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Abstract

Patients suffering from severe acute pancreatitis (AP) can develop acute lung injury (ALI) with poor outcomes and the mech-
anisms involved remain incompletely understood. Pulmonary intravascular macrophages (PIMs), which are credited as pro-
moters of ALI, are not constitutively present in humans and rodents; however, there is evidence of PIM recruitment in rodents
during some pathological conditions, such as hepatic diseases. Therefore, this study assesses PIM recruitment in the lungs of a
mouse model of acute necrotizing pancreatitis (ANP) induced with L-arginine monohydrochloride. Mice were euthanized after
24 h, 72 h and 120 h. Control mice received sham injections of saline. Pancreatic histopathological grading and plasma amylase
were used to confirm the development of ANP in L-arginine-treated mice. Histopathological grading of lungs from the ANP mice
at 72 h showed increased mononuclear phagocytes in alveolar septa, compared to that from the controls. Lungs from the ANP
mice also showed increased numbers of CD68-immunopositive alveolar septal macrophages, suggestive of PIM recruitment,
compared to those from the controls. Lungs from the ANP mice showed increased expression of IL-6, IL-10, monocyte
chemoattractant protein 1 (MCP-1) and von Willebrand factor compared to those from the controls. The recruitment of CD68-
positive septal macrophages was not observed in MCP-1 knockout mice with ANP at 72 h when compared to C57BL/6 wild-type
mice. Taken together, we developed a mouse model of PIM recruitment dependent on MCP-1 that allows us to explore their roles
in ANP-associated ALI.
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Severe acute pancreatitis (AP) is a common gastrointestinal
cause of emergency admissions in human patients with a glob-
ally increasing annual incidence varying from 13 to 45 epi-
sodes/100,000/year (Pintado et al. 2016; Spanier et al. 2013).
While mild pancreatitis results in a complete recovery in most
patients, severe acute pancreatitis, including acute necrotizing
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pancreatitis (ANP), is associated with significant morbidity
and high mortality rates varying from 18% in people aged
between 50 and 74 years old to 85% in people older than
75 years old (Spanier et al. 2013). This condition is commonly
accompanied by a systemic inflammatory response syndrome
and approximately 77—100% of patients admitted to the inten-
sive care unit for severe AP develop a multiple organ dysfunc-
tion syndrome (Pintado et al. 2016). Among all systemic com-
plications reported in people with severe AP, respiratory com-
plications have the highest incidence ranging from 57 to 62%
of patients. Furthermore, the development of an acute respira-
tory distress syndrome is commonly reported as the main
cause of death associated with this disease (Pintado et al.
2016). In addition, 78-90% of patients diagnosed with severe
AP required mechanical ventilation, illustrating the high mor-
bidity (Pintado et al. 2016). The high mortality rates and the
lack of efficient treatments for patients with severe AP—
associated pulmonary complications result from our poor un-
derstanding of the pathophysiology, leading to the
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development of an acute respiratory distress syndrome in this
condition.

In the past decades, numerous studies using rodent models
of severe AP have been conducted to investigate the mecha-
nisms involved in the development of acute lung injury or
acute respiratory distress syndrome, during severe AP. The
development of pulmonary complications related with severe
AP is considered multifactorial and involves the release into
the blood circulation of pancreas-specific proteins (Tahamont
et al. 1982; Tsukahara et al. 1999), the activation of Kupffer
cells (Hoyos et al. 2005) and peritoneal macrophages (Mikami
et al. 2002) and gut barrier dysfunction (Ammori 2003). In
rodent models of severe AP, lung injury is characterized by the
early recruitment of neutrophils into the alveolar septa and the
alveoli (Tahamont et al. 1982), vascular injury leading to lung
edema or hemorrhage, the activation of alveolar macrophages
in a pro-inflammatory phenotype (Gea-Sorli et al. 2011), as
well as the production of various pro-inflammatory cytokines
and nitric oxide (Gea-Sorli et al. 2011; Tsukahara et al. 1999).
Alveolar macrophages have been widely targeted as crucial
players in the development of pulmonary complications sec-
ondary to severe AP (Gea-Sorli et al. 2011; Zhao et al. 2017).
There, however, are no data on the recruitment and function of
another type of macrophage, pulmonary intravascular macro-
phages (PIMs), in AP-related lung injury.

PIMs are highly phagocytic large cells (20-80 um diame-
ter) with characteristics of mature macrophages and are at-
tached to the endothelium of septal capillaries in the lung
(Warner et al. 1986). Some species have constitutive PIMs
such as in the orders Artiodactyla (cattle, sheep, goats and
pigs) (Brain et al. 1999; Warner et al. 1986), Perissodactyla
(horses) (Atwal et al. 1992) and Odontoceti cetacean (toothed
whales) (Kawashima et al. 2004) and in some strains of do-
mestic cat (Molina and Brain 2007), whereas other species
including rodents and dogs do not have constitutive PIMs
(Gill et al. 2008; Schneberger et al. 2011; Vrolyk et al.
2016). Nevertheless, PIMs were shown to be recruited (re-
ferred to as induced PIMs) in rats suffering from various sys-
temic pathological conditions including liver diseases and
Escherichia coli sepsis (Gill et al. 2008; Singh et al. 1998).
The ultrastructural reports on human lungs suggest that
healthy individuals have rare constitutive PIMs (Dehring
and Wismar 1989). However, there has been indirect evidence
suggesting the recruitment of PIMs in people suffering from
liver dysfunction, which resembles the observations made in
other species devoid of constitutive PIMs (Klingensmith 3rd
and Ryerson 1973; Shih et al. 1986).

