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Acute lung injury (ALI) and its more severe condition acute respiratory distress syndrome (ARDS) are critical life-
threatening disorders characterized by an excessive influx of neutrophils into the alveolar space. Neutrophil
infiltration is a multi-step process involving the sequential engagement of adhesion molecules. The adhesion
molecule CD11b/CD18 acts as an important role in the recruitment of neutrophils to lung tissues in the ALI
model. B-cell receptor associated protein 31 (BAP31), an endoplasmic reticulum transmembrane protein, has
been reported to regulate the cellular anterograde transport of CD11b/CD18 in human neutrophils. To explore
how BAP31 regulates CD11b/CD18 in mouse neutrophils, we constructed myeloid-specific BAP31 knockdown
mice in this study. Biological investigations indicated that BAP31 deficiency could significantly alleviated lung
injury, as evidenced by the improved histopathological morphology, reduced pulmonary wet/dry weight ratio,
inhibited myeloperoxidase level and decreased neutrophil counts in the bronchoalveolar lavage fluid. Further
studies clarified that BAP31 deficiency obviously down-regulated the expression of CD11b/CD18 and P-selectin
glycoprotein ligand-1 (PSGL-1) by deactivating the nuclear factor kappa B (NF-kB) signaling pathway. Collec-
tively, our results revealed that BAP31 depletion exerted a protective effect on ALI, which was possibly
dependent on the attenuation of neutrophil adhesion and infiltration by blocking the expression of adhesion
molecules CD11b/CD18 and PSGL-1. These findings implied the potential of BAP31 as an appealing protein to
mediate the occurrence of ALL

1. Introduction adhesion, crawling, and transendothelial migration (Muller, 2013;

Silvestre-Roig et al., 2020). In particular, the adhesion of PMNs to

Acute lung injury (ALI) and its more serious form, acute respiratory
distress syndrome (ARDS), have constituted a major threat to human
health with high morbidity and mortality rates. The clinical manifesta-
tions are predominately characterized by hypoxemic respiratory failure
and bilateral pulmonary infiltration (Butt et al., 2016; Ware, 2006).
During the pathogenetic progression of ALI, polymorphonuclear neu-
trophils (PMNs) recruitment from blood vessels to tissues is a critical
prerequisite (Fine et al., 2019; Maas et al., 2018). The classical cascade
of neutrophil recruitment is a precision-regulated dynamic process,
commonly divided into following procedures: capture, rolling, arrest,

* Corresponding authors.

endothelial cells (ECs) mediated by cell adhesion molecules (CAMs) is
well-recognized as an important link in the multiple-step cascade (Dia-
nzani et al., 2003; Wang and Doerschuk, 2002). Although some great
strides have been made towards acknowledging the pathogenesis of ALI
in the past decades, the therapeutic outcome has still not been markedly
improved (Standiford and Ward, 2016). Accordingly, searching for
novel strategies for the prevention and treatment of ALI is extremely
urgent.

B-cell receptor associated protein 31 (BAP31 or BCAP31) has been
identified as an evolutionarily conserved, and ubiquitously expressed
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polytopic integral protein in the endoplasmic reticulum (ER) (Annaert
et al., 1997). The gene is localized at Xq28 (Adachi et al., 1996). Early
findings have reported that the C-terminal domain of BAP31 is selec-
tively cleaved into a proapoptotic fragment (P20) by caspase-8, which
directly mediates apoptosis progression (Iwasawa et al., 2011; Ng et al.,
1997; Wang et al., 2011). BAP31 is highly expressed in neurons and
involved in regulating neuronal apoptosis. Mutation of BAP31 can cause
a critical severe X-linked phenotype such as motor and intellectual
disabilities or sensorineural deafness (Cacciagli et al., 2013). Our pre-
vious studies have found that BAP31 performs a significant role in T cell
activation, the ER-associated protein degradation (ERAD) pathway, in-
sulin resistance, hepatic lipid accumulation, and gastric cancer prolif-
eration (Chen et al., 2019; Jia et al., 2018; Niu et al., 2017; Wang et al.,
2008; Xu et al., 2018). Functionally, BAP31 acts as a sorting factor that
participates in the transportation of various protein molecules from ER
to Golgi apparatus, e.g. class I major histocompatibility complex
(MHC-]), protein tyrosine phosphatases like B and membrane-associated
RING-CH (MARCH) (Bartee et al., 2010; Ladasky et al., 2006; Wang
et al., 2004).

In addition to these canonical functions, prior publications have
confirmed that BAP31 can bind to CD11b/CD18 (app2 Mac-1, CR3) in
the secondary granules of human neutrophils, thus mediating their
trafficking to cell membrane surface (Zen et al., 2004). As a member of
f2-integrin, the structural characteristics and distribution of
CD11b/CD18 lay a foundation for their participation in neutrophil
recruitment, exudation, migration and inflammatory response (Frie-
drichs et al., 2014; Tan, 2012; Wee et al., 2015). In resting state,
CD11b/CD18 is mainly present in the secondary granules of neutrophils.
Upon cells activation, the translocation of CD11b/CD18 from intracel-
lular pools to the plasma membrane ensures PMNs-ECs adhesion by
combining with intercellular adhesion molecule 1 (ICAM-1), thereby
leading to an influx of PMNs into tissues and initiating inflammatory
response (Berger et al., 1984; Jerke et al., 2013; Johnson-Léger and
Imhof, 2003; Zen et al., 2004). In the ALI model, the combination of
CD11b/CD18 with surface receptor ICAM-1 on alveolar vascular ECs
results in the accumulation of PMNs into lung tissue and aggravation of
pulmonary inflammation (Hou et al., 2014; Issekutz et al., 1999).
Furthermore, the selectin family is primarily responsible for regulating
the primary adhesion of neutrophils and intracellular signal trans-
duction (Crockett-Torabi, 1998). As a co-ligand of the selectin family,
P-selectin glycoprotein ligand-1 (PSGL-1) is constitutively expressed at
the tip of neutrophil microvilli, the unique spatial location of which
decides it the earliest to participate in PMNs-ECs interactions (Hidari
et al., 1997; Yang et al., 1999).

