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Neutrophils (Neu) migrate rapidly to damaged tissue and play critical roles in host defense
and tissue homeostasis, including the intestinal epithelia injuries and immune responses.
Although their important roles in these diseases, they are challenging to study due to their
short life span and the inability to cryopreserve or expand them in vitro. Moreover, the
standard cell culturing on plastic plates (two-dimensional (2D) cultures) does not represent
the actual microenvironment where cells reside in tissues. In this study, we developed a
new three-dimensional (3D) culture system for human and mouse peripheral blood Neu,
which is made of hydrogel. The Neu showed much better cell integrity and less cell debris
in the 3D culture system compared to that in 2D culture system. Moreover, the 3D culture
system was more suitable for the observation of neutrophil extracellular traps (NETSs)
stimulated by the classical stimulation phorbol ester (PMA), and other damage associated
molecular patterns (DAMPs) such as Lipopolysaccharide (LPS)/ATP, interleukin-1 8 (IL-
1B) and tumor necrosis factor oo (TNFar) than the 2D culture system. Moreover, NETs
phenomenon in 3D culture system is similar to that in vivo. In addition, the 3D culture
system was evaluated to co-culturing Neu and other parenchymal cells, such as colon
mucosal epithelial cell lines. In conclusion, the 3D culture system could maintain better
properties of Neu than that in 2D culture system and it may reduce the gap between in
vitro an in vivo experimentations.

Keywords: neutrophils, 3D culture system, hydrogel, NETs, co-culture

INTRODUCTION

Neu play crucial roles in elimination of pathogens and damaged tissue and cells, Neu depletion
exacerbated colitis in the intestinal epithelia injury mode, and it plays a critical role in regulating the
intestinal immune responses (1, 2). Once the Neu enters the tissue, it kills the bacteria through
degranulation, phagocytosis, or extracellular traps (3, 4) that release DNA strands and bactericidal
proteins. Although their important roles in these diseases, Neu have a relatively short lifespan and
they will undergo apoptosis within 24 hours in vivo (5, 6). Moreover, the research on Neu is mainly
based on fresh isolation (3), but they can only be kept alive within a short time frame in vitro (7). So
prolonging the survival time of Neu and maintaining their activity in vitro is thus an important and
urgent challenge (8).
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The classical 2D monolayer cell culturing on flat and rigid
substrate is a prevalent model system used to study
immunological processes in vitro. But the 2D system was
challenged in recent years by findings from the studies which
revealed that the 2D-cultured cells are unable to simulate the
exact phenomena observed in vivo, including topography,
mechanics, and hierarchical tissue assembly, possibly resulting
in non-physiological cell behavior (9-12). The drawbacks of the
2D system are also related to the investigations of inflammatory
processes. During inflammation, Neu infiltrate tissues where
they perform their effector functions. The tissues are three-
dimensional and thus performance of the cells might also be
different than in the 2D conditions (13). Some scholars have
studied the 3D culture of neutrophil-like cell line HL-60 or
primary Neu co-culture with other cells in collagen gels for
improve the viability of Neu (12, 14-16), however, the detailed
phenomena of Neu in 3D culturing system have never evaluated.

Hydrogels are composed of cross-linked hydrophilic polymer
chains and can be used to form a scaffold for the construction of
three-dimensional cell culture models. They are in a liquid state
at 4°C and solidify at 37°C. They have good permeability,
allowing a variety of nutrients, gases, and metabolites to pass
through them freely and resembling the extracellular
environment of the body’s tissues (17). The exiting studies
have showed that the hydrogels were used for hepatocytes,
cardiac cells, breast cancer cells, islet beta-cells, and colon
cancer cells culturing (15, 18-22), and for organoid culture,
providing models for disease research (23-26), however, the 3D
culture system has never been used to cultivate Neu.

In this study, we have established their 3D culturing system
with hydrogels and evaluated the detailed phenomena of Neu.
We cultured human and mouse derived peripheral blood Neu in
the 3D hydrogel, demonstrating better morphological activity,
oxidation, more chemotaxis, higher activity and more generation
of NETs with incubation in PMA, LPS/ATP, IL-1B and TNFo
than those in 2D culture system. Furthermore, when stimulated
by PMA, Neu exhibited still better NET's characteristics, similar
to those seen in animal experiments. When co-cultured with
colon mucosal epithelial cell lines, Neu could still maintain good
characteristics, which provides a model for studying the
inflammation of skeletal muscle innate immunity. Overall, the
results suggest that this 3D system is suitable for culturing Neu,
hoping to provide convenient simulation for in vitro studies
on Neu.

MATERIALS AND METHODS

Reagents

Adult male C57BL/6 mice, 8-10 weeks of age, were purchased
from the Guangdong Medical Laboratory Animal Center
(Guangzhou, China). The animals were housed in the animal
center of the Southern Medical University, according to the
criteria outlined in the Institutional Animal Care and Utilization
Committee (IACUC). The mice (4 per cage) were housed under
controlled environmental conditions (12 h light/dark cycle, 55%

+ 5% humidity, 23°C ambient temperature) with free access to
standard chow and water. All experimental protocols involving
animals were approved by the Animal Care and Use Committee
of the Southern Medical University in accordance with the Guide
for the Care and Use of Laboratory Animals of the National
Institutes of Health.

The hydrogel we got was Nitta Gelatin’s Type I collagen, and
the concentrated medium was composed of Ham’s F-12
medium, MEM with Hanks’ balanced salt solution DF medium
(DME: F-12 = 1: 1) and Medium 199, reconstitution buffer was
composed of sodium hydroxide (50 mM), sodium bicarbonate
(260 mM) and HEPES (200 mM). I-PC and I-AC collagen were
purchased from KOKEN. Collagen type I was purchased from
Sigma. Cells disperse enzymes from Kit for Cell Premedium
which were gifts from DARUI BIO (Guangzhou, China). EGTA
(Cat#324626) was purchased from Merk. PMA was purchased
from Sigma-Aldrich. MTT assay kit (KGA312)was purchased
from Keygenbiotech. The apoptosis kit (Cat#70-AP101) was
purchased from MultiSciences. Z-VAD-FMK (V116) was
purchased from Sigma and WKYMVm (ab141811), LY6G-
APC-750 antibody (ab46754) and NE (ab68672) were
purchased from Abcam. Quant-iT'" PicoGreen'® dsDNA
Reagent, SYTOX® green nucleic acid stain (S7020), sYTO® 13
(87575) and CD11b-FITC antibody (53-0112-82) were
purchased from Invitrogen. Tubulin beta antibody (AF7011)
was purchased from Affinity Biosciences. DNA ladder
detection kit (KGA112) was purchased from Keygenbiotech.
Dextran T-500 (D8270) was purchased from Solarbio.
SuperRed/GelRed (BS354B) was purchased from Biosharp Life
Science and DNA marker was purchased from
Dongsheng Biotech.

Murine Bone Marrow Neu Isolation

Neu were obtained from mouse bone marrow according to
standard techniques. Briefly, mice were sacrificed by cervical
dissection, the femur and tibia of the mice were taken, and the
end of the bone was excised and the medullary cavity exposed,
followed by the bone being washed with phosphate-buftered
saline (PBS) with an 1 mL syringe and a 27-gauge needle, three
times per bone. The washed suspension was filtered through a
100 pm filter, centrifuged at 400 xg for 10 min, and resuspended
in 1 mL PBS. A Percoll stock solution (9 mL Percoll, 1 mL 9%
NaCl) was diluted with 0.9% NaCl to give 54%, 64%, and 72%
Percoll working solutions. After centrifugation (1000 xg, 30
min), the interface between the 64% and 72% layers containing
Neu was harvested, with purity more than 95%.

Mouse Peripheral Blood Neu Isolation

Mouse peripheral blood Neu were isolated from peripheral blood
by density gradient centrifugation (Beijing Solarbio, P9201).
Briefly, heparinized blood was sedimented with 6% dextran
T500 in PBS for 30 min at 37°C, the top clear layer containing
leukocytes was transferred to a fresh tube and the cells were
underlaid with 2 mL of Agent C in the middle and Agent A down
here, and centrifuged at 1000 xg for 30 min. Neu between Agent
A and C were obtained, resulting in cell populations containing
at least 90% Neu.
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Human Peripheral Blood Neu Isolation
Human blood was taken from healthy individuals following
informed and written consent in a qualified institution.
Human Neu were isolated from peripheral blood by density
gradient centrifugation. Briefly, heparinized blood was
sedimented with 6% dextran T500 in PBS for 30 min at 37°C,
the top clear layer containing leukocytes was transferred to a
fresh tube and the cells were underlaid with 10 mL of Ficoll
Paque Plus, and centrifuged at 750 xg for 20 min. The Neu and
erythrocytes were treated erythrocyte lysis solution (155 mM
NH,CI, 10 mM KHCO3, 0.1 mM EDTA, pH 7.3), resulting in cell
populations containing at least 95% Neu.

Gel Transparency and Adhesion

Evaluation

To prepare a hydrogel for the 3D culture system, 0.1 mL of
concentrated medium was added to the cooled 0.8 mL of
Cellmatrix type I collagen which was at pH 3 with a
concentration of 3 mg/mL on ice, mixing well to become light
yellow, then additional 0.1 mL of reconstitution buffer was mixed
well to become light pink. Last, the mixture was added to the six-
well plate (100 pL/well), which was then was placed in a 37°C
incubator for 45 min, followed by culture at 37°C in 2 mL of
complete medium containing 10% FBS. For comparison, I-PC
collagen and I-AC collagen from KOKEN and Collagen type I
from Sigma were executed in the same way. In order to evaluate
the transparency of the gel, we observed and compared the
transparency of the four collagen. In order to evaluate the
adhesion of the gel, we placed the six-well plate on a
horizontal shaker and oscillated for 1 hour at a rotation speed
of 100 rpm/min and observe whether the glue drops in the wells
of the plate fell off.

Cell Culture
To prepare a hydrogel for the 3D culture system, human
Normal-Derived Colon Mucosa (NCM) Cell Lines NCM460 or
mouse skeletal muscle cells C2C12 (2.5 x 10°/mL each) together
with corresponding species Neu or Neu alone were mixed in 0.8
mL hydrogel, 0.1 mL buffer, and 0.1 mL 10 x fetal bovine serum
(FBS) on ice. The gel was placed in a six-well plate (100 pL/well),
which was then was placed in a 37°C incubator for 45 min,
followed by culture at 37°C in complete medium containing 10%
EBS. For the 2D culture system, Neu together with NCM460 or
C2C12 were cultured according to traditional culture methods.
If digestion needed, the hydrogel was washed once with pre-
chilled neutral PBS and incubated with cell dispersase (diluted
10-fold with basic medium) at 37°C incubator for about 30 min
until the hydrogel was completely digested. Finally, the digestion
was stopped with the same amount of complete medium. After
remove the supernatant at 250 xg for 5 min centrifugation, we
stopped digestion again with 5 mL of 0.38 mg/mL EGTA and
centrifuge at 250 xg for 5 min to obtain cell pellets.

MTT Assay

The MTT colorimetric method was used to measure cell viability
to quantify cells in small droplets of collagen. According to the

standard operation in the manual, 100 UL per well (about 1 x
10°) of cells for 2D culture and 3D culture (2 uL of collagen) were
added to a 96-well plate, and incubated in a 37°C with 5% CO,
cell incubator for 24 h. The Neu cultured in hydrogel system
were digested and then suspended in 100 pL medium. Then 5 x
MTT was diluted to 1 x MTT by Dilution Buffer. Followed by
adding 50 pL 1 x MTT to each well and incubating at 37°C for 4
h to reduce MTT to formazan. After the supernatant was
aspirated, 150 pL of DMSO were added to each well to
dissolve formazan, and shaked well with a plate shaker. The
microplate reader detected the optical density of each well at a
wavelength of 490 nm.

Analysis of Cell Activity and Nuclear
Morphology

Human or mouse peripheral blood Neu (5 x 10mL) were
cultured for 6 days in 2D and 3D culture systems with or
without the inhibition of apoptosis z-vad-fmk (10 uM), stained
with PI at room temperature in the dark for 15 min, and stained
then with SYTO 13 for 15 min. The cells were washed twice with
PBS, examined and immediately photographed under a
fluorescence microscope. Dead cells were defined on the basis
of positive PI staining and nuclear morphology changes such as
chromatin condensation and fragmentation.

Isolation of Genomic DNA and Gel
Electrophoresis

Genomic DNA was isolated from mouse Neu according to the
manufacturer’s protocol (DNA ladder detection kit, Keygenbiotech).
Briefly, 5 x 10 cells collected by centrifugation at 280 xg for 5min
were treated with 50 uL lytic buffer and mixed vigorously, followed
by added 5 uL RNase A (37°C, 30 min) and proteinase K (50°C,1 h).
DNA in the aqueous phase was precipitated at -20°C in 40 uL
sodium acetate and 200 UL 100% ethanol. Precipitates were pelleted
by centrifugation (12,000 xg, 10 min, 4°C), washed with ice-cold 70%
ethanol, and dried.

For electrophoresis, DNA samples were dissolved in 10 UL of
Tris-EDTA buffer. Gel loading buffer was added, and the samples
were subjected to electrophoresis in 2% agarose gel containing
SuperRed/GelRed (1:10000) at 4 V/cm for 2 h. DNA was
visualized by UV light and photographed. The analyzed DNA
fragments in the samples were compared with standard size
fragments of the DNA marker LM1061.

ROS Measurements

For the detection of intracellular ROS level, ROS-sensitive probe
H2DCFDA was used. Neu obtained from 2D culture system by
direct centrifugation or 3D culture system by digestion (as shown in
Cell Culture part) were incubated with 5 pM staining solution in
PBS in the dark for 30 min at 37°C. Cells were centrifuged to
remove supernatant, suspended in a fresh medium and immediately
analyzed with flow cytometer (CytoFLEX, BECKMAN).

Detection of Chemotaxis
Migration assays were conducted using a 24-well Transwell
chamber (Corning, New York, US) with 4 um pores. One x 10°
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Neu cultured for 3 days in 2D and 3D culture systems were loaded
(200 uL of a 5 x 10°/mL solution) into the top chamber, with 300
UL WKYMVm (100 nM) for mouse peripheral blood Neu, fMLF
(1 uM) for human peripheral blood Neu or DMEM contained 1%
bovine serum albumin, as control, in the lower chamber, and then
the assay system was incubated for 3 h at 37°C. Migrating cells
dropped from the filters to the bottom of the lower chamber. After
350 xg for 10 min centrifugation, the cells on the chamber were
counted in five fields (magnification x 200) using a light
microscopy equipped with a image analyser.

Detection of NETs

Neu cultured in 2D and 3D systems for 3 days were stimulated
with 20 uM PMA (1:810) for 4 h and then fixed with 4%
paraformaldehyde for 15 min, permeabilized with 0.25%
TritonX-100 for 10 min, blocked with PBS containing 5%
bovine serum albumin for 1h, stained with NE (1:100), Sytox
green (1:5000), DAPI (1:100), or SYTO 13 (1:5000) before being
examined under a confocal or fluorescence microscope. To
observe the production of NETs in live LPS-induced mice, we
labeled Neu with LY6G-APC-750 (10 pg) and the DNA of NET's
with Sytox green (10 nmol) via tail vein injection in advance, and
NETs were observed under a two-photon fluorescence
microscope (FV1200MPE, Olympus).

In order to determine the content of the above-mentioned
NETs, dsDNA in the supernatants was evaluated by adding 100
UL Quant-iTTM PicoGreen®dsDNA Reagent (Invitrogen, 1:200
in 1x TE) to 100 puL sample as recommended by the
manufacturer, followed by immediate measurement of
fluorescence at 485 nm excitation, 520 nm emission with
fluorescence plate reader FluoStar.

For the measurement of neutrophil elastase coupled dsDNA
release, NE antibody (100 ng per well) was coated on the 96-well
plate overnight, then 100 uL sample and 100 uL Quant-iTTM
PicoGreen®dsDNA Reagent (Invitrogen, 1:200 in 1 x TE) were
added as recommended by the manufacturer, followed by
immediate measurement of fluorescence at 485 nm excitation,
520 nm emission with fluorescence plate reader FluoStar.

Statistical Analysis

Neu apoptosis and functional results are given as mean + SD.
Differences were analyzed by the Two-way ANOVA with Tukey
post-test using Prism version 7 (GraphPad). A p-value of 0.05
was considered to indicate a significant difference.

RESULTS

Evaluation of Properties of the

Cellmatrix Type |

As shown in Figure 1, we evaluated the performance of the gel
and the Neu embedded in it. Cellmatrix type I collagen has been
used to culture mesenchymal stem cells by other researchers
before (27). We examined the characteristics of the four collagen
gels before exploring the role of collagen gels in the cultivation of
Neu. As shown in Figure 2A, the shape of the gel droplets were

full and round hemispheres, obviously, Cellmatrix type I, I-AC
and collagen type I showed better transparency, but I-PC did not,
I-AC. Collagen type I was easy to fall off after shock, and the
adhesion was poor. So we chose Cellmatrix type I for Neu culture
to ensure we could observe the hydrogel with microscope.

The cytotoxicity of Cellmatrix type I collagen was evaluated
by MTT assay to compare Neu activity after cultured in 2D
culture medium or in 3D hydrogel with the same culture
medium for 24 h. As shown in Figure 2B, there was no
significant difference in Neu activity in 2D and 3D cultures
after 24 h.

Morphology of the Fresh Neu in the 3D
Culture System
Mouse peripheral blood Neu had round shape and were in a full
state during the first day, but developed incomplete shapes with
large amounts of cell debris on the second day in the 2D system.
By contrast, cells remained intact in the 3D system (Figure 2C).
In order to evaluate the cell status more intuitively, we stained
the human Neu nucleus with SYTO 13 which stained DNA in
both live and dead eukaryotic cells and observed it under a
fluorescence microscope (Figure 2D). Neu in all groups
maintained intact multilobed nuclear structure on the first day,
but nuclear condensation and loss of chromatin appeared on
day2 in 2D culture system, while this phenomenon was not
observed in the group with the addition of apoptosis inhibitor z-
vad-fmk. Neu still had intact multilobed nuclear structure until
day 4 in 3D culture system, which suggested that 3D culture may
protect Neu from apoptosis.

Function of the Fresh Neu in the 3D
Culture System

The intracellular ROS level was detected by the fluorescent probe
H2DCFDA. As shown in Figures 3A, B, under the same LPS
stimulation, 3D cultured mouse peripheral blood Neu produced
more ROS than that in 2D culture system, although lower than
the first day.

To evaluated the chemotaxis of Neu in 2D and 3D culture
systems, we conducted the migration assays. As expected, Neu in
3D culture system migrated more to the lower chamber
stimulated by WKYMVm (100 nM) for mouse peripheral
blood Neu and fMLF (1 uM) for human peripheral blood Neu
for 3 h than that in 2D culture (Figures 3C, D).

In addition, Neu capture microorganisms, activate myeloid
cells, and promote coagulation through NETs, which contain
chromatin decorated with specific proteins (28, 29). Studies have
shown that Neu produced NETs when stimulated by PMA (30).
As shown in Figure 3E, human peripheral blood Neu released
large amounts of dsDNA and NE when stimulated by 20 uM
PMA for 4 h. Surprisingly, we found that more NETs were
produced (white arrow) in 3D than that in 2D culture, a similar
phenomenon in mouse peripheral blood Neu (Supplementary
Figure 1A). To quantify dsDNA with a general method (31), we
measured the fluorescence of supernatants which were from
PMA stimulated mouse Neu binding with PicoGreen®dsDNA
Reagent. As for the NE-coupled dsDNA, we coated NE antibody
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(100 ng per well) on the 96-well plate overnight in advance.
Obviously, Neu in 3D culture system released more dsDNA and
NE-coupled dsDNA, which were significantly different
(Figures 3F, G).

A significant increase of NETs were seen following
stimulation of mouse peripheral blood Neu with LPS/ATP, IL-
1B and TNFo (Supplementary Figures 1B, C). Similarly, 3D
cultured Neu produced more NETSs than 2D cultures.

Activity of the Fresh Neu in the

3D Culture System

The activity of mouse bone marrow-derived Neu evaluated by
MTT assay in the 2D culture system decreased rapidly, which
was significantly slower than that of the 3D culture system
(Figures 4A, B).

It is well known that caspase or other proteins activated early in
apoptosis will activate degrading enzymes, which begin to cut DNA
in the linker region, forming nucleosome and oligonucleosome
DNA fragments (180 bp and multiples of 180 bp) (32). To assess
the degree of Neu apoptosis during culture in 2D and 3D systems,
we detected the classic approach of DNA fragmentation of 180 bp
and multiples thereof (33). The characteristic “DNA ladder”
pattern can be observed in Figure 4C. And apoptosis occurred
on the 2nd day in 2D culture system, but on the 4th day in 3D
culture system, which could be consistent with the appearance of
nuclear condensation in Figure 2D.
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FIGURE 1 | Schematic depiction of the experiment. We mixed hydrogel, buffer, FBS and Neu, incubated at 37 °C for 30 min and added the medium to culture the
cells. Then we tested the oxidation function, the motility, the NETs production, activity and the ability to co-culture with Parenchymal cells between Neu in 2D and 3D

We also detected cell viability by observing the co-
localization of SYTO 13 (stain DNA in both live and dead
eukaryotic cells) and PI (stain DNA in dead eukaryotic cells)
under a fluorescence microscope (Supplementary Figures 2,
3), and the ratio of PI to SYTO 13 was used to evaluate the
percentage of dead cells. As shown in Figures 4D, E, the Neu of
mouse or human in 2D culture system behaved more apoptosis
than that in 3D culture system taken for comparison on the
same day. The inhibition of apoptosis z-vad-fmk could easily
alleviate the death of cells in 2D culture systems (***p<0.001).
Interestingly, the cell viability of human peripheral blood Neu
was higher than that of mice with the same culture time and
culture system (Figures 4D, E).

Status of the Fresh Neu When

Co-Cultured With Parenchymal Cells

in 3D Culture System

We tested the production of NETs by human peripheral blood
Neu when co-cultured with mucosal epithelial cells lines
NCM460. Neu produced fuller NETs when stimulated by LPS/
ATP (Figure 5A, white arrow, Supplementary Video 1). At the
same time, we showed that 2D cultured cells adhered and grew
on a flat surface, while 3D cultured cells contact with other cells
in three-dimensional space (Supplementary Figure 4A, white
arrow, Supplementary Video 2).
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eukaryotic cells) during 6 days in 2D and 3D culture systems with or without the inhibition of apoptosis z-vad-fmk. Error bars represent mean + S.D. n = 3, ns, not
statistically significantly different by One-way ANOVA.

When co-cultured with C2C12, mouse Neu produced NETs  in the negative control group. As shown in the Supplementary
when stimulated with PMA as usual. However, more NETs seemed ~ Figure 4B and Supplementary Video 3, we could observe that in
to be produced (Figure 5B, white arrow), and a lot of blebbing  the 3D culture system Neu and co-cultured C2CI2 stretched
(Figure 5B, white arrowhead) was observed on C2C12 cells, but not ~ deeper, but limited to the culture surface in the 2D culture system.
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FIGURE 3 | The evaluation of function of Neu during 6 days in 2D and 3D culture system. (A) Flow cytometry analysis of ROS produced by mouse peripheral blood
Neu cultured in 2D and 3D systems and corresponding statistical results (B). Chemotactic ability of mouse peripheral blood Neu shown as the number of cells per
high power field on the Petri dish bottom in 2D culture and 3D culture systems for control (randomly migrating) and WKYMVm (100 nM) stimulated mouse peripheral
blood Neu (C) or control and fMLF (1 uM) stimulated human peripheral blood Neu (D). (E) Human Neu released NETs marked by NE (Alexa Fluor 594 dye, red) and
nuclear (SYTO 13, green) when stimulated by 20 uM PMA for 4 h in 2D and 3D culture systems under a confocal microscope in vitro. (F) A significantly different
dsDNA release was detected using fluorescent-based Picogreen assay. (G) Meanwhile, a significantly different release of neutrophil elastase coupled dsDNA was
measured using fluorescent-based Picogreen assay coated with NE antibodies. Error bars represent mean + S.D. n = 3, *p < 0.05, *p < 0.01, **p < 0.001, ***p <
0.0001, ns, not statistically significantly different by Two way ANOVA.

We also observed the production of a large number of NET's
(Figure 5C, white box) in live mice under two-photon
fluorescence microscopy. It can be observed that the
production of NETs labeled with LY6G and sytox green in
mouse liver increased after 3h of LPS injection in the tail vein.
And dsDNA and NE-coupled dsDNA also increased accordingly
(Figures 5D, E).

DISCUSSION

Neu have a short life span and are prone to apoptosis with
characteristic morphological changes of nuclear condensation
and cell shrinkage in vitro (34, 35). So it is great challenging to
study the detailed molecular biological role of Neu due to their
short life span and the inability to cryopreserve or expand them
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in vitro (36). Prolonging the lifespan of Neu and keeping them
active is very important for the outbreak of inflammation.
Moreover, the standard 2D cell culturing does not represent
the actual microenvironment where cells reside in tissues.
Especially during inflammation, the Neu infiltrate tissues
where they perform their effector functions. However, the
tissues are three-dimensional (3D) and thus performance of
the cells might also be different than that in the 2D conditions
(12). In the current study, mainly using the hydrogel, we
estalished a 3D culture system for human and mouse
peripheral blood Neu. We demonstrated that the 3D culture
system was more suitable for Neu. The NETs phenomenon of
Neu induced by PMA, and other DAMPs in the 3D culture
system is similar to that in vivo, and the the 3D culture system
could maintain better properties of Neu than the classcial 2D
culture system.

Although the 3D culture of neutrophil-like cell line or primary
Neu co-culture with other cells have been used for improving the
viability of Neu (15, 16), however, the detailed phenomena of Neu
in 3D culturing system have never evaluated. The hydrogel is a
biodegradable and biocompatible porous material with the ability
to maintain high water content, used in a wide range of medical
applications (15, 37, 38), including the drug release carriers,
corneal contact lenses, in bone and soft tissue regeneration, in
reconstruction and in the treatment of burns (39). They have good
permeability, allowing a variety of nutrients, gases, and metabolites
to pass through them freely and resembling the extracellular
environment of the body’s tissues (17). So It might be suitable
for oberving the exact phenomena of Neu.

In current study, we characterized the morphology and
activity of the human and mouse Neu cultured in the 3D
culutring system based on hydrogel. Obviously, Neu showed
better activity in 3D culture which was consistent with others’
study of other cells (18-21, 40). The human-derived Neu are the
most frequent nucleated cells in the circulation (50-70% Neu),
but the mouse-derived Neu are significantly less frequent in
the blood (10-25% Neu) and exhibit functional differences, for
mouse-derived Neu are resistant to intravenous immunoglobulin
(IVIG)-mediated cell death (41). The two origins of Neu were
used to evalute their activities and function in the 2D and 3D
culture system, and the results demonstrated that the human-
derived peripheral blood Neu were more active than mice under
the same culture time and culture system.

According to the existing study, the apoptotic Neu displayed a loss
of background functions: ability to spread and change shape, random
migration and chemotaxis (41). As the cultivation time increases, Neu
gradually undergo apoptosis after 24 hours, but the 3D culture system
slowed down this process. It is well known that apoptotic Neu display
profound loss of capacity to generate and release histotoxic products
under external stimulation (42) ROS production is one of the
mechanisms by which Neu kill microorganisms. In our results, the
amount of ROS produced by Neu in 2D and 3D was lower than that in
the first day, may be because the two groups had different degrees of
apoptosis. As shown in Figure 2D, Neu had apoptosis after the first
day with characteristic morphological changes of nuclear
condensation and cell shrinkage.

NETs are web-like chromatin based structures that are
released into the extracellular environment to aid in pathogen
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clearance, but they have also been implicated in excessive
inflammation with resultant tissue damage, potentiation of
autoimmunity, and promotion of vascular thrombosis (43).
NETs were released when the Neu were simulated with PMA,
LPS (28) or other DAMPs (44). In current study, our results
showed the 3D systems could indeed assist Neu to maintain the
function of NETs induced by LPS/ATP, IL-1f, IFN-y, PMA and
TNFa, respectilvey. We compared the differences of Neu
between the 2D and 3D culture systems stimulated by IL-1f,
TNFo, and LPS/ATP separately. Similar to the results of PMA,
Neu stimulated by LPS/ATP, IL-1 and TNFa displayed more
NETs in 3D culture and this suggests that our 3D culture of Neu
may reduce the gap between in vitro an in vivo experimentations.

pt?>The 3D culture system could better simulated the
interaction between cells and cells, cells and matrix in vivo,
which may disappear in 2D culture, and provide more accurate
depiction of cell polarization since in 2D the cells can only be
partially polarized (11). When co-cultured with the colon
mucosal epithelial cell line NCM460, Neu showed full NETs,
and NCM460 showed membrane damage in 3D culture, while

not in 2D culture. In the 3D culture movie, we can observed that
the contact area between NCM460 and Neu was spatially
multiplied in the 3D culture, while adjacent cells in 2D culture.
The results were also confirmed in the co-culture of Neu and
skeletal muscle cell C2C12.

In summary, the current study developed a better 3D culture
system for Neu, and the 3D culture of Neu provides an
opportunity to mimic the in vivo experiments.
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This study investigated the protective properties and mechanisms of D-mannose against
hepatic steatosis in experimental alcoholic liver disease (ALD). Drinking-water
supplementation of D-mannose significantly attenuated hepatic steatosis in a standard
mouse ALD model established by chronic-binge ethanol feeding, especially hepatocyte
lipid deposition. This function of D-mannose on lipid accumulation in hepatocytes was
also confirmed using ethanol-treated primary mouse hepatocytes (PMHs) with a D-
mannose supplement. Meanwhile, D-mannose regulated lipid metabolism by rescuing
ethanol-mediated reduction of fatty acid oxidation genes (PPARa, ACOX1, CPT1) and
elevation of lipogenic genes (SREBP1c, ACC1, FASN). PI3K/Akt/mTOR signaling
pathway was involved in this effect of D-mannose on lipid metabolism since PIBK/Akt/
MTOR pathway inhibitors or agonists could abolish this effect in PMHs. Overall, our
findings suggest that D-mannose exhibits its anti-steatosis effect in ALD by regulating
hepatocyte lipid metabolism via PIBK/Akt/mTOR signaling pathway.

Keywords: D-mannose, hepatic steatosis, alcoholic liver disease, hepatocyte, lipid metabolism, PI3K/Akt/mTOR

INTRODUCTION

Alcoholic liver disease (ALD) is a significant health concern that causes considerable morbidity and
mortality worldwide, which has become an increasingly prevalent liver disorder caused by chronic
and excessive alcohol intake (1). Continued alcohol consumption can lead to a broad spectrum of
hepatic lesion changes, including hepatic steatosis, inflammation, and liver injury that represent the
main characteristics of ALD (2). Hepatic steatosis is the earliest form of ALD characterized by
excessive fat accumulation in the liver, further developing into more severe forms of ALD, including
hepatitis, fibrosis/cirrhosis, and eventually hepatocellular carcinoma and liver failure without
effective treatment (3). While alcohol abstinence is the most valid therapy, targeted therapies are
vital for patients who do not withdraw alcohol or with severe ALD (4). Unfortunately, there have
remained no efficient therapies for ALD provided over the past few decades (5). Lipogenesis during
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the initial stages of ALD has been considered a significant risk
factor for disease progression, suggesting that the prevention and
reversal of hepatic steatosis is a potential targeted therapeutic
strategy for treating ALD (6).

Although how chronic alcohol consumption causes hepatic
lipid accumulation remains elusive, accumulating evidence has
indicated that alcohol could affect key transcription factors that
modulate lipid metabolism, such as peroxisome proliferator-
activated receptor o (PPARc) and sterol regulatory element-
binding protein 1c (SREBPIc), which play a crucial role in the
pathogenesis of ALD (5, 7). Furthermore, alcohol exposure
significantly inhibits fatty acid oxidation by inactivating PPAR0,
a nuclear transcription factor that regulates the mRNA expression
of genes that participate in fatty-acid transportation and oxidation,
such as carnitine palmitoyl transferase 1 (CPT-1), peroxisomal
acyl-CoA oxidases 1 (ACOX1) (8, 9). Meanwhile, alcohol
exposure can promote hepatic fatty acid synthesis by activating
SREBPIc, a major transcription factor affecting de novo
lipogenesis through up-regulation of lipogenic enzymes,
including acetyl-CoA carboxylase 1 (ACC1) and fatty acid
synthase (FASN) (10, 11). Additionally, emerging evidence
showed that phosphatidylinositol-3-kinase (PI3K)/protein kinase
B (Akt)/mammalian target of rapamycin (mTOR) signaling
pathway, including PI3K/Akt pathway and its primary
downstream target mTOR, plays a critical role in regulating
lipid metabolism (12, 13). Furthermore, several recent studies
indicated that PI3K/Akt/mTOR pathway could regulate the
PPARo expression (14, 15) and SREBPlc-mediated lipogenesis
(16, 17). It also reported that PI3K/Akt pathway could participate
in alcohol consumption-induced fatty liver (18), and mTOR is
necessary for alcohol-regulated lipid metabolism in ALD (19).

D-mannose (hereafter referred to as mannose), a 2-epimer of
glucose, is present in many plants and also exists in human blood
(~50 uM). It can be transported into mammalian cells but does
not contribute significantly to cell bioenergetics such as glucose
(20, 21). Mannose supplementation at safe supraphysiological
concentrations has become an effective therapeutic strategy for
patients with mannose phosphate isomerase-congenital disorder
of glycosylation (MPI-CDG) (22) and recurrent urinary tract
infection (UTI) (23). Emerging evidence has shown that
mannose possesses potential anti-cancer (24), anti-diabetic (25),
anti-fibrotic (26), anti-obesity (27), and anti-inflammation (28)
bioactivities. Furthermore, mannose can be transported into
mammalian cells, which further suppress proliferation/survival
of tumor cells (24), promote differentiation of regulatory T cells
(Tregs) (25), regulate activation of hepatic stellate cells (HSCs)
(26) and macrophages (28), partially via tuning glucose utilization
(24, 28). In addition, Jaime Chu et al. demonstrated that mannose
supplementation could attenuate hepatic fibrosis induced by MPI
deficiency in zebrafish and the activation of ethanol-treated
human HSCs. These findings indicate the potential functions of
mannose for alleviating ALD, prompting us to explore the exact
role and the underlying mechanism of mannose in ALD.

In this study, we performed drinking-water supplementation
of mannose in a mouse model of ALD established by chronic and
binge ethanol feeding, as well as mannose treatment on primary

mouse hepatocytes (PMHs) in the presence of ethanol, aimed to
elucidate the potential role and underlying mechanisms of
mannose in ALD in vivo and in vitro. Our findings uncover a
previously unrecognized protective role of mannose against
hepatic steatosis in ALD. Furthermore, mannose can exert this
function by regulating ethanol-induced lipid deposition in
hepatocytes via tuning key transcription factors that control
lipid metabolism, attenuating hepatic steatosis, thus alleviating
ALD progression. Therefore, these data provide a whole new
insight into utilizing mannose supplementation for improving
fatty liver, thus ameliorating ALD progression.

MATERIALS AND METHODS

Chemicals and Reagents

D-mannose (purity = 99%, Cat.#M2069) and ethanol (purity>
99.8%, 51976) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Rapamycin (purity = 99.30%, S1039), LY294002
(purity = 99.84%, S1105), 740 Y-P (purity = 98.38%, S7865) and
MHY 1485 (purity = 99.09%, S7811) were purchased from Selleck
Chemicals (Houston, Texas, USA). Liquid Standard Diet
(TP4020C), Lieber-DeCarli Control Liquid Diet (TP4030C),
and Lieber-DeCarli Ethanol Liquid Diet (TP4030D) were
supplied by TROPHIC Animal Feed High-Tech Co. Ltd
(Hai’an, Jiangsu, China). The antibodies against SREBPIc
(AF-6283), PPARo (AF5301), ACC1 (AF6421), P110 of PI3K
(AF-5112) were all from Affinity (Ancaster, ON, Canada).
Anti-CPT1A (15184-1-AP), anti-ACOX1 (10957-1-AP), anti-
FASN (10624-1-AP), anti-P85 (60225-1-Ig), anti-PPARy
(16643-1-AP), anti-PPARol (15540-1-AP) used in Figure 6D
were obtained from Proteintech (Chicago, IL, USA). The
antibodies against Akt (4691), phosphor-Akt (4060), mTOR
(2983), phosphor-mTOR (5536) were from Cell Signaling
Technology (Danvers, MA, USA).

Animals Experiments

C57BL/6 mice (male, 8-10 weeks old) were purchased from the
Experimental Animal Center of Southern Medical University
(Guangzhou, China). All mice were housed under a 12-h light/
dark cycle in a specific pathogen-free animal condition with a
controlled temperature (20-25°C) and humidity (50 + 5%). All
animal experiments in this study were approved by the Southern
Medical University Experimental Animal Ethics Committee
(No. L2020128).

The chronic-binge mouse model was established based on the
methods of previous studies with minor modifications (29).
Briefly, mice were fed a standard liquid diet for 3 days, then
randomly divided into different groups as follows: Pair (Lieber-
DeCarli control liquid diet); EtOH (Lieber-DeCarli ethanol
liquid diet; ALD group); Pair+Man (Lieber-DeCarli control
liquid diet supplemented with 3% (w/v) mannose); EtOH+Man
[Lieber-DeCarli ethanol liquid diet supplemented with 1%, 2%,
3% (w/v) mannose (27)]. The mice in the EtOH and EtOH+Man
groups were fed the Lieber-DeCarli liquid diet containing
increasing 1% to 4% (w/v) ethanol for the first 6 days and then
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the diet with 5% ethanol for 10 days. On day 11, mice fed ethanol
before were gavaged a single dose of ethanol (5 g/kg body weight,
31.5% ethanol), while mice fed control diet were gavaged
isocaloric dextrin maltose. Subsequently, the mice were
sacrificed nine hours post gavage. Blood samples were obtained
from the eye socket. A portion of the liver tissues was fixed in 4%
neutral buffered formalin solution, and the remaining liver
sections were immediately stored at -80°C.

Isolation and Culture of Primary Mouse
Hepatocytes (PMHSs)

Isolated primary hepatocytes from WT C57BL/6 mice (male, 8-
12 weeks old) were obtained using a classical two-step in situ
collagenase perfusion method as described previously with slight
modifications (30). Briefly, the perfused liver was immediately
excised and placed in a sterile dish containing RPMI 1640
medium (Gibco, United States). Then the cell suspension was
filtered through a 70-um nylon filter (BD Biosciences) and
washed thrice by centrifugation at 50 x g for 3 min at 4°C.
Subsequently, the cells were resuspended in the growth medium
containing William’s E medium (Thermo Fisher, Carlsbad, CA,
USA) supplied with 10% fetal bovine serum (FBS, Gibco, United
States), 10 ng/mL epidermal growth factor (EGF, GenScript,
Nanjing, China), 2 nM L-glutamine (Macklin, Shanghai, China),
200 nM insulin (Macklin, Shanghai, China) and 100 nM
dexamethasone (Macklin, Shanghai, China), and then seeded
on type I collagen-coated dish. After incubation at 37°C for 4 h,
PMHs were collected and washed twice, and the medium was
replaced with the fresh growth medium.

Cultured PMHs were treated with 200 mM ethanol (EtOH)
(31, 32) or cell growth medium only (Ctrl), in the presence of
different concentrations (1 mM, 2.5 mM, 5 mM, 10 mM) of
mannose (Man) (26) or not for 24 h. In some experiments,
inhibitors (33) or agonists (34, 35) of PI3K or mTOR (Dimethyl
sulfoxide (DMSQ) as control) was added two hours before
ethanol exposure or mannose treatment.

Biochemical Analysis

Serum alanine aminotransferase (ALT), aspartate
aminotransferase (AST), triglyceride (TG), total cholesterol
(TC), high-density lipoprotein-cholesterol (HDL-C), low-
density lipoprotein-cholesterol (LDL-C) levels, and hepatic
triglyceride (TG), total cholesterol (TC) contents were all
measured according to the instructions of commercial assay
kits from the manufacturer (Jiancheng Biotech, Nanjing, China).

Histopathological and
Immunohistochemical Staining

The paraffin-embedded liver tissue blocks (n = 3 for each group)
were cut into 5 um slices sections and stained with hematoxylin
and eosin (H&E). The frozen liver tissues (n = 3 for each group)
were cut into 8 um thick sections and then stained with Oil Red
O. For immunohistochemical staining, liver tissue sections were
deparaffinized and placed in a citrate buffer (pH 6.0) at 100°C for
10 min to antigen repair and then exposed to 3% H,O, for 15
min to block endogenous peroxidase activity. Subsequently,

sections were blocked with 5% normal goat serum for another
1 h at room temperature followed by incubated with primary
antibodies at 4°C overnight. Immuno-reactivity was detected
using the corresponding HRP-conjugated secondary antibody
and visualized using a diaminobenzidine kit (Beyotime Institute
of Biotechnology, Shanghai, China).

BODIPY Staining

The cellular content of neutral lipids was detected according to
the manufacturer’s instructions using lipophilic fluorescence dye
BODIPY 493/503 (Invitrogen, Carlsbad, CA, USA). Briefly, cells
were seeded on the 12-well culture plates containing cell-
climbing slices pre-coated with collagen and incubated
overnight. Cells were washed with Phosphate Buffered Saline
(PBS) and fixed with 4% paraformaldehyde for 20 min at room
temperature. Subsequently, cells were stained with 1 pg/mL
BODIPY 493/503 dye for 30 min at 37°C, the nuclei were
counterstained with 1 pg/mL Hoechst (CST) for 10 min. Then
the slices were mounted on microscope glass slides and imaged
immediately with a laser scanning microscope system (Nikon
Eclipse Ni, Tokyo, Japan).

Western Blotting Analysis

The protein of PMHs was homogenized in RIPA buffer
containing protease inhibitor (Beyotime Institute of
Biotechnology, Shanghai, China). Subsequently, the protein
concentrations were measured using a BCA protein assay kit
(Beyotime Institute of Biotechnology). Equivalent amounts of
protein were separated by SDS-PAGE and then transferred onto
polyvinylidene fluoride membranes (Millipore, Billerica, MA,
USA). The membrane was blocked with 5% bovine albumin
(BSA) in Tris-buffered saline containing 0.05% Tween 20 and
then incubated with the specific primary antibodies, followed by
HRP-conjugated secondary antibody incubation. And the target
proteins were visualized with enhanced chemiluminescence
(Thermo Fisher, Carlsbad, CA, USA). The intensity of the
protein band was quantified using Image] software.

Quantitative Real-Time PCR Analysis

The total RNA was extracted using TRIzol reagent (TransGene
Biotech, Beijing, China) and then transcribed into cDNA using
TranScript All-in-One First-Strand ¢cDNA Synthesis SuperMix
(TransGene Biotech), as instructed by the manufacturer. Real-
time PCR was performed with an Eppendorf Realplex PCR system
using TransStart Tip Green qPCR SuperMix (TransGene Biotech).
The mRNA expression was normalized to the expression of the
housekeeping gene B-actin. All primer sequences presented in
Table 1 were from PrimerBank (36) and synthesized by Huada
Gene Technology Co., Ltd (Shenzhen, China).

Statistical Analysis

All data were expressed as mean + SEM. Statistical significance
was determined by the unpaired two-tailed t-test using
GraphPad Prism 8.0 software (San Diego, CA, USA).
Differences were considered statistically significant at p < 0.05.
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TABLE 1 | Primers used for real-time qRT-PCR.

Gene Primer Sequence (5'-3')

PPARa Forward AACATCGAGTGTCGAATATGTGG CCGAATAGTTCGCCGAAAGAA
Reverse

CPT1 Forward TGGCATCATCACTGGTGTGTT GTCTAGGGTCCGATTGATCTTTG
Reverse

ACOX1 Forward TAACTTCCTCACTCGAAGCCA AGTTCCATGACCCATCTCTGTC
Reverse

SREBP1c Forward TGACCCGGCTATTCCGTGA CTGGGCTGAGCAATACAGTTC
Reverse

ACCH Forward CTCCCGATTCATAATTGGGTCTG CTCCCGATTCATAATTGGGTCTG
Reverse

FASN Forward GGAGGTGGTGATAGCCGGTAT TGGGTAATCCATAGAGCCCAG
Reverse

B-actin Forward GTGACGTTGACATCCGTAAAGA GCCGGACTCATCGTACTCC
Reverse

RESULTS in vivo, we demonstrated that mannose treatment significantly

Mannose Supplement Alleviates Hepatic
Steatosis in ALD

To address the role of mannose supplement in ALD, we
investigated the degree of liver injury and hepatic steatosis in
pair-fed mice (Pair) or a chronic-binge ethanol feeding mouse
model of ALD (EtOH), along with drinking-water supplemented
with different concentrations of mannose (Man). As shown in
Figure 1A and Table S1, enzymatic assays demonstrated that
mannose administration significantly reduced serum ALT and
AST levels that elevated in chronic-binge ethanol-fed mice. The
H&E staining of liver sections showed that ethanol-fed mice
displayed extensive hepatic injuries and steatosis, which were
markedly attenuated by mannose administration (Figure 1B).
Furthermore, alcohol consumption substantially elevated TG,
TC, and LDL-C levels but reduced HDL-C level in serum or liver
tissue, which could be significantly inhibited by oral mannose
(3%) supplement (Figures 1C-E and Table S1). Further Oil Red
O staining of liver tissue sections revealed that mannose
remarkably reduced ethanol-induced hepatic lipid deposits,
and 3% mannose has the most significant effect (Figure 1F).
Additionally, we performed immunofluorescence staining of
liver tissue sections with BODIPY and found that mannose co-
administration markedly reduced lipid deposits that present
predominantly in hepatocytes upon ethanol administration
(Figure 1G). Collectively, these results indicated a potential
protective role of mannose against hepatic steatosis in ALD.

Mannose Treatment Attenuates Ethanol-
Induced Lipid Accumulation in Primary
Mouse Hepatocytes

Building upon the above findings in the mouse ALD model, we
explored the exact role of mannose on hepatocytes in vitro.
Therefore, we utilize an in vitro model of ALD established using
ethanol-treated PMHs (32, 37, 38). Since most of the studies
about the mannose supplement, mannose was added
concurrently with other drugs or stimuli (24, 25), we
simultaneously treated the PMHs with ethanol and indicated
concentrations of mannose. Consistent with the above results

reduced serum ALT and AST activities and intracellular TG and
TC levels in PMHs, which notably increased upon ethanol
stimulation (Figures 2A, B and Table S2). Moreover, this
effect was dose-dependent but with an effective plateau or
saturation at concentrations higher than 5 mM (Figures 2A, B
and Table S2). Further cellular staining with BODIPY 493/503
lipophilic fluorescent dye showed that ethanol notably elevated
cellular neutral lipid contents deposited within lipid droplets in
cultured PMHs, which significantly reduced upon mannose
treatment (Figure 2C). These findings indicated that mannose
could attenuate ethanol-induced lipid accumulation in PMHs.

Mannose Suppresses Ethanol-Mediated
Reduction of Hepatocyte Fatty

Acid Oxidation

Considering the above results showing that mannose attenuates
ethanol-induced hepatocyte lipid accumulation in ALD, we were
intrigued to clarify the underlying mechanisms. Firstly, we
examined the mRNA levels and protein expression of crucial fatty
acid oxidation (FAO)-related genes associated with lipid
metabolism. As shown in Figures 3A, B, we observed notably
reduced protein and mRNA levels of PPAR0, a key controller of
FAO (39), and its downstream FAO-related genes (ACOX1, CPT1)
in isolated PMHs from ethanol-fed mice than that from pair-fed
controls. However, oral mannose supplement significantly increased
PPARo, ACOXI1 and CPT1 levels in freshly isolated PMHs from
ethanol-fed mice (Figures 3A, B). Further immunohistochemistry
analysis also showed marked elevation of PPAR0. expression in liver
sections from ethanol-fed mice upon mannose administration,
although its expression notably decreased during ethanol feeding
(Figure 3C). Similar results showed that mannose significantly
increased protein and mRNA levels of PPARo, ACOX1 and
CPT1 in PMHs upon ethanol treatment in vitro (Figures 3D, E).
We also evaluated the effect of mannose on PPARY, a nuclear
receptor superfamily of ligand-inducible transcription factors
involved in fatty acid uptake (40, 41). While the protein and
mRNA levels of PPARy in PMHs elevated upon ethanol
stimulation, they were comparable between the mannose treated
or untreated PMHs in vitro (Figure 3D). These data suggest that
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FIGURE 1 | Mannose supplement alleviates hepatic steatosis in ALD. Mice were fed control diet (Pair) or ethanol diet (EtOH) supplemented with/without 1%,
2%, 3% (w/v) mannose (Man) (n = 6 for each group). (A) Serum ALT and AST activities were assessed. (B) Histologic analysis of liver sections using H&E
staining. Scale bars = 100 um. (C, D) Serum TG, TC, HDL-C and LDL-C levels, and (E) hepatic TG and TC contents were determined. (F) Representative
images of Oil Red O staining on liver sections. Scale bars = 100 um. (G) Co-localization of neutral lipids (Green) and hepatocyte markers ALB (Red) in the liver
sections were evaluated by immunofluorescence staining (n = 3). Scale bars = 25um. Data are presented as the means + SEM and analyzed with the unpaired
two-tailed t-test. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, ns, not significant, compared with the EtOH group.
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mannose might attenuate ethanol-induced lipid accumulation in
hepatocytes via regulating lipid metabolism by upregulating fatty
acid B-oxidation.

Mannose Inhibits Ethanol-Induced
Hepatocyte Lipogenesis

Besides fatty acid oxidation, alcohol-induced hepatic lipid
accumulation is also regulated by lipogenesis (42). Therefore,
we next investigated whether mannose disturbs the alcohol-
induced de novo lipogenesis in hepatocytes. As shown in
Figures 4A, B, oral mannose supplementation could reverse
the alcohol-induced elevation of protein and mRNA levels of crucial
lipogenic enzyme SREBPIlc and its downstream lipogenic genes
(ACC1, FASN) in isolated PMHs. Further immunohistochemistry
staining determined notably reduced SREBP1c expression in liver
tissue sections from ethanol-fed mice upon mannose administration
compared to that without mannose supplement (Figure 4C).
Accordantly, we demonstrated that in vifro mannose treatment
could eliminate the ethanol-induced increased protein and mRNA
levels of SREBP1c, ACC1 and FASN in cultured PMHs
(Figures 4D, E). Therefore, these data suggest that mannose
might ameliorate ethanol-induced hepatocyte lipid accumulation
in ALD by regulating lipid metabolism by inhibiting lipogenesis.

