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ABSTRACT—Severe acute pancreatitis (SAP) often causes acute lung injury (ALI) by systemic inflammatory response.
Surfactant protein D (SP-D) plays critical roles in host defense and inflammation regulation. NLRP3 inflammasomes and NF-
kB signaling are key regulators in innate immunity and inflammation. We hypothesized that SP-D attenuates ALI by
suppressing NLRP3 inflammasome and NF-«B activation. Methods: Wild-type C57BL/6 (WT), SP-D knockout (KO), and
humanized transgenic SP-D (hTG) mice were used in this study. SAP was induced by administration of one-dose
lipopolysaccharide (10 mg/kg) and 6 hourly intraperitoneal injections of cerulein (Cn) (100 ng/kg). Animals were killed 6
and 24 h after first Cn treatment. Histopathologic changes in pancreas and lung were assessed by light and electron
microscopes. Serum amylase, IL-13, IL-6, and MCP-1 levels were determined by kit/ELISA. NLRP3 inflammasome, NF-«B,
and MPO activations were analyzed by western blotting and immunofluorescence. Results: KO mice showed more severe
pancreatic and lung injury than WT mice in SARP hTG mice exhibited similar degree in lung injury as WT mice. Mitochondrial
and rough endoplasmic reticulum damages, autophagosome formation were observed in the alveolar type Il and acinar cells
of SAP mice. SAP KO mice had increased bronchoalveolar lavage fluid inflammatory cells, higher levels of serum IL-1, IL-6,
and MCP-1 than SAP WT and hTG mice. Levels of NLRP3 inflammasome (NLRP3, ASC, and Caspase-1) and NF-«B
activation in SAP KO mice were higher than SAP WTand hTG mice. Conclusion: SP-D exerts protective effects against ALI
via suppressing NLRP3 inflammasome and NF-«B activation in experimental SAP.
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INTRODUCTION

Acute pancreatitis (AP) is a complex inflammatory reaction
of the pancreas, followed by the multiple organ damage (1).
Acute lung injury (ALI) that clinically manifests as acute
respiratory distress syndrome (ARDS) is common in critically
ill patients due to various conditions including severe acute
pancreatitis (SAP), and it seems to be the predominant cause of
death (2). These conditions have been characterized by the
macrophage and neutrophil accumulation in the lung and the
production of inflammatory mediators, including complement
activation products, cytokines and chemokines, and oxidants.
Vascular endothelial and alveolar epithelial cell damage/death
leads to disruption of the blood-alveolar barrier, resulting in
pulmonary edema, intrapulmonary hemorrhage, and severely
impaired gas exchange (3). Accumulated evidence demon-
strates that its basic etiology is tissue destruction accompanied
by unresolved inflammation and disordered cellular pathways
(4). Specific and effective interventions for this disease are not
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available largely because of a lack of understanding of the early
cellular events and molecular mechanisms in its inflammatory
pathophysiology.

Recent studies demonstrated that the inflammatory cascade
initiated by sterile inflammation and mediated by inflamma-
some activation is a central component in a wide range of
diseases, including AP and ALI (5-7). Among the various
inflammasome complexes identified thus far, the Nod-like
receptor pyrin domain-containing protein 3 (NLRP3) inflam-
masome is considered to be an integrator of diverse sterile and
some nonsterile injury signals, as well as the primary regulator
of the resultant immune response (7). The NLRP3 inflamma-
some refers to a family of macromolecular protein complexes
composed by NLRP3, and apoptosis-associated speck-like
protein containing a caspase recruitment domain (ASC) and
caspase-1.

The interdependent relationship between oxidative stress and
tissue injury in Cn-induced AP is supported by numerous
studies (8). The pathogenesis of ALI/ARDS, a major clinical
syndrome with limited therapy and high mortality, has already
been proven to be closely related to oxidative stress and
inflammation (9). It is not only inflammation induced by
oxidative stress but also oxidative stress that accelerates inflam-
mation through the activation of proinflammatory pathways,
such as the NLRP3 inflammasome and nuclear factor-kappa B
(NF-kB) signaling (10). NLRP3 inflammasome, one of the
most well-characterized inflamasomes, is an oligomeric molec-
ular complex that can be activated by diverse “danger signals”
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(e.g., ATP and ROS) (11). NF-«kB, a ubiquitous inducible
transcription factor, is a robust regulator of various proinflam-
matory cytokine gene expressions in response to external
stimuli. They include several important proinflammatory cyto-
kines such as IL-1{3, IL-6, TNF-a, and chemokines such as
monocyte chemoattractant protein-1 (MCP-1/CCI2) (12, 13).
Intriguingly, the NF-«B signaling pathway does not merely act
as a classical proinflammatory pathway with a conventional
mode of action but also provides a novel insight due to its
critical role in the initial step of NLRP3 activation (14).