Inspired by the foregoing studies, we attempted to establish
myelocyte-specific BAP31 knockout mice using the Cre/loxP recombi-
nation system to explore which adhesion molecules are regulated by
BAP31. In this study, we observed that neutrophil infiltration into lung
tissues under inflammation was substantially reduced with the loss of
BAP31, which was caused by a marked decline in the adhesion level of
neutrophils to ECs. These results demonstrated that BAP31 may
participate in the functional regulation of various inflammation-
associated adhesion molecules. For this reason, adhesion molecules
affected by BAP31 deficiency in neutrophils were systematically
screened. The molecular mechanism of their effect on PMNs-ECs adhe-
sion was also investigated. The result showed that BAP31 knockdown
could evidently down-regulated the transcriptional level of CD11b/
CD18 and PSGL-1, which may be associated with the nuclear factor
kappa B (NF-kB) signaling pathway. Interestingly, the immunoprecipi-
tation assay found that BAP31 could bind to CD11b/CD18, but not to
PSGL-1 in mice, which was consistent with previous observations on
human neutrophils. These results highlighted the significant modulation
of BAP31 on adhesion function of CD11b/CD18 by distinct mechanisms.
Our findings implicated BAP31 as a crucial molecule for affecting the
occurrence of ALL
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2. Material and methods
2.1. Animals

To obtain mice that specifically lacked BAP31 in neutrophils, we
inserted the loxP site on both sides of exon 3 of BAP31 gene to construct
a targeting vector. The targeting vector also carried a neomycin resis-
tance gene, which was located in the loxP site with two FRT sites on both
sides. The neomycin resistance gene is an exogenous marker gene for
resistance screening of transgenic mouse embryonic cells. Targeted
vectors were transferred to mouse embryonic stem (ES) cells by elec-
troporation, and stem cells were obtained from C57BL/6 mice. Homol-
ogous recombinants were screened with G418 and then analyzed by
Southern blotting and PCR. The constructed female mice were used to
delete neomycin in vivo by breeding with male FLPeR mice (Farley et al.,
2000). Lyz2-Cre enzymes are expressed only in myeloid cells, but not in
other tissues. The Cre enzyme was reorganized to remove the BAP31
gene sequence from myeloid cells. Under the control of Lyz2 promoter
enhancer, mice expressing Cre recombinase were cultured as mice with
defective BAP31 in myeloid cells. BAP311°* mice were bred with
Lyz2-Cre mice to produce BAp3 flox/flox Lyz2-Cre (BAP317") mice and
littermate controls BAP311°¥/flX (BAP317/%) mice. Next, we used the
above two types of sex and age matched littermates. The genotypes of
these mice were determined by PCR gene identification (BAP31f
primers: sense 5-AAGGGGAGCCAGGAATAGTGGTG-3’; antisense 5'-
TCCTGGCAGTTTCCAGTAAGGGTAAC-3’; Cre primers: sense 5'-
CCCAGAAATGCCAGATTACG-3'; antisense 5-CTTGGGCTGCCAGA
ATTTCTC-3).

Blood samples were collected into tubes containing ethylene diamine
tetraacetic acid K2 (EDTA-K2) to measure the numbers of leukocytes and
neutrophils using automated hematology analyzers at the Animal Hos-
pital of Shenyang Agricultural University. The process from sampling to
analysis was performed according to the procedures in the hospital’
clinical laboratories. All mice were maintained at room temperature
without pathogen and 12 h of light/dark circulation. Mice feed, litter
and drinking water bottles were autoclaved, and the animals were free
to eat and drink water. Body weight was measured once a week using a
digital electronic balance. All experimental procedures were critiqued
and approved by the Committee of Experimental Animal Administration
of Northeastern University in accordance with the National Institutes of
Health’ Guidelines for the Care and Use of Laboratory Animals.

2.2. Histopathological evaluation

LPS (5 mg/kg) was injected into 6-8 weeks old C57BL/6 mice after
24 h injection by tail vein to induce lung injury. After harvesting the
lungs of different treated mice, they were placed into 4% para-
formaldehyde (PFA) fixing solution for overnight, dehydrated using
graded ethanol and xylene, embedded with paraffin and sliced into 5 ym
sections. After dewaxing and hydration, the slices were immersed in
hematoxylin and eosin (H&E) reagent following a standard protocol,
and pathological alterations were visualized under a light microscope.

According to alveolar congestion, hemorrhage, inflammatory cell
infiltration and edema, lung injury was evaluated using a semi-
quantitative scoring system (0: normal; 1: mild or small amounts; 2:
moderate or more amounts; 3: severe or large amount; 4: extremely
severe or extremely large amount). All scores were calculated for the
statistical analysis.

