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BACKGROUND AND PURPOSE

Nebulized saline solutions are used in the treatment of multiple pulmonary diseases including cystic fibrosis (CF), asthma and
chronic obstructive pulmonary disease (COPD). The benefits of these therapies include improved lung function, phlegm
clearance and fewer lung infections. The thiocyanate anion (SCN) is a normal component of the airway epithelial lining fluid
(ELF) secreted by pulmonary epithelia with antioxidant and host defence functions. We sought to test if SCN could be
nebulized to combat lung infection by bolstering innate immune defence and antioxidant capacity.

EXPERIMENTAL APPROACH

We established an effective antioxidant concentration of SCN in vitro using a bronchiolar epithelial cell line. We then
developed a nebulization method of SCN in mice that increased ELF SCN above this concentration up to 12 h and used this
method in a prolonged Pseudomonas aeruginosa infection model to test if increasing SCN improved host defence and
infection outcomes.

KEY RESULTS

SCN protected against cytotoxicity in vitro from acute and sustained exposure to inflammation-associated oxidative stress.
Nebulized SCN effectively reduced bacterial load, infection-mediated morbidity and airway inflammation in mice infected with
P. aeruginosa. SCN also sustained adaptive increases in reduced GSH in infected mice.

CONCLUSIONS AND IMPLICATIONS
SCN is a dually protective molecule able to both enhance host defence and decrease tissue injury and inflammation as an
antioxidant. Nebulized SCN could be developed to combat lung infections and inflammatory lung disease.

Abbreviations

BAL, bronchoalveolar lavage; CF, cystic fibrosis; CFTR, cystic fibrosis transmembrance conductance regulator; COPD,
chronic obstructive pulmonary disease; ELF, epithelial lining fluid; GOX, glucose oxidase; HBE, human bronchial
epithelia; HOCI, hypochlorous acid/hypochlorite; HOSCN, hypothiocyanous acid/hypothiocyanite; HOX, [non-specific]
hypohalous acid/hypohalite; HS, hypertonic saline; LPO, lactoperoxidase; MPO, myeloperoxidase; NAC, N-acetyl
cysteine; NOX, NADPH oxidase; RNHCI, monochloramine; SCN, thiocyanate

Introduction the diet (Leung et al., 2011) or is synthesized from cyanide

by sulfurtransferase enzymes including mitochondrial rho-
Thiocyanate (SCN) is an acidic pseudohalide thiolate ubiqui- danese and cytosolic mercaptopyruvate sulfurtransferase
tously found in the extracellular fluids of mammals (Thomas, (Westley, 1981; Nagahara et al., 1995). SCN is an important
1981; Wijkstrom-Frei et al., 2003). SCN enters the body from molecule in the innate immune system of mammals where it
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is oxidized by hydrogen peroxide (H,O,), supplied by phago-
cytic NADPH oxidases and epithelial dual oxidases (Geiszt
et al., 2003), to form hypothiocyanite (HOSCN) in a reaction
catalysed by the haloperoxidases (myeloperoxidase, MPO;
lactoperoxidase, LPO; eosinophil peroxidase; etc.) (Thomas,
1981; van Dalen et al., 1997; Wu et al., 1999). SCN is the
preferred electron donor for each of these enzymes (e.g. the
specificity constant of MPO for SCN is 730 times greater than
for chloride) (van Dalen et al., 1997). HOSCN facilitates the
killing and growth inhibition of bacteria, viruses and fungi
(Lenander-Lumikari, 1992; Mikola et al., 1995; Wijkstrom-
Frei et al., 2003). SCN also reacts directly with hypochlorite
(HOCl), a neutrophil-associated oxidant (Thomas and
Fishman, 1986), and HOCI metabolites such as chloramines
(RNHCI), acting as an antioxidant and resulting in the for-
mation of HOSCN (Xulu and Ashby, 2010).

Cystic fibrosis (CF) is caused by an inheritable mutation
in the CF transmembrane conductance regulator (cftr) gene,
leading to impaired or absent cystic fibrosis transmembrance
conductance regulator (CFTR) protein at the apical surface of
cells (Davis, 2006). CFTR transports chloride (Quinton, 1983),
GSH (Gao et al., 1999; Velsor et al., 2001), bicarbonate (Garcia
etal., 2009) and SCN (Fragoso et al., 2004). CFTR directly
regulates the concentration of secreted SCN in the human
airway (Conner et al., 2007; Moskwa et al., 2007) and the oral
cavity (Minarowski et al., 2008). Epithelia that lack CFTR
secrete SCN at lower concentrations and less rapidly than
normal or genetically corrected epithelia (Moskwa etal.,
2007; Gould et al., 2010). SCN protects epithelia from HOCI
toxicity in a CFTR- and dose-dependent manner (Gould et al.,
2010).

