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Inflammation is an innate immune response protecting the
body from invading pathogens and intracellular danger sig-
nals. However, chronic inflammation, that is, a repeated
and prolonged inflammatory response, involves a progressive
change in the type of cells present at the site of inflammation
and has been regarded as a major risk factor for a variety of
human diseases, including inflammatory, autoimmune, met-
abolic, and cardiovascular diseases and even cancer.

The inflammatory response consists of two main steps,
“priming” and “triggering.” Priming is the preparatory step
of inflammatory response by increasing the expression of
inflammatory genes and the production of inflammatory
mediators, while triggering is the activating step of inflamma-
tory response by inducing inflammasome activation and
inflammatory cell death, called pyroptosis.

In the last several decades, a large number of studies have
mostly focused on the priming step of inflammatory
responses; however, there have been recent advances in the
understanding that triggering plays a crucial role in inflam-
matory responses by activating inflammasomes, intracellular
protein complexes comprising intracellular pattern recogni-
tion receptor (PRR), and inflammatory molecules in
response to various extracellular and intracellular activating
ligands.

In this special issue, we invited investigators to contribute
the latest original research and review articles investigating
in vitro, in vivo, nonclinical, and clinical/translational studies
focusing not only on the roles of inflammasomes in inflam-
matory and infectious diseases but also on the potential ther-
apeutic strategies selectively targeting inflammasomes to
prevent and treat various inflammatory and infectious dis-

eases. In this special issue, nine original and two review arti-
cles were published regarding the role of inflammasomes in
inflammatory and infectious diseases.

The research article by S. A. Tanuseputero et al. investi-
gated the effect of intravenous L-arginine (Arg) supplemen-
tation on modulating NLRP3 inflammasome activity in
relation to septic acute kidney injury (AKI) and demon-
strated that intravenous Arg supplementation immediately
after sepsis restores plasma Arg levels and is beneficial for
attenuating septic AKI, partly via nitric oxide- (NO-) medi-
ated NLRP3 inflammasome inhibition.

The research article by L. Yang et al. investigated whether
hydrogen-rich solution (HRS) could attenuate coagulation
disorders and inflammation to improve intestinal injury
and poor survival following intestinal ischemia/reperfusion
(I/R) and demonstrated the amelioration of coagulation dis-
orders and inflammation by HRS as a mechanism to improve
intestinal I/R-induced intestinal injury and poor survival,
which might be partially related to inhibition of the nuclear
factor kappa B (NF-«B)/NLRP3 pathway.

The research article by M. L. Thorstenberg et al. investi-
gated the involvement of the P2 purinergic receptor P2Y,R
in the activation of NLRP3 inflammasome elements (cas-
pase-1 and 11) and interleukin- (IL-) 1/ secretion during
Leishmania amazonensis infection in peritoneal macro-
phages as well as in a murine model of cutaneous leishman-
iasis. This study suggests that P2Y,R activation induces
caspase-1 activation and IL-1f secretion during Leishmania
amazonensis infection and that IL-1/IL-1R signaling is cru-
cial for P2Y,R-mediated protective immune response in an
experimental model of cutaneous leishmaniasis.
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Another research article by K. Gonzalez et al. also inves-
tigated the Th17 and inflammasome responses in the skin
lesions of patients with localized cutaneous leishmaniasis
(LCL) caused by Leishmania (Viannia) panamensis and
demonstrated the participation of Th17 cells and the inflam-
masome in the in situ inflammatory response in localized
cutaneous leishmaniasis caused by Leishmania (Viannia)
panamensis infection and their roles in the control of the par-
asites through IL-17 and the IL-1p-dependent NLRP3
inflammasome activation.

The research article by K. Midtbé et al. described the out-
come of NLRP3 inflammasome activation and the functional
effects of diverse inflammasome inducers and suggests that
NLRP3 inflammasome response should be considered a
dynamic process, which can be described by taking the ratio
between IL-1 and IL-18 into account and moving away
from an on/off perspective of inflammasome activation.

The research article by Y. Chen et al. investigated the dif-
ferences in absent in melanoma 2 (AIM2) inflammasome
expression levels between rheumatoid arthritis (RA) and
osteoarthritis (OA) and the role of AIM2 in RA fibroblast-
like synoviocytes (RA-FLS). This study demonstrated that
the AIM?2 inflammasome pathway involves in the pathogen-
esis of RA and suggests that AIM2 inflammasome may be a
promising therapeutic strategy for the treatment of RA.

The research article by P. H. Biirgel et al. analyzed the
impact of molecules secreted by Cryptococcus neoformans
B3501 strain and its acapsular mutant Acap67 on inflamma-
some activation in an in vitro model. This study demon-
strated that conditioned media from a wild-type strain
inhibit a vital recognition pathway and subsequent fungicidal
function of macrophages, contributing to fungal survival
in vitro and in vivo, which suggests that the secretion of aro-
matic metabolites, such as DL-indole-3-lactic acid (ILA),
during cryptococcal infections fundamentally impacts
pathogenesis.

Canonical inflammasomes, such as NLRP3 inflamma-
some can activate matrix metalloproteinase-9 (MMP-9) in
inflammatory responses and diseases, and the research article
by C. Li et al. investigated the role of MMP-9 in intrauterine
adhesion (IUA) in rats and patients. This study established
an animal model for studying TUA mechanisms and suggests
that MMP-9 plays an important role in IUA by decreasing
MMP-9 expression.

The research article by Q. Su et al. investigated the mech-
anism by which patients being treated for pulmonary tuber-
culosis often suffer liver injury due to the effects of anti-TB
drugs. This study demonstrated that isoniazid (INH) and
rifampin (RIF) can destroy the normal liver tissue, induce
an inflammatory response and oxidative stress, and can reg-
ulate drug-metabolizing enzymes and the antioxidant
defense system by accelerating the activation of NLRP3
inflammasomes, which provide the strong evidence that
NLRP3 inflammasomes could be the key factors involved in
INH- and RIF-induced liver injuries.

The review article by S. A. Sheweita et al. discussed differ-
ent bacteria, such as Helicobacter pylori, Salmonella typhi,
Staphylococcus aureus, Klebsiella spp., and Proteus mirabilis
that induced cancer via different molecular mechanisms
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and concluded that a certain bacterium is linked with induc-
tion of a specific type of cancer via different molecular and
biochemical mechanisms, such as the induction of inflamma-
tory responses. This study suggests that bacterial infection
could potentially affect human health in different ways and
that it is important to know the possible factors involved in
cancer induction for better treatment of cancer patients.

Another review article by M. Michalczyk et al. discussed
the current understanding of the mechanisms which underlie
the development of preeclampsia (PE) and the significant
factors responsible for PE development. This review suggests
the mechanisms causing the immune imbalance leading to
an enhanced systemic inflammatory response that occurs in
PE and potential future researches which may contribute to
the identification of new targets for PE therapies. This review
also helps readers understand that the pathophysiology of the
inflammatory process in PE can largely contribute to the
design of new, targeted anti-inflammatory therapies, such
as selective NLRP3 inflammasome inhibitors. This review
provides a key impact on the development of a targeted ther-
apy that can improve perinatal outcomes in women affected
with PE.

We hope that readers will be interested in understanding
the roles of inflammasomes in inflammatory response and
various human inflammatory and infectious diseases. We
also hope that this special issue attracts the interest of the sci-
entific community, thereby contributing and driving further
investigations leading to the discovery of unknown inflam-
masome targets and the development of novel therapeutics
to prevent and treat various human inflammatory and infec-
tious diseases.
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Patients being treated for pulmonary tuberculosis often suffer liver injury due to the effects of anti-TB drugs, and the underlying
mechanisms for those injuries need to be clarified. In this study, rats and hepatic cells were administrated isoniazid (INH) and
rifampin (RIF) and then treated with NLRP3-inflammasome inhibitors (INF39 and CP-456773) or NLRP3 siRNA.
Histopathological changes that occurred in liver tissue were examined by H&E staining. Additionally, the levels IL-33, IL-18, IL-
13, NLRP3, ASC, and cleaved-caspase 1 expression in the liver tissues were also determined. NAT2 and CYP2E1 expression
were identified by QRT-PCR analysis. Finally, in vitro assays were performed to examine the effects of siRNA targeting NLRP3.
Treatment with the antituberculosis drugs caused significant liver injuries, induced inflammatory responses and oxidative stress
(OS), activated NLRP3 inflammasomes, reduced the activity of drug-metabolizing enzymes, and altered the antioxidant defense
system in rats and hepatic cells. The NLRP3 inflammasome was required for INH- and RIF-induced liver injuries that were
produced by inflammatory responses, OS, the antioxidant defense system, and drug-metabolizing enzymes. This study indicated
that the NLRP3 inflammasome is involved in antituberculosis drug-induced liver injuries (ATLIs) and suggests NLRP3 as a
potential target for attenuating the inflammation response in ATLIs.

1. Introduction

Tuberculosis (TB) is a disease caused by infection with Myco-
bacterium tuberculosis [1]. In recent years, extrapulmonary
TB infections and atypical TB infections have become more
frequently diagnosed [2], and TB remains one of the leading
causes of illness and death worldwide [3]. According to a
2016 report by the World Health Organization (WHO),
one-third of the world’s population (~2 billion people) has
been infected with TB [4]. In 2015, there were 10.4 million
new cases of TB worldwide, 580,000 multidrug-resistant TB
patients, and 1.4 million people died from TB [5]. At present,

TB is mainly treated using anti-TB drugs [6], which can be
divided into categories of new, first-line, and second-line
drugs. First-line anti-TB drugs are currently the first choice
for treating TB and include rifampicin (RIF), isoniazid
(INH), ethambutol (E), and pyrazinamide (Z) [7-9]. How-
ever, when used in combination, these drugs produce differ-
ent degrees of adverse effects [10, 11]; among which, anti-TB
drug-induced liver injuries (ATLIs) are the most common
and serious effect.

The WHO still regards INH and RFP to be irreplaceable
first-line anti-TB drugs [12, 13]. INH inhibits the synthesis of
myecolic acid, which is specific to Mycobacterium tuberculosis
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cells, and such inhibition causes the bacteria to die due to loss
of acid resistance, hydrophobicity, and proliferation [13]. RIF
inhibits bacterial RNA polymerase and prevents mRNA
synthesis, resulting in bacteriostatic and bactericidal effects
[14]. INH and RFP exert strong bactericidal and bacterio-
static effects on bacteria in both the breeding and resting
stages [15]. The combined application of INH and RFP syn-
ergistically increases the killing of intracellular and extracel-
lular tuberculosis bacilli and reduces drug resistance [16].
However, the incidence of hepatotoxicity becomes signifi-
cantly increased when INH and RFP are administered in
combination [17]. Although the liver injuries produced by
clinical anti-TB drugs pose a serious problem, the mecha-
nism for those injuries has not been fully elucidated.

Inflammation is a defensive response to the removal of
dangerous stimuli from the body [18]. Inflammasomes, as a
class of protein complexes distributed in the cytoplasm, can
regulate inflammation via proinflammatory cytokines [19].
The NLRP3 inflammasome is one of the most widely studied
and characterized inflammasomes [20]. When influenced by
endogenous (e.g., ROS, lysosomal disruption) or exogenous
(e.g., lipopolysaccharides) danger signals, NLRP3 inflamma-
somes become activated and induce immune and inflamma-
tory responses [21]. NLRP3 inflammasomes play roles in a
variety of diseases, such as atherosclerosis [22] and chronic
glomerulosclerosis [23]. Studies have also revealed that
NLRP3 inflammasomes significantly affect the development
of liver diseases and that inhibition of NLRP3 inflamma-
somes can reduce liver inflammation [24]. However, it has
not been proven whether NLRP3 inflammasomes participate
in causing INH- and RFP-induced liver injuries.

We hypothesized that RIF- and INH-induced liver injuries
might be ameliorated by inhibiting NLRP3 inflammasomes
and that NLRP3 inflammasome inhibitors (INF39 and CP-
456773) might help to protect against RIF- and INH-induced
liver injuries.

2. Materials and Methods

2.1. Animals. Equal numbers of SPF grade Sprague-Dawley
(SD) rats (aged 8-9 weeks; weight range, 250-350 g) were pur-
chased from the animal experimental center of North Sichuan
Medical College and fed a normal diet for 7 days in a SPF lab-
oratory. All experiments were carried out in strict accordance
with regulations concerning the management and protection
of experimental animals at North Sichuan Medical College.
The study protocol was approved by the Ethics Committee
of SLAS (Approval No. SLAS-20200113-02).

2.2. Grouping and Antituberculosis Drug-Induced Hepatotoxicity
(ATDH). The SD rats were randomly assigned to a normal
group (n=6) or the INH+RIF group (n=18), with equal
numbers of males and females in each group. SD rats in the
normal control group received 2 mL of normal saline solution
via intragastric administration. SD rats in the INH+RIF group
received INH (50 mg/kg, Novus Life Sciences Pvt. Ltd., Mum-
bai, India) and RIF (50 mg/kg, Novus Life Sciences Pvt. Ltd.) in
a total volume of 2mL once a day for 28 days. The rats in the
INH+RIF group were also randomly assigned to an INF39
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group (n=6) and a CP-456773 group (n=6). Samples of
blood serum and liver tissue were collected from the rats in
each group at 28 days after continuous drug administration.
The serum was stored at -80°C; one portion of each liver sam-
ple was immersed in 4% formaldehyde, and the other portion
of liver tissue was stored at -80°C for use in subsequent
experiments.

2.3. Extraction and Culture of Hepatic Cells. After being fasted
for 12 hrs, the SD rats were deeply anesthetized by intraperito-
neal injection of 3% pentobarbital sodium (30mg/kg).
Calcium-free perfusion fluid and type IV collagenase solution
(Sigma) were consecutively injected into the hepatic portal
vein of the rats. Under aseptic conditions, the liver was care-
fully removed, placed in high-glucose DMEM (Procell; cat.
no. PM150210), and then cut into pieces. After filtration, the
liver cells were resuspended in a high-glucose DMEM and
purified with Percoll reagent. After centrifugation, the pelleted
liver cells were diluted with moderate low-glucose DMEM
(HyClone; GE Healthcare Life Sciences, Marlborough, MA,
USA) and incubated overnight in a 6-well plate. The medium
was then replaced with a low-glucose DMEM containing
0.25% BSA. Albumin-conjugated oleic acid was used to induce
the hepatic cells. The different groups of hepatic cells were
then treated with INH and RIF, followed by treatment with
INF39 or CP-456773, respectively.

2.4. RNA Interference. NLRP3 siRNA and a negative control
(NC) were purchased from Genepharm Company (Shanghai,
China). The isolated hepatic cells were transfected with NC
siRNA or NLRP3 siRNAs using Lipofectamine 3000 Reagent
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA,
USA): siRNA 1 (5'-3"): GGCUAUGUACUAUCUGCUA;
siRNA 2 (5'-3"): GGAUCUUUGCAGCGAUCAA; siRNA
3 (5'-3"): GGAUAGGUUUGCUGGGAUA; NC: GAGAUC
UGCUUAGAUCGCA.

2.5. H&E Staining. The right lobe of each liver
(5mm x 5mm x 3mm) was fixed with 4% formaldehyde
solution and embedded in paraffin. Next, tissue slices were
prepared and stained with hematoxylin (Servicebio, China)
for 5mins, differentiated by exposure to hydrochloric acid
alcohol solution for 20's, and then exposed to a weak ammo-
nia solution (Sinopharm, Ecuador, 100021600) for 20s. After
staining with eosin (Solarbio, Turkey; G1100), the slices were
dehydrated and made transparent. Finally, the pathological
characteristics of the liver tissues were observed under a
microscope (Nikon, Japan).

2.6. ELISA Assay. The levels of IL-33, IL-18, and IL-1f were
examined using an IL-33 ELISA kit (GenWay Biotech, Inc.,
San Diego, CA, USA), IL-18 ELISA kit (MBL, Nagoya,
Japan), and IL-1 ELISA kit (R&D Systems, Minneapolis,
MN, USA), respectively, according to instructions provided
by the manufacturers. The absorbance of each sample was
determined at 450 nm.

2.7. RNA Extraction and Real-Time Quantitative PCR
(QRT-PCR) Assay. The total RNA was extracted from tissue
samples and cells using Trizol reagent (Takara, Japan, cat.
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no. 9109). The concentration and purity of RNA were moni-
tored by an ultraviolet detector at wavelengths of 260 nm
and 280nm, respectively. cDNA was synthesized using a
reverse transcription kit (Takara) and subsequently used as a
template for PCR amplification that was performed using
the SYBR GREEN PCR Master Mix (Applied Biosystems,
Foster City, CA, USA). The levels of mRNA expression were
determined using the 2744C method [25].

2.8. Western Blotting Analysis. The liver tissues in each group
were ground, and the hepatic cells in each group were har-
vested and washed with PBS. Total proteins were extracted
using a protein extraction kit (BestBio; BB-3101), and the pro-
tein concentration in each extract was determined using the
bicinchoninic acid (BCA) method. Next, a 20 pg aliquot of total
protein from each extract was separated by 10% SDS-PAGE
performed at 120 V. The separated protein bands were electro-
phoretically (200mA for 90mins) transferred onto PVDF
membranes (Roche, Basal Switzerland, cat. no. 3010040001),
which were subsequently blocked with 5% powdered skim
milk. Next, the PVDF membranes were incubated with
primary antibodies at 4°C overnight. After washing, the PVDF
membranes were soaked with an HRP-labeled secondary anti-
body for 1h and the immunostained protein bands were
detected using the ECL chemiluminescence reagent (Millipore;
KLS0500). The primary antibodies used in the study were as
follows: NLRP3 (1:1000, Abcam, Cambridge, UK, ab214185),
ASC (1:1000, Abcam, ab180799), and caspase 1 (1:1000,
Abcam, ab62698).

2.9. Biochemistry Parameters. The liver tissues from the SD
rats in each group were accurately weighed and then homog-
enized in normal saline. Liver tissue homogenates with a
10% mass fraction were prepared and stored at 4°C. After cen-
trifugation at 3000g for 10mins, the levels of superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase
(GPX) activity as well as the levels of reduced glutathione
(GSH) and lipid peroxidation products (LPOs) in the superna-
tants were determined using assay kits according to instruc-
tions provided by the manufacturers.

2.10. Immunohistochemistry (IHC) Assay. Immunohisto-
chemistry was performed using the MaxVision (TM) method
as previously described [26]. The tissue sections were
dewaxed with xylene and then dehydrated using a gradient
alcohol series. After soaking in 1% H,O, for 10 mins, the
sections were treated with citrate buffer for antigen retrieval.
Next, the sections were blocked with goat serum for 1h and
treated with anti-NLRP3 (Abcam) at 4°C overnight; after
which, they were incubated with a secondary antibody
(Abcam) for 30 mins. Finally, the tissue sections were stained
with DAB, dehydrated, and blocked. NLRP3 expression was
confirmed under a microscope.

2.11. Immunofluorescence (IF) Assay. Treated hepatic cells
were incubated for 8 hrs in a 6-well plate (5 x 10* cells/well).
Next, the cells were fixed in 4% paraformaldehyde (Sigma-
Aldrich, St. Louis, MO, USA, cat. no. P6148-500G) for
30 mins and permeated in 0.1% Triton X100 for 10 mins.
The cells were then blocked with 5% BSA for 1h, incubated

with anti-NLRP3 (Abcam) overnight at 4°C, and subse-
quently treated with a secondary antibody (Abcam) for
2 hrs in the dark. The cells were then stained with DAPI (Life
Technologies, Carlsbad, CA, USA, cat. no. D1306,) for
10 mins, and their fluorescence was photographed under a
fluorescence microscope.

2.12. Flow Cytometry Detection. Hepatic cells in each group
were collected and counted. Next, a 200uL aliquot of
suspended cells was added to 20 yL of H2DCE-DA (10 ymol/L;
Beyotime, cat. no. S0033-1) and incubated for 15mins in the
dark. After washing with Earle’s solution, the hepatic cells were
suspended in 400 yL of Earle’s solution, and the ROS level was
confirmed by flow cytometry.

2.13. Statistical Analysis. All experiments were independently
repeated at least three times, and results are expressed as a
mean value + standard deviation (SD). Student’s ¢ test was used
to analyze differences between two groups, and one-way anal-
ysis of variance (ANOVA) was used to evaluate the significance
of differences between more than two groups. All experimental
data were analyzed using IBM SPSS Statistics for Windows,
Version 19.0 software (IBM Corp., Armonk, NY, USA). A P
value < 0.05 was considered to be statistically significant.

