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1 | INTRODUCTION

Abstract

The asthmatic airways are highly susceptible to inflammatory injury by air pollutants such as
ozone (O3), characterized by enhanced activation of eosinophilic granulocytes and a failure of
immune protective mechanisms. Eosinophil activation during asthma exacerbation contributes to
the proinflammatory oxidative stress by high levels of nitric oxide (NO) production and extracel-
lular DNA release. Surfactant protein-D (SP-D), an epithelial cell product of the airways, is a crit-
ical immune regulatory molecule with a multimeric structure susceptible to oxidative modifica-
tions. Using recombinant proteins and confocal imaging, we demonstrate here that SP-D directly
bound to the membrane and inhibited extracellular DNA trap formation by human and murine
eosinophils in a concentration and carbohydrate-dependent manner. Combined allergic airway
sensitization and O3 exposure heightened eosinophilia and nos2 mRNA (iNOS) activation in the
lung tissue and S-nitrosylation related de-oligomerisation of SP-D in the airways. In vitro repro-
duction of the iINOS action led to similar effects on SP-D. Importantly, S-nitrosylation abolished
the ability of SP-D to block extracellular DNA trap formation. Thus, the homeostatic negative reg-
ulatory feedback between SP-D and eosinophils is destroyed by the NO-rich oxidative lung tissue
environment in asthma exacerbations.

KEYWORDS
eosinophil extracellular traps (EETs), eosinophils, surfactant pulmonary-associated protein
D (SP-D)

innate lymphoid cells,2 and the inflammation was predominated by
eosinophilic granulocytes (eosinophils) in allergen sensitized but not

Ozone (Og3) is a toxic air pollutant formed by chemical reactions
between nitric oxides and volatile organic compounds under sunlight.
Exposure to O activates the innate immune system causing an influx
of inflammatory cells into the airways. The asthmatic airways are
highly susceptible to inflammatory injury by air pollutants such as O,
likely due to afailure of protective mechanisms. We previously showed
that O3 exposure induced exacerbation of allergic airway inflamma-
tion in mice,! the inflammatory changes were mediated by group 2

Abbreviations: Af, Aspergillus fumigatus; BAL, bronchoalveolar lavage; C5a, complement
factor 5a; EET, eosinophil extracellular trap; Epx, eosinophil peroxidase gene; GSNO,
S-Nitrosoglutathione; HEK, Human embryonic kidney; O3, ozone; PNGase F,
peptide:N-glycosidase F; SNO, S-Nitrosothiol; SP-D, surfactant protein-D; WT, wild type
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naive mice.!

Activation of eosinophils during asthma exacerbation compounds
the proinflammatory oxidative stress by high levels of nitric oxide (NO)
production3* and release of extracellular DNA traps.5 Eosinophils
are involved in host defense and inflammation by phagocytosis of
pathogens and secretion of toxic mediators, both functions are cen-
tral to their role as effector cells. Within the last decade, it has become
clear that these cells (just like neutrophils) are able to form extracel-
lular DNA traps that significantly contribute to host defense.®” How-
ever, DNA traps can also contribute to the pathogenesis of chronic
infectious, allergic, and autoimmune diseases.8 Extracellular traps con-

sist of DNA fibers and antimicrobial proteins, including eosinophil
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granule proteins that can bind and kill bacteria,”? fungil® or even
viruses!?! in the extracellular space. Although extracellular DNA traps
are beneficial in host defense against invading microorganism and
in response to various biological stimuli, their inappropriate release
is highly pro-inflammatory. We have demonstrated the existence of
extracellular DNA traps by eosinophils and neutrophils infiltrating the
airways of human asthmatics.12 In bronchial biopsies taken from aller-
gic asthmatics, the number of eosinophil extracellular traps (EETs) con-
sisting of DNA and co-localizing with major basic protein, correlated
with the number of infiltrating eosinophils. The molecular mechanisms
responsible for regulation of extracellular DNA release remain unclear
and in dispute. 1314

