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Effect and mechanism of reactive oxygen species-mediated NOD-like receptor family
pyrin domain-containing 3 inflammasome activation in hepatic alveolar

echinococcosis

Chen CS et al. ROS-Mediated NLRP3 Activation in the liver

INTRODUCTION

Echinococcosis 15@ global zoonotic parasitic disease categorised into two main
subtypes, namely cystic echinococcosis and alveolar echinococcosis, which are caused
by the larvae of Echinococcus granulosus and Echinococcus multilocularis (E. multilocularis),
respectively. Alveolar echinococcosis, also termed “parasite cancer”[!], is a helminthiasis
that progresses slowly and mainly invades_the liver. However, if left untreated, it can
lead to high morbidity and mortalityl?l. It is estimated that nearly 600000 people
worldwide have been infected34l. Cases of hepatic alveolar echinococcosis (HAE) have
risen sharply in recent years. Qinghai Province in China is a region with a high and
increasing incidence of echinococcosisl5l. Moreover, epidemiological evidence suggests
that the medical and economic burden of HAE will increase significantly in the next
decadel®l.

Inflammasomes were first proposed by Martinon et all7l in 2002 as multimeric
complexes that form in response to various Wsiological and pathological stimuli.
Inflaimmasomes are important components of the innate immune system, and
inflammasome activation is essential for pathogen clearancelfl. The main components
include nucleotide-binding oligomerization domain-like receptorg (NLRs), leucine-rich
repeats, and a protein-protein interaction domain, which could be a pyrin domain, a
caspase rﬁuitment domain, or a baculovirus inhibitor of an apoptosis protein ajeat
domain. NLRs are cytosolic pattern-recognition receptors that act as sensors of the
innate immune system. They can recognize microbial structures or pathogenic
components, called pathogen-associated molecular patterns or damage-associated

molecular patterns, which are generated by endogenous stress, and trigger downstream




inflammatory pathways, to eliminate infection and repair damaged tissues’l. An

inflammasome is defined by its sensor protein. Five pattern-recognition receptorg have
been shown to form inflammasomes: Absent in melanoma 2 (AIM2), NLR family
caspase recruitment domain-containing 4 (NLRC4), NOD-like receptor family_pyrin
domain-containing 1 (NLRP1), NLRP3, and pyrin(l®. Among them, the NLRP3
inflammasome is the most studied.

The NLRP3 inflammasome, a signaling molecule in the innate irJE'lune system, can
convert inactive cysteine aspartate proteolytic enzyme 1 precursor (pro-caspase-1) into
active caspase-1, which in turn converts inactive pro-interleukin (IL)-1p ﬁd pro-IL-18
into mature IL-13 and IL-18, respectively. NLRP3 inflammasome expression is
transcriptionally regulated by nuclear factor kappa B (NF-xB), and is very low in non-
activated macrophages(!!l. NLRP3-caspase-1-IL-1p pathway activation exerts effects on
processes, such as stress, inflammation, and injury repair, which have b
extensively studied in tumour developmentl!315] and metastasisl!®l. In recent years, the
role of the NLRP3 inflammasome in parasitic diseases has attracted widespread
attention. The NLRP3 inflammasome is upregulated in rﬁlaria[”]. Furthermore, in
amoebic diseases, macrophage a5Bl integrin expression is associated with NLRP3
inflammasome activation'®. The NLRP3 inflammasome and caspase-1/11 pathway
protect against acutemT rypanosoma cruzi (T. cruzi) infection. The NLRP3
inflammasome controls T. cruziinfection via a caspase-1-dependent, IL-1R-independent,
nitric oxide mechanism!?l. Inflammasome-derived IL-1p production induces nitric
oxide-mediated resistance to Leishmanial?ll. The development of Leishmanias'&occurs
via NLRP3 inflammasome-mediated IL-1p productionl??l. Schistosoma mansoni activates
the NLRP3 inflammasome and alters adaptive immune responses through Dectin-21%1.
NLRP3 inflammasome activation in mice results in fibrosis of hepatic stellate cells in
schistosomiasis/?l. Although the NLRP3 inflammasome is activated differently in
different parasitic diseases, it plays an important role in these diseases. Assessing
inflammasomes maya'd in the rapid identification and elimination of these pathogenic

factors, and provide potential means for the treatment and prevention of infection.
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NLRP3 inflammasome activation is related to mitochondrial autophagy and reactive

oxygen species (ROS) production(?>26. The mechanism of ROS-mediated NLRP3
inflammasome activation is closely related to Kupffer cellsl?2. Inhibiting ROS
production or using nicotinamide adenine dinucleotide phosphate, an oxidase inhibitor,
can block NLRP3 inflammasome activationl2%3%. As an important mediator of oxidative
stress, ROS is closely relate inflammation. T. cruzi infection promotes the synthesis
and release of ROS, with NF-xkB pathway activation and decreased expression of
inflammatory cytokines in NLRP3 knock-out mice, while alleviating acute-phase
symptomsPll. Protein kinase C/ROS-mediated NLRP3 inflammasome activation
correlates with pathological changes in leishmaniasis(32l. ROS inhibition and prevention
of potassium channel opening inhibits NLRP3 inflammasome e)(ﬁssion, implying that
ROS production and potassium channel opening are pivotal for NLRP3 inflammasome
activation in human prostate epithelial cells®.