Mannose Suppresses Ethanol-Induced
Activation of PISK/Akt/mTOR Signaling
Pathway in Hepatocytes

Given that PI3K/Akt/mTOR signaling pathway plays a crucial
role in regulating the lipid metabolic process (12, 43), we

subsequently investigated whether mannose affected PI3K/Akt/
mTOR signaling pathway activation. Western blotting analysis
demonstrated that mannose supplement significantly
downregulated alcohol-induced elevation of PI3K expression
(subunit p85, p110), as well as Akt and mTOR phosphorylation
in isolated PMHs from ethanol-fed mice (Figure 5A).
Additionally, we also observed that mannose notably
downregulated the ethanol-induced increased levels of PI3K
(subunit p85, p110), as well as Akt and mTOR phosphorylation
in PMHs upon ethanol treatment in vitro (Figure 5B). Therefore,
these data indicate that mannose suppresses the ethanol-induced
PI3K/Akt/mTOR signaling pathway activation in ALD.

Mannose Improves Ethanol-Induced Lipid
Accumulation in PMHs via The PI3K/Akt/
mTOR Pathway

Our data above point to the potential involvement of the
PI3K/Akt/mTOR signaling pathway in mannose-mediated
alleviation of lipid accumulation driven by ethanol-mediated
imbalanced lipid metabolism in hepatocytes. To test this, we
pretreated PMHs with specific inhibitors or agonists of the
PI3K/Akt/mTOR signaling pathway ahead of mannose with/
without ethanol treatment. Western blotting analysis showed
that pretreatment with the mTOR-specific inhibitor,
rapamycin, did suppress mTOR phosphorylation, whereas
its agonist MHY1485 could trigger mTOR phosphorylation
(Figure 6A). However, these pretreatments could eliminate
the differences of ethanol-induced hepatocyte lipid
accumulation between mannose treated or untreated PMHs,
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FIGURE 3 | Mannose suppresses ethanol-mediated reduction of hepatocyte

as determined by comparable intracellular TG and TC levels,
cellular neutral lipid contents, protein and mRNA levels of
FAO-related genes (PPARca, CPT1, ACOXI1) and lipogenic
genes (SREBP-1, ACCI, FASN) in these cells (Figures 6B-G).
Similar results were observed when using the PI3K inhibitor
LY294002 or its agonist 740 Y-P instead of the inhibitor and
agonist of mTOR (Figure 7). Overall, these results confirmed
that PI3K/Akt/mTOR singling is responsible for the
inhibitory effect of mannose on lipid accumulation
in hepatocytes.

DISCUSSION

Hepatic steatosis is recognized as an early symptom and a
critical event during the progression of ALD, which can
progress to severer liver diseases without efficient therapy
(44). Thus developing effective therapeutic interventions for
treating hepatic steatosis is critical to prevent further
deterioration of ALD, whereas available effective target drugs
are lacking (45). D-mannose, a monosaccharide widely
distributed in nature, can be extracted from many plants and
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fatty acid oxidation. (A-C) PMHs were extracted from mice (n = 6 for each

group) fed the control diet (Pair) or ethanol diet (EtOH) supplemented with/without 3% (w/v) mannose (Man). The protein (A) and mRNA (B) levels of PPARa,
CPT1, ACOX1 were evaluated by Western blotting and gRT-PCR, respectively. (C) Representative images of PPARa staining on the liver sections (n = 3).
Scale bars = 100 um. (D, E) PMHs from WT mice were stimulated by 200 mM ethanol (EtOH) with/without 5 mM mannose (Man) for 24 h, PMHs with cell
culture medium as control (Ctrl). The protein (D) and mRNA (E) levels of PPARa, CPT1, ACOX1 and PPARywere determined (n = 3). Data are expressed as
the mean + SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant, unpaired two-tailed t-test.

fruits, becoming a supplement for effective therapeutic
strategies in various diseases (46). Recently, mannose
supplements have been reported to treat liver-related diseases
(26, 27, 47). Therefore, we were intrigued to explore the
potential application of mannose supplements to prevent
ALD deterioration. In the present study, while utilizing a
widely used chronic-binge ethanol feeding mouse model of
ALD, we discovered that oral mannose supplementation did
alleviate ALD. This effect was evidenced by considerable
improvement in liver injury and particular hepatic steatosis,
which represented the main characteristics of ALD (1) in
ethanol-fed mice upon mannose administration. A previous
report indicated that mannose supplementation attenuated the
liver steatosis induced by a high-fat diet when initiated early in
life, suggesting a potential protective role of mannose against
hepatic steatosis, which partially supports our current results
(27). Consistently, we observed a similar effect of mannose in
an in vitro model of ALD established using ethanol to stimulate
primary mouse hepatocytes (32, 37, 38). Overall, our findings
did emphasize the hepatoprotective role of mannose in ALD.

As we know, mannose is a 2-epimer of glucose present
throughout nature, even in mammal cells (20, 21). Although
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most mannose is derived from glucose and further catabolized to
glycosylation precursors in the cells, it can also be uptook or
released by various cell types (48). It has been reported that
circulating mannose levels could be influenced by metabolic
disorders (21). Accumulating evidence indicated that plasma
mannose levels increased in subjects with insulin resistance
(IR), including diabetics (49, 50). Furthermore, several
studies demonstrated that blood mannose levels are closely
linked to glucose metabolism or IR and insulin secretion
(50-52). However, drinking-water supplementation of
supraphysiological levels of D-mannose suppressed
immunopathology in mouse models of diabetes, partially by its
Treg-promoting effect mediated by upregulation of integrin o, 3g
and reactive oxygen species generated by increased fatty acid
oxidation (25). IR and lipid metabolism dysfunction are
common disorders in ALD (53, 54). Furthermore, alcohol
consumption could impair the insulin signaling pathway in the
liver, leading to glucose and lipid metabolism disorders,
becoming vital drivers of hepatic steatosis in ALD (55, 56).
Alcohol consumption also leads to defective glycosylation of
lipid-carrying apolipoproteins, resulting in impaired intracellular
lipid and lipoprotein transport, which in turn may contribute to
alcoholic hepatic steatosis (57). These data suggest potential
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FIGURE 4 | Mannose inhibits ethanol-induced hepatocyte lipogenesis. (A-C) Isolated PMHs were obtained from mice fed the control diet (Pair) or ethanol diet
(EtOH) supplemented with or without 3% (w/v) mannose (Man). The protein (A) and mRNA (B) levels of SREBP1c, ACC1 and FASN were evaluated (n = 6).

bars = 100 um. (D, E) PMHs from WT mice were stimulated by 200 mM

ethanol (EtOH) with/without 5 mM mannose (Man) for 24 h, PMHs with cell culture medium as control (Ctrl). The protein (D) and mRNA (E) levels of lipogenic
enzyme genes SREBP1c, ACC1, and FASN were evaluated (n = 3). Data are expressed as the means + SEM of three independent experiments. *p < 0.05, **p <

interactions of mannose and hepatic steatosis in ALD.
However, the mechanisms need to be further explored.
Excessive lipid accumulation in hepatocytes and further
hepatic steatosis are critical risk factors for ALD deterioration
(58). Although previous studies indicated the potential functions
of mannose for alleviating ALD (26), the exact role and the
underlying mechanism of mannose in this context are still
unknown. In this study, we did investigate that mannose did
notably attenuate the ethanol-induced elevation of lipid deposits
in hepatocytes both in vivo and in vitro, indicated by reduced
ethanol-induced elevation of TG and TC levels and cellular
neutral lipid contents. Intriguingly, in vitro experiments
suggest that this effect of mannose is dose-dependent, reaching
a plateau at concentrations above 5 mM. Of note, this effective
working concentration is much lower than that in treating cancer
cells as a supplement (24). This result was partially supported by
a previous study showing that mannose attenuates hepatic
stellate cell activation in a dose-dependent manner with an
effective plateau (26). Furthermore, we found that mannose
supplement hardly changed the transcription of the principal
enzymes responsible for ethanol metabolism, alcohol
dehydrogenase 1 (ADHI1) and aldehyde dehydrogenase 2
(ALDH2) (59), indicating that mannose might not affect
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significant, unpaired two-tailed t-test.

ethanol metabolism (Figure S1). Thus, these present results
suggest that mannose alleviates lipid accumulation in
hepatocytes not by affecting ethanol metabolism, thus
improving hepatic steatosis in ALD.

Hepatic steatosis is characterized by excessive lipid
accumulation in hepatocytes due to imbalanced lipid
metabolism, driven mainly by reduced FAO, whereas increased
de novo lipogenesis (60). PPARs, as ligand-activated
transcription factors belonging to the nuclear receptor (NR)
superfamily, play pivotal roles in liver diseases (61). PPARo, a
subtype of PPARSs, is widely expressed in the liver and regulates
the mRNA expression of FAO-related genes (62). CPT1 and
ACOXI, representative FAO-related genes, are the rate-limiting
enzymes in the mitochondrial fatty acid oxidation and
peroxisomal fatty acid B-oxidation, respectively (63). Emerging
data have also demonstrated that alcohol consumption reduced
fatty acid oxidation in hepatocytes through inhibiting PPARa
(64). Therefore, these data prompt us to investigate whether
mannose affects FAO in hepatocytes in ALD models. Our
present findings indicated that ethanol did inhibit FAO in
PMHs, evidenced by significantly reduced transcription and
expression of PPARo and its target CPT1 and ACOXI1 upon
alcohol treatment. However, this ethanol-induced reduction of
FAO was significantly inhibited after mannose treatment.
Moreover, mannose could not significantly affect the
expression of PPARY involved in fatty acid uptake (40, 41, 65),
although the PPARY levels did elevate upon alcohol exposure as
reported before (66-68). Therefore, these data imply that
mannose might regulate lipid metabolism via upregulating
fatty acid B-oxidation in ALD.

Except for fatty acid B-oxidation in cells, our current study
also took de novo lipogenesis into account. SREBPIc is a crucial
transcription factor modulating de novo lipogenesis via
regulating the transcriptions of lipogenic genes such as ACCl,
FASN (69). It has been reported that both acute and chronic
ethanol exposure results in increased expression of SREBP1c and
its target lipid synthesis enzymes (70). Furthermore, SREBP1c
null mice are protected from ethanol-induced hepatic steatosis
(71). Indeed, our present results confirmed that alcohol
treatment significantly increased SREBP1c, ACC1 and FASN
levels. As expected, we found that mannose could suppress the
increased transcription and expression of lipogenic genes
induced by ethanol. Therefore, our present in vivo and in vitro
study suggests that mannose can regulate lipid metabolism via
inhibiting alcohol-induced de novo lipogenesis in ALD. Overall,
our current finding provided preliminary evidence that mannose
prevented the imbalanced lipid metabolism induced by
ethanol intake.

Although the exact mechanism of imbalanced lipid
metabolism upon chronic alcohol consumption remains
elusive, several signaling pathways might be involved where
their crosstalk is complicated (45). Emerging evidence shows
that the PI3K/Akt/mTOR pathway plays a critical role in lipid
metabolism via regulating FAO and lipogenesis (12, 33, 72).
Furthermore, a previous study about hepatocellular carcinoma
suggests that activation of the Akt/mTOR pathway could elevate
the expression of FAO regulator SREBP1c and then reprogram
hepatic lipid metabolism (73). Additionally, Hanqing et al.
observed that the mechanistic target of rapamycin complex 1
(mTORC1, mTOR complex 1) is necessary for ethanol-induced
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mannose (Man) or culture medium (Ctrl) for 24 h (n = 3). (A) Western blotting was used to evaluate the p-mTOR expression in cultured PMHSs. (B) Cellular content of
TG and TC levels were determined. (C) The intracellular levels of neutral lipids were evaluated by BODIPY 493/503 staining assay. (D-G) Western blotting and qRT-
PCR analysis for protein and mRNA levels of lipid-regulating genes in PMHSs. Scale bars = 50 um. Data are expressed as the mean + SEM of three independent
experiments. “p < 0.05, **p < 0.01, **p < 0.001, “**p < 0.0001, ns, not significant, unpaired two-tailed t-test.

imbalanced metabolism, driven by induction of hepatic de novo
lipogenesis whereas suppressing fatty acid oxidation in alcohol
liver disease (19). Given our current finding showing that
mannose treatment markedly upregulated the ethanol-induced
PI3K/Akt/mTOR signaling pathway activation, we proposed that
this pathway is involved in the mannose-mediated improvement
of imbalanced lipid metabolism in hepatocytes. To confirm this
hypothesis, we subsequently pretreated PMHs with both
inhibitors and agonists of PI3K or mTOR, ahead of ethanol

exposure with/without mannose. The present results
demonstrated that these inhibitors or agonists did inhibit or
activate the PI3K/Akt/mTOR pathway and regulate the
expression of downstream lipid metabolism-related genes,
which was in line with a previous report (33). Our current
results indicated that mannose treatment suppressed lipogenesis
whereas enhanced fatty acid oxidation, which further attenuated
lipid accumulation in PMHs exposed to ethanol. Intriguingly,
these effects of mannose were abolished upon pretreatment with
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FIGURE 7 | PI3K-mediated Akt/mTOR activation involves mannose-mediated improvement of ethanol-induced lipid accumulation in PMHs. PMHs from WT mice
were pretreated with 740 Y-P (PI3K agonist, 20 ug/ml) or LY294002 (PI3K inhibitor, 20 uM) for 2 h (DMSO as control), ahead of treatment with 200 mM ethanol
(EtOH) and 5 mM mannose (Man) or culture medium (Ctrl) for 24 h (n = 3). (A) Akt, p-Akt, mTOR and p-mTOR expressions were evaluated. (B) Cellular content of
TG and TC levels were determined. (C) The intracellular levels of neutral lipids were determined by BODIPY 493/503 staining assay. (D-G) Western blotting and
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experiments. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, ns, not significant, unpaired two-tailed t-test.

these inhibitors or agonists, confirming that PI3K/Akt/mTOR
signaling pathway is responsible for the inhibitory effect of
mannose on lipid accumulation in hepatocytes. However, it
should be noted that other signaling pathways involved in lipid
metabolism could not be excluded.

In summary, this study elucidates a previously unknown
hepatoprotective role of mannose against hepatic steatosis in
ALD progression. Additionally, mannose can exert this

protective effect by reversing imbalanced lipid metabolism to
alleviate hepatocyte lipid accumulation. Furthermore, mannose
can modulate lipid metabolism by upregulating fatty acid
oxidation whereas damping de novo lipogenesis via inhibiting
PI3K/Akt/mTOR signaling pathway activation. Thus, our present
data indicate that mannose might be a potential candidate to treat
alcoholic liver steatosis, providing novel insights for its application
in hepatic steatosis-related liver diseases.
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Objective: The study aimed to investigate the serum antigenomic profiling in rheumatoid
arthritis (RA) and determine potential diagnostic biomarkers using label-free proteomic
technology implemented with machine-learning algorithm.

Method: Serum antigens were captured from a cohort consisting of 60 RA patients (45
ACPA-positive RA patients and 15 ACPA-negative RA patients), together with sex- and
age-matched 30 osteoarthritis (OA) patients and 30 healthy controls. Liquid
chromatography-tandem mass spectrometry (LC-MS/MS) was then performed. The
significantly upregulated and downregulated proteins with fold change > 1.5 (p < 0.05)
were selected. Based on these differentially expressed proteins (DEPs), a machine
learning model was trained and validated to classify RA, ACPA-positive RA, and ACPA-
negative RA.

Results: We identified 62, 71, and 49 DEPs in RA, ACPA-positive RA, and ACPA-negative
RA, respectively, as compared to OA and healthy controls. Typical pathway enrichment and
protein—protein interaction networks were shown among these DEPs. Three panels were
constructed to classify RA, ACPA-positive RA, and ACPA-negative RA using random forest
models algorithm based on the molecular signature of DEPs, whose area under curve (AUC)
were calculated as 0.9949 (95% Cl = 0.9792-1), 0.9913 (95% CI = 0.9653-1), and 1.0
(95% Cl = 1-1).

Conclusion: This study illustrated the serum auto-antigen profiling of RA. Among them,
three panels of antigens were identified as diagnostic biomarkers to classify RA, ACPA-
positive, and ACPA-negative RA patients.

Keywords: rheumatoid arthritis, antigenome, biomarkers, mass spectrometry, random forest
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune disease that
leads to joint damage, systemic inflammation, and early
mortality (1). The prevalence of RA was approximately 0.5%-
1% worldwide and 0.28% in China (2, 3). The joint
inflammation, combined with extra-articular complications,
causes disability and reduces quality of life (4). Early diagnosis
and subsequent treatment can substantially slow the progression
of joint damage, thereby preventing irreversible disability (5).

Though the precise molecular mechanism in the triggering
and progression of systemic immune response is not fully
understood, the emergence of antibodies against self-antigens
marks the loss of self-tolerance and can serve as a diagnostic
biomarker (6). Among these are rheumatoid factor (RF) and
anti-citrullinated protein antibodies (ACPAs), which are
currently used as biomarkers for diagnostics, and other anti-
modified protein antibodies (AMPAs) (7-9). The combination of
autoantibody and self-antigen could form immune complexes
that significantly augment the immune response and contribute
to the inflammatory process of RA (10). Multiple antigens have
been confirmed such as o-enolase, fibrinogen, filaggrin,
vimentin, and type II collagen (11, 12). However, the profiling
of serum antigen, antigenome, remains poorly known.

For decades, research has focused on single antigen identified
as biomarkers (13). However, none of those achieves better
specificity and sensitivity than ACPA alone. In this study, we
broadened the focus by addressing the entire repertoire, aiming
to capture the enormous biodiversity of antigens, with the goal to
find a panel of diagnostic biomarkers instead of a single
candidate. Moreover, the approach allows for finding
differences of immune response by clustering the antigen
repertoire that share certain function and pathway, providing
further evidence in understanding of RA pathophysiology.

The robust growth of quantitative proteomic methods enables
researchers to discover indicator proteins for diagnosis and
treatment of diseases. There has been a recent expansion in

proteomics research on a number of different rheumatic diseases
(14-16). Due to the large datasets generated by proteomics, it
requires informatic approaches such as machine learning
techniques to analyze and interpret data, which have been
exploited to predict biomarkers to accurate classify different
diseases (17-19). We employed a robust mass spectrometry (MS)-
based proteomics strategy to delineate the serum antigenomic
profiling. By applying a widely used machine-learning algorithm,
random forest, we described 3 panels of biomarkers to distinguish
RA, ACPA-positive RA, and ACPA-negative RA. These biomarkers
were further validated in a cohort using proteomic data. These
findings provided knowledge about serum antigen in RA and might
reveal potential therapeutic targets.

MATERIALS AND METHODS

Study Population and Serum

Sample Collection

Serum from 60 RA patients, as well as sex- and age-matched 30
osteoarthritis (OA) patients and 30 healthy controls were
collected at the Department of Rheumatology and
Immunology, Peking University People’s Hospital, Beijing,
China. The study was approved by the Research Ethics
Committee of Peking University People’s Hospital. Informed
consent was obtained from all patients and healthy donors. The
study population was randomly split into a test cohort (36 RA, 18
OA, and 18 HC) and a validation cohort (24 RA, 12 OA, and 12
HC). Detailed clinical and demographic characteristics are
summarized in Table 1.

All RA patients met the 2010 American College of
Rheumatology (ACR)/European League Against Rheumatism
(EULAR) classification criteria (20). The exclusion criteria
include active infection, malignancy, and other known
autoimmune or immune-mediated diseases, such as systemic
lupus erythematosus, Sjogren’s syndrome, and type I diabetes.

TABLE 1 | Clinical and laboratory characteristics of RA patients and controls in the study.

Characteristics RA (n = 60) OA (n = 30) HC (n = 30)
Age, mean (range), years 61.77 (44-78) 64.27 (46-81) 62.37 (52-69)
Gender, no. male/female 11/49 7/23 8/22
Duration, mean (range), years 12.37 (1-42) - -
ESR, mean (range), mm/h 39.28 (5-106) - -
CRP, median (range), mg/L 23.85 (0.22-172) - -

RF, median (range), IU/ml 327.4 (2-3750) - -
Anti-CCP, median (range), U/ml 147.4 (1.93-296.9) - -
WBC, median (range), 10%/L 5.793 (2.6-12.3) - -

TJC, median (range) 7 (0-22) - -

SJC, median (range) 5 (0-21) - -

DAS28, median (range)
Medication, no (%)

4.258 (1.15-6.93)

Steroids 25 (41.67%)
NSAIDs 13 (21.67%)
DMARDs 59 (98.3%)
Biologics 31 (61.67%)

HC, healthy controls; ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; RF, rheumatoid factor; Anti-CCP, anti-cyclic citrullinated peptide antibody; WBC, white blood cell; TJC,
tender joint count; SJC, swollen joint count; DAS28, disease activity score 28; NSAIDs, nonsteroidal anti-inflammatory drugs; DMARDs, disease-modifying anti-rheumatic drugs.
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The individuals (n = 10 in each group) selected for IgG
purification were required to be free from monoclonal
antibody treatment in at least 6 months.

Sample Preparation and Tryptic Digestion
IgG from human serum was purified using protein G spin kit
(Catalog No0.22852, Thermo Fisher Scientific). IgG was purified
from 500 pl of pooled serum of ten patients according to the
manufacturer’s instrument, representing the repertoire of
antibodies of each group. The eluted IgG was then washed and
concentrated using 30-kDa MWCO filters (Catalog No.
UFC803096, Amicon, Millipore). To capture serum antigen, 5
mg of IgG was coupled to 1 ml of CNBr-activated Sepharose 4B
column (Catalog No.17043001, GE). By pretreating the IgG
column with acidic elution buffer (10 mmol/L Gly-HCl, pH =
2.8), the antigens bound to IgG were eluted. Then, the diluted
serum of one patient was incubated at room temperature with
end-over-end mixing for 1 h. Bound antigens were eluted with
acidic elution buffer (10 mmol/L Gly-HCl, pH = 2.8) and
immediately neutralized by Tris-HCI (1 mmol/L, pH = 9.1).
The concentration of the protein was determined by Bradford
protein assay (Catalog No. DQ101-01, Transgen Biotech) and
then stored at —80°C .

LC-MS/MS and Data Analysis

Protein (10 pg) was hydrolyzed with trypsin. Digested products
were separated by a 120-min gradient elution at a flow rate of
0.300 puL/min with the Thermo Ultimate 3000 nano-UPLC
system, which was directly interfaced with the Thermo Fusion
LUMOS mass spectrometer. The analytical column was an
Acclaim PepMap RSLC column (75 pm ID, 250 mm length,
C18). Mobile phase A consisted of 0.1% formic acid, and mobile
phase B consisted of 100% acetonitrile and 0.1% formic acid. The
single full-scan mass spectra were acquired in a data-dependent
manner in the Orbitrap at a mass resolution of 60,000 at 375-
1500 m/z. Xcalibur 4.1.50 software was used for data acquisition.
Protein identification was carried out using Mascot and Sequest
search algorithms through the Proteome Discovery software
(version 2.4). Searches were carried against Human RefSeq
protein database. MS tolerance was set to 10 ppm while MS/
MS tolerance was set to 0.02 Da. The peptide-spectrum match
allowed 1% target false discovery rate (strict). We used label-free
quantification (LFQ) algorithm to quantify protein expression
and peptide-spectrum matching. Normalization was performed
against the total peptide amount. Immunoglobulins and post-
translational modifications are not analyzed in the study, but
could be potentially analyzed in the future.

Bioinformatic Analysis

To obtain the intersection of antigen among RA, OA, and
healthy controls, we used the Venn diagram software (http://
bioinformatics.psb.ugent.be/webtools/Venn/). Pathway
enrichment analysis was performed to classify proteins based
on molecular function and biological processes by Metascape
web-based platform (21). Protein-protein interaction of
differentially expressed proteins was performed using Search

tool for the retrieval of interaction gene/protein (STRING)
database (PPI enrichment p-value < 1.0e-16) and visualized by
Cytoscape plug-in Cytohubba (22, 23).

Statistical Analysis and Machine Learning
Missing values were imputed with the minimal values for each
feature. To get differentially expressed proteins, the fold change
and t-test p-value were calculated between RA, ACPA-positive
RA, ACPA-negative RA, and control (OA and healthy controls).
The protein whose p-value < 0.05 and fold change > 1.5 was
defined as differentially expressed protein. The heatmaps were
drawn using the R package “pheatmap” (version 1.0.12), the sum
of z-scores of log-transformed values were displayed, and the
rows were sorted by fold changes. The PCA was performed using
the function “decomposition.PCA” in scikit-learn (version
0.23.1) with default parameters. The log-transformed values
were used as input for PCA.

The random forest classifiers were build using the function
“ensemble.RandomForestClassifier” in scikit-learn (version
0.23.1), with 101 trees, and the max depth for the trees was set
to 4 to avoid overfitting. The log-transformed values of
differentially expressed proteins were used as input features,
and the number of features to consider in each tree was sqrt
(number of features). We deleted SAA (D3DQX7) as the
sequence was very similar to SAA1 and SAA2. The importance
of proteins was calculated using the build-in function
“feature_importances_”, which provides the impurity-based
feature importance. The train-test split and classification
process were repeated 500 times to calculate the AUC and
feature importance.

RESULTS

Patients and Study Design

We procured a cohort of patients containing 60 RA, 30 OA, and
30 healthy controls. The detailed clinical and demographic
characteristics are shown in Table 1. The median age was
61.77 years and 81.7% of the patients were female. Thirty OA
patients and 30 healthy controls were all age- and sex-matched.
The disease duration ranged from 1 to 42 years, with a mean
duration of 12.37 years. Seventy-five percent (45 of 60) of RA
patients were ACPA-positive. The mean ESR (erythrocyte
sedimentation rate) and CRP (C-reactive protein) were 39.28
mm/h and 23.85 mg/dl, respectively. The mean DAS28 score
(Disease Activity Score-28) was 4.258.

The workflow employed for this study is shown in Figure 1.
Briefly, IgGs were purified from 500 pl of pooling mixture serum
of 10 individuals in each group, respectively. These IgGs were
bound to the Protein G column and then were treated to remove
the antigens potentially bound to the antibodies first. After that,
serum antigens from 120 samples were purified and collected
individually. The antigen peptide mixture of each sample was
then analyzed and quantified by high-resolution liquid
chromatography with tandem mass spectrometry (LC-MS/
MS) (24).
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Applying this workflow, we quantified 4,475 proteins and 12,217
peptides from 120 samples. With immunoglobulins excluded,
461 proteins in ACPA-positive RA, 409 proteins in ACPA-
negative RA, 427 proteins in OA patients, and 422 proteins in
healthy control were identified. A total of 360 proteins were in
common among the 3 groups, while 35 proteins were specific for
ACPA-positive RA and 15 for ACPA-negative RA. Eight
proteins were found only in the ACPA-negative group and 28
in the ACPA-positive group (Figure 2A). Proteins with high
confidence and could be detected in more than 20% in a
particular patient group were chosen for further analyses.

The principal component analysis (PCA) showed that the
clustering of samples is clearly classified into different groups as
RA, OA, and healthy controls (Figure 2B). However, PCA
analysis could not distinguish ACPA-negative RA from ACPA-
positive RA patients, demonstrating their similar antigenome
pattern. Taken together, these data presented a deep antigenome
coverage, a promising basis for discovery of biomarkers.

Analysis of Differentially

Expressed Proteins

We next assessed significant quantitative differences between RA, OA,
and healthy controls. We selected significantly upregulated and
downregulated proteins by >1.5-fold (p < 0.05). A total of 62
differentially expressed proteins (DEPs) such as fibrinogen alpha
chain, lipopolysaccharide-binding protein, and serum amyloid protein
in RA were identified and shown in the volcano plot (Figure 3A).
Heatmap analysis was performed to visualize those proteins
(Figure 3A). We next found 71 proteins differentially expressed in
ACPA-positive and 49 proteins differentially expressed in ACPA-
negative patients, using the same filter criteria (Figures 3B, C).

FIGURE 1 | Study overview and antigenome characterization. Overview of the study cohort and schematic workflow. RA, rheumatoid arthritis; OA, osteoarthritis;
ACPA, anti-citrullinated protein antibody; HC, healthy control; MS, mass spectrometry; DEP, differentially expressed protein.

The DEPs were then subjected to enrichment analysis
(Figure 4). The analysis revealed that DEPs of these 3 groups
were significantly enriched in pathways associated with
immunology and inflammatory response, “acute inflammatory
response”, “activation of complement system”, and “humoral
immune response”. DEPs in RA were enriched in pathways
including “cell-cell adhesion” and “IL-4 and IL-13 signaling”. The
pathways of DEPs in ACPA-positive RA were enriched in processes
involved in “binding and uptake of ligand of scavenger receptors”
and “IL-6 pathway”. Some pathways associated with metabolic
process were enriched in DEPs of ACPA-negative RA, such as
“folate metabolism”, which might be interesting in future studies.

As shown by protein—protein interaction (PPI) analysis of
DEPs by the STRING database, the antigenome possessed
abundant interactions. To recognize the key antigens lying in
an essential position, we exploited Cytoscape plugin Cytohubba,
which identified hub proteins in the networks. As shown in
Figure 5, DEPs such as haptoglobin and ITTH4 were screened
out as top hub proteins based on the connectivity degree. Both
haptoglobin and ITIH4 could function as acute-phase reactants
(25, 26). It was previously reported that the levels of haptoglobin
were elevated in RA serum (27). ITIH4 was found to be a serum
biomarker for a variety of malignancies including gastric cancer
and hepatocellular carcinoma (28, 29). However, there is limited
research investigating their detailed role in RA. These proteins
might be essential in the pathogenesis of RA and utilized as
biomarkers after rigorous validation.

Machine Learning for Identification of

RA Patients

Next, we attempted to discriminate RA from OA and healthy
controls based on the DEPs. A widely used machine learning
algorithm, random forest, was used to classify the patients. The
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FIGURE 2 | Protein quantification through LC-MS/MS. (A) Venn diagram of the identified proteins among RA patients and controls. (B) Clustering analysis of
differentially expressed proteins on PCA analysis. ACPA+, ACPA-positive RA; ACPA-, ACPA-negative RA; PCA, principal component analysis.

model was trained on 60% of the samples (36 RA, 18 OA, and 18
healthy controls) and evaluated on the remaining 40% of the
samples (24 RA, 12 OA, and 12 healthy controls). We repeated
this process 500 times to calculate the area under the curve
(AUCQ) of the receiver operating characteristic curve and feature
importance for each antigen.

For the classification of RA, the AUC of the random forest
model reached 0.9949 (95% confidence interval [CI] = 0.9792-1)
(Figure 6A), and the top 15 dominant antigens in the model
were SAA2, C-reactive protein (CRP), leucine-rich alpha-2-
glycoprotein, fibrinogen alpha chain, annexin Al, complement
component C9, complement C4-A, SAA1, carbonic anhydrase,
testicular tissue protein Li 70, ficolin-3, ACX136, hemoglobin
subunit alpha, paired like homeobox 2B, and beta-actin-like
protein 2 (Figure 6A).

Next, we investigated the possibility of discriminating ACPA-
positive and ACPA-negative RA patients from OA patients and
healthy controls based on the DEPs. Random forest algorithm
was employed as well; 60% of the samples were used to train and
40% of the samples were used to evaluate. For ACPA-positive RA
patients, the model reached an AUC of 0.9913 (95% CI = 0.9653-
1) (Figure 6B), and the top 15 best-performing proteins were
leucine-rich alpha-2-glycoprotein, SAA2, CRP, complement
component C9, fibrinogen alpha chain, annexin Al, C4a

anaphylatoxin, arfaptin-1, testicular tissue protein Li 70, SAAL,
ITIH4 protein, ficolin-3, carbonic anhydrase, hemoglobin
subunit alpha, and complement C4-A (Figure 6B). Moreover,
for the classification of ACPA-negative RA patients, the AUC
was calculated as 1.0 (95% CI = 1-1) (Figure 6C). The top 15
proteins were SAA2, fibrinogen alpha chain, SAA2-SAA4
readthrough, alpha-1-antitrypsin MBrescia variant, platelet
glycoprotein V, SAA1, Fc-gamma receptor IIIb, beta-actin-like
protein 2, testicular tissue protein Li 70, complement Clr
subcomponent-like protein, AEP4D11, CRP, procollagen C-
endopeptidase enhancer, Keratin type II cytoskeletal 6B, and
caspase 14 (Figure 6C).

DISCUSSION

Our study presented a serum antigenomic investigation of RA
using label-free global proteome strategy, which offered a
landscape view of antigens. Using random forest, an ensemble,
supervised machine learning algorithm, 3 diagnostic signatures
were built to classify RA, ACPA-positive RA, and ACPA-
negative RA patients. Our findings might help to understand
the pathogenesis of RA and provide novel and specific diagnostic
targets for the disease.

Frontiers in Immunology | www.frontiersin.org

33

April 2022 | Volume 13 | Article 884462


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Han et al.

Diagnostic Biomarkers for RA

A
20 .
~15 .
[ . .
=)
2 .
3 .
a1o]
= . .
b
S

D3DQX7_HUMAN
CRP_HUMAN
SAA2_HUMAN
SAAT_HUMAN

/ADA140VJJ6_HUMAN
VOHWE3_HUMAN
B4DUV1_HUMAN
ABNMQ1_HUMAN
QINSDO_HUMAN
I AOAGISPRUO_HUMAN
13L145_HUMAN
PTGDS_HUMAN
FETUB_HUMAN
AOAO24R035_HUMAN

Q8TCO4_HUMAN
AOAOKOR1J1_HUMAN
I QBLAM1_HUMAN
GSEIWE_HUMAN
GPV_HUMAN
DEFT_HUMAN
ARFP1_HUMAN
B7ZKJS_HUMAN
HABP2_HUMAN
D3GKDI_HUMAN
I HPTR _HUMAN
C1RL_HUMAN
QBFHW3_HUMAN
B4EOX1_HUMAN
FCN2_HUMAN
AOAGTOKAY9_HUMAN
AOAAEOWA36_HUMAN
D3DNU8_HUMAN
AOAO24RI7_HUMAN
I A0A1S5UZ39_HUMAN
AT12A_HUMAN
I H2A3_ HUMAN
DESP_HUMAN

. oo
AOAOS2Z487_HUMAN
PROF1_HUMAN
LG3BP_HUMAN
CALL3 HUMAN
FCN3_HUMAN
SMR3B_HUMAN
I K2C68_HUMAN
AOASATPVWE_HUMAN
KRT83_HUMAN
B2R720_HUMAN
I H7CIK7_HUMAN
AOA1BICYCS_HUMAN
KIC17_HUMAN
[ ANXAT_HUMAN

15.0
.
12.5
— .
) . .
% 10.0
¢
3 . .
T 7s )
S . .
= oo
& 50 ° e .
- o
K
25| o et A
. - W .,
0.0
-2 -1 0 1 2 3
log2( RAACPA+ / Control )
ACPA+ RA OA HC
CRP_HUMAN 1
D3DAX7_HUMAN
SAA2_ HOMAN
PERN_HUMAN
I SAAT_HUMAN 05
D6RF35_HUMAN
ABNMQT_HUMAN
I [ A2GL_HUMAI
VOHWES_HUMAN 0
C4BPA_HUMAN
I LBP_HUMAN
AOATA0VJJ6_HUMAN
= FIBA_HUMAN ~05
I 13L145_HUMAN :
| A0AGISPRUO_HUMAN |
ARFP1_HUMAN
QONSDO_HUMAN
\—_ AOA024R035_HUMAN
PTGDS_HUMAN
Q59EA3_HUMAN
Q8TC04_HUMAN
ADAOKOR1J1_HUMAN
I B72KJ8_HUMAN

QEFHW3_HUMAN

D3GKD9_HUMAN

TRAF6_HUMAN
I HPTR_HUMAN

PV |
B4l
BA4EOX1_HUMAN
I A0A1S50239_HUMAN
FCN2_HUI
Q2L9S7_HUMAN
FETUB_HUMAN
AOAG79KAIS_HUMAN
QBVF N

H
5_HUMAL

I QBLAM1_HUMAN
ADA024R617_HUMAN

ADADEARsPO_HUMAN
I c8C504_HUMAN
ADA0G2JLE9_HUMAN

I H2A3_HUMAN
AOA0G2JPRO_HUMAN

KATEB_HUMAN
K1C14_HUMAN
SMR3E_HUMAN
CALL3 HUMAN
FCN3_HUMAN
AOASA4PVIWE_HUMAN
B2R720_HUMAN

KRT:

H7C1K7_HUMAN

ADA1BICYC5_HUMAN
K1C17_HUMAN

[ ANXAT_HUMAN

FIGURE 3 | Analysis of differential expressed proteins. Volcano plots compare RA (A), ACPA-positive RA (B), ACPA-negative RA (C), and controls. Heatmap
analysis of proteins that differ significantly (o < 0.05, fold change > 1.5) in abundance in RA (A), ACPA-positive RA (B), and ACPA-negative RA (C).

7 .

6 . : .
~ R
2 LY
24 > we T
o . ooe &
S3 N oo
N R cce
g2 .. ‘&r,

; o

0

-2 -1 0 1 2 3

log2( RAACPA-/ Control )

ACPA- RA OA HC

SAA2_HUMAN
D3DAX7_HUMAN 1
CRP_HUVAN

SAAT_HUMAN | |

B2CIS9_HUMAN 05
TRAF6_HUMAN :
B4DUV1_HUMAN
FETUB_HUMAN
AOMEOWI36_HUMAN
Q8TCZ8_HUNAN
[ QSLAMT_HUMAN
AAOAB7SKLN1_HUMAN
Q2L9S7_HUNAN -05
[ FIBA HUMAN
CIRL_HUMAN
G3V2W1_HUMAN
B7Z4R3_HUMAN
PTGDS_HUMAN
QUUPY7_HUMAN
U0 AOAT4OVAJB_HUMAN
HABP2_HUMAN

| i
f

GPV_HUMAN
ADAG24R035_HUMAN
DEF1_HUMAN
FHR1_HUMAN
| A4D2D2_HUMAN
|| I A0A9BLPE2_HUMAN
B2R5G8_HUNAN
C4BPB_HUMAN

H2A3_HUMAN
AAOA140VKES_HUMAN
CATA_HUMAN
KPRP_HUMAN
Q812z5_HUMAN

BIRS77_HUMAN
ACTBL_HUMAN
I

I
LG3BP_HUMAN
AOASAZPVIWS_HUMAN
PON3_HUMAN
HTCIKT_HUMAN
BTZMD7_HUMAN
TM198_UMAN
BIRT20_HUMAN
ADAOS2Z487_HUMAN

I K2C6B_HUMAN

[ ANXAT_HUMAN

AOAO24RAB7_HUMAN

Early diagnosis and immediate, effective therapy are crucial to
gain control of inflammation and prevent deterioration, functional
disability, and unfavorable progression in RA patients. To carry out
personalized medicine for RA, clinical practice requires the use of
biomarkers to ensure diagnosis, accurate stratification, and the high
efficacy of treatment. Current clinically used biomarkers including
anti-CCP and RF only shows a modest discriminating power due to
the lack of sensitivity and specificity (30). Searching biomarkers for
diagnosis is a continuous effort, but none of those translate into
routine clinical use (31). Therefore, searching reliable biomarkers
for RA in a large population is highly desirable. To address the
problem, we have combined cutting-edge mass spectrometry
hardware, MS data processing, and bioinformatic analysis to build
a high-performance serum antigenomic workflow.

Other groups have also performed proteomic studies for RA.
Mun et al. performed a quantitative proteomic study and

identified 5 biomarkers using RA serum, which were
quantitively verified by multiple reaction monitoring (MRM)
(32). Colasanti et al. discovered that anti-Hcy-A1AT
(homocysteinylated alpha 1 antitrysin) autoantibody could be
considered as a potential biomarker for RA by using matrix-
assisted laser desorption/ionization-time of flight (MALDI-TOF/
TOF) (33). However, we used a novel approach to capture the set
of serum antigens, which was advantageous as it focused on a
more targeted set of proteins, compared to entire serum
proteome. We identified confirmed and putative antigens as
candidates of novel potential biomarkers. In total, 4,475
proteins were identified by label-free comparative proteomic
analysis of antigen profiling of RA, OA, and healthy control
serum. Compared to OA and healthy controls, we found 62
DEPs (FC > 1.5, p < 0.05) in RA, 71 DEPs that were specific in
ACPA-positive patients, and 49 DEPs specific in ACPA-negative
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patients. We tried to gain insight into the functional roles of
these DEPs associated with RA via pathway enrichment analysis.
The interaction of DEPs was shown based on PPI networks.
Moreover, we identified hub proteins in the interaction
networks. These avenues of enquiry may provide insight into
the underlying mechanisms of RA.

As a single biomarker may hardly achieve satisfactory
discriminating power, seeking multiple biomarkers and
developing a combinatorial model is a compromising strategy.
By virtue of comprehensive antigenome profiling and random
forest algorithm, we revealed 3 predictive models for RA, ACPA-

positive RA, and ACPA-negative RA. The models have achieved
low classification errors and resulted in very high AUC levels.
Compared to ACPA-positive RA, ACPA-negative RA is
poorly understood in etiology and pathogenesis. Lack of
effective biomarkers impedes early diagnosis and treatment,
highlighting the importance of identifying specific antigens in
this subset (34). It is worth noting that several antigens are
unique in the ACPA-negative model, such as SAA2-SAA4
readthrough, platelet glycoprotein V, Fc-gamma receptor IIIb,
complement Clr subcomponent-like protein, procollagen C-
endopeptidase enhancer, and caspase 14 (Figure 6C). These
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proteins participate in various biological processes including acute
phase response, cornification, complement activation, innate
immune response, platelet activation, and collagen binding (35,
36). There is limited research investigating their function and
association with autoimmune or inflammatory diseases (37).
Validation by ELISA in larger ACPA-negative RA cohorts and
exploration of their detailed functions in the disease are needed.
Hopefully, these newly identified antigens may help early diagnosis
and hint underlying mechanism of ACPA-negative RA.

Though assay results were promising, this study does have
limitations. First, we utilized IgG purified from ACPA-positive

patients to capture antigens rather than anti-CCP2 antibody,
which resulted in an incomplete reactivity pattern of ACPA-IgG
due to its lower affinity toward citrullinated antigens. Besides, by
using an IgG column to capture serum antigens from the
corresponding group of patients, the DEPs identified between
groups might be partially due to the differences of IgG binding
ability from various patients rather than antigens that were
purely from the capture. Second, if the model is to be applied
in clinic, more rigorous quantification and extensive validation
by targeted protein quantification or ELISA are still needed. The
detailed roles of antigens in the pathogenesis of RA should be
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FIGURE 6 | Identification of potential biomarkers based on machine learning. Classification of RA (A), ACPA-positive RA (B), and ACPA-negative RA (C). Top 15
proteins prioritized by random forest analysis (left). ROC of the random forest model in the test cohort (right). AUC, area under curve.

further elucidated or experimentally validated. Third, this was a
single-center study, and the results merit validation in a larger,
multicenter study that involve OA, systemic lupus erythematosus
(SLE), ankylosing spondylitis (AS), psoriatic arthritis (PsA), gout
patients, etc. Lastly, this work establishes the foundation for
longitudinal studies geared toward the development of models

predictive of disease onset or progression, and efficacy after
treatment. The sera samples were collected at a single time
point in both RA patients and control, and future studies of
sera from more time points along the disease course are required,
which could be potentially utilized to explore molecular
dynamics during disease progression.
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In summary, we employed label-free global proteomics
technology to analyze serum antigenome profiling of RA. The
study increased our understanding of RA antigens and identified
potential biomarkers to provide novel and specific diagnostic
targets for the disease. We suggest that these panels identified
here could be utilized as multiplex protein microarray platforms
that have potential for scalability and contribute toward improved
decision-making.
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A viable therapy is needed to overcome the deadlock of the incurable chronic hepatitis B
(CHB). The prolonged existence of covalently closed circular DNA (cccDNA) and
integrated HBV DNA in the nucleus of hepatocytes is the root cause of CHB. As a
result, it is critical to successfully suppress HBV DNA replication and eliminate cccDNA.
RNA interference has been proven in recent research to silence the expression of target
genes and thereby decrease HBV replication. However, siRNA is susceptible to be
degraded by RNA enzymes in vivo, making it difficult to deliver successfully and lacking of
tissue targeting. To exploit the advantages of siRNA technology while also overcoming its
limitations, we designed a new strategy and prepared biomimetic nanoparticles that were
directed by PreS/2-21 peptides and precisely loaded HBV siRNA. Experiments on these
nanoparticles in vitro and in vivo revealed that they are tiny, stable, safe and highly
targetable, with high inhibitory effects on HBV DNA, pgRNA, cccDNA, HBeAg and HBsAg.
PreS/2-21-directed nanoparticles loaded with HBV gene therapy drugs are expected to
be promising for the treatment of CHB.

Keywords: HBV, siRNA, peptide, liposomal nanoparticles, targeting

INTRODUCTION

Hepatitis B virus (HBV) is a hepatophilic DNA virus and its persistent infection leads to chronic
hepatitis B (CHB). HBV is now infecting over 250 million people globally (1), with over 600,000
people dying each year due to progression to cirrhosis, liver failure and hepatocellular carcinoma
(HCC) (2). It is clear that there is still no effective response to hepatitis B virus infection. Despite the
availability of a highly effective hepatitis B vaccination, hepatitis B virus infection remains a global
public health problem. To improve the condition, a more methodical treatment technique must be
identified (3). The nucleoside/nucleotide analogues (NAs) and interferon alpha (IFN-0.)/pegylated
interferon (PEG-IFN), which are currently utilized to treat chronic HBV infection, both have
significant drawbacks. Interferon treatment has a wide range of in individual responses, as well as a
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slew of adverse side effects and drug resistance. NAs inhibit HBV
replication directly by suppressing viral reverse transcription,
which are well tolerated, promote viral clearance and adherence
to treatment (4), as well. However, NAs are unable to provide a
cure because they do not remove covalently closed circular DNA
(cccDNA). Therefore, developing an effective NAs hepatitis B
therapy is critical.

RNA interference (RNAI) is a gene therapy that can be used
to inhibit HBV replication and treat hepatitis B by mediating
targeted mRNA degradation or mRNA translation inhibition to
silence the expression of target genes in a specific manner (5).
Clinical studies with siRNA drugs targeting the Pre-C, Pre-S1,
Pre-S2, and X genes of HBV are now underway, with promising
results (6, 7). Since all five mRNAs transcribed by HBV contain
the X gene sequence, siRNA targeting the X gene can
simultaneously inhibit the in vivo replication of HBV by
inhibiting the formation of pregenomic RNA (pgRNA).
Silencing the X gene of HBV fundamentally inhibits the
translation of viral antigens and prevents liver injury from T-
cell immune responses caused by viral antigen accumulation (8,
9). In this study, RNAi-mediated X gene silencing played an
important inhibitory role in HBV replication in hepatocytes.
In vivo, however, siRNA is susceptible to degradation by RNA
enzymes, making it challenging to ensure successful delivery of
siRNA. Viral vectors, non-viral vectors and chemically modified
siRNAs have all been shown to help with this problem to some
extent (10), but given the lack of tissue targeting of nanoparticles
(11), further special modifications are needed to achieve active
targeting of liposomal nanoparticles and thus increasing drug
concentrations in liver tissue.

Studies have confirmed that HBV infects hepatocytes via
attaching its PreS1 protein to the sodium taurocholate
cotransporting polypeptide (NTCP) receptor of the latter (12,
13). Due to the critical function of PreS1 protein in HBV

infection, the HBVpreS/2-21"™" (the binding region of PreS1)
modified long-acting liposomal nanoparticles prepared by Han
et al. (14) can specifically deliver fluorescein sodium into
hepatocytes with high NTCP expression. Drawing on this, in
this paper, PreS/2-21 is employed as a guide peptide, and linked
to the surface of siRNA-encapsulated liposomal nanoparticles,
which increased the targeting ability of the nanoparticles and
competitively inhibited extracellular HBV invasion.
Theoretically, the PreS/2-21-modified siRNA nanoparticles
(PSN) can exert inhibitory effects on both extracellular and
intracellular viruses. On the one hand, PreS/2-21 on the
surface of the nanoparticles can target and bind to NTCP
receptors on the surface of hepatocytes, acting as both an entry
inhibitor to inhibit viral invasion into host cells and a guider for
the nanoparticle specific entry into hepatocytes with high NTCP
expression. On the other hand, the siRNA drug released via
endocytosis has the ability to selectively block intracellular viral
replication and expression. Figure 1 depicts the working
principles of this system. Through in vitro and in vivo studies,
the anti-HBV viral efficacy, targeting and safety of PSN were
comprehensively investigated and evaluated in this work.

MATERIALS AND METHODS

Cells and Animals

HepG2.2.15 cells, HepG2-N6 cells and pHBV1.3 plasmid were
donated by Prof. Xiaoyong Zhang from the Department of
Infectious Diseases, Nanfang Hospital. In particular,
HepG2.2.15 cells, which can stably express HBsAg, HBV DNA
and other substances in cell supernatant, are liver tumor cell lines
of HepG2 cells with HBV genome integrated on their
chromosomes (15), and HepG2-N6 cells are HepG2-derived
cell lines that retain the characteristics of polarized
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FIGURE 1 | Principles of PreS/2-21-conjugated nanoparticle with siRNA on targeted inhibition of hepatitis B virus.
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hepatocytes, but display the morphology of a single columnar
epithelium, enabling routine studies of virus transmission and
release (16). In addition, HepG2-N6 cells highly express human
NTCP (hNTCP) receptor, which is applicable for HBV targeting
research. Mouse macrophage RAW 264.7 was donated by Prof.
Longying Zha from the School of Public Health, Southern
Medical University; HepG2 cells were kept in our laboratory;
HBV/pMDI18-T plasmid containing HBV DNA was constructed
in our laboratory. HepG2 cells, HepG2-N6 cells, and RAW 264.7
cells were cultured in dulbecco’s modified eagle medium
(DMEM) containing 10% serum, and HepG2.2.15 cells were
cultured in 1640 medium containing 10% fetal bovine serum,
non-essential amino acids, and G418 (200 pg/mL).

