can be segregated into two
classes: very fine LPS particles and bacterial EVs. Pre-
viously, LPS has been targeted as the key biological UFP
contributing to indoor dust, and recent studies have
highlighted the influence of bacterial EVs. For example, it
has been shown that treatment with Gram-negative EVs
elicits stronger pro-inflammatory immune responses than
that with isolated LPS, primarily due to the necessity of
vesicle proteins for macrophage internalization®®. Such
findings suggest that while Gram-negative bacterial
OMVs contain LPS, other components of bacterial EVs
influence the activation of pro-inflammatory innate
immune responses by the innate immune system. Fur-
thermore, EVs from Gram-positive bacteria lacking LPS
are similarly able to differentially illicit both powerful pro-
and anti-inflammatory immune responses, emphasizing
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the complex effects bacterial EVs have on chronic pul-
monary disease risk.

As understanding of the significant health risks posed
by inhaled ultrafine biological particles begins to coalesce
within the scientific community, it is necessary to
implement appropriate measures to improve the air
quality of indoor environments to reduce chronic pul-
monary disease risk. Although LPS as an isolated ligand
plays a more straightforward dose-dependent etiological
role in pulmonary disease, the complex, dynamic nature
of bacterial EVs requires a more holistic approach
towards the optimization of the indoor environment.
While further metagenomic and proteomic assessment
of bacterial EVs in a wider variety of indoor environ-
ments and vulnerable populations is required, pre-
liminary findings indicate that efforts to improve the
indoor dust bacterial EV balance should focus on the
normalization of environments with heavy amounts of
Gram-negative contamination. In conclusion, future
measures should focus on the overall reduction of LPS
sources in addition to the improvement of the overall
balance of inhaled pathogenic and beneficial bacterial
EVs in the indoor environment to minimize pulmonary
disease risk.



Yang et al. Experimental & Molecular Medicine (2020) 52:338—347

Acknowledgements

This research was supported by the Bio & Medical Technology Development
Program of the National Research Foundation (NRF) funded by the Korean
government (MSIT) (NRF-2016M3A9B6901516).

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 6 September 2019 Revised: 6 November 2019 Accepted: 14
November 2019.
Published online: 17 March 2020

References

1.

Lim, S. S. et al. A comparative risk assessment of burden of disease and injury
attributable to 67 risk factors and risk factor clusters in 21 regions, 1990-2010:
a systematic analysis for the Global Burden of Disease Study 2010. Lancet 380,
2224-2260 (2012).

Forouzanfar, M. H. et al. Global, regional, and national comparative risk
assessment of 79 behavioural, environmental and occupational, and meta-
bolic risks or clusters of risks in 188 countries, 1990-2013: a systematic analysis
for the Global Burden of Disease Study 2013. Lancet 386, 2287-2323 (2015).
Thurston, G. D. et al. A joint ERS/ATS policy statement: what constitutes an
adverse health effect of air pollution? An analytical framework. Eur. Respir. J. 49,
1600419 (2017).

Warneck, P. Chemistry of the Natural Atmosphere, Vol. 41. Ch. 7 (Academic Press
Inc, San Diego, 1988).

Stone, V. et al. Nanomaterials versus ambient ultrafine particles: an opportunity
to exchange toxicology knowledge. Environ. Health Perspect. 25, 106002 (2017).
Karottki, D. G. et al. Indoor and outdoor exposure to ultrafine, fine and
microbiologically derived particulate matter related to cardiovascular and
respiratory effects in a panel of elderly urban citizens. Int. J. Environ. Res. Public
Health 12, 1667-1686 (2015).

Totlandsdal, A. I, Cassee, F. R, Schwarze, P, Refsnes, M. & Lag, M. Diesel exhaust
particles induce CYP1A1 and pro-inflammatory responses via differential
pathways in human bronchial epithelial cells. Part Fibre Toxicol. 7, 41 (2010).

Klepeis, N. E. et al. The National Human Activity Pattern Survey (NHAPS): a
resource for assessing exposure to environmental pollutants. J. Expo. Anal.
Environ. Epidemiol. 11, 231-252 (2001).