In various species with different systemic conditions, con-
stitutive or induced PIMs are considered to be pro-
inflammatory and express microbial receptors such as TLR4,
TLR2 and TLR9 (Gill et al. 2008; Schneberger et al. 2009;
Singh Suri et al. 2006); produce pro-inflammatory cytokines
(IL-1, TNF-); and can recruit IL-8—containing platelets (Gill
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et al. 2008; Singh et al. 2004). Furthermore, it has been sug-
gested that both constitutive and induced PIMs enhance the
host susceptibility to develop an exacerbated lung inflamma-
tory response following subsequent microbial challenges and
their depletion (Aharonson-Raz and Singh 2010; Gill et al.
2008). The observation that depletion of induced PIMs in bile
duct-ligated rats inhibits endotoxin-induced lung inflamma-
tion further stresses the pro-inflammatory role of induced
PIMs (Gill et al. 2008). Nevertheless, there are no data on
the recruitment/induction of PIMs in ANP.

Recently, we reported the first evidence on the occurrence
of PIMs in dogs that died of spontaneous ANP (Vrolyk et al.
2016). Similar to humans, dogs do not possess constitutive
PIMs but present respiratory clinical signs during ANP. To
develop a mouse model to study the role of induced PIMs in
ANP, we tested the hypothesis that PIMs are recruited in a
mouse model of L-arginine—induced ANP and that PIM re-
cruitment is dependent on the monocyte chemoattractant pro-
tein 1 (MCP-1).

Material and methods
Reagents

L-arginine monohydrochloride (cat no. 11039-100G) and
endotoxin-free saline (S8776) used to prepare the L-arginine
solution were purchased from Sigma-Aldrich, Oakville,
Ontario, Canada and cetyltrimethylammonium chloride
(CTACQC), 3',5,5'-tetramethylbenzidine hydrochloride (TMB)
and myeloperoxidase (MPO) from human leukocytes
(M6908-5U) were used in the MPO assay. The DC Protein
Assay kit and the Bio-Plex Multiplex immunoassay were pur-
chased from Bio-Rad, Mississauga, Ontario, Canada.

Animals

Six-to-eight-week-old male CS7BL/6 (19-27 g) mice (N = 30)
were purchased from Charles River Laboratories (Montréal,
Québec, Canada) and 6-to-8-week-old male MCP-1
(B6.129S4-Ccl2tm1Rol/J) knockout mice (N =10) were pur-
chased from Jackson Labs (Bar Harbor, ME, USA). Mice
were housed individually in the Animal Care Unit of the
Western College of Veterinary Medicine of the University of
Saskatchewan in standard shoebox cages in a controlled room
with an ambient temperature of 23 °C + 2 °C and a 12-h light-
dark cycle. They were fed a standard laboratory chow and had
water ad libitum. Mice were euthanized by exsanguination
through intracardiac puncture under general anesthesia
achieved by an intraperitoneal injection of a ketamine/
xylazine mix (10:1) at a dose of 1-2% of body weight. All
experiments were performed according to protocols approved
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by the University of Saskatchewan Committee on Animal
Care Assurance.

L-Arginine-induced ANP mouse model protocol

A sterile L-arginine monohydrochloride 9% solution in
endotoxin-free saline at pH 7.0 was prepared fresh on the
day of ANP induction. The L-arginine solution was filtered
with a syringe filter (0.2 pm pore, 25 mm diameter) into a
pharmaceutical sealed glass vial to ensure sterility. The L-ar-
ginine ANP induction protocol used in this study followed the
method described by Dawra et al. (2007) with some modifi-
cations; two intraperitoneal injections of the L-arginine 9%
solution were administered, 1 h apart, at a dose of 4.5 g/kg
using a 27-G needle and a 1-ml syringe. Control mice received
sham injections of physiological sterile saline. All mice, in-
cluding control mice, were administered two injections of
1.5 ml to 2 ml of sterile physiological saline subcutaneously
to prevent dehydration during the initial morbidity phase as-
sociated with the injections of the L-arginine solution; the first
saline injection was administered at the time of the last injec-
tion of L-arginine while the second saline injection was ad-
ministered 3 h afterward. This L-arginine ANP induction pro-
tocol was followed for both the C57BL/6 wild-type mice (ex-
periment 1) and the MCP-1 knockout mice (experiment 2).

Experimental design
Experiment 1

C57BL/6 wild-type mice were randomly divided into the fol-
lowing groups based on the time of euthanasia after the induc-
tion of ANP: 24 h ANP (n=7), 72 h ANP (n=7) and 120 h
ANP (n=7). Three control mice were included in each
timepoint group.

Experiment 2

Since the 72-h timepoint in experiment 1 was associated with
the most significant pathological changes in the lungs of mice
with ANP, including recruitment of alveolar septal mononu-
clear phagocytes, this timepoint was selected to perform ex-
periment 2. MCP-1 knockout mice were randomly divided
into a L-arginine—induced ANP group (n=15) and a control
group (n=15). All mice in experiment 2 were euthanized
72 h after the induction of ANP.

Histopathology and grading of lesions

The left lung and the pancreas were collected from all mice,
including control and ANP mice from both experiments, for
fixation in 4% paraformaldehyde followed by embedding in
paraffin. Briefly, the right bronchus was ligated and the left

lung was instilled with approximately 1 ml of 4% paraformal-
dehyde under a 20 cm water pressure while the trachea was
ligated to prevent backflow. The instilled left lung and the
pancreas were removed and fixed in 4% paraformaldehyde
overnight at 4 °C (between 16 and 20 h) for paraffin embed-
ding and the right lung was removed and kept in liquid nitro-
gen for the MPO assay and the Bio-Plex Multiplex
immunoassay.