Six to eight weeks-old SPF grade C57BL/6] male mice were
purchased from the Animal Experiment Centre of Southern
Medical University and housed in a sterile SPF grade laminar
flow chamber. The mice were given regular mouse chow and ad
libitum under controlled conditions of temperature (20-25°C)
and humidity (40-45%) using a 12:12 h light/dark cycle. All
animal experiments were performed after receiving consent from
Southern Medical University’s ethics review committee for
animal experimentation.

Cellular Assay of HBV Inhibition by siRNA
The siRNA-X (1646-1664, GGUCUUACAUAAGAGGACU),
siRNA-P (411-429, UCCUGCUGCUAUGCCUCAU), siRNA-
C (2019-2039, AAGCCUUAGAGUCUCCUGAGC) against
HBV X, P, and C genes respectively were selected by referring
literature (17-20) and validated with cellular experiments, and
synthesized by Guangzhou RiboBio, Co., Ltd.

The pHBV1.3 plasmid containing 1.3 times of the HBV
genome was used for the construction of HBV infection
models in vitro (21). To produce a cellular model of HBV
infection, the pHBV1.3 plasmid was transfected into HepG2
cells using Lipofectamine 3000 (Gibco, Co., Ltd). siRNA was
transfected simultaneously with the pHBV1.3 plasmid into
HepG2 cells; HepG2.2.15 cells exclusively transfected with
siRNA; the control group consisted of cells transfected with
non-targeted control siRNA, and three replicate wells were set up
for each cell line. After 72 h, the culture supernatants were
collected and the levels of HBV DNA and HBsAg in the
supernatants were measured. The HBV/pMD18-T plasmid
containing HBV DNA was used as the standard of DNA levels.
After fold dilution, quantitative real-time polymerase chain
reaction (QPCR) was performed according to SYBR Premix Ex
TaqTM II instructions (YEASEN, Co., Ltd). The lysis curve was
the system default. The standard curve for HBV DNA was
plotted using Ct values and the copy number was converted to

international unit IU/mL. After centrifuging the supernatant, 50
UL was transferred to a new PCR tube, heated at 100°C for 2 min,
then 1 UL was taken into the qPCR system (7), and the level of
HBV DNA was calculated using the standard curve. After
centrifugation to remove cell debris, the supernatant was
obtained and HBsAg ELISA kits (Keygen Biotech, Co., Ltd)
were used to detect HBV antigen levels according to the
kit instructions.

Preparation of PSN

The experimental approach described in reference (22) was
partially improved to prepare PSN and its controls, PreS/2-21-
modified nanoparticles (PN), siRNA nanoparticles (SN), and
lipid-like nanoparticles (LLN). TT3 is an organic compound
produced the stepwise reaction with addition of propylene
diamine, di-tert-butyl dicarbonate, sodium bicarbonate, 1,3,5-
benzenetricarbonyl chloride, pyridine, trifluoroacetic acid, ethyl
acetate, triethylamine, dodecaldehyde, and triacetyl, and was
synthesized by WuXi AppTec. 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC) was purchased from Shanghai yuanye
Bio-Technology, Co., Ltd. 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N[maleimide(polyethyleneglycol)-2000]
(Mal-PEG2000-DSPE) was purchased from Shanghai Aladdin
Biochemical Technology, Co., Ltd. The target peptide HBV
PreS/2-21 and the lipid were synthesized by ChinaPeptides,
Co., Ltd. The sequence of the target peptide is: NH,-
GTNLSVPNPLGFFPDHQLDP-COOH, synthesized with a
stearylation modification at the N-terminal end and a cysteine
(Cys) coupled at the C-terminal end. PreS/2-21 was dissolved in
PBS solution (pH=7.0), Mal-PEG2000-DSPE was dissolved in N,
N-Dimethylformamide (DMF), the two were combined at a
molar ratio of Mal-PEG2000-DSPE: PreS/2-21 = 1:1.2 and the
dehydration-condensation reaction was carried out slowly at 4°C
for 8 h. PreS/2-21-Mal-PEG2000-DSPE (PMD) was obtained by
lyophilizing the reaction products, followed by re-solubilizing it
with anhydrous ethanol. The extrusion approach was used to
synthesize PSN by TT3, cholesterol, DSPC, and PMD in a molar
ratio of 50:10:38.5:1.5 (23). The aforementioned ingredients were
also partially or completely used to make PN, SN, and LLN
(Table 1). The above liposomal nanoparticle extrusions were
concentrated using an ultrafiltration tube and decontaminated
using a 0.22 um filter membrane.

Encapsulation Rate and Characterization
of Liposomal Nanoparticles

The concentrations of siRNA were measured using an ultra-
micro UV spectrophotometer (Denovix, Co., Ltd) and the
number of moles of siRNA was calculated from the volume.

TABLE 1 | The molar ratio of each component in the synthesis of liposomal nanoparticles.

TT3 DSPC Cholesterol PEG2000-DSPE PMD siRNA
PSN 50 10 38.5 No 1.5 Yes
PN 50 10 38.5 No 1.5 No
SN 50 10 38.5 1.5 No Yes
LLN 50 10 38.5 1.5 No No
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The encapsulation rate was calculated as EE% = (moles of siRNA
before packaging - moles of siRNA after packaging)/moles of
siRNA before packaging x 100%. PSN was naturally dried on
aluminum foil and plated with gold, and then the ultrastructural
morphology was observed by scanning electron microscope
(Hitachi, Co., Ltd). The particle size and zeta potential of
liposomal nanoparticles were measured by Zetasizer Nano
(Malvern, Co., Ltd): the liposomal nanoparticles diluted with
ddH,O from 1 puL to 1000 UL were placed in a potentiometric
cuvette and then assayed and scanned 100 times in duplicate.
The liposomal nanoparticles were stored at 4°C analyzed for the
particle size every 5 days, and monitored continuously for 30
days to examine the temporal stability. 10 uL of liposomal
nanoparticles were added to 90 UL of PBS containing 10% FBS
and shaken at 37°C at 100 rpm/min. The particle size was
measured at 0, 3, 6, 12, 24, and 48 h to observe the serum
stability. In addition, we monitored the temporal stability of
activity by storing the liposomal nanoparticles at 4°C and
analyzed the inhibition of HBV DNA by PSN using
HepG2.2.15 cells once a week for a month.

In Vitro Safety and Efficacy Testing of
Liposomal Nanoparticles

HepG2.2.15, HepG2-N6 and RAW263.7 cells (1x10* cells/well)
were grown for 24 h in 96-well plates, then incubated with
varying dosages of PSN for 48 h. To assess cytotoxicity, MTT was
applied to the samples, and the absorbance values at OD 490 nm
were measured to calculate the 50% cytotoxic concentration
(CC50) of PSN on different cells. Experiments were performed
using the cell models of HepG2.2.15, HepG2 transfected
with pHBV1.3 (pHBV1.3-HepG2), and HepG2-N6 cells.
Treatment groups consisted of five PSN concentration gradient
subgroups, as well as a negative control and a blank control
group, each with three replicate wells. The cell supernatant was
collected after 72 h of incubation to detect the level of HBV
DNA, the inhibition rate of PSN against HBV was calculated,
and the half effective concentration (EC50) was estimated by
GraphPad Prism 7 software (GraphPad Software, Inc., San
Diego, CA, USA). Therapeutic Index (TI) was calculated by
the ratio of CC50 against EC50. RAW264 cells were seeded on 6-
well plates at a density of 2x10° per well and co-cultured with 25
ug/mL PSN. The cells and culture supernatants were collected
respectively after co-cultivation for 12 h, and the expression of
cytokines IFN-o, TNF-a, and IL-6 was detected by reverse
transcription qPCR (RT-qPCR) and ELISA kits (MULTI
SCIENCES(LIANKE) BIOTECH, CO., LTD.).

In Vitro Targeting Assay of PSN on

NTCP Receptors

First, the expression of NTCP receptors on the surface of HepG2
cells, HepG2-N6 cells were detected by flow cytometry,
fluorescence microscopy, and western blot. The binding ability
of PSN to NTCP receptors were detected by flow cytometry and
fluorescence microscopy. HepG2 cells and HepG2-N6 cells were
plated in six-well plates and incubated for 12 hours followed by a

30 min incubation with PBS or PSN (40 uL), then were stained
with FITC-labeled NTCP antibody (ImmunoClone, IC03828F),
and an equal amount of cells stained with FITC-labeled isotype
control antibody was used as a negative control and analyzed by
flow cytometry and fluorescence microscopy. HepG2-N6 cells
and HepG2 cells were seeded in six-well plates. After 12-hours
incubation, the cells were processed for total protein extraction,
concentration determination, and western blot analysis. The
protein concentration was measured with Pierce'" BCA
Protein Assay Kit (ThermoFisher #23225) following
instructions. Western blot was done according to standard
methods. The expression level of B-actin was used as an
internal control. The primary antibodies used in western blot
were NTCP polyclonal antibody (Signalway Antibody Co.,
United States) and PB-actin antibody (Fude Biological
Technology Co., Hangzhou, China), and the secondary
antibody was horseradish peroxidase-conjugated goat anti-
rabbit IgG (Bioworld, United States). Furthermore, liposomal
nanoparticles PSN-Cy3 and SN-Cy3 were prepared by Cy3-
labeled siRNA-X, and the targeting of PSN-Cy3 to NTCP
receptors was detected by HepG2-N6 cells, HepG2 cells and
Hela cells. The Cy3-labelled siRNA-X was synthesized by
Guangzhou RiboBio, Co., Ltd., and the liposomal nanoparticles
were prepared as before, light protection throughout the process.
Cells were inoculated into six-well plates and incubated for 12 h,
then 40 UL PSN-Cy3 or SN-Cy3 was added and incubated for 30
min protected from light, while PBS-treated cells were used as a
negative control. The fluorescence was measured by flow
cytometry, observed under a fluorescence microscope
and photographed.

In Vitro Inhibition of HBV by PSN

Experiments were performed using the cell models of
HepG2.2.15, pHBV1.3-HepG2, and HepG2-N6 cells. Among
them, HepG2-N6 cell model was infected with HBV produced
in HepG2.2.15 cell culture supernatant and concentrated using
PEG8000, and the infection efficiency was verified by western
blot. The experiments were divided into five groups: negative
control, PSN, PN, SN, and LLN group. Approximately 12 h after
the cells were inoculated onto the six-well plates, cells had
attained 80% confluency, and 5 nM siRNA-containing
nanoparticles or an equivalent amount of nanoparticles were
introduced to the cells. Cell supernatants and cells were collected
separately after 72 h of incubation, and the expression of HBxAg,
pgRNA, HBV DNA and cccDNA were detected using RT-qgPCR
or qPCR. The primer sequences are shown in Table S1. The
levels of HBsAg and HBeAg in cell supernatants were detected by
ELISA kits (Keygen Biotech, Co., Ltd). The cells were processed
for protein extraction, concentration determination, and western
blot analysis. Antibody to hepatitis B core antigen (anti-HBc, a
gift from Prof. Xiaoyong Zhang, the Department of Infectious
Medicine, Nanfang Hospital, China) and horseradish
peroxidase-conjugated goat anti-rabbit IgG (Zhongshan
Golden Bridge Biotechnology Co., Beijing, China) were
incubated as described previously.
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Construction and Identification of CHB
Model in Mice

The recombinant adeno-associated virus AAV-HBV-002 applied
to construct the hepatitis B model was purchased from PackGene
Biotech, Co., Ltd. AAV-HBV-002 containing 1.3x HBV genome,
is characterized by the production of HBV DNA, HBeAg and
HBsAg, and the genotype is C2 and serotype is adr. Sixteen mice
were each injected with AAV-HBV-002 into the tail vein at a
dose of 1x10"" vg. Another group of eight mice was injected with
an equal volume of PBS as normal controls. Every four days, the
mice’s mental condition, nutrition, and water consumption were
assessed, and their body weight was measured and recorded.
During collection every four days, a total of nearly 500 uL of
orbital blood were collected and stored at -80°C. On fifteenth
day, the expression of HBV DNA, HBeAg and HBsAg in serum
was measured to determine whether the model had been
successfully constructed. Figure 2 depicts the process of
constructing a hepatitis B model in mice by injecting virus into
the tail vein.

In Vivo Efficacy and Safety Trials of PSN

Fresh mouse blood was taken to prepare 2% erythrocyte
suspension, to which different concentrations of PSN were
added, and those with distilled water were used as the positive
control group. After incubating at 37°C for 3 h, the colour of the
supernatant was observed to monitor whether haemolysis had
occurred. The 16 of mice who successfully constructed were
randomly divided into PSN group and hepatitis B model group,
and 8 untreated normal mice were selected as blank control
group. The mice in the PSN group were given PSN and the other
two groups were given saline in equal doses. In the PSN group,
the effective dose of 5 mg/kg siRNA was administered every
other day for 15 days, for a total of 8 doses. After completion of
administration, the mice were anesthetized with 5% anhydrous
ether, dissected, and perfused with PBS, then 1.5-2.0 mL of blood
was collected. QPCR was used to detect the relative expression of
HBV DNA (24). The primers and probe sequences were shown
in Table S1. The levels of antigens HBeAg and HBsAg,
transaminases of ALT and AST were detected by ELISA Kkits
(NanJing JianCheng Bioengineering Institute). The expression of
IFN-o, TNF-0, and IL-6 was detected by RT-qPCR and ELISA
kits. The important organs of the mouse, such as heart, liver,
kidney, spleen, lung and brain, were removed and fixed in 4%

paraformaldehyde solution, before being embedded, sectioned,
and HE staining. The procedure for administration of PSN
intervention to mice is shown in Figure 2.

In Vivo Targeting Experiments for PSN

Six of 6-8 weeks C57BL/6] male mice were selected to construct a
mouse hepatitis B virus model. After successful modelling, the
mice were randomly divided into two groups with 3 mice in each
group, and the experimental and control groups were treated
with PSN-Cy7 and SN-Cy?7, respectively, with a tail vein injection
dose of 5 mg/kg. The fluorescence intensity in liver, kidney, lung,
spleen and brain tissues was observed by a multi-modal small
animal live imaging system at 1 and 3 h after injection.

Statistical Analysis

All data reported are representative of at least three independent
experiments. The experimental results were statistically
evaluated using SPSS v19.0 software and were reported as
mean * standard deviation (Mean * SD). Comparisons
between two groups of data were made using the t-test for two
independent samples, and the Shapior-Wilk test for normality
and chi-square test was used between multiple groups of data,
with the test level oo = 0.05 (two-sided), and P<0.05 was
considered a statistically significant difference.

RESULTS

Optimal Inhibitory Effect of siRNA-X on
HBV DNA and HBsAg

The pHBV1.3-HepG2 and HepG2.2.15 cells were inoculated into
six-well plates and the experiment was divided into five groups:
PBS negative control group, siRNA-P, siRNA-C, siRNA-X, and
siRNA-NC. As demonstrated in Figure 3, three of the siRNAs
reduced HBV expression with statistically significant differences.
For the inhibition of HBV DNA in the supernatant of
HepG2.2.15 cells, siRNA-X was more effective than siRNA-C;
for the inhibition of HBsAg, siRNA-X was the most effective
(Figures 3A-D).

PSN is Stable

The particle sizes of nanoparticles ranged from (83.85 + 11.99)
nm to (116.30 * 8.05) nm (Figures 4A, D). The zeta potential of

Tail vein injection of
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1x10" vg/mouse

v

C57BL/6) | | I I
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PSN/kg (eight times)

BEARAEAR
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FIGURE 2 | Schematic diagram of mouse modelling and PSN administration.
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FIGURE 3 | /n vitro inhibition of HBV by siRNA. (A, B) pHBV1.3-HepG2 cells; (C, D) HepG2.2.15 cells. Data are represented as the mean + SD from at least three

PSN was (-103.01 + 2.61) mV at 37°C (Figure 4B). Under the
scanning electron microscope, the PSNs were spherical, with
smooth surface and uniform size distribution, and the diameters
were mostly about 100 nm (Figure 4C). The siRNA
concentration in the filtrate before and after encapsulation was
measured to calculate the encapsulation rate. The results showed
that PSN achieved an encapsulation rate of (84.75 + 0.30) %,
which was higher than the others. The encapsulation rates and
particle sizes of the nanoparticles are shown in Figure 4D.
Liposomal nanoparticles were stored at 4°C and particle size
was tested every 5 days. There were some fluctuations in particle
size, but no fragmentation or fusion into large particles
(Figure 5A). It was also mixed with 10% serum and incubated
at 37°C for 48 h to test the stability in serum, showing little

fluctuation in particle size and no fragmentation or fusion into
large particles (Figure 5B). HepG2.2.15 cells were treated with
PSN stored at 4°C for different periods of time, showing that
more than 60% of HBV DNA inhibition was retained for at least
28 days, and the activity was relatively stable (Figure 5C).

PSN is Safe and Effective for Cells

We examined the CC50 and EC50 of PSN against three cell
models and calculated the TI (CC50/EC50). The results
(Table 2) showed that the TIs of PSN to three kinds of cells
were close to or exceeded 100, indicating that PSN can
specifically inhibit HBV with less damage to host cells and
maintain good cell safety. RAW264 cells treated with 25 ug/
mL PSN for 12 h did not cause significant changes in the
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FIGURE 4 | Properties of liposomal nanoparticles. (A) Particle size of PSN. (B) Zeta potential of PSN. (C) The ultrastructural morphology of PSN detected by
scanning electron microscope. (D) Data on encapsulation rates, particle sizes, and zeta potentials of liposomal nanoparticles.
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expression of cytokines IFN-a, TNF-c, and IL-6, either in the
cells or culture supernatants (Figure S1).

PSN Precisely Targets NTCP Receptors
After labeling with NTCP-FITC antibody, the expression of
NTCP on the surface of each cell was detected by flow
cytometry. The results (Figure 6A) showed that the
fluorescence intensity of HepG2-N6 cells was high, while
HepG2-N6 cells was significantly lower after PSN treatment
with statistically difference (P<0.0001) (Figure 6G). The
fluorescence intensity of HepG2 cells incubated with NTCP-
FITC antibody was lower (P<0.0001) (Figure 6G), and the
fluorescence intensity of HepG2 cells did not change
significantly after PSN treatment. The same results were
obtained by fluorescence microscopy, as detailed in Figures
S2A-C. The results indicate that HepG2-N6 cells have a high
level of NTCP receptors on surface, and PSN specifically binds to
NTCP and induces a reduction in its endocytosis. And the results
(Figure 6I) by western blot analysis further indicated that
HepG2-N6 cells have a high level of NTCP receptors.

The Cy3-labeled siRNA was used to quantify the targeting of
PSN to various cells. Flow cytometry results showed that the
fluorescence intensity of PSN-Cy3 in HepG2-N6 cells was
significantly higher than that in HepG2 cells as well as Hela
cells (P<0.0001, P<0.001) (Figures 6B, C, H); the fluorescence
intensity in PSN-Cy3-treated HepG2-N6 cells was significantly
higher than that in SN-Cy3 group (P<0.001) (Figures 6D, H);
while the fluorescence intensity in PSN-Cy3-treated HepG2 cells
and Hela cells had almost the same fluorescence intensity as the
SN-Cy3 group (Figures 6E, F). Under the fluorescence
microscope, PSN-Cy3 showed the highest brightness in
HepG2-N6 cells, but weak fluorescent signal in HepG2 cells
and Hela cells (Figures S2D-I). The results indicate that PSN
has strong NTCP binding ability and can be endocytosed by

90 T T T T

SR

FIGURE 5 | The stability of liposomal nanoparticles. (A) Temporal stability. (B) Stability in serum. (C) PSN activity at different time points.

HepG2-N6 cells with high NTCP expression, but less by HepG2
cells and Hela cells with low expression of NTCP receptor.

PSN Strongly Inhibits Intracellular HBV
The inhibitory effect of liposomal nanoparticles on HBV was
examined using HepG2.2.15 cells. Except for LLN, all liposomal
nanoparticles had a certain inhibitory effect on HBV with
statistically significant difference. The inhibition rate of PSN on
pgRNA and HBV DNA was stronger, reaching 95.81% and
83.53%, respectively, and on HBxAg, cccDNA, HBeAg, and
HBsAg was around 40% (Figures S3A-F). The inhibitory
impact of PSN on HBV was further investigated using HepG2
cells transfected with pHBV1.3 plasmid as a model of HBV-
infected cells, which showed similarly result (Figures S3G-L).
In addition, we detected HBV core antigen in HepG2-N6 cells
infected with HBV by western blot, and the results (Figure 7F)
showed that the core antigen in HBV-infected HepG2-N6 cells
was significantly reduced after PSN treatment. We also tested the
anti-HBV effect of PSN using HepG2-N6 cells before, during and
after HBV infection respectively, and found that adding PSN
before or at the time of HBV infection had a better pgRNA,
HBeAg inhibition effect than after HBV infection, and the results
were statistically different (Figures 7, S4). It showed that PreS/2-
21 on the surface of nanoparticles could compete with HBV to
bind NTCP receptors and function as a certain HBV
entry inhibitor.

PSN is Biocompatible Without Hemolysis
and Tissue Damage

The results of the haemolytic assay showed no haemolysis in the
PSN group, with all red blood cells sinking and the upper layer
being a slightly cloudy yellow solution. In contrast, the distilled
water group showed haemolysis and the solution was red (Figure
S§5). After 15 days of PSN treatment (5 mg/kg, qod, 8 time), all

TABLE 2 | The cytotoxicity, efficacy, and therapeutic index of liposomal nanoparticles.

CC50 (ug/mL) EC50 (ug/mL) I
pHBV1.3-HepG2 338.95 + 5.48 319+ 0.02 121.10
HepG2.2.15 45011 +13.96 2.80 + 0.26 160.81
HepG2-N6 273.34 +12.01 3.06 + 0.02 97.66
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independent experiments. ***P < 0.001, ***P < 0.0001.

mice were anaesthetized and dissected, and pathological sections
were taken from liver, lung, heart, kidney, spleen and brain
tissues for HE staining. During modeling and administration, the
mental status and body weight of the mice did not fluctuate
apparently (Figure S6). The hepatocytes in the blank control
group were normal in structure, with the nucleus in the centre of
the cell and normal in size (left side of Figure 8A). The liver
tissue of the mice in the hepatitis B model group was diffusely
edema, the liver cells were obviously enlarged with indistinct
boundaries, and there were a large number of vacuoles (middle of
Figure 8A). The hepatocytes in the PSN group had clear borders
and no evident pathological changes were observed (right side of
Figure 8A). The rest of the tissues in the hepatitis B model group
and the PSN groups showed no abnormalities (Figures 8B-F).

PSN Reduces the Hepatitis B Viral

Load In Vivo

After successful modelling, the experimental group was given PSN
intervention for 15 days, while a model control group and a blank
control group were set up and given an equal volume of saline. After
15 days of treatment, a high copy of HBV DNA could be detected in

the hepatitis B model group at a concentration of (49.13 + 2.68)x10°
IU/mL. In the PSN group, the level of HBV DNA was lower than
that in the hepatitis B model group, at (37.13 + 3.35)x10° IU/mL
(Figure 9A), with an inhibition rate of 24.43%. The relative
expression of cccDNA was also lower in the PSN group
compared to the hepatitis B model group (Figure 9B), and the
inhibition rate of cccDNA by PSN was 28.93%. After PSN
intervention, the expression of HBeAg decreased from (117.97 +
38.14) PEI U/mL to (52.56 + 17.55) PEI U/mL and the expression of
HBsAg decreased from (112.38 + 37.61) IU/mL to (68.79 + 28.90)
IU/mL with statistically significant difference (Figures 9C, D), and
the inhibition rates of PSN on HBeAg and HBsAg were 55.45% and
38.79%, respectively.

PSN Reduces the Levels of

Transaminases and Cytokines in Vivo

After 15 days of PSN treatment, the expression of ALT and AST
were lower than those in the hepatitis B model group and close to
those in the blank control group (Figure 10A). The mRNA
expression of cytokines IFN-o, TNF-o. and IL-6 was significantly
reduced after PSN treatment, which appeared to be closer to the
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levels of the control group (Figure S7). Compared with the
model group, the protein expression of IL-6 and IFN-ca in the
serum of mice in the PSN group decreased, among which IL-6
decreased with statistical difference (P < 0.01), while the
expression level of TNF-a appeared to be relatively low among
the three groups (Figure 10B).

PSN Targets Liver Tissue In Vivo

After 1 h of injection of PSN-Cy7 and SN-Cy?7, in vivo imaging of
mice revealed that the fluorescence in the PSN group was
concentrated in the liver and gastrointestinal tract, while in the
SN group was concentrated in the gastrointestinal tract with only
weak fluorescence in the liver (Figures 11A, B). After 3 h of
injection, the fluorescence in the PSN group was concentrated in
the gastrointestinal tract, while some mice in the control group
only had fluorescence in the gastrointestinal tract or even no
fluorescence in the body (Figures 11C, D).

DISCUSSION

The HBV genome is a 3.2 kb partial double-stranded circular
DNA that can be transcribed into 3.5, 2.4, 2.1, and 0.7 kb viral
transcripts containing four open reading frames (S, C, P, and X,
respectively) (25). All HBV transcripts are encoded in an
overlapping reading format with the same polyadenylation
signal (PAS) and a shared 3’ terminus (26). Among them, the
gene X encodes HBx, which is a 17 kDa protein. In addition to
acting as a trans-activating transcription factor for oncogenes, it
is also a protein necessary for virus replication. It initiates and
maintains the transcription of cccDNA template, which has an
impact on apoptosis and metabolism. These effects may lead to
chronic HBV infection (27, 28). And as the HBx sequence is

expressed in all four viral mRNAs, it appears to be an attractive
target for anti-HBV siRNA development (25). In contrast,
several studies have shown that not only viral mRNA
expression but also HBV replication were inhibited in cultured
cells and in mice by using siRNAs targeting the P, S, C, and X
genes (29-32). We tested siRNAs targeting different genes of
HBV by cellular assays, siRNA-X showed the best inhibitory
effect on HBV (Figure 3). Therefore, we chose to construct
targeting nanoparticles on the basis of siRNA-X. The liposomal
nanoparticles have the characteristics of safety, stability,
efficiency, ease of targeting modifications, and the possibility of
long circulation, which make them ideal as carriers for the
delivery of gene drugs in vivo. Two kinds of siRNA drugs are
currently on the market, Onpattro (patisiran) (33) and Givlaari
(givosiran) (34), both encapsulated in liposomes, the former
targeting transthyretin (TTR) as an injectable treatment for
hereditary transforming amyloidosis (hATTR) (35), and the
latter targeting a neurotoxic intermediate (ALAS1) for the
treatment of acute hepatic porphyria (36). In view of this, and
based on the important role that the PreS1 protein plays in HBV
infection, PEG was used in this study to improve the stability of
liposomes, and PreS/2-21 was added to the liposome surface to
achieve active targeting, ie., to reduce drug accumulation in
normal tissues and increase drug concentrations in liver tissue.
In this study, PreS/2-21 modified siRNA nanoparticles were
investigated in vivo and in vitro experiments, and were validated
in terms of safety, targeting and antiviral effects, all of which
achieved the expected results and were consistent with theory. In
addition, PN only blocking extracellular HBV entry and SN only
inhibiting intracellular HBV replication were designed as
controls. Compared with PN and SN, PSN inhibited pgRNA,
HBxAg, and HBeAg with significantly increased efficiency,
indicating that nanoparticles modified with PreS/2-21
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FIGURE 8 | HE staining of mice's tissue sections in control, HBV model, and PSN groups (x200). (A-F) Liver, kidney, lung, heart, spleen, and brain tissue in sequence.

specifically inhibit viral infection through competitive binding;
while the nanoparticles loaded with siRNA specifically inhibit
intracellular viral replication. The nanoparticles with the
modification of PreS/2-21 on the surface, along with internal
loading of siRNA, showed the highest anti-HBV activity. Such a
combination design is quite beneficial to improve the drug effect.
Also, PreS/2-21 has been proven to be an excellent HBV entry
inhibitor, which can effectively inhibit HBV infection of cells
(37). In this study, PreS/2-21 was coupled to the surface of
nanoparticles, hoping that it would confer targeting ability to
hepatocytes while also preventing HBV infection. NTCP is a
receptor protein for HBV infection that is extensively expressed
on the surface of hepatocytes. We confirmed that the NTCP
receptor was abundantly expressed on the surface of HepG2-N6
cells by fluorescent antibody labeling, flow cytometry and

western blot, and that PSN could compete with anti-NTCP-
FITC antibody to bind NTCP receptor, initially confirming the
targeting of NTCP by PSN. The siRNA in the nanoparticles was
subsequently labelled with the fluorescent dye of Cy3 and
detected by fluorescence microscopy and flow cytometry,
demonstrating that PSN-Cy3 could be enriched in HepG2-N6
cells, while the fluorescent signal was weak in HepG2 cells and
Hela cells with low NTCP expression, indicating that PSN has a
strong targeting ability. Cytotoxicity assays further confirm that
PSN specifically inhibits only viral replication, with TIs
approaching or exceeding 100, without causing cytolysis and
significant changes in cytokines, all of which indicate a high
safety for PSN. In addition, the particle size of PSN does not
change significantly with the addition of serum or temporarily
storage, and PSN retains more than 60% of cellular activity even
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after one month of storage, indicating that PSN is stable and has
excellent drug-forming properties.

Based on the in vitro experiments, this study further
investigated the safety and efficacy of PSN through in vivo
experiments. The hepatitis B model mice were successfully
constructed and treated with PSN for 15 days, during which
time the mental status and body weight of the mice did not
change appreciably. The results of HE staining of the heart, liver,
spleen, kidney, brain and lung sections from the PSN-treated
mice showed that PSN intervention could improve liver injury in
HBV-infected mice without other organ damage, which
indicated that the efficacy and safety of PSN were not in doubt.
For the antiviral effect of PSN, we found that the levels of HBV
DNA, HBeAg and HBsAg in the PSN-treated hepatitis B mice
group were significantly lower than those in the model group,
which is consistent with the results of related studies that siRNA
can significantly reduce the levels of HBeAg and HBsAg in vivo
(7, 38). Furthermore, we discovered that PSN lowered ALT and
AST levels in hepatitis B mice, confirming the antiviral action of
PSN in vivo and improving liver function to some extent. The
mice were then administered targeted PSN and non-targeted SN
interventions and performed in vivo imaging after 1 and 3 h of
the intervention in both groups. Thus, it was confirmed that PSN
is equally liver tissue-targeting in vivo.

It is clear that the safety, targeting and anti-HBV efficacy of
PSN have been validated and confirmed by in vitro and in vivo
trials, which provides new ideas for the development of hepatitis
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FIGURE 9 | Inhibition of HBV by PSN in mice. (A-D) qPCR or ELISA tests for the expression of HBV DNA, cccDNA, HBeAg and HBsAg in mice's serum. Data are
representative of three independent experiments with n = 8 mice per group. *P < 0.05, *P < 0.01.

B drugs and offers hope for the eradication of hepatitis B. This is
the significance of this study. The two therapeutic agents
currently approved for the treatment of CHB in adults are
interferon-alpha (Peg-IFNo) and NAs: nucleosides
(lamivudine, telbivudine, and entecavir) and nucleotides
(adefovir and tenofovir). Although NAs are well tolerated and
can suppress viral replication to undetectable levels, the long-
term treatment required to maintain viralogical control
frequently leads to drug resistance or serious side effects such
as nephrotoxicity, reduced bone mass, or bone marrow failure.
Although Peg-IFNa: has a high probability of clearing HBsAg, it
has restricted by expensive cost, a slew of adverse effects, or low
response rates (39). The combination of Peg-IFNo. and NAs
improves functional cure rates, but it is only appropriate for a
limited proportion of patients (40). The PSN is modified on the
basis of RNA interference, and siRNA is encapsulated by
liposomal nanoparticles coupled with PreS/2-21 to boost its
stability and targetability. PreS/2-21 inhibits viral infection
outside hepatocytes by blocking receptors, and RNAi inhibits
viral replication in hepatocytes by mediating gene silencing.
Thus, PSN has the advantages of siRNA antiviral agent, which
reduces all measurable viral products as well as actively targets
the hepatocyte NTCP receptor. Therefore, PSN is a drug with
great potential for the treatment of hepatitis B.

Of course, the present study has certain limitations due to
time restriction. On the one hand, we only selected one siRNA as
the encapsulated drug for research in vitro and in vivo, and the
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experimental results showed that the encapsulated drug played a
crucial role in inhibiting HBV, but the encapsulated drug was not
limited to just one, which suggested that we could select multiple
gene therapeutic drugs and co-package them in liposomal
nanoparticles to play a combined role but without interaction,
thereby improving the inhibitory effect on HBV and contributing
to the cure of acute and chronic hepatitis B. On the other hand,
the NTCP receptor discoverer Li (41) further found that the
mouse NTCP (mNTCP) was unable to support HBV infection,
however, it can bind to pre-S1 of HBV L protein and is functional
in transporting substrate taurocholate. When mNTCP residues
84 to 87 were substituted by human counterparts, mNTCP can
effectively support viral infections, suggesting that 84-87 aa
residues are determinants of NTCP’s function as an HBV entry
receptor (41). Although the reason why mNTCP does not
support HBV infection remains to be further elucidated,
mNTCP supports the specific binding of the pre-S1 lipopeptide
on the cell surface, despite the binding ability of mNTCP to the
pre-S1 region appears to be weaker than that of hNTCP. From
this point of view, the in vivo targeting experiment in mice we
designed is theoretically feasible. HBV binding to mNTCP may
be insufficient and additional molecules or mechanisms are
required to trigger the following early infection process (42).
The fact that the liposome fuses with the cell membrane to
deliver the drug into the cell compensates for the above
deficiency, so PSN theoretically has the ability to mimic early
infection. Importantly, the results in Figures 8A and 11A are

FIGURE 11 | Fluorescence distribution of live and in vivo mice tissues. (A, B). Fluorescence distribution of 1 h in vivo imaging of mice after PSN-Cy7 and SN-Cy7
injection respectively; (C, D). Fluorescence distribution of 3 h in vivo imaging of mice after PSN-Cy7 and SN-Cy7 injection respectively.

consistent with theory, showing that PSN indeed targets and
enters mouse hepatocytes to exert inhibitory activity.
Admittedly, the AAV-HBV-mouse model is not a natural
infection process, whether it can form true cccDNA was still
controversial. It is necessary to further study on the inhibitory
effect of PSN on HBV through the natural infection model of
hepatitis B virus constructed by human hepatocyte chimeric
mice. In conclusion, PreS/2-21-directed nanoparticles loaded
with HBV gene therapy drugs are expected to be promising for
the treatment of CHB.

CONCLUSION

SiRNA nanoparticles guided by PreS/2-21 can target and inhibit the
infection and replication of hepatitis B virus, which has been
confirmed at the level of animal experiments. Compared with the
conventional drugs used in clinical practice, it shows obvious
advantages.This study also provides a new idea for the treatment
of chronic hepatitis B.
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Background: Autophagy has been proven to play an important role in the pathogenesis
of asthma and the regulation of the airway epithelial immune microenvironment. However,
a systematic analysis of the clinical importance of autophagy-related genes (ARGs)
regulating the immune microenvironment in patients with asthma remains lacking.

Methods: Clustering based on the k-means unsupervised clustering method was
performed to identify autophagy-related subtypes in asthma. ARG-related diagnostic
markers in low-autophagy subtypes were screened, the infiltration of immune cells in the
airway epithelium was evaluated by the CIBERSORT, and the correlation between
diagnostic markers and infiltrating immune cells was analyzed. On the basis of the
expression of ARGs and combined with asthma control, a risk prediction model was
established and verified by experiments.

Results: A total of 66 differentially expressed ARGs and 2 subtypes were identified
between mild to moderate and severe asthma. Significant differences were observed in
asthma control and FEV1 reversibility between the two subtypes, and the low-autophagy
subtype was closely associated with severe asthma, energy metabolism, and hormone
metabolism. The autophagy gene SERPINB10 was identified as a diagnostic marker and
was related to the infiltration of immune cells, such as activated mast cells and neutrophils.
Combined with asthma control, a risk prediction model was constructed, the expression
of five risk genes was supported by animal experiments, was established for ARGs related
to the prediction model.

Conclusion: Autophagy plays a crucial role in the diversity and complexity of the asthma
immune microenvironment and has clinical value in treatment response and prognosis.

Keywords: autophagy-related genes, asthma, immune cell, prognosis, diagnostic model
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INTRODUCTION

Asthmaisa chronicairway inflammatory disease involving a variety
of cells and cellular components. At least 300 million patients have
asthma worldwide, and the incidence is increasing yearly (1).
Current studies showed that the Th1/Th2-mediated immune
imbalance is the main mechanism of asthmatic airway
inflammatory response (2), and a variety of immune cells are
involved in the course of asthma. In addition, the Global Initiative
for Asthma (2021) updated the definition of severe asthma. This
group accounts for about 10% of the total number of patients but
accounts for 60% of the expenditure on asthma medicine (3-5).
Therefore, effective assessment tools are urgently needed for the
early identification and management of this population to prevent
the transition from mild to moderate asthma to severe asthma and
develop drugs for severe, uncontrolled asthma (6).

Autophagy, also known as cell self-digestion, is a process in
which the body relies on lysosomes to degrade excessive proteins
and aging and damaged organelles for the recycling of body
substances and maintenance of the balance of cell metabolism
and homeostasis. A growing number of studies showed a close
relationship between autophagy and asthma (7). For example,
autophagy is a cellular mechanism of TGFf1-dependent airway
remodeling and loss of lung function in patients with asthma, and
the single nucleotide polymorphism rs12212740 of autophagy-
related gene 5 (ATG5) is significantly associated with lung
function and airway remodeling in patients with asthma (8). In
addition, in asthma, the regulation of immune cells by autophagy is
extensive (9). Clinical studies showed that the autophagy marker
LC3-1Iis highly expressed in neutrophils, T lymphocytes in sputum
and neutrophils, and eosinophils and monocytes in the peripheral
blood of patients with asthma, and the expression levels of
autophagy pathway-related proteins Beclin-1, LC3B, and ATG5
are significantly increased in lung eosinophils compared with the
control group (10-12). The dendritic cell-specific knockout of
ATGS5 can reduce the expression of cytokines (e.g., IL-6, TNF,
and IL-1B) and aggravate the pulmonary inflammatory response in
bronchial asthma mouse models (13). Although current studies
preliminarily reported the role of autophagy and its related genes in
the occurrence and development of asthma, most studies focused on
specific ARGs and did not comprehensively analyze ARGs in
combination with the clinical prognosis and immune imbalance
of asthma. In order to clarify the relationship among autophagy,
immune cells and asthma, and how these biological processes affect
the progression and prognosis of asthma, in this study, based on a
group of transcriptome data sets of airway epithelium of patients
with asthma, we conducted a comprehensive analysis of ARGs to
explore the diagnostic and prognostic value of ARGs in patients
with asthma, and the accuracy of the diagnostic model was further
verified by an asthma animal model.

MATERIALS AND METHODS

Data Source
We downloaded the asthma microarray data set GSE89809,
including airway epithelial samples from 27 patients with mild to

moderate asthma and 11 patients with severe asthma (14), from the
GEO (https://www.ncbi.nlm.nih.gov/geo/) database from
GPL13158 (Affymetrix HT HG-U133+ PM Array Plate). Raw
data were background corrected and normalized by the RMA
algorithm. Differentially expressed genes (DEGs) were screened
using the “limma” software package (15), and P < 0.05 and |
log2FC| > 0.585 were considered to indicate significant differences.
ARGs were extracted from the Human Autophagy Database (http://
www.autophagy.lu/index.html) and the GO_AUTOPHAGY gene
set in the Gene Set Enrichment Analysis (GSEA) website (http://
software.broadinstitute.org/gsea/index.jsp). In accordance with Ref.,
these two gene sets were merged into one ARG set (16).

Classification and Functional Enrichment
Analysis of ARG-Related Subtypes

in Asthma

The unsupervised cluster analysis was performed to identify
different subtypes on the basis of the differences in ARG
expression in asthma (17, 18). A consensus clustering algorithm
was used to evaluate cluster numbers and robustness. The R
package “ConsensuClusterPlus” implemented the above steps for
1000 iterations to guarantee the robustness of classification (19).
The protein-protein interaction (PPI) network was obtained from
the STRING database (https:/string-db.org/), and the MCODE
was performed using the Metascape (http://metascape.org/gp/
index.html#/main/stepl) platform. We used the “clusterProfiler”
and “ggplot2” packages to perform Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses, respectively, on DEGs (20, 21). GSEA was performed on
the gene expression matrix through the “clusterProfiler” package,
and the “c2.cp.kegg.v7.0.symbols.gmt” was selected as the reference
gene set. Genes associated with specific subtypes were identified by
the weighted gene co-expression network analysis (WGCNA) by
using the R package “WGCNA” (22). The topological overlap
matrix (TOM) and the corresponding dissimilarity (1 — TOM)
were transformed from the adjacency matrix. A hierarchical
clustering dendrogram was further built, and similar gene
expressions were divided into different modules. Finally, the
expression profiles of each module were summarized by the
module eigengene (ME), and the correlation between the ME
and clinical features was determined.

Relationship Between the Screening and
Validation of ARG-Related Diagnostic
Markers and Immune Cell Infiltration

We used the least absolute shrinkage and selection operator
(LASSO) logistic regression and the support vector machine—
recursive feature elimination (SVM-RFE) to perform feature
selection and screen diagnostic markers for asthma (23, 24). The
LASSO algorithm was applied with the “glmnet” package (25). The
SVM module was established to further identify the diagnostic
value of these biomarkers in asthma by the “e1071” package (26).
Subsequently, the degree of immune cell infiltration in the airway
epithelium was assessed. The CIBERSORT algorithm is an
excellent tool used to calculate the abundance of specific cells in
the mixture matrix (27). The “Corrplot” software package was
further used to draw relevant heatmaps and show the correlation
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of 22 types of infiltrating immune cells (28), and the differences in
infiltrating immune cells between groups were illustrated by the
“ggplot2” package violin plot. Finally, the Spearman correlation
analysis of diagnostic markers and infiltrating immune cells was
performed using the “ggstatsplot” package, and results were
visualized using the “ggplot2” package (29).

Construction of a Risk Signature
Associated With Asthma Control

Univariate Cox regression models were used to select genes
associated with asthma control. P < 0.05 was considered
statistically significant. The LASSO regression was used to
screen out the optimal gene combination and construct the
risk characteristics, and the regression coefficient was linearly
combined with the gene expression level to establish the risk
characteristics. The risk score was calculated as follows: Risk
score = (exprgenel x Coefgenel) + (exprgene2 x Coefgene2) +
... + (exprgenen x Coefgenen) (30). Patients with asthma were
divided into low- and high-risk groups in accordance with the
median risk score. The Kruskal test was used to compare the
infiltrating immune cell abundance score and immune response
score in the two risk models.

Gene Expression Regulation of Prognostic
Genes, Autophagy-Related Diagnostic
Markers, and Predictive Models

The transcriptional regulatory networks of prognosis-related
genes were predicted from the ChEA3 database (https://
maayanlab.cloud/chea3/). The database integrated ENCODE;
ReMap; some independently published CHIP-seq data; and
transcription factor co-expression data from GTEx, TCGA,
and ARCHS4 RNA-seq data (31). The target miRNA was first
predicted using the starBase (http://starbase.sysu.edu.cn/)
database to predict the regulation of target genes by noncoding
RNAs, and prediction results included the analysis of RNA22,
miRanda, and TargetScan (32). Then, the target IncRNA of
miRNA was predicted using the miRNet2.0 database (www.
mirnet.ca/miRNet/home.xhtml) and starBase. Finally, the
ceRNA network was established (33, 34).

Identification of Small Molecular
Therapeutic Agents

The Broad Institutes Connectivity Map (cMAP) database
(https://portals.broadinstitute.org/cmap) was used for the
identification of small candidate molecules related to asthma
(35). For the identification of small candidate chemical
molecules, DEGs (log2FC > 0.585) were introduced into the
cMAP database for GSEA. The PubChem (https://pubchem.ncbi.
nml.gov) was used for the extraction of detailed information and
3D confirmation of the established small molecules. Then,
molecular docking experiments were carried out, and the
crystal structures of key targets were retrieved from the human
(Human) database in the PDB (https://www.rcsb.org/) database.
AutoDockTool software was used to dewater and hydrogenate
the receptor protein, and Discovery Studio 4.5.0 software was
used to perform molecular docking between small drug
molecules and target proteins. A negative value indicates free

binding. In this study, binding energy value less than - 5
kcal/mol (20.9 kj/mol) was set as significant binding.

Animal Experiment

BALB/c mice (female, 17-20 g, 6-8 weeks old) were obtained
from Beijing Vital River Laboratory Animal Technology Co., Ltd
in China. All animal studies were conducted in accordance with
the institutional animal care regulations of Beijing University of
Chinese Medicine and were conducted in accordance with
AAALAC and TACUC guidelines. Keeping mice in specific
pathogen-free conditions in Beijing University of Chinese
Medicine. All mice were kept at a controlled room (25 + 1°C,
45-60% humidity). The allergic asthma model of mice was
established by OVA sensitization and atomization inhalation
stimulation. Briefly, mice were intraperitoneally injected with 2
mg of OVA (Sigma-Aldrich, Cat#A5503) mixed with 2 mg
ImjectTMAlum Adjuvant (Invitrogen, Cat#77161) and PBS on
day 0 and day 14. The challenge phase was from the 21st day to
the 25th day after injection, and the mice were atomized with 1%
OVA for 30 minutes. Then, the animals were killed, and part of
the lung tissue was taken and placed in 4% paraformaldehyde
fixed solution for the preparation of histopathological sections.
The remaining lung tissues were washed with PBS and stored in -
80°C refrigerator for reverse transcription quantitative real-time
polymerase chain reaction (RT - qPCR).

Immunohistochemical Analysis

Rabbit anti-PTK6 polyclonal antibody (abs117941), rabbit anti-
MAP2K?7 polyclonal antibody (abs136429) and rabbit anti-CD46
polyclonal antibody (abs136051) were purchased from Aibixin
Biotechnology Co., Ltd. (Shanghai, China). Horseradish
peroxidase-labeled goat anti-rabbit IgG antibodies (GB23303)
were purchased from Wuhan Servicebio Technology Co., Ltd.
After being dewaxed, the lung slices were subjected to antigen
recovery with citrate buffer under microwave heating. The slices
were cooled down to room temperature and then sealed with 3%
bovine serum albumin (BSA) for 30min and were incubated
overnight with primary antibody at 4°C. The primary antibodies
used were rabbit anti-PTK6 antibody (diluted 1:200), rabbit anti-
MAP2K7 antibody (diluted 1:200), and rabbit anti-CD46
antibody (diluted 1:200). The slices were then washed with
PBS and incubated with goat anti-rabbit secondary antibody
(diluted 1:200) at 37°C for 50 min. After being rinsed with PBS,
the slices were visualized with diaminobenzidine and
counterstained with hematoxylin.

Quantitative Real-Time Polymerase

Chain Reaction

mRNA was extracted from the lung tissue using a universal RT-PCR
Kit (Solarbio Science & Technology Co., Ltd., Shanghai, China)
following the manufacturer’s instructions. Samples were treated
with DNase and then purified using an RNeasy kit (Qiagen,
Hilden, Germany). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as internal reference. PCR primer sequences
included the following: ACBDS5: forward primer: 5-TCGC
AGGCGAAATTATCTTTG-3’; reverse primer: 5-GTGCC
AACCACTGAGCAATAA-3’, S100A9: forward primer: 5’-
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CATAAATGACATCATGGAGGACC-3’; reverse primer: 5-TT
GCCATCAGCATCATACACTC-3’, CD46: forward primer: 5-T
GGAAGGCAGTAGCATGGTGAT-3’ reverse primer: 5-GAGG
CTTGGTAGGATGAGTAGGC-3’, MAP2K7: forward primer: 5-
CAATGACTTGGAGAACTTGGGTG-3’; reverse primer: 5-CGC
CGCATTTGCTTAACAG-3’, PTK6: forward primer: 5-C
TGCGTGACTCTGATGAGAAAGC-3’; reverse primer: 5-AG
GTCACGGTGGATGTAATTCTG-3’, GAPDH: forward primer:
5-CCTCGTCCCGTAGACAAAATG-3’; reverse primer: 5-TGA
GGTCAATGAAGGGGTCGT-3".

Statistical Analysis

Data were shown as mean + standard deviation (SD). The
differences between the two groups were evaluated by
independent sample t-test and nonparametric test. A P < 0.05
was considered statistically significant. Statistical analyses and
figures were obtained using IBM SPSS Statistics 23.0 (IBM SPSS
Software, NY, USA) and GraphPad Prism Version 8.0
(GraphPad Software, San Diego, CA, USA).

RESULTS

Landscape of ARGs Between Mild to
Moderate and Severe Asthma Samples

The study involved 531 ARGs. A total of 66 differentially expressed
ARGs were observed in mild to moderate and severe asthma.
Among these ARGs, SERPINB10 and ATGY9B had the highest
degree of difference (P < 0.001, Figure 1A). These ARGs had a PPI
network (Figure S1A), and the MCODE analysis showed that this
network had a key module (Figure S1B). Co-expression
relationships were explored for 21 differentially expressed ARGs
at P < 0.01, and a close correlation between genes was found
(Figure 1B). These findings suggested that ARGs were involved in
the disease process of asthma and might be related to the evolution
of clinical symptoms or course of disease.

