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ABSTRACT

Humidifier disinfectants (HDs) exposure has now been associated with acute lung injury
and pulmonary fibrosis; polyhexamethylene guanidine (PHMG) has been confirmed to
cause severe lung inflammation and fibrosis in mice. Recent evidence also indicates that
HDs exposure increases the asthma risk in children, but the underlying mechanisms remain
unclear. We aimed to investigate the effects of PHMG exposure on asthma in mice and the
potential underlying mechanisms. BALB/c mice were intranasally administered PHMG

(0.1 mg/kg/day; 5 days per week) during 2 episodes of ovalbumin (OVA) sensitization and
were then challenged with 1% OVA by inhalation. Bronchial hyperresponsiveness (BHR),
inflammatory cell influx into bronchoalveolar lavage (BAL) fluid, serum total and OVA-
specific immunoglobulin (Ig) E levels, and histopathological changes in the lung were
analyzed. The levels of asthma-related cytokines and chemokines were assayed in the lung
tissues to evaluate possible mechanisms. Exposure to PHMG following OVA sensitization
and challenge significantly enhanced BHR, inflammatory cell counts in BAL fluid, airway
inflammation, and total serum IgE levels in the asthma mouse model. In addition, the levels
of chemokine ligand (CCL) 11 and serpine F1/pigment epithelium-derived factor (SERPINF1)
were significantly elevated in the lungs of these mice compared to those in the control and
OVA-treated only groups. Our findings suggest that PHMG can enhance the development of
allergic responses and lung inflammation via CCL11- and SERPINFI-induced signaling in a
mouse model of asthma.

Keywords: Humidifiers; disinfectants; polyhexamethyleneguanidine; asthma;
bronchial hyperreactivity; mice; chemokine CCL11; Serpins
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INTRODUCTION

Polyhexamethylene guanidine (PHMG) has been widely used as a biocide and was
incorporated into humidifier disinfectants (HDs) because of its potent bactericidal activity
and low toxicity.! However, the Korea Center for Disease Control and Prevention and the
Ministry of Health and Welfare reported in 2011 that an outbreak of pulmonary disease of
unknown cause may have originated from HDs containing PHMG as the main ingredient.?
HDs are dispersed into the air via the humidifier's aerosolizer as nanoparticles, which can
easily reach the distal airways, resulting in the development of acute interstitial pneumonia
and pulmonary fibrosis.*# In addition, PHMG causes severe lung inflammation, fibrosis,
and thymic atrophy-via generation of reactive oxygen species and induction of fibrotic
inflammatory cytokine release in mice.>® Additional evidence has shown that HDs exposure
increases the risk of asthma in children.” Despite the association between PHMG exposure
and lung disease, however, mechanisms underlying the development of asthma through
actions of PHMG have remained unclear.

Asthma is a chronic respiratory disorder of the lungs characterized by airway obstruction,
wheezing and bronchial hyperresponsiveness (BHR).® Chronic inflammation causes airway
remodeling and specific changes manifesting as sub-epithelial fibrosis.’*! Due to its high
susceptibility to environmental exposure, the development of asthma is known to be strongly
linked to a number of environmental factors including microbes, allergens, tobacco smoke,
pollutants and chemicals.’* Most notably, exposure to pollutants and chemicals accounts
for the majority of known triggers of obstructive events in asthma.”!® Experimental studies
have provided evidence of a biological basis for particulates and chemicals as risk factors
for asthma, as indicated by the enhanced airway inflammation and immunoglobulin (Ig)

E production that accompany this phenomenon.”? Hence, the inadvertent inhalation of
pollutants and chemicals is a human health concern, particularly for susceptible individuals
with underlying disease such as asthma.

There has been no direct evidence to date that PHMG can cause asthma. We investigated
in this current study, therefore, whether PHMG causes asthma-related consequences in a
BALB/c mice model.