Multiple species of bacteria commonly colonize CF
airways that are not readily removed by the impaired host
defence system and require antibiotic intervention (Lyczak
etal., 2002). Infection with Pseudomonas aeruginosa is the
most prevalent bacterial airway infection and correlates with
lung function decline. P. aeruginosa creates a biofilm in the
airway, making it particularly difficult to eradicate (Davies
and Bilton, 2009). In addition, CF patients also suffer from
sustained airway inflammation characterized by chronic
airway neutrophilia (Walker etal.,, 2005). Neutrophils
rapidly activate and undergo cell death after entering the
airway, contributing to an excess of purulent phlegm and
leaving behind a number of damaging enzymes and pro-
inflammatory factors (Henke et al., 2011). The combination
of chronic infection and sustained inflammatory response
results in progressive destruction of the airway, which is the
leading cause of morbidity and mortality in CF patients. It is
estimated that ultimately 80-95% of CF patients’ morbidity
and mortality results from these processes (Lyczak etal.,
2002).

A number of lung diseases are treated with therapeutic
nebulization of saline and/or drug excipients including CF
(Eng et al., 1996), asthma (Fahy et al., 2001), chronic obstruc-
tive pulmonary disease (COPD) (Wilson et al., 2006) and
pneumonia (Ioannidou et al., 2007). Hypertonic saline (HS) is
notable because it improves lung function and decreases
exacerbations in CF patients (Wark and McDonald, 2009).
Furthermore, HS increases thiol antioxidants in the airway
epithelial lining fluid (ELF), including SCN, which, in addi-
tion to airway surface hydration, may contribute to its ben-
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eficial effects (Gould et al., 2010). However, HS also appears to
deliver an osmotic stress to airway epithelial cells (Eng et al.,
1996) and it is possible that years of daily HS inhalation will
have unanticipated consequences. In the present study, we
examined the effects of SCN on airway epithelia exposed to a
toxic dose of HOCI or exposed to MPO-mediated HOCI tox-
icity. In addition, we characterized the pharmacokinetics of
normal (isotonic) saline with 0.5% SCN in C57BL/6] mice
that were nebulized for 30 min. We then treated mice
infected with P. aeruginosa with either isotonic saline or iso-
tonic saline formulated with SCN and observed effects on
infection, inflammation and oxidative stress. This study is the
first to demonstrate the benefits of SCN supplementation on
airway infection in vivo, including improved host defence and
decreased inflammation and morbidity.

Methods

Chemicals

All chemicals and enzymes were purchased from Sigma-
Aldrich (St. Louis, MO, USA), with the exceptions of LPO
from bovine milk (EMD-Millipore, Billerica, MA, USA), MPO
from human granulocytes (EMD, Millipore), bovine fibrino-
gen (MP-Biomedical, Santa Ana, CA, USA) and human throm-
bin (GenTrac, Bristol, TN, USA). Tissue culture media and
components were purchased from CellGro.

Cell culture

Human bronchial epithelia (16HBE, American Type Culture
Collection, Manassas, VA, USA) cells were grown in DMEM
with 4.5 g-L7! glucose, without sodium pyruvate supple-
mented with 10% FBS and penicillin-streptomycin. Cells
were grown to approximately 85% confluence and plated at a
density of 2.5 x 10° cells-mL™" on 24-well tissue culture plates
(Corning, NY, USA) and allowed to adhere overnight. Cyto-
toxicity was measured by LDH release into the medium 24 h
after beginning of exposure, calculated as [LDHmedium/LDHotal]
as previously described (Kariya et al., 2008).

Hypochlorite oxidant injury model

The stock concentration of sodium hypochlorite (HOCI)
was established by measuring absorbance at 290 nm (e =
350-M"-cm™) and diluted in water to the proper working
concentration (Gould et al., 2010). Cells were washed with
PBS before being exposed to HOCI (400 uM) for 15 min in
PBS at 37°C with or without co-administration of thiocyanate
(SCN, 100 uM) at pH 7.4 and 6.8 to mimic the plasma and
airway fluid respectively. Cells were placed in fresh medium
after the exposure. Cytotoxicity was analysed using the LDH
assay 24 h after the start of the HOCI exposure.

MPO oxidant injury model

Cells were washed with PBS before being exposed to
160 mU-mL™" glucose oxidase (GOX), 5 U-mL™" MPO and/or
400 uM SCN in PBS. Glucose (100 mM) was added to drive
the formation of hydrogen peroxide (H,O,) by GOX for 2 h at
37°C. This system produces a steady-state exposure of HOCI
or HOSCN dependent on the addition of SCN (van Dalen
etal., 1997). Cells were placed in fresh medium after the

British Journal of Pharmacology (2013) 169 1166-1177 1167



BJP ) D Chandler et al.

exposure to the MPO system. Cytotoxicity was analysed using
the LDH assay 24 h after the start of the exposure to the MPO
system.

Animals

Adult male C57BL/6 mice were purchased from Jackson Labo-
ratories (Bar Harbor, ME, USA). Five mice were used per
experimental group, for a total of 50 mice (25 for pharma-
cokinetic study and 25 for infection model). In the infection
study, mice were weighed daily at 07:00 h over the duration
of the study. Mice were anaesthetized with a lethal dose of
sodium pentobarbital by i.p. injection (100 mg-kg™) and
anaesthesia was confirmed by the absence of response to
tactile pressure applied to each paw. Mice were exsanguinated
by cardiac puncture from which plasma was isolated. Bron-
choalveolar lavage (BAL) was performed by cannulating the
trachea and instilling two 750 uL of aliquots of isotonic
sodium phosphate buffer (310 mOsm, pH 6.8) and collecting
by gentle aspiration. The BAL dilution factor used to express
the undiluted ELF value was determined by urea analysis of
the lavage fluid and plasma (Teco Diagnostics, Anaheim, CA,
USA) as previously described (Gould etal., 2010). Whole
lungs were perfused with saline and removed by excision. All
animal studies received prior approval by the National Jewish
Health Animal Care and Use Committee and were main-
tained in compliance with their guidelines including fresh
food and water and a 12-hour light-dark cycle.