Differentially Expressed ARGs Between
Mild to Moderate and Severe Asthma
Divided Asthma Into Two Subtypes

To investigate the role of ARGs in asthma, we performed the
unsupervised consensus cluster analysis on asthma samples
based on the expression of 66 ARGs in combination with
clinical data (Figures 1C and 2A, B). Differences in the
expression of 14 ARGs were observed in the two different
asthma subtypes (C1 and C2), and the expression of ARGs was
downregulated in Cl-subtype samples, which were the low-
autophagy subtype. The analysis of relevant clinical features
showed a significant difference in the use of ICS between
patients with C1 and C2 subtypes (P < 0.05). The C1 subtype
was higher than the C2 subtype, suggesting the presence of
glucocorticoid resistance, and patients with the C1 subtype had
more severe symptoms than patients with the C2 subtype
(Figure 2C). Other key clinical indicators also supported this
result. The asthma control questionnaire (ACQ) is the most
widely used standardized questionnaire for asthma control and

can evaluate the control degree of patients stably and effectively
(36-38). The FEV1 reversibility is a marker of airway hyper-
responsiveness (AHR) and has traditionally been considered
positively correlated with the severity of asthma (39, 40). A
combined analysis of two key indicators, i.e., ACQ control and
FEV1 reversibility, found that patients with the C1 subtype had
higher FEV1 reversibility and more severe poor asthma control
than those with the C2 subtype (Figure 2D). Even at the same
level of FEV1 reversibility, patients with the C1 subtype had
lower asthma control than those with the C2 subtype (P =0.011).
These results suggested that ARGs were involved in the disease
exacerbation process of asthma, associated with clinical
outcomes, and had a good classification function.

Biological Characteristics of the C1 Subtype
To explore the biological characteristics of the C1 subtype, we
performed GO analysis on the DEGs of C1 subtype. Results showed
that the generation of precursor metabolites and energy, hormone
metabolic process, and cilium assembly were the main biological
processes; ribosomes and mitochondria were the key cell
components; and oxidoreductase activity was the main molecular
function (Figure S1C). The KEGG analysis revealed that
neurodegeneration, amino acid metabolism, and energy
metabolism were core pathways in this group (Figure 2E). GSEA
showed the difference of main signal pathways between C1 and C2
subtypes (Figures 2F, G), in which the C1 subtype was
predominantly enriched in complement and coagulation
cascades, hematopoietic cell lineage, and other pathways. We
further constructed the WGCNA network and explored
biomarkers in Cl-subtype samples on the basis of clinical
features. Gene modules were detected on the basis of the TOM,
and 28 modules were detected (Figures 3A, B). Further analysis of
the relationship between modules and clinical features showed that
MEdarkslateblue modules had the highest correlation with asthma
control (COR = 0.58, P = 0.02). Therefore, the MEdarkslateblue
module was selected for subsequent analysis. GO analysis showed
that the characteristic genes in the module were involved in the Wnt
signaling pathway, positive regulation of nitric oxide biosynthetic
process, and extracellular matrix organization, which were closely
related to AHR and airway remodeling in asthma (Figure 3C) (41).
Genes within the same cluster often shared common transcription
factors, and we predicted and analyzed the transcription factors of
genes in the MEdarkslateblue module and visualized the mutual
regulatory relationships between the top 10 transcription factors in
Mean Rank (Figure 3D). The association of these transcription
factors with asthma was demonstrated. For example, histone
deacetylase 4 can mediate KLF5 deacetylation to upregulate
CXCL12, leading to airway remodeling and promoting the
progression of asthma (42).

Correlation of Differentially Expressed
ARGs Between Subtypes and

Immune Cells

Based on the DEGs between C1 and C2 subtypes, we identified
12 genes as diagnostic markers for asthma by using the LASSO
logistic regression algorithm (Figure 4A). Two genes were
identified as diagnostic markers for asthma by using the SVM-
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FIGURE 1 | Expression of autophagy-related genes (ARGs) in asthma. (A) 66 differentially expressed ARGs between mild to moderate and severe asthma. *P <
0.05, P < 0.01, **P < 0.001. (B) Co-expression network of 22 ARGs. (C) Consensus clustering cumulative distribution function (CDF) for k = 2-9.
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RFE algorithm (Figure 4B). The genetic markers obtained by
the two algorithms overlapped to obtain SERPINBI10 as the
diagnostic gene. The expression of SERPINBI10, an ARG, in
the Cl subtype was significantly lower than that in the C2
subtype (P < 0.01, Figure 4C). To assess the immune
landscapes of C1 and C2 subtypes, we quantified the level of
immune cell infiltration, and the ratios and differences of 22
types of immune cell infiltration between the two subtypes were
presented as heatmaps and histograms (Figures 4D and S1D).
The violin diagram of differences in immune cell infiltration
showed that compared with the C2 subtype, the C1 subtype had
less CD8" T cell, resting dendritic cell, and resting mast cell
infiltrations and more activated mast cell and neutrophil
infiltrations (P < 0.05, Figure 4E). A strong correlation was

also observed between several types of immune cells closely
associated with asthma. CD8" T cells was significantly
negatively correlated with activated mast cells and MO
macrophages, whereas activated mast cells were significantly
positively correlated with eosinophils and M2 macrophages
(Figure 5A). The correlation analysis between SERPINB10 and
immune cells showed that SERPINB10 was positively correlated
with CD8" T cells (R = 0.34, P = 0.036), T follicular helper cells
(R =0.35, P = 0.03), resting dendritic cells (R = 0.5, P = 0.0013),
resting mast cells (R = 0.53, P = 7e—0) and negatively correlated
with activated mast cells (R = —0.36, P = 0.028) and neutrophils
(R = -0.46, P = 0.0035; Figure 5B). Finally, to explore the gene
expression regulatory network of SERPINBI0, a key ARG, we
explored the ceRNA mechanism of SERPINB10 and constructed a
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ceRNA network including 38 IncRNAs and 2 miRNAs
(Figure 5C). The ERPINBIO gene is regulated by miR-876-5p
and miR-2681-3p, and the downregulation of miR-876-5p and
miR-2681-3p may lead to the upregulation of SERPINBIO gene
in asthma.

Prognostic Model Classification,
Immunological Characteristics, and Drug
Prediction Based on Asthma Control

We analyzed ARGs and clinical data and found 61 ARGs
associated with asthma control (Figure 6A). The LASSO Cox

regression analysis was performed on ARGs, and a prediction
model consisting of five ARGs (ie., ACBD5, S100A9, CD46,
MAP2K7, and PTK6) was further obtained (Figure 6B). The
risk score for each patient was calculated as follows: Risk score =
(—0.539 x ACBDS5 expression level) + (0.016 x SI00A9 expression
level) + (-0.152 x CD46 expression level) + (0.934 x MAP2K7
expression level) + (0.182 x PTKG6 expression level). Patients were
divided into high- and low-risk groups on the basis of the median
cutoft score. PCA based on genomic expression data showed
significant distribution differences between the two groups
(Figure S1E). We found that with increased FEV1 reversibility,
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the level of asthma control decreased gradually. In addition, poor
asthma control was more common in the high-risk group than in
the low-risk group. At the same level of FEV1 reversibility, the
high-risk group was more likely to be poorly controlled than the
low-risk group (Figure 6C). This result suggested that risk models
based on ARGs could be used as a promising indicator for
assessing the control status of patients with asthma. To
understand the differences of immune microenvironment
characteristics among different risk groups mediated by ARGs,
we used ssGSEA to analyze their immune function and immune
cell abundance. The high-risk group had higher T cell co-
inhibition and lower degrees of immune responses, such as
types I and II IFN responses, than the low-risk group, but no

statistical difference was observed between the two groups
(Figure 6D). The immune cell infiltration analysis showed that
the high-risk group had a higher degree of B-cell, pDC, and Tth
infiltrations than the low-risk group (Figure 6E). These cells were
closely related to the occurrence and development of asthma, and
the difference was statistically significant (P < 0.05). These findings
confirmed the risk-predictive value of predictive models from an
immunological perspective. The results of animal experiments
were the same as those of the prediction model. ACBD5 and CD46
mRNA were down-regulated in asthmatic mice, while S100A9,
MAP2K7 and PTK6 mRNA were up-regulated in asthmatic
mice (Figure 7A). There was a statistically significant difference
in CD46, MAP2K7 and PTK6 (P < 0.05). Further
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immunohistochemical staining showed that compared with
normal mice, CD46 was low expressed in the airway epithelium
of asthmatic mice, while MAP2K7 and PTK6 were highly
expressed (Figure 7B). The analysis of the ceRNA mechanism
of the five risk genes in the model showed that S100A9, CD46,
miR-328-3p, miR-20a-5p, NEAT1, MALAT1, and XIST occupied
an important position and were closely associated with autophagy
(Figure 7C). For example, miR-20a-5p, which is associated with
CD46, is involved in autophagy-induced apoptosis and
inflammation in asthma (43), but long-chain noncoding RNA
can be used as “molecular sponge” of miR-20a-5p to participate in
the regulation of target gene expression (44). Evidence showed

that MALAT1 and XIST are involved in the process of autophagy
of immune cells (45). Finally, eight potentially important small
molecules targeting asthma were screened by the cMAP database,
and seven of them had significant correlation with TBXA2R.
These molecules were carbacylin, dinoprostone, fluprostenol,
GR-32191, iloprost, picotamide, and U-46619, which were
considered as PPAR, prostanoid, and thromboxane receptor
agonists (Figure 7D). Carbacyclin, dinoprostone, fluprostenol,
and iloprost were molecularly docked with TBXA2R to confirm
their binding ability. Results showed that the affinity between
them was all less than —5.0 kcal/mol. Their molecular docking
patterns are shown in Figures 7E-H. Small molecules with high
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affinity might reverse or induce the biological state encoded by
specific gene expression markers, thereby playing a potential
therapeutic role in asthma.

DISCUSSION

Different types of asthma are caused by many different triggers.
Th2-driven asthma is the most common and is typically
characterized by elevated levels of type 2 inflammatory
biomarkers, including type 2 cytokines (e.g., IL-4, IL-5, and IL-
13), serum IgE, and blood eosinophils (6). However, these
diagnostic markers are not specific. At present, the monoclonal
antibodies approved for severe asthma have generally developed
glucocorticoid resistance in patients with severe asthma, and the
standard ICS-LABA treatment can no longer maintain control.
In addition, monoclonal antibody drugs are often targeted for
IgE or type 2 cytokines and their receptors but not for patients
without allergy and noneosinophil phenotypes (3). Therefore, it
is naturally inclined to poorly controlled severe asthma, and its
clinical diagnosis and treatment are faced with severe challenges.
Patients with severe asthma tendency should be identified early,

and their evolution from mild and moderate to severe should
be prevented.

The involvement of autophagy in the evolution of severe
asthma has been widely explored. Studies focused on various
immune cells involved in the process of asthma. Clinical
observations show that NLRP3-mediated inflammatory
response caused by circulating and pulmonary monocytes is a
key driver of the pathogenesis of asthma. In the autophagy
inhibition asthma model, NLRP3 induces monocyte activation.
Autophagy inhibits NLRP3-induced monocyte activation in the
asthma model. With the impaired autophagy level in circulating
monocytes, the activation of NLRP3 inflammatory bodies
increases. This process relies on the reprogramming of
monocyte inflammatory response mediated by ARG
transcription factor EB and is related to the severity of asthma
(46). However, the specific role of autophagy in asthma is still
controversial (47, 48). For example, neutrophils can increase the
level of airway inflammation in severe asthma by destroying
airway epithelial cells through autophagy (11), but the
conditional knockout of ATG5 and lack of autophagy can
induce neutrophil-infiltrated airway inflammation and AHR,
further leading to hormone-resistant asthma (13). The
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difference in the results may be related to the type of immune
cells and the function of specific ARGs. On the basis of the
transcriptome data of patients with asthma, this study found that
most of the high expression of ARGs is related to the good
control of asthma. The key clinical indicators and functional
enrichment analysis of patients with low-autophagy subtypes
based on ARG typing point to the differences in dose and
metabolism of glucocorticoids. Similar to the conclusions of
previous studies (49), the present study proved that the ARG-
based typing method is important in guiding the use of
hormones in patients with potentially severe asthma. Future
studies can focus on exploring the relationship between
autophagy and glucocorticoid metabolism, and develop gene
diagnosis models specially used to guide patients with severe
asthma to choose glucocorticoids or monoclonal antibodies.

Gene markers are widely used in modern clinical diagnosis. In
this study, SVM-RFE and LASSO logistic regression method
found that SERPINB10 in ARGs is a diagnostic marker of low-
autophagy subtypes. Studies showed that increased levels of
SERPINB10 mRNA in epithelial cells of patients with asthma
can lead to allergic airway inflammation, which is positively
correlated with AHR, sputum eosinophil percentage, and
exhaled nitric oxide content (50). Interestingly, the stimulation
of T cell receptor with anti-CD3 antibody can upregulate the
expression of SERPINBI10 in Th2-polarized cells but has no effect
on the expression of SERPINB10 in Thl-polarized cells, proving
that it is a stable marker in non-Th2-type asthma (51). Severe
asthma is dominated by Th1/Th17 cytokine responses and rarely
has a Th2-mediated immune imbalance (52), whereas this
phenomenon is consistent with our findings. A variety of
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immune cells associated with SERPINB10, such as neutrophils and
dendritic cells, have also been shown to play an important role in
asthma through autophagy. The enhancement of autophagy in
neutrophils can activate the release of extracellular traps and
aggravate asthma, whereas the enhancement of autophagy in
dendritic cells can improve asthma induced by respiratory
syncytial virus (53, 54). However, further research is needed to
clarify the complex interaction between genes and immune cells.

Mild to moderate or severe asthma, poor control caused by
environmental stimulation, medication differences, and
activation of specific genes or pathways may run through the

whole course of the patient (55). The analysis showed that the
risk score model established in this study is a reliable index for
predicting asthma control, and the role of five differentially
expressed ARGs in asthma is partially supported by previous
studies. Peripheral blood neutrophils in patients with asthma
induce airway epithelial cells to produce S100A9 and further
induce M1 macrophages to polarize through extracellular signal-
regulated kinase pathway, which aggravates asthma (56). PTK6 is
identified as a genetic susceptibility molecule for severe asthma
(57). CD46 directly associates with autophagy, induces
autophagy, and reduces oxidative stress-mediated apoptosis of
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respiratory epithelial cells in patients with asthma (58). Based on
the DEGs of high-risk patients, the cMAP database identified
different small molecules that may be effective in asthma,
predominantly prostaglandin receptor agonists. Some studies
found that prostaglandin D2 inhibits mediator release and
antigen-induced bronchoconstriction in the guinea pig trachea
by the activation of DP 1 receptors (59). Transgenic mice
overexpressing the PGE 2 receptor EP 2 on mast cells show
protective phenotype in allergic asthma models (60). Therefore,
the small molecule found may play an important role in the
treatment of patients with asthma.

On the basis of the successful classification of asthma by
ARGs, this study systematically revealed the significance of
ARGs in the occurrence, development, and prognosis of
asthma. The key diagnostic markers and five prognostic-related
genes can be used as powerful biomarkers for the prognosis of
asthma. However, this study has some limitations. First, the
number of transcriptome datasets studied is relatively small, and
no validation set is used. In addition, the clinical information
contained in the data set is limited. For example, some lung
function test data cannot be used in this study. Finally, as a
regulatory factor in the occurrence and development of asthma,
the biological function and molecular mechanism of ARGs need
to be confirmed by further study.

CONCLUSION

In this study, we obtained ARGs associated with disease
progression in patients with asthma. By evaluating the expression
profiles of these genes, we distinguished the two subtypes and
explored the relationship between autophagy, infiltrating immune
cells, and asthma progression. An autophagy-related risk score
model was constructed. This model is important in predicting the
control of patients with asthma and can indicate the therapeutic
targets and potential therapeutic drugs of asthma. Our findings can
provide the predictions of individual course and control and
promote the choice of better treatment strategies.
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As a subset of pattern recognition receptors (PRRs), C-type lectin-like receptors (CLRs)
are mainly expressed by myeloid cells as both transmembrane and soluble forms. CLRs
recognize not only pathogen associated molecular patterns (PAMPs), but also damage-
associated molecular patterns (DAMPs) to promote innate immune responses and affect
adaptive immune responses. Upon engagement by PAMPs or DAMPs, CLR signaling
initiates various biological activities in vivo, such as cytokine secretion and immune cell
recruitment. Recently, several CLRs have been implicated as contributory to the
pathogenesis of intestinal inflammation, which represents a prominent risk factor for
colorectal cancer (CRC). CLRs function as an interface among microbiota, intestinal
epithelial barrier and immune system, so we firstly discussed the relationship between
dysbiosis caused by microbiota alteration and inflammatory bowel disease (IBD), then
focused on the role of CLRs signaling in pathogenesis of IBD (including Mincle, Dectin-3,
Dectin-1, DCIR, DC-SIGN, LOX-1 and their downstream CARD9). Given that CLRs
mediate intricate inflammatory signals and inflammation plays a significant role in
tumorigenesis, we finally highlight the specific effects of CLRs on CRC, especially
colitis-associated cancer (CAC), hoping to open new horizons on pathogenesis and
therapeutics of IBD and CAC.

Keywords: C-type lectin receptor, pathogen-associated molecular patterns, damage-associated molecular
patterns, inflammatory bowel disease, colitis associated cancer

INTRODUCTION

IBD consists of Crohn’s disease (CD) and ulcerative colitis (UC). IBD majorly affects young adults,
which substantially alters their life quality and causes enormous financial burden for health care (1,
2). The incidence of IBD in western countries has been high for decades, with over 1 million patients
in the USA and 2.5 million in Europe (1). Many newly industrialized countries around the world
also have a rapidly increasing incidence in recent years (1). Although the exact pathogenesis of IBD
remains obscure, numerous evidence supports that aberrant innate and adaptive immune response
against the intestinal pathogenic and commensal microbiota are responsible for IBD in genetically
susceptible populations (3).
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Lietal

C-Type Lectin Receptor in IBD

Fungus, as an indispensable component of intestinal microbiota,
take a crucial part in maintaining the gut homeostasis, and its
dysbiosis might contribute to the pathogenesis of IBD (4, 5). There
are trillions of microorganisms resided in human gut, including
bacteria, fungi, archaea and viruses (4), and metagenomic
sequencing reveals that their collective genome are 100 times
more than our own genome (6, 7). Over 99% of these genes
belong to bacteria, and over 90% of intestinal bacteria belong to
two phyla, Firmicutes and Bacteroidetes (7, 8). Whereas fungi only
makes up 0.1% of the total human gut microorganisms, among
which the phyla Ascomycota, Basidiomycota and Chytridiomycota
are predominant (4). Bacteria have long been the focus of intestinal
flora research, while the role of fungi have been undervalued due to
their low proportion and relatively low infection rate. In recent
years, the number of immunocompromised patients has largely
expanded due to increasing prevalence of HIV and the wide use of
chemotherapy, organ transplantation, and immunosuppressive
agents. Opportunistic infections and mortality caused by fungi
have attracted more and more attention, thus understanding
immune responses against fungi is of great immediate
significance. Now people have realized that both bacteria and
fungi exert important functions in maintaining the intestinal
homeostasis, and their dysbiosis have been indicated to take part
in multiple diseases, including IBD (4, 9, 10).

The recognition of fungi are predominantly dependent on the
C-type lectin receptor (CLR) family, an important family of
pattern recognition receptors (11). The basic theory of the
interplay between fungi and CLRs is the Janeway’s theory that
antigen presenting cells (APCs) recognize and respond to non-
self molecules through PRRs binding to quite conserved
pathogen-associated molecular patterns (PAMPs) (12). Upon
ligation with conserved PAMPs expressed on a wide variety of
fungal cell walls, CLRs initiate intricate downstream signal
network and ultimately induce corresponding innate and
adaptive immune responses. Distinct fungi have different cell
wall composition thus expressing different PAMPs (13). The
combination of many PAMPs is just like a fingerprint, which
triggers the activation of specific signaling pathways to
distinguish between different microorganisms and fine-tune the
immune response against specific microorganism (13, 14).
Although CLRs are at the very core of intestinal fungal
immunity, it is unreasonable to ignore the crosstalk and
collaboration between CLRs and other subsets of the PRR
family, including well-studied Toll-like receptors (TLRs),
inflammasome-related nucleotide-binding oligomerization
domain (NOD)-like receptors (NLRs), and RNA-detecting
retinoic acid-inducible gene-I(RIG-I)-like receptors (RLRs) (14,
15). Much more diverse immune responses can be induced by
engaging several PRRs simultaneously to ensure the effectiveness
of immune response (14).

However, PAMPs are still insufficient to explain many
phenomena, such as tumor immunity, transplant rejection and
autoimmunity. Matzinger’s danger model supposes that APCs
also recognize and respond to endogenous damage-associated
molecular patterns(DAMP) derived from damaged or distressed
tissues, which nicely complement Janeway’s self-non-self model

(16). The danger model is supported by mounting evidences. For
example, many CLRs have been demonstrated to bind not only
PAMP, but also DAMP, with different ligation to produce
different responses. By recognizing DAMPs that are released by
distressed tissues or expressed during malignant transformation,
CLRs have been proven to participate in the pathogenesis of
multiple inflammatory disorders and malignant tumors, with
different CLRs playing different or even opposite roles (17-21).
In order to comprehensively understand the significance of
CLRs family in the interplay among intestinal microbiota-
inflammation-cancer axis, we selected several typical
representatives from each of the four CLRs categories,
including Mincle, Dectin-3, Dectin-1, DCIR, LOX-1, and DC-
SIGN. In addition, there is a consistent core downstream
molecule CARDY in the downstream signaling pathways of
various CLRs, therefore CARDY also takes a central part in
intestinal immunity. In this review, we summarized the cutting-
edge research progress of these molecules in the field of intestinal
inflammation and CRC, which is of great significance for
understanding the pathogenesis of IBD and colitis associated
cancer (CAC) and developing new therapeutic strategies.

THE C-TYPE LECTIN RECEPTOR FAMILY
AND ITS SUBTYPE

Lectins can selectively bind to specific carbohydrate structures,
which are extremely useful tools for understanding the
information encoded in carbohydrates, studying the
characterization of polysaccharides and glycoproteins,
recognizing cell-molecule and cell-cell interactions, especially
investigating the changes in malignancy (22, 23). In 1988,
Drickamer organized numerous lectins into several categories,
two of which are Ca®*-dependent C-type and thiol-dependent
S-type (24). The C-type lectin family has boomed since then, with
a thousand identified members from diverse animal species (25).
Through characterizing the structures and functions of
different domains, their carbohydrate-binding activities were
demonstrated to be mediated by special carbohydrate
recognition domain (CRD), whose compact globular structure
was not similar to any known protein fold (25).

The C-type lectin receptors have at least one C-type lectin-
like domains (CTLD) in their extracellular region (C-terminus),
which are homologous to CRD and responsible for recognizing
specific carbohydrate structures mainly in a Ca>'-dependent
manner (14, 25). CLRs whose CRD contains Glu-Pro-Asn
(EPN) tripeptide motifs could bind mannose, glucose, fucose
and N-acetylglucosamine (GlcNAc), whereas CLRs whose CRD
contains another tripeptide motif, Glu-Pro-Asp (QPD), bind
galactose and N-acetylgalactosamine (GalNAc) (26). In fact,
CLRs do not always bind carbohydrate structures or depend
on Ca®" (14, 25), for example, proteins and lipids can also act as
ligands of CLRs (27). Most CLRs are transmembrane receptors,
but some can be released as soluble proteins, such as mannose-
binding-lectin (MBL) (28). A lot of CLRs were initially identified
to be expressed on dendritic cells (DCs) including the well-
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known Dectin-1and DC-SIGN (29-31). Following studies found
that monocytes, macrophages, B cells, neutrophils, and intestinal
epithelial cell (IEC) may also express certain CLRs (14, 32).
Although CLRs are classically considered to be capable of
recognizing carbohydrate structures in fungal cell wall, many
evidences suggest that they are also involved in sensing a large
range of pathogens including bacteria, viruses, and helminths, as
well as DAMPs (14, 18, 33-38). Upon ligation, distinct CLRs can
variably affect endocytic, phagocytic, proinflammatory or anti-
inflammatory responses, which is determined by the extremely
versatile CLR signaling system (27). Finally, CLRs connect innate
immunity with adaptive immunity through antigen
internalization, antigen presentation and T cell activation (27,
34, 39, 40).

CLRs can be roughly divided into four groups with different
cytoplasmic signaling motifs (Table 1) (27, 41). Immunoreceptor
tyrosine-based activating motif (ITAM)-coupled CLRs either
have an evident ITAM motifs consisting of YxxL tandem
repeats in their cytoplastic tail with Y representing tyrosine, or
interacts with ITAM-containing adaptors. Fc receptor y chain
(FcRy) is the most common ITAM-containing adaptor proteins
for CLR-mediated downstream signal transduction, such as
Mincle (18). Hemi-ITAM-(hemITAM)-bearing CLRs only
contain a single tyrosine (Y) within their cytoplasmic YxxL
motif, such as Dectin-1 (27, 42). After CLRs binding to
ligands, tyrosine(s) within the ITAM or hemITAM are
phosphorylated to recruit spleen tyrosine kinase (Syk) and
subsequently assemble the CARD9/Bcl-10/MALT1 complex,
thus leading to NF-xB activation, which affects many aspects
of both innate and adaptive immunity (43, 44). Therefore, these
ITAM or hemITAM CLRs generally function as activating
receptors to trigger and potentiate immune responses,
although they may also play an inhibiting role in some cases

(45-48). Unlike ITAM or hemITAM-containing CLRs
mentioned above, immunoreceptor tyrosine-based inhibitory
motif (ITIM)-containing CLRs, such as DCIR, usually
negatively regulate the signaling pathway of other PRRs, which
is achieved by recruiting tyrosine phosphatases SHP-1 or SHP-2
instead of tyrosine kinase (27). ITAM-ITIM independent CLRs,
such as human DC-SIGN and LOX-1, lack typical ITAM or
ITIM signaling motifs (41).

It should be noted that although the intracellular structural
motifs of CLRs are crucial to the molecular signaling
pathways, they are still not enough to accurately characterize
or predict downstream signaling transduction and following
immune responses (41). Motif context, receptor location,
multimerization of CLRs, ligand type and concentration,
crosstalk with other PRR all contribute to the flexibility of
signaling pathways (41).

THE ROLE OF CLRS IN THE
INTERPLAY BETWEEN FUNGAL
MICROBIOTA AND IBD

The intestinal bacterial microbiota is skewed in IBDs, whose
dysbiosis has been thoroughly investigated and proven a
substantial significance in IBD pathogenesis (49, 50). While the
fungal microbiota is relatively poorly studied. In recent years,
mounting clues suggest that fungi dysbiosis also take part in IBD
pathogenesis. An early preliminary study showed changes in the
intestinal fungal diversity and composition of IBD patients (51).
Compared to the noninflamed mucosa, inflamed mucosa shows
elevated fungal richness and diversity, which is characterized by
expanded opportunistic pathogenic fungi including Candida

TABLE 1 | C-type lectin receptors and its immune recognition.

Signal Other names Expression PAMP DAMP
module
Dectin-1 hemITAM CLECSF12, Mo, M¢, DC, Neu, Eos, B cell, T cell, bronchial B-1, 3-glucan Vimentin, carbohydrate on tumor
CLEC7A epithelial cell, intestinal epithelial cell
Mincle ITAM CLECSF9,CLEC4E  activated M¢, DC, Neu, B cell o-mannan, SAP130, cholesterol sulfate, cholesterol
various crystal, B-GlcCer
glycolipids,
(TDM)
Dectin-3  ITAM MCL, CLECSFS, Mo, Mo, Neu, DC o-mannan, TDM  ——
Clec4d
DCIR ITIM CLECSF®8, Clec4a2 DCs, Mo, Mo, B cell, granulocyte, activated T cell fucose, carbohydrate on tumor
mannose
DC-SIGN  [TAM-ITIM  CD209 murine Human DC, M¢ fucose, ICAM-3, ICAM-2, Mac-1, Mac-2BP, MSPL/
independent homolog: SIGN-R1, mannose TMPRSS13, CEA, CEACAM1, carbohydrate
SIGN-R3 on tumor
LOX-1 ITAM-ITIM OLRT1, Clec8a endothelial cell, smooth muscle cell, cardiomyocyte, G+ bacteria, G-  Ox-LDL, Ox-HDL, HSP, PS, apoptotic
independent adipocyte, platelet, Mo, Mo, DC, B cell, chondrocyte,  bacteria bodies, AGEs, platelets

intestinal cell

ITAM, immunoreceptor tyrosine-based activating motif; hemITAM, hemi-ITAM; ITIM, immunoreceptor tyrosine-based inhibitory motif, M¢, macrophage; DC, dendritic cell; Neu, neutrophil;
Mo, monocyte; Eos, eosinophil; TDM, trehalose-6,6’-dimycolate; G+, Gram-positive; G-, Gram-negative; SAP130, spliceosome-associated protein 130; -GlcCer, B-glucosylceramides;
ICAM-3, intercellular adhesion molecule-3; ICAM-2, intercellular adhesion molecule-2; Mac-2BP, Mac-2-binding protein; MSPL, mosaic serine protease large-form; TMPRSS13,
transmembrane protease serine 13; CEA, carcinoembryonic antigen; CEACAM1, carcinoembryonic-antigen-related cell-adhesion molecule-1; Ox-LDL, oxidized low density lipoprotein;
Ox-HDL, oxidized high density lipoprotein; HSP, heat shock protein; PS, phosphatidylserine; AGEs, advanced glycation end-products.
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spp., Gibberella moniliformis and Cryptococcus neoformans (52).
Subsequently, many studies consistently found that Candida spp.
(e.g., Candida tropicalis) showed significantly increased
abundance in IBD patients, suggesting its involvement in the
pathogenesis of IBD (53-55). More recently, fungal composition
and diversity in the feces of IBD patients and healthy subjects
was identified and compared by ITS2 sequencing, and results
showed fungal dysbiosis in IBD, with decreased Saccharomyces
cerevisiae, increased Candida albicans and increased
Basidiomycota/ Ascomycota ratio (56). Interestingly, genotype—
fungal microbiota analysis implied that genes could influence the
intestinal fungal dysbiosis in IBD (56). A latest multi-omics
study revealed fungi-related and bacteria-related metabolomics
profiles in CD patients charactered by increased amino acid
degradation and specific fecal volatile organic compounds
(VOCs) (57). Murine colitis models, as a counterpart to
human IBD, also showed alterations in intestinal fungal
communities (58). Compared with normal controls, dextran
sulfate sodium (DSS)-induced colitis mice showed increased
Candida, Penicillium, Wickerhamomyces, Alternaria whereas
decreased Cryptococcus, Phialemonium, Wallemia (58).

Intestinal fungi play a dual role in intestinal inflammation.
The most commonly observed intestinal commensal fungal
species Candida albicans has been shown to contribute to the
development of IBD. Candida albicans could induce anti-
Saccharomyces cerevisiae antibodies (ASCA), a biomarker of
CD (59, 60). Other researchers then showed that gut
inflammation greatly promoted Candida albicans colonization
in mice, and C. albicans exacerbated DSS-colitis in turn (61). In
fact, Candida could delay healing in trinitrobenzene sulphonic
acid (TNBS)-induced mouse colitis model, and antifungal
fluconazole therapy or probiotic lacidofil treatment during
Candida infection could help the restoration of colonic damage
during colitis (62). Besides, in chronic recurrent DSS-colitis,
intestinal fungi can also harmfully translocate into abnormal
sites (e.g., colonic mucosa, mesenteric lymph nodes and spleen)
and aggravate disease (58). Intriguingly, gut fungal dysbiosis also
had persistent effects on local and peripheral immunity and lead
to exacerbated allergic airway disease (63), later study
demonstrated the mechanism was mediated by CX3CR1"
mononuclear phagocytes (64).

However, fungi also exhibit a protective function. For
example, Saccharomyces boulardii acts as a probiotic yeast to
suppress intestinal colonization by Candida albicans, suppress
intestinal inflammation and facilitate mucosal restoration by
regulating VEGEFR signaling and angiogenesis (65, 66). What’s
more, fungi can interact with intestinal bacteria to ensure a
balance between fungi and bacteria. Compared with normal
control, the depletion of fungi lead to aggravated DSS-induced
mouse colitis, which is associated with substantial alterations in
mucosal bacterial composition, for example, Bacteroides and
Lactobacillus increased while butyrate-producing Clostridia
XIVa and Anaerostipes reduced (58). Some strains from
clusters IV, XIVa and XVIII of Clostridia are benefical to the
host, and oral administration of them can ameliorate mice colitis,
because these bacteria lack prominent virulence and have been

proven to provide a TGF-B-rich environment to promote the
growth and differentiation of anti-inflammatory cells and the
upregulation of anti-inflammatory molecules, especially
regulatory T cells (Treg) and IL-10 (67). Interestingly,
commensal bacteria depletion leads to susceptibility to colitis,
and intestinal mono-colonization with single species of fungi
(Candida albicans or Saccharomyces cerevisiae) can overturn this
susceptibility (68). That means commensal fungi can exhibit
equivalent protective benefits just as the commensal bacteria do,
through providing tonic microbial stimulation, protecting
against mucosal injury and elaborately tuning the
responsiveness of circulating immune cells (68). Persistent
fungal intestinal colonization and the mannans structure of
fungal cell wall are required for the beneficial role of
commensal fungi (68). The protective effects of commensal
fungi may partly explain why antifungal treatment exacerbates
colitis in wild-type mice (63).

As discussed above, CLRs function as the most important
PRRs that regulate antifungal immunity. The maintenance of
intestinal homeostasis requires the role of CLRs, thus responding
to the pathogenic microorganisms and tolerating the normal
intestinal commensal flora. The following will introduce the
effects of several classic CLRs signaling pathways on intestinal
immunity and IBD (Figure 1).

Dectin-1

As one of the most well-researched CLRs, Dendritic cell-associated
C-type lectin-1 (Dectin-1) is a membrane protein, consisting of a
hemITAM-containing cytoplasmic tail, transmembrane region, a
stalk and extracellular CTLD (27, 29). Originally identified as
a dendritic cell receptor in the mouse through subtractive cDNA
cloning (29), Dectin-1 is now known to be present on various
kinds of cells in human and mice, including monocytes,
macrophages, neutrophils, eosinophils (69), B cells (69), some
subgroups of T cells (69), bronchial epithelial cells (70), and
intestinal epithelial cells (32), demonstrating that Dectin-1 is not
a myeloid restricted CLRs (Table 1).

Atypically, Dectin-1 recognize carbohydrate in a Ca**-
independent manner (71). Dectin-1 can recognize B-1, 3-
glucans derived from diverse sources, including plants, bacteria
and nearly all fungi (e.g., Pneumocystis carinii, Candida albicans,
and Aspergillus fumigatus) (71-75). Particulate but not soluble 3-
glucans can activate Dectin-1 through forming Dectin-1-
clustered synapse-like structures and excluding tyrosine
phosphatases at B-glucan contact sites (76). Then Dectin-1
mediates signaling pathways through Syk, CARDY/Bcl-10/
MALT1 complex and sometimes noncanonical caspase-8, to
induce phagocytosis, production of reactive oxygen species
(ROS) and maturation of IL-1B, which is important for
protective immune responses (76, 77). In addition to be
coupled with Syk, Dectin-1 can induce helper T cell (Th cell)
differentiation and immune responses through another
independent signaling pathways via serine-threonine kinase
Rafl (78). Besides, Dectin-1 also have endogenous ligand
vimentin, which contributes to the pathogenesis of
atherosclerosis (79).
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colorectal cancer

Dectin-1 plays pleiotropic functions in the intestinal mucosa
barrier to defense against pathogens invasion. Intestinal
epithelial cells (IECs) provide the biggest contact area to
interact with luminal abundant antigens, and has been proven
to express the B-glucan receptor Dectin-1 and other downstream
adaptor proteins (32). Based on Dectin-1 dependent pathway,
human IECs respond to intestinal B-glucans stimulation through
secretion of multiple cytokines and chemokines (e.g., IL-8 and
CCL2), emphasizing the significance of CLRs-mediated

FIGURE 1 | The role of C-type lectin receptors in intestinal inflammation and oncogenesis. The role of C-type lectin receptors in intestinal inflammation and
oncogenesis. CLRs include different categories, among which Mincle and Dectin-3 belong to ITAM-coupled CLRs, Dectin-1 belongs to hemITAM-bearing
CLRs, DCIR belongs to ITIM-containing CLRs, and DC-SIGN and LOX-1 belong to ITAM-ITIM independent CLRs. CARDS9 functions as a crucial adaptor
molecule downstream of various CLRs. Upon ligation with ligands derived from fungi or cancer, different CLRs initiate different signal transduction pathway
and following immune responses, thus exerts different roles in the pathogenesis of inflammatory bowel disease and colorectal cancer. Mincle and DCIR
exacerbate IBD, Dectin-3 and CARD9 prevent IBD, while Dectin-1 and DC-SIGN can both exacerbate and ameliorate IBD. As for CRC, Mincle and Dectin-3
play a protective role against tumor progression, Dectin-1, DC-SIGN and LOX-1 deteriorate CRC, CARD9 plays a dual role, and the role of DCIR in CRC
remains unclear. CLRs, C-type lectin receptors; ITAM, immunoreceptor tyrosine-based activating motif; hemITAM, hemi-ITAM; ITIM, immunoreceptor
tyrosine-based inhibitory motif; TME, tumor microenvironment; AHR, aryl hydrocarbon receptor; M¢, macrophage; ROS, reactive oxygen species; DC,
dendritic cell; MDSC, myeloid-derived suppressor cell; IEC, intestinal epithelial cell; ILC, innate lymphoid cell; Treg, regulatory T cell.

interactions between fungi and non-myeloid cells such as
IEC (32). In addition to mechanical defense function,
intestinal mucosa also contains many types of biologically
active substances, such as mucin glycoproteins, secreted
immunoglobulins (sIgA and IgG), which is also related to
Dectin-1. Besides physically separating intestinal epithelia and
the luminal microbiota or food to protect mucosa barrier, the
dense mucus layer also prevents intestinal inflammation and
enhances oral tolerance by mucin MUC2-mediated formation of
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galectin-3 (Gal-3) -Dectin-1-FcyRIIB complex, which inhibits
NE-kB activation, downregulates pro-inflammatory cytokine
and imprints DCs with anti-inflammatory characters (80). The
molecular basis is that the N-glycan structures of Dectin-1 as well
as SIGN-R1 can be recognized by Gal-3 (81). Another study
found that Dectin-1 that is expressed on microfold cells also
mediate the intestinal reverse transcytosis of secretory IgA
(SIgA) to transport from lumen to the gut-associated lymphoid
tissue (GALT) (82).

Though it has not been fully studied, some researchers have
recognized that Dectin-1 is also involved in adaptive immunity
in the gastrointestinal tract. Both in vitro and in vivo, Dectin-1-
Syk-CARD? signaling has been implicated to connect the innate
immunity and adaptive immunity via promoting the maturation
of DCs, the secretion of proinflammatory IL-6, TNF, IL-23, and
the differentiation of IL-17-producing Th-17 cells (83). It is
noteworthy that Dectin-1-induced protective Th17 responses
are critical in the human mucosal antifungal defense responses,
for example distinguishing between colonizing and invasive
Candida based on their morphological transition from yeast to
hyphae (84). However, uncontrolled Th17 activation and
polarization also contribute to pathogenic inflammatory
conditions, such as IBD and colitis-associated cancer (85). In
addition, Dectin-1 is required for driving intestinal fungal-
specific CD4" T-cell immune responses during fungal infection
in mice, and the deficiency of Dectin-1 leads to substantially
aberrated CD4" T responses in the mesenteric lymph nodes with
increased T cell apoptosis and defective T cell activation (86).

Dectin-1 exerts protective function, whose deficiency strongly
influence susceptibility to intestinal inflammation. An early
classic study demonstrated that Dectin-1-deficient mice
showed more susceptibility to colitis when treated with DSS, as
a result of impaired immune responses against specific
commensal fungi companied by increased opportunistic
pathogenic fungi such as Candida and Trichosporon, whereas
decreased nonpathogenic Saccharomyces (87). After
supplementing with an opportunistic pathogen Candida
tropicalis, Dectin-1-deficient mice exhibited more aggravated
colitis and increased pro-inflammatory molecules (such as
IEN-y, IL-17, IL-23p19, TNF-0) in contrast to wild-type mice,
but supplementing with nonpathogenic fungus
Saccharomycopsis fibuligera did not contribute to mouse colitis
(87). Inhibiting fungal dysbiosis with antifungal treatment
(fluconazole) could ameliorate colitis in Dectin-1-deficient
mice (87). Interestingly, the altered gastrointestinal and vaginal
mucosal antifungal immunity induced by Dectin-1 deficiency is
also affected by the genetic background of the host, because of
different canonical or noncanonical signaling pathways
downstream of Dectin-1 in distinct mouse strains (C57BL/6
and BALB/c) leading to diverse immune responses (88). In
humans, there is evidence that Dectin-1 expression is
upregulated on various immune cells that take part in the
intestinal inflammation, such as macrophages and neutrophils,
which results in the overexpression of Dectin-1 in inflamed colon
tissues in both IBD and diverticulitis patients (89). And the
polymorphism of human Dectin-1 gene is strongly correlated to

medically refractory UC (87). Besides, defective expression and
function of Dectin-1 on monocyte also promote systemic lupus
erythematosus, rheumatoid arthritis and many inflammatory
diseases (90).

Intriguingly, Dectin-1 actually serves as a double-edged
sword. In mouse arthritis model, the stimulation of Dectin-1
by B-glucan causes inflammatory cells and cytokines responses
and is harmful to the host (91). What is more, because Dectin-1-
induced anti-microbial peptides could inhibit Lactobacillus
murinus growth, the deficiency of Dectin-1 can elevate the
abundance of Lactobacilli in the mice gut, which promote
regulatory T cell (Treg) development and consequently
suppress the development of colitis induced by DSS or
CD45RB™M8'CD4* T cell (92). Besides, there is a similar pattern
existing in humans. Lactobacillus salivarius, which is closely
related to L. murinus, has been demonstrated to decrease in
the intestinal flora of IBD patients, and L. salivarius also induce
the upregulation of anti-inflammatory TGF-B and IL-10 in
intestinal immune cells just like the L. murinus do (92). These
observations point out the important role of Dectin-1 in
balancing intestinal proinflammatory immunity and anti-
inflammatory immunity through adjustment of commensal
microbiota. A latest study also found that experimental colitis
was attenuated in mice with Dectin-1-deficient myeloid cells,
while the deficiency of mannose receptor (MR) exacerbates
colitis (93). Through the elevated production of chemokine
CCL2, Dectin-1 promotes the enrichment of LysC™&"CCR2""
monocyte subset in the blood and their infiltration to the inflamed
colon tissue, thus contributing to the proinflammatory profile of
intestinal macrophages during colitis (93). Furthermore, both
overexpression of Dectin-1 and reduction of MR expression are
associated to colonic inflammation in IBD biopsy specimens (93).

In addition to intestinal microbiota, the ingredients in daily
foods may contain ligands for Dectin-1, which also affects
intestinal inflammation. Because of the Dectin-1/IL-17F/anti-
microbial peptides (calprotectin) axis, B-glucans components
from food can modulate the expansion of commensal
bacterium L. murinus to influence the Treg expansion in mice
(94). Therefore, B-glucan-free diet alleviates the mouse colitis,
with significantly decreased infiltration of inflammatory cells in
colonic epithelia or lamina propria compared to normal diet
(94). While laminarin, a Dectin-1 antagonist derived from brown
algae kombu, have been proven to ameliorate the mouse DSS-
colitis through intestinal L. murinus expansion and Treg
accumulation (92). Interestingly, the effects of Dectin-1
antagonist in experimental mouse colitis are similar to other
observations of Dectin-1-deficiency and B-glucan-free food (92,
94). Therefore, these studies indicate the important role of diet
and Dectin-1 in intestinal inflammation, which inspire a new
idea to prevent IBD by developing beneficial foods.

Both excessive Dectin-1 inhibition and excessive Dectin-1
activation lead to aggravated colitis because of uncontrolled
fungal invasion or the suppression of anti-inflammation
responses respectively (92). Overall, a delicate balance between
agonist and antagonist for Dectin-1 is important for
intestinal homeostasis.
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Mincle

After exposure to various stimuli, macrophage inducible C-type
lectin (Mincle) is mainly upregulated on macrophages (18).
Mincle commonly acts as an activating receptor that couples
with the ITAM-containing FcRy, and initiates a downstream
signaling pathway through Syk recruitment, CARD9/Bcl-10/
MALT1 complex formation, and NF-xB activation to
induce immune responses including the production of
cytokines and chemokines and the recruitment of
inflammatory cells (18, 41, 95).

Mincle possesses the capacity to recognize plenty of PAMP
and DAMP (Table 1) (95). PAMP, such as o-mannan and
various glycolipid, can be derived from versatile microbial
pathogens and commensals. For example, glycolipid in
mycobacterial cell wall whose chemical structure is trehalose-
6,6’-dimycolate (TDM), can be recognized by Mincle (96). After
ligation, TDM can induce the upregulation of Mincle (97).
Mincle is essential for TDM-induced immune responses, such
as inflammatory cytokines production and granuloma formation
(96). DAMP include cholesterol sulfate (19), cholesterol crystals
(20), B-glucosylceramides (B-GlcCer) (98), and spliceosome-
associated protein 130 (SAP130) (18), which is released upon
cell death.

The role of Mincle in mucosal barrier function and intestinal
immunity has only been revealed in recent years. Murine Mincle
is responsible for the commensal-detecting function of the
intestinal Peyer’s patches to regulate interleukin-17 (IL-17) and
interleukin-22 (IL-22) production from innate lymphoid cells
(ILC) and T cells, ensure the production of many intestinal
antimicrobial proteins (e.g., Regllly, IgA), and eventually restrict
aberrant microbial translocation (99). Besides, another study
revealed the importance of a CX3CR1" gut-resident
mononuclear phagocytes (MNPs), which are a subset of
phagocytes equipped with a high expression of genes involved
in fungal recognition (including Mincle, Dectin-1, and Dectin-2).
It function as a novel mediator of the interactions between fungal
community and host intestinal immunity in a Syk-dependent
manner (100). Consistent with the observation that CX3CR1"
MNPs-depleted mice exhibit gut microbiota alteration and
severe DSS-induced colitis, the CX3CR1 gene missense
mutation in CD patients is associated with impaired antifungal
antibody responses (100). Furthermore, compared with CD
remission patients and health controls, the serum levels of
SAP130, a classic DAMP of Mincle, is significantly increased in
active CD patients (101). Meanwhile, both SAP130 and Mincle
in colon tissues of active CD patients is upregulated, which
provide a promising biomarker to monitor the severity of CD
and the clinical efficacy of treatment (101).

Then a latest study further illustrates a direct link between
Mincle signaling and intestinal inflammation (102). Biopsies from
CD patients, DSS-induced mouse colitis model and TNBS-induced
mouse colitis model consistently suggest that increased expression
of Mincle is correlated to inflammation severity. The immune cells
that predominantly express Mincle during inflammation are proven
to be macrophages in intestinal lamina propria. After damaged
tissues produce SAP130, the activated Mincle signaling in

macrophage not only leads to inflammatory cytokines release
through macrophage pyroptosis, but also recruits neutrophils
through the production of chemokines (e.g., Cxcl2 and IL-8).
Deficiency of Mincle or inhibition of its downstream Syk both
ameliorate experimental colitis by restricting macrophage
pyroptosis and limiting the release of proinflammatory cytokines
and chemokines. Conversely, when adding a synthetic analog of
TDM to bind and activate Mincle, the disease is deteriorated,
highlighting that the Mincle/Syk axis is a novel target for the
therapeutics of CD. In addition to anti-Mincle neutralizing
antibody which has been shown to improve experimental colitis,
effective agent to inhibit Mincle hasn’t been developed till now,
which is worth exploring.

Dectin-3

Macrophage C-type lectin(MCL, Dectin-3) is a transmembrane
CLR expressed on macrophages (103), monocytes, neutrophils
and DCs. Tumor necrosis factor (TNF) can upregulate Dectin-3,
Mincle, and Dectin-2 in macrophages (104). Dectin-3 is also
linked to FcRy (35), and acts as an activating receptor capable of
initiating immune signaling pathway via Syk, CARD9 and NF-
KB, which is important for antimicrobial defense, phagocytosis,
cytokine expression, and respiratory burst (105, 106).

Dectin-3 can selectively bind o-mannans derived from
diverse fungi (e.g., Candida albicans, Paracoccidioides
brasiliensis) and lead to NF-xB activation and defense response
(107, 108). Dectin-3 also recognizes TDM of Mycobacterium
tuberculosis (Table 1) and induces Mincle expression upon TDM
stimulation (35). Dectin-3 can cooperate with Dectin-2 to form a
heterodimeric PRR, which binds o-mannans more potently
comparted to their homodimers, thus inducing powerful
inflammatory response against fungi (107). Besides, Dectin-3
can also form heterodimer with Mincle (109), implying that
various heterodimers and homodimers formed by distinct CLRs
greatly elevate the sensitivity and expand the diversity required
for monitoring a wide range of microbial infections (107).

In addition to deteriorating experimental autoimmune
encephalomyelitis (110) and systemic lupus erythematosus
(111), Dectin-3 was initially found a limited role in regulating
intestinal immunity (112), while later research revealed that
Dectin-3 was also significant in intestinal homeostasis through
interplaying with commensal fungi. The deficiency of Dectin-3
leads to more susceptibility to DSS-induced mouse colitis, with
an obviously increase of specific fungal burden and microbial
translocation, especially a common commensal Candida
tropicalis (113). Administration with Candida tropicalis only
worsens colitis in Dectin-3-deficient mice, because Dectin-3
deficiency impedes NF-kB activation, which leads to defects in
cytokine production, epithelial restitution, macrophage
phagocytosis during fungal invasion (113). When treated with
antifungal therapy, intestinal inflammation can be effectively
suppressed in Dectin-3 deficient mice (113). Furthermore, a
latest study found that a negative regulatory factor downstream
of Dectin-2 and Dectin-3 signaling pathways, E3 ubiquitin ligase
c-Cbl, is also involved in regulating intestinal fungi-induced
inflammation (114). Commensal fungi-derived mannans can
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facilitate the transcription of gene /10 and the expression of anti-
inflammatory cytokine to decrease susceptibility to colitis in
wild-type mice through activating Dectin-2, Dectin-3 and their
downstream c-Cbl in DCs (114). However, c-Cbl deficiency leads
to activation of noncanonical NF-xB subunit RelB during
mannan stimulation, which suppresses canonical NF-xB
subunit p65-mediated il10 transcription, thus eventually
exacerbating DSS-induced mouse colitis (114).