The inflammatory response in the alveolar microenviron-
ment is tightly regulated to avoid damage to the gas-exchanging
delicate structures through the concerted efforts of the innate
and adaptive immune system (15). Two important components
of the innate immune response are alveolar macrophages
(AMs) and pulmonary surfactants in the lung, the latter of
which regulates macrophage function (15). Innate immune
molecule surfactant protein D (SP-D), a member of C-type
lectin family, plays indispensable roles in host defense, regula-
tion of inflammation and homeostasis in the lung. Immune-
related functions regulated by SP-D include agglutination of
pathogens, phagocytosis, oxidative burst, antigen presentation,
cytokine secretion, modulation of apoptosis, and clearance of
apoptotic cells (16). Although initially predominant expression
of SP-D was identified in alveolar type II (AT II) epithelial cells
of lung, extrapulmonary existence of SP-D has been reported
(17). SP-D can opsonize pathogens and foreign particles that
may be deposited in the lungs and then interacts with the
alveolar macrophages via a series of cellular receptors, leading
to their uptake and downstream immune response (18). Human-
ized transgenic (hTG) mice with lung-specific SP-D expression
provide a powerful tool to study organ-specific SP-D role
in SAP.

Previous studies demonstrated the protective roles of SP-D
and the harmful effects of overexpressing NLRP3 and NF-«B
signaling in the context of ALI/ARDS (19-21). Among the
cellular response mechanisms, SP-D is considered a survival
factor that alleviates oxidative injury, whereas both the NLRP3
and NF-«B pathways are proinflammatory pathways that cause
cellular damage. These pathways are implicated in the devel-
opment and resolution of ALI (10). Our recent studies demon-
strated that SP-D is involved in the regulation of NF-«B
signaling pathway in sepsis-induced acute pancreatic and
kidney injury (22, 23). However, there is no evidence to
elucidate how SP-D interacts with the NLRP3/NF-«kB pathways
and how SP-D protects against ALI associated with AP. There-
fore, we hypothesized that SP-D can attenuate lung inflamma-
tion and injury by suppressing NLRP3 inflammasome
activation and regulating NF-kB signaling pathway in an
experimental SAP model induced by Cn plus lipopolysaccha-
ride (LPS) treatment.

MATERIALS AND METHODS

Animals

Wild-type mice (8—12 weeks old, C57BL/6) were obtained from Jackson
Laboratories (Bar Harbor, ME) and acclimated for at least a week before
starting the experiments. SP-D knockout (SP-D KO) mice with C57BL/6
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background were kindly provided by Dr. Hawgood’s laboratory of the Univer-
sity of California, San Francisco. Humanized transgenic SP-D (hTG, with lung-
specific human SP-D expression without mouse SP-D background) mice were
generated by our laboratory and were used in this study. The SP-D KO mice
were backcrossed at least 10 generations against a C57BL/6 background. The
genotypes of all mice used in this study were determined by PCR analysis with
mousetail DNA. No significant difference of phenotype exists between age- and
sex-matched WT, SP-D KO, and hTG SP-D mice. All the animals were housed
at the central animal facilities, and were maintained on a normal 12 h/12 h light/
dark cycle at 24°C with regular mouse chow (Catalog#0006539, LabDiet, St.
Louis, Mo) and water ad libitum. Mice were fasted overnight before induction
of pancreatitis. All experiments and animal handling were approved by
Institutional Animal Care and Use Committee at SUNY Upstate Medical
University (IACUC #410), and meet the National Institutes of Health and
ARRIVE guidelines on the use of laboratory animals. Both male and female
mice were used in this study.

SAP model

All mice were fasted for 12 h, and the model of SAP induced by Cn and LPS
in this study was previously described with a minor modification. Our previous
study indicated that the mice exhibited mild pancreatitis after treatment with Cn
alone at a dosage (100 pg/kg/h for 6 hourly intraperitoneal injections) (24). A
severe form of acute pancreatitis, characterized by local organ injury and
distinct organ damages or dysfunctions, can be induced by a relatively minor
secondary insult (administration of a small dose of LPS) (5). Therefore, in this
SAP model, the mice (WT, SP-D KO, and hTG SP-D) were treated with Cn
(Sigma, St Louis, Mo) plus LPS group (Cn + LPS, SAP group). In brief, mice
were given 6 hourly intraperitoneal injections of Cn at 100 wg/kg and one
intraperitoneal injection of LPS (10mg/kg; from Escherichia coli 026:B6;
Sigma) immediately after the first injection of Cn. Animals in the control (Cntl)
group received same size of normal saline. Mice were killed 6 and 24 h after the
first Cn injection.

Mouse specimen collection

To collect the mouse blood and other tissues, mice were first anesthetized
using intraperitoneal ketamine/xylazine (90 mg/kg ketamine, 10 mg/kg xyla-
zine) injection and then euthanized. Blood was collected from the inferior vena
cava using 1-mL syringe. The pancreas and lung were fixed for histological
analysis or frozen in liquid nitrogen immediately for western blotting analysis.
In addition, the lungs of some mice were lavaged for bronchoalveolar lavage
fluid (BALF) and cell analysis (see later).

Alpha-amylase activity assay

Alpha-amylase activity of serum was determined using an amylase colori-
metric assay kit (Sigma).

Serum cytokine and chemokine determination

The levels of IL-13, IL-6, and MCP-1 (CCI2) in serum were determined
using commercially available murine enzyme-linked immunosorbent assay
(ELISA) kits following the manufacturer’s instructions (ThermoFisher Scien-
tific Inc., Pittsburgh, Pa). All samples were analyzed in triplicates.