The pancreatic and the lung histological sections from all
ANP and control mice (experiments 1 and 2) were graded by a
specialist veterinary pathologist in a blinded manner using the
criteria shown in Tables 1 and 2.

Collection of bronchoalveolar lavage

Bronchoalveolar lavage (BAL) was performed on the left lung
prior to its fixation with 4% paraformaldehyde. After thora-
cotomy and the ligation of the right primary bronchus, a small
incision was made in the trachea to insert a small flexible
cannula up to the tracheal bifurcation. Three lavages were
performed on the lung from each mouse using each time
0.5 ml of cold sterile phosphate-buffered saline (PBS)
(pH 7.4) in a 1-ml syringe. White blood cell counts and
cytospins for differential counts were performed quickly after
the BAL fluid collection. The remaining BAL supernatant
was kept at — 80 °C for further analysis.

Immunohistochemistry

Immunohistochemical labeling was performed on lung sections
from all mice with ANP and control mice from both experiments,
as previously described (Singh Suri et al. 2006). Briefly, sections
were deparaffinized, rehydrated in descending concentrations of
ethanol and incubated with 0.5% H,O, in methanol for 20 min to
quench the endogenous peroxidase activity. Antigen retrieval was
performed using pepsin (2 mg/ml in 0.01 N HCI) for 1 h at room
temperature, after which blocking was done with bovine serum
albumin (BSA) (1% in PBS) for 30 min at room temperature.
Slides were incubated overnight (16 h) at 4 °C with the following
primary antibodies: polyclonal rabbit anti-human CD68 (Sc-9139)
(1:25; Santa Cruz Biotechnology, Dallas, TX, USA) and polyclon-
al rabbit anti-human von Willebrand factor (vWF) antibody
(P0448) (1:400; DAKO, Ottawa, Canada). Then, sections were
incubated for 30 min at room temperature with the appropriate
horseradish peroxidase (HRP)—conjugated secondary antibody
(1:100; except against vVWF [1:300], all from DAKO). Color de-
velopment was performed using a commercial kit (Vector
Laboratories, Ontario, Canada) followed by counterstaining with
methyl green to delineate the nuclei.

Immunohistochemical controls consisted of omission of
the primary antibody for all different secondary antibodies
used and incubation with the appropriate isotype-matched an-
tibodies. In addition, labeling with vVWF was used as a positive
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25% to 50% of the pancreatic Diffuse pancreatic

< 10% of the pancreatic 10% to 25% of the pancreatic

Absent Loss of zymogen granules

Necrosis

necrosis; > 50%
of the pancreatic

parenchyma

parenchyma parenchyma

parenchyma

Pancreatic acini disrupted and

Diffusely increased space

Absent Focally increased

Edema

separated
In the pancreatic parenchyma

between lobules
In the pancreatic parenchyma

space between lobules
Absent Rare inflammatory cell or only

Inflammatory cell

(< 50% of the lobules) (>50% of the lobules)

around ductal margins

infiltrate

Table 2 Lung histopathology score: sum of edema and inflammatory
cell

Lung histopathological assessment scores

0 1 2 3

Edema Absent  Mild  Moderate  Severe
Inflammatory cell infiltrate Absent ~ Mild  Moderate  Severe

control. Both negative controls resulted in the absence of la-
beling, whereas vWF labeled the vascular endothelium but not
the airway epithelium.

Quantification of cells labeled with CD68 antibody

A two-dimensional (2D)-modified morphological analysis was
used to count the number of positively labeled CD68 cells present
in alveolar septa; photographs of 10 random fields of view at x

400 magnification were captured using a light microscope
(Olympus BX53; Olympus, Richmond Hill, Ontario, Canada)
and a digital camera (Olympus DP21) for each of the ANP and
control mice from both experiments. Fields of view including large
blood vessels or airways were ignored, continuing to the following
field of view in a constant predetermined pattern. Then, using
ImagelJ software (1.49v Rasband, W.S.; ImagelJ, National
Institutes of Health, Bethesda, MD, USA), a 13 x 13 intersect-
counting grid was superimposed onto each microscopically cap-
tured field of view. For every field of view, the number of grid
intersects overlaying CD68-positive mononuclear phagocyte pro-
files present in alveolar septa was recorded. This was performed
for each of the control and ANP mice. To normalize the potential
variations in lung morphology between mice, the number of grid
intersects overlaying alveolar septa in each captured image was
simultaneously recorded. The total numbers of grid intersects over-
laying CD68-positive mononuclear phagocyte profiles and alveo-
lar septa were calculated using all 10 fields of view per animal.
Then, for each of the control and ANP mice, a ratio was calculated
dividing the total number of grid intersects overlaying CD68-
positive mononuclear phagocyte profiles by the total number of
grid intersects overlaying alveolar septa, thus controlling for the
variability of lung morphology alterations between cases.

Myeloperoxidase activity in the lungs of mice

The MPO assay was performed on lung tissues from control and
ANP mice from experiment 1 only. Briefly, the homogenized lung
samples were centrifuged in 50 mM HEPES buffer (pH of 8.0) at
10,000 rpm for 20 min at 4 °C. The pellets were resuspended in a
0.5% CTAC solution and then rehomogenized. MPO colorimetric
assay was performed as previously described (Schierwagen et al.
1990) using 3,3',5,5'-tetramethylbenzidine as the substrate for
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H,0, under low pH conditions. Results were expressed as MPO
units per milligram of lung tissue.