Fibrin plug model of retained Pseudomonas
aeruginosa lung infection

A CF clinical mucoid P. aeruginosa was cultured from frozen
glycerol stock for 6 h in 5mL of LB broth containing
100 pg-mL™" ampicillin (LB-amp) at 37°C with shaking and
this was transferred to 100 mL LB-amp and cultured over-
night at the same conditions. Bacteria were then pelleted,
washed with 15 mL of sterile PBS and resuspended in 3 mL of
PBS. This stock was diluted in sterile PBS to give an absorb-
ance of 1.0 at 600 nm (I = 1 cm). Lyophilized fibrinogen was
dissolved to saturation in sterile PBS and then diluted 1:2
with sterile PBS. Thrombin was prepared as 800 U-mL™ in
sterile PBS. Both fibrinogen and thrombin solutions were
inoculated with P. aeruginosa at 1:50 v/v and kept on ice prior
to use. Mice were anaesthetized with isoflurane, placed on a
tilting rodent workstation (Harvard Apparatus, Holliston,
MA, USA) and intubated with a curved 24 G gavage needle.
Furthermore, 50 uL of fibrinogen and thrombin solutions
containing P. aeruginosa was sequentially instilled intratra-
cheally, followed by 150 uL of air to disperse and mix the
solutions into the airways to form fibrin plugs. This process
was repeated once for a total of 200 uL of inoculum per
animal. Mice were given 3.0 x 107 colony forming units (cfu)
of P. aeruginosa in total and allowed to recover 24 h before
intervention with SCN. At the end of the study, cfu were
determined on homogenized whole lung tissue diluted
10-fold and plated on LB agar at 37°C. After 24 h, plates were
assessed for P. aeruginosa and scored according to the number
of colonies formed and corrected for dilution.

Measurement of pyocyanin
Lung tissue homogenates were incubated in 0.2 N hydrochlo-

ric acid (HCI) for 10 min and centrifuged at 20 000x g for

1168 British Journal of Pharmacology (2013) 169 1166-1177

10 min. The absorbance of the supernatant fraction at
520 nm was used to quantitate pyocyanin (¢ = 2.46 X
10*M™"-cm™) (O’'Malley et al., 2004). Non-infected lung tissue
samples were used as blanks. The amount of pyocyanin
detected was normalized to the concentration of protein in
the lung tissue homogenate.

Isotonic SCN formulation, nebulization

and pharmacokinetics

Normal (0.9% w/v NaCl) PBS and normal PBS supplemented
with SCN (0.5% w/v NaSCN and 0.54% w/v NaCl) were
sterile-filtered and stored at 4°C prior to nebulization. Both
solutions were at pH 7.4 prior to nebulization. A Plexiglas
nebulizing chamber with dimensions 22 x 14 x 12 (L x H x W)
cm was used to treat five mice at a time over 30 min with
20 mL of saline or SCN aerosolized by a RespiTouch CE-331
vibrating mesh nebulizer (MicroMed, Durban, South Africa).
Mice were killed immediately and at 4 h intervals after
nebulization for pharmacokinetic studies. Pharmacokinetic
parameters were obtained from modelling the change of SCN
concentrations over time using a one-compartment model
(PK Analyst, MicroMath). In the lung infection study, mice
were treated every 12 h starting 24 h after infection and
ending 12 h before being killed at 72 h, for a total of 4
treatments at 24, 36, 48 and 60 h post-infection.

Airway cell analysis

A 50 pL of aliquot of BAL fluid was diluted 200 times in
Isoton II and analysed by a calibrated Coulter Z1 (Beckman
Coulter, Brea, CA, USA). Cells were gated at 10-30 um (leu-
kocytes) and 5-10 um (erythrocytes) to determine absolute
cell counts. After counting, cells were isolated from BAL fluid
by centrifugation (20 000x g for 10 min) and red blood cells
were removed with Buffer EL (Qiagen, Vengo, The Nether-
lands). Cells were resuspended in 200 uL of PBS and a 20 pL of
aliquot was used to adhere cells to slides using a Cytospin
centrifuge (2000x g). Cells were fixed with methanol and
stained for leukocyte identification using the Hema 3 Kkit
(Fisher, Hampton, NH, USA). The respective percentages of
leukocytes were normalized to the absolute number of cells.

Cytokine measurement

Mouse KC (CXCL1) from BAL fluid was measured by ELISA
(ELISA Tech, Denver, CO, USA) according to manufacturer’s
instructions.