Cell counting in BALF

BALF was prepared for quantification of inflammatory cells in a separate
group of experimental animals. To perform BAL, 0.5 mL saline was instilled via
trachea and then gently withdrawn; it was repeated for 3 times. Normally, a total
of 1.2mL of BALF was obtained from each mouse lung. Total cell counts in
BALF were determined with a hemocytometer. The BALF samples were
centrifuged at 250 x g for 10min and then cells were resuspended in 1 mL
of sterile saline (4°C). One hundred microliter of diluted cell solution was
mounted on a slide by cytospin centrifugation at 1,000 rpm for 3 min. Slides
were stained using the Protocol HEMA-3 cell staining kit (ThermoFisher
Scientific Inc.). Macrophages/monocytes and polymorphonuclear neutrophils
(PMNs) in the BALF were identified and quantified by Nikon 2000 research
light microscope (x200 magnification).

Histopathological analysis

Murine pancreas and lung were fixed in 10% formalin for at least 24 h and
embedded in paraffin. About 4-pum (pancreas) and 5-pm (lung) sections were
processed for hematoxylin—eosin (H/E) staining by standard procedures. Then
multiple randomly chosen microscopic fields from at least five mice in each
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group were examined by two investigators in a blinded manner. For pancreatic
injury, the scoring was on a scale of 0 to 3 (0 being normal and 3 being severe)
according to four items: presence of vacuolization, interstitial edema, interstitial
inflammation, and number of acinar cell necrosis, as previously described (25).
For lung injury, the scoring was performed according to recommendation by the
American Thoracic Society (26).

Analysis by transmission electron microscopy

The pancreatic and lung tissues were fixed by 2.5% glutaraldehyde and 2%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) and further fixed in 1%
osmium tetroxide in 0.1 M phosphate buffer (pH 7.4) for 1 h. Samples dehydrated
in a graded ethanol series, and embedded in LX-112 (Ladd Research Industries,
Vermont, Va). Thin sections (70 nm) were cut by Diatome knife and stained with
uranyl acetate and lead citrate. Samples were viewed in a JEOL JEM1400
transmission electron microscopy (TEM) (JEOL USA Inc., Peabody, Mass).
Each sample was examined at various magnifications from x6,000 to 35,000.

Immunofluorescence analysis

Paraffin-embedded sections were incubated at 60°C for 1 h, deparaffinized
with xylene twice, and then subjected to graded series of ethanol. Antigen
retrieval was performed with sodium citrate buffer (pH 6.0) at boiling point for
10 min. Permeabilization was performed with 0.2% Triton X-100. Sections
were subsequently blocked with 10% donkey serum (ab7475; Abcam, Cam-
bridge, Mass) for 50 min at room temperature. Sections were incubated
overnight with primary antibodies listed below and then were incubated with
Alexa Fluor 488-conjugated Donkey Anti-Rabbit secondary antibody
(ab150073; Abcam) at room temperature for 1 h. Nuclei were counterstained
with 4,6-diamidino-2-phenylindole (DAPI, ab104139; Abcam).

Antibodies used in immunofluorescence analysis included Anti-SP-D anti-
body (Dr. Jo Rae Wright of the Duke University Medical Center for mouse SP-
D Ab), Anti-NLRP; antibody (PA5-20838; Thermo Scientific), antibody p-IkB-
o (#2859; Cell Signaling Technology [CST], Boston, Mass), p-NF-kB p65
(#3033; CST), Anti-Myeloperoxidase (MPO) antibody (ab9535; Abcam), and
IL-1B (ab205924; Abcam). Slides were visualized by a Nikon Research 2000
microscope, analyzed by the Image J software (NIH) for quantitative analysis in
at least five randomly selected high-power (x200) fields/slides.

Western blotting analysis

Lung tissues were homogenized in protein lysis buffer containing protease
and phosphatase inhibitors. Protein concentrations were determined using the
micro-BCA protein assay kit (Thermo Scientific, Rockford, Ill). Protein
samples (50 pg) were subjected to separation by reducing SDS-polyacrylamide
gel electrophoresis, and then transferred onto PVDF membrane at 4°C over-
night (Bio-Rad, Hercules, Calif). The membrane was blocked in 5% nonfat milk
in Tris-buffered saline, and probed using a primary antibody against NLRP;
(MAS5-20838; Thermo Scientific), or cleaved caspase-1 (#67314; CST), or
apoptosis-associated speck-like protein containing CARD (ASC) (#67824;
CST), or p-NF-kB p65 (#3033; CST), and subsequently incubated with a
secondary HRP-conjugated antibody (Bio-Rad, Hercules, Calif). Bands were
detected using Pierce ECL Western Blotting detection reagent (Thermo Scien-
tific) and the blots were exposed to X-film. The membrane was stripped and
reprobed with B-actin antibody (ab16039; Abcam) or proliferating cell nuclear
antigen (PCNA) (#13110; CST) as an internal control. Antibody-reactive bands
were revealed by enhanced chemiluminescence and exposed to radiographic
film. The expression of protein was quantified after scanning of films by the
Quantity One software (Bio-Rad).

STATISTICAL ANALYSIS

In this study, all the data are expressed as mean & SEM.
Statistical analyses of the data were performed by using one-
way analysis of variance (ANOVA) followed by the Student—
Newman—Keul test (SPSS, 20.0). P <0.05 was considered to
be statistically significant.