Surfactant protein-D (SP-D), an epithelial cell product of the air-
ways is a critical immune protective molecule with a multimeric
structure susceptible to oxidative modifications. SP-D-deficient mice
demonstrate chronic inflammatory alterations indicating a special
importance of this molecule in regulating immune homeostasis and
the function of the innate immune cells.’> We demonstrated that SP-
D plays a protective role both in allergen® or Oz-induced?” airway
inflammation. Allergen challenge with either Aspergillus fumigatus (Af)
orovalbumininduced increases in SP-D mRNA and protein levelsin the
mouse lung!8 in an IL-4/IL-13/STAT-6 dependent manner while rSP-
D significantly inhibited Af-driven Th2 cell activation in vitro.16 Mice
lacking SP-D had increased numbers of CD4* lymphocytes with ele-
vated IL-13 and thymus- and activation-regulated chemokine levels
in the lung and showed exaggerated production of IgE and IgG1 fol-
lowing allergic sensitization.1¢ Further, exposure of micel” or human
volunteers!? to O3 also induced SP-D expression in the lung and in the
circulation, respectively. SP-D induction was mediated by IL-6 in type I
alveolar epithelial cells.}” We also showed that SP-D can directly bind
to immune cells of the lung?° thereby regulating pulmonary immune
homeostasis during the inflammatory response.

Several recent studies suggested that the multimeric (native) form
of SP-D is susceptible to oxidative post translational modifications and
subsequent structural and functional changes.?! Indeed, there is evi-
dence that SP-D may lose its host defense and anti-inflammatory prop-
erties in association with oxidation,22 nitrationZ or nitrosylation?* of
specific N- and C-terminal residues during oxidative stress in the respi-
ratory tract.

Inthe present study, we aimed to investigate how SP-D is affected in
amodel of severe combined airway inflammation induced by O5 expo-
sure and allergic airway sensitization in mice. We hypothesized that
SP-D regulates eosinophil extracellular DNA trap formation and that
this function is modified by oxidative stress.

2 | MATERIALS AND METHODS

(A detailed description is provided in the online supplement)

2.1 | Purification of eosinophils

Human eosinophils were isolated with a StemCell Technolo-

gies kit to >97% purity from white blood cells separated from

Lithium-heparinized blood of healthy donors as previously
described.25> Written, informed consent was obtained from all
peripheral blood donors. This study was approved by Ethics Commit-
tee of the Canton of Bern. Mouse eosinophils were isolated from L5
mice from bone marrow using Abs against CD8«, CD19, CD90.2, and
Ly-6G (Miltenyi Biotec, Bergisch Gladbach, Germany) and an EasySep
Mouse PE Positive Selection Kit (Stemcell Technologies) to >95%
purity, assessed by the Hematocolor Set (Merck Millipore).2>

Mouse studies were performed in Balb/c, C57BL/6 (wild type, WT)
and SP-D~/~ mice. O3 and allergen exposure experiments were car-
ried out as described.21¢ Mice were sensitized and challenged with
Af and unless otherwise indicated, exposed to O3 (3.0 ppm for 2 h)
84 h later, and studied 12 h post O3 exposure. Lung function (Flexivent)
measurements (airway responsiveness) were performed in response
to inhaled methacholine, as we previously described.? Bronchoalve-
olar lavage (BAL) was collected to assess inflammatory cells and for
SP-D measurements, and lung tissue was preserved for gene expres-
sion studies (Affymetrix Inc). All methods and the Affymetrix database
related to the transcriptomics data have been uploaded onto the
NCBI Government website. Access the GSE111155 study number at:
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE111155

BAL differential cell count was performed on stained cytospins
(Siemens Diff Quik Stain, Thermo), under light microscopy (x1000,
oil) and counting of total live cells (Countess, Thermo Fisher Scien-
tific). Total BAL SP-D was measured by sandwich ELISA using our in-
house generated mAbs and polyclonal Abs. SP-D structural changes
were assessed by native gel electrophoresis on the BAL cell-free lysate
as previously described.2é Optical Density was semi-quantified by

ImageJ analysis.