The occurrence and development of parasitic diseases is often accompanied by
inflammationl33%l. In a previgus study, we determined that HAE has a clear marginal
zonelB®l, However, the role and clinical signjficance of the NLRP3 inflammasome in
HAE remain unclear. Herein, we explored NLRP3 inflammasome activation in the
tissues of patientﬁwith HAE, a rat model of HAE, rat Kupffer cells, and hepatocytes.
We investigated the mechanism of NLRP3 inflammasome activation in HAE and the
effect of its downst products. We hypothesised that E. multilocularis aggravates

hepatic damage and inflammation by activating the NLRP3 inflammasome in HAE.

MATERIALS AND METHODS

Patient tissues

issue specimens ere collected from 60 patients with HAE who underwent surgery at
the Department of Hepatobiliary and Pancreatic Surgery of the Affiliated Hospital of
Qinghai University from January to December 2020. Patients did not receive adjuvant
therapy before surgery. HAE was confirmed by pathological examination. The

pathological stage and degree of differentiation of the lesions were based on the PNM
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classification, where P refers to a parasitic mass in the liver, N refers to the involvement

of neighbouring organs, and M refers to metastasis(®’l. The marginal zong of the lesion
(< 0.5 cm away from the lesion) and the tissue adjacent to the lesion (> 3 cm away from
the lesion) were rapidly frozen in liquid nitrogen, within 15 min of surgical resection,

and stored at -80 °C.

Parasites and animal experiments

E. multilocularis specimens were gbtained from the Key Laboratory of Echinococcosis,
Qinghai Province, China, and cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Gibco, Burlington, Ontario, Canada) supplemented with 10% foetal bovine
serum (FBS) (Gibco) at 37 °C in 5% carbon dioxide. Sprague-Dawley rats were
purchased from the Nanjing Qinglongshan Laboratory Animal Breeding Centre, China.
Feeding and housing were performed under specific pathogen-free conditions. Eight- to
10-wk-old male Sprague-Dawley rats were used as hosts. Rats were fixed in the dorsal
position and anaesthetised with 1%-3% isoflurane. The abdominal cavity was opened,
and the skin, superficial fascia, deep fascia, muscle, and peritoneum were dissected to
expose the liver. A syringe needle was inserted into the liver obliquely at a 45-degree
angle (penetration depth, 0.5 cm). Each rat was injected with a suspension of
approximately 1200-1500 E. multilocularis. The method of counting the number of E.
multilocularis was similar to the cell counting plate method. After injecting the
suspension, the liver was covered with absorbable hemostat gauze to stop bleeding, and
the abdominal incision was closed. For in vivo experiments, N-tert-Butyl-a-
phenylnitrone (PBN; Sigma, Saint Louis, MO, United States) was used as a ROS
scavenger. Nine 6-mo-old HAE rats were divided into three groups (three rats per
group), to test the efficacy of PBN[38391. The three groups were treated with different
concentrations-20, 50, and 100 mg/kg/d-intraperitoneally for 30 d. ROS production in
the three groups was used to determine the relative efficient concentration of PBN in
HAE rats. Subsequently, 30 HAE rats were randomly divided into three groups (10 rats

per group), namely the 50 mg/kg/d PBN group, normal saline group, and no-treatment
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group (control). Intraperitoneal injection was performed at the same time and the same

dose (50 mg/kg/d) in the PBN and normal saline groups for 30 d.

Immunohistochemistry and haematoxylin eosin staining

Paraffin sections were incubated in 3% hydrogen peroxide at 25 °C for 5-10 min to
inhibit endogenous peroxidase activity. Primary antibodies (NLRP3: Abcam, Shanghai,
China; caspase-1: Thermo Scientific, Waltham, MA, United States; IL-1p and IL-18:
Boster Biotechnology, Wuhan, China) were added and incubated at 4 °C overnight,
washed with phosphate-buffered saline (PBS), and incubated with the appropriate
secondary antibody at 20-37 °C for 10-30 min. Haematoxylin and eosin stainingﬁas
performed, as described previouslyl“’l. The optical density and area of each image were
measured using an Image-Pro Plus 6.0 Image Analysis System (Media Cybernetics Inc.,
Bethesda, MD, United States), and the mean density was calculated.

Immunofluorescence staining for cell localisation

Normal goat serum blocking solution was added to reduce background staining.
Primary antibodies (CD68: Proteintech, Wuhan, China; NLRP3: Abcam; and caspase-1:
Thermo Scientific) were added. The sections were incubated at 4 °C overnight, washed
with PBS, and incubated with fluore t secondary antibodies for 2 h, followed by a
30-min incubation in the dark with 4°,6-diamidino-2-phenylindole (DAPI; Beyotime
Biotechnology, Shanghai, China). Cells were observed and images captured under a

fluorescence microscope (Olympus BX33; Olympus Corp., Tokyo, Japan).