3. Results

3.1. INH and RIF Induced Liver Injury, Enhanced the
Inflammatory — Response, and Activated the NLRP3
Inflammasome in Rats. In order to determine the effects of
INH and RIF on the histopathological characteristics of liver
tissues, an inflammatory response and NLRP3 inflamma-
some ATDH model was established in SD rats by dosing
the rats with INH (70 mg/kg) and RIF (70 mg/kg) for 28 con-
secutive days. Subsequent H&E staining showed that the liver
tissues from control rats had a normal morphology and
intact structure, and no degeneration Or necrosis was
observed. In contrast, liver tissues from the rats dosed with
INH and RIF contained necrotic hepatocytes and showed
signs of inflammatory cell infiltration (Figure 1(a)). More-
over, the levels of inflammatory cytokines (IL-33, IL-18,
and IL-1p) in the INH and RIF group were significantly ele-
vated when compared with those in the normal group
(P <0.01, Figures 1(b)-1(d)). We also found that the levels
of NLRP3 inflammasome-related proteins (NLRP3, ASC,
and cleaved-caspase 1) were markedly upregulated in the
INH and RIF group when compared with those in the normal
group (P <0.01, Figure 1(e)). When taken together, these
findings indicated that the antituberculosis drugs INH and
RIF could cause liver injury, induce an inflammatory
response, and activate NLRP3 inflammasomes in rats.

3.2. INH and RIF Markedly Regulated the OS-Antioxidant
Defense System and Drug-Metabolizing Enzymes in Rats. As
the most active metabolic organ in the body, the liver
performs crucial functions, such as material metabolism,
energy metabolism, and biological transformation of various
molecules. In subsequent experiments, we investigated the
effects of INH and RIF on liver drug-metabolizing enzymes,
oxidative stress (OS), and antioxidant enzyme activity in rats.
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Ficure 1: INH and RIF induced liver injury, enhanced the inflammatory response, and activated NLRP3 inflammasomes in rats. Rats were
administrated 70 mg/kg INH and 70mg/kg RIF for 28 consecutive days. (a) The liver tissues in each group were collected, and
histopathological changes in the liver tissues were observed after H&E staining. Samples of blood serum were obtained from each group of
rats; the levels of IL-33 (b), IL-18 (c), and IL-1f (d) in serum were detected by ELISA. (e) Western blot assays were performed to verify
the levels of NLRP3, ASC, and cleaved-caspase 1 protein expression in each group of liver tissues. GAPDH served as an internal reference.
A quantitative analysis of each protein expression was conducted according to the gray value. **P < 0.01 vs. the normal group.
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FiGure 2: INH and RIF markedly regulated the OS-antioxidant defense system and drug-metabolizing enzymes in rats. (a—e) The OS indices
(LPOs) and levels of antioxidant enzymes (SOD, CAT, GSH, and GPx) in rats treated with INH and RIF were determined using specific
commercial kits. (f) QRT-PCR analyses of NAT2 and CYP2ELI in the liver tissues of rats treated with INH and RIF. *P < 0.05 and **P <

0.01 vs. the normal group.

expression was markedly downregulated and CYP2El
expression was markedly upregulated in the INH and RIF
group when compared with the normal group (P <0.01,
Figure 2(f)). Thus, our data revealed that INH and RIF could
significantly reduce antioxidant functions and also the activ-
ity of drug-metabolizing enzymes in rat liver tissue.

3.3. The NLRP3 Inflammasome Was Required for the INH/RIF-
Induced Inflammatory Response in Rats. Next, we explored
whether the NLRP3 inflammasome helps to facilitate the
inflammatory response in INH- and RIF-induced rats by treat-
ing the rats with NLRP3-inflammasome inhibitors (INF39 or
CP-45677, respectively). Subsequent ELISA assays showed that
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INH and RIF group.

the levels of IL-33, IL-18, and IL-1p in rats treated with INH
and RIF were significantly enhanced when compared to rats
in the normal group, and rescue experiments verified that
treatment with INF39 or CP-456773 could partly attenuate
the INH- and RIF-mediated increases in IL-33, IL-18, and
IL-18 levels in rat serum (P<0.05 and P<0.01,
Figures 3(a)-3(c)). Additionally, we also found that the signif-
icant increases in NLRP3, ASC, and cleaved-caspase 1 expres-
sion in rat liver tissue caused by RIF and INH administration
could be markedly reduced by an NLRP3-inflammasome
inhibitor (INF39 or CP-456773) (P<0.05 and P<0.01,
Figure 3(d)). Similarly, the results of IHC assays verified that
INF39 or CP-456773 could notably weaken the promoting
effect of RIF and INH on NLRP3 expression in the liver tissues
of rats (Figure 3(e)). When taken together, our data showed
that INH and RIF induced a strong inflammatory response
in rat liver tissue by activating NLRP3 inflammasomes.

3.4. NLRP3 Inflammasomes Altered the INH- and RIF-
Mediated OS-Antioxidant Defense System and the Levels of
Drug-Metabolizing Enzymes in Rats. Likewise, we also exam-

ined the effects of NLRP3 inflammasomes on antioxidant
and drug-metabolizing enzymes in rats. Our data showed
that the increases in LPOs that were mediated by INH and
RIF in rats could be significantly attenuated by INF39 or
CP-456773 (P<0.05 and P <0.01, Figure 4(a)). Subse-
quently, we also found that either INF39 or CP-456773 could
reverse the decreases in antioxidant enzyme levels (SOD,
CAT, GSH, and GPx) caused by treatment with INH and
RIF (P <0.05 and P <0.01, Figures 4(b)-4(e)). Moreover,
our data also showed that the downregulation of NAT2
expression and upregulation of CYP2E1 expression in INH-
and RIF-stimulated rats could also be markedly changed by
INF39 or CP-456773 (P < 0.01, Figure 4(f)). These findings
indicated that NLRP3 inflammasome inhibitors (INF39 or
CP-456773) could significantly reduce INH- and RIF-
induced hepatotoxicity in rats.

3.5. INH and RIF Regulated Drug-Metabolizing Enzymes and
Induced an Inflammatory Response and OS by Activating
NLRP3 Inflammasomes in Hepatic Cells. We performed
in vitro experiments to determine whether NLRP3
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Ficure 5: INH and RIF regulated drug-metabolizing enzymes and induced an inflammatory response and OS in hepatic cells by activating the
NLRP3 inflammasome. Hepatic cells were treated with INH and RIF and then transfected with NLRP3 siRNA. (a) Transfection efficiency of
siRNAs was detected by using QRT-PCR. (b) QRT-PCR analyses were performed to detect the levels of NAT2 and CYP2E1 expression in each
group of hepatocytes. ELISA assays were performed to detect the levels of IL-33 (c), IL-18 (d), and IL-1p3 (e) in hepatic cells treated with INH
and RIF, and INF39 or CP-456773. (f) Western blot analyses revealed changes in the levels of NLRP3, ASC. And cleaved-caspase 1 protein
expression in the treated hepatic cells. (g) Protein expression was quantified based on the gray values obtained from western blotting. (h) IF
assays were performed to determine the expression and distribution of NLRP3 protein in treated hepatic cells. Magnification, x200; scale
bar =20 um. (i) ROS levels were monitored by flow cytometry. **P < 0.01 vs. the normal group; “P < 0.05 and **P < 0.01 vs. the INH and

RIF group.

inflammasomes affected drug-metabolizing enzymes, the
inflammatory response, and OS in INH- and RIF-induced
hepatic cells. Firstly, siRNA was transfected into cells and
transfection efficiency was detected by using QRT-PCR.
Results showed that siRNA 2 presented the highest efficiency
of knockdown on NLRP3 (Figure 5(a)). QRT-PCR analyses
showed that when compared to hepatic cells from the normal

group, the levels of NAT2 were downregulated and the levels
of CYP2E1 were upregulated in the INH- and RIF-induced
hepatic cells, while NLRP3 knockdown dramatically reversed
the levels NAT2 and CYP2EI expression in INH- and RIF-
induced hepatic cells (P <0.01, Figure 5(b)). Secondly, we
found that INH and RIF significantly increased the levels of
IL-33, IL-18, and IL-1f in hepatic cells, and those increases



Mediators of Inflammation

could be significantly attenuated by NLRP3 knockdown
(P<0.05 and P<0.01, Figures 5(c)-5(e)). Additionally,
western blot studies showed that treatment with INH and
RIF increased the levels of NLRP3 and cleaved-caspase 1
expression in hepatic cells, while those increases were atten-
uvated by NLRP3 knockdown (P<0.05 and P<0.01,
Figures 5(f) and 5(g)). Graphical results of IF assays showed
the same trend in NLRP3 expression as western blotting
results and also showed that NLRP3 protein was mainly
located in the cytoplasm (Figure 5(h)). Furthermore, we
verified that the levels of ROS were significantly elevated in
hepatic cells in the INH plus RIF group when compared with
hepatic cells in the normal group, and those increases could
be attenuated by NLRP3 knockdown (Figure 5(i)). Therefore,
we proved that INH and RIF dramatically reduced the activ-
ity of drug-metabolizing enzymes and induced an inflamma-
tory response and OS in hepatic cells by regulating NLRP3
inflammasomes.

4. Discussion

Our study showed that the anti-TB drugs INH and RIF could
significantly change the structure of normal liver tissues and
induce inflammation. The mechanism by which anti-TB drugs
cause liver injury is quite complicated [27, 28]. Current studies
have indicated that the pathogenesis of ATLI involves both
hepatotoxicity and metabolic specificity [29]. Anti-TB drugs
are initially transported to the liver, where they are transformed
into metabolites via enzymatic reactions [30]. Subsequently,
the metabolites, as immunogens, bind to endogenous proteins
and subsequently cause liver immune damage or hepatotoxic-
ity [31]. The toxic metabolites of INH can lead to heteroge-
neous drug reactions, which are the main cause for ADLI in
most heterogeneous patients [32]. RIF can induce a variety of
metabolic enzymes in the liver, and those enzymes can further
aggravate the toxicity of the drug to the liver [33]. RIF- and
INH-induced liver injuries have been previously reported in
several studies. For instance, Tamarix gallica leaf extract was
shown to protect against RIF- and INH-induced liver injury
in rats ([34]); pyrrolidine dithiocarbamate was shown to
alleviate liver injuries induced by RIF and INH in rats [35];
naringenin was found to significantly mitigate the effects RIF-
and INH-induced hepatotoxicity [36]. However, the mecha-
nisms for these effects remain unclear.

The body’s OS-antioxidant defense system can quickly
remove endogenously produced ROS from the body under
normal physiological conditions [37]. However, continuous
external stimulation can result in excessive ROS production
that causes tissue damage [38]. Drug-metabolizing enzymes
are key factors that determine how drugs are metabolized
in the body [39]. It has been reported that slow NAT2 acety-
lator genotypes and a CYP2E1 C1/C1 genotype can lead to an
accumulation of toxic metabolites during the metabolism of
INH in the liver [40]. It was also found that the quantities
of toxic metabolites generated by breakdown of INH and
RIF were significantly increased in patients with slow
NAT?2 acetylator genotypes [41]. Research has confirmed
that RIF can induce INH hydrolase and thereby cause liver
injury in patients with slow NAT2 acetylator genotypes
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[41]. In our study, we verified that INH and RIF markedly
increased the levels of OS indices (LPOs) and reduced the
levels of antioxidant enzymes, suggesting that INH and RIF
could affect the OS-antioxidant defense system. We also veri-
fied that INH and RIF could downregulate NAT2 expression
and upregulate CYP2E1 expression, indicating that INH and
RIF could regulate the activity of drug-metabolizing enzymes.

NOD-like receptor protein 3 inflammasomes (NLRP3
inflammasomes) comprise a class of polyprotein complexes
that exist in the cytoplasm [21]. Activation of NLRP3 inflam-
masomes can cause downstream inflammatory cascades
(Dougherty et al. 2019). The NLRP3 inflammasome is
composed of NLRP3, apoptosis-associated speck-like protein
containing a CARD (ASC), and procaspase 1 [42]. When stim-
ulated by exogenous pathogens such as bacteria, viruses, and
fungi, or by endogenous stimuli, NLRP3 activates caspase 1
by recruiting the adaptor protein ASC to bind to procaspase
1 [43]. Activated caspase 1 then causes activation of pro-inter-
leukin-1f3 (pro-IL-1f3) and pro-interleukin-18 (pro-IL-18) to
form IL-1f3 and IL-18 [42, 44]. Numerous studies have verified
that NLRP3 inflammasomes are involved in regulating liver
injuries [45, 46]. In our study, we verified that INH and RIF
could activate NLRP3 inflammasomes in the liver tissues of rats
and hepatocytes cultured in vitro. We also demonstrated that
an NLRP3-inflammasome inhibitor (INF39 or CP-456773)
could markedly reverse the regulatory effects of INH and RIF
on drug-metabolizing enzymes, the OS-antioxidant defense
system, and inflammatory response in rats. Additionally, we
showed that silencing of NLRP3 also could lessen the influence
of INH and RIF on hepatic cells. Therefore, we proved that the
NLRP3 inflammasome is required for INH- and RIF-induced
liver injuries.

5. Conclusions

Our findings suggest that INH and RIF can destroy the normal
liver tissue, induce an inflammatory response and OS, and also
regulate drug-metabolizing enzymes and the antioxidant
defense system by accelerating the activation of NLRP3 inflam-
masomes. Therefore, NLRP3 inflammasomes might be the key
factors involved in INH- and RIF-induced liver injuries.
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Objective. Intrauterine adhesions affect menstruation and fertility, and endometrial fibrosis is the final manifestation of [IUA. MMP-
9 is closely related to fibrosis. The purpose of the study was to assess the role of MMP-9 in intrauterine adhesion (IUA) in rats and
patients. Methods. 40 rats and 24 women were enrolled in this study. 40 rats were randomly divided into 3 groups: IUA group
(n=20), sham group (n=10), and control group (n=10). Rat IUA models were established by intrauterine mechanical and
chemical injured. In this study, 12 patients of intrauterine adhesions were detected and underwent TCRA (transcervical
resection of adhesion) surgery, and endometrial tissue specimens were obtained during operation. One month later, an office
hysteroscopy procedure was performed, and endometrial tissue specimens were obtained during operation again (postoperative
group). A group of 12 normal age-matched control individuals served as controls underwent hysteroscopy and endometrial
sampling. We used immunohistochemistry to detect MMP-9 expressions in rats and human endometrial tissues and to detect
MMP-9 protein levels by Western blotting. In addition, we detected mRNA expression levels with qRT-PCR. Results. The
expression of MMP-9 in the TUA rats was reduced compared with that in the sham group and Ctrl group (P < 0.05), and the
expression of MMP-9 was also reduced in the IUA patients compared with that in the Ctrl group (P < 0.05). The mRNA levels
of MMP-9 in the endometrium reflected similar results (P < 0.05). The MMP-9 clearly increased even in the endometrium after
TCRA surgery (P < 0.05). Conclusion. Our study suggests that MMP-9 may play an important role in IUA. In the future, more

in-depth research should be conducted on MMP-9.

1. Introduction

Intrauterine adhesion (IUA) is a condition that was identified
more than a century ago [1]. IUA is a very common problem
encountered in clinical practice and is the main cause of
menstrual volume reduction, infertility, and recurrent abor-
tion. It has been identified that uterine cavity injury, espe-
cially induced abortion, can lead to endometrial basal layer
injury. Injury is one of the direct causes of uterine cavity
adhesion, and endometrial fibrosis is the final manifestation
of IUA [2]. Fibrosis is a common and difficult problem to
treat in the clinic. During the healing process of normal
wounds, the deposition of extracellular matrix (ECM) leads
to the occurrence and development of tissue fibrosis. The
excessive accumulation or degradation of ECM components
in the organs leads to an increase in ECM, fibrosis of the tis-

sue, and ultimately to a decrease in or loss of function due to
liver fibrosis, kidney fibrosis, pulmonary fibrosis, and intesti-
nal fibrosis [3]. The mechanism of endometrial fibrosis due
to intrauterine adhesions is still unclear. According to con-
ventional speculation, the persistence of ECM components
and the reduced deposition or degradation of the extracellu-
lar matrix may be the main causes of fibrosis [3]. The process
of fibrosis involves many factors and is intricate. Fibrosis
involves the deposition of ECM proteins and related molecu-
les/factors that crosslink various ECM elements, the hydroly-
sis of ECM proteins, and the enzymatic degradation of ECM.
Among proteolytic ECM enzymes, matrix metalloprotein-
ases (MMPs) have been a frequent topic of research by
scholars [3]. MMPs play a key role in the balance between
fibrosis and antifibrosis; when fibrosis and antifibrosis are
out of balance, and the degradation of the extracellular
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FIGURE 1: Master plan route for this study.

matrix eventually leads to the generation of tissue fibrosis [4,
5]. MMP-9 is a member of the metzincin family of mostly
extracellular proteases. Although all of these enzymes might
be promiscuous in their targeting of proteins, MMP-9 is a
particular concern of researchers [6-9]. We aimed to investi-
gate whether MMP-9 may also be involved in fibrosis in TUA.
In this study, we evaluated the potential role of MMP-9 in
fibrosis in IUA by measuring the expression of MMP-9 in
endometrial tissues.

2. Materials and Methods

The master plan for this study is shown in Figure 1.

2.1. IUA Patients and Controls. 24 patients were included in
our study, of which 12 were IUA patients. The ethics com-
mittee of the Second Hospital of Anhui Medical University
approved the research plan (PJ-YX2019-016F1). The average
age of the IUA patients was 29.5 years (24-40 years), and that
of the control group was 24.75 years (21-39 years). We col-
lected samples of the endometrial fibrosis tissue from May
2018 to July 2018. IUA patients were scored and graded
according to criteria designed by the American Fertility
Association (AFS) [10]. 12 patients underwent TCRA (trans-
cervical resection of adhesion) surgery, and endometrial tis-
sue specimens were obtained during operation (IUA group,
n=12). One month later, an office hysteroscopy procedure
was performed, and it can be used to evaluate the uterine cav-
ity and obtained endometrial tissue specimens (TCRA post-
operative group, n=12). A group of 12 normal age-
matched control individuals served as controls underwent
hysteroscopy and endometrial sampling. The criteria for the
inclusion of surgical specimens excluded the presence of
infection, any disease of the uterus, chronic inflammation,
and malignant diseases. All patients signed written informed
consent forms before surgery and agreed to the use of endo-
metrial tissue specimens for scientific research.

2.2. Rat Experimental Protocol. The experimental animals
used for this project were purchased from the Animal Exper-
imental Center of Anhui Medical University under the ani-
mal certificate number: SCXK (Anhui) 2005-001. The
experimental protocol followed the requirements of animal
ethics and was implemented in accordance with the regula-
tions of the Animal Ethics Committee of Anhui Medical Uni-
versity. The studies were approved by the Institutional
Animal Care and Use Committee at the Anhui Medical Uni-
versity (LLSC20180085). From January 5th to February 26th,
2017, 40 mature fertile female SD rats were enrolled in this
study (weighing 200-250 g, age 8 weeks). The experimental
animals were kept in the animal breeding room of the Exper-
imental Center of the Second Affiliated Hospital of Anhui
Medical University. Under standard laboratory conditions,
the ambient temperature of the animal breeding room is 25
+2°C, and the maximum temperature difference must not
exceed 2°C; the humidity is controlled at 60% +, the indoor
noise is less than 55 decibels (dB), and the rats were given
one week to adapt to the breeding environment.

2.2.1. IUA Rat Models. The experimental surgery in all rats
was performed by the same person, and the method of anes-
thesia was intraperitoneal administration of sterile sodium
pentobarbital (30 mg/kg). Our goal was to use the rat uterus
to generate an animal model to simulate human uterine
adhesions. In clinical work, phenol mucus is used in female
sterilization surgery and is safe and reliable [11]. 40 rats were
randomly divided into three groups. Rats were sacrificed 2
weeks after surgery via the administration of carbon dioxide.
Then, the uterus was removed, and the endometrial tissue
specimens were obtained. After the specimens were removed,
the bodies of the rats were harmlessly treated.

2.2.2. IUA Model Group, Sham Group, and Control Group. 20
rats were included in the IUA group. We used a uterine cavity
from one rat as the experimental research object and injected
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FIGURE 2: The operation procedure of the IUA rat model. (a) Select the incision sign. (b) Incise the skin and subcutaneous tissue. (c) Rat
uterus was observed, and one side uterine cavity was probed. (d) Phenol mucilage was slowly injected into rat uterine cavity with syringe.
(e) After the operation, the abdominal incision was closed. (f) After suturing the skin, sterilize the incision again.

0.04ml of phenol mucilage into the selected uterine cavity;
the phenol mucilage was composed of 25% v/v phenol solu-
tion, 5% v/v gum Arabic, and 20% glycerol v/v. This method
resulted in the formation of adhesions within 2 weeks. The
surgical procedure is shown in Figure 2. 10 rats were sub-
jected to sham surgery, and the surgical procedure was the
same as that used for the IUA group; the only difference
was that normal saline was injected into the right uterine cav-
ity instead of phenol mucilage. The control group also com-
prised 10 rats, which were not injected in the right uterine
cavity.

2.3. Collection of Tissue Samples from Patients and Rats. The
endometrial tissue samples were divided into two groups: one
group was kept at room temperature in formalin, and the
other was stored at -80°C until use.