Peroxidase activity

Total peroxidase activity of lung tissue was measured kineti-
cally by following the change in absorbance at 650 nm (e =
3.9 x 10*M™'.cm™) after adding 150 pM H,O, to 1.3 mM
3,3',5,5-tetramethylbenzidine (TMB) incubated with lung
tissue homogenates in 50 mM sodium acetate buffer, pH 5.2.
Activity was normalized to the amount of protein in the lung
tissue homogenate.

Measurement of SCN

Samples were incubated with 3% trichloroacetic acid for
10 min and centrifuged at 20 000x g for 10 min to precipitate
protein. Samples were measured by HPLC with electrochemi-
cal detection (CoulArray, ESA Inc., Chelmsford, MA, USA).



Electrodes were set at 650, 750 and 900 mV and SCN was
separated using a Synergi 4 u Hydro-RP 80A 150 x 4.6 mm
column with a flow rate of 0.5 mL-min~" and an elution buffer
containing 50 mM sodium acetate, 1 mM tetrabutylammo-
nium hydrogen sulfate, and 15% acetonitrile at pH 5. SCN
elutes at 8 min under these conditions.

Measurement of glutathione

Samples were incubated with 1% metaphosphoric acid for
10 min and centrifuged at 20 000x g for 10 min to precipitate
protein. Samples were measured by HPLC with electrochemi-
cal detection (CoulArray, ESA Inc.). Electrode potentials were
set at 250, 525, 575 and 850 mV, and GSH was separated
using a Synergi 4 p Hydro-RP 80A 150 x 4.6 mm column with
a flow rate of 0.5 mL-min~' and an elution buffer containing
50 mM sodium phosphate and 0.7% methanol at pH 3. GSH
elutes at 13 min under these conditions. Lung tissue homoge-
nates and cell lysate GSH levels were normalized to protein
concentrations.

Statistics

Graphical and tabular data are expressed as mean + SEM.
Prism 5 (GraphPad, La Jolla, CA, USA) was used to perform
and evaluate one-way aANovAa with Tukey’s post-test after
square root transform to minimize variance or (where specifi-
cally indicated in figure legends) parametric f-test with F-test
for equal variances. A P-value of P < 0.05 was considered
significant. Asterisks (*) denote significant difference of a
treated group compared with control, while pound symbols
(#) denote significant difference between specifically indi-
cated treated groups.
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Results

SCN is cytoprotective against HOCI- and
MPO-mediated cell injury

Human bronchial epithelia (16HBE) cells were exposed to
400 uM HOCI in PBS at pH values associated with the
plasma (7.4) or ELF (6.8) for 15 min. Cytotoxicity was
assessed by LDH release 24 h later. HOCI elicited significant
toxicity (P < 0.001) at both pHs, which was greatest at the
mildly acidic pH of the airway fluid (Figure 1A). SCN
(100 uM) completely abolished HOCl-mediated cytotoxicity
(P <0.001) at both pHs tested. 16HBE cells were also exposed
to an oxidase-peroxidase enzyme system that mimics the
elevated reactive oxygen species generation during infection
(Majewska et al. 2004). The system included 5 U-mL™" MPO,
160 mU-mL~" GOX and 100 mM glucose in PBS for 2 h and
cytotoxicity assessed by LDH release 24 h later. The com-
plete system generates HOCI or HOSCN over the 2 h period
dependent on the presence or absence of SCN. Both the
GOX (which produces H,O,) and the MPO complete system
produced significant cytotoxicity (P < 0.001) (Figure 1B).
SCN completely ablated MPO-mediated cytotoxicity (P <
0.001), further demonstrating SCN’s ability to act as an anti-
oxidant against HOCI, and also demonstrating its ability to
protect against toxic H,O, accumulation through peroxidase
metabolism.

Nebulization of SCN efficiently raises ELF
and plasma SCN levels

A buffered isotonic solution was formulated to contain 0.5%
SCN at a pH of 7.4 to deliver SCN to the airway while mini-

LDH release (%)

Glucose + + + + + +
GOX - - + + + +
MPO - - - - + +
SCN - + - + - +

Thiocyanate (SCN) protects against HOCI- and MPO-mediated cytotoxicity. (A) Cells were washed with PBS and treated with 400 uM hypochlorite
(HOCI) with or without 100 uM SCN in PBS for 15 min and assayed for cytotoxicity by LDH release 24 h later. (B) Cells were washed with PBS
and exposed to 100 mM glucose, 160 mU-mL™" glucose oxidase (GOX), 5 U-mL™" myeloperoxidase (MPO) and 400 uM SCN in PBS for 2 h. Cells
were assayed for cytotoxicity 24 h after the start of the exposure. ***P < 0.001 compared to respective pH value of control; ##P < 0.001 compared
to respective pH value of HOCI, MPO + GOX + Glucose, or between HOCI (pH 7.4) and HOCI (pH 6.8) (by parametric t-test for this comparison

only).
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Pharmacokinetic analysis of nebulized thiocyanate (SCN). Mice were nebulized with 20 mL of isotonic saline containing 0.5% (w/v) NaSCN for
30 min. Basal (control) levels of (A) ELF and (B) plasma SCN levels are shown juxtaposed with SCN levels at times 0, 4, 8 and 12 h after SCN

exposure. ***P < 0.001 compared with control.