After LPS exposure at 24 h, lung tissues were removed. The surface
water was absorbed with a filter paper. The wet weight was measured
and recorded. Subsequently, the lungs were incubated in an oven at
80 °C for 48 h to determine dry weight. The wet-to-dry weight ratio was
calculated.
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2.3. Measurement of leukocyte influx and protein content in
bronchoalveolar lavage fluid (BALF)

After the lungs were lavaged with 1 mL PBS for three times, BALF
was collected as described previously (Mutlu et al., 2007). The collected
BALF samples were used to detect the number of total cells under a
standard hemocytometer. The remaining BALF was centrifuged imme-
diately at 1000g at 4 °C for 10 min to obtain the supernatant and cell
pellets. The supernatant was used to determine the total protein con-
centrations by a BCA protein assay kit (Beyotime). In addition, the
sedimented cells were resuspended in PBS and smeared onto slides.
Wright-Giemsa staining of the prepared smears was performed to count
the number of neutrophils using a light microscope according to the
morphological criteria of neutrophils.

2.4. Measurement of MPO level

After LPS administration for 24 h, the myeloperoxidase (MPO) ac-
tivity was evaluated using commercially available kits according to the
manufacturer’s instructions (Nanjing jiancheng Technology Co., Ltd,
Nanjing, China). The right lung was made into a 5% tissue homogenate,
which was treated with MPO activity detection reagent for 15 min at
37 °C. The developer mix was added to the control and measurement
tubes, and incubated at 37 °C for 30 min. Then, the MPO color reagent
was added to the above samples for 10 min in 60 °C water bath. After
removal of the tube from water bath, the absorbance values of each tube
were immediately measured at 460 nm.

2.5. Immunofluorescence analysis

The collected lung tissues were fixed with 4% paraformaldehyde
solution for 24 h, dehydrated using graded ethanol and xylene,
embedded in paraffin and sectioned into 5 pm slices. Following depar-
affinization, hydration and epitope retrieval, slides were washed with
PBS and blocked with goat serum. The thicknesses were incubated with
primary antibody (abs125388a; Absin Bioscience, Inc., Shanghai, China)
against MPO (1: 200) at 4 °C overnight in a humidity box, followed by
fluorescence-labeled secondary antibodies (abs20023; Absin Bioscience,
Inc., Shanghai, China) at room temperature for 1 h. Nuclei were coun-
ter-stained with Hoechst 33342. All the sections were examined and
photographed using a fluorescence microscope. The average number of
cells/field of view was used for the statistical analysis.

2.6. Intravital microscopy

6-8 weeks old C57BL/6 mice were injected with LPS (20 mg/kg) by
the tail vein. The control group was injected with the same volume of
saline, and the model was successful after 4 h. After 4 h, the mice were
injected with 50 pL of rhodamine 6 G (1 mg/mL, Sigma) to fluorescently
label the leukocytes. Leukocytes adhering to the vascular endothelium
were observed under an intravital microscope. Leukocytes at 30 s
without significant movement were defined as adhesions.

2.7. Neutrophils purification and in vitro adhesive assay

Following the manufacturer’s instructions (Beijing Solarbio Science
& Technology Co., Ltd), neutrophils were isolated and purified from
mouse bone marrow. Purified neutrophils were treated with LPS and
labeled with Hoechst 33342. Prior to the assay, b.End3 cells were plated
onto 24-well culture plates at a density of 5 x 10 cells/well for 24 h.
The labeled PMNs (2 x10° cells/well) were incubated with pre-prepared
b.End3 cells at 37 °C for 30 min. After washing non-adherent neutrophils
with PBS three times, the adherent cells were measured using a fluo-
rescence microscope (Leica, Wetzlar, HE, Germany).
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2.8. Flow cytometric assay

Purified neutrophils were exposed to LPS, washed with PBS and
resuspended in 100 pL of 5% BSA solution in an EP tube. After incu-
bation on ice for 10 min, the primary antibodies CD11b (101212; Bio-
Legend), CD18 (101414; BiolLegend), and PSGL-1 (555306; BD
Biosciences) were used to stain the target proteins for 45 min in ice
water bath. Later, the cells were centrifuged (1000 rpm, 5 min) and
washed twice with PBS. The collected cells were resuspended in 300 pL
PBS and immediately analyzed using a flow cytometer (Becton Dick-
inson, NJ, USA).

2.9. Real-time PCR assay

Total RNA of neutrophils was extracted with TRIzol reagents
(Carlsbad, CA, USA). Two-microgram total RNA was used for reverse
transcription into cDNA (Promega, Madison, USA). Quantitative real-
time PCR (RT-qPCR) was implemented by Go Taq® qPCR Master
(Promega, Madison, USA). The expression level of each mRNA relative
to GAPDH expression was analyzed via the AACt method. The PCR
primers for BAP31, PSGL-1, ESL-1, CD11b, CD29, CD11a, CD18, CD11c,
CD44, L-selectin, VLA-1, CD49d and GAPDH are listed in Supplementary
Table S1.