Cytokines in lung tissue and in the BAL fluid

A Bio-Plex Multiplex immunoassay from Bio-Rad (Mississauga,
Ontario, Canada) was performed following the manufacturer’s
instruction on lung tissues and BAL fluid from control and
ANP mice from experiment 1 for the following inflammatory
mediators: IL-6, IL-10, keratinocyte-derived chemokine (KC),
MCP-1, macrophage inflammatory protein (MIP)1x and MIP1 3.

Measurement of serum amylase activity
and hematology

All mice were anesthetized with an intraperitoneal injection of
a ketamine/xylazine mix (10:1) and blood collection was per-
formed by an intracardiac puncture with a pre-heparinized
syringe. Blood samples were kept on ice and were rapidly sent
to the Prairie Diagnostic Services of the Western College of
Veterinary Medicine for plasma amylase activity measure-
ment and a hematology panel.

Statistical analysis

Statistical analysis was performed using the statistical soft-
ware GraphPad Prism 6 (GraphPad Software, La Jolla, CA,
USA). Histological grading scores were expressed in medians
with range and the comparison of medians was done by the
nonparametric Kruskal-Wallis test followed by Dunn’s multi-
ple comparison test as post hoc test (experiment 1) or by the
nonparametric Mann-Whitney test (experiment 2).
Differences among plasma amylase activity means were de-
tected by a one-way analysis of variance (ANOVA) on the
ranked data followed by Tukey’s multiple comparison test
(experiment 1) or the nonparametric Kruskal-Wallis test
followed by Dunn’s multiple comparison test (experiment
2). CD68-labeling grid intersect ratios, lung MPO activity,
BAL white blood cell counts and cytokine levels are
expressed in means =+ standard deviation (SD) and comparison
of means among groups was done with one-way ANOVA
followed by Tukey’s multiple comparison test as post hoc test.

Results

Development of ANP in L-arginine-treated C57BL/6
mice

Pancreatic gross anatomy and histopathological grading

Gross pathological and histopathological changes were detect-
able in the pancreas of all mice that received L-arginine

treatments whereas control mice had a normal anatomy and
histology of the pancreas (total pancreatic histology score of
0) (Fig. la, b). At 24 h of the L-arginine treatment, the pan-
creas was edematous, enlarged and associated histologically
with a multifocal mild loss of zymogen granules in acinar cells
(Fig. 1c, d). Then, after 72 h, separation of pancreatic lobules
along with a diffuse grayish discoloration was obvious mac-
roscopically. Histological examination revealed diffuse necro-
sis in more than 50% of the pancreatic parenchyma, diffusely
increased spaces between lobules, disruption of acinar cells, as
well as massive infiltration of neutrophils in the pancreatic
parenchyma (Fig. le, f). The pancreatic histopathological
changes in the 72 h L-arginine group confirmed the develop-
ment of ANP. Finally, 120 h following L-arginine treatments,
the pancreas was markedly atrophic and only rare intact pan-
creatic acinar cells were distinguishable histologically due to
extensive tissue damage and loss. Furthermore, at this stage,
lymphocytes rather than neutrophils infiltrated the pancreatic
parenchyma (Fig. 1g, h). The scores for each pancreatic his-
topathological grading category and the total pancreatic histo-
pathology scores for each timepoint group are presented in
Fig. (2a—d); the total pancreatic histopathology median score
and range were as follows: for the 24 h L-arginine group, a
median score of 1 and a range of 0-3; for the 72 h L-arginine
group, a median score of 8 and a range of 6-10; and for the
120 h L-arginine group, a median score of 4 and a range of 2—
10. The scores or pancreatic necrosis, pancreatic inflammatory
cell infiltration and pancreatic histopathology were signifi-
cantly increased at 72 h and 120 h post-arginine treatment
while pancreatic edema was elevated at 72 h after the arginine
injection.

Plasma amylase activity

The mean values for the plasma amylase activity in each
group of mice are as follows: control mice (1483 U/L +
48 U/L), 24 h L-arginine group (5528 U/L+1210 U/L), 72 h
L-arginine group (6547 U/L £ 1275 U/L) and 120 h L-arginine
group (1399 U/L £62 U/L). Plasma amylase levels were sig-
nificantly increased in the 24 h and 72 h groups of L-arginine—
treated mice compared with the plasma amylase levels from
the group of control mice (p <0.001) (Fig. 2e). After 120 h,
the plasma amylase of L-arginine—treated mice regained a bas-
al level.

Lung inflammation in ANP C57BL/6 mice

Lung histopathological grading

The lung histological evaluation (Fig. 3a—d) revealed an infil-
tration of mononuclear phagocytes in the alveolar septa of

mice in the 72 h group only, which resulted in a total lung
histopathology score significantly greater compared to that of

@ Springer
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<« Fig. 1 Gross anatomy and histology (hematoxylin and eosin staining) of
the pancreas of control and L-arginine—treated mice. Normal gross
anatomy (a) and histology (b) of the pancreas of control mice. L-
Arginine—treated mice after 24 h presented an enlarged and edematous
pancreas (¢), which is associated with a mild loss of zymogen granules in
acinar cells (d; arrows). After 72 h, the pancreas of L-arginine—treated
mice was discolored and gelatinous and had distended interlobular spaces
(e) corresponding with acinar cell necrosis (f; arrows) and a marked
infiltration of neutrophils in the pancreatic parenchyma and the
interlobular spaces (f; arrowheads). After 120 h, the pancreas of L-
arginine—treated mice was atrophic (g) and only scattered acinar cells
remain (h; stars). At this stage, there was an abundant infiltration of
mononuclear inflammatory cells (mainly lymphocytes) (h;
arrowheads). The dotted lines delineate the pancreas. Scale bars in b
and d are 200 pum and those in f and h are 60 pm

the control mice, which had scores of 0 in every grading cat-
egory (p<0.001) (Fig. 3e).