Lee, S. C. & Chang, M. Indoor and outdoor air quality investigation at schools
in Hong Kong. Chemosphere 41, 109-113 (2000).

Mendes, A. et al. Indoor air quality and thermal comfort-results of a pilot study
in elderly care centers in Portugal. J. Toxicol. Environ. Health A 76, 333-344
(2013).

Raaschou-Nielsen, O. et al. Particulate matter air pollution components and
risk for lung cancer. Environ. Int. 87, 66-73 (2016).

Anthonisen, N. R, Connett, J. E. & Murray, R. P. Smoking and lung function of
lung health study participants after 11 years. Am. J. Respir. Crit. Care Med. 166,
675-679 (2002).

Yang, J, Kim, Y. K, Kang, T. S, Jee, Y. K & Kim, Y. Y. Importance of indoor dust
biological ultrafine particles in the pathogenesis of chronic inflammatory
pulmonary disease. Environ. Health Toxicol. 32, €2017021 (2017).

Kim, Y. S. et al. IgG Sensitization to Extracellular Vesicles in inoor dust is closely
associated with the prevalence of non-eosinophilic asthma, COPD, and lung
cancer. Allergy Asthma Immunol. Res. 8, 198-205 (2016).

Dowse, G. K, Turner, K J, Stewart, G. A, Alpers, M. P. & Woolcock, A. J. The
association between Dermatophagoides mites and the increasing prevalence
of asthma in village communities within the Papua New Guinea highlands. J.
Allergy Clin. Immunol. 75, 75-83 (1985).

Charpin, D. et al. Altitude and allergy to house-dust mites: a paradigm of the
influence of environmental exposure on allergic sensitization. Am. Rev. Respir.
Dis. 143, 983-986 (1991).

Platts-Mills, T. A. E, Vervioet, D, Thomas, W. R, Aalberse, R. C. & Chapman, M. D.
Indoor allergens and asthma: report of the Third International Workshop. J.
Allergy Clin. Immunol. 100, S2-S24 (1997).

Official journal of the Korean Society for Biochemistry and Molecular Biology

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

346

Kim, Y. K. et al. Airway exposure levels of lipopolysaccharide determine type 1
versus type 2 experimental asthma. J. Immunol. 178, 5375-5382 (2007).
Jeon, S. G. et al. TH2 and TH1 lung inflalmmation induced by airway allergen
sensitization with low and high doses of double-stranded RNA. . Allergy Clin.
Immunol. 120, 803-812 (2007).

Duan, M. C, Zhong, X. N, Liu, G. N. & Wei, J. R. The Treg/Th17 Paradigm in
Lung Cancer. J. Immunol. Res. 2014, 730380 (2014).

Numasaki, M. et al. IL-17 enhances the net angiogenic activity and
in vivo growth of human non small cell lung cancer in SCID mice
through promoting CXCR-2-dependent angiogenesis. J. Immunol. 175,
6177-6189 (2005).

Carmi, Y. et al. Microenvironment-derived IL-1 and IL-17 interact in the control
of lung metastasis. J. Immunol. 186, 3462-3471 (2011).

Li, Q et al IL-17 promoted metastasis of non-small-cell lung cancer cells.
Immunol. Lett. 148, 144-150 (2012).

He, D. et al. IL-17 promotes tumor development through the induction of
tumor promoting microenvironments at tumor sites and myeloid-derived
suppressor cells. J. Immunol. 184, 2281-2288 (2010).

Reppert, S. et al. A role for T-bet-mediated tumour immune surveillance in
anti-IL-17A treatment of lung cancer. Nat. Commun. 2, 600 (2011).

Li, Y. et al. Effects of IL-17A on the occurrence of lung adenocarcinoma. Cancer
Biol. Ther. 12, 610-616 (2011).

Koyama, K. et al. Reciprocal CD4* T-cell balance of effector CD62L°" CD4+
and CD62LM"CD25+ CD4™ regulatory T cells in small cell lung cancer reflects
disease stage. Clin. Cancer Res. 14, 6770-6779 (2008).