2.10. Western blot analysis

Treated cells were harvested and lysed with radio-
immunoprecipitation assay (RIPA) lysis buffer containing 1% protease
inhibitor cocktail, 1% phosphatase inhibitor cocktail, and 1 mM phe-
nylmethanesulfonyl fluoride (PMSF). Protein concentration was
measured using a bicinchoninic acid (BCA) protein assay kit (Beyotime
Biotechnology Co., Shanghai, China). Equal amounts of protein were
separated by 8%-12% sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE), electroblotted onto polyvinylidene difluoride
(PVDF) membranes (Millipore, Billerica, MA), and blocked with 5%
skimmed milk for 60 min at room temperature (rt). Membranes were
incubated with specific primary antibodies overnight at 4 °C. After
washing three times with TBST (5 min x 3), the membranes were probed
with the corresponding secondary antibodies for 1-2 h at rt. Then,
protein bands were detected with ECL Select Western blot detection
reagent (Millipore, Billerica, MA, USA) by chemiluminescence (Tanon
5500, Shanghai, China). Each protein band was calculated and
normalized to that of B-actin/Histone H3. Image Lab software (Tanon,
Shanghai, China) was used for quantitative grayscale analysis of the
bands. The details of antibodies were shown as follows: anti-Histone H3
(abs130594a; Absin Bioscience), anti-NF-kB p65 (8242; Cell Signaling
Technology), anti-p-IKKa/p (2697; Cell Signaling Technology), anti-p-
IxkBa (2859; Cell Signaling Technology), anti-IkBa (4814; Cell Signaling
Technology), anti-CD11b (AF6396; Beyotime), anti-CD18 (AF6399;
Beyotime), anti-PSGL-1 (NB100-78039; NOVUS), anti-BAP31
(11200-1-AP; Proteintech Group Inc.) and anti-B-actin (66009-1-Ig;
Proteintech Group Inc.).

2.11. Immunoprecipitation (IP) assay

Neutrophils were lysed with NP40 buffer for 30 min in an ice bath.
The lysates were centrifuged to collect the supernatants, which were
mixed with protein G agarose beads (Invitrogen) for 1 h. After centri-
fugation, the supernatants were incubated with pull-down antibodies for
2 h. After the addition of G Sepharose beads, the complexes were cen-
trifugated, washed three times, resuspended in SDS loading buffer and
boiled for 10 min. The supernatants were loaded onto SDS-PAGE gel.
Electrophoresis was performed and analyzed using Western blotting, as
described above.
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2.12. Statistical analysis

All experimental data are presented as mean+SEM of at least three
independent data points. The statistically significant differences be-
tween groups were assessed using unpaired Student’s t-test or one-way
ANOVA. Analyses were performed using ImageJ software and Graph-
Pad Prism 5.0. * ** p < 0.001, * * p < 0.01 or * p < 0.05 was considered
statistically significant.

3. Results

3.1. Generation and identification of myeloid-specific BAP31 deletion
mice

The simultaneous deletion of a gene in an organism can produce
undesirable consequences, such as biological dysfunction (Zhang et al.,
2012). To this end, we constructed BAP31 conditional knockout mice
specifically in myeloid cells using Cre-loxP tissue-specific gene target-
ing. The system consists of two components: mice have two loxP sites
located on two flanks of exon 3 of the BAP31 gene; mice carry Lyz2-Cre
recombinase. Lyz2-Cre, an enzyme specifically expressed in myeloid
cells catalyzes the recombination of two loxP sites and resects the
fragment between two loxP sites, resulting in the retention of one loxP
site (Supplementary Fig. S1A). As shown in Supplementary Fig. S1B, the
types of mice were identified by analyzing their DNA genomes.
Real-time PCR analysis of mRNA from myeloid cells demonstrated that
the mRNA level of BAP31 was significantly declined in BAP31” mice
compared with BAP31*/*+ mice (Fig. 1A). Again, an obvious reduction in
BAP31 protein expression was observed (BAP317" mice versus
BAP31"* mice, Fig. 1B, C). To assess whether the loss of BAP31
impacted the normal growth and development of mice, we measured the
body weight of mice every other week for eight weeks. There were no
significant differences in body weight between the two groups, sug-
gesting that myeloid cells BAP31 disruption did not affect the growth
conditions of mice (Fig. 1D). Additionally, the number of leukocytes and
neutrophils in the peripheral blood fluctuated within the reference
range and did not reach statistical distinctions between 8-wk-old and
24-wk-old mice (Fig. 1E, F). These results revealed that the myeloid
cells-specific BAP31”" mouse model was successfully established, and
the growth of mice was not influenced.

To investigate the influence of myeloid-specific BAP31 knockdown
on the growth and development of lung tissues, we examined the
morphological and histological characteristics of lung tissues. The sur-
face of lung tissues in both BAP31"/" and BAP31”" groups was smooth,
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and had no obvious hyperemia and swelling, indicating that BAP31
deficiency did not cause morphological variation of lung tissues (Sup-
plementary Fig. S2A). Furthermore, the lung weight coefficient, an in-
dicator of pulmonary edema, had no statistical significance between
BAP31"/* and BAP317" groups (Supplementary Fig. S2B). Consistently,
the hematoxylin and eosin (H&E) staining showed a normal alveolar
morphology without lung edema, diffuse hemorrhage, alveolar collapse
and alveolar septal thickening in both BAP317* and BAP31”" groups
(Supplementary Fig. S2C). Therefore, these observations revealed that
myeloid-specific BAP31 knockdown did not affect normal growth and
development of lung.

3.2. Effects of BAP31 knockdown on body weight, histopathological
variations and pulmonary edema in LPS-induced ALI mice

Using an in vivo LPS-induced ALI mouse model, we initially inspected
the influences of BAP31 on body weight. With regard to the BAP31*/*
and BAP317" groups, there was no significant difference in body weight
after saline treatment (Supplementary Fig. S3). Compared with sal-
ine+BAP31"/* group, the body weight was dramatically reduced in
LPS+BAP31"/" group, suggesting that the body weight of mice was
reduced by LPS stimulation. Nevertheless, the loss of body weight in
LPS+BAP31”" group exhibited an obvious decrease by comparison with
LPS+BAP31"/" group. These results indicated that BAP31 deficiency
possessed a certain protective effect on the body weight of mice
following LPS challenge.