RESULTS

SP-D expression in the lung of hTG SP-D mice

hTG SP-D mice were generated and characterized by PCR
genotyping and protein expression analyses. The genotyping
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analysis showed the positive fragment of human SP-D gene but
no mouse SP-D gene in the hTG mice (Fig. 1A). Because the
transgene hSP-D was driven by 3.7kb SP-C promoter
sequence, the expression of transgene hSP-D is only in alveolar
type II cells of the lung (27). We further examined the level of
hTG SP-D expression and distribution in the lung using western
blot and immunofluorescence analysis. SP-D protein in hTG
mice was expressed in the lung and the level of SP-D on western
blot was comparable to that of WT mice. As expected, no SP-D
protein was detected in SP-D KO mice (Fig. 1, B—-D). The
results from immunofluorescence analysis indicated that alve-
olar type II epithelial cells showed positive staining for SP-D
expression in both WT and hTG mice but not in the SP-D KO
mice (Fig. 1D).

Cn plus LPS-induced SAP model

In the present study we have adapted one SAP model with
multiple Cn plus LPS treatments (5) Histopathological analysis
showed the injury of pancreas and lung at 6 and 24 h posttreat-
ment but not in control (Fig. 2A). Injured pancreas displayed
lobular mesenchymal rarefaction, inflammatory cell infiltra-
tion, hemorrhage, and necrosis. Similarly, injured lung showed
increased neutrophils in the alveolar space and the interstitial
space, proteinaceous debris in the airspaces, and alveolar
thickening, and lung histological damage. The injury scores
in the pancreas and lung were higher at 24 h than at 6 h after
treatment (Fig. 2, B and C), suggesting that hyperamylasemia
developed (data shown in Fig. 3E) immediately in this SAP
model. Based on the results of time-course experiments, we
studied various histopathological, cellular, and molecular
parameters of SAP-induced injury among three types of mice
at 24 h after treatment in the following experiments.

SP-D reduced the severity of SAP-induced pancreas
and lung injury

We analyzed histopathological changes in pancreatic and
lung tissues from WT, SP-D KO (KO), and h'TG mice at 24 hin
SAP model. The results showed that KO mice exhibited more
vulnerable to inflammatory injury in the pancreas and lung after
SAP. As shown in Figure 3, the severity of pancreatic (Fig. 3A)
and lung (Fig. 3B) injury increased in KO mice compared with
WT mice. Of interest, hTG mice showed reduced pancreatic
and lung injury compared with KO mice in SAP model. The
scores of pancreatic and lung injury were higher in KO mice
than WT mice and hTG mice, for pancreas, Fig. 3C; KO versus
WT and hTG (P < 0.05) and for lung, Fig. 3D; KO versus WT
and hTG (P <0.05). Furthermore, analysis of serum amylase
activity, a common biomarker of pancreatic injury, indicated
progressive increase from 6 to 24 h after treatment. KO mice
showed higher level of serum amylase activity than WT and
hTG mice (Fig. 3E, P<0.05, KO vs. WT and hTG). No
differences of serum amylase activity and injury scores of
pancreas and lung were observed between SAP hTG and
WT mice (Fig. 3, C and D).

Ultrastructural analysis by electron microscopy

Electron microscopy analysis revealed the ultrastructural
abnormalities of mitochondria and other organelles in both
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Fic. 1. Genotyping analysis of hTG SP-D mice and SP-D expression in the lung. The mouse SP-D (mSP-D) and human SP-D (hSP-D) were analyzed by
genotyping with specific PCR amplification in WT, KO, and hTG transgenic mice (A). The sizes of PCR products of mSP-D and hSP-D are 470bp and 312bp,
respectively. Panel A depicts the results of genotyping analysis: the mice carrying only mSP-D gene are WT mice (lane 1, 2); the mice without mSP-D and hSP-D
are SP-D KO mice (lane 3, 4); the mice with hSP-D gene but no mSP-D gene are hTG mice (lane 5, 6). The recombinant plasmid was used as positive control and
the KO mouse genomic DNA as negative control. SP-D expression in the lung was examined by Western blotting analysis (B), and quantitative analysis (C), as well
as immunofluorescence assay (D). As expected, SP-D was expressed in the lung of WT and hTG mice, but not in KO mice. WT, wild-type mice; hTG, humanized
SP-D transgenic mice. Graphs are expressed as means + SEM; n= 3. "P< 0.05. (Original magnification x200, scale bars =200 p.m).
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Fic.2. Time-course changes of pancreatic and lung injury after cerulein plus LPS treatment. Representative micrographs of pancreas and lung at 0, 6,
and 24 h after cerulein plus LPS treatment are presented; obvious tissue injury in the pancreas and lung are observed (A). Pancreatic (B) and acute lung (C) injury
scores were calculated, indicating higher scores of pancreas and lung injury at 24 h than at 6 h after treatment, respectively. Note: “0 h” represents the baseline of
these parameters for control group treated with saline. Graphs are expressed as means + SEM; n=5. "P < 0.05; P < 0.01. (Original magnification x200, scale
bars =200 pm).
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of pancreas (A) and lung (B) from control (Cntl) and severe acute pancreatitis (SAP; i.e., Cn+LPS) WT, KO, an hTG mice are presented. Acinar cell injury or
necrosis (arrows in A) in pancreatic tissue and alveolar congestion, interstitial and alveolar inflammatory cell infiltration (arrows in B) were observed. The scores of
pancreatic (C) and lung (D) injury were assessed quantitatively as described in the “Materials and Methods,” respectively, and then they are compared in WT, KO,
and hTG mice. Panel E depicts the different levels of serum amylase activity at 6 and 24 h after cerulein and LPS treatment in WT, KO, and hTG mice. Graphs are
expressed as means +SEM; n=6. "P<0.05; “P<0.01. Cntl, Control group; Cn+LPS, cerulein + lipopolysaccharide. (Original magnification x200, scale
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pancreas (Fig. 4, B and D) and lung cells (Fig. 4F) of SAP WT
mice but not in the control WT mice (Fig. 4, A, C, and E). These
abnormalities consist not only of a decreased number of
mitochondria but also of an enlarged and abnormal shape,
variations in the number of cristae and particular patterns of
cristae, and abnormal inclusions (Fig. 4, B and D). Further-
more, SAP mice exhibited severe rough endoplasmic reticulum
(rER) damage and reduced number of ribosomes, and signifi-
cant autophagosome formation in pancreatic acinar cells
(Fig. 4, B and D), and damaged lamellar bodies (LBs) with
decreased number of LBs in the lung AT II cells (Fig. 4F), when
compared with control mice. These provided direct evidence of
severe pancreatic and lung injury in the SAP model.