2.4. HE Staining and Masson Trichrome Staining of the Rat
Tissue Samples. The tissue specimens were fixed in 4% neu-
tral buffered formalin, and paraffin sections were routinely
made and then stained according to the HE staining proce-
dure. The Masson trichrome staining methods and proce-
dures were performed according to the instructions of the
reagent manufacturer [11].

2.5. Immunohistochemistry of Human and Rat Tissue
Samples. Tissue specimen sections were stained with conven-
tional immunohistochemistry (IHC) procedures [12, 13],
and the IHC reagents were used according to the manufac-
turer’s instructions (ZhongShanJinQiao, Beijing, China). To
measure the relative expression of MMP-9 in different

TABLE 1: Primers used for PCR analysis.

Target mRNA Primer sequence

5 TTGACAGCGACAAGAAGTGG-3'
5 .CCCTCAGTGAAGCGGTACAT-3'

5 -GGTTGAGCAGGTACTTT-3’
5/ -AGCAAGAGCACAAGAGGAAG-3’

MMP-9-forwards:
MMP-9-reverse:

GADPH-forwards:
GADPH-reverse:

groups of endometrial tissues, we calculated the expression
score by evaluating the percentage of positive cells and the
intensity of the staining signal. The expression score was cal-
culated by multiplying the percentage of positive cells by the
intensity score and then converting the result to determine
the relative expression.

2.6. Western Blot Analysis. Western blotting was performed
according to the manufacturer’s instructions (Beyotime,
Shanghai, China). Molecular imaging systems (Bio-Rad,
Philadelphia, PA, USA) were used to visualize the bands,
and finally, the relative expression value was calculated.
Repeat three times for each sample.

2.7. Analysis of MMP-9 mRNA by RT-qPCR. Total RNA was
extracted using TRIzol reagent (Invitrogen), and an RT kit
(Takara) was used for the reverse transcription reactions
according to the instructions. The MMP-9 mRNA was
detected by PCR using cDNA as a template. Real-time quan-
titative PCR was used to detect the relative mRNA levels. The
internal control was GAPDH. The primer sequences are
shown in Table 1. The PCR conditions consisted of 5min
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TaBLE 2: IUA patients’ clinical data.
. . Before TCRA surgery After TCRA surgery
IUA patient Age Pregnancy history Grade Score Grade Seore
1 34 Gravida 1, Para 0 Severe 9 Mild 2
2 28 Gravida 4, Para 1 Severe 10 Moderate 6
3 35 Gravida 2, Para 1 Severe 10 Mild 1
4 32 Gravida 2, Para 0 Moderate 8 Mild 4
5 25 Gravida 1, Para 1 (a stillbirth,2016, fetal weight 5 kg) Severe 10 Mild 3
6 34 Gravida 3, Para 1 Severe 10 Mild 2
7 30 Gravida 2, Para 0 Severe 9 Moderate 5
8 24 Gravida 1, Para 0 Severe 10 Mild 3
9 40 Gravida 3, Para 1 Severe 10 Mild 2
10 28 Gravida 2, Para 0 Severe 9 Moderate 5
11 29 Gravida 4, Para 0 Moderate 8 Mild 2
12 35 Gravida 6, Para 1 Severe 9 Moderate 5
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F1GURE 3: (a) HE and Masson staining revealed in rats. (A, D) IUA group (phenol mucilage treatment), (B, E) sham group (saline treatment),
and (C, F) control group (no treatment), scale bar = 200 um. (b) Relative Masson staining in rats, comparison of IUA to sham and Ctrl,

*P <0.05, **P < 0.05.

at 95°C for one cycle followed by 45 cycles of 95°C for 10s,
60°C for 405, and 72°C for 90s. Repeat three times for each
sample.

2.8. Statistical Analyses. All statistical analyses were per-
formed using SPSS software (version 19.0, SPSS, Chicago,
IL), and the differences between groups were analyzed
using Student’s t-test, the Mann-Whitney U test, or one-
way analysis of variance with the Kruskal-Wallis test for

correction. A P value <0.05 was considered to be statisti-
cally significant.

3. Results

3.1. Clinical Characteristics of Patients with IUA. 12 patients
with intrauterine adhesions were included in this study, and
their average age was 29.5 years. The TUA grade was 83%
severe (score >9 points) and 17% moderate (score 5-8 points)
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FiGUure 4: THC of MMP-9 in rats and patients. Rat groups: (a) (IUA), (b) (sham), and (c) (control). Patient group: (d) (IUA), (e)
(postoperative), and (f) (control). Scale bar = 50 yM. (g) Relative MMP-9 level in rats, comparison of IUA to Sham and Ctrl, *P < 0.05, **
P <0.05. (h) Relative MMP-9 level in patients, comparison of IUA to postoperative and Ctrl, *P < 0.05, **P < 0.05.

according to the American Fertility Association (AFS) cri-
teria. 6 of the 12 patients with intrauterine adhesions had
children, but one of them was stillborn, and they all have fer-
tility needs. TCRA was performed under general anesthesia.
One month later, outpatient hysteroscopy was performed to
evaluate the uterine cavity morphology. 8 cases had filmy
membranous adhesions at the bottom of the uterus, and 4
cases had dense uterine segment adhesion. During the hys-
teroscopy procedure, the adhesion tissue is bluntly separated

through the sheath. Patients’ clinical data are shown in
Table 2.

3.2. HE Staining and Masson Trichrome Staining of Rat
Tissue Samples. HE staining showed a narrowing of the uter-
ine cavity in the IUA group. The Masson trichrome staining
results showed that more severe fibrosis occurred in the
endometrial tissue of the ITUA group compared with that of
the control group and the sham operation group (Figure 3).
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FIGURE 5: Determination of the MMP-9 protein expression in IUA rats and patients. (a) Relative MMP-9 protein expression in rat groups.
Comparison of TUA to Ctrl and sham group, *P < 0.05, **P < 0.05. (b) Relative MMP-9 protein expression in patients. Comparison of
IUA to postoperative and Ctrl, *P < 0.05, **P < 0.05. (c) Gel electrophoresis picture of MMP-9.

3.3. MMP-9 Expression in IUA Rats and Patients. It is known
that MMP-9 plays an important role in fibrosis, and we mea-
sured the tissue sample expression by IHC, protein detection,
and RT-PCR of MMP-9 mRNA in IUA rats and patients to
assess whether there was differential expression of MMP-9
in IUA. We performed IHC staining of the tissue samples
from IUA rats and patients, which revealed that the IUA
groups were negative for MMP-9 staining. The differences
were significant in the analysis (P <0.05) (Figure 4). We
detected the protein expression of MMP-9 by Western blot-
ting and observed significant decreases in the protein expres-
sion in IUA rats and patients compared to that in controls.
The MMP-9 protein expression was significantly different
(P <0.05) (Figure 5). In addition, the mRNA expression of
MMP-9 was significantly decreased (P < 0.05) in IUA rats
and patients compared with that in controls (P < 0.05)
(Figure 6).

4. Discussion

In general, massive granulation, tissue hyperplasia, and
fibrosis in the uterine cavity after abortion or curettage
and IUAs occur 5 to 7 days after injury. When a sufficient
amount of fibrosis occurs, regulatory mechanisms can hin-
der the regeneration of the endometrium and cause the
formation of intrauterine adhesions [14]. Generally, in
the initial stage of tissue damage, damaged and dead cells
release antifibrinolytic coagulation factors, which trigger
platelet activation, generate high levels of MMPs, destroy

the ECM, and allow inflammatory mediators to recruit
inflammatory cells to the injury site. On the other hand,
the microenvironment of the injury site will also change
accordingly. The proinflammatory response will lead to
the activation of matrix-producing cells and will also
enhance the formation of fibers [4]. The MMP-9 expres-
sion is not isolated in the body; it is affected by other
members of the MMP family, and it is controlled by
metalloproteinase tissue inhibitors (TIMPs) [4]. MMP-9
has been extensively studied by scholars, especially in the
fibrosis of the lung, liver, and heart [15]. Basic research
has found that MMPs are not only a physiological effector
of extracellular matrix turnover but also a key factor in the
remodeling process under pathological conditions [16, 17].
The specific details of the fibrosis process are unknown,
but we should realize that the functions of specific MMPs
may not be the same in different organ systems [18].
IUA is the manifestation of tissue fibrosis. Here, we
found that the MMP-9 expression was decreased in both
IUA rats and patients. IHC, Western blotting, and RT-
qPCR were used to detect MMP-9 mRNA and protein.
Saribas and colleagues used a needle tube to injure the
uterine cavity to establish a rat ITUA model. Twenty-four
rats were divided into four groups on average. The endo-
metrium was obtained from the ITUA group for the detec-
tion of MMP-9 and other related tests 8 weeks after
modeling. Based on the IUA model, stem cells and exo-
somes were used for follow-up intervention. MMP-2 and
MMP-9 expression were enhanced by MSC and exosomal
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therapy; in addition, the TIMP-2 expression was decreased
[19]. Despite the different damage formation methods, the
end results were quite similar. Of course, this study was
simply based on the IUA rat model, and the time point
for obtaining the endometrium was fixed. For human
IUA patients, the expression of MMP-9 and TIMPs in
the endometrium may not be consistent with those in ani-
mal models due to the differences in the IUA time course.
In our study, the phenol mucilage method was used to
establish the IUA model of rats, and MMP-9 detection
was performed, the results of which were consistent with
the previous research results. At the same time, we also
collected specimens from patients with different disease
durations for MMP-9 detection in the endometrium. The
study results did not change significantly due to the length
of the disease course. Human IUA endometrium showed
low expression of MMP-9. Coincidentally, Chen and col-
leagues also used 24 rats to study uterine adhesions. The
rats were divided into 2 groups on average. For the IUA
group, the endometria of the left uteri were scraped with-
out treatment. The right uteri were used as the control
group. At 3, 7, 14, and 28 days after transplantation, the
uteri were sampled for evaluation. Postoperative test
results showed that the expression of MMP-9 in the endo-
metrium was increased, but the thickness of endometrial
glands and endometrium in fibrotic tissues was not differ-
ent from those in the IUA group [20]. Our study found
that MMP-9 showed low expression in the endometrial
tissue of TUA rats, which is consistent with the previous
two results [19, 20]. The value of freeze-drying the amni-
otic membrane was assessed using the rat IUA model.
The expression of MMP-9 in human IUA intima was
not tested. In the rat models and IUA patients, why was
MMP-9 expressed at a low level? The reasons may be as
follows. First, the MMP-9 expression changes dynamically
in different stages of fibrosis and may be high in the early
stage. MMP-9 appears to be downregulated as fibrosis pro-
gresses. However, the rat animal model did not show that
the MMP-9 expression changes significantly with the oper-
ation time [20]. Second, in this study, perhaps the degree
of fibrosis in IUA had an impact on the results, and the
IUA patients included in this study all had third degree
fibrosis, with certain limitations. In addition, patients with
intrauterine adhesions have an urgent desire for childbirth.

The classical therapeutic approaches for infertile patients
with TUA are hysteroscopic adhesiolysis, removing visible
intrauterine adhesions [21]. In this study, the uterine cav-
ity after intrauterine adhesion separation was significantly
improved. MMP-9 in the endometrium after operation
also increased, and the difference is statistically significant.
It further suggests that MMP-9 is involved in the occur-
rence of IUA. Further study is needed to confirm the
involvement of the intracellular MMP-9 signaling pathway
in IUA, especially to identify and verify other key factors
and the relationship between these key factors, such as
MMP-2, MMP-3, MMP-7, IMP-1, and TIMP-2.

5. Conclusion

In summary, this study established an animal model for
studying IUA mechanisms. In addition, we determined that
MMP-9 is an important factor involved in IUA. In future
research, we can carry out follow-up studies on MMP-9 to
explore new ideas for mechanisms in IUA.
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Cryptococcus neoformans is an encapsulated yeast that causes disease mainly in immunosuppressed hosts. It is considered a
facultative intracellular pathogen because of its capacity to survive and replicate inside phagocytes, especially macrophages. This
ability is heavily dependent on various virulence factors, particularly the glucuronoxylomannan (GXM) component of the
polysaccharide capsule. Inflammasome activation in phagocytes is usually protective against fungal infections, including
cryptococcosis. Nevertheless, recognition of C. neoformans by inflammasome receptors requires specific changes in morphology
or the opsonization of the yeast, impairing proper inflammasome function. In this context, we analyzed the impact of molecules
secreted by C. neoformans B3501 strain and its acapsular mutant Acap67 in inflammasome activation in an in vitro model. Our
results showed that conditioned media derived from B3501 was capable of inhibiting inflammasome-dependent events (i.e., IL-
13 secretion and LDH release via pyroptosis) more strongly than conditioned media from Acap67, regardless of GXM presence.
We also demonstrated that macrophages treated with conditioned media were less responsive against infection with the virulent
strain H99, exhibiting lower rates of phagocytosis, increased fungal burdens, and enhanced vomocytosis. Moreover, we showed
that the aromatic metabolite DL-Indole-3-lactic acid (ILA) and DL-p-Hydroxyphenyllactic acid (HPLA) were present in B3501’s
conditioned media and that ILA alone or with HPLA is involved in the regulation of inflammasome activation by C.
neoformans. These results were confirmed by in vivo experiments, where exposure to conditioned media led to higher fungal
burdens in Acanthamoeba castellanii culture as well as in higher fungal loads in the lungs of infected mice. Overall, the results
presented show that conditioned media from a wild-type strain can inhibit a vital recognition pathway and subsequent
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fungicidal functions of macrophages, contributing to fungal survival in vitro and in vivo and suggesting that secretion of aromatic
metabolites, such as ILA, during cryptococcal infections fundamentally impacts pathogenesis.

1. Introduction

Cryptococcus neoformans is a fungal pathogen that primarily
affects immunocompromised patients with acquired immu-
nodeficiency syndrome (AIDS) [1]. C. neoformans is respon-
sible for over 180 thousand deaths yearly worldwide [2].
Human infection is usually initiated by the inhalation of
environmental spores or yeasts that are present in environ-
mental sources [3-7]. Once in the lung, the fungus is cleared
by the host or survives within granulomas. In the context of
immunosuppression, primary acquisition or relapse of previ-
ously contained yeast can result in disseminated disease,
especially involving the central nervous system [5, 8, 9].

The ability of C. neoformans to remain viable and survive
inside the host is dependent on its many virulence factors,
which allow the fungus to modulate and evade the immune
response [10, 11]. These virulence factors include enzymes
(laccase, urease, phospholipases, proteases, and others) that
can be secreted freely or encapsulated in extracellular vesicles
[10, 12-14], melanin deposition in the cell wall [14, 15], and
the formation of capsular polysaccharides, which are consid-
ered the most important of these factors [16-18]. Glucuro-
noxylomannan (GXM) is the most prevalent of these
capsular polysaccharides, facilitating C. neoformans resis-
tance against phagocytosis and suppressing various immune
responses [19-26]. Altogether, these virulence factors enable
this fungus to effectively survive and thrive as a facultative
intracellular pathogen, particularly within macrophages
[27-33]. Depletion of alveolar macrophages in mice is associ-
ated with a worse prognosis during infection with a glucosyl-
ceramide mutant, indicating that they might be co-opted by
C. neoformans during pathogenesis to facilitate fungal
growth and dissemination [34]. Phagocytic cells that are
unable to kill intracellular yeast cells can return fungal cells
to the extracellular environment, either through nonlytic
exocytosis called vomocytosis [35-38] or a rapid, highly
inflammatory and inflammasome-dependent cell death
referred to as pyroptosis [39-41].

The inflammasome is an intracellular multiprotein
complex that usually requires an intracellular damage-
associated molecular pattern (DAMP) for its oligomeriza-
tion and proper function [42]. The canonical activation
step requires the engagement of an intracellular receptor
from the NOD-like receptor (NLR) or AIM2-like receptor
(ALR) family, an adaptor protein ASC and the cleavage of
procaspase-1. Although some cell types can activate
inflammasome pathways from basal expression levels,
most of them require extracellular signaling, promoted by
membrane-bound pattern-recognition receptors, to initiate
inflammasome activation [43]. The activated caspases in
this context are responsible for the previously described
pyroptosis cell death and, most importantly, for the pro-
cessing of interleukin- (IL-) 1 and IL-18, essential medi-
ators of inflammatory Th1/Th17-driven responses [44].

Among the receptors associated with inflammasome
oligomerization, NLRP3 is one of the best described and well
characterized in fungal recognition [45]. This receptor is
involved in recognition of various fungal species, between
yeast and hyphal forms, and opportunistic and primary path-
ogens [46-51]. The activation of NLRP3 is usually dependent
on one or more intracellular stress signals (i.e., potassium
efflux; mitochondrial reactive oxygen species production
and cathepsin release), which are associated with the interac-
tion between the host cell and the fungus [42, 45]. NLRP3
activation in response to C. neoformans only occurs when
the yeast is in specific conditions such as biofilms [52], lacking
capsule [53], or opsonized before phagocytosis [54]. More-
over, all three classical stress signals are required to activate
NLRP3 during these interactions [52]. Notably, mice lacking
NLRP3 or ASC are more susceptible to cryptococcal infection
with encapsulated yeast cells, whereas infection with acapsular
yeast cells results in higher fungal burdens in the lungs in
NLRP3 knockout mice [52, 53]. Likewise, susceptibility to
cryptococcal infection has also been observed in murine
knockout models for IL-1/3 and IL-18 receptors [55, 56].

Different strains of C. neoformans elicit variable IL-18
induction, especially in in vitro models. Although GXM par-
ticipates in inflammasome inhibition when macrophages are
challenged with acapsular strains [53], capsule-independent
inhibition of the inflammasome remains poorly understood.
Here, we show that other secreted molecules besides GXM
can specifically interfere with intracellular signals during
inflammasome activation, suppressing various processes
associated with this activation and reducing the overall anti-
fungal capacity of macrophages. Furthermore, we have
defined two molecules presents in C. neoformans conditioned
media that participate in inhibiting inflammasome activation
in the presence of this remarkable fungus.

2. Material and Methods

2.1. Ethics Statement. All experimental procedures were
approved by the Animal Ethics Committee of the University
of Brasilia (UnBDoc number 55924/2016) and conducted
according to the Brazilian Council for the Control of Animal
Experimentation (CONCEA) guidelines.

2.2. Fungal Strains. Cryptococcal species complex strains
H99 (var. grubii/Cryptococcus neoformans), B3501 (var. neo-
formans/Cryptococcus deneorformans), and cap67 (acapsular
strain derived from B3501) were grown for 18 h in Sabouraud
dextrose broth, rotating (120 rpm) at 30°C. Yeast cells were
retrieved from culture by centrifugation (5 min, 1800 g) and
washed twice in PBS before experiments.

2.3. Conditioned Medium, GXM Isolation, and Subsequent
Treatments. B3501 and cap67 strains were grown for 5 days
in minimal media (MM) (glucose 15 mM, magnesium sulfate
10mM, monopotassium phosphate 29.4mM, glycine
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13 mM, and thiamine 3 uM) rotating (120 rpm) at 30°C [57].
Yeast cells were removed from culture by centrifugation
(2 x 15 min 5500 g). The supernatant was collected and fil-
tered (0.45 ym) for complete yeast removal. The filtrate was
lyophilized and suspended in deionized water, with a tenfold
concentration. The products obtained from the B3501 and
Acap67 strains were denominated conditioned media 35
(CM35) and conditioned media CAP (CMCAP), respectively
[58]. CM35 was treated and/or fractioned for subsequent
experiments. The size fractions were obtained utilizing an
ultrafiltration Amicon system (Millipore), with filtration
membranes varying from 100 to 1 kilodalton (kDa). In
between fractions (e.g., 100 kDa>CM35>10kDa) were also
obtained, by recovering molecules retained in the filtration
membrane. Polarity fractions were obtained by Blight-Dyer
technique. Additionally, CM35 was treated by autoclaving
(20min at 123°C) and with the following proteases (24 h at
37°C): trypsin, thermolysin, and pronase. CM35 was also
processed to remove GXM using a GXM-capture enzyme-
linked immunosorbent assay (ELISA), as described by Rodri-
gues et al. [59]. Briefly, an ELISA high-binding plate was
coated with mAb 18B7 (a monoclonal antibody (Ab) specific
for GXM) [60] for 2h at room temperature, preceded by a
blocking step with 1% BSA solution for 1h. Finally, condi-
tioned media or minimal media were added to the wells for
an additional 2h and recovered at the end. The bound
GXM was recovered by elution with Tris-glycine (pH 7.4)
buffer. Yeast capsular polysaccharides from B3501 were har-
vested [61] and kindly supplied by Julie M. Wolf (Albert
Einstein College of Medicine). Exopolysaccharides were
obtained by the collection of a viscous layer in the 10kDa
membrane during CM35 ultrafiltration, as described [62].