Analysis of ROS production and apoptosis by flow cytometry

To detect RQS, Kupffer cells were resuspended in 2'-7'-dichlorofluorescin diacejate
from a ROS Assay Kit (Nanjin Jiancheng Bioengineering Institute, Nanjing, China) and
incubated at 25 °C for 30 min. The liver was cut into 2-3 mm? sections with scissors and
single-cell suspensions were harvested for ROS detection. Cells were washed twice with

PBS. Relative ROS production was detected through the fluorescein isothiocyanate




(FITC) channel (500 nm). For the apoptosis assay, cells were stained with Annexin V-
FITC (MultiSciences, Hangzhou, China) and propidium iodide, according to the
manufacturer’s instructions. Briefly, 1-10 x 10° cells were washed with PBS and
resuspended in 500 pL of 1 x binding buffer. Next, 5 pL Annexin V-FITC and 10 pL
propidium iodide&ere added to each tube. The cells were incubated at 25 °C in the
dark for 5 min. Flow cytometry was performed on a FACSCalibur (Becton and
Dickinson, Rutherford, NJ, United States). Flow]Jo software version 10.5 (Becton and

Dickinson) was used to analyse the data.

Co-cultivation experiments
For the co-cultivation experiments, normal Buffalo rat liver cells were purchased from
the Institute of Cell Biology of the Chinese Academy of Sciences, Shanghai, China.
Buffalo rat liver cells (3 x 105) were plated in the top chamber of a 6-well plate (0.4-pm
Pore Polycarbonate Membrane Insert; Corning Life Sciences, Shanghai, China). E.
multilocularis (1 x 103) and rat liver macrophages (1 x 10¢) were cultured in the Igwer
chamber. Buffalo rat liver hepatocytes, liver macrophages, and E. multilocularis were
cultured in DMEM (Gibco) supplemented with 10% FBS (Gibco). N-acetyl-L-cysteine
(NAC; Macklin Biochemical, Shanghai, China) was chosen as a ROS scavengerl#l in a
co-culture system, by treating cells with 5, 10, or 20 mmol/L NA(ﬁnd detecting ROS
production in Kupffer cells at 24, 48, and 72 h, to test its efficacy. The supernatant was
collected and stored at -80 °C. IL-1p and IL-18 were detected, along with NLRP3,

caspase-1, and ROS.

Western blotting

Protein samples were quantified using a BCA Protein Assay Kit (Bio-Rad, Mississauga,
Ontario, Canada). Western blotting was performed, as described previouslyl42. Briefly,
samples were subjected to polyacrylamide gel electrophaesis under reducing
conditions, transferred to polyvinylidene fluoride membranes, incubated with primary

antibodies (NLRP3: Abcam; and caspase-1: Thermo Scientific) overnight at 4 °C,
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washed, and otted with the Goat Anti-Rabbit IgG H&L (HRP) secondary antibody
(Abcam). The blgts were developed with ECL reagent (Sangon Biotech, Shanghai,
China) using an ImageQuant LAS 4000 Imaging System (GE Healthcare, Chicago, IL,
United States) and analysed using Image-Pro Plus 6.0 (Media Cybernetics Inc.). Band
intensity was normalised to the intensity of b-actin (Abcam).

Enzyme-linked immunosorbent assay
The Rat IL-1b ELISA Kit (Abcam) and Rat IL-18 enzyme-linked immunosorbent assay
(ELISA) Kit (MultiSciences) were used, according to the manufacturers’ instructions, to
determine IL-1b and IL-18 levels in se and the co-cultured cell supernatant. Each

sample was assayed in duplicate and the optical density of each well was measured

immediately using a microplate reader (iMark; Bio-Rad, Hercules, CA, United States).

Extractiquand identification of Sprague-Dawley rat Kupffer cells
Kupffer cells were isolated from Sprague-Dawley rats by collagenase perfusion and
density gradient centrifugation/*344. Briefly, Sprague-Dawley rat liver tissue s
perfused with type IV collagenase (Beyotime Biotechnology) and cut into 2-3 mm?. The
cell suspension was separated by centrifugation at 500 x g for 5 min, followed by the
dition of 30% Percoll density gradient separation solution (Macklin Biochemical) and
centrifugation at 900 x g for 15 min. Kupffer cells were collected from the interface
between the PBS and 30% Percoll layers and cultured in DMEM (Gibco) supplemented
with 10% FBS (Gibco) and 1% penicillin-streptomycin at 37 °C in 5% carbon dioxide. For
identification, cells were adhered to a glass coverslip, fixed with 4% paraformaldehyde
for 15 min, and blocked with normal goat m. Diluted (1:100) primary antibody
(CD68: Proteintech) was added and incubated at 4 °C overnight, followed by incubation
with fluorescent secondary antibody at 20-37 °C forﬁh. DAPI (Beyotime Biotechnology)
was added, with a further incubation in the dark for 5 min. Cells were observed and
images captured under a fluorescence microscope (Olympus BX33; Olympus Corp.) at

200 x and 400 x magnification.