2.2 | Cell activation and confocal laser scanning
microscopy

rSP-D (10 ug/mlL) was treated with medium, glucose (10 mM)
or goat anti-SP-D Ab (4 ug/mL) (30 min; 37°C) before addition
to the cells. Isolated eosinophils, resuspended in X-VIVO™ 15
medium (2.5 x 10%/mL) and pre-incubated (30 min) with SP-D,
were primed with GM-CSF (mouse) or IL-5 (human) and stimu-
lated with 1078 M complement factor 5a (C5a). Fixed cells were
stained with Hoechst 33342 and mounted in ProLong Gold mount-
ing medium. Extracellular DNA was visualized by cell permeable
fluorescent dyes, such as MitoSox Red or Syto 13 prior to fix-
ation. SP-D binding to the cell surface was analyzed by indirect
immunofluorescence as previously described.?” Briefly, eosinophils
pre-incubated with either SP-D or recombinant S-nitrosothiol (SNO)-
SP-D (5 ug/mL, both His-Tagged), were seeded on glass coverslip,
fixed with 4% paraformaldehyde and labeled by monoclonal anti-His
Ab (1:100; clone HIS.H8, ThermoFisher Scientific) overnight (4°C),
and then with Alexa Fluor(®) 488 conjugated goat anti-mouse sec-
ondary Ab (1:400; ThermoFisher Scientific). Images were acquired by
LSM 700 (Carl Zeiss Micro Imaging, Jena, Germany; 63x/1.40 Qil)
and analyzed by Imaris software (Bitplane AG, Zurich, Switzerland) as

previously reported.2”
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2.3 | Quantification of released dsDNA in culture
supernatants

Released dsDNA was quantified as previously described.?” Briefly,
isolated eosinophils (4 x 10%/mL) were stimulated and treated with
DNase | (2.5 U/mL; Worthington) and proteinase K (0.2 mg/mL; Roche).
Reactions were stopped and cells were centrifuged (500 x g, 5 min).
Supernatant was transferred to black, glass-bottom 96-well plates
(Greiner Bio-One GmbH) and the fluorescent activity of PicoGreen dye
bound to dsDNA was excited at 502 nm and the fluorescence emission
intensity was measured at 523 nm using a spectrofluorimeter (Spectra-
Max M2, Molecular Devices, Biberach an der Ri3, Germany), according
to instructions (Quant-iT™PicoGreen® Assay Kit).

SNO-SP-D was generated with slight modifications of the tech-
nique used by Guo et al.21-24 Recombinant mouse and human SP-D was
treated with S-nitrosoglutathione (GSNO; Sigma, 200 nM/10 ug/mL
SP-D) followed by Microcon column centrifugation (MW = 30K cut-
off, 13,000 x g, 12 min, room temperature), washing (4x, PBS), aliquot-
ing, and freezing until it was used. Western blot as well as native gel
electrophoresis were used to assess recovery of recombinant native
and GSNO-treated SP-D. S-nitrosylation of recombinant SP-D was
also accomplished by NO obtained by iNOS mRNA (nos2) transfection
in human embryonic kidney (HEK) 293 cells in vitro.28 After 4 h of
mRNA transfection of cells, 3 ug recombinant SP-D was added. After
overnight incubation, cell culture supernatants were processed for the

biotin switch assay as described.24:27

2.4 | Biotin switch,242? Western blotting, and native
gel electrophoresis?!

In mouse BAL, culture supernatant or recombinant SP-D or SNO-
SP-D samples, nitrosylated cysteines were converted to biotinylated
cysteines in a biotin switch assay using biotin-HPDP. Total protein was
precipitated, SNO bonds were decomposed by sodium ascorbate, the
newly formed thiols were then linked with N-[6-biotinamido)-hexyl]-
1-(2-pyridyldithio) propionamide (Pierce). The biotinylated peptides

were pulled down with Streptavidin-agarose beads.