24. Polysaccharide (PS) Attachment and
Immunofluorescence. Polysaccharide (PS) attachment to
Acap67 cell wall was performed as described [63]. Acap67
cells were incubated in yeast-free B3501 conditioned medium
(grown in a minimal medium for 4 days) overnight at 37°C.
B3501, Acap67, and Acap67-PS were fixed with 4% parafor-
maldehyde for 30 minutes at room temperature and incu-
bated with PBS+1% bovine serum albumin for 1h at room
temperature. Yeast cells were then incubated with 0.01% Uvi-
tex2B (a chitin marker; Polysciences) and mAb 18B7
(10 ug/ml) for 30 minutes followed by incubation with Alexa
Fluor 546 anti-mouse IgGl (5ug/ml; Invitrogen) for 30
minutes at 37°C. Cells were then suspended in an antifading
agent, mounted on glass slides, and analyzed with a confocal
microscope (Leica TCS SP5).

2.5. Generation of Bone Marrow-Derived Macrophages
(BMDMs and BMMs) and Dendritic Cells (BMDCs). Bone
marrow cells were obtained from C57BL/6 isogenic mice
(8-10 weeks old), as previously described [49]. Briefly,
femurs and tibias were flushed with RPMI-1640 to harvest
the bone marrow cells. Cells were submitted to erythrocyte
lysis under a Tris-buffered ammonium chloride solution,
seeded (2 x 10° cells/ml), and cultured for 8 days at 37°C in
non-tissue culture-treated Petri dishes in 10ml/dish of
RPMI-1640 medium that contained 50mM 2-mercapto-

ethanol. The medium was supplemented with 20ng/ml
murine granulocyte-macrophage colony-stimulating factor
(GM-CSF, PeproTech) to obtain BMDCs and BMDMs or
30% conditioned medium from macrophage colony-
stimulating factor-secreting 1929 fibroblasts (M-CSF) to
obtain BMMs. On the third day, an additional 10ml of a
complete medium that contained differentiation-inducing
cytokines was added. Half the medium was exchanged on
the sixth day of culturing the BMDCs. On the eight-day,
non- and loosely adherent BMDC:s or firmly adherent BMMs
were stripped with TrypLE™ Express (Gibco), harvested, and
plated in RPMI-1640 medium supplemented with Fetal
Bovine Serum (FBS) and gentamicin.

2.6. Murine Cell Culture Interaction with Conditioned Media.
BMMs or BMDCs (1 x 10°/ml) were incubated at 37°C in a
humidified 5% CO? atmosphere. Cells were stimulated with
lipopolysaccharide (LPS; 500 ng/ml for 4h, Sigma-Aldrich),
providing the first signal for inflammasome activation. Addi-
tionally, cells were incubated for 18 h with or without poten-
tial inhibitors: CM35 (and its fractions), CMCAP, minimal
medium, glycine (Sigma-Aldrich), glucuronoxylomannan
(GXM), and aromatic metabolites: (Sigma) 3-Phenyllactic
acid (PLA); DL-p-Hydroxyphenyllactic acid (HPLA) and
DL-Indole-3-lactic acid (ILA), alone or in combination. After
that, cells were treated with nigericin (20 uM for 40 or 90
minutes, InvivoGen), providing the second signal for inflam-
masome activation. Alternatively, cells stimulated with LPS
were infected with the fungal strains opsonized with mAb
18B7 (a kind gift from A. Casadevall, Johns Hopkins Bloom-
berg School of Public Health) [60]. Controls included condi-
tions without LPS or nigericin.

2.7. Cytokine Quantification by ELISA and Lactate
Dehydrogenase (LDH) Detection. The cell-free supernatants
of the BMM and BMDC cultures were harvested for mea-
surements of IL-1 and tumor necrosis factor- (TNF-) «
(Ready-Set-Go! Kit, eBioscience) concentrations using
ELISA. The determination of intracellular pro-IL-18 was
performed with the cell lysates (Ready-Set-Go! Kit,
eBioscience). The data were expressed as pg/ml+ the
standard deviation (SD) of two to three independent experi-
ments, which were conducted in triplicate.

The cell-free supernatants of the BMM cultures were har-
vested to quantify LDH release, as a cell death marker (Cyto-
Tox 96® Non-Radioactive Cytotoxicity Assay, Promega) after
treatment with nigericin for 90 minutes. The data were
expressed as percentage + the standard deviation (SD) of
two to three independent experiments, which were con-
ducted in triplicate, considering cells without any treatment
as 0% and cells treated with 15% dimethyl sulfoxide (DMSO)
as 100% of cell death.

2.8. Active Caspase-1 Detection by Flow Cytometry. BMMs
challenged with C. neoformans strains (MOI 5:1) opsonized
with mAb 18B7 were harvested from the tissue culture well
plates with a dissociation agent (TrypLE Express, Thermo
Fisher Scientific). 5x 10° were collected per group before
staining. Staining for caspase-1 (FAM-FLICA™ Caspase-1



Assay Kit, Immunochemistry) was performed according to
the manufacturer’s instructions. The cells were then analyzed
in a flow cytometer (FACSVerse, BD Biosciences) with the
FITC filter channel (FL-1), and data were processed (Flow]Jo
X, LLC).

2.9. ¢cDNA Synthesis and Real-Time Reverse Transcription
Polymerase Chain Reaction (RT-PCR). Total RNA from the
cultured BMDMs was extracted using TRIzol reagent (Invi-
trogen), and cDNA synthesis was performed using a high-
capacity RNA-to-cDNA kit (Applied Biosystems), according
to the manufacturer’s instructions. QqRT-PCR was performed
using SYBR Green Master Mix and StepOne Real-Time PCR
System (Applied Biosystems). The primer sequences were as
follows: IL-18 forward, 5'-GTGTGTGACGTTCCCATTA
GACA-3'; IL-1p reverse, 5 -CAGCACGAGGCTTTTTTGT
TG-3'; Nf-xB forward, 5'-AGCCAGCTTCCGTGTTTGT
T-3; nuclear factor kappa-light-chain-enhancer of activated
B cells (Nf-«B) reverse, 5'-AGGGTTTCGGTTCACTAGT
TTCC-3'; GAPDH forward, 5'-TGAAGCAGGCATCTGA
GGG-3'; glyceraldehyde 3-phosphate —dehydrogenase
(GAPDH) reverse, 5 '_CGAAGGTGGAAGAGTGGGAG-3'
; IL-1B or Nf-xkB to GAPDH relative expression was calcu-
lated using the 20Y method and normalized to the level of
unstimulated BMMs.

2.10. Vomocytosis Scoring by Flow Cytometry. BMMs chal-
lenged with stained H99 with Calcofluor White (10 pg/ml,
10 min, Sigma-Aldrich) were treated concomitantly with
CM35 or left untreated [64]. After 2 h of interaction, all wells
were gently washed three times with warm PBS. The last
wash from the 2h time point wells were collected, and the
cells were lysed. RPMI with fluconazole (10 ug/ml, Sigma-
Aldrich) was added in the other wells, and the cells were
treated again with CM35 or left untreated. The supernatant
and cell lysate were collected in determined time points (6,
12, and 24h). Right after the collection, both supernatant
and lysate samples were centrifuged (2.000 x g, 5min) for
yeast recovery and fixated in paraformaldehyde 4% in PBS
until flow cytometry analysis. Samples were accessed by flow
cytometry (FACS Fortessa, BD Biosciences), at low-speed
acquisition for 4 minutes. Parent yeast cells were detected
using a high Calcofluor fluorescence gate. Using the specifi-
cation provided by the manufacturer, the number of yeast/ml
was calculated.

2.11. Coincubation Assays (Phagocytic Index, Fungicidal
Activity, and Transwell Assays). BMMs were challenged with
H99 opsonized with mAb 18B7 (MOI 2: 1), and the phagocy-
tosis rates and fungal burdens were analyzed at 37°C. For the
phagocytosis assay, BMDMs were primed with LPS
(500 ng/ml) for 4h followed by treatment overnight with
conditioned media. Controls were left untreated. After this
period, the cells were challenged with opsonized H99. After
2h, the wells were gently washed three times with warm
PBS, and the remaining coculture was fixed and stained with
modified Wright-Giemsa stain. The phagocytic index was
calculated by multiplying the number of macrophages engag-
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ing phagocytosis and the number of yeasts phagocyted per
100 macrophages analyzed. For the yeast intracellular growth
assay, BMMs primed with LPS (500 ng/ml) or not were chal-
lenged with opsonized H99 and concomitantly treated with
conditioned media or left untreated. After 2h, all the wells
were gently washed three times with warm PBS to remove
extracellular yeast. Right after the washes as well as 24 h later,
macrophages were lysed with 0.05% SDS and intracellular
yeasts recovered and measured by colony forming units
(CFU) by plating on Sabouraud dextrose agar. The intracel-
lular growth rate was determined by dividing 2h CFU by
24 h CFU. For the transwell assay, BMMs were seeded in both
upper and lower chambers and primed with LPS (500 ng/ml).
The BMMs in the lower chamber were challenged with
opsonized Cryptococcus strains (MOI 5: 1) or left uninfected,
while the BMMs in the upper chamber were not challenged.
After 24h at 37°C, macrophages from the upper chambers
were challenged with opsonized green fluorescent protein
(GFP) expressing H99 (MOI 2:1) and lysed with 0.05%
sodium dodecyl sulfate SDS at 24h postinfection. Alterna-
tively, the lower chambers contained only yeast cells from
Cryptococcus strains in a media with LPS (500 ng/ml)
throughout the essay. The recovered intracellular yeast cells
were quantified using flow cytometry.

2.12. Detection of GXM Internalization Using Fluorescence
Microscopy. BMDMs primed with LPS were treated with
CMCAP or CM35 and their fractioned derivatives, as
described earlier. BMMs were plated in glass inserts, and
after 18 h of interaction with conditioned media, cells were
permeabilized and fixed with cold methanol (Vetec) for 10
minutes. After consecutive washes, cells were blocked for
1h with a 10% FBS solution and stained for GXM with
mAb 18B7 (10 ug/ml) as a primary Ab and “Alexa Fluor®
633 Goat Anti-Mouse IgG” (Life Technologies) as a second-
ary Ab. Cells were also stained with a DAPI solution (Life
Technologies). The glass inserts were then recovered, and
GXM content internalized by the BMM:s was observed under
a confocal microscope (Leica TCS SP5).

2.13. Gas Chromatography-Mass Spectrometry Analysis.
Metabolites from conditioned culture media were derivatized
as described [65]. Ketone groups of metabolites were deriva-
tized by adding 20 ul of 30 mg/ml methoxyamine in pyridine
(Sigma-Aldrich) and incubating at 37°C for 90 minutes with
shaking (1000 RPM). Then, amine, hydroxyl, and carboxyl
groups were modified with 80 ul of N-methyl-N-(trimethyl-
silyltrifluoroacetamide (MSTFA) (Sigma-Aldrich) with 1%
trimethylchlorosilane (TMCS) (Sigma-Aldrich) by shaking
(1000 rpm) at 37°C for 30 minutes. Derivatized samples were
analyzed in an Agilent GC 7890A using a HP-5MS column
(30 m x 0.25 mm X 0.25 ym; Agilent Technologies) coupled
with a single quadrupole MSD 5975C (Agilent Technolo-
gies). Samples were injected in the splitless mode with the
port temperature set at 250°C and oven temperature equili-
brated at 60°C. The oven temperature was kept at 60°C for
1 minute and then raised to 325°C at a rate of 10°C/minute
and finally finished with 5 minutes hold at 325°C. A fatty acid
methyl ester (FAME) standard mix was analyzed with each



Mediators of Inflammation

()

B3501

CAP67

CAP67 + PS

6000 -

skeskosk
= ok
£ 4000
1)
£
Q.
2000
=
0 T T T
LPS - + + +
Cnstrain = - B3501 Acap67 Acap67
Inhibitor - - - PS

()

FiGure 1: Exopolysaccharide incorporation on an acapsular mutant does not impair macrophage inflammasome activation. (a) GXM
detection by immunofluorescence of B3501, CAP67 (Acap67), and CAP67+PS (Acap67 coated with polysaccharides from B3501) labeled
with Uvitex2B (blue) and mAb against GXM (18B7) (red). (b) BMDMs were stimulated with LPS (500ng/ml) and infected with
opsonized B3501, Acap67, or Acap67+PS strains (MOI 2: 1) for 24 h. Statistical analysis was performed using one-way ANOVA, where ***

P <0.001. Comparisons were made with the B3501-infected group.

batch for subsequent retention time calibration purposes.
Collected data files were processed with MetaboliteDetector
[66], by calibrating retention indices (RI) based on FAME
standards and deconvoluting and chromatographically align-
ing features. Metabolites were identified by matching spec-
tral features and retention indices against a PNNL
augmented version of the FiehnLib library containing
more than 900 metabolites [67]. Unidentified metabolites
were also searched against the NIST14 GC-MS library by
comparing spectral features only. All identifications were
manually validated. Extracted metabolite intensities were
subjected to multivariate data analysis (MVDA) using
MetaboAnalyst [68]. The data were median normalized
and log transformed followed by principal component,
hierarchical cluster, and heat map analysis to identify nat-
ural clustering within the data.

2.14. Acanthamoeba Infection and Treatment with
Conditioned Media. Acanthamoeba castellanii was culti-
vated in liquid Yeast Peptone Dextrose Medium (YPD,
2% peptone, 1.8% D-glucose, 0.1% yeast extract) supple-
mented with 0.0034M tribasic sodium citrate, 0.004
sodium sulfate, 0.0025% monobasic sodium phosphate,
0.0025% monobasic potassium phosphate, 0.00005% iron
ammonium sulfate hexahydrate, and 0.00004% calcium
chloride dihydrate at 30°C. A. castellanii (5x 10> cells/ml)
and C. neoformans H99 (1 x 10° cells/ml) were concomi-
tantly added to culture plates with treatments (10% of
the volume): PBS, <1kDa CM35, minimal medium, or
aromatic metabolites (1 mM): ILA alone or in combination
with HPLA or with HPLA and PLA. After 24h, the cells
were washed three times with PBS to withdraw any fungi
not internalized by amoebas. To lysate the amoebas but
not the yeasts, 0.01% Triton X-100 was added, and they
were sonicated for 10 minutes. Afterward, the lysate was

plated in Sabouraud agar plates, which were incubated
for 48h at 30°C for quantification of CFU.

2.15. Murine Infection and Treatment with Conditioned
Media. The influence of CM treatment in the host immune
response was analyzed using three groups of male C57Bl/6
wild-type mice 8-12 weeks old infected with the virulent
strain H99 of C. neoformans followed by treatment with
<l1kDa CM35 or aromatic metabolites. Each group was
formed with eight mice, and all of them were challenged
with 8 x 10* cryptococcal cells by intratracheal inoculation.
Before the surgery, animals were anesthetized following
the instruction of Ethics Committee, injecting a solution
of Ketamine-Vetnil and Xylazine-Ceva (1:1) in the intra-
muscular region of one of the hind paws of the mice.
The volumes used for anesthesia were according to animal
weight. Two and seven days after infection, each group
received a treatment of 20ul of intranasal MM, PBS,
0<1kDa CM35, or ILA+HPLA (1mM). Fourteen days
after infection, the mice were euthanized by hypoxia using
a CO, chamber, and the lungs and brain were surgically
removed to the analysis of fungal burden and cytokine
production. For quantification of fungal burden, the tissues
obtained were weighed and macerated in 1ml of PBS
using a glass macerator. The homogenized tissues were
plated in a Sabouraud agar plate and incubated at 30°C
for 48h, allowing the counting of CFU.

2.16. Statistical Analysis. Statistical analysis was conducted
using GraphPad Prism v.7.0 software. Data were analyzed
by one-way ANOVA followed by Tukey’s post hoc test. P
values less than 0.05 were considered significant. The meta-
bolomics assay was analyzed by t-test, PCA, and OPLS, and
the metabolite figure was generated from an Excel spread-
sheet that was extracted from a heat map using the t-test
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FIGURE 2: CM35, but not CMCAP or minimal media reduces IL-1f3 secretion. (a) BMMs were stimulated with LPS (500 ng/ml) and/or
nigericin (20 uM), added or not by mediums (CM35; CMCAP or MM 10% v/v) or glycine (13 mM) overnight (18h). (b) BMDCs were
stimulated with LPS (500 ng/ml) and/or nigericin (20 uM), added by media (CM35 or MM 10% v/v) overnight (18 h). (c¢) BMDMs were
stimulated with LPS (500 ng/ml), infected with Acap67 strain (MOI 5:1), added or not by mediums (CM35 or MM 10% v/v) or glycine
(13 mM) overnight (18h). (d) BMDMs stimulated with LPS (500 ng/ml) and/or nigericin (20 uM), added by CM35>100kDa, <100 and
>10kDa, <10kDa and <1kDa (10% v/v) overnight (18h). Supernatants were collected after stimulus and cytokines were quantified by
ELISA technique. CM35 = conditioned media from B3501; CMCAP = conditioned media from Acap67; MM = minimal media. Statistical
analysis was performed utilizing one-way ANOVA, where ns: not significant; **P < 0.002; ***P < 0.001. Comparisons were made with the

positive control group (LPS+nigericin) when not indicated (c, d).

values. For normalization, the data were median centered
and log transformed.

3. Results

3.1. Exopolysaccharide Incorporation on Acapsular Mutant
Does Not Impair Macrophage Inflammasome Activation. As
described previously [53, 54], C. neoformans mutants lacking
GXM expression and proper capsule formation triggered
inflammasome activation more effectively than wild-type
encapsulated yeast cells presumably due to the presence of
immunomodulatory exopolysaccharides, including GXM,
in the fungal capsule. However, we found that Acap67 coated
with exo-PS which consists mostly of GXM molecules
(Figure 1(a)) induced significantly more IL-1f secretion
compared to the wild-type B3501 (Figure 1(b)). This result
suggested that the presence of GXM on the yeast surface by
itself was not sufficient to explain the differences in inflam-
masome activation observed between acapsular mutants
and their wild-type counterparts.

3.2. CM35, But Not CMCAP or Minimal Media, Reduces IL-
13 Secretion. Since many of the virulence factors presented
by C. neoformans are secreted [10, 15], we evaluated whether
components released by the fungus (CM) were able to inhibit
inflammasome canonical activation. The addition of CM35
to activated macrophages (Figure 2(a)) and dendritic cells
(Figure 2(b)) significantly reduced the secretion of IL-1 by
these cells, while CMCAP, MM, and glycine inhibited IL-1
secretion to a lesser degree (Figures 2(a) and 2 (b), S1A
Fig). Interestingly, CM35, CMCAP, and MM did not reduce
the secretion of TNF-« (S1B-D Fig), even if added before LPS
priming (S1E Fig). The same pattern was observed when con-
ditioned media from H99 strain was used as treatment (S1G-
H Fig). The specific interference of conditioned media in the
secretion of IL-1f3, an inflammasome-dependent cytokine,
but not in TNF-«, an inflammasome-independent cytokine,
indicates that the canonical inflammasome pathway is being
inhibited. The reduction in IL-1 observed with CMCAP and
MM is likely explained by the presence of glycine
(Figure 2(a)). We tested if the same results were found when
using a different stimulus for inflammasome; we primed
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FiGure 3: 1kDa CM35 inhibits caspase-1 activation, promotes pro-IL-1f accumulation, and inhibits cell death. (a) LDH release from
supernatants of BMMs stimulated with LPS (500 ng/ml) and/or nigericin (20 uM), with or without inhibitors (10% v/v). The medium
group was utilized as negative control (0% of cell death) and the DMSO (15%) group was used as positive control (100% of cell death). (b)
pro-IL-1f3 production measured from cell lysates of BMMs stimulated with LPS (500 ng/ml) and/or nigericin (20 M), with or without
inhibitors (10% v/v). (c-f) BMMs stimulated with LPS (500 ng/ml) and nigericin (20 uM) or Acap67 (MOI 5:1), with or without
inhibitors, were analyzed for caspase-1 activation (FLICA). LDH release was measured by colorimetric assay (a), cytokine was measured
by ELISA (b), and caspase activation was measured by flow cytometry. (c, d) LPS and nigericin or (e, f) Cap67 was used as stimuli, and
the mean fluorescence intensity (MFI) was assessed (d, f). Statistical analysis was performed by one-way ANOVA, where ns: not
significant; *P < 0.033; **P < 0.002; ***P < 0.001. Comparisons were made with the LPS only group (a, b).

macrophages with LPS followed by challenging with the =~ CM35, while in these conditions MM and glycine did not
acapsular strain Acap67. In these conditions, BMMs still affect IL-1p3 secretion (Figure 2(c)), indicating that CM35 is
show a marked reduction in IL-1f3 levels in the presence of  able to decrease the inflammasome activation in the context
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F1GuRre 4: 1 kDa CM35 impacts phagocytic capacity and vomocytosis events in interactions between macrophages and C. neoformans. (a)
Intracellular growth (CFU of 3 h vs. 24 h postinfection) of yeasts cells in BMMs stimulated with LPS (500 ng/ml) and H99 (2:1), with or
without inhibitors (10% v/v). (b) Phagocytosis index (2h postinfection) from BMMs stimulated with LPS (500 ng/ml) and H99 (5:1),
with or without 1kDa CM35 (10% v/v). (c—f) Flow cytometry analysis of (c, d) extracellular and (e, f) intracellular yeast cells (Calcofluor
White high 2h, 6h, 12h, and 24h postinfection) from BMMs infected with H99 (10:1), with or without 1kDa CM35 (10% v/v). (g)
Scheme for transwell infection assay, illustrating the steps taken during the assay. (h, i) Flow cytometry measurement (24 h postinfection)
of intracellular yeast cells in BMMs infected with H99 (2:1), in the upper chamber of a transwell apparatus. In the lower chambers,
BMMs were stimulated with LPS (500 ng/ml) and B3501 or Acap67 (5:1) (g). Alternatively, only yeast cells from B3501 or Acap67 in a
media with LPS (500 ng/ml) were included in the lower chambers (h). Statistical analysis was performed utilizing one-way ANOVA,
where ns: not significant; *P <0.033; **P <0.002; ***P < 0.001. Comparisons were made with the B3501 lower chamber infected group (g).

of different activators. To investigate the molecular identity
of the component affecting the inflammasome, we further
fractionated our media using ultrafiltration devices with
nominal molecular weight cutoffs. From CM35, all these
molecular weights separated inhibited IL-1f secretion with
the exception of the fraction where the high molecular weight
components were removed (>10kDa) (Figure 2(d)), indicat-
ing that molecules below the 1 kDa range are responsible for
inhibition of inflammasome. Since the strongest effect was
achieved with the fractions below 1 kDa, the next assays were
conducted utilizing this small size fraction (<1 kDa CM35),
unless stated otherwise.