Table 1

Inhaled SCN pharmacokinetics in plasma and ELF of mice*

G (LM) AUC (h-umol-L")
Plasma 4.4 3 1153 £62 7 143 + 399
ELF 39+ 2308 + 215 12086 £ 1061

*Modelled using one-compartment pharmacokinetic model
(n=25).

mizing airway irritation. Mice were nebulized with SCN for
30 min and subsets were killed immediately after nebuliza-
tion (time O0) and at 4, 8 and 12 h post-exposure. Nebulization
of 0.5% SCN increased airway ELF SCN levels 20-fold above
basal levels to 2.3 mM (Figure 2A) and was well tolerated by
mice. SCN nebulization also increased plasma SCN levels
18-fold above basal levels to almost 1.2 mM (Figure 2B). SCN
cleared rapidly from both the ELF and the plasma compart-
ments with half-lives (t;) of 3.9 and 4.4 h respectively
(Table 1). Based on the pharmacokinetic data, mice were
nebulized with SCN once every 12 h to maintain elevated
levels of SCN.

Nebulized SCN decreases P. aeruginosa
infection and associated morbidity

Mice were instilled with 3 x 107 cfus of P. aeruginosa in a fibrin
plug airway infection model. Mice were allowed to recover for
24 h before beginning treatment regimen with nebulized iso-
tonic saline or isotonic saline containing 0.5% SCN every
12 h and weighed each morning prior to treatment. Mice
were sacrificed 72 h post-infection and changes in body
weight and markers of lung infection were assessed. Mice
infected with fibrin plug (sham) or fibrin plug containing
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P. aeruginosa lost 5% of their body weight within the first 24 h
period after infection (P < 0.001) and in the P. aeruginosa-
infected saline treatment group continued to lose weight up
to 72 h (P <0.001) (Figure 3A). The P. aeruginosa-infected SCN
treatment group responded quickly and significantly to treat-
ment (P <0.001), regaining body weight at a rate equal to the
sham-treated group. P. aeruginosa-infected SCN-treated mice
also had significantly less cfu-mL™ in their lung tissue than
saline control (P < 0.01) (Figure 3B). The P. aeruginosa viru-
lence marker pyocyanin was also significantly decreased in
the lung tissue of SCN-treated mice compared with saline
control (P < 0.001) (Figure 3C). These data are consistent with
SCN treatment improving lung host defence and resulting in
decreased morbidity.

Nebulized SCN decreases infection-mediated
neutrophilic lung inflammation

Neutrophils play an important role in host defence and are a
significant source of airway inflammation during P. aerugi-
nosa infection. BAL cells were isolated, identified and
quantitated. Neutrophils were significantly increased in
P. aeruginosa-infected mice (P < 0.001), but those that received
SCN had less neutrophil infiltrate compared with saline-
treated mice (P < 0.05) while remaining higher than control
(P < 0.05) (Figure 4A). Sterile fibrin sham also increased neu-
trophil infiltrate (P < 0.01). Infection also significantly
increased airway lymphocytes (P < 0.01) with a non-
significant decrease in infected animals that received SCN
(Figure 4B). Interestingly, SCN treatment was also associated
with an increase in the number of macrophages in the airway
of infected mice (P < 0.05) (Figure 4C). Lastly, there was a
non-significant increase in airway red blood cells associated
with P. aeruginosa infection (Figure 4D). SCN treatment alone
had no effect on airway infiltrates. Additionally, infection
with P. aeruginosa significantly increased the levels of the
neutrophil chemoattractant KC (mouse IL-8 analogue) (P <
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Nebulized thiocyanate (SCN) reduces morbidity and bacterial
burden in infected mice. Mice were intratracheally instilled with 3.0
x 107 cfu-mL™" Pseudomonas aeruginosa in fibrin, sterile fibrin sham or
not treated. All treatments began 24 h after infection. (A) Body
weight was tracked daily up to 72 h. The mice were killed at 72 h, at
which point (B) lung tissue was homogenized and cultured for
P. aeruginosa colony formation for 24 h at 37°C. (C) Pyocyanin,
a virulence marker of P. geruginosa, was assayed in lung tissue
homogenate and normalized to total protein level. Mean absorbance
from sterile mice was used as baseline. Data from uninfected controls
are not shown in B or C. **P < 0.01, ***P < 0.001 compared with
control; #P < 0.01, #*P < 0.001 compared With Pa + saline.

0.001) in the BAL fluid and peroxidase activity (P < 0.05) in
lung tissue, and both effects were abolished with SCN treat-
ment (P < 0.01, P < 0.05, respectively) (Figure 5). The signifi-
cant decrease in these inflammatory markers with SCN
treatment appears consistent with decreases seen in airway

Thiocyanate improves lung infection outcomes

neutrophils. IL-10 was investigated as a possible anti-
inflammatory effect of SCN treatment but was not signifi-
cantly different from control in any of the groups (data not
shown). We also investigated if SCN treatment could block
LPS-induced nuclear p65 translocation as another possible
anti-inflammatory mechanism in a murine alveolar mac-
rophage (J774) but observed no effect (data not shown).
Finally, we measured the antioxidant and redox modulator
GSH in plasma, ELF, BAL cells and lung tissue by HPLC with
electrochemical detection. GSH levels in the plasma and lung
tissue did not significantly change in any of the groups, but
GSH did significantly increase (P < 0.05) in the ELF and BAL
cells of infected mice that were treated with SCN (Figure 6).