Srikanth, P, Sudharsanam, S. & Steinberg, R. Bio-aerosols in indoor environ-
ment: composition, health effects and analysis. Indian J. Med. Microbiol. 26,
302-312 (2008).

Bergstrand, A, Syanverg, C, Langton, M. & Nyden, M. Aggregation behavior
and size of lipopolysaccharide from Escherichia coli O5585. Colloids Surf. B
Biointerfaces 53, 9-14 (2006).

Santos, N. C, Silva, A. C, Castanho, M. A. R. B, Martins-Silva, J. & Saldanha, C.
Evaluation of lipopolysaccharide aggregation by light scattering spectroscopy.
Chembiochem 4, 96-100 (2003).

Richter, W. et al. Morphology, size distribution, and aggregate structure of
lipopolysaccharide and lipid A dispersions from enterobacterial origin. Innate
Immun. 17, 427-438 (2010).

Lee, E. Y. et al. Global proteomic profiling of native outer membrane vesicles
derived from Escherichia coli. Proteomics 7, 3143-3153 (2007).

Lee, E. Y. et al. Grampositive bacteria produce membrane vesicles: proteomics-
based characterization of Staphylococcus aureus-derived membrane vesicles.
Proteomics 9, 5425-5436 (2009).

Kim, Y. M, Kim, Y. S, Jeon, S. G. & Kim, Y. K. Immunopathogenesis of allergic
asthma: more than the Th2 hypothesis. Allergy Asthma Immunol. Res. 5,
189-196 (2013).

Kim, Y. S. et al. Extracellular vesicles, especially derived from Gram-negative
bacteria, in indoor dust induce neutrophilic pulmonary inflammation
associated with both Th1 and Th17 cell responses. Clin. Exp. Allergy 43,
443-454 (2013).

Lundin, J. I. & Checkoway, H. Endotoxin and cancer. Environ. Health Perspect.
117, 1344-1350 (2009).

Stewart, I, Schluter, P. J. & Shaw, G. R. Cyanobacterial lipopolysaccharides and
human health - a review. Environ. Health 5, 7 (2006).

Michel, O. Systemic and local airways inflammatory response to endotoxin.
Toxicology 152, 25-30 (2000).

Dosman, J. A. et al. Respiratory response to endotoxin and dust predicts
evidence of inflammatory response in volunteers in a swine bamn. Am. J. Ind.
Med. 49, 761-766 (2006).

Looringh van Beeck, F. A, Hoekstra, H, Brunekreef, B. & Willemse, T. Inverse
association between endotoxin exposure and canine atopic dermatitis. Vet. J.
190, 215-219 (2011).

IIli, S. et al. Early childhood infectious diseases and the development of asthma
up to school age: a birth cohort study. BMJ 322, 390-395 (2001).

Simpson, J. L. et al. Innate immune activation in neutrophilic asthma and
bronchiectasis. Thorax 62, 211-218 (2007).

Eisenbarth, S. C. et al. Lipopolysaccharide-enhanced, toll-like receptor 4-
dependent T helper cell type 2 responses to inhaled antigen. J. Exp. Med. 196,
1645-1651 (2002).

Soumelis, V. et al. Human epithelial cells trigger dendritic cell mediated
allergic inflammation by producing TSLP. Nat. Immunol. 3, 673-680
(2002).



Yang et al. Experimental & Molecular Medicine (2020) 52:338—347

45.

47.

48.

49.

50.

51

52.

53.

Zhy, J, Guo, L, Watson, C. J, Hu-Li, J. & Paul, W. E. Stat6 is necessary and
sufficient for IL-4's role in in Th2 differentiation and cell expansion. J. Immunol.
166, 72767281 (2001).

Hahn, R. G. Endotoxin boosts the vascular endothelial growth factor (VEGF) in
rabbits. J. Endotoxin Res 9, 97-100 (2003).