Cntl

Pancreas

Pancreas
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Total and inflammatory cells in BALF

We examined total and inflammatory cells, e.g., macro-
phages and neutrophils in the BALF from experimental mice.
As shown in Figure 5A, Cntl mice contained only alveolar
macrophages in BALF, KO mice have higher number of
macrophages with foamy alveolar macrophages (Fig. 5D,
P <0.05, KO vs. TW and hTG); however, SAP mice included
a larger number of neutrophils in BALF of all three types of
mice. The quantitative analysis of total cells and inflamma-
tory cells in BALF reveals significant increases in the number
of total cells and neutrophils in the SAP WT, KO, and hTG
mice compared with Cntl mice. Total cell counts in SAP KO
mice were larger than SAP WT and hTG mice. In agreement

C +PS

Fic. 4. Ultrastructural analysis of pancreatic acinar and lung alveolar type Il cells by TEM. Pancreas and lung tissues were fixed and analyzed by
transmission electronic microscopy (TEM). Representative ultrastructural properties of pancreatic acinar cells (A—D) and lung alveolar epithelial type Il cells (E, F)
are shown here. Pancreatic acinar cells exhibited cystic expansion of endoplasmic reticulum, mitochondrial swelling (B), and autophagosome formation (D) in SAP
mice but not in control mice (A, C). Severe damaged mitochondria, rough endoplasmic reticulum (rER), and nucleus with reduced number of ribosomes and
increased autophagosomes in the pancreatic acinar cells in SAP mice (B, D) but not in control mice. AT Il cells in control mice exhibited normal nucleus,
mitochondria, and lamellar bodies (E). Severe damaged lamellar bodies (LBs) with decreased number of LBs and damaged nucleus and mitochondria in the AT Il
cells of SAP mice (F). N, nucleus; M, mitochondria; ER, endoplasmic reticulum; LB, lamellar body; Ly, lysosome; Ri, ribosomes; Z, zymogen granules;

AP, autophagy. Scale bars are shown in the photos.
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Fic. 5. Total and inflammatory cells in the BALF in WT, KO, and hTG mice. Slides containing cells from BALF from control and SAP mice (WT, KO, and
hTG) were prepared by cytospin centrifugation and then stained by HEMA-3 staining (A). Macrophages (black arrows) and neutrophils (white arrows) were
identified in the slides. Total cell number in the BALF from each mouse were determined with a hemocytometer method. The total cell number (B), macrophages
(C) and neutrophils (D) from control and SAP WT, KO, and hTG mice are compared. Graphs are expressed as means + SEM; n=4. "P < 0.05; “P < 0.01. (Original

magnification x400, scale bars =100 pm).

with the total cell counts, macrophages and neutrophils
in SAP KO mice were more than SAP WT and hTG
mice (Fig. 5, C and D), suggesting that SP-D plays a critical
role in the regulation of inflammation in the lung of SAP
model.

SP-D decreased lung neutrophil infiltration and IL-1
expression, and serum cytokines in SAP model

We examined the effects of SP-D on lung neutrophil infil-
tration and IL-1 expression in SAP WT, KO, and hTG mice.
Pulmonary neutrophils were detected using immunofluores-
cence staining with an anti-MPO (Fig. 6A). The results dem-
onstrated increased neutrophil infiltration in the lung of SAP
WT, KO, and hTG mice compared with Cntl mice. The results
from quantitative analysis indicated that SAP KO mice have
larger number of neutrophils in the lung tissue than SAP WT
and hTG (Fig. 6B, KO vs. WT and hTG, P <0.01). We also
examined IL-13 expression using immunofluorescence stain-
ing with anti-IL-13 antibody (a downstream cytokine of
NLRP3 and NF-kB) in this study (Fig. 6C). The results showed

that SP-D decreased the IL-1[3 expression in the lung, e.g., KO
mice showed more IL-1f3 positive cells in the lung than WT and
hTG mice (Fig. 6D, P <0.01).