DCIR

Dendritic cell (DC) immunoreceptor (DCIR) is expressed on DCs,
monocytes, macrophages, granulocytes, NK cells, B cells and
activated T cells (Table 1) (38, 115, 116), and contains a single
CRD and an intracellular ITIM (116). The expression of DCIR on
DCs relies on their origin and developmental stage, for example, the
down-regulation of DCIR is associated with stimuli that induce DCs
maturation (e.g., LPS, TNF-o) (116).DCIR is mannose/fucose-
binding lectin, which can interplay with both microbial and
endogenous ligands (117). Interestingly, DCIR also interacts with
HIV-1 and contributes to viral infection (118). The interaction
between DCIR and ligands was substantially affected by the
glycosylation of the CRD domain in DCIR (117, 119). The special
cytoplasmic ITIM of DCIR is responsible for transducing
immunoregulatory signals via recruiting SHP-1 and SHP-2 (27).
DCIR signaling not only suppresses the TLR8-induced production
of IL-12 and TNF-a. in myeloid DCs but also inhibits the TLR9-
induced expression of IFN-o in plasmacytoid DCs (120, 121).
Besides, DCIR suppresses the function of CD8o” conventional
DCs (cDCs), and the deficiency of DCIR results in TLR-mediated
hyperinflammation and reinforced T cell responses against
microbes (122).

DCIR may play a different and even opposite role in different
inflammatory processes. In addition to ameliorating
autoimmune arthritis (123) and exacerbating brain
inflammation (124), DCIR also take part in the pathogenesis of
IBD. Compared to wild-type mice, there is only a little
exacerbation of intestinal inflammation in DCIR-deficient mice
in an early study using DSS-induced murine colitis model,
hinting an insignificant role of DCIR in intestinal homeostasis
(112). However, another murine experiment shows that DCIR1
deficiency is associated to decreased accumulation of neutrophils
that shows destructive characteristics and reduced neutrophil-
recruiting chemokine MIP-2 in DSS-induced colitis (125), and
massive infiltration of neutrophils is known to be associated with
the pathogenesis of ulcerative colitis (126) and DSS-induced
mice colitis (127). In summary, current studies on the
relationship between DCIR and colitis are not sufficient, and
the results are not convincing, so further exploration is needed in
this field.

DC-SIGN

Another well-studied CLRs, Dendritic cell-specific intercellular
adhesion molecule-3-grabbing non-integrin (DC-SIGN) is
mainly expressed on human DCs and macrophages. DC-SIGN
on DCs and ICAM-3 on T cells mediate intercellular contact and
stabilize their contact zone, which is important for T cell immune

response (31). Unlike the CLRs described above, DC-SIGN don’t
contain evident ITAM or ITIM domains, but the stimulation of
DC-SIGN by various pathogens can regulate TLR signaling via
serine and threonine kinase Raf-1 and resulting in subsequent
acetylation of the NF-xB subunit p65 (128). With prolonged NF-
KB transcriptional activity and elevated il10 transcription rate,
acetylation of p65 facilitate anti-inflammatory cytokine
responses (128).

DC-SIGN is Ca** dependent fucose/mannose binding lectin
(Table 1), and these carbohydrate structures are abundantly
expressed by many exogenous pathogens and endogenous
ligands. Exogenous ligands consist of virus, helminths, bacteria
and fungi, such as HIV-1 (129), Schistosoma mansoni (130),
Mycobacterium tuberculosis (130), Helicobacter pylori (130),
Pseudomonas aeruginosa (131), and Candida albicans (132).
DC-SIGN is critical for DCs responses against pathogens, with
different pathogens interacting with DC-SIGN to modulate
different TLRs signaling (128). Interestingly, the recognition of
mannans by host has been demonstrated to exhibit quite a few
functional redundancies with various PRRs involved, such as
TLR2, TLR4, Mincle, Dectin-3, Dectin-1 and DC-SIGN. While
different Candida spp. rely on different kinds of mannan-
detecting PRRs, because of disparate mannan composition in
fungal cell wall (133).

In addition, various endogenous ligands, including ICAM-3
(31), ICAM-2 (134), Mac-1 (135, 136), Mac-2BP (137), MSPL/
TMPRSS13 (138), CEA (139, 140) and CEACAMI1 (136), have
been reported to take part in intercellular recognition and
interaction via DC-SIGN (Table 1). Interestingly, oncogenesis
causes altered glycosylation in tumor cells and elevates the
presence of DC-SIGN-binding carbohydrate on tumor
associated antigens, such as carcinoembryonic antigen (CEA)
(139, 140). Although many of these ligands of DC-SIGN also
bind DCIR, there is DC-SIGN-specific ligands, such as Candida
albicans and glycoproteins on certain cancer cells (117).

Several animal experiments have discovered that mouse
homologs of human DC-SIGN take part in the development of
colitis. After the administration with DSS, SIGN-R1-deficient
mice are more resistant to colitis and exhibit less severe intestine
injury and lower expressions of proinflammatory cytokines than
wild-type mice, which is associated with defective macrophage
responsiveness to commensal lipopolysaccharide (LPS)
stimulation (141). Furthermore, SIGN-R1 and TLR4 acts
synergistically to regulate intestinal inflammation (141). In
contrast, another murine homolog SIGN-R3 can recognize
carbohydrate ligands on commensal fungi, and the SIGN-R3-
deficient mice exhibit more severe colitis symptoms (such as
weight loss and diarrhea) with increased TNF-o production in
colon compared to wild-type mice (142). Besides, it's worth
noting that SIGN-R3 contains hemITAM signal motif, while
both DC-SIGN and SIGN-R1 belong to ITAM-ITIM-
independent CLRs (27). Interestingly, a recent finding shows
that the interaction between surface layer protein A (SlpA) in
food-grade probiotics Lactobacillus acidophilus and murine
SIGN-R3 protects intestinal mucosal barrier, prevents
dysbiosis, promotes colonic regulatory signaling and finally
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helps to mitigate experimental colitis, while these protective roles
don’t exist in SIGN-R3-deficient mice (143).

THE ROLE OF CLRS IN INTESTINAL
CARCINOGENESIS

Inflammation can facilitating neoplastic progression by
contributing to multiple hallmark capabilities of tumor (144).
To be specific, inflammation can supply various bioactive
molecules to the tumor microenvironment (TME), including
proangiogenic factors, growth factors, survival factors,
mutagenic reactive oxygen species, epithelial-mesenchymal
transition (EMT) activation signals, and extracellular matrix-
modifying enzymes that facilitate metastasis. Furthermore, as an
essential downstream signal of numerous CLRs, NF-xB also
functions as an important bridge between inflammation and
carcinogenesis (145).

The close relationship between inflammation and cancer is
particularly prominent in colorectal cancer (CRC). As the third
most common malignancy, CRC causes a vast amount of cancer-
related death around the world (146). Chronic colonic
inflammation in UC or CD patients is a well-recognized risk
factor for colon carcinogenesis (147, 148). Unlike sporadic CRC
that progresses based on precancerous lesion (i.e. colorectal
adenomas), colitis-associated cancer (CAC) usually progresses
in an order of indefinite dysplasia, low-grade dysplasia, high-
grade dysplasia, and finally carcinoma (148). Many pro-
inflammatory cells and molecules in chronic inflammation
have also been confirmed to influence the progression of CAC.
Besides, inflammation is also involved in sporadic CRC though
less understood (149). In contrast to normal colon, inflamed
colon exhibits higher mutation frequency of many genes(such as
tumor suppressor gene p53) under the influence of reactive
oxygen and nitrogen species even before there is any evident
dysplasia in tissues (150). The risk of CRC is positively related to
prolonged colitis duration, severity of inflammation, extensive
anatomic extent of colitis and other inflammatory comorbidity
(especially primary sclerosing cholangitis), for example, CRC
rarely happens in patients whose duration of IBD is less than 7
years, but the CRC risk increases year by year with the prolonged
IBD duration after diagnosis (148). Whereas the risk of CRC
decreases when IBD patients take anti-inflammatory agents
(such as steroids) (148). A better knowledge of the
pathogenesis of CRC or CAC is of great significance to define
preventive, diagnostic, and prognostic protocols.

Because the intestinal fungal dysbiosis is closely involved in
the pathogenesis of IBD, fungi may be also involved in the
development of CRC. More exactly, the pathogenesis of CRC
including CAC is closely associated with the sophisticated
interplay between intestinal immune system and flora (151-
153). By comparing fecal fungal microbiota (i.e. mycobiota) of
colon polyp patients, CRC patients, and healthy controls,
obvious fungal dysbiosis is observed in polyp and CRC groups,
including decreased fungal diversity, increased Ascomycota/
Basidiomycota ratio, and an increased abundance of

opportunistic pathogenic fungi Trichosporon and Malassezia,
implying a role of fungi in CRC (153). It should be noted that
fecal microbiota is not exactly equivalent to mucosal microbiota
(154). Then deep sequencing characterized the fungal profile
using biopsies of adenomas and paired adjacent tissues, but
healthy biopsy samples are unavailable in this study because of
ethical issues (155). The results revealed that three fungal phyla,
Ascomycota, Glomeromycota and Basidiomycota were dominant
in all biopsy samples, and two rare phyla, Chytridiomycota and
Neocallimastigomycota are present in partial samples with
relative abundance less than 1% (155). Although the fungal
diversity was lower in adenomas than in adjacent tissues, two
opportunistic pathogenic fungal genera, Phoma and Candida,
were abundant both in adenomas and adjacent tissues (155).
More importantly, the fungal dysbiosis is significantly related to
the size and stage of adenomas (i.e. advanced and non-advanced)
(155). Likewise, a similar tendency of fungal alteration is also
present in the IBD study (51, 52, 56). Interestingly, by collecting
fecal and mucosal samples from CRC patients, polyps patients
and healthy controls, other researchers found that bacterial
microbiota dysbiosis existed not only in cancerous tissues but
also in noncancerous tissues, and exhibits differences between
distal CRC and proximal CRC, though there is still some
confounding factor behind this result (154). By transferring
human fecal microbiota to germ-free mice, a recent study
found CRC-associated microbiota dysbiosis contributed to
oncogenic epigenetic alterations by inducing more
hypermethylated genes in murine colonic mucosa, and
cumulative methylation index is an independent risk factor for
CRC (156). In addition, many mycotoxins and fungal
metabolites also directly promote carcinogenesis, for example,
Candida albicans can product nitrosamine, acetaldehyde and
candidalysin (157). Furthermore, a latest study has just found
that not only bacterial microbiota (e.g., Fusobacterium) but also
fungal microbiota can affect chemotherapy resistance (158). Both
in CRC patients and in animal experiments, the burden of
Candida tropicalis is significantly elevated, which can increase
the resistance to oxaliplatin treatment via facilitating the
production of lactate and inhibiting the mismatch repair
system (158).

Above all, both intestinal inflammation and fungal disorders
have been confirmed important roles in the pathogenesis of
CRC. As a key mediator of fungal recognition and immune
response, CLRs also take part in the progression and
development of CRC (Figure 1).

Dectin-3

The impact of Dectin-3 on CAC development has just been
revealed. After administration with azoxymethane (AOM) and
DSS, Dectin-3-deficient mice showed exacerbated CAC
tumorigenesis, increased Candida albicans burden and
impaired immune responses compared to wild type mice (159).
Furthermore, germ-free mice that is colonized with C. albicans
shows more severe colitis and CAC during AOM-DSS
administration, and treatment with antifungal fluconazole
ameliorates chemically induced-CAC in Dectin-3-deficient
mice (159). By carrying out a variety of experiments such as
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fecal microbiota transplantation, the putative mechanism behind
this phenomenon is as follows (159). The impaired fungicidal
abilities of Dectin-3 deficient macrophages lead to intestinal
fungal dysbiosis, especially increased C. albicans burden, which
triggers glycolysis in macrophage to produce IL-7, then promotes
innate lymphoid cells ILC3 to produce IL-22 under the control of
IL-7, Stat3 and AhR, and IL-22-induced p-STAT3 in intestinal
epithelial cells eventually promotes CAC tumorigenesis.
Consistently, a similar mycobiota/Dectin-3/IL-22 regulatory
axis exists in human CRC patients. Patients with more
advanced CRC tumors show significantly lower Dectin-3
expressions, and CRC patients with higher fecal fungal burden
exhibit lower Dectin-3 expression, higher levels of IL-22 in
tumor tissues and poorer disease-free survival and overall
survival (159). What’s more, Dectin-3 and Dectin-2 can also
act cooperatively to limit liver metastasis by promoting Kupffer
cells to phagocytize cancer cells (160).

DC-SIGN

Long time ago, researchers have realized that DCs recognize
tumor-specific antigen on CRC tumor cells through DC-SIGN to
affect effective antitumor responses thus helping tumor escape
immunosurveillance (139, 140, 161). Malignant transformation
alters the glycosylation process and causes increased levels of
Lewis X and Lewis Y on tumor-specific CEA in intestinal
epithelial cells(IECs), which can be selectively recognized by
DC-SIGN to mediate the interaction between DCs and tumor
cells, while normal IECs contains low levels of Lewis antigens on
CEA thus avoiding DC-SIGN binding (139). Besides, primary
CRC tissues from some patients express a novel DC-SIGN
ligand, Mac-2-binding protein (Mac-2BP), which also
contained special glycosylated structures (137). The
interactions between DC-SIGN and CRC-specific glycosylation
inhibit functional maturation and differentiation of Monocyte-
Derived Dendritic Cells (MoDCs) and enhance anti-
inflammatory cytokine secretions (e.g., IL-6 and IL-10), which
might supply a tolerogenic microenvironment for CRC (137,
161). Interestingly, except in a glycan-dependent manner, DC-
SIGN can interact with Type II Serine Protease MSPL/
TMPRSS13 on CRC cells in a glycan-independent manner
(138). A case-control study found single nucleotide
polymorphisms (SNPs) in DC-SIGN were associated with CRC
risk (162). Furthermore, CRC patients exhibit decreased serum
levels of soluble DC-SIGN, thus meaning a diagnostic
significance (163). Additionally, compared to normal colon
tissues, the levels of DC-SIGN are higher in the tumor stroma
and the invasive margin of CRC tissues, and higher levels of DC-
SIGN in CRC tissues are correlated with lower serum levels of
DC-SIGN from the same patient (163). Then a systematic review
also proves that DC-SIGN/DC-SIGNR is one of the most
promising circulating markers for CRC diagnosis (164).

A recent study has shed more light on the mechanism of how
DC-SIGN affects CRC. Both infiltrated DCs and cancer cells in
colon tumor tissues can express DC-SIGN, whose
overexpression was closely linked with more aggressive and
invasive tumor, worse prognosis and shorter metastasis-free
survival in CRC patients (165). The mechanism is that DC-

SIGN activation promotes the transcription of MMP-9 and
VEGF via PI3K/Akt/B-catenin pathway and suppresses the
transcription of miR-185 via [-catenin/TCF1/LEF1 pathway,
which eventually promotes metastasis of CRC (165). The DC-
SIGN signaling pathway in metastatic CRC reveals a new
pathogenesis of CRC and provides new targets for blocking the
invasion and metastasis of CRC. Another study demonstrated
that CRC craftily take advantage of the overexpression of
complex branched N-glycans to help tumor cells escape
immune recognition and construct immunosuppressive
microenvironment with inhibited production of IFN-y and
increased frequency of Treg (166). Intriguingly, the removal of
this branched N-glycans on CRC cells could expose
immunogenic glycan epitopes to enhance recognition by
immune cells via DC-SIGN and potentiate an effective
antitumor immune response (166). Besides, another member
of DC-SIGN family, DC-SIGNR, could promote colon
carcinoma hepatic metastasis (167).

LOX-1

The lectin-like oxidized low-density lipoprotein receptor-1
(LOX-1) is expressed by vascular endothelial cells (168),
vascular smooth muscle cells, cardiomyocytes, adipocytes,
platelets, monocytes, macrophages, DCs, B cells, chondrocytes
(169) and intestinal cells (170) (Table 1), and function as a
scavenger receptor (171). The low expression of LOX-1 under
physiological conditions can be up-regulated by many diseases-
related stimuli, such as cytokines (e.g., TGF-B1 (172), TNF-o
(173)), oxidized low-density lipoprotein (oxLDL) (174, 175),
angiotensin II (176), endothelin (177), asymmetric
dimethylarginine (178). There is no known ITAM or ITIM in
LOX-1 cytoplasmic tail, but LOX-1 can also mediate NF-«xB
pathway, thus implying LOX-1 utilizes other molecules for
intracellular signaling transduction, which needs further
elucidation (27).

LOX-1 is responsible for the recognition and adhesion of
exogenous Gram-positive and Gram-negative bacteria, such as
Staphylococcus aureus and Escherichia coli (179). Furthermore,
Ox-LDL can bind LOX-1 and there is considerable evidence for
their pathogenic role in atherosclerosis. Based on LOX-1
mediated MAPK/NF-kB pathway activation, Ox-LDL elevates
the levels of LOX-1, promotes the maturation and differentiation
of DCs and induces a proinflammatory cytokine profile (174,
175). Heat shock proteins(HSP) also bind to LOX-1, and anti-
LOX-1 antibody impedes such ligation thus inhibiting HSP-
induced antigen cross-presentation (40). In addition, oxidized
high-density lipoprotein (ox-HDL), phosphatidylserine (PS),
apoptotic bodies, advanced glycation end-products (AGEs),
and platelets all acts as LOX-1 ligands (Table 1).

LOX-1 has attracted much attention in the cardiovascular
field. Altered expression of LOX-1 is linked to risks of various
metabolic diseases, for example, atherosclerosis, hyperlipidemia,
diabetes, obesity (180). Besides, soluble LOX-1(sLOX-1) can be
released to serum after proteolytic cleavage, which acts as a
promising non-invasive biomarker for many diseases such as
type 2 diabetes mellitus (181). Uniquely, LOX-1 signaling also
takes part in humoral responses by triggering DC-mediated
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class-switched B cell to promote antibody responses and
changing expressions of chemokines to facilitate B cell
migration (182).

More importantly, there is a close link between metabolic
dysfunction and malignant tumor with LOX-1 involved in. The
prevalence of CRC is higher in patients with coronary artery disease
(183) and treatment with statins, an effective lipid-lowering agent,
can efficiently reduce the risk of CRC (184). Besides, increased
human serum ox-LDL levels not only contribute to atherogenesis,
but also correlate to increased risk of CRC (185, 186). As proven by
experiments using developmentally diverse cancer cell lines, LOX-1
is crucial for maintaining the growth and transformation of tumor
through NF-xB-mediated inflammatory and hypoxia responses
(187). Ox-LDL binding to LOX-1 promotes the accumulation of
reactive oxygen species (ROS), which contributes to the
development and progression of various neoplasia, including CRC
tissues (185, 188). Above all, LOX-1 is a crucial molecular bridge to
connect cancers with various metabolic diseases.

More direct evidence suggests that human CRC tissues
produce excessive ox-LDL and strongly upregulate LOX-1, and
the overexpression of LOX-1 correlates to highly aggressive and
metastatic human CRC, while metastasis and recurrence are
leading causes of CRC mortality (189). The in vitro knockdown
of LOX-1 in CRC cells impairs proliferation rate, hinders the
maintenance of tumorigenicity and influences the presence of
peculiar volatile organic compounds (VOCs) (189). Subsequent
study using two different xenografting procedures in mice
(subcutaneous and endovenous) further revealed that LOX-1
silencing affects not only the engraftment of the tumor but also
the development of metastasis, where angiogenesis takes a crucial
role (190). And LOX-1 also affects gene transcription through
epigenetic regulation such as different histone acetylation pattern
(190). The latest study that uses human CRC tissues and CRC
xenograft mouse model also found the glycolytic metabolism and
chemoresistance of CRC tissues were regulated via the
upregulation of LOX-1/c-MYC/SULT2BI1 axis, and the
knockdown of LOX-1 downregulated SULT2B1 via ¢-MYC
thus repressing glycolytic metabolism to inhibit the
proliferation and chemoresistance of CRC (191). Consistent
with these investigations, another recent study reported for the
first time that higher serum LOX-1 levels of CRC patients
determine poorer overall survival and worse prognosis (192).
Serum LOX-1 actually represents an independent prognostic
factor and positively correlates with many inflammatory factors,
at the same time, patients with high LOX-1 expression in CRC
tumor tissues also showed poor prognosis (192). LOX-1 has also
been identified as a crucial player in immunosuppression in
tumor microenvironment. Neutrophils with high expression of
LOX-1 shows similar characteristics of myeloid-derived suppressor
cell (MDSC) and exerts powerful immunosuppressive effects such as
the inhibition of T cell proliferation, which contributes to the
progression and recurrence of glioblastoma (193, 194).

Intriguingly, another recent study found that lower levels of
LOX-1 and CD8" cytotoxic T lymphocyte (CTL) in tumor
stroma were related to worse prognosis in CRC patients (195).
The researchers speculated that the reasons for this phenomenon

is that the CRC stromal cells that express LOX-1 were mostly
CD163" M2 macrophages, whose infiltration in stroma was
beneficial for CRC prognosis while harmful for several other
cancers (195). Whether LOX-1 expression influences the
quantity and quality of M2 macrophages in CRC
microenvironment thus influencing the efficacy of anti-tumor
immunity needs further evidences to elucidate.

In summary, LOX-1 not only provides an environment that
facilitates tumor progression and invasion, but also mediates
immunosuppressive signals to help tumor cells escape from
immunosurveillance. Although there are still problems that
have not been fully clarified, the current researches point out
the potential to utilize LOX-1 as therapeutic target to inhibit
CRC tissues growth and metastasis and repress chemoresistance.
In addition, the identification and characterization of peculiar
VOCs that is induced by LOX-1 may provide a simple,
convenient and non-invasive biomarker for CRC diagnosis
and monitoring.

Other CLRs

Although the role of Mincle in the relationship between
intestinal fungal dysregulation and CRC is unclear, the ligands
of Mincle hold great potential for the development of new cancer
vaccine, such as promoting the lysis of mouse CRC cells (196)
and enhancing the maturation and migration of DCs to trigger
anti-tumor effect in CRC (197). As for Dectin-1, a recent study
found that the significantly increased Candida albicans in the
guts of CRC patients can induce the proliferation of the human
intestinal epithelial cells through the Dectin-1 mediated Wnt/f-
catenin signaling thus contributing to CRC development (152).
But the precise effect of Dectin-1 on CRC is largely unsure.

THE ROLE OF DOWNSTREAM ADAPTOR
CARD-9 IN INTESTINAL INFLAMMATION
AND CARCINOGENESIS

Caspase recruitment domain 9 (CARDY), a caspase recruitment
domain-containing signaling protein, functions as a central
adaptor molecule to transduce the signaling of ITAM-coupled
or hemITAM-bearing CLRs (e.g., Dectin-1, Dectin-2, and
Mincle) in the immune response to fungi (198, 199). CARD9
not only mediates CLRs signaling by coupling the activation of
Syk to the regulation of NF-kB pathway, but also widely take part
in the integration of signals downstream of other PRRs, such as
NLRs and TLRs (198, 199). CARD9 signaling molecule is a major
player in both innate immunity and adaptive immunity to react
against various pathogens properly, including fungi, bacteria,
and viruses. Therefore, CARDY is associated with many
inflammatory disorders. For example, human CARD9Y
deficiency contributes to chronic mucocutaneous candidiasis
(200) and invasive Candida infections in the central nervous
system or digestive tract (e.g., meningoencephalitis, colitis) (201).

CARD?9 is a key downstream regulatory molecule to maintain
the intestinal homeostasis via regulating host immune system
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and the intestinal flora. Many genome-wide association studies
all found that CARD9 polymorphism was strongly related to CD
and UC (202-204). Experiments on mice showed that CARD9-
null mice had difficulty in recovering from epithelial damage
with impaired production of cytokines including IL6, IL-17 and
IL-22 when treated with DSS (205). And CARD9 deficiency was
associated with suppressed Th17 and innate lymphoid cells
(ILCs) in murine colon during Citrobacter rodentium infection,
suggesting that CARDY participates in an effective defense
response against C. Rodentium (205). In addition, CARD9-null
mice showed more susceptibility to colitis companied by strongly
elevated fungal burdens and altered intestinal fungal
composition (e.g., increased Candida tropicalis), which is
partially due to impaired fungicidal functions of CARD9-null
macrophages, thus implying an inability to accurately control
intestinal fungal community is involved in the deteriorated
colitis of CARD9-null mice (205-207). What is more, CARD9
gene also affects intestinal inflammation through modulating the
production of microbial metabolites. Transferring the intestinal
flora from CARD9-null mice to wild-type germ-free mice is
proven to promote colitis and reduce IL-22 production, because
the microbiota in CARD9-null mice is unable to metabolize
tryptophan into the ligands of aryl hydrocarbon receptor (AHR)
(207). AHR is important for inducing IL-22 production (208), a
critical cytokine for the maintenance of intestinal homeostasis
(209). Therefore, supplement with tryptophan-metabolizing
Lactobacillus strains or treatment with AHR agonist is effective
to attenuate intestinal inflammation (207). Consistently, both
CD and UC patients shows reduced AHR ligands and defective
AHR activation in their microbiota, especially for patients with
CARDO risk alleles (207). Furthermore, IBD patients with
CARD?9 risk alleles shows more abundant Malassezia restricta
in the gut, which usually exists as a skin commensal fungus (210).
In germ-free mice with or without bacteria colonization,
increased levels of M. restricta alone are enough to directly
exacerbate colitis, because M. restricta can elicit a strong
proinflammatory response in a CARD9-dependent manner,
implying the potential to utilize specific commensal fungi as a
therapeutic target for IBD (210).

Syk-CARD?Y signaling mediates a protective role in the
interplay between fungal microbiota and CAC. CARD9-null
mice significantly altered microbial profile, which is associated
to CAC (206, 211). Upon administration with AOM-DSS,
CARDY-null mice are proven to be more susceptible to CAC,
whose mechanism is that defective fungicidal functions of
Card9-null macrophages lead to fungal dysbiosis (especially
increased Candida tropicalis), and C. tropicalis increases the
number of intestinal MDSC and activates the function of
MDSC (206). Antifungal treatment (fluconazole) can
ameliorate CAC in CARD9-null mice together with decreased
accumulation of MDSC (206). Similarly, CRC patients shows
higher proportion of C. tropicalis and patients with higher levels
of fecal fungal burden exhibit increased MDSCs in their blood
and colon tissues (206). Likewise, mouse Lewis lung cancer
model revealed a noncanonical CARD9/NF-xB/IDO pathway,
which can limit tumor progression through inhibiting the

immunosuppressive capacity of MDSCs (212). In addition to
MDSCs accumulation, the deletion of CARD9 or Syk also
increases susceptibility to colitis and CAC in mouse model
because of another protective mechanism, microbiota/Syk/
CARDY/IL-18 axis, where commensal fungi promote the
activation of inflammasome and the maturation of IL-18 in a
CARDY-dependent manner to influence the restitution and
maintenance of intestinal epithelial barrier and the production
of IFN-y (211). Treatment with amphotericin B (AmpB) to
deplete commensal fungi in wild type mice can exacerbated
CAC while supplementation with IL-18 or wildtype myeloid cells
in CARD9-null mice can ameliorate CAC (211).

However, CARD9 has also been shown promoting tumor
effects in various types of malignant diseases, including CAC.
CARD?9 can promote CAC via CARDY/IL-1[/IL-22 axis and the
IL-22 production can promote tumorigenesis via epithelial
STAT3 activation (213). Furthermore, another study also
found that CARD9Y promoted liver metastasis of CRC tissues
through metastasis-associated macrophage polarization via NF-
KB pathway activation (214). Interestingly, using the mouse
model of human familial adenomatous polyposis (FAP),
CARD?9 is revealed to exacerbate intestinal neoplasia in a sex-
biased manner where male mice showed reduced viability, more
tumor burden and more immune cells infiltration, implying
gender differences in human CRC may involve CARDY-
dependent inflammation (215).

PROSPECTIVES

Fungal dysbiosis and related immune responses contribute to the
pathogenesis of IBD and CRC, which is implicated to be
mediated by CLRs, especially Dectin-1, Mincle, Dectin-3 and
their downstream adaptor protein CARD9. However, the
downstream signaling pathways of many CLRs and detailed
mechanisms of aberrant CLRs signaling affecting IBD or CRC
are complex and still unclear. In particular, there are still many
discrepancies and even contradictions in the current research
results on the role of CLRs in IBD and CRC. There are several
possible reasons for this paradox, for example, different diet in
experimental animals and undiscovered crosstalk within distinct
PRRs. To be specific, different diets may affect intestinal
inflammation in mice by affecting their gut microbiota
composition (94). And CLRs can interfere with other PRRs-
mediated signal transduction, such as TLR4, so simultaneous
activation of multiple PRRs may produce different effects (41). In
addition, experimental dose, mouse strain, sex bias and the
interaction between intestinal fungi and bacteria may also
influence experimental results. All these factors need to be
considered in future studies.

The improvement of next generation sequencing (NGS) and
third generation sequencing (TGS) technology paves the way to
further investigate intestinal microbiota. A boom in the study of
intestinal bacteria is facilitated by 16S rRNA sequencing, and in
the past few years, a lot of emerging fungal sequencing studies are
based on internal transcribed spacer (ITS) region and 185 rRNA
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(216). The combination of ITS and18S rRNA sequencing could
provide a more comprehensive characterization of intestinal
fungi (216). It should be noted that intestinal fungal studies
that utilize metagenomics and metatranscriptomic analysis are
limited till now (217). In addition, as an important turning point
in microbiota research, newly-developed culture-dependent
strategies, such as high-throughput culturomics combined with
matrix-assisted laser desorption ionization-time of flight mass
spectrometry (MALDI-TOF MS) and ITS sequencing, make up
for the deficiency of sequencing research and has been applied in
fungal microbiota research (218). Other cutting-edge
technologies can also be applied to the study of intestinal flora,
for example, genome-wide CRISPR-Cas9 screen helps
researchers to find the receptors for toxins of Enterococcus (219).

These latest technology and research paradigms help to
elucidate the molecular mechanism of intestinal microbiota-
inflammation-cancer axis. Newly discovered biomarkers and
targets in this axis could be utilized to develop innovative
vaccines and medicines, so as to approach more efficient and
more individualized treatment. For example, through taking
advantage of the adjuvant capacity of Mincle agonist,
conjugating model antigen with Mincle agonist is a new
pathway to develop cancer vaccines, which has been proven to
provoke strong anti-tumor immune responses in mice (196).
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Food allergy is a growing concern due to its increasing world-wide incidence. Strict
avoidance of allergens is a passive treatment strategy. Since the mechanisms responsible
for the occurrence and development of food allergy have not yet been fully elucidated,
effective individualized treatment options are lacking. In this review, we summarize the
pathways through which food antigens enter the intestine and review the proposed
mechanisms describing how the intestine acquires and tolerates food antigens. When oral
tolerance is not established, food allergy occurs. In addition, we also discuss the
contribution of commensal bacteria of the gut in shaping tolerance to food antigens in
the intestinal tract. Finally, we propose that elucidating the mechanisms of intestinal
uptake and tolerance of food antigens will provide additional clues for potential treatment
options for food allergy.

Keywords: food antigens, food allergy, paracellular pathway, transcellular pathway, intestinal barrier, oral
tolerance, intestinal immune system, gut microbiota

INTRODUCTION

Globally, there is an increasing incidence of food allergy that affects the quality of life of those
affected (1-3). Food allergies have been identified at all ages. Food allergy affects approximately 6%
of children and 3 to 4% of adults (4). Allergies to certain foods that start in childhood can persist
into adulthood, and new allergies can occur at any stage of life (5). For example, 40 to 60% of fish or
shellfish allergies begin in adulthood (6). Peanut allergy affects nearly 5 million adults in the United
States, and about one in six individuals with peanut allergy experience their first episode in
adulthood (7).

Although food allergy has a wide incidence and is considered a substantial public health burden,
its diagnosis and treatment are still inadequate due to the limitations of research into its
pathogenesis (8) and the understanding of the mechanisms triggering food allergies (9). First,
there are no clear and uniform diagnostic criteria. In addition, most symptoms of food allergy are
not typical, such as cough, diarrhea, abdominal pain, and vomiting, which are similar to the
symptoms of many other clinical diseases and are often ignored or misdiagnosed (10). Second,
because of the lack of understanding of the pathogenic mechanisms of food allergy, there is a lack of
safe and effective treatment options for individuals diagnosed with food allergy. The only safe and
effective method for patients with a food allergy diagnosis is to strictly avoid the allergic antigens
(11, 12). However, there is widespread concern that a strict and limited diet in patients with food
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allergies can lead to nutritional deficiencies and growth failure in
children (13). Recently, allergen-specific immunotherapy has
also emerged, and involves the administration of allergic
antigens orally, sublingually, or epicutaneously to induce
immune tolerance to allergens. Although allergen-specific
immunotherapy has made considerable progress in the
treatment of food allergies, during the course of clinical
treatment, allergen-specific immunotherapy has obvious
limitations in efficacy, safety, and durability (14). Thus, an in-
depth exploration of the pathogenic mechanism of food allergy is
necessary to further improve and optimize treatment plans.

It is well-known that the primary role of the intestinal mucosa
is to act as a barrier to prevent harmful substances from entering
the digestive system. Furthermore, as a selective filter, the
intestinal mucosa allows the necessary dietary nutrients, water,
and electrolytes to be diverted from the lumen into the blood
circulation of the intestine (15). Although considered as foreign
antigens, food antigens are selectively filtered into the circulation
by the intestinal mucosa without triggering a defense immune
attack response in the intestines but induces immune tolerance.
Nevertheless, the disruption of this tolerance mechanism will
lead to food allergies. Herein, we focus on how food antigens pass
through the intestinal barrier and how they are acquired and
tolerated by the intestinal immune system. We also discuss
situations in which food allergy occurs when the intestinal
immune regulation is disturbed. Finally, by summarizing and
discussing these studies on food allergy, we hope to provide more
clues to stimulate fundamental research and clinical applications
in the field of food allergy.

HOW DO FOOD ANTIGENS CROSS THE
INTESTINAL BARRIER?

Structurally, the intestinal barrier can be divided into three
layers. The outer layer is the mucus layer that is symbiotic
with intestinal microorganisms, the central layer is a
specialized single cell layer consisting of epithelial cells, and the
inner layer is the lamina propria (LP) composed of innate and
adoptive immune cells. The mucus layer has a Sieve-like
structure, among which mucins secreted by goblet/mucinous
cells cover the intestinal epithelium (16). Mucins secreted in the
mucus layer can protect intestinal epithelial cells from digestive
enzymes and function as a defense barrier to prevent the invasion
of foreign microorganisms (17-19). The central layer is made up
of intestinal epithelial cells that are considered important
components of the intestinal defense system and play a key
role in the transport of substances into the intestinal tract. A
variety of epithelial cell subsets, including absorptive enterocytes,
goblet cells, Paneth cells (20, 21), tuft cells (22), enteroendocrine
cells (23), microfold cells (M cells), and epithelial stem cells, have
unique and specialized characteristics and functions, which
cooperatively form a sophisticated epithelial layer against
numerous antigens in the lumen (24). A set of highly
organized intercellular junction complexes links these intestinal
epithelial cells to form intestinal paracellular barriers. These

junction complexes are in dynamic balance and are divided
into three types: tight junctions (TJs), adherens junctions (AJs),
and desmosomes (25). Paracellular barriers composed of these
junction complexes function to maintain the integrity of the
intestine and also mediate the regulation of nutrients that pass
through the intestine through the paracellular pathway. Beyond
the mucus layer and the epithelial layer, is the LP, which contains
both innate and adaptive immune cells, such as dendritic cells
(DCs), macrophages, T cells, and B cells. Immune cells in the LP
are involved in both immune defense and immune regulation in
the intestinal microenvironment (26). The intestinal barrier
composed of these three layers can effectively prevent harmful
substances from entering the body. However, this barrier is not
completely impenetrable. The intestinal barrier allows foreign
nutrients to enter the body to meet growth needs. We will first
summarize the pathways through which nutrients from ingested
food pass through the intestine.

Food is digested into peptides, amino acids, polysaccharides,
monosaccharides, water, electrolytes, and other nutrients
through chemical and mechanical activity in the digestive tract.
These nutrients, including food antigens, enter the
subepithelium through two main pathways, the paracellular
pathway and the transcellular pathway.

Paracellular Pathway

As mentioned above, the intercellular junction complex located
in intestinal epithelial cells is the main mediator that regulates
the paracellular pathway. Among the three types of epithelia
junction complexes, TJs are composed of transmembrane
proteins (27), which interact with each other and with the
intestinal immune system, making them the main rate-limiting
step in controlling the permeability of the paracellular pathway
(28,29). The TJ proteins, such as zonula occludens (ZO) (30-32),
occludins (33), and claudins (34) participate in the formation of
TJs and control the permeability of paracellular pathways. Small
molecules derived from food nutrients, such as solutes soluble in
water, cross the intestinal barrier through paracellular pathways
(Figure 1-(1)). Paracellular pathways have the selectivity of
capacity, charge, and size for the substances they transport.
This pathway is highly regulated by TJs to ensure that the
transport of materials across the epithelial barrier is strictly
controlled. However, when the epithelial barrier is damaged,
such as following destruction of TJs, the paracellular pathway
becomes nonrestrictive and allows the free passage of ions, water,
macromolecules, and even bacteria or viruses. This increases the
intestinal permeability and leads to pathological changes
(Figure 1-(2)). For example, food cysteine proteases degrade
the TJ protein occludin, thus increasing the permeability in the
paracellular pathway, which can contribute to the sensitization
process of food allergies (35). Furthermore, the paracellular
pathway is disrupted in patients with inflammatory bowel
disease (IBD) due to the reduced expression of TJs and AJs
proteins in epithelial cells in the inflammatory zone, such as ZO-
1, claudin, and E-cadherin (36). Thus, the paracellular pathway
plays an indispensable role in mediating materials into the
intestinal subepithelium, and this process is controlled by TJs
between epithelial cells. Furthermore, damage to TJs disrupts the
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FIGURE 1 | Food antigens cross the intestinal epithelium to induce tolerance or provoke allergy. (1) Small molecules such as electrolytes and water enter the sub-
epithelium via paracellular pathways. (2) Degradation of tight junctions increases the permeability of the paracellular pathway, which leads to non-selective and
uncontrolled entry of macromolecules into the intestinal sub-epithelium and contributes to the sensitization process of food allergies. (3) Small molecules such as
amino acids and glucose that are transported across the epithelium by apical brush boundary transporters such as SLCs on enterocytes. (4) M cells sample food
antigens, and then present them to dendritic cells. (5) Goblet cells form goblet-cell-associated antigen passage (GAP) to enclose luminal antigens (food antigens and
microbial antigens) in internal sack-like vesicles, and then transport them across entire cells to dendritic cells. (6) In food allergy mouse models, secretory epithelial
cells function as conduits to allow the transport of food antigens through the epithelium of the small intestine and induce a food-induced anaphylactic reaction. (7)
CXBCR1* macrophages rely on CX3CR1 expression to form dendrites to efficiently sample antigens from the intestinal lumen without disrupting the tight junctions
between the cells. CX3CR1* macrophages transfer antigens they captured to CD103* DC. (A) When food antigens enter the intestinal sub-epithelium through above
pathways, they are acquired and processed by dendritic cells. Then DCs migrate to MLNs where they present the processed food antigens and induce tolerance or
food allergy. To induce oral tolerance, DCs secrete interleukin-10 (IL-10), transforming growth factor-f (TGF-p), and indoleamine 2,3-dioxygenase (IDO) to induce
Tregs and promote their production of IL-10 and TGF-B to maintain tolerance. (B) In the case of allergy, oral antigens and adjuvants stimulate the expression of IL-33
in intestinal epithelial cells, which in turn upregulates the expression of the costimulatory molecule-OX40L on DCs. OX40L expression upregulates DCs to promote

the TH2 response in the MLN and leads to more severe food allergies.

paracellular pathway, which leads to increased intestinal
permeability and intestinal disorders such as food allergies
and IBD.

Transcellular Pathway

Enterocytes are the main type of intestinal epithelial cells and
differ greatly in structure and composition between the small
intestine and the colon. In the small intestine, enterocytes have
villi that protrude into the lumen. The villi increase the surface
area of the intestinal mucosa for better absorption of nutrients.
These cells concentrate digestive enzymes (such as pancreatic
proteolytic enzymes) on their apical surface, which are involved
in the chemical digestion of lipids, carbohydrates and proteins,
and absorb these digested nutrients through the apical brush
boundary transporters (such as the SLC1A, SLC6A, and SLC7A
families) (37). As we mentioned, small molecules such as water
(38) and ions (39) can enter the intestinal subepithelium via
paracellular pathways. They can also enter the intestinal
cytoplasm from the apical membrane through epithelial

transporters (integral membrane protein pumps or channels)
and are discharged from the basolateral membrane (Figure 1-
(3)). For example, the sodium-dependent transport of glucose
(40), alanine (41), and glutamine (42) occurs on the surface of
intestinal epithelial cells. However, macromolecules can only
enter the cell through vesicles, which are formed by invagination
and extrusion of the apical membrane. The vesicle transfer
process is called endocytosis (43), which in intestinal cells is
limited to pinocytosis (44). A variety of intestinal epithelial cells
are involved in these intestinal epithelial-mediated transcellular
pathways. Among them, M cells and goblet cells play a pivotal
role in internalizing luminal antigens into gut-associated
lymphoid tissues (GALTs) and in establishing intestinal
tolerance or inducing intestinal immune responses to food
antigens. They indiscriminately sample lumen contents,
including food antigens, and transport the intact antigens to
intestinal DCs to process and present these antigens (37).

M cells are specialized epithelial cells located in the follicle-
associated epithelium overlying Peyer’s patches (PP) (45, 46).
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Their location facilitates M cells to transcytose a wide range of
substances, such as food antigens and microbes, to underlying
DCs for antigen processing and presentation (47) (Figure 1-(4)).
In addition, M cells have specialized structures that lack the
typical brushlike border and have thinner calyx glycosomes,
making it easier to capture large particle antigens and
transcytose them by pinocytosis in the fluid phase and by
receptor-mediated endocytosis (48). Besides the delivery of
intact antigens into the underlying lymphoid tissue of the
GALT (49, 50), M cells also participate in Ag processing and
presentation based on the observation that GALT M cells express
MHC class II molecules and acidic endosomal-lysosomal
compartments (51). Suzuki et al. developed an M cell-targeting
Ag delivery system by combining antigens OVA with pol
protein that is known to bind to M cells in gut and nasal-
associated lymphoid tissues (NALT) to investigate the role of M
cells in oral tolerance (47, 52, 53). Using this M cell-targeting
antigen delivery system, the authors determined that the
recombinant protein OVA-pcl can induce mucosal
unresponsiveness through two main mechanisms: clonal
deletion of Ag-specific CD4+ T cells and the induction of
acquired type Tregs cells (47). However, additional studies
have also reported that oral tolerance could be established even
in the absence of PP or the destruction of M cells to facilitate
antigen transport to the PP (54, 55). Thus, the role of M cells in
the induction of oral tolerance by transporting Ags from the
lumen is controversial and further studies of the mechanism
are needed.

Goblet cells are specialized mucous epithelial secretory cells.
The secretory products of goblet cells, including mucins, trefoil
factors, and other proteins, are essential for the integrity of the
intestinal barrier and the prevention against the entry of harmful
antigens (56). It should be noted that another important role of
goblet cells is the formation of a goblet cell-associated antigen
passage (GAP) to transport luminal antigens (food antigens and
microbial antigens) to antigen-presenting cells (APC) in the LP
(57, 58) (Figure 1-(5)). Preventing the entry of harmful antigens
through mucus secretion and sampling luminal substances into
the intestinal immune system through GAP formation are two
divergent processes for goblet cells. Molecular mechanisms have
revealed that a neurotransmitter called acetylcholine can trigger
both mucus release and the GAP process in goblet cells in
independent signaling pathways mediated by different
receptors (59). This regulation of Ach allows goblet cells to
accommodate the dynamically changing demands of the
mucosal environment. Goblet cells can also deliver luminal
substances, including food antigens and microbial antigens,
and induce intestinal tolerance through the GAP process (60).
First, goblet cells capture food antigens from the lumen, enclose
them in internal sack-like vesicles, and then transport them
across the entire cell. Then the APCs in the LP acquire luminal
antigens to induce intestinal tolerance by maintaining pre-
existing Tregs in the LP, and imprinting tolerogenic properties
(60). However, Noah et al. reported that in food allergic mice,
secretory epithelial cells, including goblet cells, enteroendocrine
cells, and Paneth cells in the small intestine function as conduits

to allow the transport of food antigens through the epithelium of
the small intestine to the underlying immune cells and induce a
food-induced anaphylactic reaction (61) (Figure 1-(6)). They
also found that these secretory epithelial cell antigen passages
(SAP) were induced by the Th2 cytokine-IL-13 in a CD38/
cADPR-dependent manner (61). Additionally, blockade of this
process reduced the passage of food antigens through the
epithelium of the small intestine and alleviated the induction
of the food allergic reaction in the intestine (61). Finally, they
confirmed that SAP formation driven by IL-13 through the
PI3K/CD38/cADPR pathway is conserved in the human
intestine, indicating that blockade of this process, such as by
inhibiting Th2 cytokines, might represent a potential therapeutic
option for food allergy.

HOW ARE FOOD ANTIGENS ACQUIRED
AND TOLERATED BY THE INTESTINAL
IMMUNE SYSTEM?

When food antigens enter the intestinal sub-epithelium through
the above pathways, they are acquired and processed by APCs
dispersed in the LP, PPs, and mesenteric lymph nodes (MLN).
Oral tolerance to food antigens is often induced in MLNs (55)
(Figure 1A). When the underlying APCs acquire the food
antigens, they process them and present them to immune
regulatory cells such as Treg cells in the MLN and induce
tolerance (62).

Food Antigen Capture and Oral Tolerance
Induction in the Intestine

As we mentioned above, food antigens can be internalized by M
cells or acquired by goblet cell-associated passages. When the
food antigens are captured by these specialized intestinal
epithelial cells, they will be transferred to the migratory DCs in
the intestinal PP (where the M cells deliver antigens to
underlying DCs) (63) and LP (where the GAPs transport
antigens to DCs) (57).

DCs and macrophages are the two main APCs for food
antigens (64, 65). Rescigno et al. observed that DCs can
penetrate the monolayers of the intestinal epithelium into the
gut lumen by extending the transepithelial dendrites (66). This
property provides DCs with access to antigens in the intestinal
lumen. CX3CR1" macrophages have also been reported to rely
on CX3CRI expression to form dendrites to efficiently sample
antigens from the intestinal lumen (67). These antigen uptake
macrophages quickly transfer food antigens to CD103" DCs via
connexin 43 in the gap junctions (67) (Figure 1-(7)).

In general, food antigens are collected directly by intestinal
DCs or by CX3CR1" macrophages or other epithelial cells (such
as the M cells and goblet cells described earlier) and are delivered
to DCs (68).

When loaded with food antigens, DCs migrate to the MLNs
where they present the processed food antigens and induce
tolerance (Figure 1A). Among various subsets of DCs, CD103"
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DCs have been reported to play an important role in tolerance
induction (67). CD103" DCs are derived from circulating
monocytes that express the gut homing marker-04B7 integrin
(69). They are located in the LP of the small and large intestine.
When they acquire food antigens from the lumen, they migrate
to MLNs to induce oral tolerance by activating Tregs. There are
several mechanisms through which CD103" DC induce Tregs.
For example, intestinal CD103" DCs have been reported to
secrete retinoic acid (RA) and transforming growth factor-8
(TGF-B) to promote the differentiation of Foxp3+Treg cells (70,
71). CD103" DC also express indoleamine 2,3-dioxygenase
(IDO), to sustain and differentiate Tregs, while inhibition of
IDO in vivo has been reported to reduce Tregs specific to orally
administered antigens and to impair the induction of oral
tolerance (72).

Besides CD103" DC, resident intestinal macrophages marked
with high expression of the CX3C-chemokine receptor 1
(CX3CR1) also help to maintain Foxp3 expression in Tregs in
the intestine by secreting IL-10 (73, 74). These intestinal resident
macrophages have been proposed to provide additional survival
signals for Tregs since they express high level of MHC class II,
which enables them to undergo cognate interactions with specific
Treg cells (75).

In addition to Treg-mediated oral tolerance, T cell clone
anergy and/or deletion are also involved in oral tolerance (76,
77). The modality of oral tolerance induction depends on the
dose of food antigens (77). Low dose of antigens induce Treg
mediated immune suppression, while high doses of antigens lead
to anergy and deletion of antigen-specific T cells (76-78).

Intestinal Commensal Bacteria Help
Establish Oral Tolerance
Intestinal commensal bacteria also provide a large number of non-
self-antigens that are tolerated by the intestinal immune system
(73, 79, 80). Evidence indicates that the intestinal microbiota is
crucial for the development and maturation of the intestinal
immune system (81, 82). In particular, intestinal commensal
bacteria could help shape intestinal tolerance. In germ-free (GF)
mice, the frequency of Tregs and the levels of the anti-
inflammatory cytokine IL-10 produced by Tregs are markedly
reduced compared to mice free of specific pathogens (83-86). In
one study, 17 strains of bacteria from the human gut microbiota
were identified as Treg-cell-inducing bacterial strains. Treatment
of these 17 Treg cell-inducing strains could alleviate intestinal
inflammation, including allergic diarrhea (87). Furthermore, the
observation that food allergen sensitization is enhanced in GF
mice or mice that have been treated with antibiotics suggests that
commensal bacteria are essential for the establishment of oral
tolerance (88). Although the mechanisms by which the intestinal
microbiota regulate allergic responses to food are not yet fully
defined, studies have revealed that the composition of the gut
microbiota, metabolites derived from intestinal bacteria and
colonization of special functional bacteria are important factors
that influence intestinal tolerance to food antigens.
Mechanistically, intestinal bacteria-derived metabolites,
including inosine and short-chain fatty acids (SCFAs), are

considered key factors promoting Treg differentiation and
improve the production of regulatory cytokines such as IL-10
(89-91). In particular, SCFAs, which are produced during the
bacterial fermentation of indigestible dietary fiber, have received
much attention for their immunoregulatory activity. Butyrate,
one of the most abundant SCFAs in the gut, has been reported to
induce functional colonic Treg cells through its function to
enhance histone H3 acetylation in the promoter and conserved
non-coding sequence regions of the Foxp3 locus (92). In
addition, it has been reported that SCFAs, particularly acetate
and butyrate, could help establish oral tolerance and prevent
food allergy by enhancing retinaldehyde dehydrogenase-2
(RALDH2) activity in CD103" DC (93). RALDH2 converts
vitamin A to retinoic acid, which promotes the differentiation
of naive T cells into Treg cells and contributes to the
establishment of oral tolerance (93, 94).