CD68 immunohistochemistry

The negative and isotype controls resulted in the absence of
immunolabeling. CD68 immunohistochemistry revealed a
significant accumulation of macrophages in the pulmonary
alveolar septa of mice at all of the timepoints after treatment
with L-arginine compared to the control mice (Fig. 4a, b). The
ratios of the total number of grid intersects overlaying CD68-
positive septal macrophages to the total number of grid inter-
sects overlaying alveolar septa were significantly greater in L-
arginine—treated mice (24 h ratio mean, 0.0808 +£0.0115; 72 h
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Fig. 3 Lung histopathology
(hematoxylin and eosin staining)
of control mice (a) and L-
arginine—treated mice after 24 h
(b), after 72 h showing
infiltrations of mononuclear
inflammatory cells in alveolar
septa (¢; arrows) and after 120 h
(d). Total lung histopathology
scores (e). Score median values
are represented by horizontal
lines. Significant differences from
control mice are denoted as
follows: *p < 0.001; Kruskal-
Wallis test followed by Dunn’s
multiple comparison test. All
scale bars are 200 pm
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Fig. 4 Immunohistochemistry against CD68 at 72 h. a Control mice
showed rare CD68-positive macrophages in alveolar septa (arrows). b
L-Arginine—treated mice had more numerous CD68-positive macro-
phages in alveolar septa (arrows). Inset: higher magnification showing
intranuclear and intracytoplasmic CD68-positive staining in a septal mac-
rophage of L-arginine—treated mice (b) compared to only
intracytoplasmic CD68-positive staining in control mice (a). ¢ Ratios of
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the number of grid intersects overlaying CD68-positive septal macro-
phages to the number of grid intersects overlaying alveolar septa in con-
trol mice compared to L-arginine—treated mice showing a gradual increase
in septal macrophages in L-arginine—treated mice. Significant differences
of p <0.0001 are denoted by letters; one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison test. All scale bars
are 100 pm
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ratio mean, 0.1041 +0.0217; 120 h ratio mean, 0.1212 +
0.0278) compared to control mice (ratio mean, 0.0289 +
0.0184; p<0.0001) (Fig. 4c). Furthermore, the CD68 mean
ratio from the 120 h L-arginine—treated group was significant-
ly higher than the mean ratio from the 24 h L-arginine—treated
group, suggesting that the recruitment of septal macrophages
is sustained during the experimental period. Interestingly, it
was noted in L-arginine—treated mice that the CD68 labeling
was occasionally located in the nucleoplasm in addition to the
cytoplasm, or only in the nucleoplasm, compared to control
mice in which CD68 labeling was mainly observed in the
cytoplasm (Fig. 4a, b). The intravascular presence of CD68
cells was confirmed with electron microscopy on lung tissues
retrieved from paraffin-embedded tissue blocks
(supplementary Figure 1).

vWF immunohistochemistry

All L-arginine—treated mice and control mice presented vWF
labeling of endothelial cells of larger blood vessels, including
arteries, arterioles, venules and veins but not the airway epi-
thelium (Fig. 5a). However, in mice with ANP, there was also
granular labeling observed around large cells in the alveolar
septal capillaries (Fig. 5b), a staining pattern rarely noticeable
in control mice (Fig. 5a).

Lung tissue and BAL cytokine levels

Lung tissue IL-6, IL-10 and MCP-1 protein concentrations
were significantly increased compared to those of the control
mice solely in the 24-h L-arginine—treated group from exper-
iment 1 (Fig. 6a—c). However, there were no significant
changes between groups for KC, MIP1x and MIP1{3. The
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Fig. 5 Immunohistochemistry against vWE. a In control mice, labeling
for vWF was only present in endothelial cells of medium-large blood
vessels (arrows). b In L-arginine—treated mice, labeling for vVWF was

protein concentrations for all six aforementioned inflammato-
ry mediators in the BAL fluid of L-arginine—treated mice were
out of range or were not significantly different between the
groups (data not shown).

Total lung MPO activity

There were no differences in the total lung MPO activity
(mean + SD: control, 1.094 +0.2299; 24 h group, 1.208 £
0.3691; 72 h group, 0.9469 £0.177; 120 h group, 0.8739 +
0.1154; p =0.064) among the groups. This suggests no differ-
ences in neutrophil recruitment.

BAL fluid white blood cell counts and hematology

The total BAL WBC and macrophage counts did not show
any differences among treatment groups (supplementary
Figure 2). Furthermore, there were no statistical differences
among the different treatment groups regarding the complete
white blood cell counts and differential blood counts (data not
shown).