MATERIALS AND METHODS

Animal experiments

Female BALB/c mice (5-week-old, n =5 per group) were purchased from OrientBio
(Seongnam, Korea) and housed under controlled humidity (40%) and temperature (22°C
+2°C) conditions, with a 12 hour- light/dark cycle. All animal studies were reviewed and
approved by the Institutional Animal Care and Use Committee of Asan Medical Center. The
mouse model of asthma was generated using a previously established protocol.* Briefly, on
days O and 7 the animals were sensitized by intraperitoneal administration of ovalbumin
(OVA 10 pg, grade V, Sigma-Aldrich, St. Louis, MO, USA) and alum (Imject®, 2.25 mg, Thermo
Fisher Scientific, Waltham, MA, USA). One week after the final sensitization, the mice were
administrated 1% OVA by inhalation using an ultrasonic sprayer (Nescosonic UN-511, Alfresa,
Osaka, Japan) for 30 minutes on 3 successive days (OVA challenge). During the sensitization
phase, the PHMG-exposure groups received 0.1 mg/kg/day PHMG intranasally, 5 days per
week, over 2 weeks. The animals were euthanized 24 hours after the final OVA challenge.
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Measurement of BHR and cell number in bronchoalveolar lavage fluid (BALF)
and histopathological analysis of the lung

Twenty-four hours after the final OVA challenge, BHR was measured in conscious
unrestrained mice using a barometric whole-body plethysmograph (All Medicus, Anyang,
Korea). BALF was obtained through the airway and the number of nucleated cells was
counted using a hemocytometer. For histological evaluations, fixed left lung tissue was
stained with hematoxylin and eosin as previously described.?

Quantitation of serum IgE

Total and OVA-specific IgE levels in serum were measured by Enzyme-Linked
Immunosorbent Assay. Details are provided in the ‘Supplementary Methods’ section in the
Online Repository.

Real-time reverse transcription polymerase chain reaction (qPCR) and
western blotting

The relative expression of the C-C motif chemokine ligand (CCL) 11, CCL17, and T helper (Th)
2-related cytokines (interleukin [IL]-4, IL-5 and IL-13) was measured using qPCR. Each signal
was normalized against GAPDH signals in the same sample. Total protein was extracted from
lung and resolved on 10% SDS-PAGE. Anti-serpineF1/pigment epithelium-derived factor
(SERPINF1/PEDF) antibody was procured from R&D Systems (Minneapolis, MN, USA) and
anti-B-actin from Sigma-Aldrich. Blots were analyzed using Image J (National Institutes of
Health, Rockville, MD, USA). Details are provided in the ‘Supplementary Methods’ section in
the Online Repository.

Statistical analysis

Significance was determined by performing one-way analysis of variance with Tukey's
multiple comparison test using GraphPad Prism 5.0 (San Diego, CA, USA). A Pvalue of <0.05
was considered significant.

Supplementary methods
Further information on detailed methods is provided in the Supplementary Methods section
in this article's Online Repository.

RESULTS

Exposure to PHMG exacerbates characteristics of asthma in a mouse model
We first investigated whether PHMG exposure during allergen sensitization in mice enhances
asthma-related consequences. The animals were intranasally exposed to PHMG during

the OVA sensitization phase (Fig. 1A), which significantly elevated BHR compared to the
control group (Fig. 1B). We then observed increased inflammatory cell infiltration in the
peribronchial and perivascular areas of these PHMG-exposed mice compared to the control
and OVA-treated only groups (Fig. 1C). Concordantly, the number of total cells, eosinophils
and macrophages in BALF were significantly higher following exposure to PHMG and OVA
(Fig. 1D and E), as were the total and OVA-specific IgE levels in the serum (Fig. 1F and G).
However, mice exposed to PHMG plus OVA did not exhibit significant differences in OVA-
specific IgE in the serum compared to those exposed to OVA alone (Fig. 1G).
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Fig. 1. PHMG enhances allergic airway inflammation in a mouse model of asthma. (A) Experimental protocol for the intranasal administration of PHMG. BALB/c
mice were either exposed or not to PHMG during OVA sensitization and then subjected to a further OVA challenge. (B) Measurement of BHR in the mice in
response to inhaled methacholine. (C) hematoxylin and eosin-stained lung tissue. (D) Total and (E) differential cell counts in the bronchoalveolar lavage fluid. (F)
Total- and (G) Serum levels of OVA-specific IgE.