3.3. <1kDa CM35 Inhibits Caspase-1 Activation, Promoting
pro-IL-13 Accumulation and Cell Death Inhibition. Canoni-
cal inflammasome activation triggers various processes in
the cell, including, but not limited to, IL-1 maturation and
secretion. In that context, we analyzed other cell processes
related to inflammasome activation, such as intracellular
pro-IL-1p3 cleavage and cellular lysis due to caspase-1-
mediated pyroptosis. When macrophages were treated with
<1kDa CM35, LDH release was largely abrogated, while
treatment with <1 kDa CMCAP or MM resulted in a smaller
inhibition of macrophage cell death (Figure 3(a)), which
again is likely partly explained by the presence of glycine in
the media [69]. <1 kDa CM35 inhibited cell death (as mea-
sured by LDH release) following the same pattern seen for
IL-18 secretion (Figure 3(a)). Regarding pro-IL-1f, the
results showed that macrophages must be primed with LPS
for this cytokine production and that the presence of nigeri-
cin does not alter its intracellular levels, indicating LPS-
dependent production of the inactive IL-1f (Figure 3(b)).
When treated with <1kDa CM35, primed macrophages
exhibited an increase in intracellular pro-IL-1f protein,
while cells treated with MM did not (Figure 3(b)). Surpris-

ingly, treatment with <1kDa CMCAP also induced a high
accumulation of intracellular pro-IL-1f (Figure 3(b)). The
pro-IL-f production might be explained by the fact that
<1kDa CMCAP was the only treatment able to induce pro-
IL-1 production without LPS. Both conditioned media
increased IL-1f (i.e., pro-IL-1f) transcription levels in
primed macrophages, while not similarly inducing nfxb tran-
scription, even after 24 h after LPS stimuli (S2 Fig). <1kDa
CMCAP alone was also able to induce TNF-« secretion by
unprimed macrophages (SIF Fig), corroborating the
assumption that this conditioned media can induce first sig-
naling via NF-xB activation.

Having confirmed that <1kDa CM35 inhibited various
signals related to inflammasome activation, the next step
was to observe inflammasome activation itself, analyzing
the last step in the multiprotein complex assembly: the auto-
cleavage of procaspase-1 into the caspase-1 active form via
flow cytometry (Figures 3(c)-3(f)). Results showed that
primed macrophages treated with <1kDa CM35 decreased
the caspase-1 active form, compared to untreated cells or
cells treated with MM. Moreover, this was independent of
nigericin (Figures 3(c) and 3(d)) or infection with C. neofor-
mans strains (Figures 3(e) and 3(f)). These results are consis-
tent with the finding that <1kDa CM35 inhibits IL-18
secretion, showing that <1kDa CM35 can inhibit inflamma-
some activation induced via different stimuli (i.e., nigericin
and infection with Acap67). Altogether, these results indicate
that <1kDa CM35 decreased inflammasome activation,
including pyroptotic cell death, pro-IL-1p cleavage, the later
stages of caspase-1 activation, and consequently IL-1p3
secretion.

34. <1kDa CM35 Impacts Phagocytic Capacity and
Vomocytosis Events in Interactions between Macrophages
and C. neoformans. Macrophages are critical for defense
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) overnight (18 h). (b, c) BMMs were stimulated with LPS (500 ng/ml) and nigericin (20 4uM), with or without potential inhibitor (10% v/v)
overnight (18 h). Polysaccharides (200ug/mL) extracted from the (c) capsule or secreted in (d) minimal medium were used as inhibitors. (d, e)
BMMs were stimulated with LPS (500 ng/ml) and/or nigericin (20 uM), with or without possible inhibitor (10% v/v) overnight (18 h).
Conditioned medium and minimal media (1kDa CM35, 1kDa CMCAP, and MM) were treated for GXM depletion utilizing capture
ELISA and used as inhibitors (10% v/v) (e). GXM recovered from ELISA was mixed with 1 kDa CM35 and utilized as an inhibitor (10% v/
v) (f). Supernatants were recovered after stimuli and IL-1f3 secretion was quantified using ELISA. Statistical analysis was performed by
one-way ANOVA, where ns: not significant; *P <0.033; **P <0.002; ***P <0.001. Comparisons were made with the (a) 1kDa CM35-

treated group or the (b, ¢) positive control group (LPS+nigericin).

against cryptococcosis [70]. We analyzed if >1kDa CM35
treatment caused a functional impairment of macrophages
when infected with C. neoformans strain H99. We initially
evaluated intracellular fungal burdens in macrophages
when yeast cells were added simultaneously with <1kDa
CM35 or minimal media. Interestingly, none of the treat-

ments impacted fungal intracellular growth in primed
macrophages (Figure 4(a)). However, when macrophages
were primed for 18h with the conditioned medium,
<1kDa CM35 before infection, we observed a significant
reduction in the phagocytic capacity of macrophages
(Figure 4(b)).
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FIGURE 6: ILA is partly responsible for the inhibitory activity of 1 kDa CM35. (a, b) Percentage of cytokine secretion, measured by IL-1f3 (a)
release by BMMs stimulated with LPS+nigericin and the addition of possible inflammasome inhibitors (CM35, PLA, HPLA, and ILA).
Positive group LPS+nigericin was normalized for a 100% cytokine secretion. The numbers below the bars represent the concentration of
the respective metabolite in M, except for 1 kDa CM35 and MM (10% v/v). The graph shows the metabolites alone, followed by double
combinations and a triple combination of all metabolites. The bars represent three independent assays. (b, ¢) BMMs stimulated with LPS
(500 ng/ml) and nigericin (20 uM) or Acap67 (MOI 5:1), with or without inhibitors, were analyzed for caspase-1 activation (FLICA).
1kDa CM35 = conditioned media from C. neoformans B3501; MM =minimal media; PLA = DL-3-Phenyllactic acid; HPLA = DL-p-
Hydroxyphenyllactic acid; ILA = DL-Indole-3-lactic acid. Statistical analysis was made utilizing one-way ANOVA, where ns: not
significant; *P < 0.033; **P <0.002; ***P <0.001. Comparisons were made with 1kDa CM35 group. ns means that the inhibition level
achieved by the metabolites is similar to the inhibition achieved by 1 kDa CM35 (a, b). Comparisons were made with the positive control

(LPS+nigericin or LPS+Acap67) (c, d).

Another important aspect of macrophage-Cryptococcus
interaction is vomocytosis. We analyzed vomocytosis in the
presence of 1kDa CM35. Macrophages were concomitantly
exposed to <1kDa CM35, infected with H99 strain and
treated with fluconazole, an antifungal drug used for extra-
cellular growth control [29, 71]. We stained H99 cells with
Uvitex and allowed macrophages to ingest. If vomocytosis
occurs then that would originate highly fluorescent cells in
the extracellular space as demonstrated previously. Yeast
cells with lower fluorescence were considered to be derived
from extracellular growth (daughter cells). We observed that
macrophages treated with 1 kDa CM35 had a higher percent-
age of extracellular parent cells compared to untreated mac-
rophages (Figures 4(c) and 4(d)). The difference between
groups starts to increase at 12h of infection (P> 0.001),
increasing once again after 24 h while simultaneously intra-
cellular parent yeast cells number showed an inverse pattern,

reducing after 12h of infection in the groups treated with
<1kDa CM35 (Figures 4(e) and 4(f)). Knowing that macro-
phages treated with 1 kDa CM35 present an equal rate of cell
death when compared to untreated cells (Figure 3(a)), the
increase of extracellular cells observed in this assay likely
indicates an increase in vomocytosis rate in the presence of
<1kDa CM35.

To further study the impact of secreted molecules by C.
neoformans strains, in macrophage function, a transwell
assay involving two sequential infections in different cham-
bers physically separated was carried out (Figure 4(g)). After
24h, all yeast cells recovered from the upper chamber
exhibited high GFP fluorescence, indicating no crossing
from yeast cells present in the lower chamber. H99 cells
expressing GFP were used for the infection of the macro-
phages in the upper chamber, while nonfluorescent B3501
or Acap67 was used for infection in the lower chamber. A
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FiGure 7: ILA and HPLA increased fungal survival in Acanthamoeba castellanii and mice experimentally infected. Intracellular growth (CFU
of 3hvs. 24 h postinfection) inside A. castellanii was measured by CFU after treatment with 1 kDa CM35, MM, and ILA associated or not with
PLA and HPLA. (b) The survival curve of C57Bl/6 infected with 1 x 10* H99 strain treated with 1 kDa CM35 or MM during each 5 days
intranasally. (c) The lung fungal burden from C57Bl/e infected with 1x 10* H99 strain treated with 1kDa CM35, MM, or ILA+HPLA
each 5 days intranasal repeated after 15 days postinfection. (d) IL-1 release in lung tissue after 15 days postinfection from C57Bl/e
infected with 1x10* H99 strain treated with 1kDa CM35, MM, or ILA+HPLA each 5 days intranasal repeated. 1kDa
CM35 =conditioned media from C. neoformans B3501; MM =minimal media; PLA =DL-3-Phenyllactic acid; HPLA =DL-p-
Hydroxyphenyllactic acid; ILA =DL-Indole-3-lactic acid. Statistical analysis was made utilizing one-way ANOVA, where ns: not
significant; *P <0.033; **P <0.002; ***P < 0.001. Comparisons were made with the PBS group (a, b). Comparisons were made with the

(c) MM or (d) PBS group.

significantly higher intracellular fungal burden was
observed in macrophages infected with H99 strain in a
chamber vertically adjacent to the bottom chamber con-
taining macrophages infected with B3501 strain compared
to fungal burden when the adjacent chamber contained
macrophages alone or macrophages infected with Acap67
strain or uninfected macrophages (Figure 4(h)). Interest-
ingly, the increase in fungal burden derived by B3501
was not observed when only yeast cells were seeded in
the bottom chambers, i.e., the factor produced by B3501
strain is only produced in a stressed milieu, as in the pres-
ence of macrophages (Figure 4(i)).

Overall, these experiments indicate that <1kDa CM35
secreted by B3501 alters macrophage function such that mac-
rophage antifungal activity is affected, potentially by secret-
ing molecules that inhibit a proinflammatory environment.

3.5. <1kDa CM35 Inhibition Characteristics Indicate That a
Small, Polar, and Nonpolysaccharide Molecule Is Responsible
for the Effects. To further characterize the conditioned
medium, <1kDa CM35 was submitted to autoclaving and
separated into polar and nonpolar soluble fractions. Auto-
claved and polar fraction of CM35 retained its inhibitory
properties (Figure 5(a)). Crude <1kDa CM35 was also
treated with various proteases before its addition to primed
macrophages. None of the treatments eliminated the inhibi-
tion promoted by the conditioned media, and the proteases
themselves also did not significantly alter IL-1J secretion
(data not shown). Overall, the analysis showed that a small,
polar, and heat and protease-resistant molecule (or mole-
cules) resulted in the <1kDa CM35 inhibitory properties.
GXM is a known virulence factor that matches the char-
acteristics possessed by our candidate molecule. While
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generally depicted as a high molecular weight polysaccharide,
this polymer can also exist as lower molecular weight species
[72]. We decided to investigate the role of GXM and GXM-
derived molecules when interacting with activated macro-
phages and in the context of <1kDa CM35 treatment, i.e.,
if we could detect these molecules in macrophages treated
with CM35 below 1 kDa size fraction, but not if treated with
<1kDa CMCAP (S3 Fig). Firstly, polysaccharides derived
from the yeast capsule (Figure 5(b)) or exopolysaccharides
obtained from the culture media (Figure 5(c)) were used to
treat macrophages primed with LPS and nigericin. None of
these treatments were able to significantly reduce IL-18
secretion compared to <1kDa CM35, suggesting that GXM
is not enough to promote inflammasome inhibition.

Similarly, depleting GXM from <1 kDa CM35 using mAb
18B7 capture protocol [59] did not alter IL-1/3 secretion by
activated macrophages (Figure 5(d)). Supporting the hypoth-
esis that GXM is not the candidate molecule, the recovery of
GXM from the coated ELISA plate and enrichment of its
content in the <1kDa CM35 did not significantly affect IL-
1 secretion (Figure 5(e)). Although GXM may be isolated
together with our candidate molecule, these assays indicate
that GXM does not affect inflammasome inhibition seen in
our model.

3.6. DL-p-Hydroxyphenyllactic Acid (HPLA) and DL-Indole-
3-Lactic Acid (ILA) Participate in Inflammasome Inhibition
Property Possessed by <1kDa CM35. Given that GXM did
not interfere in our inflammasome activation model, we pur-
sued the identification of our active candidate molecule by
analyzing <l1kDa CM35 and <1kDa CMCAP using mass
spectrometry. Three candidates met our criteria of being
enriched in CM35 vs. CMCAP, small, polar, and heat and
protease-resistant molecules: DL-3-Phenyllactic acid (PLA),
DL-p-Hydroxyphenyllactic acid (HPLA), and DL-Indole-3-
lactic acid (ILA) (S4 Fig). All three are aromatic metabolites
derived from amino acid metabolism and are produced by
several species of prokaryotes and eukaryotes [73, 74]. Test-
ing these three metabolites separately revealed that ILA,
alone or with HPLA, mimicked the activity of >1kDa
CM35 (Figure 6(a)), and ILA alone or associated with HPLA
inhibited IL1 f3 secretion and did not affect TNF-a secretion
(Figure 6(a)). Notably, ILA alone reduced caspase-1 activa-
tion to levels similar to that achieved with <1kDa CM35
(Figure 6(b)). Interestingly, ILA did not reduce caspase-1
activation when macrophages were activated with Acap67
infection instead of nigericin (Figure 6(c)). This result sug-
gests that ILA may participate in <1kDa CM35 inhibition
properties, but that it is not the single molecule responsible
for this capacity. Hence, it is possible that <1kDa CM35
inhibitory properties are due to a combination of molecules.
At this point, we identify ILA and HPLA as immunomodula-
tory metabolites produced by C. neoformans.

3.7. Conditioned Media Also Promotes Survival of C.
neoformans in Acanthamoeba castellanii and Mouse
Infection. To evaluate the properties of <1 kDa CM35 in pro-
moting C. neoformans survival during infection in other
organisms, A. castellanii were infected with H99 strain of C.
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neoformans and treated or not with <1kDa CM35 or aro-
matic metabolites. The quantification of CFU was performed
24h postinfection and showed a significantly higher fungal
load inside amoebas in the groups treated with <1kDa
CM35 and ILA combined with HPLA, compared to the other
groups (Figure 7(a)), indicating that both ILA+HPLA and
<1kDa CM35 enhance fungal survival inside A. castellanii.
To evaluate if <1kDa CM35 was effectively favoring C. neo-
formans survival and increasing infection in a more complex
host, we treated or not infected mice with <1 kDa CM35 or
MM, each 5 days, and analyzed their survival for 45 days
(Figure 7(b)). Mice treated with MM survived longer than
mice treated with <1kDa CM35, showing that active metab-
olites in <l1kDa CM35 enhance infection. Furthermore,
when infected C57BL/6 mice were treated with <1kDa
CM35 or ILA plus HPLA at two and seven days postinfec-
tion, the fungal load was significantly higher in the lungs of
mice treated with <lkDa CM35 or ILA+HPLA
(Figure 7(c)) compared to the lungs of mice treated with
PBS or MM at 14 days of infection. Contributing to this
result, we found significantly lower levels of IL-1 in the
lungs of mice treated with <1kDa CM35 or ILA+HPLA,
but not with MM (Figure 7(d)).

4. Discussion

The processes by which fungi manipulate the mammalian
immune systems and in particular their interaction with
inflammasome pathways remain unknown. Although the
significant receptors involved and most of the stress signals
required for inflammasome activation are known, the mech-
anisms by which fungal pathogens modulate and/or evade
these responses are still poorly understood, when compared
to its bacterial counterparts. Here, we demonstrate that mol-
ecules secreted by C. neoformans can specifically inhibit the
canonical activation of the inflammasome pathway and
dampen macrophage anticryptococcal activity and mouse
immune response, potentiating fungal survival and growth
during the host-pathogen interaction. Furthermore, we
determined that GXM did not participate in this process,
and we identified one molecule partially responsible for the
effect promoted by the fungal conditioned media.

Inflammasome activation is associated with a proinflam-
matory response, mainly due to its IL-1f and IL-18 process-
ing properties. Both are critical cytokines for macrophage
activation as well as in the development of Th17 and Thl
polarization, respectively [44]. Therefore, inflammasome
activation critically affects Th1/Th17 polarization which is
widely reported as a protective response against pathogenic
fungi. NLRP3 defects are therefore associated with a poor
prognosis upon fungal infection, ranging from severe suscep-
tibility in invasive candidiasis [46] to milder susceptibility to
cryptococcosis [52]. On the other hand, NLRP3 defects have
also been associated with a better prognosis in aspergillosis
associated with cystic fibrosis [75], and these defects had no
impact in chromoblastomycosis [50]. Hence, inflammasome
activation has different effects depending on the fungal path-
ogen and the associated pathologies of the host.
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As the canonical inflammasome scaffold involves various
proteins and downstream signaling, numerous steps can be
inhibited to prevent scaffold formation, thus preventing the
cascade at several steps with different consequences to the
cell activation. A single point of interference is sufficient to
disrupt the entirety of downstream signaling and inflamma-
some function, from receptor activation to caspase autolysis
[76]. Inflammasome activation can also be partially pre-
vented by the use of cytoprotective agents like glycine [69].
Our study demonstrated that conditioned media from C.
neoformans strain B3501 promoted robust inhibition of IL-
1 secretion and complete inhibition of LDH release,
although it had less of an impact on caspase-1 activation.
IL-18 can be secreted by various mechanisms, depending
on the cell status, for example, through membrane pores
formed by Gasdermin D or through cell membrane defects
during pyroptosis [77]. In this model, glycine was not able
to prevent pore formation in immortalized macrophages,
consequently preventing LDH release but not cytokine secre-
tion. Studies also depicted that dying macrophages undergo-
ing pyroptosis were the primary source of IL-1f3 secretion in
an in vitro model, with peritoneal macrophages exhibiting
caspase-1 activation and a cytokine burst that coincided with
the moment of cell death. Interestingly, caspase-1 activation
inhibition prevented IL-1§5 secretion, but it did not alter cell
death events [78, 79]. Taken together, these findings show
that both events can occur independently, even if they are
mostly caspase-1 dependent and depend on the inflamma-
some stimuli, cell type, and inhibition scheme utilized.

In our model, glycine and MM containing glycine damp-
ened IL-1f3 and LDH release if nigericin was used as stimuli
when interacting with the cells for an extended period before
inflammasome activation, but not when inflammasome acti-
vation was promoted by Acap67 infection [69]. Another
interesting feature presented in our inflammasome inhibition
model was the accumulation of pro-IL-1f intracellularly in
cells treated with CM35. It is well characterized that neither
caspase-1 activation nor inhibition has any impact on pro-
IL-1p intracellular levels in activated cells, indicating that
IL-1p translation is stable regardless of whether it is subse-
quently cleaved [80]. One explanation for this stability of
intracellular levels during caspase-1 inhibition is that pro-
IL-1f3, along with other inflammasome unrelated proteins,
are present in the supernatant of necrotic cells undergoing
NLRP3 activation [79]. On the other hand, changes in the
intracellular cytokine reservoir can impact the secretion of
its mature form [81]. In our work, an increase in pro-IL-1p
intracellular levels occurred concomitantly with a decrease
in IL-1$ mature form release, which is not fully explained
by the inhibition seen in caspase-1 activation. One aspect of
our model is that pyroptosis is prevented in the presence of
CM35, suggesting that intracellular proteins are retained
during NLRP3 activation in this group. Furthermore, tran-
scripts of IL-13 were highly expressed in the cells treated with
CM35. Regarding inflammasome inhibition and pro-IL-1,
Folco et al. demonstrated that macrophages primed with
LPS and treated with bafilomycin, a known inhibitor of the
NLRP3-dependent receptor activation, exhibited increased
intracellular levels of this cytokine [82].
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The first studies depicting inflammasome activation by
fungi demonstrated that morphogenesis is important to pro-
mote NLRP3 inflammasome activation; hence, some mor-
photypes of a pathogen can induce a more robust response
than others [48, 83]. C. neoformans is also known to be a
weak inflammasome activator. In this context, GXM has
been considered the main factor for the yeast to evade
inflammasome activation, promoting the evasion of phago-
cytosis and prevention of recognition by extracellular recep-
tors [52-54].