Stefka et al. reported that colonization of a Clostridia-
containing microbiota can protect against sensitization to food
allergens (88). Colonization of Clostridia induced early
production of IL-22 by RORyt+ innate lymphoid cells (ILCs)
and T cells in the intestine. This Clostridia-Induced IL-22
reduced the access of food allergen to the circulation (88).

In addition, dysbiosis of the gut microbiota leads to
intolerance in the intestine. When the gut microbiota of
infants allergic to milk protein was transplanted into GF mice,
these recipient mice also showed an allergic response to milk-
allergens (95).

PATHOGENESIS AND TREATMENT OF
FOOD ALLERGY

The most important role of intestinal immune system is to
distinguish innocuous food antigens and commensal microbes
from pathogens. They initiate an immune response against
pathogens and induce tolerance to food and commensal
bacteria. However, a breakdown of the default oral tolerance to
food leads to abnormal immune responses and results in food
allergy (Figure 1B). Many factors including the genetic
background, alteration of gut microbiota, food allergenicity
and methods of food processing, may trigger a food allergy.

As we mentioned, the intestinal APCs, especially intestinal
DCs play a pivotal role in the induction of tolerance. However,
stimuli from food components or extrinsic adjuvants could
activate DCs to trigger a food allergy. Although the detailed
identification of stimuli and their reorganization are not very
clear, it has been reported that glycoproteins from the allergenic
foods could directly bind to C-type lectin receptors (CLR) on
DCs to stimulate immune response to the food allergens (96).
For instance, in the peanut induced allergy, the glycoprotein Ara
h 1 was identified as the major peanut allergen able to bind to DC
specific intercellular adhesion molecule-3-grabbing non-integrin
(DC-SIGN), a C-type lectin receptor, on monocyte-derived DCs
and subsequently activate DCs to induce allergic immune
responses (97). Similarly, hazelnuts, walnuts, and egg whites
have also been found to bind to DC-SIGN and related DC-
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SIGNR to activate DCs and contribute to the development of
food allergies (98, 99).

In addition, alarmins such as IL-25, IL-33, and TSLP are also
involved in the development of food allergies (100, 101). Among
these allergenic alarmins, intestinal epithelial cell-derived IL-33
has been reported to act on different immune cells to expand the
allergenic immune response in the intestine. In an allergenic
mouse model, oral Ags and adjuvants stimulate the expression of
IL-33 in intestinal epithelial cells, which in turn up-regulate the
expression of the costimulatory molecule-OX40L in DCs. These
DCs expressing upregulated OX40L promote the Th2 response
in the MLN and lead to more severe food allergies (102, 103)
(Figure 1B). In another study, IL-33 secreted by intestinal
epithelial cells was found to act on type 2 ILC (ILC2) to
enhance their expansion and induce their production of IL-4
(104). The IL-33 signal-stimulated production of IL-4 by ILC2 is
indispensable for oral allergic sensitization and anaphylaxis (104,
105). Furthermore, IL-33 acts directly on mast cells to potentiate
antigen-driven IgE-dependent degranulation of MC and
promotes oral anaphylaxis after epicutaneous sensitization (106).

Based on current understanding of the mechanisms of oral
tolerance and food allergy, there have been significant advances
in treatment to food allergy, such as allergen specific
immunotherapy, vaccines, and non-allergen specific therapies,
which provide viable options for patients with food allergies.

For allergen specific immunotherapy, patients with food
allergies are treated with their specific allergens to establish the
tolerance to these allergens. This process is called desensitization.
There are various approaches to treating patients with allergens
including oral immunotherapy (OIT), sublingual
immunotherapy (SLIT), and epicutaneous immunotherapy
(EPIT). Specifically, patients with allergies are treated with
their allergens in increasing amounts each time until a
maintenance dose is reached, and then this dose is given
periodically to patients (107). Compared to other allergen-
specific immunotherapies, OIT has a higher efficiency, but also
has a higher risk of systemic side effects, which may even require
therapeutic intervention. Clinical trials have shown that OIT
directed at milk, eggs, peanuts, and wheat allergens is
therapeutically effective; however, OIT directed at these
allergens generally caused significant adverse effects when the
dose is increased (108-110). In addition to concerns about safety,
there are many factors that limit the application of allergen-
specific immunotherapy. There is a lack of standardization of
clinical treatment, including the type of allergen used in the
treatment, the administration method, the given dose, and
frequency (111, 112). Further research is needed to promote
and apply allergen-specific immunotherapy in the clinical
treatment of food allergies.

Since the allergenic activity of natural allergen extracts is the
most concerning side effect of allergen-specific immunotherapy,
and broadly limits its applicability. However, recombinant
allergens with genetic modifications that can reduce allergenic
activity are produced to improve the safety of the
immunotherapies (113). Clinical therapy trials suggest that
recombinant allergens are effective for subcutaneous

immunotherapy (114-116). Based on the promising results of
these clinical trials, the first recombinant allergen-based vaccines
will soon be registered and available for routine clinical use in
patients with allergies.

Except for allergen-specific immunotherapy, nonallergen-
specific therapies for food allergies have been developed, including
immune antibody therapy and prebiotics treatment. As an immune
antibody therapy, omalizumab has been tested in clinical trials as a
monoclonal antibody against immunoglobulin E (IgE) (117). The
combination of omalizumab and OIT has achieved promising
results for the treatment of food allergies (118). In the future, with
an in-depth understanding of the mechanism of food allergy and the
identification of therapeutic targets, more targeted antibodies, such
as antibodies against Th2 cytokines, will be developed and used in
the treatment of food allergy.

Since intestinal microbiosis contributes significantly to
allergic states in the intestine, the manipulation of intestinal
microbes holds promise for the treatment of food allergy.
Preclinical evidence has shown that prebiotics have a positive
effect on remission of food allergy. For example, dietary
supplementation with fructo-oligosaccharides, an
immunomodulatory prebiotic, significantly improved allergic
intestinal inflammation in OVA23-3 TCR-transgenic mice fed
with an OV A-containing diet (119). Supplements consisting of
Lactobacillus paracasei L9 reduced allergic responses in mice
allergic to P-lactoglobulin (120). Oral administration of
Lactobacillus murinus restored the deterioration of the
intestinal flora in food-allergic mice and alleviated allergic
reactions (121). Although prebiotic and probiotic trials are
promising in food allergy treatment, there is currently no solid
evidence to support the preventive or therapeutic effects of
prebiotics and probiotics in relation to clinical food allergies.
Therefore, future studies should uncover more specific details
and mechanisms for the treatment of food allergies, while
optimal functional probiotic strains should be selected and
isolated for this approach.

CONCLUSION

The incidence of food allergy worldwide has increased
progressively. When food allergies are diagnosed, there are
limited treatment options for patients. Strictly avoiding
allergens is one of the few safe and effective treatments in
clinical application. However, such treatment is considered as a
passive option with significant shortcomings. The limitations of
clinical treatments for food allergies are largely attributable to
unclear disease mechanisms. In recent years, significant progress
has been made in elucidating the mechanisms involved in food
antigen uptake and oral tolerance induction in the intestine. In
this review, we summarized the pathways in which food antigens
cross the intestinal epithelium and the processes through which
they are transferred to the sub-epithelial compartment to induce
tolerance or to provoke allergic reactions in the intestine.
However, more mechanistic details need to be explored
regarding processes associated with the promotion of clinical
manifestations associated with food antigen-triggered
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anaphylaxis. More importantly, promising clinical strategies
have been proposed, such as allergen-specific immunotherapy,
vaccines, and non-allergen-specific therapies, which may provide
additional viable options for patients with food allergies.
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Platelet-derived microRNA-223
attenuates TNF-o induced
monocytes adhesion to arterial
endothelium by targeting ICAM-
1 in Kawasaki disease

Manli Guo®, Shunyang Fan®, Qian Chen*, Cuiping Jia®,
Miaoyun Qiu®, Yun Bu?, Wai Ho Tang™** and Yuan Zhang™

Institute of Pediatrics, Guangzhou Women and Children’s Medical Centre, Guangzhou Medical
University, Guangzhou, China, ?Heart Center, The Third Affiliated Hospital of Zhengzhou University,
Zhengzhou, China

Background: Kawasaki disease (KD) is an acute vasculitis that may result in
permanent coronary artery damage with unknown etiology. Endothelial cell (EC)
dysfunction and platelet hyperactivity are the hallmarks of KD. Platelets are
involved in the development of endothelial dysfunction. MiR-223 transferred
by platelet microparticles (PMPs) has been found to involve in the functional
regulation of endothelial cells in sepsis. However, the role of platelet-derived
miR-223 in endothelial dysfunction has not yet been investigated in KD.

Objectives: We seek to investigate the role of platelet-derived miR-223 in
endothelial dysfunction of KD vasculopathy.

Methods and results: Forty-five acute KD patients and 45 matched controls
were randomly recruited in the study. When co-cultured with human coronary
artery endothelial cells (HCAECs), KD platelets with higher levels of miR-223
were incorporated into HCAECs, resulting in the horizontal transfer of miR-223.
Using KD platelets, PMPs, and platelet-releasate from the same amount of blood
co-cultured with HCAECs, we found the increased expression of miR-223 in
HCAECs was primarily derived from KD platelets, rather than PMPs or free
miRNAs from platelet- releasate. KD platelet-derived miR-223 attenuated TNF-
o.induced intercellular cell adhesion molecule-1 (ICAM-1) expression in HCAECs.
KD platelet-derived miR-223 also suppressed the monocyte adhesion to
HCAECs. In vivo, platelet-specific miR-223 knockout (PF4-cre: miR-223°x/flox)
C57BL/6 mice and miR-223"¥/x C57BL/6 mice were used. Using Lactobacillus
casei cell wall extract (LCWE) to establish KD murine model, we showed that in
LCWE-injected PF4-cre: miR-223"¥/* mice, deficiency of platelet-miR-223
exacerbates the medial thickening of the abdominal aorta, increased ICAM-1
expression with concomitant CD45" inflammatory cells infiltration into the
endothelium compared to LCWE-injected miR-223"¥/1°% mice.
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Conclusions: The horizontal transfer of platelet-derived miR-223 suppresses
the expression of ICAM-1 in HCAECs, which at least in part attenuates
leukocyte adhesion, thereby reducing endothelial damage in KD vasculitis

KEYWORDS

Kawasaki disease, endothelial cells, miR-223, platelets, ICAM-1

Introduction

Kawasaki disease (KD) is a children’s acute systemic vasculitis
of unknown etiology, which mainly impacts small and medium
arteries, and can cause coronary aneurysms (1). In KD, a series of
pathological changes occur, including endothelial injury, platelet
hyperreactivity, infiltration of inflammatory cells, and vascular
smooth muscle cell (VSMC) differentiation, although the
relationship between these cells remains unclear (2). The current
treatment for KD is the timely use of high-dose intravenous
immunoglobulin (IVIG) and aspirin, for anti-inflammation and
anti-platelet aggregation (3). Nevertheless, the occurrence of
coronary aneurysms cannot be completely avoided, 4% of treated
patients will still develop a coronary aneurysm (4). Therefore,
understanding the pathogenesis of coronary arterial aneurysms
will provide more effective therapy for KD patients.

The autopsy revealed that the onset of KD vasculitis was first in
theluminal endothelium (1), which was characterized by numerous
infiltration of inflammatory cells, edema and necrosis of endothelial
cells (5). Previous studies have shown that infiltration of
inflammatory cells upregulates the endothelial cell adhesion
molecules (such as ICAM-1) by secreting cytokines (6), leading
to the adhesion and chemotaxis of leukocytes (e.g. monocytes),
further promoting endothelial damage (7, 8). Endothelial damage
promotes platelet activation (9) and releases cytokines (e.g. platelet-
derived growth factor-BB, PDGF-BB), which promote VSMC
dedifferentiation (10). VSMC dedifferentiation plays a critical role
in the coronary pathology of KD by promoting medial damage,
thickening, and aneurysm formation (1). In addition, activated
platelets can induce inflammatory responses in endothelial cells by
releasing pro-inflammatory factors (e.g. interleukin-10) or sheared
CD40 ligands, leading to endothelial damage (11-15). Platelets are
actively involved in the development of KD-induced
vascular injury.

Platelets are non-nucleated cells formed by dissociation of the
cytoplasm of mature megakaryocytes in the bone marrow. Early
studies showed that platelets mainly play a role in thrombosis and
homeostasis. Recently, accumulating evidence has shown that
platelets contain a large number of miRNAs (16), as well as the
subcellular mechanism of de novo protein synthesis (17).
MicroRNA (miRNA) is a short non-coding RNA that inhibits the
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expression of target genes by interacting with the 3 ‘UTR of target
mRNA (18). A previous study showed that miRNAs, such as miR-
223, miR-337, and miR-199a, were differentially expressed in
platelets in KD (19). MiR-223, which is abundantly expressed in
platelets (20) has been found to participate in the pathological
process of cardiovascular diseases (19, 21-23). For example, in
atherosclerosis, miR-223 contributes to cholesterol transport,
biosynthesis, and efflux by targeting several genes associated with
cholesterol transport, biosynthesis, and efflux, and subsequently
relieves hyperlipidemia (24). Recent studies have shown that miR-
223 transferred by PMPs or platelets is involved in the functional
regulation of recipient cells. In sepsis, PMPs-derived miR-223 has
been shown to reduce ICAM-1-Dependent Vascular Inflammation
(25). PMPs-derived miR-223 inhibited insulin-like growth factor
receptor (IGF-1R), which promoted advanced glycation end
products (AGEs)-induced endothelial cell apoptosis (26). In
addition, platelet-derived miR-223 regulates VSMC
dedifferentiation (27). Deficiency of platelet miR-223 in KD
patients with aneurysms contributes to coronary artery pathology
as platelet uptake fails to suppress VSMC dedifferentiation (19).
Therefore, we hypothesize that platelet-derived miR-223 regulates
endothelial dysfunction in KD vasculopathy.

In the present study, we now demonstrate that KD platelets
with higher level of miR-223 were incorporated into HCAECs,
resulting in the horizontal transfer of miR-223. KD platelet-derived
miR-223 attenuates tumor necrosis factor-alpha (TNF-ot) induced
expression of ICAM-1 in HCAECs. In LCWE-injected PF4-cre:
miR-2231Y1% mice, deficiency of platelet-miR-223 exacerbates
the medial thickening of the abdominal aorta, increased ICAM-1
expression, with concomitant CD45" inflammatory cells
infiltration into the endothelium compared to LCWE-injected
miR-2231¥1°% mice. Thus, platelet-derived miR-223 contributes

to attenuating the endothelial pathology of KD.

Methods
Human subjects

A total of 45 children with acute Kawasaki disease (31 males
and 14 females, mean age, 48months) and 45 healthy children
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(23 males and 22 females, mean age, 46 months) were randomly
recruited to the study as previously described (19) (Guangzhou
Women and Children Medical Center Human Investigation
Committee, No. 2017102710). The diagnosis of KD meets the
criteria developed in 2004 by the American Heart Association.
Written informed consent was obtained from the patient’s
guardian or the adolescents themselves.

Animals

The animal experiments were conducted under the
authorization of the Animal Care and Use Committee of
Guangzhou Medical University, China (2019-384). The PF4-cre:
miR-2231¥1% mice were created using PF4-cre mice [C57BL/6-Tg
(PF4-icre) Q3Rsko/J, stock 008535] and miR-223"* mijce
(C57BL/6-miR-223¢m1(10¥)Smoey " pRy_cre mice were purchased
from Jackson Laboratory. MiR-223"1° mice were obtained
from Shanghai Model Organisms Center, Inc, China. The PF4-
cre: miR-223191°% mice were described below as PF4-miR-223 KO

flox/flox

mice, miR-223 mice were described below as Floxed

control mice.

Platelet and PMP purification

The whole blood was drawn from human subjects and
centrifuged at 250g for 20 mins at room temperature to obtain
platelet-rich plasma (PRP). The PRP was shifted to a new collection
tube, followed by second centrifugation to absolutely spin down the
residual blood cells. After treating with 100nM Prostaglandin E1
(PGE], Sigma), the supernatant was centrifuged at 1000g for 5 mins
to segregate plasma and platelets. The platelets were resuspended to
10® platelets/ml in HEPES-Tyrode’s buffer. Platelet markers
(CD41>95% positive) were used to determine the purity of
platelets. The extraction method of platelet microparticles
(PMPs) is described in previous studies (28). PMPs were
extracted from the same amount of blood. Briefly, the platelet
resuspension was slowly shaken at 10 rpm at room temperature for
4 hours. Next, platelets were centrifuged at 1000g for 5 mins. The
supernatant was then centrifuged for 90 mins at 20,000 g at 18°C to
obtain PMPs precipitates, and be resuspended in HEPES Tyrode’s
buffer in the same volume as the platelets described above. Platelet
markers (CD41>90% positive) were used to determine the purity of
PMPs. The supernatant containing platelet-releasate was collected
and stored at -80°C.

Cell culture
Human coronary artery endothelial cells (HCAECs) were

purchased from Lonza, USA, and cultured in the EBM-2 basal
medium supplemented with an EGM-2 SingleQuots kit (CC-3162,
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Lonza, USA) containing 2% FBS and fibroblast growth factor (FGF),
vascular endothelium growth factor (VEGF), human endothelial
growth factor (EGF), hydrocortisone, insulin-like growth factor-1
(IGF-1), ascorbic acid, heparin. For all experiments, HCAECs were
used between passages 5 to 7. The promonocytic leukemia cell line
(THP-1) was purchased from FuHeng biology, China, and cultured
in the RPMI1640 medium supplemented with 10% fetal bovine
serum (FBS). Cells were cultured at 37°C in a humidified 5% CO2
atmosphere with the medium replaced every 48 hours. In subsequent
experiments, platelets, PMPs, and the supernatant were added 100l
per dish and co-cultured with HCAECs for 24 hours. Transwell
chambers with a pore size of 1um were used, which only allowed
PMPs to pass through. For cell transfection experiments, the agomiR-
223/agomiR-NC or siRNA-Dicer] (si-Dicer, GenePharma, China)
were transiently transfected at a concentration of 100nM using
Lipofectamine RNAIMAX (Invitrogen reagent, USA) for 24 or 48
hours. Cells were harvested for subsequent experiments. The
sequences of agomiRNA or siRNA were listed in
Supplementary Table 1.

Enzyme-linked immunosorbent assay
(ELISA)

The levels of platelet factor 4 (PF4), B-thromboglobulin (B3-
TG), tumor necrosis factor-alpha (TNF-o) in human plasma were
determined by platelet factor 4, PF4 ELISA Kit (CUSABIO, CSB-
E07882h), B-thromboglobulin, B-TG ELISA Kit (CUSABIO, CSB-
E07886h), Tumor necrosis factor-alpha, TNF-o. ELISA Kit
(CUSABIO, CSB-E04740h). One hundred microliters of plasma
were incubated with the captured antibodies and secondary
antibodies according to the instructions. The intensity was
measured at 450nm and the reference was measured at 540 nm.
The optical imperfections in the plate were corrected by subtracting
the reading of 540 nm from 450nm. A standard curve was drawn
according to the instructions to calculate the protein content of
interest in each sample.

Flow cytometry

Cell expression of P-selectin (CD62P) was analyzed according
to the instructions. Briefly, platelets (10° platelets/ml) suspended
with 100ul HBSS buffer were incubated with PE anti-human
CD62P antibody (BD, USA) at room temperature for 15 mins.
After washing, the platelets and ECs were resuspended in HEPES-
Tyrode’s buffer and analyzed by BD FACSCanto .

RNA isolation and quantitative RT-PCR

MiRNAs from platelets or HCAECs were purified using a
miRNeasy mini kit (QIAGEN). According to the instructions,
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the extracted RNAs were reverse-transcribed using a
PrimeScript ~ RT kit (Takara) and analyzed by RT-qPCR
using a Hairpin—itTM miRNA qPCR quantitative kit
(GenePharma). Real-time quantitative PCR (SYBR-green,
TAKARA) assays were performed with an Applied Biosystems
Q6 Fast Real-Time PCR System sequencer detector. Expression was
normalized to the expression of small nuclear RNA U6 (snU6) or
the human GAPDH housekeeping gene. The primer sequences
used in RT-qPCR were listed in Supplementary Table 2.

Immunofluorescence

HCAECs were seeded into a glass-bottom culture dish at a
density of 1.0x10° per dish. Human platelets were incubated
with Cell Tracker " Green CMFDA (Life Technology) at a
concentration of 1uM in darkness for 30 mins at 37°C. After
washing at least three times, the platelets were resuspended in
HEPES-Tyrode’s buffer at a concentration of 1.0x10%/ml.
HCAECs were co-cultured with the platelets at a 1:100 ratio.
After washing with PBS buffer, cells were fixed and incubated
with primary antibodies: anti-CD31 (1:100, Abcam, ab9498) or
anti-ICAM-1(1:200, Abcam, ab282575) overnight at 4°C. The
next day, after incubating with the secondary antibody: Alexa
Fluor 594-conjugated IgG antibody (1:200, Abcam, ab150116),
Fluor 488-conjugated IgG antibody (1:200, Abcam, ab150077) at
37°C for 2 hours, the cells were stained with Hoechst to visualize
the nucleus. Immunofluorescence images were captured by a
confocal microscope (Leica SP8). In each independent
experiment, three representative images were taken for
calculating the mean fluorescence intensity by Image] software,
and used as one independent data.

For tissue sections, the slides were incubated in PBS
containing 5% normal goat serum, 5% bovine serum albumin,
and the primary antibody mixture at 4°C overnight. The primary
antibodies used were as follows: anti-ICAM-1 (1:200, Abcam,
ab222736), anti-CD31 (1:100, Abcam, ab56299), anti-CD45
(1:100, Proteintech, 60287). After incubating with each
primary antibody, the slides were washed in PBS and
incubated with Alexa Fluor 488-conjugated IgG secondary
antibody (1:200, Abcam, ab150077) or Alexa Fluor 594-
conjugated IgG secondary antibody (1:200, Abcam, ab150160)
at 37°C for 2 hours. DAPI staining was performed to visualize
the cell nucleus. Immunofluorescence images were taken with
Leica SP8 confocal microscopy (Leica).

Transmission electron microscopy (TEM)

HCAECs were plated in 65mm Petri dishes at a density of
5x10° cells per dish. KD platelets were added at a ratio of 1:100
in co-culture with HCAECs for 24 hours. After washing with
PBS twice, 1ml electron microscope fixative solution was added.
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Cells were scraped down with cell curettage and fixed at 4°C for
more than 2 hours. After washing three times with 0.1M
phosphoric acid buffer, cells were fixed again with 1% osmium
tetroxide for 2 hours. After repeated washing with 0.1M sodium
cacodylate buffer, cells were dehydrated in 30%-50%-70%-80%-
95%-100%-100% ethanol successively. After uranyl acetate and
lead citrate staining, ultrathin sections were examined with the
transmission electron microscope FEI CM100 (Japan Electron
Optics Laboratory)

Monocyte adhesion assay

HCAECs (1.0x10° cells per dish) were seeded and
transfected as described above. As previously described (29),
HCAECs were co-cultured with HC/KD platelets or transfected
with agomiR-NC/agomiR-223 for 48 hours. After washing twice
with PBS, cells were treated with TNF-o (2 ng/ml) for 4 hours
and co-cultured with THP-1 (1.0x10°) cells labeled with Cell
Tracker " Green CMFDA (Life Technology, 1uM, 30mins, 37°
C) for 2 hours. HCAECs were gently washed with PBS and fixed
with the 4% paraformaldehyde solution for 10mins, then
incubated with anti-CD31 (1:100, Abcam, ab9498) at 4°C
overnight. After incubating with the Alexa Fluor 594-
conjugated IgG antibody (1:200, Abcam, ab150116) at 37°C
for 2 hours, cells were stained with Hoechst to visualize the
nucleus. Three images per sample were captured by confocal
microscope (Leica SP8), and the number of adhering monocytes
was calculated by Image] software. The average number of
adhered monocytes per sample was used as one individual
data for statistical analysis.

Western blotting

Total protein was extracted using Radio Immunoprecipitation
Assay (RIPA) lysis buffer (Beyotime, China). Protein lysates were
separated on 10% SDS-PAGE gels and transferred to PVDF
membranes. After blocking with 5% skimmed milk, the
membranes were incubated with primary antibodies: anti-ICAM-
1(1:1000, Abcam, ab282575), anti-o-tubulin (1:2000, Abcam,
ab52866) overnight at 4°C, and subsequently incubated with the
secondary antibodies for an hour. The protein bands were detected
using an ECL chemiluminescence kit (Beyotime, China) and
quantified by ImageLab software (USA).

Ago2 immunoprecipitation

HCAECs were seeded in 65mm culture dishes (5.0x10° cells
per dish) and transfected with agomiR-223/agomiR-NC at a
concentration of 100nM for 48 hours. After harvested with RIP
lysis buffer supplemented with protease and RNase inhibitors,
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the cell lysates were immunoprecipitated with Ago2
(SAB4200085, SIGMA) or isotype IgG antibody-coated beads
(Merck Millipore). The immunoprecipitated RNA was extracted
and reverse transcribed as described in the RNA isolation and
quantitative RT-PCR section.

LCWE preparation

The Lactobacillus casei cell wall extract (LCWE) was
prepared as previously described (19, 30). Briefly, Lactobacillus
casei (ATCC 11578) was grown in Lactobacillus MRS Broth
(Difco) for 48 hours, harvested and washed with PBS. After
disturbing by 2 volumes of 4% SDS/PBS at 37°C overnight, the
cell wall fragment was washed 8 times with PBS to remove any
SDS residue, and incubated with RNase, DNase, and trypsin.
The cell wall fragment was sonicated for 2 hours at a pulse
setting of 5.0 (10-s pulse/5-s pause) with cooling in an ice bath.
After sonication, the cell wall fragments were spun for 20 mins at
12,000 rpm, 4°C. The supernatant was observed by
centrifugation at 38,000 rpm, 4°C for 1 hour. The
concentration of LCWE was determined based on the
rhamnose content by using a colorimetric phenol-sulfuric assay.

KD murine model

KD murine model was prepared as previously described (19).
Four hundred micrograms of LCWE or PBS were injected
intraperitoneally into 4-week-old mice. The mice were sacrificed
by isoflurane gaseous anesthesia two weeks after LCWE injection.
The whole blood was taken directly from the right ventricle before
perfusion. The abdominal aorta was taken out and embedded in the
optimal cutting temperature (OCT) complex for histological
analysis. The blood sample was then collected for plasma and
platelet precipitation as described in Human samples.

Genotyping

Tails were clipped from mice 1-2 weeks after birth, about 2mm.
Total DNA was extracted from individual tissues using the DNeasy
Blood and Tissue Extraction Kit (QIAGEN). DNA pellets dissolved
in water were used for PCR analysis. Primers were designed to
detect alleles of WT, Floxed ctrl and recombinant PF4-miR-223 KO
mice under standard PCR conditions. Primer sequences were listed
in Supplementary Table 3.

HE staining

The frozen sections were dried at 37°C for 30 mins and
placed in PBS for 10 mins. After being immersed in hematoxylin
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for 4 mins, hydrochloric acid and alcohol for 1 sec, and eosin for
1 min, the sections were fixed with neutral gum and detected by
fluorescence microscope (Leica DM4). The areas of thickened
medial layer were compared between groups and subjected to
statistical analysis for significance.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
v.8.0.2 (USA). The Shapiro-Wilk normality test was used to
determine the data distribution. For normally distributed data,
values were presented as Mean + SD. For two sets of data, an
unpaired two-tailed Student’s t-fest was used for comparison.
For multiple sets of data, analysis of One-way ANOVA was used,
followed by Tukey’s multiple comparisons. For non-normally
distributed data, these values were expressed as Median +
interquartile range (IQR). For two sets of data analysis, the
Mann-Whitney test was used, while Kruskal-Wallis and Dunn’s
multiple were used for multiple sets of data analysis. A difference
of P<0.05 was considered statistically significant.

Results

KD platelets are hyperactive with
increased expression of miR-223

As is known that KD is an acute febrile childhood disease
characterized by multisystem vasculitis and platelets play an
important role in the regulation of inflammatory diseases. We
found that plasma levels of platelet factor 4 (PF4) and j-
thromboglobulin (B-TG), as markers for platelet activation,
were significantly increased in the KD group compared with
the HC group (Figures 1A, B). Meanwhile, the surface
expression of p-selectin (CD62P) in KD platelets was 2~3 fold
higher than those in HC platelets (Figure 1C). These results
indicated that KD platelets were highly activated. Our previous
study using Genome-wide miRNA sequencing (19) showed that
miR-223 was significantly increased in KD platelets.
Consistently, our RT-PCR result also showed that the
expression of platelet miR-223 was significantly increased in
the KD group compared to the HC group (Figure 1D). These
results suggest that platelets and platelet-derived miR-223 may
be involved in the pathophysiological process of KD.

Activated KD platelets are internalized
into HCAECs

As we recently demonstrated that activated KD platelets
could be incorporated into VSMCs, we sought to investigate if
KD platelets were internalized into ECs. HCAECs were co-
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cultured with CMFDA green-labeled platelets for 2, 4, and 24
hours. Consistent with our previous study that activated platelets
endocytosed by VSMCs (19, 27), we found that activated KD
platelets were also significantly incorporated into HCAECs
(Figure 2A). Three-dimensional reconstruction had shown that
KD platelets were considered at the same horizontal position as
the nucleus of the HCAECs (Figure 2B). The incorporation of
platelets by HCAECs was further confirmed by transmission
electron microscopy (Figure 2C I-IIT and Supplementary
Figure 1). Platelets were located at the membrane of HCAECs
initially (Figures 2C I-red arrow), then incorporated into the
cytoplasm (Figures 2C II-red arrow), and fused with lysosomes
(Figure 2C III-red arrow). Taken together, these results indicate
that activated KD platelets are internalized into HCAECs.

The horizontal transfer of KD platelets
derives miR-223 to HCAECs

Previous studies (31, 32) found that miR-223 was expressed
in freshly isolated human vascular endothelial cells. However,
the expression of miR-223 in ECs were gradually decreased until
undetectable in vitro culture, suggesting for the exogenous
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source of miR-223 (31). Using THP-1 cells with high
expression of miR-223 as a positive control, HCAECs were
cultured with different FBS concentration or treated with
VEGF, no significant expression of miR-223 was detected by
RT-qPCR in HCAECs after five passages, Ct value >35
(Supplementary Figure 2A). However, when co-cultured with
KD platelets, the intracellular level of miR-223 in HCAECs
increased with incubation time (Figure 3A), and the number
of co-cultured platelets (Figure 3B).

To determine if the platelet-derived miR-223 contributing to
the increased level of miR-223 in HCAECs, the miR-223
expression level was first examined in HCAECs, suggesting a
significantly increased level of miR-223 in HCAECs after co-
culture with KD platelets (Supplementary Figure 2B). The si-
Dicer was transiently transfected into HCAECs to inhibit the
splicing of pre-miRNA into mature miRNA by Dicer in
HCAECs. HCAECs transfected with si-Dicer showed a
significant reduction of Dicer mRNA (Figure 3C). When co-
cultured with KD platelets for 24 hours, either HCAECs or si-
Dicer transfected HCAECs showed no statistically significant
difference in miR-223 (Figure 3C). When co-cultured with
RNase A-treated KD platelets for 24 hours, the level of miR-
223 was significantly decreased in HCAECs (Figure 3D). These
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KD platelets were hyperactive and exhibit higher expression of miR-223. Plasma levels of PF4 (A) and B-TG (B) in HC and KD groups (HC: n =
24, KD: n = 24). Data are presented as median + IQR, Mann Whitney test. (C) Surface expression of P-selectin (CD62P) in platelets isolated from
HC and KD groups (HC: n = 45, KD: n = 45). Data are presented as mean + SD, Unpaired t-test. (D) Relative expression of miR-223 in platelets
isolated from HC and KD groups (HC: n=25, KD: n=25). Data are presented as median + IQR, Mann Whitney test. **P < 0.01, ****P < 0.0001. ns

means no statistical difference.
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FIGURE 2

Activated KD platelets were internalized by HCAECs. (A) Representative immunofluorescence images of HCAECs co-cultured with CMFDA-
labeled (green) HC or KD platelets for 2, 4, and 24 hours. Blue, Hoechst nuclear staining; red, CD31 in HCAECs (HC platelets: n = 6, KD
platelets: n = 6). Scale bar: 20um. (B) Confocal three-dimensional reconstruction of Z-stack images of HCAECs co-cultured with CMFDA-
labeled KD platelets (green) for 24 hours (KD platelets: n = 6). Scale bar: 20um. (C) Transmission electron microscopy of HCAECs co-cultured
with KD platelets for 24h. (KD platelets: n = 3). I-lll were images acquired in different fields of vision respectively. Red arrows indicated KD

platelet internalized into HCAECs. Scale bar: 500nm

results suggest that the horizontal transfer of platelet-derived
miR-223 contributes to the increased level of miR-223 in
HCAECs co-cultured with KD platelets.

Since platelets miRNAs can be directly released into the
circulation or packaged in the PMPs. KD platelets, PMPs, and
releasate from the same amount of blood were co-cultured with
HCAECs for 24 hours respectively. HCAECs co-cultured with
KD platelets showed significantly increased expression of miR-
223. No significant difference in miR-223 level was found in
HCAECs co-cultured with PMPs or supernatant containing
platelet-releasate compared to the PBS group (Figure 3E).
Using purified KD platelets and a transwell chamber, we
found significantly increased expression of miR-223 in
HCAECs after directly incubated with KD platelets
(Figure 3F). These results suggest that the increased level of
miR-233 in HCAECs co-cultured with KD platelets was mainly
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contributed by the platelet-transferred miR-223, rather than
PMPs and free miRNA released by platelets.

KD platelet-derived miR-223 attenuates
monocytes adhesion to HCAECs

Inflammatory factors are known to induce vascular
endothelial cells inflammatory response by promoting
leukocyte adhesion in vasculitis, e.g. TNF-o (33). Plasma
TNEF-o level was increased in patients with KD compared to
healthy children (Supplementary Figure 3). TNF-o. treatment
was used to mimic the inflammatory state of endothelial cells in
vitro. To investigate the functional effect of increased miR-223
level in HCAECs, we performed leukocyte adhesion assay in
TNF-a-activated HCAECs. THP-1 was used as a leukocyte

frontiersin.org


https://doi.org/10.3389/fimmu.2022.922868
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Guo et al.
A miR-223
157 o HC
§ o KD ek
@ o
g) 5 104 H
(8]
S I
B g 5 o
r g é =
2 mm a8 e ® oA
OH 2H 4H 8H 24H
(o]
O KD PLT+si-NC
= O KD PLT+si-Dicer
5]
S
o 1.5 ns
[] 1] ok [m]
o % o
(7]
g P 1.0
55
T o
a
E S os- i
[72]
=]
4
o 0.0 T T
2 Dicer miR-223
E
_
T,Gzooo— —_
E, 2 1500 O
Q g 1000-
N 2 |
Fé = 500
E N 4\
o ®
$E o
3 2 1 iy =Y
x -— N
v T T 1 1
] A Q X
&
)
N
FIGURE 3

Flod change Flod change

Relative miR-223 level

10.3389/fimmu.2022.922868

miR-223
15
- - HC - *
S | =Kp
2 10-
o
O Fekkk
o
0 54 *
=
4
o
>
=0 T T T T T
0 5 10 20 40
Platelets (x10°)
miR-223
= 157
3 hkkk
—_
e
o
'_ 1.0_ 0.0.0.0.
-
o
e
o 0-5
=2
p rﬁ—l
2
~ 0.0 T T
KD PLT KD PLT
+RNase A
— 200+
(L=}
2 150 e e
("]
o 100
© 50
@
N A
® 3}
E
2 og
0 T 1 T
) A AN
Q@ Q\/ Q\/ ,5!‘@
0&‘
B\

Intracellular miR-223 in HCAECs were delivered by activated KD platelets. (A) Level of miR-223 in HCAECs co-cultured with HC or KD platelets
for 0, 2, 4, 8, and 24 hours. At each time point, the relative level of miR-223 in KD group was normalized by the HC group (n=4). Data are
presented as mean + SD, Unpaired t-test. (B) Level of miR-223 in HCAECs co-cultured with various number of platelets from HC or KD group
for 24 hours. The relative level of miR-223 in KD group was normalized by each HC group (n=4). Data are presented as mean + SD, Unpaired t-
test. (C) The intracellular level of Dicer and miR-223 in HCAECs transfected with or without si-Dicer and subsequently co-cultured with KD
platelets (1:100) for 24 hours. Results were presented as fold change (n=4). Data are presented as mean + SD, Unpaired t-test. (D) The
intracellular miR-223 level in HCAECs incubated with RNase A-treated (1U/ml, 1h, 37°C) KD platelets (1:100) for 24 hours. Results were
presented as fold change (n=4), Unpaired t-test. Data are presented as mean + SD. (E) The expression of miR-223 in HCAECs incubated with
PLTs, PMPs, or supernatant, respectively for 24 hours (n=4). Data are presented as mean + SD, One-way ANOVA and Tukey's multiple
comparisons test. (F) The expression of miR-223 in HCAECs incubated with KD platelets (PLTs) with or without a transwell chamber for 24
hours (n=4). Data are presented as mean + SD, One-way ANOVA and Tukey's multiple comparisons test. HC, HCAECs co-cultured with
platelets isolated from HC; KD, HCAECs co-cultured with platelets isolated from KD patients. *P<0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

ns, no statistical difference.
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representative. HCAECs were pre-transfected with agomiR-223
or agomiR-NC followed by incubation with THP-1 for 4 hours.
The level of miR-223 was significantly increased after agomiR-
223 transfection (Supplementary Figure 4). Using fluorescence
microscopy, we evaluated green fluorescence-labeled THP-1 on
the surface of HCAECs. Treatment with TNF-o. increased THP-
1 adherence to the HCAECs, which was attenuated by
approximately 30% when HCAECs over-expressing miR-223
(Figures 4A, B). Adhesion of THP-1 to HCAECs induced by
TNF-o showed no significant difference between HCAECs and
HCAECs pre-cocultured with HC platelets. While pre-
cocultured with KD platelets for 48h, the number of THP-1
adhesion to HCAECs showed a decreasing trend of about 40%
(Figures 4C, D). Our results demonstrate that KD platelet-
derived miR-223 attenuates the adhesion of monocytes
to HCAECs.

KD Platelet-derived miR-223 targets
ICAM-1 in HCAECs

To identify the potential targets of miR-223 in HCAECs:,
miRNA target prediction software (TargetScan 8.0) was used. We
found that ICAM-1 harbors a conserved binding site for miR-223
within its 3’ untranslated region (3> UTR) (Supplementary
Figure 5A). ICAM-1 is a key endothelial receptor in the
leukocyte-endothelial interaction and participates in the
regulation of leukocyte adhesion to endothelial cells. A previous
study using a dual-luciferase reporter assay has reported that
ICAM-1 is a target gene of miR-223 in endothelial cells (29). To
further determine if ICAM-1 is the target of miR-223, Ago2
immunoprecipitation was performed in HCAECs transfected
with agomiR-223/agomiR-NC, and miR-223 and ICAM-1
mRNA were detected by RT-qPCR. The expression levels of miR-
223 and ICAM-1 mRNA in the Ago2 complex extracted from
HCAECs transfected with agomiR-223 were significantly
increased, compared to cells transfected with agomiR-NC
(Supplementary Figure 5B). Next, we observed the regulation of
miR-223 on ICAM-1 in endothelial cells under an inflammatory
state. TNF-o treatment was used to mimic the inflammatory state
of HCAECs as described above. Western-blot and
immunofluorescence results indicated that TNF-o. treatment
increased the expression of ICAM-1 in HCAECs, which was
suppressed by overexpression of miR-223 by approximately 35%
(Figures 5A, C). HCAECs were co-cultured with HC/KD platelets
and then stimulated with TNF-o.. We found that TNF-o-induced
ICAM-1 expression was not significantly different between
HCAECs and HCAECs pre-cocultured with HC platelets. But,
the protein expression of ICAM-1 was reduced by about 30% in
HCAECs pre-cocultured with KD platelets (Figures 5B, D). Taken
together, our results demonstrate that KD platelet-derived miR-223
targets ICAM-1 in HCAECGs.
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In the LCWE-induced KD murine model,
down-regulation of platelet miR-223
increases endothelial ICAM-1 expression
with concomitant infiltration of
inflammatory cells in abdominal aorta

To determine the role of platelet-derived miR-223 to KD
vasculitis in vivo, the platelet-specific miR-223 knockout mice
(PF4-miR-223 KO, PF4-cre: miR-22319%1%) yyere successfully
constructed, LCWE was intraperitoneally injected (i.p) to
establish KD murine model. Supplementary Figure 6A
demonstrated the generation of a recombined allele upon Cre
recombination in generated mice. RT-qPCR results showed that
miR-223 expression in platelets was significantly decreased in PF4-
miR-223 KO mice (Supplementary Figure 6B). Two weeks after
LCWE injection, the murine abdominal aorta was characterized by
disruption of elastin, and manifestations of medial thickening,
which were significantly enhanced in the PF4-miR-223 KO mice
compared to Floxed ctrl mice (Figures 6A, B). Our
immunofluorescence results showed that the expression of
ICAM-1 was significantly increased in the endothelium of the
abdominal aorta after LCWE treatment. LCWE-injected PF4-miR-
223 KO mice exhibited increased ICAM-1 expression compared to
LCWE-injected Floxed ctrl mice (Figures 6C, D). Consistently, we
found the infiltration of CD45" inflammatory cells was increased in
the abdominal aorta of LCWE-injected KD murine model.
Compared to LCWE-injected Floxed ctrl mice, LCWE-injected
PF4-miR-223 KO mice exhibited increased CD45" inflammatory
cells infiltration (Figures 6, F). These results suggest that platelet-
derived miR-223 inhibits endothelial ICAM-1 expression and the
inflammatory cells infiltration in KD vasculopathy.

Discussion

Kawasaki disease is a childhood-acquired cardiovascular disease
characterized by multi-systemic vasculitis, accompanied by a series
of inflammatory responses, including inflammatory cell activation,
platelet hyperactivation, and dysfunction of the endothelial cells.
Necrosis of endothelial cells in the early stages of KD is critical to
disturbance of the vascular barrier (5). Platelets have been found to
contribute to the development of endothelial dysfunction (34).
Studies have focused on the effect of platelet-derived cytokines on
the formation of endothelial lesions. Here we demonstrate that KD
platelet-derived miR-223 inhibits the endothelial expression of
ICAM-1, at least in part contributing to attenuating the adhesion
of inflammatory cells (e.g., monocytes) in KD vasculitis.

In recent years, it has been found that platelet-derived miRNAs
can be released into the peripheral blood via encapsulation in PMPs
(35). In contact with the neighboring cells, the internalized PMPs
deliver miRNAs, which regulate the function of the recipient cell by
post-transcriptional reprogramming (36). MiR-223, which is
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FIGURE 4

KD platelet-derived miR-223 inhibited monocyte adhesion to HCAECs. HCAECs were transfected with agomiR-223 or agomiR-NC for 48 hours
followed by treatment with TNF-a (2ng/ml, 4h). (A) Representative immunofluorescence images of HCAECs co-cultured with CMFDA-labeled
(green) THP-1 for 2 hours. Blue, Hoechst nuclear staining; red, CD31 in HCAECs (n = 6). Scale bar: 20um. (B) The number of CMFDA-labeled THP-1
adhered to the surface of HCAECs. Results were presented as fold change(n = 6). Data are presented as mean + SD, One-way ANOVA and Tukey's
multiple comparisons test. HCAECs were co-cultured with HC or KD platelets for 48 hours followed by treatment with TNF-o. (2ng/ml, 4 hours). (C)
Representative immunofluorescence images of HCAECs co-cultured with CMFDA-labeled (green) THP-1 for 2 hours. Blue, Hoechst nuclear
staining; red, CD31 in HCAECs (n = 6). Scale bar: 20um. (D) The number of CMFDA-labeled THP-1 adhered to the surface of the HCAECs. Results
were presented as fold change (n = 6). Data are presented as mean + SD, One-way ANOVA and Tukey's multiple comparisons test. ****P < 0.0001
vs. PBS group; *P < 0.05, P < 0.01 vs. PBS+TNF-o. group; 5P < 0.05vs agomiR-NC+TNF-o group; 58P < 0.01 vs. HC PLT+TNF-a group

abundantly expressed in human platelets, is encapsulated in PMPs
and released upon thrombin stimulation (28). Co-incubation of
HUVECs with PMPs increased the level of miR-223 in HUVECs
and inhibited IGF-1R expression, which promoted the endothelial
cell apoptosis after incubation with late glycosylation end products
(26). In addition, platelet internalization was recently identified as a
novel pathway for miRNA delivery (19, 27, 37). It has been reported
that platelets were internalized into the hepatocyte. Following this
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internalization, platelets transfer RNA to the hepatocyte, which
stimulated hepatocyte proliferation (37). Our recent study has
demonstrated that the horizontal transfer of platelet-derived miR-
223 increased the level of miR-223 in VSMCs, which suppressed
VSMC dedifferentiation by inhibiting platelet-derived growth factor
receptor B (PDGFRP) in VSMCs (27). Consistently, we found
platelets from KD patients with coronary aneurysms showed a
significant decrease in miR-223 expression, compared with platelets
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FIGURE 5

KD platelet-derived miR-223 attenuated TNF-o.-induced ICAM-1 expression in HCAECs. (A) Expression of ICAM-1 in HCAECs transfected with
agomiR-223/agomiR-NC for 48 hours followed by treatment with TNF-o (2ng/ml, 4 hours) was determined by Western blot analysis (n = 5)
Data are presented as mean + SD, One-way ANOVA and Tukey's multiple comparisons test. (B) Expression of ICAM-1 in HCAECs and HCAECs
co-cultured with HC or KD platelets for 48 hours followed by treatment with TNF-a (2ng/ml, 4 hours) was determined by Western blot analysis
(n = 5). Data are presented as mean + SD, One-way ANOVA and Tukey's multiple comparisons test. (C) Representative immunofluorescence
images and quantification of ICAM-1 in HCAECs transfected with agomiR-NC/agomiR-223 for 48 hours followed by TNF-o treatment. Green,
ICAM-1; blue, Hoechst nuclear staining; red, CD31 in HCAECs (n = 5). Scale bar: 20um. Data are presented as mean + SD, One-way ANOVA and
Tukey’s multiple comparisons test. (D) Representative immunofluorescence images and quantification of ICAM-1 in HCAECs and HCAECs co-
cultured with HC or KD platelets for 48 hours followed by TNF-o treatment. Green, ICAM-1; blue, Hoechst nuclear staining; red, CD31 in
HCAECs (n = 5). Scale bar: 20um. Data are presented as mean + SD, One-way ANOVA and Tukey's multiple comparisons test. **P < 0.01,
***%p < 0.0001 vs. PBS group; *#P < 0.01, ###p < 0.001, #*###p < 0.0001 vs. PBS+TNF-a. group; °P < 0.05, **°P < 0.0001 vs. agomiR-NC+TNF-
o group; 8P < 0.01 vs. HC PLT+TNF-o. group.
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FIGURE 6

In LCWE-induced KD murine model, deficiency of platelet-miR-223 exacerbated the medial thickening, increased ICAM-1 expression with
concomitant CD45™ inflammatory cells infiltration in the endothelium of abdominal aorta. LCWE or PBS was administrated i.p. for two weeks
The abdominal aorta tissues were collected, and continuous cross-sections were performed for H&E staining and immunofluorescence analysis
(A) Representative H & E-stained sections of PBS or LCWE injected mice were shown. n = 4, Scale bar: 50um. (B) Quantification of the media
layer areas of abdominal aorta in each group was shown. n = 4, Data are presented as mean + SD, One-way ANOVA and Tukey's multiple
comparisons test. (C) Representative immunofluorescence images of sections from PBS or LCWE-injected mice. CD31 was stained as red,
ICAM-1 as green, and the nucleus visualized as blue (DAPI). n = 4, Scale bars: 20um. (D) Quantification of ICAM-1 expression in abdominal aorta
tissues was shown (n = 4). Data are presented as mean + SD, One-way ANOVA and Tukey's multiple comparisons test. (E) Representative
immunofluorescence images of sections from PBS or LCWE-injected mice. CD31 was stained as red, CD45 as green, and the nucleus visualized
as blue (DAPI). n = 4, Scale bars: 20um. (F) Quantification of CD45 expression in abdominal aorta tissues was shown (n = 4). Data are presented

as mean + SD, One-way ANOVA and Tukey's multiple comparisons test. L, lumen; A, adventitia; Flox ctrl: miR-223 "o/1°* mice PF4-miR-223
KO, PF4-cre: miR-223 "o/ mijce. *P < 0.05, ***P < 0.001, ****P < 0.0001
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from KD patients without coronary aneurysms (19). Deficiency of
platelet miR-223 in KD patients with aneurysms contributes to
coronary artery pathology as platelet uptake fails to suppress VSMC
dedifferentiation. Thus, platelet-derived miR-223 was identified as a
protective role in KD-induced arterial aneurysms. In the present
study, our results showed that KD platelets with a higher level of
miR-223 were incorporated into HCAECs, resulting in the
horizontal transfer of miR-223. Using KD platelets, PMPs, and
platelet-releasate from the same amount of blood co-cultured with
HCAECs, we found the increased expression of miR-223 in
HCAECs was primarily derived from KD platelets, rather than
PMPs or free miRNAs from platelet releasate. Since miR-223 targets
ICAM-1, the horizontal transfer of platelet-derived miR-223
contributes to the downregulation of ICAM-1 in HCAECs. Our
results provide evidence for the regulatory function of horizontal
transfer of platelet-derived miRNAs.