Lee, C. G. et al. Vascular endothelial growth factor (VEGF) induces remodeling
and enhances TH2-mediated sensitization and inflammation in the lung. Nat.
Med. 10, 1095-1103 (2004).

Chai, Y. et al. Gut microbederived extracellular vesicles induce insulin resis-
tance, thereby impairing glucose metabolism in skeletal muscle. Sci. Rep. 5,
15878 (2015).

Raposo, G. & Stoorvogel, W. Extracellular vesicles: exosomes, microvesicles, and
friends. J. Cell Biol. 200, 373-383 (2013).

Colombo, M, Raposo, G. & Thery, C. Biogenesis, secretion, and intercellular
interactions of exosomes and other extracellular vesicles. Annu Rev. Cell Dev.
Biol. 30, 255-289 (2014).

Hong, S. W. et al. Extracellular vesicles derived from Staphylococcus
aureus induce atopic dermatitis-like skin inflammation. Allergy 66,
351-359 (2011).

Hong, S. W. et al. An important role of alpha-hemolysin in extracellular vesicles
on the development of atopic dermatitis induced by Staphylococcus aureus.
PLoS ONE 9, 100499 (2014).

Kim, Y. S. et al. Extracellular vesicles derived from Gram-negative bacteria, such
as Escherichia coli, induce emphysema mainly via IL-17A-mediated neu-
trophilic inflammation. J. Immunol. 194, 3361-3368 (2015).

Official journal of the Korean Society for Biochemistry and Molecular Biology

54.

55.

56.

57.

58.

59.

60.

61.

62.

347

Park, K. S. et al. Outer membrane vesicles derived from Escherichia coli
induce systemic inflammatory response syndrome. PLoS ONE 5, e11334
(2010).

Park, K S. et al. Pulmonary inflammation induced by bacteria-free outer
membrane vesicles from Pseudomonas aeruginosa. Am. J. Respir. Cell Mol. Biol.
49, 637-645 (2013).

Ellis, T. N. & Kuehn, M. J. Virulence and immunomodulatory roles of bacterial
outer membrane vesicles. Microbiol. Mol. Biol. Rev. 74, 81-94 (2010).

Kim, M. R. et al. Staphylococcus aureus-derived extracellular vesicles induce
neutrophilic pulmonary inflammation via both Th1 and Th17 cell responses.
Allergy 67, 1271-1281 (2012).

Ellis, T. N, Leiman, S. A. & Kuehn, M. J. Naturally produced outer membrane
vesicles from  Pseudomonas aeruginosa elicit a potent innate immune
response via combined sensing of both lipopolysaccharide and protein
components. Infect. Immun. 78, 3822-3831 (2010).

Jang, S. C et al. In vivo kinetic biodistribution of nano-sized outer membrane
vesicles derived from bacteria. Small 11, 456-461 (2015).

Jun, S. H. et al. Acinetobacter baumannii outer membrane vesicles elicit a
potent innate immune response via membrane proteins. PLoS ONE 8, €71751
(2013).

Jin, J. S. et al. Acinetobacter baumannii secretes cytotoxic outer membrane
protein A via outer membrane vesicles. PLoS ONE 6, e17027 (2011).

Jafari, B, Khavari Nejad, R. A, Vaziri, F. & Siadat, S. D. Evaluation of the effects of
extracellular vesicles derived from Faecalibacterium prausnitzii on lung cancer
cell line. Biologia 74, 889-898 (2019).



	The impact of bacteria-derived ultrafine dust particles on pulmonary diseases
	Introduction
	Particulate matter
	Impact of the biological factors in indoor dust on health
	Biological UFP in indoor dust

	Lipopolysaccharide as a biological UFP
	Association between LPS and pulmonary diseases based on epidemiological studies
	Pathophysiological mechanisms of LPS involved in the development of pulmonary disease

	Bacterial EVs are a key etiological agent of chronic pulmonary inflammatory diseases
	Association between EVs and pulmonary diseases based on epidemiological studies
	Pathophysiological mechanism of microbial EVs involved in the development of pulmonary disease

	Conclusion
	ACKNOWLEDGMENTS