MCP-1,i.e., CCL2 is one of the key chemokines that regulate
migration and infiltration of monocytes/macrophages (28). To
study SP-D role in the regulation of systematic inflammation,
we examined the levels of serum proinflammatory cytokines,
e.g., IL-1B and IL-6, and chemokine MCP-1. In agreement with
lung inflammation, increased levels of serum IL-1(, IL-6, and
MCP-1 were found in SAP KO mice compared with SAP WT
and hTG mice (Fig. 7). These indicated that SP-D played a
critical role in pulmonary neutrophil infiltration and inflam-
mation in the SAP model.

NLRP3 inflammasome and NF-kB signaling activations
are increased in the absence of SP-D

Accumulated evidence has revealed that the NLRP3 inflam-
masome and NF-kB pathways are essential for the development
of ALIL To test the effect of SP-D on pulmonary NLRP3
inflammasome and NF-kB activations after Cn plus LPS-
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Fia. 6. Comparison of MPO and IL-13 positive cells in the lung of SAP WT, KO, and hTG mice. Puimonary MPO and IL-18 positive cells were detected
using immunofluorescence staining in the section of lung from control and SAP WT, KO, and hTG mice. Representative immunofluorescence staining of MPO
positive in control and pancreatitis groups of WT, KO, and hTG mice (A). Quantitative analysis of MPO™ cells of WT, KO, and hTG mice (B). Representative
immunofluorescence staining of IL-16 positive in control and pancreatitis groups of WT, KO, and hTG mice (C). Quantitative analysis of IL-18* cells of WT, KO, and
hTG mice (D). Results are expressed as mean 4+ SEM; n=5. “P < 0.01. (Original magnification x400, scale bars =200 um).

induced pancreatitis, immunofluorescence analyses with an
anti-NLRP3 and anti-p-NF-kB p65 (p-p65) antibodies were
performed in this study. The results showed that increased
NLRP3 inflammasome activation was observed in the cyto-
plasm of lung AT II cells, macrophages and neutrophils in SAP
WT, KO, and hTG mice, but few positive cells in controls
(Fig. 8A). We quantified the number of cells with NLRP3
positive, indicating significant increase in the SAP KO mice

when compared with SAP WT and hTG mice (Fig. 8B,
P <0.05, KO vs. WT and hTG). Similarly, increased number
of cells with p-p65 positive were observed in the AT II cells,
macrophages and neutrophils in SAP mice but not in controls
(Fig. 8C). Quantitative analysis of p-p65 positive cells indi-
cated significant increase in the SAP KO mice compared with
SAP WT and hTG mice (Fig. 8D, P <0.01, KO vs. WT and
hTG).
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Fic. 7. Comparison of the levels of serum inflammatory cytokines and chemokine MCP-1 in SAP WT, KO, and hTG mice. Serum proinflammatory
cytokines IL-1B and IL-6 levels were measured in SAP WT, KO, and hTG mice, as well as controls by ELISA. The levels of serum IL-13 (A), IL-6 (B), and MCP-1 (C)
were elevated in the SAP mice 24 h after treatment compared with controls. SAP KO mice showed increased expression compared SAP WT and hTG mice.

Graphs are expressed as Mean+SEM; n=5. "P<0.05; “P<0.01.
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Fic. 8. Effects of SP-D on NOD-like receptor protein 3 (NLRP3) inflammasome formation and NF-xB expression in the lung of SAP mice. NLRP3
inflammasomes were detected by immunofluorescence staining with NLRP3 antibody in the lung section of SAP WT, KO, and hTG mice, as well as controls (A).
The cell number of NLRP3* were quantified and compared in the lung sections of SAP WT, KO, and hTG mice, as well as controls (B). NF-«B nucleus translocation
was assessed using fluorescence microscopy to determine the nuclear localization of p-p65 following acute pancreatitis (C) and quantitative analysis (D). Results
are expressed as mean + SEM; n=5. "P<0.05; “P<0.01. (Original magnification x400, scale bars =200 p.m).

To further study the correlation between NLRP3 inflamma-
some and NF-kB signaling activations and SP-D expression in
SAP mice, we examined the NLRP3 inflammasome and NF-
kB signaling activation in the lung tissue of KO, WT, and hTG
mice by Western blotting analysis. The results showed that the
association of the complex of NLRP3, ASC, and Caspase-1 in
the lung substantially increased after the administration of Cn
and LPS (Fig. 9A). Increased the activation of the NLRP3
inflammasome was observed in the SAP KO mice compared
with SAP WT and hTG mice, suggesting that SP-D suppressed
the activation of the NLRP3 inflammasome in the SAP model
(Fig. 9B). Phosphorylation of IkB-a is required for the initia-
tion of NF-kB signaling activation. Hence, the levels of
phosphorylated IkB-a (p-IkB-a) and p-p65 in the lung were
examined. As shown in Figure 9C, there was a significant
increase in the levels of p-IkB-a and p-p65 in SAP mice 24 h
after Cn plus LPS treatment compared with control mice.
Importantly, the levels of p-IkB-a and p-p65 in the lung
from SAP KO mice were higher than SAP WT mice and
hTG mice (Fig. 9D). These results indicated that SP-D is
involved in the regulation of NLRP3 inflammasome and

NF-«kB signaling activation and play a critical role in the
pathogenesis of SAP.