2.5 | Western blotting

Total protein concentrations were determined by bicinchoninic acid
(ThermoFisher Scientific). Immunoblotting was performed using goat
anti-mouse SP-D Ab (1:2000; R&D Systems) and equal protein (250 ng
SP-D and SNO-SP-D and 5 pug of BAL or culture supernatant protein
loaded per lane). Results are representative of at least 3 independent
experiments. Native protein samples or denatured in reducing Laemmli
buffer prior were separated by 10% SDS-PAGE gel electrophoresis.
Proteins were blotted on PVDF transfer membrane (Merck Millipore)
and subsequently probed. Secondary donkey anti-goat (1:10,000; GE
Healthcare Life Sciences) Ab coupled to HRP was used and signals
were detected by enhanced chemiluminescence (ECL Western blotting
substrate, ThermoFisher Scientific) on photosensitive film (ECL Hyper-

film, GE Healthcare Life Sciences).
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2.6 | In-gel digestion and mass spectrometry of
recombinant mouse SP-D

Bands were extracted from BAL run on SDS-PAGE gels, digested with
trypsin, and analyzed using Nano liquid chromatography-tandem mass
spectrometry with Sequest and Scaffold softwares. In additional exper-
iments, recombinant SP-D (3 pg) was treated with air or O3 (3.0 ppm
for 30 min), denatured, reduced, and alkylated before in-solution or in-
gel trypsin digestion with or without PNGase F de-glycosylation and
analyzed using TSQ Vantage and LTQ Orbitrap.2223

2.7 | Statistical analysis

Mean values (+SEM) are provided. To compare groups, unpaired Stu-
dent’s t-test was applied and a P-value less than 0.05 was considered
to be significant. Two-way ANOVA with Tukey’s multiple comparisons
test was used to compare dose responses and time courses. Correla-
tions were performed using regression analysis (Graph Pad Prism 7,
Graph Pad Software Inc.).

3 | RESULTS AND DISCUSSION

3.1 | SP-Dinhibited eosinophil activation and
blocked formation of extracellular DNA traps

Our laboratory and others previously showed that SP-D deficiency
predisposes to inflammation of the airways and lung parenchymaZ20.30
leading to chronic disease.30-33 Although the role of SP-D in mod-
ulating macrophage and dendritic cell function for host defense has
been well documented,1>3435 its regulatory function in allergic air-
ways inflammation and especially on eosinophil activation has been
unclear. Under light microscopic examination of the SP-D”~ lung or the
BAL, we could not identify eosinophils in non-treated (naive) mice. To
probe deeper the role of SP-D in eosinophil activation in the lung, we
studied wild type (C57BL/6) and SP-D~/~ mouse lung transcriptomes.
The Affymetrix chip (a pre-determined design by Affymetrix) from
our mouse lung transcriptome, contained over 45,000 genes includ-
ing the eosinophil specific epx; ear1; the combined ear1,2,3,12; ear3;
ear11; ear2, ear4, and ear5 gene probes. Figure 1A shows that expres-
sion for eosinophil peroxidase (epx) and isoforms of eosinophil associ-
ated ribonucleases ear1, ear1,2,3,12, and ear3, but not the other above
genes (data not shown) were significantly up-regulated in the absence
of SP-D in the SP-D~/~ mouse lungs. Constitutive gene expression of
these granule products reflects activation of eosinophils in the lung tis-
sue or increased eosinophil influx into the lungs3¢ of SP-D”/* mice.
Toinvestigate whether SP-D could directly affect activation of these
cells, we studied membrane binding of SP-D to the surface of mature
mouse eosinophils isolated from bone marrow of IL5% mice. We have
selected the SP-D doses represented in Fig. 1B, and C based on the
fact that the physiological SP-D concentration range in the lung is 1-
20 ug/mL under non-inflammatory conditions34 and several pilot stud-
ies that we conducted on neutrophil extracellular trap formation (data

not shown). Figure 1B demonstrates that at 5 ug/mL approximately
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60% of eosinophils bound SP-D. SP-D contains a C-type lectin carbo-
hydrate recognition domain on its c-terminus,3” and inhibitory C-type
lectin receptors are known to be expressed on several myeloid cell
populations, including eosinophils.38 Expression level of these recep-
tors changes by the maturation state of the myeloid cells (unpublished
observation). In Figs. 1B and 4G; mouse eosinophils were isolated from
bone marrow and could therefore, exhibit differences in their matura-
tion level, leading to differential expression of inhibitory lectin bind-
ing receptors, which then could account for the variability of bound
SP-D staining.