It is well known that ICAM-1 is a key endothelial receptor
contributing to leukocyte-EC interactions and plays a critical role
in inflammatory responses (38, 39). Adhesion of leukocytes,
particularly monocyte adhesion and migration to ECs, is critical
for the development of vasculitis (40). ICAM-1 is generally
expressed at low basal levels in endothelial cells, but its
expression is upregulated by inflammatory cytokines (41).
Clinical studies have shown that the circulating levels of ICAM-
1 expression are increased in the KD and positively correlated
with disease severity (42, 43), but the underlying mechanism
remains elusive. ICAM-1 was identified as one of the target genes
of miR-223 (29). Studies on sepsis showed that TNF-o induced

10.3389/fimmu.2022.922868

expression of ICAM-1 in endothelial cells was partially attenuated
by miR-223 transferred by PMPs (25). However, studies on the
involvement of miR-223 regulating ICAM-1 in endothelial cells
were limited to in vitro studies (25, 44). Our results show that KD
platelet-derived miR-223 also attenuates TNF-o. induced
expression of ICAM-1 in HCAECs. In LCWE-injected PF4-
miR-223 KO mice, deficiency of platelet-miR-223 exacerbates
the medial thickening of the abdominal aorta, increased ICAM-
1 expression with concomitant CD45" inflammatory cells
infiltration into the endothelium compared to LCWE-injected
Floxed ctrl mice, suggesting that platelet-derived miR-223 play an
important role in endothelial pathology of KD.

There are some limitations in this study. First, platelet-
derived miR-223 only partially attenuates TNF-o induced
expression of ICAM-1, suggesting that other mechanisms may
be involved. Wang et al. demonstrated that miR-223 exerted a
protective effect by targeting IL6ST in KD-induced endothelial
injury (45). Another study showed that miR-223 regulated EC
proliferation by targeting IGF-1R in KD (31). Furthermore,
Maruyama et al. proposed that miR-223 plays an important role
in KD vasculitis by targeting NLRP3 (46). These studies suggest that
miR-223 plays an important protective role in KD vasculitis. Our
study demonstrates that platelet-derived miR-223 at least in part
contributes to KD vasculopathy by targeting ICAM-1. Second, in
PF4-miR-223 KO mice, miR-223 expression in platelets was
decreased by 80%, in comparison with those from Floxed ctrl
mice. We think impure platelet preparation may contribute to the
incomplete knockout of miR-223 in platelets. Third, due to the
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Schematic figure of the working model diagram of the regulatory function of platelet-derived miR-223 in endothelial cells. In the case of KD,
platelets are hyperactive and internalized into HCAECs. The horizontal transfer of platelet derives miR-223 to HCAECs, which suppress the
expression of ICAM-1 in HCAECs and partially attenuates leukocyte adhesion, thereby reducing further endothelial damage in KD vasculitis.

ICAM-1, intercellular cell adhesion molecule-1.
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limitation amount of blood samples, not all patient plasma were
used for ELISA detection; Forth, in our recent study (19), TNF-o.
was detected to induce the expression of miR-223 via regulating the
activity of Dicer, which further cleaves pre-miR-223 into mature
miR-223 (47), suggesting the important role of TNF-o in KD
platelet hyperreactivity. Other pro-inflammatory cytokines, such as
interleukin-1f (IL-1B), were also found to contribute to KD
vasculopathy (48), so further studies are warranted to explore the
role of platelet-derived miR-223 in IL-1f induced vasculopathy.
In summary, we demonstrate that the horizontal transfer of
platelet-derived miR-223 suppresses the expression of ICAM-1 in
HCAECs, which at least in part attenuates leukocyte adhesion,
thereby reducing endothelial damage in KD vasculitis (Figure 7).
Platelet-derived miR-223 may serve as a brake for inflammatory cell
infiltration into the endothelium. Thus, miR-223 level in platelets
may serve as a potential prognostic marker for KD vasculopathy.
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Several gastrointestinal phenotypes and impairment of duodenal mucosal
barrier have been reported in clinical studies in patients with functional
dyspepsia (FD). Due to the preferential colonization of the mucosa, intestinal
microbes and their metabolites are commonly involved in host metabolism and
immune responses. However, there are no studies on the intertwined
correlation among multi-level data. For more comprehensive illustrating, a
multi-omics analysis focusing on the duodenum was performed in the FD rat
model. We found that differential microbiomes in the duodenum were
significantly correlated with the biosynthesis of lipopolysaccharide and
peptidoglycan. The innate immune response-related genes, which were
upregulated in the duodenum, were associated with the TLR2/TLR4-NF«xB
signaling pathway. More importantly, arachidonyl ethanolamide (anandamide,
AEA) and endocannabinoid analogues showed linear relationships with the FD
phenotypes. Taken together, multi-level data from microbiome, transcriptome
and metabolome reveal that AEA may regulate duodenal low-grade
inflammation in FD. These results suggest an important cue of gut
microbiome—-endocannabinoid system axis in the pathogenesis of FD.

KEYWORDS

multi-omics, innate immune, inflammation, endocannabinoid, functional dyspepsia

Introduction

Studies have shown that the prevalence of FD is approximately 16% in the general
population, although with potential regional and diagnosis-related variations (1). The
principles of treatment with a better biopsychosocial understanding of the gut-brain axis
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have been highlighted (2). A recent study reported that the vagal
gut-brain signaling regulates both the cerebral pain perception
and the structural plasticity of FD in a “bottom-up” manner (3);
however, this may not have a high clinical translational
potential. Clinical data have confirmed that duodenal barrier
disruption does exist in the patients with FD (4). The potential
damage-associated molecular patterns (DAMPs), but not the
pathogens themself, can enter though impaired intestinal
barrier, resulting in the host innate immune responses and a
low-grade inflammatory condition (5).

The endocannabinoid system, especially the arachidonyl
ethanolamide (AEA), was first proposed to be a regulator of
energy balance and gastrointestinal load with brainstem-
duodenum neural connections (6). Earlier studies have proved
that AEA has a crucial role in the physiological regulation of
gastric emptying (7). Also, the dysregulation of peripheral AEA is
involved in the modulation of small intestinal motility, with a high
level in the duodenum (8). However, no studies have investigated
whether AEA is involved in the pathophysiological processes of FD.

In this study, we introduce a combined approach including
multi-omics data of microbiome, untargeted metabolome and
transcriptome to explore the mechanisms underlying FD
pathogenesis. Microbial disturbances and predicted metabolic
enzymes associated with the biosynthesis of lipopolysaccharide
and peptidoglycan are detected in the duodenum. The duodenal
protein-coding genes related to host innate immune response are
associated with the Toll-like receptor (TLR) signaling and NK-«B-
mediated inflammatory signaling pathways. Interestingly, AEA
and several endocannabinoid analogues identified in the duodenal
with distinct metabolic patterns are significantly correlated with
the phenotypes found in FD. These results provide strong
evidence that the “gut microbiome-endocannabinoid system
axis” in the duodenum is a novel biomarker and therapeutic
target for the treatments of functional gastrointestinal disorders.

Results

Compromised gastrointestinal motor
function and impaired duodenal mucosal
barrier were accompanied with
reduction of immune organs index in the
rat model of FD

The experimental workflow is illustrated in Figure 1A. Using
the classical method, gavage of iodoacetamide for six consecutive
days at young age significantly altered body weight in adult rats
(Figure 1B). Compared to the control group, the gastrointestinal
transit rate was significantly lower in the model group (Figure 1C).
However, no significant signs of duodenal damage were observed
between the groups (Figure 1D) but only a small amount of
incomplete tight junctions (Figure 1E). With further increasing
pressure (air injection volume), the model group had higher
scores on gastrointestinal sensitivity measures compared with
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the control group (Figure 1F). An additional trans-endothelial
electrical resistance (TEER) experiment was conducted to
investigate the duodenal barrier phenotypes in detail. A
significant reduction of TEER was observed in the model group
(Figure 1G). As shown in Figure 1H, a higher lactulose/mannitol
(L/M) ratio in the model group was indicative of increased
permeability and impairment of absorption. Similarly, the
plasma content of D-lactate was significantly increased in the
model group (Figure 11).

Immunofluorescence staining showed that the duodenal
expressions of E-cadherin and P-catenin were significantly
decreased in the model group (Figures 2A-D). As shown in
Figures 2E-H, the relative protein expressions of desmocollin 2
(DSC2), tight junction protein 1 (ZO-1) and occludin (OCLN)
were markedly reduced in the model group. Moreover,
significant decreases in the relative mRNA expressions of Dsc2,
Cln3, Tjpl and Ocln were observed in the model group
(Figures 2I-L). Concomitantly, indexes of spleen and thymus
were decreased in the model group, indicating the compromise
of immune function (Figures 2M, N).

Duodenal microbiome regulated the
biosynthesis of lipopolysaccharide and
peptidoglycan in the rat model of FD

As for now, no available data on the characteristics of
duodenal microbiome of FD. For reference, we performed a
pooled analysis including two studies on the fecal microbiome
of FD following the same modelling approach. After removing
the batch effect, reanalysis of external datasets (BioProject ID:
PRJNA575916, PRINA719295) was conducted using the QIIME
pipeline, which was the same for the subsequent analysis. The
groups did not differ significantly in both alpha- and beta-
diversity from each other. Nevertheless, function prediction
of faecal microbiome suggests that the lipopolysaccharide
biosynthesis was markedly elevated in the model group
(Supplemental Figure 1).

With focus on the duodenal microbial environment, we
analysed the microbial composition and further predicted the
metabolic enzymes of microbiome in our own experimental
data. Similar to the previous results, no significant differences
were found between the groups for both alpha- and beta-
diversity (Figure 3A; Supplemental Figure 2). Differentially
microbial species (the relative abundance of OTUs) were
determined using DESeq2. Among these, Pasteurellaceae,
Lachnospiraceae, Muribaculaceae identified to the family level
and Akkermansia identified to the genus level were enriched in
the control group, while Bacillaceae, Prevotellaceae,
Erysipelotrichaceae identified to the family level, Bacillus,
Methylobacterium, Turicibacter, Dubosiella, Fusicatenibacter
identified to the genus level and Idiomarina_marina,
Bacillus_firmus identified to the species level were enriched in
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the model group (Figure 3B). The detailed information of
differential microbiome was summarized in Supplemental
Table 1. Based on the PICRUSt2 analysis, we selected potential
metabolic enzymes involved in the biosynthesis of
lipopolysaccharide and peptidoglycan of duodenal microbiome
(Supplemental Figure 3; Supplemental Table 2). Most of
enzymes were elevated in the model group, although only a
few of them reached statistical significance (Figure 3C).
Spearman correlation coefficients between every two variables
were calculated and were presented in Figure 3C; details were
summarized in Supplemental Table 3.

The upregulated innate immune
response-related transcript profiles of
the duodenum were associated with the
proinflammatory toll-like receptor
signaling pathway

Given the potential DAMPs, we further explored the innate
immune specific transcriptional signature of the duodenal
mucosa. A total of 64 differentially expressed genes were
upregulated in the control group while 835 further genes were
significantly upregulated in the model group (Figure 4A). Based
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on these results, differentially expressed genes were filtered for
innate immune responses using the InnateDB database. In total,
101 genes were significantly upregulated and only one was
downregulated in the model group (Figure 4B). Details were
presented in Supplemental Table 4. These protein-coding genes
were matched with the STRING database for further interaction
and enrichment analysis. PPI network was established and
illustrated in Figure 4C. Then, subnetwork was established
using MCL clustering (Figure 4D). Functional enrichment
analysis indicated that the duodenal innate immune responses
to lipopolysaccharide and peptidoglycan, which highlighted the
importance of Toll-like receptor signaling and NK-xB-mediated
proinflammatory effects.

TLR2/TLR4-NF«xB signaling and
proinflammatory cytokines were
elevated in the duodenum

Immunohistochemical stain highlighted the increased CD3"
T lymphocyte, mast cell and eosinophil populations in the
duodenum of the model group (Figures 5A-D). Western Blot
analysis demonstrated significant elevations in the relative
protein expressions of Toll-like receptor 4 (TLR4) and
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Impaired duodenal mucosal barrier was accompanied with decreased immune organs index. (A-D) Duodenal immunofluorescence staining
(A, C) and the relative expression (IOD) of E-cadherin (B) and B-catenin (D) (*** p < 0.001 by unpaired t test with Welch's correction). (E-H) The
WB bands (E) and scaled normalized protein expressions of DSC2 (F), ZO-1 (G) and OCLN (H) (** p < 0.01 by Mann Whitney test). (I-L) The

relative mRNA expression of Dsc2 (1), Cin3 (J), Tjp1 (K) and Oclin (L) (**

p < 0.01, **** p < 0.0001 by unpaired t test with Welch's correction).

(M, N) Indexes of spleen (M) and thymus (N) (* p < 0.05, ** p < 0.01 by unpaired t test with Welch's correction). The circles on the bar plots

represent individual values with mean + SEM (bars) (n = 5 rats/group)

inhibitor of NFKB kinase subunits alpha and beta (IKKo+IKKp)
in the model group, but only NF-kB p65 subunit was
significantly increased (Figures 5E-H). In addition, the relative
mRNA expressions of TIr2, Tlr4 and Rela were markedly
increased in the model group (Figures 5I-K). Subsequently, the
levels of proinflammatory cytokines IL-1f3, IL-6 and TNF-o
were significant elevated in the model group (Figures 5L-N).

The rat model of FD demonstrated a
distinct metabolic pattern in
the duodenum

In order to explore the factors that might mediate duodenal

low-grade inflammation in the rat model of FD, we next
performed untargeted metabolomics analysis of these duodenal

Frontiers in Immunology

tissues. Data were acquired in both positive and negative ion
modes, respectively. In the positive ion mode, representative
chromatograms of the control and model group were shown
(Supplemental Figures 4A, B). After preprocessing the raw data,
all samples with QC were analyzed using PCA (Supplemental
Figure 4C). The OPLS-DA model was then established
(Supplemental Figure 4D). Hotelling’s T? Residuals Normal
Probability and Permutation tests were used to evaluate the
model (Supplemental Figures 4E-G). The VIP scores and
correlation coefficients were acquired based on the OPLS-DA
model (Supplemental Figure 4H). The same analysis for the
negative ion mode was shown in Supplemental Figure 5. With
additional thresholds, a total of 36 differential metabolites were
enriched in the control group and 18 differential metabolites were
enriched in the model group (Figure 6). The detailed information

of metabolites was summarized in Supplemental Table 5.
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Arachidonyl ethanolamide and
endocannabinoid analogues showed
linear relationships with phenotypes
found in FD

To integrate multi-level omics data, we conducted the
mantel test when differential duodenal metabolites were used
as environmental factors. As illustrated in Figure 7, AEA was the
best explanatory variable for all the three profiles (the innate
immune response-related genes: Mantel’s r = 0.503, p = 0.018;
the microbial 16S OTUs: Mantel’s r = 0.310, p = 0.046; the
DAMPs-related ECs: Mantel’s r = 0.468, p = 0.017). Details for
calculation were summarized in Supplemental Table 6.

Next, linear regression models were performed to present
linear relationships between the relative abundance of AEA and
phenotypes found in the rat model of FD. In gastrointestinal
motor function, AEA was negatively linear correlated with the
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gastrointestinal transit rate (Figure 8A). With regards to
permeability and absorption, AEA was positively linear
correlated with L/M ratio and the content of D-lactate, and
was negatively linear correlated with TEER (Figures 8B-D). In
terms of duodenal mucosal barrier, AEA was negatively linear
corelated with the relative protein expressions of E-cadherin and
[-catenin and the relative mRNA expressions of DSC2, OCLN
and CLN3 (Figures 8E-I). Additionally, AEA was positively
linear correlated with the relative amounts of mast cells, the
relative mRNA expressions of TLR2, TLR4 and NFkB, and the
levels of proinflammatory cytokines IL-1B, IL-6 and TNF-o
(Figures 8J-P). Aside from AEA, several endocannabinoid
analogues, such as myristoyl ethanolamide (MEA), oleoyl
ethanolamide (OEA), palmitoleoyl ethanolamide (PEA) and
stearoyl ethanolamide (SEA), were also used to established
linear regression models (Supplemental Figures 6-9). Instead,
OEA, PEA and SEA were opposite to AEA described above.
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Transcriptome analysis of duodenum. (A) Differential expressed genes with DESeq?2 analysis. Dotted line: BH FDR < 0.05 and |log2(FC)| > 1
represent significant (the control group: high expression in blue; the model group: high expression in red). (B) Selected differential genes based
on InnateDB database. (C) PPI network based on innate immune response-related protein-coding genes (interaction score > 0.7 and hiding
disconnected nodes). (D) The subnetwork clustering with MCL algorithm. Color-coded dots were clustered with GO and KEGG pathway

enrichment analysis (n = 5 rats/group).

Discussion

Short-term gavage of iodoacetamide was firstly reported
in 2008 by Liu and co-workers as the most classical
modeling approach (9). Afterward, pharmacological and
nonpharmacological therapies, including drug molecules,
natural products and electroacupuncture, were extensively
studied (10-12). The heterogeneity of FD has been
demonstrated with different pathophysiological mechanisms
under varied symptom conditions (13). Single-setting studies
lack representativeness and comprehensiveness to understand
the disease itself. Current review highlights the importance of
the application of multi-omics methods such as the metabolomics
data and the integration of these multiple layers in relation to
phenotypes found in complex diseases (14). Unfortunately, no
previous studies have compared and assessed the intertwined
characteristics using a multi-omics approach.
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A recent study with a large sample size reported FD and
other gastrointestinal disorders shares several commonalities in
a wide spectrum of pathophysiology, which increases the
difficulty of treatment against a specific disease (15).
Compared to a global exploration, it is more important to
profile the comprehensive features locally. One study has
demonstrated that TEER and the expression of ZO-1 are
significantly decreased in patients with abdominal symptoms
of FD. And the level of IL-1P elevated in the patients is
negatively correlated with both of above measures (16).
Another clinical study using confocal laser endomicroscopy
visually confirmed that the impairment of duodenal mucosal
barrier was an important pathogenesis factor in FD (4). Similar
to these results, we also found that TEER was significantly
decreased and the same trend as the relative mRNA
expressions of tight junction proteins in the rat model of FD.
Moreover, an elevated trend of the levels of proinflammatory
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FIGURE 5
Validation of innate immune cells-mediated TLR2/TLR4-NFkB signaling pathway. (A-D) Duodenal immunohistochemical staining (A) and the
relative expression (IOD) of CD3-labeled T lymphocytes (B), tryptase-labeled mast cells (C) and MBP-labeled eosinophils (D) (*** p < 0.001, ****
p < 0.0001 by unpaired t test with Welch's correction). (E-H) The WB bands (E) and scaled normalized protein expressions of TLR4 (F), IKKa +
IKKB (G) and NK-kB p65 (H) (** p < 0.01 by Mann Whitney test, ns indicates not significant). (I-K) The relative mRNA expressions of Tir2 (1), Tir4
(J) and Rela (K) (*** p < 0.001, **** p < 0.0001 by unpaired t test with Welch's correction). (L-N) The plasma contents of proinflammatory
cytokines IL-1B (L), IL-6 (M) and TNF-a (N) (IL-1B and IL-6: *** p < 0.001, **** p < 0.0001 by unpaired t test with Welch's correction; TNF-a.: **
p < 0.01 by Mann Whitney test) (n = 5 rats/group).

cytokines IL-1f, IL-6 and TNF-o. in the clinical samples were in
line with our in vivo study data. The activation of T lymphocyte
and eosinophilia with increased peripheral proinflammatory
cytokines IL-1B, IL-6 and TNF-o are identified as the main
features of FD (17). The duodenal hyperplasia of mast cells and
eosinophils have been reported as the pathophysiological
phenomena overlapping irritable bowel syndrome and FD as
demonstrated in a cross-sectional study (18). As an
administration of corticotropin-release hormone, the mast cell-
eosinophil signalling increases small intestinal permeability (19).
In addition, mast cells and eosinophilia in activation statue have
been observed to cluster around intestinal submucosal plexus
neurons, which alter the neuronal responsiveness of intestine
and delayed gastric emptying (20, 21).

In terms of the initial triggers involved in the
pathophysiological process, one view emphasizes the eating-
related symptoms and the dietetic management of FD (22).
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The duodenal microbes support the digestive functions of small
intestine with the actions of fermentation and non-host
functional enzymes, which prevent inappropriate activation of
immune responses towards foods (23). Beneficial immune and
microbial regulation and the treatment of FD with specific
probiotics have also been demonstrated to be effective and safe
(24). The colonized microbes serve as a signalling hub that
incorporate environmental exposure and signals, regulating the
host’s metabolism and innate immune system (25). On the other
hand, host innate immunity regulates the microbial distribution
along the gastrointestinal tract. Importantly, the microbiome
located in duodenal mucosa indicate a greater sensitivity to the
innate immune responses compared to other intestinal sites (26).
The duodenal microenvironment has emerged as an important
player in the pathophysiological mechanisms of FD, in which
both locally microbial community disorder, host and microbial
metabolism and host innate immunity are involved (27). These
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acid; 36182: Arachidonyl Ethanolamide; 374: Tyramine; 20850: C17 Sphingosine; 29548: Taurocholic acid; 885: Benzyl sulfate; 12399: Myristoyl
Ethanolamide; 25708: Sphinganine; 8: 3-Hydroxybutyric acid; 76412: Taurodeoxycholate; 50488: Palmitoylcarnitine; 74720: Tricaprylin; 24088:
Phytosphingosine; 7272: N,N-Dimethyltetradecylamine; 26133: 7-Sulfocholic acid; 5350: FA 18:2+0O; 5970: Eicosapentaenoic acid; 5467: 9-
HODE; 3964: gamma-Linolenic acid; 4125: Linoleic acid; 16342: Cholic acid; 7230: FA 18:24+20; 24757: LPE(18:2/0:0); 47714: 7-Ketolithocholic
acid; 12818: Lithocholic acid; 22300: Andrastin C; 6227: Arachidonic acid; 2256: Biotin; 51910: 6,7-Diketolithocholic acid; 16085: 3-Oxocholic
acid; 14471: Murocholic acid; 76396: Taurochenodeoxycholate; 5608: FA 18:1+10; 82138: LPC(18:1/0:0); 4333: Oleic acid; 71469: LPE(18:1/0:0);
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Docosahexaenoic acid; 26872: Stearoyl Ethanolamide; 65396: LPE(16:0/0:0); 82721: LPC(18:0/0:0); 81681: LPC(18:2/0:0).

imbalances may in part be mediated by specific microbiome-
associated metabolites (28). A recent study showed that the
metabolic functional prediction of oral and gastric microbiome
based on 16S rRNA sequencing data. Among these, purine
metabolism, biosynthesis of lipopolysaccharide and amino acid
related enzymes were enriched in saliva microbiome, while
peptidases and associated processing at the gastric level.
However, metabolic function of duodenal microbiome has not
been reported (29).

Previous clinical data showed that increased fasting plasma
AEA has a significant negative correlation with the duodenal
expression of ZO-1. There was a similar, although non-
significant, trend in the relationship between AEA and the
relative mRNA expression of TLR4 and the content of TNF-a,
while an opposite trended association between AEA and ZO-1
(30). Another clinical study using positron emission tomography
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have demonstrated the higher availability of endocannabinoid 1
(CB1) receptor in the different cerebral regions of patients with
FD, indicating that the dysfunction of endocannabinoid system
is involved in the disease process (31). Additionally,
enteroendocrine cells in duodenum also contain the main
mRNA transcripts that encode endocannabinoids and
biosynthesis-associated fatty acids (32). In healthy populations,
pre-treatment with the CB1 receptor antagonist inhibited the
gastric accommodation reflex but not compliance, distension
and nutrient tolerance (33). The application of endocannabinoid
receptor antagonist in vitro significantly decreased TEER and the
relative mRNA expressions of ZO-1 and OCLN (34). Animal
study has also proved that addition of endocannabinoid receptor
antagonist elevates the intestinal permeability (35). Some
notions have been substantiated that AEA can be synthesized
from mast cells (36) and lymphocytes (37). Furthermore, CB1
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Variations of microbiome with DAMPs-related enzymes and duodenal metabolites have significant relationship with innate immune response-
related genes expression. Integrated analysis of multi-omics data was performed using Mantel test. AEA was selected from all the three profiles

(Mantel's p < 0.05 represent significant) (n = 5 rats/group).

receptor is expressed on the surface of mast cells (38), while both
CB1 and CB2 receptors on eosinophils (39, 40) and T
lymphocytes (41, 42). As the gate opener assisting actions of
DAMPs, AEA exerts negative effects on the intestinal barrier,
presenting the gut microbiota-endocannabinoid system axis in
relation to the host metabolism (5). In contrast, several
endocannabinoid analogues have been recognised as the key
gate keepers. With the region-specific actions, intestinal OEA
plays a major role in gut physiological processes in the host (43).
As the natural agonist of peroxisome proliferator-activated
receptor-o. (PPARo) with a high affinity, OEA effectively
relieves peripheral inflammatory conditions (44). Similarly, the
PEA of leukocytes actives PPARc. at the early stage of LPS-
induced inflammation in a PPARo-dependent manner (45, 46).
The reduced levels of OEA, PEA and SEA also disturbed lipid
and fatty acid metabolism, resulting in proinflammatory
responses (47). Taken together, the specific alternation of
intestinal immunity has associations with endocannabinoid
system, microbial community and host metabolism (48).
Nevertheless, research study on the intertwined correlation
among the above three layers has not been reported.

Our study has some shortcomings. Due to technical
limitations, clarified protein-coding genes of duodenal
microbiome could not be confirmed. Verification studies on
host endocannabinoid system are needed, which are currently
on-going. Further studies at the cellular level, and clinical data
are also needed to suggest how the endocannabinoid system
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regulates the cause-effect relationship between microbial
metabolic function and host innate immune response.

In conclusion, this study provides multi-omics evidence to
suggest that duodenal microbiome regulate the biosynthesis of
lipopolysaccharide and peptidoglycan; and the host
endocannabinoid system acts as the potential regulator of
duodenal DAMPs-mediated low-grade inflammation in the rat
model of FD.

Methods
Animal model

The rat model of FD was developed as described previously
(9). In brief, acclimatization lasted one week after the quarantine
period of 3 days. In the model group, the oral gavage with 200ul
of 0.1% iodoacetamide solution (dissolved in 2% sucrose
aqueous solution) was administered once daily for 6 days,
while the control group was given normal 2% sucrose aqueous
solution at the same time. All the rats were fed on a standard
chow up to 8 weeks of age. The duodenal tissues of additional
two rats from each group were examined using transmission
electron microscopy. Another three rats from each group were
used for the assessment of behavioural response to gastric
distention due to any potential confounders related to
proinflammatory responses.
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Linear regression analysis of AEA and features of FD. (A) Gastrointestinal motor function. AEA was negatively linear correlated with the
gastrointestinal transit rate. (B-D) Duodenal permeability and absorption. AEA was positively linear correlated with L/M ratio (B) and the content
of D-lactate (C), while negatively linear correlated with TEER (D). (E-1) Duodenal mucosal barrier. AEA was negatively linear corelated with the
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MRNA expressions of Tir2 (K), Tir4 (L) and Rela (M), and the contents of proinflammatory cytokines IL-1B (N), IL-6 (O) and TNF-o. (P) (All data are

log10 transformed. p < 0.05 represent significant) (n = 5 rats/group).

Behavioral response to gastric
balloon distention

The balloon fabrication procedure, implantation surgery and
behavioral response to GD were performed according to
previous study (9). After 24-hour fasting, 8-week-old rats of
model group were anaesthetized with 10% chloral hydrate
intraperitoneally. Balloons with surface sterilization should not
obstruct the pylorus. Behavioral testing of GD was performed on
day 6 after surgery. The rats of model group were allowed an
hour to acclimate to the individual plastic environment.
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The inflating pressure was slowly increased to 20, 40, 60, 80

mmHg for 20 seconds with 5 minutes rest, respectively. The

behavioral response to GD was graded into 0-4 rating scale as

described previously.

Gastrointestinal transit

The calculation of gastrointestinal transit referenced the

previous study (49). Briefly, all the rats were gavaged with a

charcoal marker (mixtures of 20% charcoal and 5% gum arabic,
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1mL/100g body weight) into the stomach after 24-hour fasting.
Following the formula, the gastrointestinal transit rate (%) =
migration distance of charcoal marker/whole length of the small
intestine x 100%. Each measurement was repeated three times
and the mean value was taken.

Trans-endothelial electrical resistance

A Ussing chamber was used to measure the TEER as
described previously (50) with some modifications. Fresh
duodenum tissues (1cm long x 0.5cm wide) were cleaned and
rapidly put into Krebs-Ringer buffer with constant
carbogenation (O,/CO,, 95/5%) at 37°C. The parameters were
set as stable voltage of 5mV and polar constant-current pulses of
16 mA every 60 s with a 200 ms duration. Measurements were
recorded every 30 min within 2 h.

Quantitation of lactulose and mannitol

Duodenal permeability was assessed by L/M ratio using high
performance liquid chromatography (HPLC) Agilent 1260
(Agilent Technologies, Santa Clara, CA, USA) with a Waters
C18 column (Waters, Milford, USA), referring to previous
literature (51) with adjustment according to our
laboratory experience.

Immune organ index

The innate immune-related organs (thymus and spleen)
were collected and freshly weighed. Excess liquid was blotted
off using filter paper to reduce computational error. The immune
organ index was calculated by the following formula: organ
index (%) = organ weight/body weight x 100%.

Quantitation of D-lactate and cytokines

Plasma D-lactate and proinflammatory cytokines were
quantized using enzyme-linked immunosorbent assays
(ELISA). EnzyChromTM D-Lactate Assay Kit was purchased
from BioAssay Systems (Hayward, CA). Rat IL-1 beta ELISA
Kit (ab255730), IL-6 ELISA Kit (ab234570) and TNF alpha
ELISA Kit (ab236712) were purchased from Abcam (Shanghai,
China). Establishment of standard curves and specific
experimental steps followed the instructions of above ELISA
kits. The optical density (OD) values of D-Lactate and cytokines
(IL-1B, IL-6 and TNF-or) were respectively read at 565 and
450 nm.
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Immunohistochemical and
immunofluorescence staining

IHC. A portion of the duodenum tissue was processed for
paraffin embedding. Immunohistochemical staining for CD3
(52), mast cell tryptase (53) and eosinophil MBP (54) were
performed as described previously. Anti-CD3 (ab5690) and anti-
mast cell tryptase (ab2378) antibodies were purchased from
Abcam (Shanghai, China). Anti-eosinophil major basic protein
antibody (MBP) [BMK-13] (ARG22591) was purchased from
arigo Biolaboratories (Shanghai, China).

IF. Immunofluorescent labeling of duodenal sections with
antibodies against B-Catenin (55) and E-cadherin (56) was
performed as previous studies. B-Catenin (D10A8) xp®
Rabbit mAb (#8480), E-Cadherin (4A2) Mouse mAb (#14472),
anti-mouse IgG (H+L), F(ab’)2 Fragment (Alexa Fluor® 488
Conjugate) (#4408), anti-rabbit IgG (H+L), F(ab’)2 Fragment
(Alexa Fluor® 555 Conjugate) (#4413) were purchased from Cell
Signaling Technologies (Shanghai, China).

For each specimen, three random visual fields as well as
three duplications were observed. The integrated optical density
(IOD) was calculated using Image-Pro Plus 6.0 software.

Transmission electron microscopy
analysis

For intuitively observing tight junctions between epithelial
cells, additional fresh duodenum tissues (chopped in 1mm?
pieces) of each group were fixed with pre-cooled 2.5%
glutaraldehyde. Standard procedures of TEM and image
processing referred to previous study (57).

16S rRNA sequencing

After 24-hour fasting, duodenum tissues with contents were
aseptically retrieved. Considering microbiome located in the
crypt-villus structure, duodenum tissues and contents were
mixed with the homogenate. The sodium dodecyl sulfate
(SDS) with grinding-based method was used to extract
genomic DNA. After purifying with GeneJET Gel Extraction
Kit (Thermofisher), PCR product was collected to generate
libraries of the V4 region (PCR primers: 515F/806R (58))
using Ion Plus Fragment Library Kit 48 rxns (Thermofisher).
Sequencing was performed on the Ion S5 VXL platform
(Thermofisher). Raw SE400 reads were filtered with Cutadapt
(V1.9.1, http://cutadapt.readthedocs.io/en/stable/). Chimeras
were identified and removed with vsearch (V1.7.0, https://
github.com/torognes/vsearch). Clean reads obtained as
described above were clustered using Uparse (Uparse
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v7.0.1001, http://drive5.com/uparse/) to obtain operational
taxonomic units (OTUs) with a threshold of 97% similarity.
Species annotation was performed on the representative
sequences of OTUs using Mothur (https://mothur.org/), on
which SSUrRNA database of SILVA (Release 132) (http://
www.arb-silva.de/) was used with a threshold of 0.8~1).
Multiple sequence alignment was conducted to investigate
phylogenetic relationship by MUSCLE (v3.8.31, http://www.
drive5.com/muscle/). Alpha and beta diversity metrics were
analyzed using QIIME (V1.9.1) pipeline. Functional enzymes
and KEGG pathways prediction was analyzed using PICRUSt2
(https://github.com/picrust/picrust2). The publicly available
datasets can be download through NCBI SRA database
(BioProject ID: PRJNA575916, PRINA719295). In-house raw
data are also available for download (BioProject
ID: PRJNA835600).

Transcriptome sequencing

Total RNA was extracted with Trizol (Invitrogen). The
magnetic beads with Oligo (dT) were used to enrich mRNA.
Concentration and purity were determined based on 260/
280nm UV absorbance ratios and the integrity was then
measured by Agilent 2100 bioanalyzer. The transcriptome
libraries were obtained using NEBNext® Ultra™ RNA
Library Prep Kit for Ilumina® (NEB). Sequencing was
performed on the Hiseq 4000 (Illumina) platform. After
filtering, clean reads were aligned to the reference genome
using HISAT2 (https://daehwankimlab.github.io/hisat2/).
Transcripts were then assembled with StringTie (http://ccb.
jhu.edu/software/stringtie/). The resulting read counts were
converted to FPKM value. The genes in relation to innate
immunity were selected based on the InnateDB database
(https://www.innatedb.ca/). The PPI network was established
with STRING (http://string-db.org) with a minimum required
interaction score > 0.7. A subnetwork was then clustered with
a MCL algorithm. In-house raw data are available for
download through NCBI SRA database (BioProject
ID: PRJNA835595).

Untargeted metabolome

Sample preprocessing steps and TOF MS paraments were
the same as our previous described (59). The UPLC gradient was
programmed with some modifications. Raw data was converted
to abf using abfconvert. Based on MS-DIAL (V4.24) software,
peak detection, deconvolution, samples alignment, compounds
identification and computation of missing values were
performed using an in-house method.
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Western blot

A BCA assay was used to measure the concentration of total
protein extracted from homogenized duodenum tissues. Western
blot was performed following standard procedures. Briefly, 20ul
denatured protein each well was loaded onto SDS-PAGE. After
electrophoresis, the proteins were electroblotted to a PVDF
membrane. Incubations of the primary and secondary
antibodies were performed overnight at 4°C and for one hour at
room temperature, respectively. Anti-Tight Junction Protein 1
(ZO-1) antibody (NBP1-85047) was purchased from Novus
(Shanghai, China). Anti-Occludin (OCLN) (ab167161), anti-
Claudin 3 (CLN3) (ab15102), anti-Desmocollin 2 (DSC2)
(ab230039), anti-Toll-like receptor 4 (TLR4) (ab217274), anti-
IKK alpha + IKK beta (ab178870), anti-NK-B p65 (ab16502) and
anti-beta Actin (ab8227) antibodies were purchased from Abcam
(Shanghai, China). After washing with TBST three times for
10 min, ECL detection, exposure and development were
performed. Protein band intensity was measured and quantified
by Image Lab software.

Quantitative PCR

Purified mRNA described above was reverse transcribed to
first-strand cDNA using an Evo M-MLV One Step RT-qPCR Kit
(Accurate Biotechnology). Templates were collected following
the condition of 37°C for 15 min and 85°C for 5 s. A SYBR®
Green Premix Pro Taq HS qPCR Kit (Accurate Biotechnology)
was used to amplification following the condition of one cycle
for 30 s at 95°C and 40 cycles for 5 s at 95°C, 30 s at 60°C. PCR
product was quantified using comparative ACt method (relative
quantification, RQ). Primers information was summarized in
Supplemental Table 7.

Statistics

Welch-corrected t test and Mann-Whitney test were
conducted using GraphPad Prism (9.2.0). In beta diversity,
adonis statistics were performed based on QIIME pipeline.
With thresholds of BH FDR < 0.05 and |log2(FC)| > 1,
differential expressed microbiome and genes were identified by
DESeq2 (https://git.bioconductor.org/packages/DESeq2). For
metabolomics data, multivariate analysis was performed using
MetaboAnalyst (v5.0) and SIMCA (V14.1). Compounds with
multiple thresholds of p < 0.05, [log2(FC)| > 1, |p(corr)| > 0.5 and
VIP > 1 with cross-validation standard error (cvSE) of VIP less
than the VIP value were selected as differential metabolites.
Mantel test was performed to established connections with
multi-omics data with Pearson correlation coefficient. The
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Spearman correlation coefficient was used to analyze the
correlations between microbiome and functional enzymes with
a threshold of p < 0.05.

Study approval

All animal experiments were followed the standards of the
Guide for the Care and Use of Laboratory Animals (National
Research Council. 2011. Guide for the care and use of laboratory
animals, 8th ed. National Academies Press, Washington, DC)
and were approved by the Institutional Animal Care and Use
Committee of Guangdong Provincial Hospital of Chinese
Medicine (Ethics Approval Number: 2017007-2).

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

The animal study was reviewed and approved by the
Institutional Animal Care and Use Committee of Guangdong
Provincial Hospital of Chinese Medicine.

Author contributions

Acquiring and analyzing data were contributed by SJ and
YY. Conducting experiments was contributed by BP, TZ, YK, LD
and LC. Designing research was contributed by YY, SH, YW and
YL. Funding acquisition was contributed by YL and JD.
Investigation was contributed by YW, SL, SH and YW.
Providing reagents was contributed by SL, SH and YW.
Supervision was contributed by XS, JD, SH and YL. Writing
the manuscript was contributed by SJ and BP. All authors
reviewed and edited the manuscript.

References

1. Ford AC, Mahadeva S, Carbone MF, Lacy BE, Talley NJ. Functional
dyspepsia. Lancet (2020) 396(10263):1689-702. doi: 10.1016/S0140-6736(20)
30469-4

2. Black CJ, Drossman DA, Talley NJ, Ruddy ], Ford AC. Functional
gastrointestinal disorders: advances in understanding and management. Lancet
(2020) 396(10263):1664-74. doi: 10.1016/S0140-6736(20)32115-2

3. Cordner ZA, Li Q, Liu L, Tamashiro KL, Bhargava A, Moran TH, et al. Vagal
gut-brain signaling mediates amygdaloid plasticity, affect, and pain in a functional
dyspepsia model. JCI Insight (2021) 6(6):e144046. doi: 10.1172/jci.insight.144046

Frontiers in Immunology

124

10.3389/fimmu.2022.944591

Funding

This work was supported by the Key Project of National
Natural Science Foundation of China (81830117), the National
Natural Science Foundation of China (81873205 and 81904037),
the Natural Science Foundation of Guangdong Province, China
(2019A1515010400, 2021A1515110990), the Science and
Technical Plan of Guangzhou, Guangdong, China
(201903010069), and the Innovation Team and Talents
Cultivation Program of the National Administration of
Traditional Chinese Medicine (ZYYCXTD-C-202001).

Acknowledgments

We also thank Professor Hiu Yee Kwan for the
language revision.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2022.944591/full#supplementary-material

4. Nojkov B, Zhou S-Y, Dolan RD, Davis EM, Appelman HD, Guo X, et al.
Evidence of duodenal epithelial barrier impairment and increased pyroptosis in
patients with functional dyspepsia on confocal laser endomicroscopy and "Ex vivo"
mucosa analysis. Am ] Gastroenterol (2020) 115(11):1891-901. doi: 10.14309/
2jg.0000000000000827

5. Cani PD, Plovier H, Van Hul M, Geurts L, Delzenne NM, Druart C, et al.
Endocannabinoids-at the crossroads between the gut microbiota and host
metabolism. Nat Rev Endocrinol (2016) 12(3):133-43. doi: 10.1038/
nrendo.2015.211

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.944591/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.944591/full#supplementary-material
https://doi.org/10.1016/S0140-6736(20)30469-4
https://doi.org/10.1016/S0140-6736(20)30469-4
https://doi.org/10.1016/S0140-6736(20)32115-2
https://doi.org/10.1172/jci.insight.144046
https://doi.org/10.14309/ajg.0000000000000827
https://doi.org/10.14309/ajg.0000000000000827
https://doi.org/10.1038/nrendo.2015.211
https://doi.org/10.1038/nrendo.2015.211
https://doi.org/10.3389/fimmu.2022.944591
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ji et al.

6. Di Marzo V, Ligresti A, Cristino L. The endocannabinoid system as a link
between homoeostatic and hedonic pathways involved in energy balance
regulation. Int J Obes (Lond). (2009) 33 Suppl 2:518-24. doi: 10.1038/
1j0.2009.67

7. DiMarzo V, Capasso R, Matias I, Aviello G, Petrosino S, Borrelli F, et al. The
role of endocannabinoids in the regulation of gastric emptying: alterations in mice
fed a high-fat diet. Br J Pharmacol (2008) 153(6):1272-80. doi: 10.1038/
5j.bjp.0707682

8. Izzo AA, Piscitelli F, Capasso R, Aviello G, Romano B, Borrelli F, et al.
Peripheral endocannabinoid dysregulation in obesity: relation to intestinal motility
and energy processing induced by food deprivation and re-feeding. Br J Pharmacol
(2009) 158(2):451-61. doi: 10.1111/j.1476-5381.2009.00183.x

9. Liu L-S, Winston JH, Shenoy MM, Song G-Q, Chen JDZ, Pasricha PJ. A rat
model of chronic gastric sensorimotor dysfunction resulting from transient
neonatal gastric irritation. Gastroenterology (2008) 134(7):2070-9. doi: 10.1053/
j.gastro.2008.02.093

10. Liu LS, Shenoy M, Pasricha PJ. The analgesic effects of the GABAB receptor
agonist, baclofen, in a rodent model of functional dyspepsia. Neurogastroenterol
Motil. (2011) 23(4):356-61.e160-1. doi: 10.1111/j.1365-2982.2010.01649.x

11. Zhao J, Zhao L, Zhang S, Zhu C. Modified liu-Jun-Zi decoction alleviates
visceral hypersensitivity in functional dyspepsia by regulating EC cell-5HT3r
signaling in duodenum. ] Ethnopharmacol (2020) 250:112468. doi: 10.1016/
jjep.2019.112468

12. Ouyang X, Li S, Zhou J, Chen JD. Electroacupuncture ameliorates gastric
hypersensitivity via adrenergic pathway in a rat model of functional dyspepsia.
Neuromodulation (2020) 23(8):1137-43. doi: 10.1111/ner.13154

13. Vanheel H, Farré R. Changes in gastrointestinal tract function and structure
in functional dyspepsia. Nat Rev Gastroenterol Hepatol (2013) 10(3):142-9. doi:
10.1038/nrgastro.2012.255

14. Worheide MA, Krumsiek J, Kastenmiiller G, Arnold M. Multi-omics
integration in biomedical research - a metabolomics-centric review. Anal Chim
Acta (2021) 1141:144-62. doi: 10.1016/j.aca.2020.10.038

15. Garcia-Etxebarria K, Carbone F, Teder-Laving M, Pandit A, Holvoet L,
Thijs V, et al. A survey of functional dyspepsia in 361,360 individuals: Phenotypic
and genetic cross-disease analyses. Neurogastroenterol Motil. (2021) 34(6):¢14236.
doi: 10.1111/nmo.14236

16. Komori K, Thara E, Minoda Y, Ogino H, Sasaki T, Fujiwara M, et al. The
altered mucosal barrier function in the duodenum plays a role in the pathogenesis
of functional dyspepsia. Dig Dis Sci (2019) 64(11):3228-39. doi: 10.1007/s10620-
019-5470-8

17. Burns G, Carroll G, Mathe A, Horvat ], Foster P, Walker MM, et al.
Evidence for local and systemic immune activation in functional dyspepsia and the
irritable bowel syndrome: A systematic review. Am ] Gastroenterol (2019) 114
(3):429-36. doi: 10.1038/s41395-018-0377-0

18. Walker MM, Talley NJ, Prabhakar M, Pennaneach CJ, Aro P, Ronkainen J, et al.
Duodenal mastocytosis, eosinophilia and intraepithelial lymphocytosis as possible disease
markers in the irritable bowel syndrome and functional dyspepsia. Aliment Pharmacol
Ther (2009) 29(7):765-73. doi: 10.1111/j.1365-2036.2009.03937.x

19. Wallon C, Yang PC, Keita AV, Ericson AC, McKay DM, Sherman PM, et al.
Corticotropin-releasing hormone (CRH) regulates macromolecular permeability
via mast cells in normal human colonic biopsies in vitro. Gut (2008) 57(1):50-8.
doi: 0.1136/gut.2006.117549

20. Cirillo C, Bessissow T, Desmet A-S, Vanheel H, Tack ], Vanden Berghe P.
Evidence for neuronal and structural changes in submucous ganglia of patients
with functional dyspepsia. Am J Gastroenterol (2015) 110(8):1205-15. doi: 10.1038/
2jg.2015.158

21. Liebregts T, Adam B, Bredack C, Gururatsakul M, Pilkington KR, Brierley
SM, et al. Small bowel homing T cells are associated with symptoms and delayed
gastric emptying in functional dyspepsia. Am ] Gastroenterol (2011) 106(6):1089—
98. doi: 10.1038/2jg.2010.512

22. Duncanson K, Burns G, Pryor J, Keely S, Talley NJ. Mechanisms of food-
induced symptom induction and dietary management in functional dyspepsia.
Nutrients (2021) 13(4):1109. doi: 10.3390/nu13041109

23. Oliphant K, Allen-Vercoe E. Macronutrient metabolism by the human gut
microbiome: major fermentation by-products and their impact on host health.
Microbiome (2019) 7(1):91. doi: 10.1186/s40168-019-0704-8

24. Wauters L, Slaets H, De Paepe K, Ceulemans M, Wetzels S, Geboers K, et al.
Efficacy and safety of spore-forming probiotics in the treatment of functional
dyspepsia: a pilot randomised, double-blind, placebo-controlled trial. Lancet
Gastroenterol Hepatol (2021) 6(10):784-92. doi: 10.1016/S2468-1253(21)00226-0

25. Thaiss CA, Zmora N, Levy M, Elinav E. The microbiome and innate
immunity. Nature (2016) 535(7610):65-74. doi: 10.1038/nature18847

26. Gu M, Samuelson DR, de la Rua NM, Charles TP, Taylor CM, Luo M, et al.
Host innate and adaptive immunity shapes the gut microbiota biogeography.
Microbiol Immunol (2022) 66(6):330-41. doi: 10.1111/1348-0421.12963.

Frontiers in Immunology

125

10.3389/fimmu.2022.944591

27. Wauters L, Talley NJ, Walker MM, Tack J, Vanuytsel T. Novel concepts in
the pathophysiology and treatment of functional dyspepsia. Gut (2020) 69(3):591-
600. doi: 10.1136/gutjnl-2019-318536

28. Burns GL, Hoedt EC, Walker MM, Talley NJ, Keely S. Physiological
mechanisms of unexplained (functional) gastrointestinal disorders. J Physiol
(2021) 599(23):5141-61. doi: 10.1113/JP281620

29. Cervantes J, Michael M, Hong B-Y, Springer A, Guo H, Mendoza B, et al.
Investigation of oral, gastric, and duodenal microbiota in patients with upper
gastrointestinal symptoms. J Investig Med (2020) jim-2020-001642. doi: 10.1136/
jim-2020-001642.