Con, control; OVA, ovalbumin; P/S/CON, control group exposed to PHMG during sensitization; P/S/OVA, OVA group exposed to PHMG during sensitization; Ig,
immunoglobulin; PHMG, polyhexamethyleneguanidine; BHR, bronchial hyperresponsiveness.

Significance was determined using one-way analysis of variance, *P < 0.05, TP < 0.01, *P < 0.001. In the significance of BHR, $P < 0.01 was compared to the control
group, and P < 0.05 was compared to the OVA group.
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Fig. 2. The expression of chemokine ligand (CCL) 77 and serpine F1/pigment epithelium-derived factor (SERPINF1/
PEDF) in the mice lungs. PHMG enhances mRNA expressions of (A) CCL11, (B) CCL17 and (C) interleukin (IL)-4 in
the mouse lung tissue. (D) Western blotting analysis shows increased expressions of SERPINF1 and f3-actin in the
lung tissue.

Con, control; OVA, ovalbumin; P/S/CON, control group exposed to PHMG during sensitization; P/S/OVA, OVA
group exposed to PHMG during sensitization; IL, interleukin; PHMG, polyhexamethyleneguanidine; BHR, bronchial
hyperresponsiveness.

Significance was determined using one-way analysis of variance, *P < 0.05, TP < 0.01, ¥P < 0.001.

The increased allergic response caused by PHMG is mediated via upregulation
of CCL11 and SERPINF1

To elucidate mechanisms by which PHMG during OVA sensitization exacerbate asthma, we
assayed various asthma-related chemokines (CCL1I and CCLI?) and Th2 related cytokines (/L-4,
IL-5, and IL-13) in the lungs. However, there were no detectable /L-5and [L-I3 transcripts in

the lung (data not shown). PHMG exposure with OVA produced a greater increase in CCLI1
expression compared to the control or OVA-treated only groups (Fig. 2A). However, no greater
increase was observed in the IL-4 or CCL17 following PHMG exposure with OVA (Fig. 2B and C).
We also observed higher SERPINF1 expression in the PHMG-exposed animals (Fig. 2D).

DISCUSSION

Our present findings demonstrated that intranasally administered PHMG during OVA
sensitization enhanced the pathological aspects of allergic airway disease upon OVA
challenge. We further observed that PHMG aggravated allergen-related airway inflammation
by increasing CCL11 and SERPINFI1 expression in the lungs of asthma. Therefore, the key
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finding of our current study is that PHMG acted an adjuvant that aggravates allergic airway
inflammation via CCL11- and SERPINFI-induced signaling in the lung.

Particulate matter (PM) and pollutants are known to have adjuvant effects on allergic
sensitization and induce inflammation upon exposure to typical allergens.” Our finding

that PHMG exposure during allergen sensitization enhanced the allergic response to
subsequent allergen challenge indicates that it may exhibit adjuvant-like characteristics during
the development of allergic airway disease. It is notable that PHMG alone did not induce
inflammation in low dose exposure but when combined with OVA challenge caused significant
inflammation, a marked degree of BHR, and an increase in the total serum IgE level. Similarly,
it has previously been reported that exposure to carbon nanoparticles aggravates allergic
inflammation and mucus hypersecretion, especially in the presence of antigen.?**> Moreover,
another study has demonstrated that exposure to PM causes airway inflammation and allergic
sensitization after an OVA challenge in mice, and has immune adjuvant activity.” Hence, our
current results and previously reported evidence suggest that PHMG as a chemical acts as an
adjuvant effector for OVA in the induction of airway inflammation.