To investigate whether SP-D binding has a functional conse-
quence, we setup in vitro eosinophil activation studies using both
mouse and human eosinophils and studied the release of EETs. Fol-
lowing a short-term (45 min) stimulation of eosinophils with IL-
5 and Cb5a, recombinant SP-D inhibited extracellular DNA release
in a dose-dependent manner, as assessed by confocal microscopy
(Fig. 1C). These results were further corroborated using both puri-
fied human peripheral blood eosinophils (Fig. 2A) and mature mouse
eosinophils isolated from bone marrow of IL5% mice (Fig. 2C). Con-
focal assessment of EET formation was further confirmed by quan-
tification of released dsDNA in the supernatant of activated cells
(Fig. 2B and D).”

In Fig. 2A human eosinophil granules appear punctate due to
the high levels of granule proteins, such as major basic proteins
(MBP) and eosinophil peroxidase (EPX), that are known to have auto-
fluorescence (hence the red dots). In contrast, mouse eosinophils com-
paratively have less eosinophil granule proteins and therefore less
auto-fluorescence activity (Fig. 2C). The MitoSOX Red fluorescent
dye is a derivative of ethidium bromide (i.e., a DNA binding dye) that
is live-cell permeable and is oxidized by superoxide, exhibiting red
fluorescence when bound to nucleic acid. MitoSOX is a highly suit-
able fluorescent dye for the detection of the DNA scaffold of EETs,
since it requires DNA in combination with reactive oxygen species
to emit a red color. Hoechst 33342, being a weaker staining reagent
for released DNA, is here used only to visualize the nuclei of cells

after fixation.

Pl

+ SP-D FIGURE 1 SP-D inhibited eosinophil activa-
tion and dsDNA (EET) release. (A): Total RNA
was extracted from naive wild type (C57BL/6,
black bars) and SP-D~~ (white bars) lungs.
Eosinophil specific gene expression was stud-
ied by Affymetrix microarray. Data were stan-
dardized to GAPDH and expressed as arbitrary
units (% change from the wild-type control mean
value). Mean + SEM of n = 4-6. *P < 0.05;
**P < 0.01; **P < 0.001 (t-test). (B) Immunoflu-
orescent staining of bound SP-D to the surface
of mature mouse eosinophils (white arrows) iso-
lated from bone marrow of IL5% mice. Scale bars,
10 um. (C) Human recombinant SP-D blocked
the formation of EETs by human eosinophils iso-
lated from peripheral blood of healthy donors. (B
and C) Confocal microscopy. Scale bars, 10 um

Control-Ab
Pl

Syto13

We used an anti-SP-D Ab as an experimental control through-
out our experiments. Importantly, Ab blockade of SP-D completely
reversed its effects on dsDNA release verifying that the inhibition we
saw on eosinophil extracellular trap formation was indeed specifically
caused by SP-D (Fig. 2A-D). Taken together, these data indicated that
lack of SP-D in the lung results in gene activation of eosinophil specific
proinflammatory granule products and/or influx of eosinophils into the
lungs while presence of SP-D inhibits eosinophil activation by direct
cell membrane binding. Our data corroborate previous studies in which
SP-D was shown to bind eosinophils in a maltose and Ca** -dependent
manner.3? SP-D also inhibited eotaxin-induced migration, degranula-
tion of eosinophil cationic protein3? and promoted apoptosis upon IL-5
priming in vitro.#0-42