Consumption of SCN during lung infection
and restoration with nebulized SCN

SCN levels were measured by HPLC with electrochemical
detection in the plasma and ELF at the end of the study, 12 h
after the last SCN nebulization. There were no significant
differences in the SCN in the plasma or ELF of SCN-treated
mice (Figure 7), in agreement with pharmacokinetic data
showing that basal levels of SCN are restored 12 h post-
treatment (Figure 2). Interestingly, infected mice treated with
isotonic saline alone had significantly lower ELF SCN levels
than control mice (P < 0.001) (Figure 7B). These data suggest
that the lung actively utilizes SCN during infection resulting
in the depletion of extracellular SCN steady-state levels that
can be restored by intervention with SCN from an exogenous
source.

Discussion

SCN has antioxidant properties in addition to its better
known host defence properties (Chandler and Day, 2012).
These findings show that SCN is cytoprotective against both
purified HOCI and MPO/H,O,/saline-mediated lung epithe-
lial cell injury, which is in agreement with other reports from
mammalian cell lines (Xu et al., 2009; Gould et al., 2010).
Some of SCN'’s antioxidant effects are due to its ability to
directly react with HOCI to form HOSCN (Xulu and Ashby,
2010), which has been shown to be less toxic to mammalian
tissue than HOCI and other hypohalous acids (HOX) (Wagner
et al., 2004). In addition, SCN is the preferred substrate for
MPO and other haloperoxidases, resulting in proportionately
more HOSCN generated with increasing concentrations of
SCN at the expense of more injurious oxidizing agents
including HOX, nitrogen dioxide radical and urate radical
(Wu et al., 1999; Wagner et al., 2004; Meotti et al., 2011). SCN
can even repair some metabolites of HOCI: the monochlora-
mines (RNHCI), which may be highly cytotoxic (Klamt and
Shacter, 2005). SCN directly reacts with RNHCI resulting in
the repair of the parent amino group and formation of
HOSCN (Thomas and Fishman, 1986). Interestingly, HOSCN
reacts with RNHCI at an even faster rate than SCN, suggesting
it may also have direct antioxidant behaviour for some oxi-
dizing agents (Xulu and Ashby, 2010).

We hypothesized that supplementation of exogenous
SCN into the airways would result in the amplification of
these antioxidant mechanisms as well as improving host
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Nebulized SCN reduces infection-mediated airway inflammation. Airway cells isolated from bronchoalveolar lavage (BAL) fluid were counted
(Coulter Z1) after 72 h. Cells were fixed to glass slides with methanol and counterstained for identification. The total number of (A) neutrophils,
(B) lymphocytes, (C) macrophages and (D) erythrocytes were determined from the initial cell count for leukocytes (10-30 um) or erythrocytes
(5-10 um), and in the case of leukocytes this value was multiplied by the percentage of each respective cell type in the airway. *P < 0.05, **P <
0.01, ***P < 0.001 compared with control; *P < 0.05 compared with Pseudomonas aeruginosa + saline.

defence (Figure 8). Indeed, our studies showed infected
C57BL/6 mice nebulized with SCN had decreased inflamma-
tion and pro-inflammatory markers and rapidly regained
body weight lost during the first 24 h of infection. Yet, the
reason HOSCN is better tolerated by lung epithelium than
HOX while remaining a potent antimicrobial agent is still
unclear. This phenomenon may have developed in mammals
to specifically attack invading pathogens while sparing local
tissue, which would explain the specificity of many haloper-
oxidases for SCN over the halides.

Nebulization of saline solutions is common in the treat-
ment of lung diseases associated with exacerbations and
recurring infections, including CF (Wark and McDonald,
2009). HS has been shown to increase the concentration
of antioxidants in the airway, including SCN and GSH
(Gould et al., 2010), and improves lung function, but can
also be irritating and induce bronchospasms. We designed a
dose of isotonic 0.5% SCN that provided the ELF with a
concentration of SCN in excess of 400 uM, which was the
concentration we used to protect against MPO toxicity in
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lung epithelium and was originally reported in humans
(Wijkstrom-Frei et al., 2003). Nebulization of SCN resulted in
ELF concentrations 5.8-fold greater than the concentration of
SCN from our cell culture studies, but was still well tolerated
by our mice and readily cleared. Clinical data from early 20th
century use of SCN as an antihypertensive demonstrate it is
well tolerated in humans, up to steady-state plasma concen-
trations in excess of 1 mM (Chandler and Day, 2012). With
nebulization, the plasma C.« was only half that in the ELF
due to the topical delivery method. SCN levels returned to
basal values by 12 h post-nebulization, creating the rationale
for the twice-daily dosing. The rapid clearance of SCN from
the ELF and plasma suggests that accumulation should not be
an issue with repeat dosing at proper intervals. Indeed, SCN-
treated control mice did not show any sign of accumulation
after a series of four treatments.