Afterwards, the effects of BAP31 deficiency on the morphological
and histopathological features of lung tissues were also detected. As
depicted in Fig. 2A, the surface of pulmonary tissue appeared pink,
smooth, and had no visible leakage or bleeding in the saline-injected
groups. After LPS stimulation, the gross appearance of lung tissue
showed dark red hemorrhages and severe damage, which were largely
alleviated by the depletion of BAP31. In addition, H&E staining showed
that LPS exposure resulted in an obvious disorder of lung tissue structure
along with a severe pathomorphology such as lung edema, PMN infil-
tration, diffuse hemorrhage, alveolar collapse and alveolar septal
thickening. By contrast, BAP31 knockdown could attenuate LPS-
stimulated histologic damage (Fig. 2B). Consistent with the above ana-
lyses, the score of LPS-treated BAP31”" mice was dramatically reduced
as compared to that of LPS-treated BAP31"/* mice (Fig. 2C). Subse-
quently, the severity of pulmonary edema in lungs was measured using
the W/D ratio. After 24 h of LPS challenge, the lung W/D ratio in
BAP31"/" group was apparently higher than that in BAP317" group
(Fig. 2D). These results indicated that BAP31 deficiency could alleviate

Fig. 1. Characterization of myeloid-specific
BAP31 deletion mice. (A) mRNA expression of

15 =7 BAP31 from BAP317 and BAP31™" mice
% *k%k analyzed by Real-time PCR (BAP31"/*, n = 3;
31.0 BAP317 ", n=23). (B, C) Protein expression of
> BAP31 detected by Western blotting (BAP31*/
S *,n = 3; BAP317, n = 3). (D) Variation of mice
-90'5 body weight was measured (BAP31"/*, n = 6;
S - BAP317", n = 6). (E, F) The amounts of leuko-
0.0 . cytes and neutrophils were monitored
(BAP31"/*, n = 3; BAP31”", n = 3). The values
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Fig. 2. Effects of BAP31 knockdown on histo-

BAP31**

BAP31+* BAP31+(Lyz2-Cre)

B Saline

pathological changes and pulmonary edema in
LPS-induced ALI mice. (A) Representative pho-
tographs of lung tissues from different groups.
(B) Representative histological changes of lung
obtained from mice of different groups (Scale
bars: 25 um). (C) Lung injury score counted by
semi-quantitative analysis (Saline+BAP31"/*,
n = 5; Saline+BAP317", n = 5; LPS+BAP311/*,
n=5; LPS+BAP317, n=5). (D) Lung water
content calculated as a ratio of wet weight to
dry weight (Saline+BAP31"/*, n=4; Sali-
ne+BAP317°, n=4; LPS+BAP31"", n=4;
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After exposure to LPS, the major parameters, containing total cells,
neutrophils and protein content in BALF, were measured. Total cells
number, neutrophil counts and the percentage of neutrophils were
obviously increased in the LPS-challenged groups compared to those in
saline groups. However, the number and proportion of neutrophils in
LPS-stimulated BAP31”~ group were substantially lower than those in
LPS-alone group, signifying that the deletion of BAP31 could reduce
excessive PMNs infiltration during ALI (Fig. 2E-G). Likewise, LPS
exposure in mice displayed a serious lung edema, as evidenced by an
elevated protein content in BALF (versus saline-treated mice), which
was markedly decreased by deleting BAP31 (LPS-exposed BAP31”" mice
versus LPS-only mice, Fig. 2H). Consequently, BAP31 deficiency
decreased the total cell number, neutrophil count and protein concen-
tration in the BALF.

LPS+BAP317", n =4). (E) Total cell number,
(F) neutrophils, (G) Percentage of neutrophils
and (H) protein concentration in BALF (Sal-
ine+BAP31"/", n = 3; Saline+BAP31”", n=3;
LPS+BAP31"/*, n = 3; LPS+BAP317", n = 3).
The values were shown as mean 4 SEM,
*p < 0.05, **p < 0.01, *** p < 0.001. ns, not
significant.
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3.3. Effects of BAP31 knockdown on PMN infiltration

Myeloperoxidase (MPO) functions as a symbol of neutrophils acti-
vation. Following the administration of LPS in mice, neutrophil accu-
mulation in lung tissues was detected based on the neutrophil staining
marker, MPO. As shown in Fig. 3A, the green signal for MPO staining in
the LPS group was noticeably stronger than that of saline group, indi-
cating that a large number of PMNs were recruited to the lung tissues of
mice that received LPS treatment. However, the fluorescence signal in
lung tissue of BAP31”" mice was drastically weakened under the same
LPS stimulation. A similar result was obtained by analyzing the numbers
of neutrophils in randomly selected areas (Fig. 3B). To quantify
neutrophil recruitment in lung, the MPO activity was evaluated
(Fig. 3C). Compared with the saline group, MPO activity was signifi-
cantly enhanced in lung tissues extracts collected from the LPS group.
Nevertheless, MPO levels from lung extracts of LPS-administered
BAP31”/" mice was drastically dropped (versus LPS- administered
BAP31"/* mice). Both assays verified that the absence of BAP31 could
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effectively block the influx of neutrophils into lung tissues.
3.4. Effects of BAP31 knockdown on adhesion of neutrophils

Neutrophil infiltration is a multi-step process that requires the
participation of PMNs-ECs adhesion. For this reason, we continued to
investigate leukocytes-endothelial interactions using intravital micro-
scopy. In the resting mesenteric veins, leukocyte adhesion on the surface
of vascular wall had no significant difference between BAP31*/* and
BAP31”" mice. Yet, LPS stimulation apparently strengthened the adhe-
sive ability of leukocytes, which could be restrained by the lack of
BAP31 (Fig. 4A). Meanwhile, the number of firmly adherent leukocytes
in the LPS+BAP317° group was greatly descended (versus
LPS+BAP31*/* group, Fig. 4B). These observations indicated that
BAP31 depletion could enormously reduce the adhesive effects of PMNs
on vascular wall.