SP-D exerts both host-defense and anti-inflammatory functions in
the lung. These are not contradictory as they both serve immune pro-
tection of the respiratory mucosa through distinct and complementary
mechanisms as we and many others have previously shown.1>4344
Such dual biological role is well illustrated by the relationship of
SP-D to extracellular DNA traps, in the absence of pathogens the
carbohydrate recognition domain of SP-D is free to ligate inhibitory
membrane receptors on the granulocyte surface3” thereby preventing
inappropriate release of DNA as shown in Fig. 2 by both human and
mouse cells. Figure 2A-D also demonstrate that the SP-D effect on
dsDNA release was abolished by disabling the carbohydrate recogni-
tion domain with addition of glucose. Studies from other laboratories
demonstrated that in the presence of bacteria, SP-D enhanced DNA
trapping by simultaneously binding to bacterial carbohydrate ligands
and DNA3> and facilitated pathogen and dead cell clearance by
macrophages through extracellular DNA traps.354> We suggest there-
fore that occupation of the carbohydrate recognition domain of SP-D
by pathogens provides the functional switch that releases the SP-D
control of extracellular DNA trap formation and turns the molecule
into a host-defense opsonin. DNA trap formation, an important host
defense process which is otherwise highly proinflammatory (reviewed
by Porto and Stein),® requires a tight regulation in the lung. Our data
supports that SP-D may fulfill such an important regulatory function.
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3.2 | O enhanced Af-induced airway eosinophilia
and degraded SP-D

To investigate the in vivo significance of these findings in a model of
Th2 high severe asthma where eosinophils are the predominant cell
type and responsible for the clinical and pathological changes,*¢*”
we used a combined model of allergic airway sensitization and O4
exposure.! Mice were sensitized and challenged with Af, then exposed
to O5 at different time points post Af challenge and 12 h post O5 expo-
sure (Fig. 3A). Our time course experiment showed that airway neu-
trophilia peaked 24 h and airway eosinophilia peaked 96 h after Af
challenge. O3 inhalation significantly increased both neutrophil and
eosinophil counts (Fig. 3B). A detailed assessment of the differential
cell count at this time point (Fig. 3C and D) shows that a doubling
of eosinophil numbers in the BAL was associated with a significant
increase in lung resistance to methacholine inhalation in the mice that
received O exposure after Af challenge (Fig. 3E).

To investigate how eosinophil granule product gene expression (a
marker of eosinophil number and/or activation in the lung) is related to
SP-D mRNA expression during inflammatory changes, we analyzed an
Affymetrix gene chip of the lung of C57BL/6, Balb/c, and SP-D-/- mice
that received air, O3, Af, or acombination exposure of both O3 and Af as
described. These results suggested a negative correlation between SP-
D and eosinophil granule product mRNA expression (Fig. 3F) that was
driven by the inclusion of SP-D-/- mice showing the highest eosinophil
granule product gene expression of the three strains. Based on these
results and the findings depicted in Figs. 1 and 2, we hypothesized

that presence of more SP-D would convey more protection against

inflammatory changes in the lung. To study this, we investigated Balb/c
mice that showed a prominent increase in eosinophil influx into the air-
ways upon the combined exposure to allergen and O5 (Fig. 3D). Con-
trary to our hypothesis, heightened airway inflammation in the allergen
and O3 exposed mice was in fact associated with significantly elevated
SP-D both at the mRNA (Fig. 3G top panel) and the protein level (3G
bottom panel). Thus, increased level of SP-D expression did not sim-
ply equal better anti-inflammatory protection. To resolve this conun-
drum, we went ahead and looked into the structural changes of SP-D
upon allergen and O5 treatment of the mice by native gel electrophore-
sis (Fig. 3H). The multimeric (native) structure of SP-D is known to be
susceptible to chemical modifications by free radicals during airway
inflammation?2-24 and such change can result in a loss of its immune
protective properties.?1:2426:48:49 |ndeed, while O3 enhanced mRNA
as well as total SP-D protein expression in the asthmatic mice, the pro-
portion of highly oligomerized SP-D was in fact significantly decreased
in these animals (Fig. 3H right panel). Such structural modification
occurred in allergen challenged asthma patients2é and in the highly
inflamed lung of mice2* and it was associated with a nitric oxide rich
milieu and inducible nitric oxide synthase iNOS (nos2) activation.*8

3.3 | S-nitrosylation of the SP-D molecule altered its
structure and abolished its inhibitory effects on
dsDNA release