7/20




Statistical analysis

All statistical analyses were performed using GraphPad Prism 6 (GraphPad Software,
United States). The Pearson test was, used for correlation analysis and the chi-squared
test was applied to analyze the relationship between NLRP3 expressionémd the
clinicopathological characteristics of patients with HAE. Quantitative data are
presented as the mean + SD. Data were lyzed using Student’s t-test or one-way
analysis of variance, as appropriate. All P values were two-sided; as P < 0.05 was

considered statistically significant.

RESULTS

NLRP3, Caspase-1, and IL-1 were upregulated in the marginal zone and NLRP3
expression was associated with HAE

Haematoxylin & eosin-stained tissues from patients with HAE exhibited a cle
marginal zone with inflammation (Figure 1A). Immunohistochemical staining of
NLRP3, caspase-1, IL-1B, and IL-18 in the marginal zone Eld corresponding normal
liver of 60 patients with HAE (Figure 1B) showed that the expression of NLRP3,
caspase-1, and IL-1f was higher in the marginal zone than in the corresponding normal
liver, with no significant difference in IL-18 expression (Figure 1C). Using the median
expression level of NLRP3 (0.45) as the cut-off, the 60 patients with HAE were divided
into a high expression group (n = 30) and a low expression group (n = 30).
Clinicopathological analysis showed that NLRP3 expression in the marginal zone of
patients with HAE was associated with jaundice symptoms and Child-Pugh class, but
not age, sex, alpha-fetoprotein, or primary lesion le 1).

Western blotting (Figure 1D and E) also showed that the expression of NLRP3 (Figure
1F) and caspase-1 (Figure 1G) was higher in the inal zone than in the
corresponding normal liver. These results suggest that the NLRP3-caspase-1-IL-1(
pathway may be activated in HAE and that this activation maylﬁy a role in the

marginal zone.
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ROS production increased in the marginal zone and was associated with NLRP3
activation

Lesion growth in HAE rats iﬁhown in Figure 2A. Higher ROS production was
observed in the marginal zone compared to the corresponding normal liver. Similarly,
cells in the marginal zone of HAE liver showed higher ROS production (Figure 2B and
C). ROS production correlated with the relative levels of NLRP3 (linear corﬁlation co-
efficient, r = 0.9489) (Figure 2D). Thus, we speculated that ROS production may play a

role in NLRP3-caspase-1-IL-1(3 pathway activation in the marginal zone of HAE.

ROS-mediated NLRP3 inflammasome activation in HAE rats

PBN (50 mg/kg/d) significantly reduced ROS production (Figure 3A) and was used in
subsequent experiments. After 30 d of intervention, ROS production was detected in the
marginal zone of HAE rats in each group (Figure 3B). The relative valyes of the
marginal zone are shown in Figure 3C. Immunohistochemical staining of NLRP3,
caspase-1, IL-1f, and IL-18 in the HAE rat marginal zone a‘nd corresponding normal
liver, after 30-days of treatment, is shown in Figure 3D. The expression of NLRP3,
caspase-1), and IL-1p3 was higher in the marginal zone than in the c sponding normal
liver, with no significant difference in IL-18 expression (Figure 3E). NLRP3 and caspase-
1 protein expression in the marginal zone and corresponding normal liver is shown in
Figure 3F; their relative protein levels are shown in Figure 3G and 3H, respectively. The
Pearson test showed a correlation between ROS production and NLRP3 expression

(Figure 3I), and between NLRP3 expression and inflammation in the marginal zone

(Figure 3J).

E. multilocularis activated the NLRP3-caspase-1-1L-1f pathway in Kupffer cells
Cells expressing NL%S and caspase-1 were localized in the marginal zone of HAE rats
(Figure 4A and B). This suggests that NLRP3 and caspase-1 are highly expressed in

macrophages (Kupffer cells), with no obvious expression in hepatocytes. To test
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whether E. multilocularis activates the NLRP3-caspase-1-IL-13 pathway in rat Kupffer

cells by enhancing ROS production, which promotes IL-1 synthesis and release,
leading to hepatocyte damage and triggering an acute inflammatory response, Kupffer
cells were isolated (Figure 4C and D). E. multilocularis was also isolated from HAE
lesions (Figure 4E). In 24-h co-cultures of E. multilocularis and Kupffer cells, ROS

production was significantly increased in Kupffer cells (Figure 4F).

ROS-mediated NLRP3-Caspase-1-IL-1f pathway activation in Kupffer cells

NAC (5 mmol/L) effectively abrogated ROS production in co-cultured cells (Figure 5A).
Co-cultures of E. multilocularis, ffer cells, and hepatocytes were prepared (Figure
5B). ROS production in Kupffer cells at 24 h, 48 h, and 72 h with or without NAC is
shown in Figure 5C. Significant suppression gf ROS production was evident in NAC-
treated co-cultures (Figure 5D e effects on IL-1P and IL-18 expression are shown in
Figure 5E and F. Hepatocyte apoptosis at 24 h, 48 h, and 72 h is shown in Figure 5G,
with relative levels shown in Figure 5H. Western blotting analysis of NLRP3 and
caspase-1 is shown in Figure 51, NLRP3 IntDen/B-actin IntDen protein expression in
Figure 5], and caspase-1 IntDen/p-actin IntDen protein expression in Figure 5K. The
apoptosis rate and expression of NLRP3 and caspase-1 were significantly reduced after

inhibiting ROS production.