The only well-described direct modulation of the inflam-
masome pathway to date with a focus on fungicidal activity
has been with C. albicans internalized hyphae in which the
secretion of a candidalysin leads to cell piercing, NLRP3
inflammasome activation, and host cell death via pyroptosis
[84-87]. Despite the lack of further published evidence for
fungal inhibition of inflammasome activation, many other
intracellular pathogens, like bacteria and viruses, have well-
described mechanisms for NLRP3 suppression. The human
pathogenic bacteria of the genus Yersinia express a conserved
type III secretion system (T3SS) as a virulence trait, which is
associated with inflammasome activation. This secretion sys-
tem is responsible for the release of effector proteins called
Yersinia outer proteins (Yops), and two Yops can inhibit
inflammasome activation: YopK is related to prevention of
T3SS recognition by NLR receptors [88], and YopM is related
to blockage of pyrin inflammasome activation [89]. Defects
in both effector proteins lead to more robust inflammasome
activation and bacterial clearance, highlighting the impor-
tance of the inhibition promoted by the pathogen. Poxviruses
produce proteins homologous to mammalian proteins
responsible for inflammasome inhibition, known as pyrin
domain-only proteins (POP) and serpins. These viral pro-
teins bind to ASC or caspase domains, preventing proper
inflammasome assembly and activity from promoting the
intracellular survival of the poxvirus [90]. Therefore, it is
not surprising to demonstrate that C. neoformans-derived
molecules can specifically inhibit inflammasome activity,
and it is feasible to hypothesize that other fungal-driven
mechanisms for inflammasome inhibition will be discovered
soon.

While most studies have shown that IL-18 is important
during cryptococcosis, IL-1f itself is sometimes depicted as
unnecessary for host protection [55]. However, a recent
study has shown that IL-1R signaling is essential for a
Th1/Th17 polarization in a chronic infection model, conse-
quentially facilitating fungal clearance by the host [56]. These
data corroborate the importance of the NLRP3 components
during cryptococcosis [52]. We demonstrate that macro-
phages treated with CM35 had a reduced capacity to control
C. neoformans; the secretion of inflammasome-related cyto-
kines is usually accompanied by cell death via pyroptosis.
This cellular lysis releases a high content of proinflammatory
IL-1 family cytokines, therefore activating neighboring cells
thus promoting the maintenance of a proinflammatory envi-
ronment [78]. Overall, inflammasome activation is related to
a more effective response against C. neoformans, eliciting
polarization towards Th1 and promoting antimicrobial mac-
rophage activation; consequently, inhibition of this pathway
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reduces the responsiveness of the macrophages against the
fungus.

The mechanisms and causes of vomocytosis are still
poorly understood, but it is accepted that macrophages
undergo vomocytosis because they cannot control their
intracellular fungal burden [77]. Therefore, macrophages
release the fungus to the extracellular environment instead
of permitting themselves to serve as a protected niche for
cryptococcal replication. Extracellular yeasts are less capable
of evading the immune killing, and therefore, vomocytosis
should lead to milder disease and is considered relatively pro-
tective [91]. Alanio and colleagues demonstrated that the
outcome of human patients was highly correlated with the
intracellular growth rate of virulent strains of C. neoformans
[64], supporting this vomocytosis immune evasion hypothe-
sis. Our results indicate that macrophages treated with CM35
have a higher rate of vomocytosis events, suggesting that the
inhibition in the inflammatory response and pyroptosis pro-
moted by the conditioned media might also enhance vomo-
cytosis as an alternative mechanism to expel fungal burden
to mitigate against host cell death.

ILA is an aromatic metabolite derived from the trypto-
phan pathway. It is produced by a wide variety of organisms
and microorganisms, ranging from soil bacteria to humans
[73, 74]. ILA production in fungi is mostly commonly seen
in endophytic and phytopathogenic species and necessary
for plant tissue colonization [92]. The tryptophan degrada-
tion pathway that leads to ILA production has an intermedi-
ate product denominated indolepyruvate, which is
transformed in ILA as a result of a reduction-oxidation reac-
tion by the NADPH-dependent enzyme indole-3-lactate
dehydrogenase. Although this pathway and responsible
enzymes have not yet been fully annotated in C. neoformans
or C. albicans, the presence of ILA has been observed in con-
ditioned media from both pathogenic yeasts [93]. Zelante
et al. correlated the production of tryptophan catabolites by
mouse gut microbiota, among then ILA, with mucosal pro-
tection from inflammation and resistance in a candidiasis
infection model, which is mediated via IL-22 production
[94].

In recent years, various enzymes and proteins related to
biosynthesis metabolic pathways have been depicted as
important for pathogenesis in cryptococcosis infection
models, especially those associated with glucose metabolism.
Defects in pyruvate and hexose kinases and in acetyl-CoA
production impact virulence traits of the yeast, resulting in
a reduction in host mortality [95, 96]. Nevertheless, our
knowledge regarding aromatic metabolites derived from
amino acid metabolism secreted by C. neoformans and their
impact on the host during infection is severely limited. Nota-
bly, amino acid permeases are essential for the protection of
the yeast when challenged by environmental or host-
promoted stress conditions. C. neoformans mutants with a
defect in these enzymes are less virulence, highlighting the
importance of amino acid uptake during infection [97]. Yeast
cells deficient in a small protein allegedly involved in the
citric acid cycle had a higher expression of amino acids (i.e.,
tryptophan), and the mutant cells were more lethal in mice
compared to wild-type yeast cells [98]. Another interesting
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aspect of this study was the demonstration that the intracel-
lular fungal burden in macrophages infected with the mutant
was only higher in the presence of exogenous NADPH, a
cofactor that is essential to produce ILA from indol-3-
pyruvate [86].

Although there is no report correlating aromatic metabo-
lites and inflammasome inhibition, some small molecules
with structures similar to aromatic metabolites are known
to inhibit inflammasome. Glyburide is one of the most
well-described inhibitors for NLRP3 activation, acting on
ATP-sensitive potassium channels to block potassium efflux,
which prevents inflammasome activation. Glyburide is a sul-
fonylurea drug with aromatic hydrocarbons in its structure
[99]. Interestingly, not all sulfonylurea drugs are able to pre-
vent IL-1f secretion via inflammasome inhibition, and there
are reports of sulfonylurea drugs that prevent inflammasome
activation by mechanisms other than potassium efflux block-
age [100] which we hypothesize may be similar to the effects
of ILA.

5. Conclusions

This work identifies new effects mediated by C. neoformans
wild-type secreted molecules, especially in the ability to mod-
ify the activation of the intracellular inflammasome pathway.
Treating macrophages with conditioned media reduced such
critical functions such as phagocytosis and intracellular kill-
ing in in vitro infection models, suggesting a possible new
mechanism for fungal persistence inside the host. We also
found that the aromatic metabolite ILA mimics the inhibi-
tory properties of CM35. Future studies regarding ILA and
CM35 effects in fungal infection are essential to determine
the detailed mechanism of action, to define where along the
signaling pathway that the inflammasome is being affected
and identifying other molecules that participate in inflamma-
some inhibition. An in-depth analysis of how these molecules
impact cryptococcal infection would significantly enhance
our understanding of cryptococcosis and perhaps lead to
new strategies to prevent and treat C. neoformans disease.
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Supplementary Materials

S1 Fig: CM35, but not CMCAP or minimal media, is able to
reduce IL-1f secretion. Secretion of IL-1f was measured
from BMDMs stimulated with LPS (500 ng/ml) and nigericin
(20 uM), with or without possible inhibitor (10% v/v) over-
night (18h) (A). Secretion of TNF-a was measured from
BMDMs (B), BMMs (C), and DCs (D) stimulated with LPS
(500 ng/ml) and nigericin (20 uM), with or without possible
inhibitor (10% v/v) overnight (18 h). Alternatively, BMDMs
were treated with possible inhibitors overnight (18 h) previ-
ously to stimulation with LPS (500 ng/ml) for 4h (E). TNF-
o release measured from supernatants of BMMs stimulated
with nigericin (20 uM), with or without CMCAP (F). Secre-
tion of IL-18 (G) or TNF-« (H) was measured from BMM:s
stimulated with LPS (500 ng/ml) and nigericin (20 uM), with
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or without possible inhibitor (10% v/v) overnight (18h).
Supernatants were collected after stimulus and cytokines
measured by ELISA technique. CM35 = conditioned media
from B3501; CMCAP = conditioned media from Acap67;
MM =minimal media; CM99 =conditioned media from
H99. Statistical analysis was performed utilizing one-way
ANOVA, where ns: not significant; *P < 0.033; ***P < 0.001
. §2 Fig: CMs induce IL-1 transcription in activated macro-
phages. Transcript levels of IL-18 (A) and Nf-«B (B) from
cDNA extracted from BMMs stimulated with LPS
(500 ng/ml) and/or nigericin (20 uM), with or without poten-
tial inhibitor (10% v/v) overnight (18 h). IL-1/3 or Nf-xB to
GAPDH relative expression was calculated using the 20V
method and normalized to the level of unstimulated BMMs.
Statistical analysis was achieved by one-way ANOVA, where
ns: not significant; *P <0.033; ***P <0.001. Comparisons
were made with the LPS+nigericin group. S3 Fig: GXM
detection in CM samples. (A-C) BMMs interacting with
inhibitors CM35 (A), CM35<1kDa (B), and CMCAP (C).
(D-F) BMMs interacting with CM35 inhibitor before GXM
depletion treatment by capture ELISA (D), after treatment
(E) and enriched with GXM eluted from the ELISA plate
(F). Cells were stained for the nucleus (blue) and GXM
(red). Images were taken in a confocal fluorescence micro-
scope. S4 Fig: mass spectrometry comparative CM analysis.
(A) Heat map based on extracted metabolite significant
intensities from CM35 and CMCAP. (B-D) Comparative
data from each aromatic metabolite detected in the analysis.
(Supplementary Materials)

References

[1] B.J.Park, K. A. Wannemuehler, B. J. Marston, N. Govender,
P. G. Pappas, and T. M. Chiller, “Estimation of the current
global burden of cryptococcal meningitis among persons
living with HIV/AIDS,” AIDS, vol. 23, no. 4, pp. 525-
530, 2009.

[2] R.Rajasingham, R. M. Smith, B. J. Park et al., “Global burden
of disease of HIV-associated cryptococcal meningitis: an
updated analysis,” The Lancet Infectious Diseases, vol. 17,
no. 8, pp. 873-881, 2017.

[3] M. S. Lazera, M. A. S. Cavalcanti, A. T. Londero, L. Trilles,
M. M. Nishikawa, and B. Wanke, “Possible primary ecologi-
cal niche of Cryptococcus neoformans,” Medical Mycology,
vol. 38, no. 5, pp. 379-383, 2000.

[4] D. T. Takahara, M. d. S. Lazera, B. Wanke et al., “First
report on Cryptococcus neoformans in pigeon excreta from
public and residential locations in the metropolitan area of
Cuiab4, state of Mato Grosso, Brazil,” Revista do Instituto
de Medicina Tropical de Sio Paulo, vol. 55, no. 6, pp. 371-
376, 2013.

[5] X.Linand J. Heitman, “The biology of the Cryptococcus neo-
formans species complex,” Annual Review of Microbiology,
vol. 60, no. 1, pp. 69-105, 2006.

[6] X. Lin, “Cryptococcus neoformans: morphogenesis, infection,
and evolution,” Infection, Genetics and Evolution, vol. 9,
no. 4, pp. 401-416, 2009.

[7] T.Sorrell and D. Ellis, “Ecology of Cryptococcus neoformans,”

Revista Iberoamericana de Micologia, vol. 14, no. 2, pp. 42-43,
1997.


http://downloads.hindawi.com/journals/mi/2020/3412763.f1.pdf

Mediators of Inflammation

(8]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

A. Idnurm, Y.-S. Bahn, K. Nielsen, X. Lin, J. A. Fraser, and
J. Heitman, “Deciphering the model pathogenic fungus Cryp-
tococcus neoformans,” Nature Reviews. Microbiology, vol. 3,
no. 10, pp. 753-764, 2005.

T. Mitchell and J. Perfect, “Cryptococcosis in the era of AIDS-
100 years after the discovery of Cryptococcus neoformans,”
Clinical Microbiology Reviews, vol. 8, no. 4, pp. 515-548, 1995.
F. Almeida, J. M. Wolf, and A. Casadevall, “Virulence-associ-
ated enzymes of Cryptococcus neoformans,” Eukaryotic Cell,
vol. 14, no. 12, pp. 1173-1185, 2016.

L. M. Taylor-Smith and R. C. May, “New weapons in the
Cryptococcus infection toolkit,” Current Opinion in Microbi-
ology, vol. 34, pp. 67-74, 2016.

M. L. Rodrigues, E. S. Nakayasu, D. L. Oliveira et al., “Extra-
cellular vesicles produced by Cryptococcus neoformans con-
tain protein components associated with virulence,”
Eukaryotic Cell, vol. 7, no. 1, pp. 58-67, 2008.

D. L. Oliveira, C. G. Freire-de-Lima, J. D. Nosanchuk,
A. Casadevall, M. L. Rodrigues, and L. Nimrichter, “Extracel-
lular vesicles from Cryptococcus neoformans modulate mac-
rophage functions,” Infection and Immunity, vol. 78, no. 4,
pp. 1601-1609, 2010.

P. R. Williamson, “Laccase and melanin in the pathogenesis
of Cryptococcus neoformans,” Frontiers in Bioscience, vol. 2,
no. 5, pp. €99-107, 1997.

J. W. Kronstad, R. Attarian, B. Cadieux et al., “Expanding
fungal pathogenesis: Cryptococcus breaks out of the opportu-
nistic box,” Nature Reviews. Microbiology, vol. 9, no. 3,
pp. 193-203, 2011.

T. R. O'Meara and J. Alspaugh, “The Cryptococcus neofor-
mans capsule: a sword and a shield,” Clinical Microbiology
Reviews, vol. 25, no. 3, pp. 387-408, 2012.

S. Frases, B. Pontes, L. Nimrichter, M. L. Rodrigues, N. B.
Viana, and A. Casadevall, “The elastic properties of the Cryp-
tococcus neoformans capsule,” Biophysical Journal, vol. 97,
no. 4, pp. 937-945, 2009.

O. Zaragoza, M. L. Rodrigues, M. De Jesus, S. Frases,
E. Dadachova, and A. Casadevall, The capsule of the fungal
pathogen Cryptococcus neoformans, vol. 68Elsevier Inc, st
edition, 2009.

T. Kozel and E. Gotschlich, “The capsule of Cryptococcus neo-
formans passively inhibits phagocytosis of the yeast by mac-
rophages,” The Journal of Immunology, vol. 129, pp. 1675-
1680, 1982.

S. M. Levitz and D. J. DiBenedetto, “Paradoxical role of cap-
sule in murine bronchoalveolar macrophage-mediated killing
of Cryptococcus neoformans,” The Journal of Immunology,
vol. 142, no. 2, pp. 659-665, 1989.

A. Vecchiarelli, D. Pietrella, P. Lupo, F. Bistoni, D. C.
Mcfadden, and A. Casadevall, “The polysaccharide capsule
of Cryptococcus neoformans interferes with human den-
dritic cell maturation and activation sular strains of Cryp-
tococcus  neoformans to acti- differentiation , as
documented by the enhance- maturation , indicating a
new pathway by,” Journal of Leukocyte Biology, vol. 74,
no. 3, pp. 370-378, 2003.

C. Monari, E. Pericolini, G. Bistoni, A. Casadevall, T. R.
Kozel, and A. Vecchiarelli, “Cryptococcus neoformansCapsu-
lar glucuronoxylomannan induces expression of Fas ligand in
macrophages,” Journal of Immunology, vol. 174, no. 6,
pp. 3461-3468, 2005.

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

17

C. Monari, F. Bistoni, A. Casadevall et al., “Glucuronoxylo-
mannan, a microbial compound, regulates expression of
costimulatory molecules and production of cytokines in mac-
rophages,” The Journal of Infectious Diseases, vol. 191, no. 1,
pp- 127-137, 2005.

C. Monari, F. Bistoni, and A. Vecchiarelli, “Glucuronoxylo-
mannan exhibits potent immunosuppressive properties,”
FEMS Yeast Research, vol. 6, no. 4, pp. 537-542, 2006.

A. Vecchiarelli, C. Retini, D. Pietrella et al., “Downregulation
by cryptococcal polysaccharide of tumor necrosis factor
alpha and interleukin-1 beta secretion from human mono-
cytes,” Infection and Immunity, vol. 63, pp. 2919-2923, 1995.

A. Vecchiarelli, E. Pericolini, E. Gabrielli et al., “Elucidating
the immunological function of the Cryptococcus neoformans
capsule,” Future Microbiology, vol. 8, no. 9, pp. 1107-1116,
2013.

M. Feldmesser, S. Tucker, and A. Casadevall, “Intracellular
parasitism of macrophages by Cryptococcus neoformans,”
Trends in Microbiology, vol. 9, no. 6, pp. 273-278, 2001.

C. M. Leopold Wager, C. R. Hole, K. L. Wozniak, and F. L.
Wormley, “Cryptococcus and phagocytes: complex interac-
tions that influence disease outcome,” Frontiers in Microbiol-
ogy, vol. 7, 2016.

M. J. Davis, A. J. Eastman, Y. Qiu et al., “Cryptococcus neofor-
mans- induced macrophage lysosome damage crucially con-
tributes to fungal virulence,” Journal of Immunology, vol. 194,
no. 5, pp. 2219-2231, 2015.

K. Voelz and R. C. May, “Cryptococcal interactions with the
host immune system,” Eukaryotic Cell, vol. 9, no. 6,
pp. 835-846, 2010.

S. M. Levitz, S. H. Nong, K. F. Seetoo, T. S. Harrison, R. A.
Speizer, and E. R. Simons, “Cryptococcus neoformans resides
in an acidic phagolysosome of human macrophages,” Infec-
tion and Immunity, vol. 67, no. 2, pp. 885-890, 1999.

L. M. Smith, E. F. Dixon, and R. C. May, “The fungal patho-
genCryptococcus neoformansmanipulates macrophage pha-
gosome maturation,” Cellular Microbiology, vol. 17, no. 5,
pp. 702-713, 2015.

A. S. Gilbert, R. T. Wheeler, and R. C. May, “Fungal patho-
gens: survival and replication within macrophages,” Cold
Spring Harbor Perspectives in Medicine, vol. 5, no. 7,
p. a019661, 2015.

T. B. Kechichian, J. Shea, and M. Del Poeta, “Depletion of
alveolar macrophages decreases the dissemination of a
glucosylceramide-deficient mutant of Cryptococcus neofor-
mans in immunodeficient mice,” Infection and Immunity,
vol. 75, no. 10, pp. 4792-4798, 2007.

M. Alvarez and A. Casadevall, “Phagosome extrusion and
host-cell survival after Cryptococcus neoformans phagocytosis
by macrophages,” Current Biology, vol. 16, no. 21, pp. 2161-
2165, 2006.

H. Ma, J. E. Croudace, D. A. Lammas, and R. C. May, “Expul-
sion of live pathogenic yeast by macrophages,” Current Biol-
0gy vol. 16, no. 21, pp- 2156-2160, 2006.

F. Real, P. T. V. Florentino, L. C. Reis et al., “Cell-to-cell
transfer of Leishmania amazonensis amastigotes is mediated
by immunomodulatory LAMP-rich parasitophorous extru-
sions,” Cellular Microbiology, vol. 16, no. 10, pp. 1549-1564,
2014.

J. M. Bain, L. E. Lewis, B. Okai, J. Quinn, N. A. R. Gow, and
L. P. Erwig, “Non-lytic expulsion/exocytosis of Candida



18

(39]

(40]

(41]

(42]

(43]

[44]

(45]

(46]

(47]

(48]

[49]

(50]

(51]

(52]

(53]

(54]

(55]

albicans from macrophages,” Fungal Genetics and Biology,
vol. 49, no. 9, pp. 677-678, 2012.

T. Bergsbaken, S. L. Fink, and B. T. Cookson, “Pyroptosis:
host cell death and inflammation,” Nature Reviews. Microbi-
ology, vol. 7, no. 2, pp. 99-109, 2009.