Development of ANP in L-arginine-treated MCP-1 KO
mice

The pancreatic histology scores for control MCP-1 KO mice
that received saline were 0 in every grading category. Based
on the pancreatic histopathological grading and the plasma
amylase activity level, one MCP-1 knockout mice treated with
L-arginine did not develop ANP after 72 h; therefore, this
mouse was excluded from the study. The other MCP-1 KO
mice treated with L-arginine developed similar pancreatic le-
sions as for the C57BL/6 mice, including necrosis of the
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present in alveolar septa (arrowheads) in addition to medium-large blood
vessels (arrow). Inset: note the granular aspect of the staining in alveolar
septal capillaries. All scale bars are 200 pm
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Fig. 6 Lung tissue cytokine/chemokine levels in L-arginine—treated mice
compared to control mice showing increased levels of IL-6 (a), IL-10 (b)
and MCP-1 (¢) in the 24 h L-arginine-treated mice. Significant differ-
ences from control mice are denoted as follows: *p < 0.0001 and
**p < 0.01; one-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparison test
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pancreatic parenchyma (median score, 3.5; range, 1-5), infil-
tration of inflammatory cells (neutrophils) (median score, 1.5;
range, 0-2) and pancreatic edema (median score, 1.5; range,
1-3). The total pancreatic histopathology score was similar
between the L-arginine—treated C57BL/6 mice in the 72 h
group (median, 8; range, 6—10) and in the L-arginine—treated
MCP-1 KO group (median, 6; range, 3—10; p =0.5576).
Furthermore, the plasma amylase activity was similar between
the L-arginine—treated C57BL/6 mice in the 72 h group (me-
dian, 5000 U/L; range, 3519-13,120) and in the L-arginine—
treated MCP-1 KO group (median, 5756 U/L; range, 1535—
11,955 U/L). The plasma amylase activity in the L-arginine—
treated MCP1 KO group (median, 5756 U/L; range, 1535—
11,955 U/L) was not statistically different compared to that in
the MCP-1 KO control group (median, 1584 U/L; range,
1522-2203 U/L).

Assessment of lung inflammation and PIM
recruitment in ANP MCP-1 KO mice

Lung histopathological grading

The lung histological evaluation revealed scores of 0 in every
grading category for the MCP-1 KO control group and the L-
arginine—treated MCP-1 KO group, except for one outlier that
received a score of 1 (mild) in the inflammatory cell infiltrate
category. Nevertheless, the total histology score was greater
for L-arginine—treated C57BL/6 mice in the 72 h group (me-
dian, 1; range, 0—1) where the alveolar septum accumulation
of mononuclear phagocytes was observed compared to MCP-
1 KO mice (scores of 0, except for one outlier; p < 0.05) where
the lung histology was mostly normal.

CD68 immunohistochemistry

Based on the ratios of the total number of grid intersects over-
laying CD68-positive septal macrophages to the total number
of grid intersects overlaying alveolar septa, there was no sig-
nificant difference in the number of macrophages present in
the alveolar septa of L-arginine—treated MCP-1 KO mice (ratio
mean, 0.03708 +0.02064) compared to control MCP-1 KO
mice (ratio mean, 0.02378 £ 0.01535). Furthermore, the lungs
of L-arginine—treated MCP-1 KO mice had lower numbers of
induced PIMs compared to those of L-arginine—treated
C57BL/6 mice in the 72 h group (ratio mean, 0.1041 +
0.0217; p <0.0001) (Fig. 7).

vWF immunohistochemistry

vWF labeling was similar between the MCP-1 KO control
mice and the MCP-1 KO mice treated with L-arginine; vWF
labeling was only present in endothelial cells of larger blood
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Fig. 7 Ratios of the number of grid intersects overlaying CD68-positive
septal macrophages to the number of grid intersects overlaying alveolar
septa in control mice, L-arginine—treated WT mice and L-arginine—treated
MCP-1 KO mice, at 72 h. Compared to WT mice with ANP at 72 h, septal
macrophages, considered as induced PIMs, were not recruited in MCP-1
KO mice with ANP at 72 h. Significant differences of p <0.0001 are
denoted by letters; one-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparison test

vessels, including arteries, arterioles, venules and veins
(supplementary Figure 3).

Discussion

Until now, studies on lung injury associated with severe AP in
rodent models have mainly focused on the role of alveolar
macrophages and, to a lesser extent, interstitial macrophages
(Gea-Sorli et al. 2011). We have recently shown, using immu-
nohistochemistry and electron microscopy, that PIMs are re-
cruited in the lungs of dogs that died because of ANP (Vrolyk
et al. 2016). Now, we report the first systematic assessment of
recruitment of PIMs in a rodent model of ANP. The PIM
recruitment was blocked by MCP-1—deficient PIM recruit-
ment in L-arginine—treated mice. The data from these experi-
ments set the stage for the use of a rodent model to study the
intriguing role of induced PIMs in lung injury associated with
ANP.

First, we used a well-established mouse model of ANP to
establish that lung inflammation was obvious as early as 24 h
following the L-arginine injections and persisted until the 120-
h timepoint. The inflammation was assessed through histopa-
thology, quantification of neutrophil recruitment and analyses
of selected pro- and anti-inflammatory mediators. Increased
lung levels of IL-6, MCP-1 and IL-10 were detected at 24 h
following injection of L-arginine, which suggests an early lung
inflammatory response. We recently demonstrated increased

immunohistological staining for IL-6 in alveolar and recruited
septal macrophages in the lungs of dogs that died of ANP
(Vrolyk et al. 2016). Furthermore, in a rat model of severe
AP, lung interstitial macrophages were attributed to a regula-
tory M2b phenotype characterized by the expression of the
anti-inflammatory cytokine IL-10 (Gea-Sorli et al. 2011).
However, considering the challenge of resolving the intersti-
tium in the lung alveolar septum with a light microscope, it is
likely that the macrophages identified as interstitial may be the
intravascular macrophages. Although the multiplex assay on
lung homogenates does not allow to identify the cell type
responsible for the increased level of IL-10 in the lungs of
ANP mice at 24 h in this study, interstitial macrophages may
adopt an anti-inflammatory profile to temper the lung inflam-
matory response in the L-arginine model. The white blood cell
counts and inflammatory cytokine levels in the BAL fluid
were not significantly increased in the L-arginine—induced
ANP mice compared to the control mice. During ANP, as
the lungs are challenged through the vascular compartment,
rather than the airways, the absence of significant changes in
the cytokine levels and in the leukocyte population in the BAL
fluid is not surprising. Interestingly, unlike what is reported in
other studies that used the L-arginine—induced ANP model in
mice to assess lung injury, the recruitment of neutrophils into
the Iungs of ANP mice in our study was not observed with
histology and total lung MPO activity assay (Chen et al. 2012;
Dawra et al. 2007). Although the reasons for this discrepancy
are unclear, it could be due to factors such as differences in L-
arginine doses administered and variable housing environ-
ment. It is also possible that the neutrophil recruitment was
missed in the present study as only specific timepoints
were examined. Nevertheless, it is notable that the evaluation
of the lungs from naturally occurring ANP in dogs also
showed a lack of neutrophil accumulation at the time of death
(Vrolyk et al. 2016). This raises the suggestion that
neutrophil recruitment is not a feature of lung inflammation
associated with ANP or that it is an early transitory event that
is easily missed.