Our results also indicated that CCLII expression, but not CCLI7 or IL-4, in the mouse lungs
was significantly upregulated following PHMG exposure during OVA sensitization. CCL11
and CCL17 are known to play important roles in orchestrating inflammatory responses in
asthma through different routes.* Generally, CCL11 functions via C-C chemokine receptor
(CCR) 3 to promote eosinophil infiltration of the lung, which in turn stimulates the release
of more of these CCR3-binding chemokines. However, CCL17 induces a Th2 response and
Th2 cell migration through induction of IL-4 expression. Importantly, CCL11 is a biomarker
of prolonged eosinophilia after allergen exposure and plays a key role in mediating chronic
inflammatory responses in asthma, bronchitis, and chronic obstructive pulmonary disease
(COPD) by recruiting, activating, and promoting eosinophils in the respiratory tract.”*
Furthermore, CCL11 stimulates macrophage and eosinophil migration by binding to CCR3.*°
Macrophages are known to contribute to the development of chronic inflammation and
persistent macrophage activation further damages the airways. Here, we observed a higher
number of macrophages and eosinophils, in the PHMG with OVA group compared to the
OVA group (Fig. 1). It is thus possible that in mice, PHMG enhances allergic asthma-related
consequences via CCL11-related responses rather than through CCL17, in the background of
exposure to another allergen.

A recent report has indicated that CCL11 contributes to profibrogenic activity and airway
remodeling in asthma through the recruitment and migration of circulating fibrocytes.’>*
Furthermore, high expression of CCL11 enhances lung fibrosis and profibrotic cytokine
production in bleomycin-stimulated mice.>* Our current analyses have revealed that
SERPINF1 levels were increased in the lung following exposure to PHMG in the background
of OVA challenge. SERPINFI, also known as PEDF, is an important regulator of pulmonary
fibrosis® and is expressed in human pulmonary epithelia, pulmonary fibroblasts/
myofibroblasts, and alveolar interstitium.** SERPINF1 levels have been shown to be
significantly elevated in the lungs of patients with COPD or idiopathic pulmonary fibrosis.>*
SERPINF1 may contribute to the induction of endothelial cell apoptosis and the subsequent
destruction of alveolar lung tissue as SERPINFI is an angiogenesis inhibitor.**** SERPINF1
may also contribute to fibrotic scaring through direct binding to collagen-1 as evidenced by
the colocalization of SERPINF1 with collagen-1.*> As our data revealed a significantly high
level of CCL11 in response to PHMG administration with OVA challenge, it is possible that
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the effects of PHMG are mediated through CCL11, which affects the profibrogenic activity
of lung fibroblasts during airway remodeling in asthma.? Although the expression of IL-4
significantly increased in the OVA group and the PHMG-treated OVA group compared to
PBS controls, the expression of IL-5 and IL-13 mRNAs was not detected in the lungs. It is
likely that IL-4 and IL-13 (or IL-5) act on different cell types and IL-4 drives IL-13 (or IL-5)-
independent inflammation in various settings and over time.*“® However, this phenomenon
should be further investigated in future studies to elucidate its underlying mechanisms.
Nevertheless, the results of this study suggest an association between PHMG exposure and
asthma, and that the underlying mechanism involves the profibrotic process rather than a
typical allergic Th2 pathway.

It must be noted that as of yet, we do not know the mechanism by which PHMG-induced
increase in CCL11 directly results in enhanced profibrogenic activity. Importantly, a direct
relationship between CCL11 and SERPINF1 has not been identified to date. Further studies
will therefore be needed to confirm this relationship and more precisely elucidate the
biological mechanism. Additionally, our results revealed that PHMG treatment without
OVA sensitization or challenge did not significantly impact on pulmonary inflammation or
damage and showed an outcome similar to that observed in the control group. This seems
to be related to the lower concentration of PHMG (0.1 mg/kg) used in our experiments
compared to other studies (0.3-1.5 mg/kg). PHMG exposure can increase the risk of lung
injury, depending on its duration and dose and can affect lung health several years after
exposure.>”#* Importantly, when present at low concentrations (0.3 mg/kg), PHMG is not
removed from the lungs and continuously stimulates immune and/or epithelial cells, thereby
causing delayed onset of inflammation.® Here, no inflammation was observed at the end of
the experiment, probably as a result of delayed inflammatory response.

In conclusion, the exposure of the airways to PHMG results in aggravated BHR and lung
inflammation via CCL11- and SERPINFI-induced signaling in mice, suggesting that PHMG

exposure exacerbates asthma. However, even healthy people may develop lung diseases
including asthma, a phenomenon that warrants further investigation in future studies.
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