T. Bergsbaken, S. L. Fink, A. B. den Hartigh, W. P. Loomis,
and B. T. Cookson, “Coordinated host responses during pyr-
optosis: caspase-1-dependent lysosome exocytosis and
inflammatory cytokine maturation,” Journal of Immunology,
vol. 187, no. 5, pp. 2748-2754, 2011.

L. Jorgensen and E. A. Miao, “Pyroptotic cell death defends
against intracellular pathogens,” Immunological Reviews,
vol. 265, no. 1, pp. 130-142, 2015.

S.K. Vanaja, V. A. K. Rathinam, and K. A. Fitzgerald, “Mech-
anisms of inflammasome activation: recent advances and
novel insights,” Trends in Cell Biology, vol. 25, no. 5,
pp. 308-315, 2015.

F. Martinon, A. Mayor, and J. Tschopp, “The inflamma-
somes: guardians of the body,” Annual Review of Immunol-
0gy, vol. 27, no. 1, pp- 229-265, 2009.

F. L. van de Veerdonk, L. A. B. Joosten, P. J. Shaw et al., “The
inflammasome drives protective Thl and Thl7 cellular
responses in disseminated candidiasis,” European Journal of
Immunology, vol. 41, no. 8, pp. 2260-2268, 2011.

A. H. Tavares, P. H. Biirgel, and A. L. Bocca, “Turning up the
heat: inflammasome activation by fungal pathogens,” PLoS
Pathogens, vol. 11, no. 7, article e1004948, 2015.

O. Gross, H. Poeck, M. Bscheider et al., “Syk kinase signalling
couples to the Nlrp3 inflammasome for anti-fungal host
defence,” Nature, vol. 459, no. 7245, pp. 433-436, 2009.

A. G. Hise, J. Tomalka, S. Ganesan et al., “An essential role for
the NLRP3 inflammasome in host defense against the human
fungal pathogen Candida albicans,” Cell Host ¢ Microbe,
vol. 5, no. 5, pp. 487-497, 2009.

N. Said-Sadier, E. Padilla, G. Langsley, and D. M. Ojcius,
“Aspergillus fumigatus stimulates the NLRP3 inflammasome
through a pathway requiring ROS production and the Syk
tyrosine kinase,” PLoS One, vol. 5, no. 4, article e10008, 2010.
A. H. Tavares, K. G. Magalhées, R. D. N. Almeida, R. Correa,
P. H. Burgel, and A. L. Bocca, “NLRP3 inflammasome activa-
tion by Paracoccidioides brasiliensis,” PLoS Neglected Tropical
Diseases, vol. 7, no. 12, article 2595, 2013.

R. J. A. de Castro, I. M. Siqueira, M. S. Jerénimo et al., “The
major chromoblastomycosis etiologic agent Fonsecaea pedro-
soi activates the NLRP3 inflammasome,” Frontiers in Immu-
nology, vol. 8, p. 8, 2017.

L. Mao, L. Zhang, H. Li et al,, “Pathogenic fungus Micro-
sporum canis activates the NLRP3 inflammasome,” Infection
and Immunity, vol. 82, no. 2, pp. 882-892, 2014.

G. Lei, M. Chen, H. Li et al., “Biofilm from a clinical strain of
Cryptococcus neoformans activates the NLRP3 inflamma-
some,” Cell Research, vol. 23, no. 7, pp. 965-968, 2013.

C. Guo, M. Chen, Z. Fa et al., “Acapsular Cryptococcus neofor-
mans activates the NLRP3 inflammasome,” Microbes and
Infection, vol. 16, no. 10, pp. 845-854, 2014.

M. Chen, Y. Xing, A. Lu et al,, “Internalized Cryptococcus
neoformans activates the canonical caspase-1 and the nonca-
nonical caspase-8 inflammasomes,” Journal of Immunology,
vol. 195, no. 10, pp. 4962-4972, 2015.

J. P. Wang, C. K. Lee, A. Akalin, R. W. Finberg, and S. M.
Levitz, “Contributions of the MyD88-dependent receptors

(56]

(57]

(58]

(59]

(60]

[61]

[62]

[63]

(64]

[65]

[66]

[67]

(68]

Mediators of Inflammation

IL-18R, IL-1R, and TLR9 to host defenses following pulmo-
nary challenge with Cryptococcus neoformans,” PLoS One,
vol. 6, no. 10, article 26232, 2011.

M. Shourian, B. Ralph, I. Angers, D. C. Sheppard, and S. T.
Qureshi, “Contribution of IL-1RI signaling to protection
against Cryptococcus neoformans 52D in a mouse model of
infection,” Frontiers in Immunology, vol. 8, p. 19, 2018.

S. Frases, B. Pontes, L. Nimrichter, N. B. Viana, M. L. Rodri-
gues, and A. Casadevall, “Capsule of Cryptococcus neofor-
mans grows by enlargement of polysaccharide molecules,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 106, no. 4, pp. 1228-1233, 2009.

P. Albuquerque, A. M. Nicola, E. Nieves et al., “Quorum sens-
ing-mediated, cell density-dependent regulation of growth
and virulence in Cryptococcus neoformans,” MBio, vol. 5,
no. 1, article e00986, 2013.

M. L. Rodrigues, L. Nimrichter, D. L. Oliveira et al., “Vesicu-
lar polysaccharide export in Cryptococcus neoformans is a
eukaryotic solution to the problem of fungal trans-cell wall
transport,” Eukaryotic Cell, vol. 6, no. 1, pp. 48-59, 2007.

A. Casadevall, W. Cleare, M. Feldmesser et al., “Characteriza-
tion of a murine monoclonal antibody to Cryptococcus neo-
formans polysaccharide that is a candidate for human
therapeutic studies,” Antimicrobial Agents and Chemother-
apy, vol. 42, no. 6, pp. 1437-1446, 1998.

R. A. Bryan, O. Zaragoza, T. Zhang, G. Ortiz, A. Casadevall,
and E. Dadachova, “Radiological studies reveal radial differ-
ences in the architecture of the polysaccharide capsule of
Cryptococcus neoformans,” Eukaryotic Cell, vol. 4, no. 2,
pp. 465-475, 2005.

L. Nimrichter, S. Frases, L. P. Cinelli et al., “Self-aggregation
of Cryptococcus neoformans capsular glucuronoxylomannan
is dependent on divalent cations,” Eukaryotic Cell, vol. 6,
no. 8, pp. 1400-1410, 2007.

G. d. S. Araujo, F. L. Fonseca, B. Pontes et al., “Capsules from
pathogenic and non-pathogenic Cryptococcus spp. manifest
significant differences in structure and ability to protect
against phagocytic cells,” PLoS One, vol. 7, no. 1, article
€29561, 2012.

A. Alanio, M. Desnos-Ollivier, and F. Dromer, “Dynamics of
Cryptococcus neoformans-macrophage interactions reveal
that fungal background influences outcome during crypto-
coccal meningoencephalitis in Humans,” MBio, vol. 2,
no. 4, pp. 1-10, 2011.

Y.-M. Kim, B. J. Schmidt, A. S. Kidwai et al., “Salmonella
modulates metabolism during growth under conditions that
induce expression of virulence genes,” Molecular BioSystems,
vol. 9, no. 6, pp- 1522-1534, 2013.

K. Hiller, J. Hangebrauk, C. Jager, J. Spura, K. Schreiber, and
D. Schomburg, “MetaboliteDetector: comprehensive analysis
tool for targeted and nontargeted GC/MS based metabolome
analysis,” Analytical Chemistry, vol. 81, no. 9, pp. 3429-3439,
2009.

T. Kind, G. Wohlgemuth, D. Y. Lee et al,, “FiehnLib: mass
spectral and retention index libraries for metabolomics based
on quadrupole and time-of-flight gas chromatography/mass
spectrometry,” Analytical Chemistry, vol. 81, no. 24,
pp. 10038-10048, 2009.

J. Xia, I. V. Sinelnikov, B. Han, and D. S. Wishart, “MetaboA-
nalyst 3.0—making metabolomics more meaningful,” Nucleic
Acids Research, vol. 43, no. W1, pp. W251-W257, 2015.



Mediators of Inflammation

[69]

(70]

(71]

(72]

(73]

(74]

(75]

[76]

(77]

(78]

[79]

(80]

(81]

(82]

(83]

S.L. Fink and B. T. Cookson, “Caspase-1-dependent pore for-
mation during pyroptosis leads to osmotic lysis of infected
host macrophages,” Cellular Microbiology, vol. 8, no. 11,
pp. 1812-1825, 2006.

A. C. Herring, J. Lee, R. A. McDonald, G. B. Toews, and G. B.
Huffnagle, “Induction of interleukin-12 and gamma inter-
feron requires tumor necrosis factor alpha for protective
T1-cell-mediated immunity to pulmonary Cryptococcus neo-
formans infection,” Infection and Immunity, vol. 70, no. 6,
Pp. 2959-2964, 2002.

E. W. van Etten, N. E. van de Rhee, K. M. van Kampen, and
I. A. J. M. Bakker-Woudenberg, “Effects of amphotericin B
and fluconazole on the extracellular and intracellular growth
of Candida albicans,” Antimicrobial Agents and Chemother-
apy, vol. 35, no. 11, pp. 2275-2281, 1991.

D. C. McFadden, M. de Jesus, and A. Casadevall, “The
physical properties of the capsular polysaccharides from
Cryptococcus neoformans suggest features for capsule con-
struction,” The Journal of Biological Chemistry, vol. 281,
no. 4, pp. 1868-1875, 2006.

1. Morita, M. Kawamoto, and H. Yoshida, “Difference in the
concentration of tryptophan metabolites between maternal
and umbilical foetal blood,” Journal of Chromatography. B,
Biomedical Sciences and Applications, vol. 576, no. 2,
pp. 334-339, 1992.

S. Gilbert, J. Xu, K. Acosta, A. Poulev, S. Lebeis, and E. Lam,
“Bacterial production of indole related compounds reveals
their role in association between duckweeds and endo-
phytes,” Frontiers in Chemistry, vol. 6, p. 265, 2018.

S. Moretti, S. Bozza, V. Oikonomou et al., “IL-37 inhibits
inflammasome activation and disease severity in murine
aspergillosis,” PLoS Pathogens, vol. 10, no. 11, article
€1004462, 2014.

H. H. Shen, Y. X. Yang, X. Meng et al., “NLRP3: a promising
therapeutic target for autoimmune diseases,” Autoimmunity
Reviews, vol. 17, no. 7, pp. 694-702, 2018.

C. L. Evavold, J. Ruan, Y. Tan, S. Xia, H. Wu, and J. C. Kagan,
“The pore-forming protein gasdermin D regulates
interleukin-1 secretion from living macrophages,” Immunity,
vol. 48, no. 1, pp. 35-44.e6, 2018.

T. Liu, Y. Yamaguchi, Y. Shirasaki et al., “Single-cell imaging
of caspase-1 dynamics reveals an all-or-none inflammasome
signaling response,” Cell Reports, vol. 8, no. 4, pp. 974-982,
2014.

S. P. Cullen, C. J. Kearney, D. M. Clancy, and S. J. Martin,
“Diverse activators of the NLRP3 inflammasome promote
IL-1p3 secretion by triggering necrosis,” Cell Reports, vol. 11,
no. 10, pp. 1535-1548, 2015.

J. M. Sanz and F. D. Virgilio, “Kinetics and mechanism of
ATP-dependent IL-1p release from microglial cells,” Journal
of Immunology, vol. 164, no. 9, pp. 4893-4898, 2000.

Z. Zastona, E. M. Pélsson-McDermott, D. Menon et al., “The
induction of pro-IL-18 by lipopolysaccharide requires
endogenous prostaglandin E2Production,” Journal of Immu-
nology, vol. 198, no. 9, pp. 3558-3564, 2017.

E.]J. Folco, G. K. Sukhova, T. Quillard, and P. Libby, “Moder-
ate hypoxia potentiates interleukin-1$ production in acti-
vated human macrophages,” Circulation Research, vol. 115,
no. 10, pp. 875-883, 2014.

S.-C. Cheng, F. L. van de Veerdonk, M. Lenardon et al., “The
dectin-1/inflammasome pathway is responsible for the

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

19

induction of protective T-helper 17 responses that discrimi-
nate between yeasts and hyphae of Candida albicans,” Jour-
nal of Leukocyte Biology, vol. 90, no. 2, pp. 357-366, 2011.
M. Wellington, K. Koselny, F. S. Sutterwala, and D. J. Krysan,
“Candida albicans triggers NLRP3-mediated pyroptosis in
macrophages,” Eukaryotic Cell, vol. 13, no. 2, pp. 329-340,
2014.

L. Kasper, A. K6nig, P.-A. Koenig et al., “The fungal peptide
toxin Candidalysin activates the NLRP3 inflammasome and
causes cytolysis in mononuclear phagocytes,” Nature Com-
munications, vol. 9, no. 1, p. 4260, 2018.

T. R. O’Meara, K. Duah, C. X. Guo et al,, “High-through-
put screening identifies genes required forCandida albican-
sInduction of macrophage pyroptosis,” MBio, vol. 9, no. 4,
2018.

S. Vylkova and M. C. Lorenz, “Phagosomal neutralization by
the fungal pathogen Candida albicans induces macrophage
pyroptosis,” Infection and Immunity, vol. 85, no. 2, 2017.

I. E. Brodsky, N. W. Palm, S. Sadanand et al., “A Yersinia
effector protein promotes virulence by preventing inflamma-
some recognition of the type III secretion system,” Cell Host
& Microbe, vol. 7, no. 5, pp. 376-387, 2010.

D. Ratner, M. P. A. Orning, M. K. Proulx et al., “The Yersi-
nia pestis effector YopM inhibits pyrin inflammasome acti-
vation,” PLoS Pathogens, vol. 12, no. 12, article e1006035,
2016.

D.J. Taxman, M. T.-H. Huang, and J. P.-Y. Ting, “Inflamma-
some inhibition as a pathogenic stealth mechanism,” Cell
Host & Microbe, vol. 8, no. 1, pp. 7-11, 2010.

A. S. Gilbert, P. I. Seoane, P. Sephton-Clark et al., “Vomocy-
tosis of live pathogens from macrophages is regulated by the
atypical MAP kinase ERKS5,” Science Advances, vol. 3, no. 8,
article e1700898, 2017.

M. Hilbert, L. M. Voll, Y. Ding, ]. Hofmann, M. Sharma, and
A. Zuccaro, “Indole derivative production by the root endo-
phyte Piriformospora indicais not required for growth pro-
motion but for biotrophic colonization of barley roots,” The
New Phytologist, vol. 196, no. 2, pp. 520-534, 2012.

M. Gunasekaran, “Synthesis of tryptophol and indolelactic
acid by Cryptococcus neoformans,” Mycologia, vol. 72, no. 3,
p. 578, 1980.

T. Zelante, R. G. Iannitti, C. Cunha et al., “Tryptophan catab-
olites from microbiota engage aryl hydrocarbon receptor and
balance mucosal reactivity via interleukin-22,” Immunity,
vol. 39, no. 2, pp- 372-385, 2013.

G. Hu, P.-Y. Cheng, A. Sham, J. R. Perfect, and J. W. Kron-
stad, “Metabolic adaptation in Cryptococcus neoformans dur-
ing early murine pulmonary infection,” Molecular
Microbiology, vol. 69, no. 6, pp. 1456-1475, 2008.

M. S. Price, M. Betancourt-Quiroz, J. L. Price et al., “Crypto-
coccus neoformans requires a functional glycolytic pathway
for disease but not persistence in the host,” MBio, vol. 2,
no. 3, 2011.

K. F. C. Martho, A. T. de Melo, J. P. F. Takahashi et al,,
“Amino acid permeases and virulence in Cryptococcus neo-
formans,” PLoS One, vol. 11, no. 10, article e0163919,
2016.

E. E. McClelland, U. A. Ramagopal, J. Rivera et al., “A small
protein associated with fungal energy metabolism affects the

virulence of Cryptococcus neoformans in mammals,” PLoS
Pathogens, vol. 12, no. 9, article e1005849, 2016.



20

[99]

[100]

D. G. Perregaux, P. McNiff, R. Laliberte et al., “Identification
and characterization of a novel class of interleukin-1 post-
translational processing inhibitors,” The Journal of Pharma-
cology and Experimental Therapeutics, vol. 299, no. 1,
pp. 187-197, 2001.

R. C. Coll, A. A. B. Robertson, J. J. Chae et al., “A small-
molecule inhibitor of the NLRP3 inflammasome for the treat-

ment of inflammatory diseases,” Nature Medicine, vol. 21,
no. 3, pp. 248-255, 2015.

Mediators of Inflammation



Hindawi

Mediators of Inflammation

Volume 2020, Article ID 9278931, 10 pages
https://doi.org/10.1155/2020/9278931

Research Article

Hindawi

Involvement of the Inflammasome and Th17 Cells in Skin
Lesions of Human Cutaneous Leishmaniasis Caused by
Leishmania (Viannia) panamensis

K. Gonzalez ®,"? J. E. Calzada,'” C. E. P. Corbett,” A. Saldafia,"* and M. D. Laurenti ©>

IDepartamento de Parasitologia Molecular, Instituto Conmemorativo Gorgas de Estudios de la Salud, Ave. Justo Arosemena,
Calidonia, 0816-02593 Panama City, Panama
Departamento de Patologia, Laboratorio de Patologia de Moléstias Infecciosas, Faculdade de Medicina, Universidade de Sao Paulo,
Ave. Doutor Arnaldo 455, 01246-903 Séo Paulo Cerqueira César, Brazil
*Facultad de Medicina Veterinaria, Universidad de Panamd, Campus Harmodio Arias Madrid, Av. Juan Pablo II, Albrook,
Panama City, Panama
“Centro de Investigacion y Diagndstico de Enfermedades Parasitarias, Facultad de Medicina, Universidad de Panamd, Ave. Octavio
Meéndez Pereira, Panama City, Panama

Correspondence should be addressed to M. D. Laurenti; mdlauren@usp.br
Received 6 July 2020; Revised 24 July 2020; Accepted 19 September 2020; Published 28 October 2020
Academic Editor: Young-Su Yi

Copyright © 2020 K. Gonzalez et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Localized cutaneous leishmaniasis (LCL) caused by Leishmania (Viannia) panamensis is an endemic disease in Panama. This
condition causes ulcerated skin lesions characterized by a mixed Th1/Th2 immune response that is responsible for disease
pathology. However, the maintenance of the in situ inflammatory process involves other elements, such as Th17 and
inflammasome responses. Although these processes are associated with parasite elimination, their role in the increase in disease
pathology cannot be discarded. Thus, the role in Leishmania infection is still unclear. In this sense, the present study aimed at
characterizing the Th17 and inflammasome responses in the skin lesions of patients with LCL caused by L. (V.) panamensis to
help elucidate the pathogenesis of this disease in Panama. Thl7 and inflammasome responses were evaluated by
immunohistochemistry (IHQ) in 46 skin biopsies from patients with LCL caused by L. (V.) panamensis. The Th17 immune
response was assessed using CD3, CD4, RoRyt, IL-17, IL-6, IL-23, and TGF-f1 antibodies, and the inflammasome response was
assessed by IL-1f3, IL-18, and caspase-1 antibodies. The presence of the Th17 and inflammasome responses was evidenced by a
positive reaction for all immunological markers in the skin lesions. An inverse correlation between the density of amastigotes
and the density of RoRyt", IL-17%, IL-18", and caspase-1* cells was observed, but no correlation between Th17 and the
inflammasome response with evolutionary disease pathology was reported. These data showed the participation of Th17 cells
and the inflammasome in the inflammatory response of the skin lesions of LCL caused by L. (V.) panamensis infection. These
results suggest a role in the control of tissue parasitism of IL-17 and the activation of the NLRP3 inflammasome dependent on
IL-18 but cannot exclude their role in the development of disease pathology.

1. Introduction

Cutaneous leishmaniasis (CL) caused by Leishmania (Vian-
nia) panamensis is an endemic disease in Panama [1, 2].
The most prevalent clinical manifestation is ulcerated skin
lesions, and a small percentage of patients develop mucosal
leishmaniasis (ML) concomitantly with or after CL, leading

to tissue damage and occasionally disfiguring facial lesions
[1, 3]. Tissue damage in murine and human leishmaniasis
has been associated with the exacerbated response of
cytokines such as IL-17, IL-1, and TNFa, especially in L.
(V.) braziliensis infection [4-6]. IL-17 is principally
produced by Th17 cells [7, 8], and IL-1 has been related to
the differentiation of Th17 cells [9, 10] and inflammasome
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activation [11-13]. Recently, the participation of Th17 cells
and the inflammasome in the immune response against
Leishmania spp. have been described [6, 12, 14, 15]. Both
factors promote the activation of inflammatory processes in
infections by Leishmania sp. [12, 16, 17], and they seem to
have a different role depending on the species of the parasite
[13,15, 16, 18]. Th17 cells play an important role in eliminat-
ing pathogens that are not adequately destroyed by Thl cells
[8, 18]. However, Th17 may play an ambiguous role in leish-
maniasis since, in visceral disease, they are associated with
parasite elimination, and in CL, they are related to the exac-
erbation of cutaneous lesions and consequently the patho-
genesis of the disease [15, 18]. In a murine study with L.
(L.) major and in human infection with L. (V.) braziliensis,
the effect of Th17 cells was related to the progression of leish-
maniasis [5, 6]. In contrast, other studies of L. (V.) panamen-
sis and L. (V.) braziliensis correlated Th17 cells with control
and elimination of the parasite [15, 19].