DISCUSSION

AP accompanied by a subsequent infectious attack often
leads to systemic inflammation and multiple organ failure. SAP
causes a high mortality rate (15%-20%), hence AP is an
intricate problem in clinical management (2). Among the
systemic complications, ALI is considered as the most frequent
and severe complication and is indeed the predominant cause of
death in the patients with SAP (2). The molecular mechanisms
of AP-induced ALI are rather complicated and remain poorly
understood; therapeutic remedies targeting the inflammatory
modulators seem to be the most appropriate approaches for
treating AP and AP-induced ALI (8). Humanized transgenic
mice which express lung-specific human SP-D but without
mouse SP-D background allow us to study SP-D effect in the
lung in SAP model. Here, we for the first time present evidence
that SP-D is involved in the regulation of inflammation through

Copyright © 2019 by the Shock Society. Unauthorized reproduction of this article is prohibited.



566 SHOCK Vou. 51, No. 5

A

WT KO hTG
Saline + - + - + -

Cn+LPS - + - + - +

NLRP3 [#55 sm== === e S s —110 kD2

ASC |5 = e G e == —22 kD2

p-actin .

Caspase-1 b.—.-_.—zz kDa

p-IkB-a

B-actin @ SN S— a— A= e — 3 kDa

P-P65 e == G5 kD2

PCNA (RIS 3 (0.

———-—-—-—_40kDa

YU ET AL.

B Il NLRP3/B-actin
[ ASC/B-actin
1.5, BB Caspase-1/B-actin

Relative density of

C
IR p-lkB-a/B-actin
‘s 1.0, 3 p-p65/PCNA
£70 o3 »
[
S = 0.6-
o = *# 3 *#
g % 0.4 - "
& £ oz
[
o 0.0-

& & & 3 & 3
& & o
WT KO hTG

Fic.9. Role of SP-D on components of NLRP3 inflammasome complex and NF-«xB activation in the lung of SAP mice. Lung tissues from experimental
and control groups were prepared from SAP WT, KO, and hTG mice and controls at 24 h after treatment. Representative western blots of NLRP3, ASC, cleaved
Caspase-1 protein (three important components of the inflammasome formation) expressions are shown (A). (B) Quantitative analysis of NLRP3, ASC, and active
Caspase-1. (C) The protein levels of p-lkB-a, and p-p65. (D) Quantitative analysis of p-IkBa and p-p65. Results are expressed as mean + SEM; n=3. "P<0.05
SAP group vs. respective Cntl group; *P<0.05 SAP WT or SAP hTG vs. SAP KO group; P < 0.05 Cntl KO vs. Cntl WT group.

modulating NF-kB signaling and NLRP3 inflammasome acti-
vations in SAP-induced ALI

In the present study we have tested a “two-hit” SAP model
with WT, SP-D KO, and hTG mice, in which SAP was induced
by 6-time Cn injections and a single-dose LPS secondary insult.
‘We found that Cn plus LPS-induced SAP mice exhibited remark-
able acute pancreatic and lung injury by assessments of various
histological, serum biochemical, cellular, and molecular
changes. The characteristics of pancreatic and lung injury in
the SAP model are similar to those in the patients with SAP,
including pancreatic edema, inflammation, and necrosis of the
acinar cells, as well as acute lung inflammation and injury. Of
interest, mice lacking SP-D expression showed more severe
pancreatic and lung injury when compared with WT mice.
Although human SP-D protein was expressed in the lung of
hTG mice, the degree of injury in both pancreas and lung was
lower than SP-D KO mice, suggesting that SP-D plays an
important role in the pathogenesis of SAP. Furthermore, our
ultrastructural analysis by TEM demonstrated severe mitochon-
drial and rough endoplasmic reticulum damage, and significantly
reduced number of ribosomes, and increased autophagosome
formation in the pancreatic acinar cells, and reduced normal LBs
in the AT II cells in SAP mice. The ultrastructural changes of
acinar cells and AT II cells provided direct evidence of cellular
damages in the pancreas and lung of the SAP.

SP-D, a multimeric collectin, is involved in innate immunity
and regulation of inflammation in the lung, as well as extrap-
ulmonary tissues such as pancreas, bile duct, gallbladder, and
kidney (19). Although SP-D has been intensively studied in the
surfactant biology, host defense, and homeostasis in the lung,
recent studies from us and others demonstrated its critical roles
in the extrapulmonary tissues, including attenuating sepsis-
induced kidney and intestine injuries (23), as well as regulating
gut commensal bacterial homeostasis in an experimental IBD
model (29). These indicate that SP-D may play broad roles in
the inflammatory regulation of different diseases, thus being as
an appropriate therapeutic target.

In this study we have observed severe SAP-induced ALI.
Importantly, SAP KO mice showed more severe lung injury,
and more inflammatory macrophages and neutrophils in BALF
than SAP WT and hTG mice. Neutrophil activation occurs as a
result of complement activation, cytokine production, adhesion
molecule expression, and alveolar macrophage activation (30).
Activated neutrophils in the lung release proteolytic enzymes
and produce reactive oxygen species (ROS) that contribute to
the development of ALI (31). As reported, the severity of ALI is
correlated with two interdependent processes: the recruitment
of inflammatory cells and the upregulation of proinflammatory
cytokines (10). Our data demonstrate that SP-D inhibited lung
inflammation in SAP, including the infiltration of inflammatory
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cells (neutrophils, macrophages) and the overproduction of
important proinflammatory cytokines (IL-6, IL-13 and
MCP-1). In addition to its antioxidative property (32), SP-D
mediated alleviation of lung injury was also derived from the
reduction of these inflammatory components. MPO activity has
been recognized as an indicator of determining quantitatively
the extent of neutrophils infiltration. IL-1 is required for full
distant organ injury in experimental SAP model (12). We
observed that Cn plus LPS stimulation caused significant
activation and infiltration of neutrophils and inflammatory
cytokine, which could be reversed by transgenic SP-D expres-
sion in hTG mice. Although higher level of hSP-D in the lung of
hTG mice was detected by western blotting analysis when
compared with WT mice, no difference of response was found
between hTG and WT mice in the SAP model. It may be caused
by differential affinity to human SP-D protein with the antibody
or due to functional difference of hSP-D and mouse SP-D.
These demonstrate that SP-D played an important regulatory
role in pulmonary neutrophil infiltration and inflammation
response in the SAP.