The quantitation of labeling with anti-macrophage CD68
antibody demonstrated a significant increase of macrophages
in the alveolar septa of the lungs of ANP mice compared with
the control mice. In addition to the intratracheal instillation of
fixative performed to obtain optimal lung morphology preser-
vation, we used a well-established grid intersection counting
system that controls for the potential lung volume variations
among mice. We selected the CD68 antibody based on its
common use for the identification of differentiated macro-
phages in the lungs of mice (Kim et al. 2008) and its reported
use in identifying PIMs with immunohistochemistry in differ-
ent species, including rats and cattle (Singh et al. 2004;
Thenappan et al. 2011). Based on the grid intersect ratios,
CD68-positive macrophages were significantly increased in
the alveolar septa of the lungs of all mice with L-arginine—
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induced ANP. Moreover, the results suggest that the recruit-
ment of those septal macrophages occurs as soon as 24 h and
is sustained until the 120-h timepoint, as shown by a signifi-
cantly greater CD68-positive macrophage ratio mean at 120 h
compared to the 24 h timepoint group. Although it is challeng-
ing with light microscopy to distinguish macrophages residing
in the alveolar septal capillaries versus the interstitium, it is
well recognized that the basement membranes of pulmonary
capillary endothelial cells and alveolar epithelial cells are
mostly fused. Thus, the interstitium does not provide the space
required to contain large numbers of large cells, such as mac-
rophages, which supports that most CD68-positive cells are
located in the capillaries of alveolar septa and, therefore, are
PIMs. Furthermore, as the CD68 antibody recognizes a
lysosomal-associated membrane protein, positive staining in
reactive macrophages is typically reported in the cytoplasm
(Ackermann et al. 1994). Lastly, we used electron microscopy
on lungs of dogs that died of ANP to show that the septal
macrophages detected with an antibody were located in the
lumen of pulmonary capillaries. Similarly, we have previously
demonstrated in a rat model of bile duct ligation that recruited
septal macrophages are indeed in the capillaries and, thus, are
PIMs (Gill et al. 2008). Therefore, our data show PIM recruit-
ment in a mouse model of ANP.

Having established that PIMs are recruited in this mouse
model of ANP and that there is an increase in MCP-1, we used
MCP-1 KO mice to determine the role of MCP-1 in PIM
recruitment. Although ultrastructural studies in species with
constitutive PIMs, such as in sheep and pigs, have demonstrat-
ed that PIMs originate from circulating monocytes that differ-
entiate in mature macrophages within alveolar septal capil-
laries early after birth (Longworth et al. 1996; Winkler and
Cheville 1987), the mechanisms of PIM recruitment are not
fully understood. MCP-1 is a potent chemokine that attracts
monocytes and macrophages to the site of inflammation in
various conditions (Deshmane et al. 2009; Yadav et al.
2010). The lack of MCP-1 did not alter the development of
ANP lesions in the MCP-1 KO mice based on pancreatic
histopathological grading. One of the MCP-1 mice in this
study did not develop ANP with L-arginine treatments because
leakage of L-arginine solution from the abdominal injection
site occurred immediately following one of the intraperitoneal
injections. It has been reported that even a minor reduction of
the L-arginine dose administered to mice can result in the
complete absence of ANP development (Dawra et al. 2007).
We do not know the reasons for the lack of statistical differ-
ence between the plasma amylase activity median in the L-
arginine—treated MCP-1 KO mice and the control MCP-1
KO mice. Nevertheless, septal macrophage recruitment was
significantly reduced in the lungs of MCP-1 KO mice with L-
arginine—induced ANP compared with C57BL/6 mice with L-
arginine—induced ANP. MCP-1 was previously suspected to
be involved in the recruitment of PIMs in the lungs of rats with
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hepatopulmonary syndrome because these rats had increased
lung levels of MCP-1 (Thenappan et al. 2011). Similar to our
observations of increased MCP-1 in the lungs of mice with
ANP, others have reported similar increases in lung MCP-1
levels in various pulmonary inflammatory conditions includ-
ing endotoxin and lipoteichoic acid—induced lung injury,
hepatopulmonary syndrome in rats and ARDS in human pa-
tients, during bacterial or influenza pneumonia, as well as in
lung inflammation induced in other acute pancreatitis models
than the L-arginine model (Dessing et al. 2007; Frossard et al.
2011; Rosseau et al. 2000; Thenappan et al. 2011; van Zoelen
et al. 2011). Reported sources of MCP-1 in the lungs during
inflammatory conditions include alveolar macrophages, type
II pneumocytes and endothelial cells (Rosseau et al. 2000;
Sanchez et al. 2007; Thorley et al. 2007). Furthermore, it is
known that during vascular insults, activated endothelial cells
secrete MCP-1, leading to the recruitment of monocytes (Niu
and Kolattukudy 2009). After its release from endothelial
cells, MCP-1 adheres to the vessel lumen and can participate
in the arrest of the rolling monocytes on endothelial cells by
binding the CCR2, found on the membrane of leukocytes,
which could be involved in the initial steps of PIM recruitment
(Niu and Kolattukudy 2009). During ANP, one possible
source of MCP-1 in the lungs of affected animals could con-
stitute the microvasculature endothelial cells. Indeed, the re-
lease of pancreatic digestive enzymes into the systemic circu-
lation during ANP has been associated with microvascular
injury in various remote organs, including the lungs (Pastor
et al. 2003; Tahamont et al. 1982). In one study using MCP-1-
deficient mice and a different model of acute pancreatitis
(cerulein-induced pancreatitis), the infiltration of macro-
phages in the lungs as well as the severity of lung injury were
reduced in the MCP-1 KO mice compared to the wild-type
mice (Frossard et al. 2011). However, whether the improve-
ment of lung injury in MCP-1 KO mice is mediated through
the diminution/blockage of PIM induction remains to be fur-
ther studied.