DISCUSSION

As a global zoonotic parasitic disease, the occurrence of HAE is rare; however, if left
untreated, it can lead to high morbidity and mortality, with significant economic
burden. Inflammation is crucial in the pathogenesis and progression of serious liver
diseasesl¥5-¥7]. Activation of the infl atory response is inextricably linked to the
activation of innate immunity[12l. The NLRP3 inflammasome is a critical component
the innate immune system that mediates the secretign of pro-inflammatory cytokines in
response to infection and cellular damage. Multiple cellular events, including ionic flux,

mitochondrial dysfunction, and ROS production, trigger its activation/*sl. The aberrant
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activation of the NLRP3 inflammasome is closely related to various liver diseases,
including liver canceri*54¢l, viral hepatitisl#l, non-alcoholic fatty liver diseasel4750, and
parasitic diseases, such as schistosomiasis®>2, leishmaniasisi®®, malarial®l, and
trypanosomiasis!®l. Oyr study confirms that the NLRP3 inflammasome plays a pivotal
role in HAE via the NLRP3-caspase-1-IL-1p pathway involving inflammation in the
marginal zone.

As important participants in oxidative stress, ROS are also closely related to
inflammationl>l. The balance of ROS can regulate apoptosis and cell proliferation,
activating a series of signal transduction pathways. Excessive ROS production damages
cell integrity, resulting in tissue dysfunction!5’l. ROS inhibitors significantly reduce this
damage and alleviate acute liver injury. Consistent with a previQus study/’], our results
showed that decreased ROS production in HAE inhibits NLRP3-caspase-1-IL-1p
pathway activation and alleviates hepatocyte damage. ROS act as a critical regulator of
various inflammatory processes and have received much attention. In inflammatory
liver disease, ROS induce fatty liver and ischaemia/reperfusion injury by promoting
inflammation and cell death!®!. In kidney disease, ROS is closely related to acute kidney
injury in rats via ROS-mediated NLRP3 inflammasome activation(®l. In cardiovascular
disease, ROS mediate several aspects of the stress-response signalling networkl®!l. In
parasitic diseases, Neospora caninum evades immunity by inducing mitophagy and
inhibiting pro-inflammatory cytokine production in a ROS-dependent mannerl®2l.
Studies on parasitic diseases, inflammatory liver disease, cardiovascular disease, kidney
disease, intestinal disegse, and ischaemia/reperfusion injury also suggest that ROS
production contributes to the activation of the NLRP3 inflammasomel®64], Although the
specific mechanism of ROS-mediated NLRP3 inflammasome activation is unknown, the
effect of ROS-mediated NLRP3 inflammasome activation under disease conditions has
been confirmed!®). Consistent with previous studies(®'#4, our results indicated that
NLRP3 inflammasome activation is intimately associated with ROS production. In
addition, ROS-mediated NLRP3 inflammasome activation plays a vital role in the

progression of inflammation in HAE. If the balance of ROS can be maintained by
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internal ROS scavengers and external antioxidants, ROS-mediated progression of
inflammation and pathological processes can be alleviated or inhibited.

As NLRP3 inflammasome expression is transcriptionally regulated by NF-xB, it is
very low in non-activated macrophages!''l. We localised cells expressing NLRP3 and
caspase-1 in the marginal zone of HAE rats. The results showed that NLRP3 and

pase-1 were highly expressed in Kupffer cells (resident macrophages of the liver that
play a leading role in the regulation of liﬁ homeostasis). The marginal zone in HAE is
a consequence of self-healing caused by continuous stimulation of E. multilocularis, and
the inflammatory response is important in the progression of HAE. In the early stages
of HAE, there are few abnormalities in liver function and liver enzyme levels. As the
disease progresses, the imbalance of the internal environment of the liver and severe
liver injury manifest in patients with mid-to-late-stage HAE as jaundice, abdominal
pain, and even liver failure. Kupffer cells are associated with acute liver injury and
secrete various cytokines under continuous stimulation by E. multilocularist®l. IL-1
secreted by Kupffer cells is an important factor causing liver damagel®l. In a previous
studyl®®l, we observed typical chronic granulomatous changes around the lesion,
accompanied by lymphocyte infiltration, hepatocyte degeneration and necrosis, and
Kupffer cell proliferation and differentiation in tissues from patients_with HAE. In this
study, we used CD68 to identify Kupffer cells, and confirmedd-lat they play an
important role in the marginal zone. Kypffer cells are activated in response to liver
injury. Activated Kupffer cells express markers of MIl-like or M2-like macrophages,
depending on external signals. Liver inflammation is regulated by the balance between
pro-inflammatory M1 Kupffer cells and anti-inflammatory M2 Kupffer cells, which are