Eosinophils have been identified in asthmatic airway inflammation

as a major source of iINOS3450 and exhaled NO has become the
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FIGURE 3 O3 enhanced Aspergillus fumigatus (Af)-induced airway eosinophilia and degraded SP-D in the BAL. (A) Balb/c mice (n = 6/group)
were sensitized and challenged with Af then exposed to O3. Lung function, airway inflammation, and SP-D expression were determined at the
indicated time points (grey circles) post Af challenge and 12 h post O3 exposure. (B) BAL counts of neutrophils and eosinophils were performed
on cytospin preparations (Siemens Diff Quik Stain) and counting of total live cells (Countess). (C and D) BAL samples were obtained 96 h after
Af challenge of C57BL/6 mice. (C) Photomicrographs of cytospin preparations were taken under immersion oil (1000x) of representative images
depicting differential cellular inflammation in response to O; or Af alone and the combination of these in BAL. (D) Quantitative assessment of
macrophages, neutrophils, eosinophils, and lymphocytes using stained cytospins from BAL samples. (E) Airways hyperresponsiveness was assessed
to increasing concentrations of nebulized methacholine by Flexivent. Total lung resistance is shown. (D) *P < 0.05 Unpaired t-test; (E): ***P < 0.001
two-way ANOVA with Tukey’s multiple comparisons; (B-E) mean + SEM of n = 6-8; (F) eosinophil granule product gene expression (studied by an
Affymetrix gene chip in the lung) negatively correlated with SP-D mRNA expression. Data points represent group averages (n = 4-5 mice in each
groups of C57BL/6 [black squares], Balb/c [grey squares], and SP-D-/- [white squares] mice that received air, ozone, allergen, or a combination of
allergen and ozone exposure, one group each, n = 18 groups). (G) Lung tissue SP-D mRNA (sftpd) in Balb/c mice expressed as % over average air
exposed control; (top; *P < 0.05; Unpaired t-test; n = 5-6). Total BAL SP-D was measured by ELISA (bottom; n = 3). (H) Native gel electrophoresis
of BAL cell-free lysate. Optical Density was assessed by ImageJ analysis. Data are presented as median and interquartile ranges n = 5 *P < 0.05,
Unpaired t-test
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FIGURE 4 S-nitrosylation of the SP-D molecule altered its structure and abolished its inhibitory effects on dsDNA release in a carbohydrate
dependent manner. (A) Correlation between eosinophil peroxidase (Epx) and inducible nitric oxide synthase (Nos2) mRNA in the lung. Data points
represent individual Balb/c mice that received the combination of Af sensitization and challenge +O3 exposure (n = 21). (B) Representative blot
of n = 3 independent experiments demonstrating S-nitrosylated SP-D in the BAL fluid of allergen and O3 exposed mice by the biotin-switch assay.
Mouse recombinant SP-D was added as a Western Blot control without the biotin switch. Naive: no treatment; O3: ozone exposure (2 ppm for 2h,
BAL harvested 12 or 48h later); Af: BAL harvested as indicated; Af+O3: sensitized mice were challenged with Af and received O5 exposure 84 h
later. BAL was harvested 96 h after allergen challenge (i.e.,12 h after O3). Rm (recombinant mouse) SP-D: 0.05ug (C): S-nitrosylation of recombi-
nant SP-D with NO obtained by iNOS mRNA translation in HEK cells in vitro. HEK 293 cells were transfected with iNOS mRNA and incubated
with rSP-D. After overnight incubation, cell culture supernatants were processed for biotin switch assay. 1, control (scramble transfection)+rSP-D
(3 ug)-(biotin switch); 2, iINOS mRNA transfection+ rSP-D (3 ug)-(biotin switch); 3, untreated SP-D (50 ng) ~-WB ctrl; 4, total SP-D from Sample
1 (WB ctrl, no biotin switch); 5, total SP-D from sample 2 (WB ctrl, no biotin switch). (D) effect of O exposure, L-Cys and L-Cys-NO treatment
on the structure of recombinant SP-D in vitro. Native gel electrophoresis. (E) Oxidation of peptide SVPNTCTLVMCSPTENGLPGR after in vitro