30. Little TJ, Cvijanovic N, DiPatrizio NV, Argueta DA, Rayner CK, Feinle-
Bisset C, et al. Plasma endocannabinoid levels in lean, overweight, and obese
humans: relationships to intestinal permeability markers, inflammation, and
incretin secretion. Am ] Physiol Endocrinol Metab (2018) 315(4):E489-95.
doi: 10.1152/ajpendo.00355.2017

31. Ly HG, Ceccarini J, Weltens N, Bormans G, Van Laere K, Tack J, et al.
Increased cerebral cannabinoid-1 receptor availability is a stable feature of
functional dyspepsia: a [F]MK-9470 PET study. Psychother Psychosom. (2015) 84
(3):149-58. doi: 10.1159/000375454

32. Sykaras AG, Demenis C, Case RM, McLaughlin JT, Smith CP. Duodenal
enteroendocrine I-cells contain mRNA transcripts encoding key endocannabinoid
and fatty acid receptors. PloS One (2012) 7(8):e42373. doi: 10.1371/
journal.pone.0042373

33. Ameloot K, Janssen P, Scarpellini E, Vos R, Boesmans W, Depoortere I, et al.
Endocannabinoid control of gastric sensorimotor function in man. Aliment
Pharmacol Ther (2010) 31(10):1123-31. doi: 10.1111/j.1365-2036.2010.04259.x

34. Muccioli GG, Naslain D, Bickhed F, Reigstad CS, Lambert DM, Delzenne
NM, et al. The endocannabinoid system links gut microbiota to adipogenesis. Mol
Syst Biol (2010) 6:392. doi: 10.1038/msb.2010.46

35. Matias I, Gonthier M-P, Orlando P, Martiadis V, De Petrocellis L, Cervino
C, et al. Regulation, function, and dysregulation of endocannabinoids in models of
adipose and beta-pancreatic cells and in obesity and hyperglycemia. J Clin
Endocrinol Metab (2006) 91(8):3171-80. doi: 10.1210/jc.2005-2679

36. Bisogno T, Maurelli S, Melck D, De Petrocellis L, Di Marzo V. Biosynthesis,
uptake, and degradation of anandamide and palmitoylethanolamide in leukocytes.
J Biol Chem (1997) 272(6):3315-23. doi: 10.1074/jbc.272.6.3315

37. Maccarrone M, De Petrocellis L, Bari M, Fezza F, Salvati S, Di Marzo V, et al.
Lipopolysaccharide downregulates fatty acid amide hydrolase expression and
increases anandamide levels in human peripheral lymphocytes. Arch Biochem
Biophys (2001) 393(2):321-8. doi: 10.1006/abbi.2001.2500

38. Sugawara K, Zakany N, Hundt T, Emelianov V, Tsuruta D, Schifer C, et al.
Cannabinoid receptor 1 controls human mucosal-type mast cell degranulation and
maturation in situ. J Allergy Clin Immunol (2013) 132(1):182-93. doi: 10.1016/
j.jaci.2013.01.002

39. Small-Howard AL, Shimoda LMN, Adra CN, Turner H. Anti-inflammatory
potential of CB1-mediated cAMP elevation in mast cells. Biochem ] (2005) 388(Pt
2):465-73. doi: 10.1042/BJ20041682

40. Chouinard F, Lefebvre JS, Navarro P, Bouchard L, Ferland C, Lalancette-
Hébert M, et al. The endocannabinoid 2-arachidonoyl-glycerol activates human
neutrophils: critical role of its hydrolysis and de novo leukotriene B4 biosynthesis.
Immunol (2011) 186(5):3188-96. doi: 10.4049/jimmunol.1002853

41. Castaneda JT, Harui A, Kiertscher SM, Roth JD, Roth MD. Differential
expression of intracellular and extracellular CB(2) cannabinoid receptor protein by
human peripheral blood leukocytes. ] Neuroimmune Pharmacol (2013) 8(1):323—
32. doi: 10.1007/s11481-012-9430-8

42. Sanchez Lopez AJ, Roman-Vega L, Ramil Tojeiro E, Giuffrida A, Garcia-
Merino A. Regulation of cannabinoid receptor gene expression and
endocannabinoid levels in lymphocyte subsets by interferon-B: a longitudinal
study in multiple sclerosis patients. Clin Exp Immunol (2015) 179(1):119-27.
doi: 10.1111/cei.12443

43. Izzo AA, Sharkey KA. Cannabinoids and the gut: new developments and
emerging concepts. Pharmacol Ther (2010) 126(1):21-38. doi: 10.1016/
j.pharmthera.2009.12.005

44. Lo Verme J, Fu J, Astarita G, La Rana G, Russo R, Calignano A, et al. The
nuclear receptor peroxisome proliferator-activated receptor-alpha mediates the
anti-inflammatory actions of palmitoylethanolamide. Mol Pharmacol (2005) 67
(1):15-9. doi: 10.1124/mol.104.006353

45. Solorzano C, Zhu C, Battista N, Astarita G, Lodola A, Rivara S, et al.
Selective n-acylethanolamine-hydrolyzing acid amidase inhibition reveals a key
role for endogenous palmitoylethanolamide in inflammation. Proc Natl Acad Sci
USA (2009) 106(49):20966-71. doi: 10.1073/pnas.0907417106

46. Zhu C, Solorzano C, Sahar S, Realini N, Fung E, Sassone-Corsi P, et al.
Proinflammatory stimuli control n-acylphosphatidylethanolamine-specific
phospholipase d expression in macrophages. Mol Pharmacol (2011) 79(4):786-
92. doi: 10.1124/mol.110.070201

frontiersin.org


https://doi.org/10.1038/ijo.2009.67
https://doi.org/10.1038/ijo.2009.67
https://doi.org/10.1038/sj.bjp.0707682
https://doi.org/10.1038/sj.bjp.0707682
https://doi.org/10.1111/j.1476-5381.2009.00183.x
https://doi.org/10.1053/j.gastro.2008.02.093
https://doi.org/10.1053/j.gastro.2008.02.093
https://doi.org/10.1111/j.1365-2982.2010.01649.x
https://doi.org/10.1016/j.jep.2019.112468
https://doi.org/10.1016/j.jep.2019.112468
https://doi.org/10.1111/ner.13154
https://doi.org/10.1038/nrgastro.2012.255
https://doi.org/10.1016/j.aca.2020.10.038
https://doi.org/10.1111/nmo.14236
https://doi.org/10.1007/s10620-019-5470-8
https://doi.org/10.1007/s10620-019-5470-8
https://doi.org/10.1038/s41395-018-0377-0
https://doi.org/10.1111/j.1365-2036.2009.03937.x
https://doi.org/0.1136/gut.2006.117549
https://doi.org/10.1038/ajg.2015.158
https://doi.org/10.1038/ajg.2015.158
https://doi.org/10.1038/ajg.2010.512
https://doi.org/10.3390/nu13041109
https://doi.org/10.1186/s40168-019-0704-8
https://doi.org/10.1016/S2468-1253(21)00226-0
https://doi.org/10.1038/nature18847
https://doi.org/10.1111/1348-0421.12963
https://doi.org/10.1136/gutjnl-2019-318536
https://doi.org/10.1113/JP281620
https://doi.org/10.1136/jim-2020-001642
https://doi.org/10.1136/jim-2020-001642
https://doi.org/10.1152/ajpendo.00355.2017
https://doi.org/10.1159/000375454
https://doi.org/10.1371/journal.pone.0042373
https://doi.org/10.1371/journal.pone.0042373
https://doi.org/10.1111/j.1365-2036.2010.04259.x
https://doi.org/10.1038/msb.2010.46
https://doi.org/10.1210/jc.2005-2679
https://doi.org/10.1074/jbc.272.6.3315
https://doi.org/10.1006/abbi.2001.2500
https://doi.org/10.1016/j.jaci.2013.01.002
https://doi.org/10.1016/j.jaci.2013.01.002
https://doi.org/10.1042/BJ20041682
https://doi.org/10.4049/jimmunol.1002853
https://doi.org/10.1007/s11481-012-9430-8
https://doi.org/10.1111/cei.12443
https://doi.org/10.1016/j.pharmthera.2009.12.005
https://doi.org/10.1016/j.pharmthera.2009.12.005
https://doi.org/10.1124/mol.104.006353
https://doi.org/10.1073/pnas.0907417106
https://doi.org/10.1124/mol.110.070201
https://doi.org/10.3389/fimmu.2022.944591
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ji et al.

47. Geurts L, Everard A, Van Hul M, Essaghir A, Duparc T, Matamoros S, et al.
Adipose tissue NAPE-PLD controls fat mass development by altering the browning
process and gut microbiota. Nat Commun (2015) 6:6495. doi: 10.1038/
ncomms7495

48. Everard A, Geurts L, Caesar R, Van Hul M, Matamoros S, Duparc T, et al.
Intestinal epithelial MyD88 is a sensor switching host metabolism towards obesity
according to nutritional status. Nat Commun (2014) 5:5648. doi: 10.1038/
ncomms6648

49. Bashashati M, Storr MA, Nikas SP, Wood JT, Godlewski G, Liu J, et al.
Inhibiting fatty acid amide hydrolase normalizes endotoxin-induced enhanced
gastrointestinal motility in mice. Br J Pharmacol (2012) 165(5):1556-71. doi:
10.1111/§.1476-5381.2011.01644.x

50. Vanheel H, Vicario M, Vanuytsel T, Van Oudenhove L, Martinez C, Keita
AV, et al. Impaired duodenal mucosal integrity and low-grade inflammation in
functional dyspepsia. Gut (2014) 63(2):262-71. doi: 10.1136/gutjnl-2012-303857

51. Hansen LBS, Roager HM, Sendertoft NB, Gobel RJ, Kristensen M, Valles-
Colomer M, et al. A low-gluten diet induces changes in the intestinal microbiome of
healthy Danish adults. Nat Commun (2018) 9(1):4630. doi: 10.1038/s41467-018-07019-x

52. Yousef MM, Yantiss RK, Baker SP, Banner BF. Duodenal intraepithelial
lymphocytes in inflammatory disorders of the esophagus and stomach. Clin
Gastroenterol Hepatol (2006) 4(5):631-4. doi: 10.1016/j.cgh.2005.12.028

53. Hahn HP, Hornick JL. Immunoreactivity for CD25 in gastrointestinal
mucosal mast cells is specific for systemic mastocytosis. Am J Surg Pathol (2007)
31(11):1669-76. doi: 10.1097/PAS.0b013e318078ce7a

Frontiers in Immunology

126

10.3389/fimmu.2022.944591

54. Zuberi RI, Ge XN, Jiang S, Bahaie NS, Kang BN, Hosseinkhani RM, et al.
Deficiency of endothelial heparan sulfates attenuates allergic airway
inflammation. J Immunol (2009) 183(6):3971-9. doi: 10.4049/
jimmunol.0901604

55. Perreault N, Katz JP, Sackett SD, Kaestner KH. Foxl1 controls the wnt/beta-
catenin pathway by modulating the expression of proteoglycans in the gut. J Biol
Chem (2001) 276(46):43328-33. doi: 10.1074/jbc.M104366200

56. Berkhout M, Gosens MJEM, Brouwer KM, Peters WHM, Nagengast FM,
van Krieken JHJM, et al. Loss of extracellular e-cadherin in the normal mucosa of
duodenum and colon of patients with familial adenomatous polyposis. Hum Pathol
(2006) 37(11):1389-99. doi: 10.1016/j.humpath.2006.05.018

57. Zhang L, Wei X, Zhang R, Si D, Petitte JN, Ahmad B, et al. A novel peptide
ameliorates LPS-induced intestinal inflammation and mucosal barrier damage via
its antioxidant and antiendotoxin effects. Int ] Mol Sci (2019) 20(16):3974. doi:
10.3390/ijms20163974

58. Caporaso ]G, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA,
Turnbaugh PJ, et al. Global patterns of 16S rRNA diversity at a depth of
millions of sequences per sample. Proc Natl Acad Sci USA (2011) 108 Suppl
1:4516-22. doi: 10.1073/pnas.1000080107

59.Ji S, Han S, Yu L, Du L, You Y, Chen J, et al. Jia wei xiao yao San
ameliorates chronic stress-induced depression-like behaviors in mice by
regulating the gut microbiome and brain metabolome in relation to purine
metabolism. Phytomedicine (2022) 98:153940. doi: 10.1016/j.phymed.
2022.153940

frontiersin.org


https://doi.org/10.1038/ncomms7495
https://doi.org/10.1038/ncomms7495
https://doi.org/10.1038/ncomms6648
https://doi.org/10.1038/ncomms6648
https://doi.org/10.1111/j.1476-5381.2011.01644.x
https://doi.org/10.1136/gutjnl-2012-303857
https://doi.org/10.1038/s41467-018-07019-x
https://doi.org/10.1016/j.cgh.2005.12.028
https://doi.org/10.1097/PAS.0b013e318078ce7a
https://doi.org/10.4049/jimmunol.0901604
https://doi.org/10.4049/jimmunol.0901604
https://doi.org/10.1074/jbc.M104366200
https://doi.org/10.1016/j.humpath.2006.05.018
https://doi.org/10.3390/ijms20163974
https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.1016/j.phymed.2022.153940
https://doi.org/10.1016/j.phymed.2022.153940
https://doi.org/10.3389/fimmu.2022.944591
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

:' frontiers ‘ Frontiers in Immunology

‘ @ Check for updates

OPEN ACCESS

EDITED BY

Zhi-Bin Zhao,

Guangdong Provincial People’s
Hospital, China

REVIEWED BY

Qingjun Pan,

Affiliated Hospital of Guangdong
Medical University, China

Pankaj Sharma,

Boston Children’s Hospital and
Harvard Medical School, United States
Pan Su,

Houston Methodist Research Institute,
United States

*CORRESPONDENCE
Guobao Wang
nfyywanggb@163.com

These authors have contributed
equally to this work and share
first authorship

SPECIALTY SECTION

This article was submitted to
Molecular Innate Immunity,
a section of the journal
Frontiers in Immunology

RECEIVED 21 March 2022
ACCEPTED 08 August 2022
PUBLISHED 31 August 2022

CITATION

Zhang W, Yuan 'Y, Li X, Luo J, Zhou Z,
Yu L and Wang G (2022) Orange-
derived and dexamethasone-
encapsulated extracellular vesicles
reduced proteinuria and alleviated
pathological lesions in IgA
nephropathy by targeting
intestinal lymphocytes.

Front. Immunol. 13:900963.

doi: 10.3389/fimmu.2022.900963

COPYRIGHT

© 2022 Zhang, Yuan, Li, Luo, Zhou, Yu
and Wang. This is an open-access
article distributed under the terms of
the Creative Commons Attribution
License (CC BY). The use, distribution
or reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Immunology

TvpE Original Research
PUBLISHED 31 August 2022
p0110.3389/fimmu.2022.900963

Orange-derived and
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nephropathy by targeting
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Current evidence highlights the critical role of the gut-kidney axis in the
pathogenesis of IgA nephropathy (IgAN). However, few attempts have been
made to explore targeted intestinal immunity therapy. This research aims to
develop an oral intestine targeting medication based on extracellular vesicles
(EVs) and investigate its therapeutic efficacy in IgAN. EVs were isolated from
orange juice and electroporated with dexamethasone sodium phosphate
(DexP). After oral administration, EVs-DexP was picked up by lymphocytes in
the submucosal area of ileocecum. EVs-DexP outperformed DexP not only in
suppressing lymphocyte stimulation in vitro but also in alleviating renal
pathological lesions in the IgAN mouse model. Clinical improvement was
accompanied by a reducing IgA secreted by the intestine and a decreasing
IgA + B220 + lymphocytes in Peyer's patches. The present study develops a
cost-effective, biofriendly EVs-based glucocorticoid strategy for IgAN.

KEYWORDS

IgA nephropathy (IgAN), intestine immunity, extracellular vesicle (EV), immunosuppressive
therapy, Peyer's patches
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Introduction

IgA nephropathy (IgAN) is the most common primary
glomerulonephritis worldwide, especially in Asia, with
heterogeneous clinical and pathological phenotypes. It is
estimated that 20-40% of IgAN patients develop ESRD
within 20 years from the time of diagnosis (1). The recent IgAN
landmark trials of STOP-IgAN (2)and TESTING (3) raised deep
concern about the issue of corticosteroids/immunosuppressive
therapy-related infection, despite potential benefits of preventing
renal progression (4).

The gut-kidney axis in IgA nephropathy has been
comprehensively reviewed by Coppo (5), who concluded that
genetic background, B cell activity, IgA synthesis, gut-associated
lymphoid tissue intestinal immunity(GALT), and diet may
all have a role in the development and progression of IgA
nephropathy. Peyer’s patches (PPs), the inductive sites
producing immunocompetent primed B cells, are supposed to
be a key element in IgA production. Nevertheless, limited
attempts have been performed to explore intestinal immunity
targeted therapy in IgAN.

The past decade has witnessed dramatic progress in
nanotechnology combined with modern medicine. Extracellular
vesicles (EVs), characterized by nanoscale sizes ranging from 30 to
200 nm and a (phospho) lipid bilayer structure, have recently
gained much interest as promising candidates for drug delivery.
They are nanoparticles derived from a variety of cells and found in
almost all biological fluids (6), mediating physiological and
pathological processes. However, heterogeneous origination and
composition, inconsistent stability in circulation and metabolism,
and low quantities yield by mammalian cells (7) challenged their
role as drug carriers in clinical application. Plant-derived
nanoparticles emerged as feasible natural drug carriers
considering a stable physicochemical property, biosafety, and
large-scale production (8).

Herein, we set out to isolate EVs from oranges and evaluate
the capacity of this plant-derived nanoparticle as an oral drug
delivery vehicle. Our findings that EV's were taken up by ileocecal
lymphocytes after oral administration further inspired us to
load dexamethasone sodium phosphate (DexP), one of the
highly potent glucocorticoids, into EVs and investigate
its immunosuppressive effect in vitro and therapeutic efficacy
in the IgAN mouse model. Our findings would provide a
novel bio-friendly approach to treat IgAN via regulating
intestinal immunity.

Materials and methods
EVs isolation

Orange juice was squeezed and filtered by gravity through a
Whatman filter paper. Collect the filtrate 125mL and dilute the
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sample using protease inhibitor and PBS to a final volume of
250mL. The protease inhibitor cocktail, a mix of 1.67mL 1M
sodium azide, 2.5mL of 100mM PMSF, and 0.5mL of 1mM
leupeptin stock solutions, was immediately added as
recommended by Christopher, etc. (9) Then low-velocity
centrifugation was performed at room temperature: centrifuge
at 4,000 x g for 20 min to remove cells and large debris, then at
8,000 x g for 20 min, followed by 15,000 x g for 20 min to
remove cellular debris. Filter the supernatant by 0.45um syringe
filter. The next step was high-velocity ultracentrifugation at 4°C:
centrifuge the supernatant in polycarbonate ultracentrifuge tube
at 170,000 x g for 90 min to pellet the crude extracellular vesicles
fraction. Carefully discard the supernatant and resuspend the
pellet in a small volume of PBS. Then vortex it rigorously for at
least 10 min to break all aggregation and obtain a suspension of
primary nanovesicles.

Quantification

Particle number was measured by nanoparticle tracking analysis
(NTA) using ZetaView Particle Metrix. EVs were lyophilized and
weighed up, and total proteins were measured using BCA assay.

Particle size and surface charge

Collected samples were diluted to avoid inter-particle
interaction. Size distribution and zeta potential were assessed
by Zetasizer Nano ZS (Malvern Instruments, UK).

Transmission electron microscopy

EVs pellets were resuspended in PBS and spotted onto a
carbon-coated copper grid. The excess liquid was removed, and
filter paper was used to drain the grid; a drop was negatively
stained with 3% phosphotungstic acid and loaded onto the grid
for 5 minutes. The grid was then dried at room temperature.
Finally, the samples were observed under a HITACHI H-7650
transmission electron microscope operated at 80kV.

Lipidomic analysis

EVs samples in chloroform/methanol/water (1/1/1, v/v/v)
solution were vortexed for 30 mins and centrifuged at 1,500 x g
for 10 mins. Organic phage was collected and transferred to a
new tube and lyophilized using nitrogen. Dried metabolites were
reconstituted in 400l isopropanol/methanol (1/1, v/v) solution,
vortexed, centrifuged at 23,500 x g for 10 min at 4°C, and the
supernatant was analyzed using liquid chromatograph-mass
spectrometry (LC-MS) (Thermo, Ultimate 3000LC, Orbitrap
Elite). A Kinetex C18 column (100 x 2.1mm, 1.9um) and the
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following gradient: 0-2 min 30% mobile phase B; 2-2.1min 55%
B; 2.1-12 min 65% B;12-18 min 85% B; 18-25 min100% B; 25-
30 min 30% B, was applied for the experiment. Mobile phase A
was acetonitrile/water (3:2, v/v), 10mM ammonium formate and
0.1% formic acid. Mobile phase B was acetonitrile/isopropanol
(1:9, v/v), 10mM ammonium formate and 0.1% formic acid. The
flow rate was 0.3 ml/min, and the column was at 45°C. The MS
data files were processed using Thermo package software Lipid
Search for producing a list of lipid names and peak areas.

Drug encapsulation

A mixture of EVs and dexamethasone sodium phosphate
(DexP) in different proportions were gently blended in 0.5ml of
electroporation buffer (125mM NaCl, 5mM KCl, 1.5mM CacCl2,
10mM glucose, 20mM HEPES, pH 7.4) at 4°C. After
electroporation at 300 V for 15ms in 0.2cm electroporation
cuvettes by a Gene Pulser II Electroporator (Bio-Rad, USA), the
mixture was incubated at 37°C for 30 min to ensure the plasma
membrane of the EVs fully recovered. Residual DexP and
electroporation buffer were removed by Milli-Q water using a
regenerated cellulose dialysis membrane (Spectra/Por 4 Dialysis
Membranes, Carl Roth) with 6-8kDa molecular weight cut-off
(MWCO). Change the Milli-Q water every 4 hours, and the
duration of dialysis is 24 hours. The retained EVs were incubated
with 1% Triton-X 100 (SigmaAldrich, Schnelldorf, Germany)9
for 4 hours on ice for lysing. Then the lysate was subjected to
intermittent sonication for 10 minutes to ensure the (phospho)
lipid bilayer of EVs was fully ruptured. The amount of
encapsulated DexP was measured by detecting the absorbance
at 242nm using UV-spectrophotometry. Entrapment Efficiency
(%EE) = (total amount of DexP added - unencapsulated
DexP “)/total amount of DexP added] *100%.

Toxicity

For cytotoxicity assays, cells (3x10°/well) were cultivated on
96-well plates, then added with the indicated concentration of
drugs in 10% FBS RPMI 1640 containing 5 ug/ml ConA and 3U/
ml IL-2. Cell proliferation was detected after 24-hour incubation
with cell counting kit-8 (DOJINDO Laboratories, CK04) at
450 nm. In vivo, wild-type female BALB/c mice (5- or 6-week-
old) were treated daily with EV's (80 mg/kg b. wt.) for two weeks.
Serum levels of alanine aminotransferase (ALT) creatinine (Cr)
and urea nitrogen (BUN) were analyzed by the AU480
Chemistry System (Beckman Coulter System).

Stability

The stability of EVs was examined in acidic solution (0.01M
hydrochloric acid, PH=2), alkaline solution (0.IM sodium
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bicarbonate, PH=8), and artificial gastric and intestinal fluid
respectively. The artificial gastric fluid solution was prepared
according to Polish Pharmacopoeia IX by the dissolution of 2.0g
NaCl and 3.2g pepsin in quadruple-distilled water. Then, 80 mL
of 1M hydrochloric acid was added to adjust the pH, then
supplemented with quadruple-distilled water to 1000mL.
Artificial intestinal juice was prepared by dissolving 6.8g of
potassium dihydrogen phosphate into 500mL of distilled
water, using 0.1 M NaHCO3 solution to adjust the PH to 6.8.
Then 10g of pancreatin was mixed, and distilled water was
supplemented to 1000mL.

In vivo distribution of EVs

Orange-derived EVs were labeled with near-infrared
fluorescent dye Dil (20 uM) by incubation at 37°C for 30 min,
followed by centrifugation at 10,000xg for 30 min to remove
unbound dye. Mice that had been fasted for 24 hours were
gastrically given 200ul Dil-labeled EV's (80 mg/kg EVs protein)
and were euthanized at Oh, 2h, 4h, and 6h following gavage.
Imaging ex vivo was performed on the stomach, gut, spleen,
liver, kidney, and bladder. Fluorescence intensities were assessed
using Carestream MS FX Pro In Vivo Imaging System with
customized wavelength filters for excised organs. The relative
intensities were measured and compared with an equal amount
of unlabeled EVs treated control.

Isolation of Peyer’'s patches lymphocytes

Intestinal Peyer’s patch lymphocytes were collected as
described previously (10). Briefly, euthanize the mouse and
aseptically remove the small intestine from the duodenum to
the cecum. PPs are excised from the intestines and gently forced
through a steel mesh grid. Gravity sediment the resulting cell
suspension through 4°C CMF/HEPES for 10 minutes, discard the
debris pellet and collect the supernatant. Pellet cells by
centrifuging 20 min at 850 X g, in a swinging-bucket rotor, 4°C.
Resuspend pellet and subject to Percoll fractionation.
Lymphocytes will be recovered from a distinct band formed at
the interface of the 100% and 40% Percoll.

Flow cytometric characterization of
Peyer's patch lymphocytes

Murine PPs lymphocytes were isolated and cultured for 24h in
12-well plates with a cell count of 0.5-1x10” in 3ml cell suspension
per well. For viability assay, lymphocytes were stimulated with
0.5ug/ml ConA and 3U/ml IL-2 in each well for 24h. The
inhibitory effect of EVs (0.5ug/well), DexP (0.1ug/ml), and EVs-
DexP (0.6ug EVs electroporated with 0.3ug DexP) were then
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determined. The following antibodies were used for FACS
analysis: Fixable Viability Stain 780(BD Horizon' ", 565388); PE
Hamster Anti-Mouse CD3(BD Pharmingen' ", 553063); FITC Rat
Anti-Mouse CD4 (BD PharmingenTM, 553729); APC Hamster
Anti-Mouse CD69(BD Pharmingen' ", 560689); FITC Rat Anti-
Mouse IgA (Invitrogen, 11-4204-82); PE Rat Anti-Mouse CD45R/
B220(BD PharmingenTM, 553089). Cells were analyzed using a
FACScan (Becton Dickinson, San Jose, California, USA).

The IgAN mouse model and treatments

Male Balb/c mice, 6- or 8-week-old (weight 25 + 5g), were
obtained from the Laboratory Animal Center (Southern Medical
University, China). The routine urine test was checked after one
week of pre-feeding. Balb/c mice were fed standard food and had
free access to distilled water. On the 13th week, all Balb/c mice
were killed.

Twenty-four mice were randomized into four groups:

Control group (n =6): mice were given oral acidified water
on alternative days until death. After 6 weeks and on the 9th
week, they were injected via tail veins with saline with the same
quantity and time as the model group.

IgAN model group (n =6): mice were orally given 0.1%
bovine serum albumin (BSA) (Sigma Chemical Co., St. Louis,
MO, USA) with acidified water (6 mM HCI), 0.4mL for each, on
alternate days. After 6 weeks, each mouse was injected via tail
veins with 0.1 ml 1% BSA buffer solution at a fixed time, once a
day, for 3 days. From the 9th week on, the mice were injected
with staphylococcal enterotoxin B (SEB) (the Academy of
Military Medical Sciences, Beijing, China), diluted by sterile
saline with 0.4 mg/kg, once a week, for 3 weeks.

DexP treatment group (n =6): from the 6th week on, each
IgAN mouse was intragastrical given DexP 1.6mg/kg every other
day until the end of the 12th week.

EVs-DexP treatment group (n =6): from the 6th week on,
each IgAN mouse was intragastrical given EVs-DexP (100ug
EVs and 40ug DexP were electroporated) every other day until
the end of the 12th week.

Spot-urine sample was collected, and urinary albumin/
creatinine ratio (ACR) was evaluated before and after treatment
using a QuantiChrom'" Protein Creatinine Ratio Assay Kit
(DPCR-100, Bioassay Systems, Hayward, CA, USA). Serum
creatinine and aminotransferase levels were measured with
commercial kits according to the manufacturer’s instructions.
Kidney tissues were fixed with 10% paraformaldehyde and
embedded in paraffin. They were cut into 3um tissue sections
and stained with PAS methods. The stained renal tissue sections
were examined and scored by pathologists under an
optical microscope.

All mouse care and experiments were approved by the
Institutional Animal Care and Use Committee (IACUC) of
Nanfang Hospital. All experimental procedures and animal
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care were carried out under the guidance of the Ethics
Committee to minimize the suffering of animals.

Immunohistochemistry and
immunofluorescence staining

For THC staining, formalin-fixed and paraffin-embedded
small intestine sections were incubated with primary
antibodies against IgA (Abcam, ab97234) and analyzed using
streptavidin peroxidase detection system (Maixin) according to
the manufacturer’s protocol. DAB (Maixin) was used as an
HRP-specific substrate. Staining intensity for IgA was ranked
using a 5-point scale from 0 (unstained) to 4 (very intensively
stained). The histopathological evaluations were performed by
three independent pathologists. Every group and tissue
examination were blinded.

The kidney and small intestine tissue for IF staining was cut
into frozen sections and fixed with acetone for 1 min. After
fixation, they were blocked with 2% bovine serum albumin
diluted by PBS at room temperature for 1 h. They were
washed with PBS three times and incubated with FITC-
labelled goat anti-mouse IgA (Abcam, ab97234) at 37°C for
40min. After washing with PBS three times, they were mounted
with anti-quenching tablets and observed under a confocal
microscope. Cell nuclei were stained with DAPIL Images were
quantified by counting the number of positive nuclei and divided
by the total number of nuclei.

Statistical analysis

All data were analyzed by the SPSS18.0 statistical software. A
two-tailed, unpaired, or paired Student t-test was used to
compare the variables of two groups, and one-way or two-way
ANOVA was performed for multi-group comparisons. With
homogeneity of variance between two groups, the LSD test was
used. With the heterogeneity of variance between groups, the
Games-Howell test was employed. Co-localization of IF and the
analysis of mean of interest of domain (IOD) in THC staining
were calculated with Image-Pro Plus. P <0.05was noted
statistically different. Statistical details are included in the
respective figure legends.

Results

Preparation and characterization of
DexP-packaging EVs

Extracellular vesicles were isolated from orange juice using

the ultra-high-speed centrifugation method (Figure 1A).
Negatively stained cup-shaped membrane nanovesicles of 100
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FIGURE 1

Characterization of EVs and EVs-DexP. (A) EVs pellets extracted from orange juice by ultra high-speed centrifugation. (B) Electron microscopic
image of EVs and EVs-DexP. (C) Size distribution of EVs and EVs-DexP. (D) Zeta potential of EVs and EVs-DexP. (E) LC-MS-based lipid profiling
of orange-derived EVs. (F) The standard curve was determined by varying concentrations of DexP and its corresponding absorbance at 242 nm
using a UV-spectrophotometer. (G) Entrapment Efficiency (EE) at different concentrations of DexP and EVs via electroporation (time
constant=10 ms and voltage=300V). EE (%) = (total amount of DexP added - unencapsulated DexP)/total amount of DexP added *100%.

to 150 nm were discovered using electron microscopy
(Figure 1B). By BCA quantification, we obtained 5.65 +
0.51mg of total protein in 758.4 + 30.3mg pellets from 100ml
juice. There were 1.1x10'" particles in 100pg/ml EVs
suspension, and the median size of EVs was 91nm according
to NTA (Figure 1C). Zeta potential ranging -23.7 + 4.88 were
examined by dynamic light scattering (DLS) (Figure 1D).
Orange-derived EVs had 53.27% phosphatidylcholine and
comparatively low triglycerides (14.2%), diacylglycerol (12.7%),
and phosphatidylethanolamine (12.0%), according to LC-MS
lipid profiling (Figure 1E).

Electroporation is a process in which a hydrophilic pore is
formed in the cellular membrane in a condition of an external
electric field, allowing chemicals, DNA, RNA, or drugs to flow
through. Membrane integrity quickly recovers after drug loading
into the vesicle interior through transient holes. Because
dexamethasone is lipid-soluble and EVs are made up of a
(phospho) lipid bilayer, it’s challenging to encapsulate Dex
intravesicular rather than sandwiched between double-
membrane structures or residing at their bilayer surface. Thus,
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we chose its water-soluble pro-drug dexamethasone phosphate
(DexP) to be encapsulated, which is known to be processed
in phagocyte lysosomes to deliver active dexamethasone into the
cell cytoplasm. After drug loading, EVs still maintained
the integrity of the double membrane structure (Figure 1B),
with the size increased from 91 to 177nm (Figure 1C) and the
mean zeta potential changed to 24.9 mV (Figure 1D). We
investigated the encapsulation efficiency (EE) at various
concentrations of EVs and DexP in a 200ul electroporation
buffer system with a time constant of 10ms and a voltage of
300V. We firstly constructed the standard curve of absorbance
values for different DexP concentrations in electroporation
buffer (Figure 1F), and ecapulated DexP content was
calculated accrording to the detected absorbance at 242nm
using UV-spectrophotometry after the EVs membrane was
ruptured. When 50ug or 100ug DexP is introduced, EE raises
as the amount of EVs increases from 50ug to 200ug. When the
amount of DexP was larger than or equal to the amount of EVs
at 200ug, however, the proportional increase was reduced. When
the EVs: DexP concentration ratio was 1:2 or even 1:4, the
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optimal encapsulation efficiency was calculated to be 70-
80% (Figure 1G).

Stability, safety, and distribution of orally
administered EVs

To test physicochemical stability, we incubated EVs in
different PH environments and simulated gastrointestinal fluids
for two hours (Figure 2A). The size of EVs slightly increased both
in an acidic solution (PH=2) and in an alkaline solution (PH=8).
EVs surface at neutral PH or in an acid environment was
negatively charged, but weakly positive charged in an alkaline
environment. Of note, incubation in gastric and intestinal
enzymatic solution did not affect the heterogeneity of diameter
and stability of the colloidal dispersion. In terms of drug safety,
mice administrated with EVs preserved good hepatic or renal
function, either orally or intravenously (Figures 2B-D).

To trace the biodistribution of EVs in vivo, we labeled EV's
with the lipophilic dye Dil and performed FRI ex vivo scans of
the gastrointestinal tract and other organs. Fluorescence
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accumulated predominantly in the ileocecum 2 to 4 hours
after gavage (Figure 2E). Immunofluorescence colocalization
results demonstrated that Dil-labeled EVs were co-stained
with submucosa CD4'T cells, CD11b" follicular dendritic cells,
and CD1lc'macrophages in the jejunum (Figure 2F) and
ileum (Figure 2G).

EVs-DexP inhibits lymphocytes
activation in vitro

Flow cytometry revealed that DexP and EVs-DexP could
considerably inhibit ConA stimulation on PPs lymphocytes
(Figure 3A), although the difference between ConA+DexP
and ConA or ConA+EVs was not statistically significant
(ConA+DexP vs. ConA+EVs: g58.48 vs. 63.55, p=0.1265).
EVs-DexP presented a more significant suppressing effect
compared to DexP in that the proportion of CD4"CD69"
cells was dramatically reduced by EVs-DexP (ConA+DexP vs.
ConA+EVs-DexP: 58.48% vs. 50.98%, p=0.0175). In addition,
the CCK-8 experiment showed similar results (Figure 3B).
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Stability and safety of EVs. (A) Size and zeta potential of EVs in different PH solutions and artificial gastrointestinal fluid. (B—D) Impact of EVs on liver and
kidney function through oral and intravenous administration. Oral is abbreviated as po.; intravenous is abbreviate as iv.(E) Biodistribution of Dil-labeled
EVs after gavage in the mouse. (F, G) Colocalization of Dil-labeled and CD4T cells, CD11b* follicular dendritic cells, and CD11c*macrophages in
jejunum and ileum. Representative staining images of CD4, CD11b, CD11c (green), EVs (red) and DAPI(blue); scale bars, 10um
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FIGURE 3

EVs-DexP inhibits lymphocytes activation in vitro. (A) Flow cytometry analysis of CD4*CD69" population after the DexP or EVs-DexP treatment
of PPs lymphocytes activated by ConA. From left to right, living cells, CD3" cells, CD4"CD69"cells are detected. (B) CCK-8 assay showing the
effect of EVs, DexP and EVs-DexP on PPs lymphocyte proliferation after co-culture for 24h. Data are presented as mean + SD, * p<0.05 vs.
ConA+EVs, *** p<0.001 vs. ConA+EVs, # p<0.05 vs. ConA+DexP; one-way ANOVA.

Therapeutic efficacy of EVs-DexP
in IgAN mice

In this study, we successfully constructed an IgAN mouse
model using oral bovine serum albumin combined with
intravenous staphylococcal enterotoxin B. The urinary
albumin/creatinine ratio (ACR) was significantly higher after
modeling (control vs. IgAN: 22.4 vs. 173.3 ug/mg, p<0.001)
(Figure 4A). Light microscopy revealed mild to moderate
mesangial cell proliferation, as well as immunofluorescence
presenting granular deposition of IgA in the mesangial area, as
shown in the second row of graphs in Figure 4E.

During IgAN modeling, DexP or EVs-DexP was given every
other day from the beginning of the 6th week to the end of the
12th week. Both DexP and EVs-DexP treatment reduced urine
protein to varied degrees, as shown in Figure 4B by the ACR
difference before and after treatment (IgAN vs. DexP treatment:
173.3 vs.126.1 ug/mg, p=0.420; IgAN vs. EVs-DexP treatment:
173.3 vs. 84.3 ug/mg, p=0.037). EVs-DexP seemed to alleviate
proteinuria to a more considerable extent than DexP despite no
significant statistical difference in ACR (DexP treatment vs. EVs-
DexP treatment: 126.1 vs. 84.3ug/mg, p=0.523) (Figure 4B).
Hepatic aminotransferase (Figure 4C) and serum creatine
(Figure 4D) fluctuated within normal limits in the course of
modeling and treatment.
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As seen in Figure 4F, the IgAN mice displayed diffuse mild to
moderate mesangial cell proliferation with focal segmental
hyperplasia and occasional sclerosis, graded as Lee’s grade IIL
DexP treatment resulted in less extent of mesangial proliferation
and IgA intensity than IgAN counterparts, especially the IgAN
mice given EVs-DexP only displayed mild segmental mesangial
proliferation with faint IgA deposition, scoring Lee’s grade I-II.

EVs-DexP decreased intestinal
IgA* lymphocytes

IgA-secreting plasma cells have been discovered to derive
from the antigen-specific IgA-committed B cells in PPs. IgA can
be expressed in activated B lymphocytes, plasmablasts, and
mature plasma cells. B220 is a surface antigen molecule
primarily expressed on B lymphocytes (IgA™ B220"cells) and
fades when B cells develop into mature plasma cell (IgA"B220~
cells). We then examined the immunophenotype alterations of
lymphocytes in PPs of each group. As seen in Figure 5, the ratio of
IgA" B220" in PPs was much higher in the IgAN group, whereas
DexP and EVs-DexP were able to drastically lower this ratio
(IgAN vs. DexP treatment: 8.37% vs. 6.44%, p=0.275; IgAN vs.
EVs-DexP treatment: 8.37% vs. 3.98%, p=0.016). However, the
difference in the ratio of IgA"B220" cells in PPs was marginal
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Improved therapeutic efficacy of EVs-DexP in IgAN mice. Twenty-four mice were randomized into four groups: control, IJAN model, IgAN
receiving DexP treatment, and IgAN receiving EVs-DexP treatment. n=6 mice per group. (A, B) Spot-urine sample was collected before
modeling and at the end of 12 weeks for urinary albumin/creatinine ratio(ACR) analysis. (C, D) Hepatic aminotransferase and serum creatine
levels were measured at the end of 12 weeks. (E) Confocal images of immunofluorescence. IgA-FITC (green), DAPI was used to stain the nuclei
(blue); scale bars, 75um. (F) PAS staining images of glomerular; scale bars, 20um. * p<0.05 vs. IgAN mice; ***p<0.001 vs. IgAN mice; ## p<0.01

vs. DexP treatment; one-way ANOVA

between the two treatment groups (DexP vs. EVs-DexP: 6.44% vs.
3.98%, p=0.216).

EVs-DexP reduced intestinal
IgA synthesis

LIGHT is a costimulatory molecule expressed on activated
T cells. In the PPs of IgAN mice, the percentage of LIGHT*CD4"
cells were decreased by both DexP and EVs-DexP (IgAN vs.
DexP treatment: 21.05% vs. 11.97%, p<0.0001; IgAN vs. EVs-
DexP treatment: 21.05% vs. 7.31%, p<0.0001). EVs-DexP
exhibited stronger suppressive effect than DexP (DexP vs.
EVs-DexP treatment: 11.97% vs. 7.31%, p=0.0318)
(Figure 6A). Immunohistochemistry of the intestine (PPs
removed for flow cytometry assay) revealed that IgA staining
of the IgAN group was much stronger than the other two
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treatment groups, and EVs-DexP could significantly reduce
IgA production (Figure 6B).

Discussion

In this study, we successfully developed an extracellular
vesicles-based delivery system encapsulated with dexamethasone
(EVs-DexP), which displayed advantages over DexP in alleviating
renal IgA deposition, reducing intestinal IgA production,
accompanied by decreased ratio of IgA™B220" lymphocytes in
Peyer’s patches.

Clinical observations elicited interest in mocosal immunity
in patients with IgAnephropathy that those who experience
episodes of gross hematuria often have a history of upper
respiratory or intestinal preceding infection. Inflammatory
bowel diseases such as ulcerative colitis and Crohn’s disease

frontiersin.org


https://doi.org/10.3389/fimmu.2022.900963
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang et al. 10.3389/fimmu.2022.900963
control IgAN DexP treatment EVs-DexP treatment
10
e o T nemosn| s o 6220 stont
25 ) (e o s %
o 6
< 597
N T2 .
m 3 3 3 3
=1 : - . ——
- - o S & & &
IgA-FITC & TS
008 9°8
é&
FIGURE 5

Effect of EVs-DexP on IgA*lymphocytes immunophenotype in PPs. Flow cytometry analysis of the ratio of IgA* B220™" cells in PPs from different
intervention groups of IgAN mice. n=4 mice per group.* p<0.05 vs. IgAN mice; one-way ANOVA.

are often combined with IgA nephropathy (11, 12).Besides,
IgAN susceptibility loci can be divided into two categories
according to the relationship with the intestinal disease (13,
14): the first category share with inflammatory disease (IBD)
susceptibility loci such as HLA-DQ/DR, CARDY and
HORMAD?2; the second involves genes encoding for the
maintenance of intestinal immune barrier integrity and
regulation of intestinal mucosal immune response such as
DEFA, TNFSF13, VAV3, ITGAM-ITGAX and PSMB8. Based
on a better knowledge of mucosal immunity, B cell activation,

and complement activation in IgA nephropathy, several clinical
studies of targeted treatments are currently underway. B cell-
depleting therapy with rituximab, which was originally
developed for the treatment of rheumatoid arthritis and B cell
malignancies, is an appealing therapeutic option, especially
because B cells may be involved in the production of
galactose-deficient IgAl and its antibodies in IgA
nephropathy. Despite the fact that rituximab effectively
reduced CD19"B cells, it did not improve eGFR or reduce
proteinuria when compared to supportive therapy.
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Effect of EVs-DexP on intestinal IgA production. (A) Flow cytometry analysis of the ratio of LIGHT*CD4" cells in PPs from different intervention
groups of IgAN mice. (B) Immunohistochemical staining intensity of IgA in the intestine; scale bars, 50um. Data are presented as mean + SD of
six independent mice per group. *p<0.05 vs. IgAN mice, **p<0.01 vs. IgAN mice,*** p<0.001 vs. IgAN mice; # p<0.05 vs. DexP treatment; one-

way ANOVA.
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Furthermore, neither the serum levels nor the antibodies of
galactose-deficient IgA1l were lowered (15). Interestingly,
rituximab had no beneficial benefits in patients with ulcerative
colitis (16), comparable to the results in IgA nephropathy. More
notably, a novel enteric capsule formulation of the locally acting
glucocorticoid budesonide (Nefecon) has gained much interest
in phase 2a (17) and 2b (18) trials, in light of its considerable
effect on urine albumin excretion through inhibiting intestinal
immune activity. It was made to release the active component in
the distal part of the ileum and the proximal part of the colon,
where the Peyer’s patches are located. In addition, this targeted
release corticosteroids for IgA nephropathy were well tolerated
when compared to systemic corticosteroids. The failure of
rituximab and the clinical success of Nefecon in IgA
nephropathy suggests a relationship between rituximab-
resistant mucosal B cells and the continued production of
IgAl, and supports the significance of mucosal immunity in
IgA nephropathy.

Glucocorticoids have been a cornerstone of treatment for
inflammatory and autoimmune renal disease. Because the
available clinical evidence (2, 3) suggests a significant risk of
toxicity associated with high-dose corticosteroid therapy in
IgAN, the KDIGO guidelines state that “clinical benefit of
corticosteroids in IgAN is not established and should be given
with extreme caution or avoided entirely in the situations”. The
challenge for improving IgAN treatment is to strike a balance
between efficacy and risk of systemic steroid-based regimens.
Dexamethasone (Dex) is one of the highly potent
glucocorticoids applied to treat a broad spectrum of allergic,
hematologic, and autoimmune diseases. Regarding its long half-
life (36-54 hours) and significant adrenal suppression, Dex is
rarely prescribed to treat glomerulonephritis compared to short-
acting prednisone or methylprednisone. However, low dosage
and local application have been proven to exert its anti-
inflammation effect while alleviating adverse effects occurring
in systemic administration, such as infection, osteoporosis,
and hyperglycemia.

Extracellular vesicles are a highly heterogeneous class of
vesicles released by all types of cells for the purpose of
mediating intercellular communication. EVs are taken up by the
target cells when utilized as drug delivery vehicles. Edible plant
nanoparticles (19) were reported to be similar in sizes and
structures to mammalian derived EVs, possessing a stable
physicochemical property, biosafety, and large-scale production.
Therefore, they have garnered growing interest as promising new
candidates in the field. Ju et al. (20) published the first report that
grape exosome-like nanoparticles can penetrate the intestinal
mucus barrier, be taken up by mice intestinal stem cells. Wang
et al. (21)illustrated that grapefruit-derived nanovesicles were
preferentially taken up by intestinal macrophages and
ameliorated DSS-induced mouse colitis. Oral administration
provides lots of advantages over other administration methods,
the most compelling of which is a reduction in systemic exposure.
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We found that orange-derived EVs maintained their stability in
the gastrointestinal tract, which is crucial for the oral delivery
approach applied to treat other diseases that require steroid
minimization. Following gavage, orange-derived EVs
accumulated in the ileocecum of mice, where they were picked
up by dendritic cells and monocytes located in the submucosal
PPs. This motivated us to design a targeted oral formulation for
IgAN that acts on intestinal lymphocytes.

Therefore, we attempted to encapsulate orange-derived EV's
with water-soluble DexP. In vitro, we confirmed that EVs-DexP
had a more potent suppressive effect on stimulated lymphocytes
than DexP. Notably, in the IgAN mouse model, as compared to
the free DexP, EVs-DexP displayed advantages over DexP in
reducing proteinuria and alleviating mesangial hyperplasia and
IgA deposition, even though albuminuria following therapy was
not statistically significant in both groups. Munagala and
colleagues (22) identified bovine milk as a scalable source of
exosomes capable of delivering chemotherapeutic agents. In
their report, drug-loaded exosomes showed much greater
effectiveness in cell culture experiments and against lung
tumor xenografts in vivo when compared to a free drug.
Subsequently, they demonstrated that milk-derived exosome
loading with antitumor agents might serve as an alternative to
conventional intravenous treatment to boost efficacy and
minimize toxicity (23, 24). In accordance with the findings of
earlier studies (25), we assume that exosomes improve the
benefit/risk ratio of medications by enhancing their
bioavailability, selectivity, and effectiveness in the target tissue
while reducing the required doses and minimizing adverse
effects to healthy tissues.

As the induction site of mucosal immunity, PPs are lymph
nodes structured into a subepithelial dome rich in CD11c¢"
dendritic cells, T cell-rich interfollicular zones, and B cell-rich
follicles with a high frequency of IgA™ cells. B lymphocytes
undergo allotype conversion to IgA™ B lymphocytes in PPs
when they are at rest. Unlike the spleen and other lymph nodes,
IgA secreting B lymphocytes in PPs do not directly differentiate
into mature plasma cells in PPs, but rather leave at plasma blast
stage, lose their B lymphocytes label, enter into lymphocyte
recycling, and eventually reach the lamina propria of the small
intestine, where they develop further into mature plasma cells
(26). Following EVs-DexP exposure, [gA"B220" lymphocytes
in PPs decreased, and the intestine secreted less IgA. As a
consequence, we reasoned that EVs-DexP reduced proteinuria
and IgA deposition was directly related to decreased intestinal
IgA production by dampening the activation of IgA™ B cells
in PPs.

The synthesis of IgA in mucosal areas is initiated by T
lymphocyte-dependent B cell responses or T-cell independent
mechanisms. The IgA produced in a T-dependent manner is like
a general response establishing specific immunity induced by
pathogens with protective high-affinity. The IgA produced by B-
lymphocytes in a T-independent context is often against
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commensal bacteria sharing an interspecies reactivity. LIGHT
(homologous to lymphotoxin, exhibits inducible expression,
competes with herpesvirus glycoprotein D for HVEM on T
cells), a member of the TNF superfamily (TNFSF14), is a
proinflammatory cytokine and potent costimulatory molecule
(27)expressed on activated T cells (28). Previous findings
establish a crucial role for LIGHT in T cell activation via
direct stimulation of neighboring T cells (27). Wang et al.
demonstrate a direct contribution of T cell-mediated mucosal
immunity in the development of IgAN (29). In their study,
LIGHT transgenic mice acquired intestinal inflammation with
dysregulated polymeric IgA production, transportation, and
clearance caused by T cells. This model produced elevated
levels of polymeric IgA, anti-DNA IgG, and IgA antibodies, as
well as IgA and C3 mesangial deposition accompanied by
proteinuria and hematuria, highlighting a direct role of T-cell-
mediated mucosal immunity to IgAN pathogenesis. In mice with
a human LIGHT transgene expressed under the control of the
CD2 promoter (30), T lineage cells constitutively express the
transgene-derived LIGHT, and as a result, the mice developed
inflammation and tissue destruction. The inflammation in the
intestine was particularly severe. This correlated with other
changes in the mucosal immune system, such as selective
increases in lamina propria B cells and increases in serum IgA,
despite decreases in B lymphocytes elsewhere. The T cell-
mediated terminal differentiation of plasma cells to IgA
secretion are up-regulated during inflammation. Similar to the
previous reports, our findings demonstrated that the IgAN
animals had a higher ratio of LIGHT'CD4" cells and
IgA"B220" cells, and that EVs-DexP repressed both, indicating
that intestinal IgA production was reduced via a T-cell-
dependent mechanism.

Conclusions

In conclusion, our research revealed the stability, safety, and
capacity to target intestine lymphocytes of orange-derived EV's
as an oral drug delivery vehicle. Notably, EVs encapsulated with
DexP displayed advantages over free DexP in inhibiting
lymphocyte activation, reducing proteinuria, and alleviating
renal pathological lesions in IgAN animals. Given their
potential use in clinical practice, further investigation on dose-
response, pharmacokinetics, and adverse effects analysis is
warranted. In that oranges are a widely available and
economically reliable source for EVs, and dexamethasone is a
common and highly potent glucocorticoid, the EVs-DexP oral
formulation is expected to serve as an alternative for steroid-
based therapy, enhancing efficacy while minimizing systematic
exposure. Our findings contribute to a better understanding of
the importance of intestine immune in the development
of IgAN.
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SUPPLEMENTARY FIGURE 1

Graphical abstract. We obtained a considerable amount of EVs from
oranges as an oral drug delivery vehicle targeting intestinal
lymphocytes. EVs encapsulated with DexP displayed advantages over
free DexP in inhibiting lymphocyte activation, reducing proteinuria, and
alleviating renal pathological lesions in IgAN animals. EVs-DexP oral
formulation is likely to serve as an alternative for traditional steroid-
based therapy for IgAN, improving efficacy while minimizing
systematic exposure.
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