tially self-renewal in a stable statel®”). We observed chronic granulomatous changes
in the marginal zone of lesions in patients with HAE. Therefore, pro-inflammatory M1
Kupffer cells may be more mobile than anti-inflammatory M2 Kupffer cells in HAE.
Activated Kupffer cells secrete IL-13, a common pro-inflammatory cytokine, suggesting
that pro-inflammatory M1 Kupffer cells play a key role in liver inflammation, although

further research is needed.
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Among the_imembers of the inflammasome family, NLRP3 is the most well-
characterised. The NLRP3_inflammasome is associated with several autoimmune and
inflammatory diseases!®8l. NLRP3 inflammasome activation leads to pro-inflammatory
programme& cell death, known as pyroptosis/®l. NLRP3 inflammasome activation
results in caspase-1 activation, which triggers the release of pro-inflammatory
cytokines, IL-1p and IL-ISQILRPB inflammasome activation has received widespread
attention, and significant progress has been made in understanding the mglecular
mechanisms underlying the priming step of NLRP3 inflammasome activation. NLRP3
inflammasome activation is triggered by several cellular signals: Mitochondrial
dysfunction, ROS production, potassium and calcium ion signalling, and lysosomal
rupturel®l. As HAE is a parasitic disease that mainly affects the liver, we considerewe
modes of NLRP3 inflammasome activation in liver and parasitic diseases. non-
alcoholic fatty liver disease, free fatty acids induce ROS production, which has been
proposed as a common mechanism of NLRP3 infla asome activation, resulting in
hepatocyte injury and steatosisl®69. In viral hepatitis, NLRP3 inflammasome activation
is mediated by elevated ROS production, resulting in liver inflammation and
hepatocellular pyroptosis under hydrogen peroxide stressl?l. Wei et all*¢l showed that
17p-estradiol-induced NLRP3 inflammasome activation inhibited liver cancer by
triggering apoptosis and inhibiting protecﬁe autophagy. Additionally, Ma et all7l
showed that NLRP3 inflammasomes play an important role in host defence against
Talaromyces marneffei (T_uarneffei) infection via the Dectin-1/Syk signalling pathway, T.
marneffei yeast triggers NLRP3-ASC-caspase-1 inflammasome assembly to facilitate IL-
1B maturation. While NL inflammasome activation plays different roles at various
stages of leishmaniasis, ROS-mediated NLRP3 inflammasome activation has been
confirmed!?2], Schistosomiasis attracted our attention as a parasitic disease that mainly
affects the liver. In a study of Schistosoma jaﬁnicum (S. japonicum), Zhang et all”2l showed
that S. japonicum induces liver fibrosis via NF-xB signaling and NL inflammasome
activation in Kupffer cells, promoﬁg cytokine production and the mechanism of

NLRP3 inflammasome activation during S. japonicum infection was found to be

13/20




dependent on ROS production and lysosomal activity. NLRP3 expression is closely
related to an increase in ROS production and the degree of inflammation in the
marginal e. Therefore, we hypothesised that E. tilocularis activates the ROS-
mediated NLRP3-caspase-1-IL-1p pathway in Kupffer cells, promoting IL-1p synthesis
and release, leading to hepatocyte damage. We showed that E. multilocularis alone
triggers ROS production in Kupffer cells, and reduces the impact of ROS production in
a co-culture system, effectively inhibiting IL-1p production and reducing the apoptosis
of rat hepatocytes.

IL-1B, mainly synthesised by macrophages, is an important pro-inflammatory
cytokine that activates lymphocytes, macrophages, and natural killer cellsand is
involved in various pathological processes(”!. IL-1p is activated in neurological diseases
(especially Parkinson’s disease and Alzheimer’'s disease), intestinal diseases, and
cancerl7+7l, Previous studies have led to the development of IL-1B-targeted therapies,
which have achieved considerable success(7®l. IL-1f is also associated with parasitic
infections(20.21l. IL-13 may eliminate parasites by associating with other components of
the immune system(”l. IL-1p can also co-ordinate innate and adaptive immune
responses to eliminate pathogens. However, excess IL-1p leads to inflammatory
diseasesl”™®. As mentioned above, IL-1p expression may be critical in inflammatory
diseases, and blocking IL-1p may be a useful strategy for treating inflammatory
diseases. We confirmed that IL-1p levels wereéncreased in HAE and may be
responsible for the development of HAE infection. We did not observe a corresponding
increase in IL-18 Levels, possibly because the ROS-mediated NLRP3-caspase-1-1L-18
pathway was w activated in HAE.