Our findings are the first to show that nebulization of
SCN is well tolerated and efficacious in a sustained P. aerugi-
nosa lung infection mouse model, both improving host
defence and decreasing lung inflammation and infection-
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Nebulized thiocyanate (SCN) diminishes infection-mediated markers of lung inflammation. BAL fluid and lung tissue were analysed for markers
of airway and tissue inflammation after 72 h. (A) The neutrophil chemoattractant KC (mouse IL-8 analogue) was quantified from BAL fluid by ELisa.
(B) Total lung tissue homogenate peroxidase activity was measured by TMB oxidation and normalized to total protein level. *P < 0.05, ***P < 0.001
compared with control; *P < 0.05, #P < 0.01 compared with Pseudomonas aeruginosa + saline.

mediated morbidity. SCN was not given to the mice until utes to inflammatory tone through the synthesis of pyocya-
24 h after infection, yet there were dramatic improvements in nin, which is redox active and stimulates IL-8 release by
the body weights of infected mice given SCN compared with airway epithelia (Denning etal.,, 1998). SCN treatment
the infected controls, which lost weight for the entire dura- decreased pyocyanin in infected mice, which may have indi-
tion of the study. Infected mice treated with SCN had signifi- rectly reduced IL-8 signalling. In addition, antioxidants such
cantly less cultured P. aeruginosa and the virulence marker as NAC decrease inflammatory signalling in the airway
pyocyanin (Sorensen et al., 1983; Kanthakumar ef al., 1993) (Denning et al., 1998) and SCN treatment sustained increased
in their lungs. Unlike other thiols such as GSH, SCN is GSH levels in P. aeruginosa-infected mice. Hence, SCN may act
capable of being endogenously converted into the anti- by multiple mechanisms to decrease inflammation and pro-
microbial agent HOSCN (Marshall and Reiter, 1980; Thomas inflammatory signals in infected tissue. Interestingly, we did
etal., 1994). SCN therapy may prove to be more effective not observe direct anti-inflammatory mechanisms of SCN in
than previous attempts to use inhaled antioxidants such either IL-10 secretion or p65 translocation (data not shown)
as GSH (Griese etal., 2004; Bishop etal., 2005) and suggesting SCN'’s anti-inflammatory effects in this model
N-acetylcysteine (NAC) (Nash et al., 2009) due to its dual could be purely secondary results of its dual extracellular
antioxidant and host defence properties and its greater resist- antibacterial and oxidant-scavenging effects.
ance to auto-oxidation. Apically expressed CFTR is the major identified constitu-
Neutrophils play an important role in airway host tive pathway of SCN transport into the ELF. CFTR knockout
defence, but in certain lung diseases, they contribute to mice have deficient basal ELF SCN (Gould et al., 2010) and
pathophysiology (Meyer and Zimmerman, 1993). In the CF exhibit enhanced inflammation and mortality in response to
lung, neutrophils (as part of overall host defence) fail to clear P. aeruginosa lung infection (Heeckeren et al., 1997). Benefits
bacteria and actually worsen conditions by releasing pro- of nebulizing SCN in C57BL/6 mice suggest the potential for
inflammatory cytokines, injurious enzymes (including MPO) even more dramatic results in the CF airway where: (i) SCN
and their DNA. These factors contribute to thickened is poorly maintained; (ii) inflammation is constitutively
phlegm, bacterial biofilm formation and airway damage that increased; and (iii) infections are not well cleared. Interest-
promote progressive airway obstruction and respiratory ingly the fibrin plug used in our studies to retain bacterial
failure in CF (Henke et al., 2011). We observed an increase in infection mimics bacterial biofilms and thick airway phlegm,
the neutrophil chemoattractant KC (IL-8 analogue), increased both of which contain large amounts of fibrin and are central
airway neutrophils and increased lung tissue peroxidase to CF lung disease (Seear et al., 1997). However, caution is
activity with P. aeruginosa infection. However, the inflamma- advised when comparing our effects to CF due to its complex-
tory markers significantly decreased with SCN treatment and ity that extends beyond simple differences in anion transport.
neutrophil infiltration decreased as well. Similar effects have SCN therapy was associated with elevated levels of GSH in
been reported with HS therapy, which also elevates ELF SCN infected mice in both ELF and in airway cells, which acquire
and reduces IL-8 (Reeves ef al., 2011). There was also a sig- GSH from the ELF (Gould et al., 2011). P. aeruginosa infection
nificant increase in BAL lymphocytes in P. aeruginosa-infected has been shown to dramatically increase GSH levels in ELF
mice that was decreased with SCN supplementation. Studies (Day etal.,, 2004). However, after 72 h post-infection, no
have linked lymphocytes in CF and release of the neutrophil adaptive response was observed in infected controls except
chemokine IL-17 (Tan et al., 2011). P. aeruginosa also contrib- with the intervention of SCN. SCN alone did not increase
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Nebulized thiocyanate (SCN) preserves infection-mediated GSH adaptive responses in the airway. The concentration of GSH in experimental
animals was quantified by electrochemical HPLC (EC-HPLC) after 72 h in (A) plasma, (B) ELF, (C) BAL cell lysates and (D) lung tissue homogenate.