To evaluate PMNs-ECs adhesion in vitro, we first isolated and puri-
fied neutrophils from the myeloid cell lineage of mice. Ly6G and CD11b
typically act as special biomarkers on the surface of neutrophils (Li et al.,
2010). The flow cytometry analysis was implemented to determine the
purity of neutrophils stained with Ly6G and CD11b. Satisfactory results
were obtained with high purity (91.1%, Fig. 4C, D). To investigate the
relevance of BAP31 with neutrophil-endothelial cell adhesion, purified
neutrophils were incubated with ECs (b.End3 cells) in vitro. As described
in Fig. 4E, the LPS-stimulated group exerted an increased intensity of
blue fluorescence, which was obviously decreased in the LPS+BAP317"
group. In the case of LPS induction, the number of neutrophils adhering
to ECs in BAP31”" group exhibited a serious reduction by comparison
with that of BAP31"* group (Fig. 4F). These results revealed that
BAP31 deficiency restrained the neutrophil-endothelial cell adhesion.

3.5. Effects of BAP31 knockdown on the expression of adhesion
molecules in neutrophil

To further explore how BAP31 participates in the adhesion process,
we scanned the mRNA levels of various adhesion molecules in neutro-
phils. As outlined in Fig. 5A, the mRNA expressions of CD11a, CD11c,
CD29, CD49d and VLA-1 adhesion factors had no statistical significances
with the loss of BAP31, whereas mRNA levels of PSGL-1, ESL-1, CD44,
CD11b, L-selectin and CD18 were down-regulated at different degrees.
After preliminary screening, the protein expression of three represen-
tative adhesion molecules (CD11b, CD18 and PSGL-1) was examined
using Western blotting assay. There existed a noticeable reduction for
the protein levels of CD11b, CD18 and PSGL-1 in BAP31”" group
(Fig. 5B). Meanwhile, the relative quantification of Western blot for
these adhesion molecules showed a similar tendency (Fig. 5C-F).
Thereafter, the surface expression of CD11b, CD18 and PSGL-1 on
neutrophils was detected by flow cytometry (Fig. 5G-I). The analyses
demonstrated that the expressions of CD11b, CD18 and PSGL-1 signifi-
cantly declined with the absence of BAP31 at resting status. Following
by LPS stimulation, the expression levels of these genes dramatically
increased, which could be restrained by BAP31 knockdown. Similarly,
the mean fluorescence intensity of CD11b, CD18 and PSGL-1 in LPS-
challenged BAP31”" group was apparently lower than that in LPS-only
group (Fig. 5J-L). These data disclosed that BAP31 deficiency could
inhibit the expression levels of related CAMs, thus decreasing the
adhesiveness of PMNs to ECs.

It has been reported that BAP31 could bind with CD11b/CD18,
thereby affecting its transport from secondary particles to the surface of
cell membrane in human neutrophils (Zen et al., 2004). Based on this,
we wondered the effects of BAP31 on the above adhesion molecules in
mouse neutrophils. Immunoprecipitation assay was used to examine the
combination of BAP31 with CD11b/CD18 and PSGL-1. After lysis of
PMNs by NP40, the lysates were immunoprecipitated with IgG and
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Fig. 4. Effects of BAP31 knockdown on in vivo
and in vitro adhesion of neutrophils. (A) The
representative intravital microscopy images
using Rhodamine 6 G staining (Scale bars:
50 pum). (B) The quantitative analysis of firmly
adhered leukocytes (Saline+BAP31*/*, n = 3;
Saline+BAP317", n = 3; LPS+BAP31"/", n = 3;
LPS+BAP317", n = 3). (C, D) The pureness of
neutrophil stained by surface markers CD11b
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BAP31 antibodies. Then, the immunoprecipitates were analyzed by
Western blotting with anti-BAP31, anti-CD11b, anti-CD18 and
anti-PSGL-1. As shown in Supplementary Fig. S4, BAP31 could directly
combine with CD11b/CD18, but not PSGL-1. These results were tallied
with those of a previous study, suggesting that BAP31 might be involved
in the transport of CD11b/CD18 in mouse neutrophils.