ozone treatment. Recombinant mouse SP-D (3 ug) was de-glycosylated, trypsinized overnight, and then assessed by the TSQ-Vantage mass spec-
trometer. (F) Immunoblot analysis of denatured recombinant native and oxidized (SNO) SP-D. Results are representative of at least 3 independent
experiments. (G) Confocal microscopy. Immunofluorescent staining of bound SNO-SP-D molecules (at 5 ug/mL) on the surface of mature mouse
eosinophils isolated from bone marrow of IL5% mice. Mouse eosinophils were stained with anti-His-Tag Ab. SNO-SP-D binding is indicated by
white arrows; scale bar, 10 ym. (H) Quantification of released dsDNA in supernatant of non-activated and activated eosinophils pre-incubated
with recombinant SP-D or oxidized SP-D (SNO-SP-D) both at 10 ug/mL. Mean + SEMof n=4
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hallmark of severe high eosinophilic asthma.>1>2 In our model, there
was a positive correlation between the genes encoding the eosinophil
granule product eosinophil peroxidase (epx) and inducible nitric oxide
synthase (nos2) in the lung of mice that received the combination
of Af and O3 exposure (Fig. 4A) suggesting that greater number of
eosinophils or extent of activation is associated with increased pres-
ence of the enzyme responsible for NO production. NO was suggested
to chemically modify SP-D in a process called S-nitrosylation.2%:24 The
extent of this modification in SP-D recovered from the BAL of mice
is illustrated in Fig. 4B by the biotin switch assay2? (with the excep-
tion of the last band which is a Western blot control of untreated
mouse recombinant SP-D, run without biotin switch). The role of iINOS
was confirmed by an in vitro experiment where we transfected HEK
cells with nos2 (or an irrelevant) mRNA and added mouse recombi-
nant SP-D that was then assessed by biotin switch (Fig. 4C). The role
of cysteine residues in maintaining the integrity of the multimeric SP-
D structure is essential. Cys15 and 20 were demonstrated to be par-
ticularly important34°3 and susceptible to S-nitrosylation.24 The role
of cysteine residues in the direct effects of oxidative modifications by
O3 were investigated in vitro (Fig. 4D). As shown before,2%24 addi-
tion of L-nitrocysteine resulted in de-oligomerisation of the native
recombinant SP-D molecule. However, we also saw such effect upon
direct in vitro exposure of SP-D to O3;. Mass spectroscopic assess-
ment of O3-treated SP-D revealed that Cys15 and 20 were oxidized
(Fig. 4E and Supplementary Fig. 1) suggesting that in addition to S-
nitrosylation, direct oxidation by O3 can also affect cysteine residuesin
SP-D. To study the functional significance of such chemical alterations,
we treated SP-D with GSNO. After treatment, we compared SNO-SP-
D to untreated SP-D in a reduced gel (Fig. 4F) to ensure recovery of
similar amounts. We also tested binding of SNO-SP-D molecules on the
surface of mature mouse eosinophils (Fig. 4G). We found similar bind-
ing intensity to untreated SP-D (Fig. 1B) suggesting that S-nitrosylation
did not affect eosinophil membrane binding. However, inhibition of
dsDNA release into the supernatant of activated eosinophils was com-
pletely lost when cells were treated with SNO-SP-D (Fig. 4H).

In summary, our study showed that SP-D directly bound to
and inhibited extracellular DNA-trap release by human and murine
eosinophils in a dose- and carbohydrate-dependent manner. In a
mouse model, combined allergic airway sensitization and O3 exposure
induced heightened airway eosinophilia, nos2 mRNA activation in the
lung tissue, and S-nitrosylation related de-oligomerisation of SP-D in
the BAL. In vitro reproduction of the iNOS action in a cell culture
expression system, led to similar effects on SP-D. Direct S-nitrosylation
abolished the ability of SP-D to block extracellular DNA trap forma-
tion. We propose that the homeostatic negative regulatory feedback
between SP-D and eosinophils is unraveled by the NO-rich oxidative

lung tissue environment in asthma exacerbations.
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