Patients do not show obvious clinical symptoms in the early stages of HAE. Patients
begin treatment in the mid-to-late stages of the disease, which are often accompanied by
jaundice, abdominal pain, abnormal liver function, and declining immune system
function. Radical surgery is the first choice for the treatment of alveolar echinococcosis.
There is no doubt that choosing the correct treatment is key to improving the outcome

of HAE. From previous studiesl”?%I, we have accumulated experience in the surgical
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treatment of HAE, and patients with blood vessel invasion (hepatic vein, portal vein, or
inferior abdominal vein) and lymph node metastasis were still given the opportunity to
undergo surgery. Similar to liver cancer lesions, HAE lesions are usually characterised
by milky white surfaces. However, the specimens are harder and denser than cancer.
Most lesions have clear boundaries. Some small lesions are distributed around the large
lesions. Liquefaction necrosis is observed in the center of the larger lesions, with a
distinct marginal zone around the lesion. However, unlike patients with liver cancer
who often benefit from immunotherapeutic drugs, few drugs are available for the
treatment of HAE. Drugs that protect the liver, maintain stable liver function, and
inhibit parasites (e.g., albendazole) are routine choices, owing to the lack of evidence
from pathophysiological research on the occurrence and development of HAE. An
obvioys pathological change in the development of HAE is inflammation. We begin
with the NLRP3 inflammasome, an important factor in the inflammatory signaling
pathway. We explored the mode of activation and the effect of downstream products on
HAE. ROS-mediated NLRP3 inflammasome activation was a key factor leading to
hepatocyte injury and triggering a cascade of inflammatory reactions. There are a
number of challenges in translating findings into the clinic. However, the use of dietary
antioxidants to inhibit oxidative stress and redugg ROS production may be a possible
treatment option. Therefore, ROS production may be a promising target for the
treatment a HAE.

Herein, the exprﬁsion of NLRP3, caspase-1, and IL-1p was significantly elevated in
the marginal zone in patients with HAE. To the best of our knowledge, this is the first
study to explore the effect and mechanism of ROS-mediated NLRP3 inflammasome
activation in HAE. In vivo experiments showed that inhibiting ROS production reduces
NLRP3-caspase-1-IL-1p pathway activation. Decreased IL-1p expression alleviated
inflammation in the HAE marginal zone. In vitro data revealed significantly decreased

optosis rates in hepatocytes, corresponding to reduced ROS-mediated NLRP3-
caspase-1-IL-1B pathway activation in Kupffer cells. However, our study has a few

limitations. We did not verify whether M1 kupffer cells or M2 kupffer cells were more
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mobile in the regulation of inflammatory response, nor did we further expl the

activation modes of NLRP3 inflammasome. Additionally, although NLRP3
inflammasome is the most well-characterised inflammasome, further studies are
warranted to determine whether other inflammasomes are activated in the HAE
marginal Zoned\(e conclude that E. multilocularis induces hepatocyte damage and
inflammation by activating the ROS-mediated NLRP3-caspase-1-IL-13 pathway in
Kupffer cells. The increase in ROS production caused by E. multilocularis may be a
potential mechanism of NLRP3 inflammasome activation. In addition, crosstalk
between signaling pathways may be involved in the regulatory network in the marginal
zone. Future studies should clarify the function and mechanisms of the immune
responses in the progression of HAE. This will enhance our understanding of the
occurrence and development of infection and facilitate the development of diagnostics

and therapy.

CONCLUSION

Our in vivo experiments showed that inhibiting ROS production reduces NLRP3-
caspase-1-IL-1p  pathway activation. Decreased IL-1f expression alleviated
inflammation in the HAE marginal zone. In vitro data revealed significantly degreased
apoptosis rates in hepatocytes, corresponding to reduced ROS-mediated NLRP3-
caspase-1-IL-1p pathway activation in Kupffer cells. We conclude that E. multilocularis

gactivating the ROS-mediated NLRP3-

induces hepatocyte damage and inflammation

caspase-1-1L-1p pathway in Kupffer cells.

Figure 1 NOD-like receptor family pyrin domain taining 3, caspase-1, and

interleukin-1p were upregulated in the marginal zone and NOD-like receptor family
pyrin domain-containing 3 expression was associated with hepatic alveolar
echinococcosis. A: Haematoxylin & eosin staining of the lesiow'narginal zone, and

corresponding normal liver in hepatic alveolar echinococcosis; B: Immunohistochemical
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staining of NOD-like receptor family pyrin domain-containing 3 (NLRP3), caspase-1,

interleukin (IL)-1B, and IL-18 in the marginal zone and corresponding normal liver; C:
Relative expression of NLRP3, caspase-1, IL-lEnd IL-18; D: NLRP3 protein expression
evaluated by western blotting; E: Caspase-1 protein expression evaluated by West

blotting; F: Relative protein expression levels of NLRP3 IntDen/p-actin IntDen; G:
Relative protein expression levels gf caspase-1 IntDen/p-actin IntDen. C, n = 60. Scale
bar: 50 pm. Western blotting was performed in triplicate (mean + SD). 2P < 0.05; PP <
0.01. HAE: Hepatic alveolar echinococcosis; I0D: Integral Optical Density; NLRP3:
NOD-like receptor family pyrin domain-containing 3. IL-1p: Interleukin-1f3; IL-18:

Interleukin-18.

Figure 2 Reactive oxygen species were highly produced in the hepatic alveolar
echinococcosis marginal zone and were intimately associated with the activation of
NOD-like receptor family pyrin domain-containing 3. A: Lesion growth in hepatic
alveolar echinococcosis rats; B: Reactive oxygen species (ROS) production in the
marginal zone and corresponding normal liver; C: Relative levels of ROS production; D:

elationship between ROS and NLRP3. C and D, n = 5 rats per group. P < 0.0001.
NLRP3: NOD-like receptor family pyrin domain-containing 3; ROS: Reactive oxygen

species; FITC-A: Fluorescein isothiocyanate isomer [-A.