Inflammation is the first response of the immune system to
infection or tissue injury to protect the body from those insults
(33). Among the various inflammatory responses in the lung,
NLRP3 inflammasome and NF-kB signaling activations are
important (10). Many proteins of the NOD-like receptor (NLR)
family have been identified as central players in innate immunity,
NLRP3 inflammasome is a protein complex involved in IL-13 and
IL-18 processing that senses pathogen- and danger-associated
molecular patterns (PAMPs and DAMPs) (11). NF-kB is normally
composed of the p50/p65 heterodimers that is sequestered in the
cytosol in the quiescent state by association with the IkB inhib-
itors. Upon stimulation, IkB is phosphorylated and then disso-
ciates from NF-kB complex, allowing the free phosphorylated
NF-kB to translocate into the nucleus and triggering expression of
many types of cytokines and inflammation-related genes (34). In
this study we observed increased activation of NLRP3 and p-NF-
kB p65 in lung in SAP mice. SP-D in WT and hTG mice is able to
significantly reduce the activations of lung NLRP3 inflammasome
and p-NF-kB p65. Furthermore, molecular analysis demonstrated
that increased levels of components of NLRP3 Complex (NLRP3,
ASC, and Caspase-1) as well as the p-IkB and p-p65 in the lung of
SAP KO mice compared with SAP WT and hTG mice, suggesting
the role of SP-D in suppressing NLRP3 inflammasome and NF-kB
signaling activations.

Inflammation can be triggered by a battery of receptors
recognizing molecular structures specific to PAMPs from
microorganisms or signals from DAMPs. These receptors are
highly diverse in their specificities, subcellular localizations,
and downstream signaling pathways, and constitute a network
able to trigger an appropriate response to a large variety of
insults (11, 33, 35). NLRP3 can respond to not only PAMPs
such as gram-negative bacteria and toxins but also a wide range
of endogenous and exogenous DAMPs such as uric acid, ATP,
and ROS (35). These DAMPs originate from multiple sources,
including injured and dying cells, the extracellular matrix, or
exist as immunomodulatory proteins within the airspace and
interstitium (33). Immunomodulatory proteins, such as -
defensins and SP-A and SP-D, are involved in a variety of
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biological processes, including host defense and lung physiol-
ogy (36). DAMPs can function as either toll-like receptor
(TLR) agonists or antagonists, and can modulate both TLR
and NLR signaling cascades. Previous studies demonstrated
that SP-D could interact with TLR2 and TLR4, and inhibit
TLRs-mediated cytokine production and recruitment of PMNs
(33). The lack of functional TLR4 lead to a blunted NF-«xB
response, reduced proinflammatory mediator production, and
ameliorated lung inflammation in mice and alveolar macro-
phages (37). Moreover, NF-«kB signaling is an essential initial
step for priming of NLRP3 activation, and ROS generated from
NF-kB-mediated inflammation also serves as a danger signal
that activates NLRP3 (38). NLRP3 forms an inflammasome
complex and responds to a wide range of infections and stress
stimuli (35). Once NLRP3 becomes activated, there ensues the
recruitment of ASC, activation of caspase-1, and processing of
pro-IL-1B into mature forms ensues (11). SP-D is involved in
the regulation of NF-kB signaling pathway in sepsis-induced
acute pancreatic and kidney injury (22, 23). Chemokines are
secreted in response to signals such as proinfammatory cyto-
kines where they play an important role in selectively recruiting
monocytes, neutrophils, and lymphocytes (28). MCP-1, as a
well-known chemokine and a direct target of NF-kB, has been
demonstrated to be induced and involved in various diseases
including AP (13, 28). The findings in this study indicate that
SP-D played inhibitory effects on both the NLRP3 and NF-«B
signaling pathways, and reduced the expression of cytokines
IL-1B and IL-6, and chemokine MCP-1 in the SAP model.
Although NF-kB signaling is vital to NLRP3 activation, the
process of NLRP3 inflammasome formation and activation is
extremely complicated in response to various insults. It is
unclear how SP-D regulates activation of NLRP3 inflamma-
some by either direct interaction with the NLRPL3 inflamma-
some or indirect effects via other priming signals, which
remains to be further studied in the future.

In summary, we demonstrated that SP-D dampened SAP-
induced ALI as well as pancreatic injury in an experimental
SAP model. The mechanisms underlying this protective
effect might include the inhibition of NLRP3 inflammasome
and NF-«B signaling activations. These findings support the
notion that SP-D may be a potential target for treating SAP and
SAP-induced ALI.
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