3.6. Effects of BAP31 knockdown on NF-kB signaling pathway

Accumulating documents have illustrated that the expression of
multitudinous adhesion molecules, such as CD11b, CD18 and PSGL-1, is
inextricably linked with the NF-kB signaling pathway (Lee et al., 1996;
Pfosser et al., 2010). In this connection, we investigated if BAP31
knockdown affected the NF-kB signaling pathway, thus restraining the
expression of adhesion molecules. As shown in Fig. 6A and B, NF-xB p65
protein expression in the nucleus was checked by Western blotting.
Under resting conditions, the level of NF-kB p65 in nucleus was sup-
pressed in BAP31”" group. After LPS intervention, the protein level of
NF-kB p65 was substantially upregulated, which was restrained by the
elimination of BAP31, indicating that BAP31 deficiency greatly reduced
the translocation of NF-kB p65 from the cytoplasm to nucleus. Next, we
analyzed the expression levels of p-IKKa/p, p-IkBa and IkBa in neutro-
phils (Fig. 6C-G). In quiescent states, BAP31 depletion visibly decreased
the protein expressions of p-IKKa/f and p-IkBa, as well as increased IxkBa

BAP31/(Lyz2-Cre)

expression. Upon LPS stimulation, a significant increase for p-IKKo/p,
p-IkBa expressions and a decrease for [kBa expression were found, which
could be reversed by BAP31 deletion. Notably, the elevated expression
of IkBa implied that BAP31 elimination inhibited LPS-induced IxBa
degradation. These data revealed that BAP31 knockdown could
decrease the the expression of key adhesion molecules through inhib-
iting the NF-xB signaling pathway.

4. Discussion

Acute lung injury remains a frequent cause of morbidity and mor-
tality in critically ill patient population. Clinically, the main manifes-
tations of ALI are dyspnea and progressive hypoxemia (Proudfoot et al.,
2011). BAP31, a carrier protein, participates in the transport process of
multiple membrane proteins (Adachi et al., 1996; Annaert et al., 1997;
Kim et al., 1994). For instance, a previous literature discovered that
BAP31 can act as a regulator for the transport of CD11b/CD18 from
secondary granules to the surface of the cell membrane in neutrophils
(Zen et al., 2004). As an important CAM, the overexpression of
CD11b/CD18 can promote PMNs infiltration, eventually leading to the
occurrence of inflammation and tissue injury (Yuki et al., 2020).
Encouraged by these findings, we speculated that BAP31 may play a
pivotal role in ALL To our knowledge, the function of BAP31 in ALI
remains unclear owing to the lack of suitable animal models. Concerning
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that the systemic knockdown of genes in mice can lead to an abnor-
mality of biological functions, we introduced the Cre-loxP system to
specifically eliminate target genes in a tissue/cell-type specific manner
(Nagy, 2000; Sauer and Henderson, 1988). To elucidate the role of
BAP31 in LPS-induced ALI, we initially created myeloid-specific BAP31
knockdown mice via the Lyz2-Cre/loxP system. In this study, the ge-
notype of mice was determined by PCR analysis of the DNA genome. The
results of RT-qPCR and Western blotting demonstrated that mRNA and
protein levels of BAP31 expression exerted a significant decrease in
BAP31”" mice compared with BAP31"/* mice. Fortunately, the body
weight, the number of leukocytes and PMNs in both groups of mice
showed no statistical differences, indicating that the physiological and
growth status of mice were almost unaffected by the absence of BAP31.
Consistently, myeloid-specific BAP31 knockdown did also not affect
normal growth and development of lung.

Subsequently, the injection of LPS into mice by tail vein was used to
establish the ALI model. Stimulation LPS into BAP31"/* mice for 24 h
could cause typical alterations of histopathology and morphology in
lungs, which suggested the success of model establishment. Compared
with LPS-treated BAP31"/* mice, the pathological abnormalities of
lungs in LPS-treated BAP317" mice were obviously improved. Addi-
tionally, BAP31 deficiency had a protective effect on the reduction of
body weight induced by LPS stimulation. Based on the degree of
neutrophil infiltration, alveolar congestion, wall thickening and

hemorrhage, lung injury was scored to quantify the differences. It was
found that a decreased score occurred in LPS+BAP317" mice. A growing
number of studies have reported that LPS challenge can cause an
elevation for lung water content, massive influx of proteins and in-
flammatory cells into the alveolar space (Bhattacharya and Matthay,
2013). Usually, lung W/D ratio is used as an index to measure the
severity of pulmonary edema (Yang et al., 2019). Our results declared
that the lung W/D ratio, protein concentration, total leukocyte counts
and neutrophil numbers were apparently lessened in LPS-stimulated
BAP317" mice, further indicating an obvious remission of lung edema
and neutrophil infiltration. Therefore, elimination of BAP31 contributed
to attenuating the extent of pulmonary impairments.

During the early phase of ALL rapid and appropriate recruitment of
leukocytes from the circulation to inflammatory site is essential for de-
fense against the invasion of microbial pathogens and pathological im-
pairments (Havixbeck et al., 2016). However, exuberant infiltration and
aggregation of leukocytes will exacerbate ALI via secreting some
proinflammatory mediators (Imai et al., 2008). Additionally, an
increasing body of clinical and experimental studies have found that
neutrophil accumulation into inflammation location is often accompa-
nied by the release of MPO (Zhang et al., 2019). The fluctuation of MPO
level in plasma can reflect the function and activity status of neutrophils.
Accordingly, MPO activity often serves as a sensitive and specific hall-
mark of neutrophil activation (de Souza Ferreira et al., 2012). To
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evaluate the influence of BAP31 on neutrophil infiltration, fluorescence
microscopy and colorimetry were conducted to qualitatively and
quantitatively monitor MPO variations. Our results demonstrated that
MPO levels were highly induced after LPS excitation, which was
restrained by the loss of BAP31. The decreased MPO level indicated a
reduction for neutrophils infiltrating into the pulmonary alveoli and
interstitium, which was consistent with previously histological obser-
vations. Intimate PMNs-ECs adhesion has been widely assumed as a
demanded stage for neutrophil infiltration. Herein, adhesive assays were
carried out in vitro and in vivo to further investigate if BAP31 impacted
neutrophils-ECs adhesion. Intravital microscopy showed that the adhe-
sion of PMNs to vessel wall was significantly descended with BAP31
deficiency. Simultaneously, a similar effect was observed in the
co-culture pattern of neutrophils and ECs. Based on these results, we
conjectured that the decreased adhesion of neutrophils caused by BAP31
knockdown might be due to the influence of BAP31 on the expression or
function of related adhesion molecules.