Figure 3 Reactive oxygen species-mediated NOD-like receptor family pyrin domain-

ﬁntaining 3 inflammasome activation in hepatic alveolar echinococcosis rats. A:
Reactive oxygen species (ROS) production in the 20, 50, and 100 mg/kg/d N-tert-Butyl-
a-phenylnitrone (PBN) groups; B: ROS production in the 50 mg/kg/d PBN, normal
saline ( and control groups; C: Analysis of inflammation; D: Immunohistochemical
staining of NLRP3, caspase-1, interleukin (IL)-1p, and IL-18; E: Relative expression of
NLRP3, caspase-1, IL-1, and IL-18 in the marginal zone compared with the

corresponding normal liver; F: Western blotting analysis of the PBN, NS, and control
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groups; G: NLRP3 IntDen/B-actin IntDen protein expression; H: Caspase-1 n/p-
actin IntDen protein expression;_ I Relationship between ROS production and the
relative expression of NLRP3; J: The relative expression of NLRP3 and inflammation
obseryed in the marginal zone. Western blotting was performed in triplicate (mean *
SD). Scale bar, 50 pm. A, n = 3 rats per group; B, C, and E, n = 10 rats per group; I and J,
n =10.2P < 0.05; PP < 0.01; <P < 0.001; 9P < 0.0001. NLRP3: NOD-like receptor family
pyrin domain-containing 3; ROS: Reactive oxygen species; N: N-tert-Butyl-a-
phenylnitrone; NS: Normal saline; IOD: Integral optical density; IL-1p: Interleukin-1p;
IL-18: Interleukin-18.

Figure 4 Echinococcus multilocularis activation of the NOD-like receptor family pyrin

domain-confaining 3-caspase-1-interleukin-1p pathways in Kupffer cells. A: Cellular
localisation of NOD-like receptor family pyrin domain-containing 3_(NLRP3) in the
marginal zone (red denotes NLRP3 inflammasomes, blue denotes 4',6-diamidino-2-
phenylindole (DAPI) stained nuclei, and green denotes the macrophage marker, CD68);
B: Cellular localisation of caspase-1 in the marginal zone (red denotes caspase-1, blue
denotes DAPI stained nuclei, and green denotes CD68); C: The identification of Kupffer
cells at 200x magnification and; D: The identification of Kupffer cells at 400x
magnification (red denotes CD68 and blue denotes DAPI stained nuclei; the final image
is a fusi image); E: Isolation of E. multilocularis; F: Relative_expression in the co-
culture and control groups. Scale bar, 50 . F, n =3.°P < 0.01. NLRP3: NOD-like

receptor family pyrin domain-containing 3; DAPI: 4’,6-diamidino-2-phenylindole.

Figure 5 Reactive oxygen species-mediated NOD-like receptor family pyrin ain-
containing 3-caspase-1-interleukin-18 pathway activation in Kupffer cells. A: Reactive
oxygen species (ROS) production with the indicated N-acetyl-L-cysteine (NAC) dose at
the specified time points. PP < 0.01, blank vs 5 mmol/L;2P < 0.05, 10 mmol/L vs 5 mM.

bP < 0.0120 mmol/L vs 5 mM; B: Representation of the Transwell model used in this
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study; C: ROS production in the co-culture groups treated with or without NAC at the
indicated time points; D: Relative production of ROS; E: Interleukin (IL)-18 expression;
F: IL-1P expression; G: Apoptosis of hepatocytes in the co-culture groups treated with
or without NAC at 24, 48, and 72 h; H: Cell viability; I: Western blotting analysis of the
indicated proteins; J: NLRP3 IntDen/p-actin IntDen protein expression; K: Caspase-1
IntDen/p-actin IntDen protein expression. 2P < 0.05; PP < 0.01. NLRP3: NOD-like
receptor family pyrin domain-containj 3; ROS: Reactive oxygen species; FITC-A:

orescein isothiocyanate isomer I-A; PI: Propidium lodide; NAC: N-acetyl-L-cysteine;
IL-1f: Interleukin-13; IL-18: Interleukin-18.
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Table 1 Correlation between NOD-like receptor family pyrin domain-

containing 3 expression and clinicopathological parameters

HLRPS NLRP3
Characteristics n Low expression = High expression P value
n=230 n=230

Age (yr) 0.787
> 50 21 11 10
<50 39 19 20

Sex 0.195
Male 33 14 19
Female 27 16 11

Serum AFP (ng/mL) 0.796
<20 32 16 15
=20 28 14 15

Jaundice symptoms <0.001
Yes 34 8 26
No 26 22 4

Primary lesion size (cm) 0.071
=25 51 23 28
<5 9 7 2

Child-Pugh class 0.012
A 42 26 16
B 18 4 12

AFP: Alpha-fetoprotein; NLRP3: NOD-like receptor family pyrin domain-

containing 3.
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