*P < 0.05 compared with control.

GSH in uninfected mice, but may sustain adaptive GSH
increase by decreasing oxidative and inflammatory burdens.
SCN can directly react with many oxidants that GSH also
scavenges, including HOCl and RNHCI (Xulu and Ashby,
2010). A biologically relevant effect of SCN is to diminish the
reactivity of HOCI and chloramines by reacting with them to
form HOSCN (Thomas and Fishman, 1986), which has a
redox potential less than half that of HOCI (Arnhold et al.,
2006). Elevated levels of SCN drive the formation of HOSCN,
which is a more selective oxidant that preferentially reacts
with acidic thiols to form disulfides and sulfenic acids
(Pattison et al., 2012) that can be readily reduced and repaired
(Chandler and Day, 2012). Furthermore, HOCI reacts with
ionized thiols in its protonated form, making SCN a better
target than GSH in this regard at physiologic pH (Xulu and
Ashby, 2010). The second-order rate constant of the reaction
of SCN with HOCI is close to diffusion limiting at 2.34 x
107-M™"s7' (Ashby et al., 2004), whereas GSH is given as 1 x
107-M'.s7! (Winterbourn and Brennan, 1997). These rate con-
stants clearly indicate that when SCN is in greater abundance
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than GSH it will be the predominant reductant of HOCI.
The less reactive HOSCN produced may then preferentially
react with more acidic thiols instead of GSH (Nagy et al.,
2009).

ELF SCN in infected control mice was less than in control
mice, suggesting that SCN is depleted faster than it can be
replaced during infection. This effect may be even more pro-
nounced in diseases of impaired SCN transport like CE
However, chronic infection and inflammation may result
in the up-regulation of alternative SCN transport proteins
such as the Ca*-dependent chloride channel and pendrin
(Pedemonte et al., 2007). The relative efficacy of these trans-
porters versus CFTR in exporting SCN to the lumen during
health or sickness is unclear, as is the phenotype associated
with their expression that may override any beneficial
increase in SCN. Clinical studies of CF frequently compare
infected and/or symptomatic individuals to non-infected
controls, limiting the ability to isolate CFTR as a variable
(Lorentzen et al., 2011). Yet, sterile newborn pigs homozy-
gous for CFTR-AF508 have significantly impaired transport of
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Nebulized thiocyanate (SCN) proposed mechanism of action on lung
infection and inflammation outcomes in the airway. Infection results
in the infiltration of inflammatory cells such as neutrophils to the lung
tissue and airway. These cells, along with the epithelia, combat
infection by releasing haloperoxidases (myeloperoxidase, MPO; lac-
toperoxidase, LPO) and hydrogen peroxide (H.O,) generated by
cellular oxidases (NADPH oxidase, NOX; dual oxidase, DUOX). SCN
and CI~ are secreted by epithelia into the ELF and are the major
reductants of H,O,-oxidized compound | of MPO and LPO. SCN is
the preferred substrate for LPO and MPO but is found at lower
concentrations than CI~. When compound | is reduced by CI-, HOCI
and monochloramines (RNHCI) are generated. These are highly toxic
to the host tissue as well as pathogens. In contrast, SCN is oxidized
by compound I to form HOSCN, which is specifically toxic to patho-
gens and spares lung tissue. SCN also scavenges HOCI and RNHCI
directly, acting as a dual antioxidant and host defence agent. SCN
nebulization into the airway greatly enhanced its concentration
resulting in three major effects: (i) increased scavenging and pre-
vented formation of HOCI and RNHCI; (ii) blocking of injury and
enhancement of redox tone; and (jii) the bolstering of host defence,
which enables tissue remodelling with less inflammation and oxida-
tive stress.

SCN to the airway than control littermates (Lorentzen et al.,
2011).

The augmentation of ELF with nebulized SCN during
lung infection directly impacts the processes of host defence
and tissue protection and is markedly beneficial to the host,
as summarized in Figure 8. In mice infected with P. aerugi-
nosa and given nebulized SCN, we observed enhanced host
defence, decreased morbidity and inflammation, as well as
sustained adaptive antioxidant increases. These observations
provide strong evidence supporting the rationale for nebu-
lized SCN in the treatment of human lung infections.
Because SCN has been shown to be deficient or depleted in
CF and these patients suffer from chronic infection and
inflammation, they may stand to benefit from nebulized
SCN as well.
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Figure S1 Nuclear p65 translocation stimulated by LPS is not
affected by SCN. Murine alveolar macrophage cells were incu-
bated with 400 uM SCN overnight. 50 ng-mL™" LPS was added
to the media for 2 h before nuclear harvest and Western
blotting. Representative image included.

Figure $2 GSH and GSSG as a redox pair in lung tissue and
plasma.

Figure $S3 Homozygous CFITR AF508 CuFi-1 cells were
treated with thiocyanate (SCN, 400 uM), myeloperoxidase
(MPO), glucose oxidase system (GOX) or combinations for
2 h in PBS and then washed and fresh media added. Cyto-
toxicity was measured by LDH release 24 h after exposures.
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