Several investigations have suggested that neutrophil rolling and
adhesion are subjected to the regulation of different adhesion molecules
(Ley et al.,, 2007). The selectin family (P-, E- and L-selectins) can
recognize and bind to their glycoprotein counter-ligands, thus domi-
nantly mediating leukocyte rolling (Kansas, 1996). Nevertheless, sec-
ondary adhesion of PMNs is largely dependent on the regulation of
integrin family and CD44 molecule expressed on neutrophils (Konrad
etal., 2019). For this purpose, RT-PCR analysis was performed to inspect
mRNA levels of an array of adhesive factors. Upon the loss of BAP31 in
PMNs, mRNA levels of CD49d, CD29, CD11c, CD11a and VLA-1 were
almost unaffected, while the mRNA levels of PSGL-1, CD11b, CD18,
L-selectin, ESL-1 and CD44 were declined at varying degrees. Remark-
ably, CD11b/CD18 is an important member of integrin family and has
been directly implicated in cellular adhesion (Yuki and Hou, 2020).
PSGL-1, a well-studied selectin ligand, structurally and functionally
modulates neutrophil rolling and signal transduction (Zarbock et al.,
2009). Subsequently, the protein levels of CD11b, CD18 and PSGL-1
were measured by Western blotting. By comparison with BAP317/*
group, their expression was down-regulated in BAP31”~ group. Mean-
while, the flow analysis results displayed a decreased surface expression
of CD11b, CD18 and PSGL-1 on neutrophils from BAP31”" mice. To
further examine how BAP31 influence CD11b/CD18 and PSGL-1, an
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Fig. 6. Effects of BAP31 knockdown on NF-kB
signaling pathway. (A) Protein expression of
NF-kB p65 in nucleus detected by Western
blotting. (B) Quantification analyses of Western
blot for NF-kB p65 (Saline+BAP317/", n = 3;
Saline+BAP317", n = 3; LPS+BAP31"/*, n = 3;
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immunoprecipitation experiment was performed. Our analysis revealed
that BAP31 bound directly to CD11b/CD18 in mouse neutrophils, which
was consistent with previous findings in human neutrophils (Zen et al.,
2004). Considering the co-localization of BAP31 and CD11b/CD18, we
conjectured that BAP31 was possibly a regulator of intracellular trans-
port and expression of CD11b/CD18 in mice neutrophils. In addition,
BAP31 failed to integrate with PSGL-1, suggesting that BAP31 only
regulated PSGL-1 expression. On the basis of these findings, we hy-
pothesized that BAP31 could reduce neutrophil-endothelial cell adhe-
sion via modulating the expression of CD11b, CD18 and PSGL-1, thus
ameliorating ALL

A series of literatures have reported that NF-xB activation is inti-
mately associated with the expression of multiple adhesion molecules (e.
g. CD11b, CD18 and PSGL-1) (Dorrington and Fraser, 2019). Normally,
NF-kB is sequestered in the cytoplasm by forming a complex with IkB
protein. Upon LPS stimulation, IkB kinase (IKK) is rapidly activated,
which leads to the phosphorylation and degradation of IxB. Immedi-
ately, NF-kB dissociates from the complex and enters into nucleus,
where it binds to gene promoter regions and initiates the transcription of
adhesion molecules (Zhong et al., 2018). We aimed to determine
whether BAP31 deficiency impacts the NF-kB signaling pathway,
thereby inhibiting the expression of adhesion molecules. In
LPS+BAP317" group, we observed an apparent downregulation for
NF-kB level in the nucleus, indicating that nuclear translocation of
NF-kB was prominently decreased with the loss of BAP31. Moreover, a
significant decline for p-IKKa/p, p-IkBa and an elevation for IkBo
expression were noticed in LPS+BAP317" group, manifesting that
IKK/NF-xB signaling pathway was dominantly abrogated by the elimi-
nation of BAP31. Therefore, the effect of BAP31 on CAMs expression
might be governed by NF-«B.

This study remained some limitations. Previous literatures have
showed that BAP31 can bind to CD11b/CD18 and impact their traf-
ficking to the cell membrane surface. In addition, our researches proved
that BAP31 could directly combine with CD11b/CD18 and influence
CD11b/CD18 expressions in mouse neutrophils. Considering that BAP31
had dual effects on the transcription and transport of adhesion molecule
CD11b/CD18, we wondered whether the dual role of BAP31 is regulated
by some signaling pathways and the degradation of related proteins in
these pathways. For this reason, the unsettled doubts deserve further



G.-x. Liet al.

study as a future research direction. Despite these limitations, pre-
liminary results revealed the mitigation effect of BAP31 deficiency on
LPS-induced ALI to some extent.

5. Conclusions

In summary, our results confirmed that BAP31 deficiency reduced
neutrophil infiltration by lowering neutrophil-endothelial adhesivity,
thereby effectively alleviating LPS-triggered ALL The underlying
mechanism may be attributed to the fact that BAP31 knockdown down-
regulated the expression of CD11b, CD18 and PSGL-1 possibly by
inhibiting the NF-xB signaling pathway. These findings indicated BAP31
as a potential protein for regulating the pathogenesis of ALI/ARDS.
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