Our data show activation of lung microvascular endotheli-
um in WT mice but not in MCP-1 KO mice injected with L-
arginine. The endothelial activation was evidenced by the in-
creased and granular immunolabeling for vWF at all
timepoints in WT mice treated with L-arginine. A similar pat-
tern of vWF staining was observed in the lungs of dogs that
died due to ANP (Vrolyk et al. 2016). The granular vWF
labeling pattern observed in alveolar septal capillaries
(microvasculature) of mice with ANP was also reported in
other species, including humans and dogs, with inflamed
lungs or with lung vascular injury (Quan et al. 2009;
Roberts et al. 2008). Furthermore, it has been reported that
during vascular injury, endothelial cells from alveolar septal
capillaries can synthesize and secrete vVWF, which does not
normally occur in quiescent alveolar septal endothelial cells
and therefore, the presence of vWF labeling in the lung



Cell Tissue Res (2019) 378:97-111

109

microvasculature suggests vascular injury or activation
(Mojiri et al. 2013). During acute pancreatitis, it is known that
pancreatic proteases, including trypsin, elastase and phospho-
lipase A2, are released into the blood circulation and can cause
vascular injury to various organs, including the lungs (Pastor
et al. 2003; Tahamont et al. 1982). As pancreatic enzymes are
present in the blood circulation in the L-arginine mouse model,
it is possible that those circulating enzymes stimulate endo-
thelial cells of the lung microvasculature to synthesize and
release VWF (Dawra et al. 2007). This staining could alterna-
tively be platelets containing vWF as mouse platelets contain
vWF in their «-granules (Kanaji et al. 2012). The role of vWF
in lung inflammation associated with ANP in mice is not clear;
however, it could promote leukocyte adhesion, including
PIMs, as both vWF alone and vWF-platelet aggregation on
endothelial cells were shown to promote rolling and adhesion
of leukocytes to the endothelium at the site of inflammation
(Bernardo et al. 2005; Pendu et al. 2006). It is possible that
vWF and other molecules released by activated lung micro-
vascular endothelium may also have contributed to PIM
recruitment.

The development of L-arginine-induced ANP in this study
resulted in similar pancreatic histological lesions and plasma am-
ylase levels as in other studies using the same ANP mouse model
with similar timepoints (Chen et al. 2012; Dawra et al. 2007;
Shen et al. 2012a, b). It is noteworthy that after 120 h, the plasma
amylase of L-arginine—treated mice regained a basal level, which
is likely explained by the extensive depletion and destruction of
pancreatic acinar cells and zymogen granules. Pancreatic lesions
observed in the L-arginine—induced ANP mice in this study
strongly resemble pancreatic lesions described in clinical cases
of dog (Mansfield et al. 2012; Newman et al. 2006; Vrolyk et al.
2016) and human patients (Aho et al. 1982; Kloppel et al. 1986)
suffering from this condition. Both human beings and dogs suf-
fering from severe AP can present pulmonary complications and
they both lack constitutive PIMs.

PIMs are now established as pro-inflammatory regulators
of lung inflammation in species where they are constitutively
present, as well as those in which they are induced during
pathological conditions (Gill et al. 2008; Schneberger et al.
2009; Singh et al. 2004). During sepsis and endotoxemia, pro-
inflammatory signaling pathways in PIMs are suggested to
occur through TLRs, such as TLR4, TLR9 and TLR2 and
following their activation, PIMs potentially produce large
amounts of pro-inflammatory mediators such as TNF-oc and
IL-1p3 (Gill et al. 2008; Schneberger et al. 2009; Singh et al.
2004; Singh Suri et al. 2006). Based on our understanding that
PIMs exacerbate lung inflammation following microbial chal-
lenges, their recruitment in the lungs of veterinary or human
patients with ANP could have significant detrimental conse-
quences if those patients secondarily develop endotoxemia or
septicemia, as sometimes reported during the course of this
disease (Ammori 2003).

Conclusion

Because of the frequently reported respiratory complications
in human or dog patients suffering from severe AP and the
recent discovery that PIMs are recruited in dogs with clinical
ANP, we sought to determine the recruitment of PIMs in a
mouse model of severe AP. The results from this study not
only bring evidence that PIMS are recruited in mice with L-
arginine—induced ANP but also suggest that MCP-1 is in-
volved in the recruitment mechanisms of those pulmonary
macrophages. In addition, the data show significantly in-
creased expression of vWF and inflammatory mediators, such
as IL-6 and IL-10, in the lungs of mice with L-arginine—in-
duced ANP. The induction of PIMs during ANP may increase
the susceptibility of the lungs to develop an exacerbated lung
inflammatory response in affected patients.
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