In addition to activation of Th17 cells in response to
Leishmania sp. infection, we observed activation of the
inflammasome that contributes to the inflammatory process
at the site of infection. Inflammasomes are multiprotein
complexes assembled in the cytoplasm of innate immune
cells that regulate the processing of caspase-1 to activate pro-
inflammatory cytokines such as IL-1f3 and IL-18 in response
to microbial molecules or stress signals [11, 12, 20, 21]. The
NLRP3 inflammasome is the best characterized inflamma-
some and is composed of the sensor (NLR protein NLRP3)
[12, 22], the adapter protein ASC [20], and the inflammatory
caspase-1 [11, 23]. Among inflammatory caspases, caspase-1
is the most studied, and its catalytic activity is strongly regu-
lated by the signal-dependent autoactivation of the inflam-
masome that mediates caspase-1-dependent processing of
cytokines, such as IL-1f3 [11]. Several studies have reported
that the NLRP3 inflammasome is activated by Leishmania
spp. and plays an important role in the outcome of the infec-
tion [13, 24-27]. The ambiguous role of the inflammasome in
the immune response against Leishmania sp. has been
described [13, 16, 24, 28]. An experimental study in a murine
model infected with L. amazonensis, L. braziliensis, and L.
infantum chagasi showed that IL-1f production derived
from the activation of the NLRP3 inflammasome led to host
resistance to infection by the production of nitric oxide (NO)
[13]. In contrast, activation of the NLRP3 inflammasome and
production of IL-1f led to an increase in the pathology of
murine infection by L. braziliensis [16].

Despite the increasing knowledge of the immunopatholog-
ical mechanisms that contribute to disease progression, the role
of Th17 and the inflammasome during L. (V.) panamensis
infection remains unclear. Therefore, in this study, we evalu-
ated the Th17 and inflammasome responses in the skin lesions
of patients with LCL caused by L. (V.) panamensis to better
understand their roles in the immune response against this
species of parasite in Panama County, where studies are rare.

2. Materials and Methods

2.1. Study Design. Samples of skin biopsies (n=46) from
patients with positive laboratory and clinical diagnoses of
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LCL were analysed. The samples were collected at the Clinica
de Medicina Tropical of the Instituto Conmemorativo
Gorgas de Estudios de la Salud (ICGES), Panama, between
January and December 2012. All patients were adults without
previous treatment for leishmaniasis and agreed, freely and
voluntarily, to participate in the study by providing informed
consent. Samples were taken under local anaesthesia and
asepsis [29] and analysed by immunohistochemistry at the
Laboratorio de Patologia de Moléstias Infecciosas, Universi-
dade de Sao Paulo, Brazil. Leishmania infection was con-
firmed by direct microscopic observation of amastigotes in
Giemsa staining and/or isolation of promastigotes in Schnei-
der’s medium from skin scrape samples [29]. The Leish-
mania species was assessed by polymerase chain reaction
by KDNA PCR as previously described [30] and character-
ized as L. (V.) panamensis by PCR-Hsp70/RFLP [31]. After
diagnosis, all patients were treated with 20 mg/kg/day of
intramuscular glucantime according to the Panamanian
guidelines for leishmaniasis control [32].

2.2. Ethical Statements. This study was approved by the
National Committee of Bioethics of Research of the Gorgas
Memorial Institute of Health Studies, Panama, and by the
Ethics of Research Committee of the Faculty of Medicine of
the University of Sdo Paulo, Brazil, under protocol number
141/13. All the participants signed an informed consent form
and voluntarily agreed to participate in the study.

3. Sample Collection and
Immunochistochemistry Assay

3.1. Biopsy Collection. The biopsy samples were taken from
the outer edge of the ulcer with a 4 mm Harris punch (What-
man International, Ltd.; UK), followed by the application of
local anaesthesia and asepsis [33, 34].

3.2. Histopathological Processing. All samples were fixed in
10% buffered formalin and processed within a period of no
more than 48 hours to dispose of the paraffin tissue block.
All tissue samples were dehydrated, cleared, embedded in
paraffin, cut into 4-5um thick sections, and prepared for
analysis by immunohistochemistry [34-36]. The lesion sec-
tions were characterized microscopically based on the histo-
logical alterations found in the epidermis and the dermis to
correlate with the different markers used to analyse the
Th17 and inflammasome responses. The results of the histo-
pathological findings were described in a previous study [37].

3.3. Immunohistochemistry. The in situ Th17 inflammatory
immune response was assessed by immunohistochemistry
using anti-IL-6, anti-IL-23, anti-RoRyt, and anti-CD4 mono-
clonal antibodies and anti-IL-17, anti-TGF- 81, and anti-CD3
polyclonal antibodies. The participation of the inflamma-
some was assessed by immunohistochemistry using anti-IL-
1B, anti-IL-18, and anti-caspase-1 polyclonal antibodies.
Hyperimmune serum from a mouse chronically infected
with L. (L.) amazonensis produced in the Laboratory of
Pathology of Infectious Diseases was used to confirm tissue
parasitism. The histological sections were deparaffinized in
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xylene for 15 minutes, followed by hydration with a descend-
ing series of alcohols. Endogenous peroxidase was blocked
with 3% hydrogen peroxide solution (88597, Sigma-Aldrich,
USA). Antigen retrieval for the IL-17 and CD4 markers was
conducted using 1 mM EDTA buffer at pH 8.0, for the IL-
18 marker was conducted with 10 mM Tris/l mM EDTA at
pH9.0, and for the other markers was conducted with
10mM citrate buffer at pH 6.0, all in a boiling water bath.
Then, primary antibodies were added to the tissues in the fol-
lowing dilutions: anti-Leishmania (mouse hyperimmune
serum) [38] diluted at 1:1000, anti-CD3 (A0452, DakoCyto-
mation, USA), and anti-CD4 (NC-L-CD4-1F6, Novocastra,
Leica, USA) diluted at 1:50; anti-IL-6 (SC-130326, Santa
Cruz Biotechnology, USA) diluted at 1:100; anti-TGF-f1
(V: SC-146, Santa Cruz Biotechnology, USA) diluted at
1:200; anti-IL-17 (H-132: SC-7927, Santa Cruz Biotechnol-
ogy, USA) diluted at 1:200; anti-RoRyt (MABF81, 6F3.1,
Sigma-Aldrich, USA) diluted at 1:2000; anti-IL-23 (C-3:
SC-271279, Santa Cruz Biotechnology, USA) diluted at
1:2500; anti-IL-18 (ab2105, Abcam, UK) diluted 1:300;
anti-caspase-1 (G6231-3D2, Sigma-Aldrich, USA) diluted at
1:500; and anti-IL-18 (ab68435, Abcam, UK) diluted at
1:1500. As a negative control, a solution containing
phosphate-buffered saline (PBS) and bovine serum albumin
(A9647-BSA, Sigma-Aldrich, St. Louis, MO, USA) with the
omission of a primary antibody was used, and human amyg-
dala was employed to standardize the reactions. The slides
were incubated in a humidified chamber overnight at 4°C.
For all markers, the Novolink kit (RE7280-K-Novovastra,
Leica, IL, USA) was used. The chromogenic substrate DAB
+ H,0, (K0690-diaminobenzidine with hydrogen peroxide,
DakoCytomation, CO, USA) was added to the tissue, incu-
bated for 5 minutes, and counterstained with eosin (Sigma-
Aldrich, St. Louis, MO, USA) for anti-RoRyt antibody and
Harris haematoxylin (VWR International, PA, USA) for the
other antibodies. Finally, the slides were dehydrated in a
series of ascending alcohols and mounted with Permount
(SP15-500, Fisher Scientific, Waltham, MA, USA) and glass
coverslips. Ten skin samples from healthy adult individuals
undergoing plastic surgery without current or previous diag-
nosis of leishmaniasis or any dermatological infection were
included as controls.

3.4. Quantitative Analysis of Immunostained Cells. Sequential
images were obtained using an optical microscope coupled to
the microcomputer, and quantification of immunostained
cells was performed using the AxioVision 4.8.2 software
(Zeiss, San Diego, CA, USA). The images were obtained in
the dermis where the inflammatory infiltrate was observed.
Ten microscopic fields of each histological section for the
different markers were photographed using a 40x objective.
Cells were quantified according to cell morphology and
brown immunostaining, and cellular density (number of cells
per square millimetre) was determined by the ratio of the
immunolabeled cells to the area of each image.

3.5. Statistical Analysis. The GraphPad Prism 5.0 software
(GraphPad Software, San Diego, CA, USA) was used for the
statistical analysis of the results. For analysis of the differ-

ences between the groups, a t test was performed for data
with a Gaussian distribution, and the Mann-Whitney test
was used for data with a non-Gaussian distribution. For
correlation of different markers, Pearson’s correlation test
was performed for data with a Gaussian distribution and
Spearman’s correlation test for data with a non-Gaussian dis-
tribution. Graphics were made using the Origin 8.0 pro-
gramme (OriginLab Corporation, Northampton, MA, USA).

4. Results

4.1. Patient Profile. Forty-six samples from patients with LCL
were analysed. Patients came from areas known to be
endemic for leishmaniasis in Panama, and most of them were
male (72%). The mean age was 33 years, ranging between 21
and 72 years. The median lesion number was 2, ranging
between 1 and 8 lesions, with an average of 35 days for the
time of evolution, varying from 10 to 90 days. The majority
of patients (65%) had lesions with an evolution time < 30
days. Forty-three percent of the patients had ulcerated
lesions. The lesions were distributed mostly in the upper
extremities (63%), followed by the lower extremities (18%),
face/neck (10%), back (5%), and abdomen (4%). All parasites
isolated from the skin lesions were characterized as L. (V.)
panamensis by PCR-Hsp70/RFLP.

4.2. Evaluation of the In Situ Thl7 Immune Response. To
analyse the Th17 immune response in the skin lesions of
the patients with LCL caused by L. (V.) panamensis, we
assessed the CD3, CD4, RoRyt, IL-17, IL-6, TGF-p, and IL-
23 markers by immunohistochemistry (see Figure 1). The
cellular densities (mean + the standard error) of these
markers were 2593.00 + 112.00 cells/mm? for CD3", 914.50
+51.76 cells/mm? for CD4", 229.20 + 13.49 cells/mm? for
RoRyt*, 859.80 + 70.66 cells/mm? for IL-17*, 132.20 +9.50
cells/mm” for TGE-B*, 273.20 + 15.89 cells/mm? for IL-6%,
and 669.80 +34.73 cells/mm? for IL-23" (see Table 1). The
density of different markers observed in the skin biopsies
from individuals infected with L. (V.) panamensis was higher
than that observed in healthy skin (p < 0.0001) (see Table 1).

Considering the time of infection (<30 days versus
>30 days), gender (male versus female), or histopathological
tissue response (granulomas versus nongranuloma reaction
and presence versus absence of ulcer), no significant differ-
ence was observed between the markers used to analyse the
Th17 immune response (p > 0.05).

According to the linear correlation analysis between the
evaluated markers, we observed a positive correlation
between RoRyt" and CD4" (moderate: p = 0.519; p < 0.0001),
IL-17* (weak: p=0.362; p=0.01), IL-6" (weak: p=0.453;
p=0.002), and TGF-B8" (weak: p=0.334; p=0.02) (see
Figure 2). In addition, there was a positive correlation
between IL-17" and IL-23" (weak: p = 0.409; p = 0.006) and
CD3" (weak: p = 0.314; p = 0.03) (see Figure 3) and a positive
correlation between TGF-B* and IL-6" (moderate: p = 0.541;
P <0.0001). Although not statistically significant, an inverse
correlation was observed between the density of amastigotes
and the density of RoRyt" (p =-0.213; p > 0.05) and IL-17"
cells (p=—-0.200; p > 0.05) (see Figure 4).
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FiGure 1: Immunohistochemistry of the skin sections from the patients with LCL; brown CD4" cells (a), RoRyt™ cells (b), IL-17" cells (c), IL-
23" cells (d), IL-6" cells (e), and TGF-S" (f) cells can be observed. The red arrow shows positive cells.

TaBLE 1: Mean and standard error of the cellular densities
(cellsymm?) of the different markers used to evaluate the Th17
immune response in the skin lesions of the patients with localized
cutaneous leishmaniasis (LCL) caused by L. (V.) panamensis and
in healthy skin.

Antibody ]ESI; 11{61;1 He&ltil}; (i(m p value

CD3 2593.00 £ 112.00 37.30+8.13 p<0.0001
CD4 914.50 £ 51.76 46.25+11.55 p<0.0001
RoRyt 229.20 £ 13.49 0.10+0.01 p<0.0001
1L-17 859.80 + 70.66 18.64 +5.03 p<0.0001
IL-6 273.20 £ 15.89 7.31+2.14 p<0.0001
TGEF-B 132.20 £9.50 0.10£0.01 p<0.0001
IL-23 669.80 + 34.73 0.10£0.01 p<0.0001

4.3. Evaluation of Inflammasomes in the In Situ Immune
Response against L. (V.) panamensis. The markers IL-1p,
IL-18, and caspase-1 were assessed to evaluate the participa-
tion of the canonical NLRP3 inflammasome in the immune
response against L. (V.) panamensis infection (see
Figure 5). The cellular density (mean + the standard error)
of IL-1B8" was 645.90 + 72.33 cells/mm”, that of IL-18" was
73.45 + 8.84 cells/mm” and that of caspase-1* was 485.00 +
64.17 cells/mm? (see Table 2). The cellular density of these
markers was higher in the skin sections of the L. (V.) pana-
mensis-infected patients than the control skin sections
(p <0.0001) (see Table 2).

Considering the time of infection (<30 days versus >30
days), gender (male versus female), and histopathological tis-
sue response (granulomas versus nongranuloma reaction
and presence versus absence of ulcer), no significant differ-
ence was observed in the cellular densities of IL-1f3, IL-18,
and caspase-1 (p > 0.05).
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FIGURE 5: Immunohistochemistry of the skin sections from the patients with LCL showing brown IL-18" cells (a), IL-18" cells (b), and

caspase-1" cells (c). The red arrow indicates positive cells.

TaBLE 2: Mean and standard error of the cellular densities
(cellsymm?) of the different markers used to evaluate the
inflammasome response in the skin lesions of the patients with
localized cutaneous leishmaniasis (LCL) caused by L. (V.)
panamensis and in healthy skin.

LCL skin Healthy skin

Antibody 46 n=10 p value

IL-18 645.90 +£72.33 0.10 £0.01 p<0.0001
IL-18 73.45+8.84 0.10 £0.01 p<0.0001
Caspase-1 485.00 + 64.17 0.10£0.01 p<0.0001

A positive correlation was observed between caspase-1
and IL-13 (strong: p=0.679; p < 0.0001) as well as between
caspase-1 and IL-18 (moderate: p =0.600; p <0.0001) and
between IL-1f and IL-18 (weak: p=0.483; p=0.003) (see
Figure 6). Although not statistically significant, an inverse
correlation was observed between the density of amastigotes
and the cellular density of IL-13" (p=—0.020; p > 0.05) and
caspase-1" cells (p =—-0.010; p > 0.05) (see Figure 7).

5. Discussion

Recent studies have shown the participation of Th17 cells
and the inflammasome in the immune response against
Leishmania sp. infection. Both factors contribute to the pro-
duction of proinflammatory cytokines by favouring the
inflammatory response at the site of infection [6, 12, 14,
15]. Among the proinflammatory cytokines, IL-1 is related
to the differentiation of Th17 cells and the activation of the
inflammasome [9-13]. Th17 (RoRyt) cells produce IL-17
[8, 39], whose main function is the induction of tissue inflam-
mation and protection of the host against pathogens [8]. The
present study showed the presence of CD4", RoRyt", and
IL-17* cells, as evidenced by immunohistochemistry, and
the linear correlation analysis of these data showed a posi-
tive correlation among these markers, suggesting the pres-
ence of Th17 cells (CD4"RoRyt") producing IL-17 in the
skin biopsies of the patients with LCL caused by L. (V.)
panamensis. The cellular density of IL-17" cells was greater
than the density of RoRyt" cells, indicating that other cells
could produce this cytokine in the cutaneous lesions.
According to the literature, most IL-17 produced in the
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CL is mainly from TCD4"RoRyt" cells; however, IL-17 can
also be secreted by other cell types, such as TCD8, Tyé, and
NK cells and monocytes [40]. Therefore, in the present
study, we cannot rule out the possibility that other cellular
types, such as TyS cells and double-negative CD3 lympho-
cytes, are producing IL-17 [41].

Correlations between RoRyt" cells and IL-6" and TGF-f3*
cells were observed (p <0.002 and p < 0.02, respectively),
which suggests the participation of these cytokines in the
differentiation of Th17 cells [42-44]. We also observed a
weak positive correlation between IL-18" cells and RoRyt"
cells (p=0.320; p = 0.04), suggesting the possible participa-
tion of IL-1p in the development of Th17 cells, as has been
described elsewhere [9, 10]. In addition, there was a correla-
tion between IL-17 and IL-23 (p =0.006), suggesting the
important role of IL-23 in the maintenance of IL-17-
producing Th17 cells [8, 18]. Although not statistically signif-
icant, an inverse correlation was observed between the den-
sity of amastigotes and the density of RoRyt" and IL-17"
cells, suggesting the control of tissue parasitism as described
in murine studies since IL-17 together with IFN-y has been
demonstrated to have an important role in the resolution

of the disease caused by Leishmania (Viannia) parasites
[15, 19]. However, the presence of IL-17 has also been
associated with the worsening of the disease outcome
due to the increase in the lesion size and the presence of
ulcers [5]. Unfortunately, in the present study, due to the
absence of data about lesion size, we were unable to establish
these correlations and associate them with disease severity.
Despite the presence of ulcers in 43% of the skin biopsies,
we did not observe a correlation indicating a detrimental role
of Th17 cells, probably due to the presence of other mecha-
nisms or cytokines, such as TNF-a, that could be involved
in the tissue damage observed in the cutaneous lesions
[4, 45]. Notably, the lesions analysed in this study were
relatively recent, and the majority of patients (65%) had
lesions with an evolution time < 30 days, varying from 10 to
90 days. The results suggest that Th17 cells can help eliminate
parasites through IL-17 in the activation of host cells; how-
ever, their role in the progression of the disease pathology
caused by L. (V.) panamensis cannot be disregarded.

An imbalanced immune response in L. (V.) panamensis
infection involving the production of both inflammatory
and anti-inflammatory cytokines is responsible for the
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maintenance of inflammation, which plays an important role
in the pathogenesis of leishmaniasis [46, 47]. In this way,
other inflammatory cytokines, such as IL-1 and IL-18, that
are directly related to inflammasome activation could be part
of this process and be directly involved in the skin lesions
caused by this species of parasite [12, 13]. The data obtained
in our study showed the presence of IL-1f and IL-18 cyto-
kines as well as caspase-1, which are canonical markers to
assess the presence of NLRP3 inflammasome activation in
Leishmania (Viannia) infection, in the inflammatory
response against L. (V.) panamensis [11, 12]. Their presence,
evidenced by immunohistochemistry, is correlated with the
moderate to intense inflammatory infiltrate observed in the
skin lesions of LCL caused by L. (V.) panamensis. Although
the activation of the NLRP3 inflammasome and the produc-
tion of IL-15 lead to an increase in the pathology of murine
infection by L. braziliensis [16], we observed an inverse
correlation between the density of amastigotes and the
densities of IL-18 and caspase-1, suggesting the role of

the inflammasome in the control of L. (V.) panamensis
infection as has been described previously [13, 28]. Inflam-
masome activation was shown to be important for the
restriction of parasite replication in a murine model of
infection induced by L. amazonensis, L. braziliensis, and
L. infantum chagasi infection [13]. These species of the
Leishmania parasite trigger the activation of caspase-1 in
macrophages, leading to the production of nitric oxide
(NO), which is important for clearance of the parasite.
Another in vitro study showed that the activation of the
NLRP3 inflammasome promotes host resistance against
L. braziliensis infection through NO production by macro-
phages [28]. Although these data suggest the important
role of the inflammasome in the control of Leishmania
parasites, its pathogenic role in the infection caused by
L. (V.) panamensis cannot be discarded. Further studies
regarding the role of inflammasomes in L. (V.) panamensis
infection, including correlations with the evolution of
infection and mucous involvement, are needed.
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6. Conclusions

These data suggest the participation of Th17 cells and the
inflammasome in the in situ inflammatory response in local-
ized cutaneous leishmaniasis caused by L. (V.) panamensis
infection and their roles in the control of the parasites, prob-
ably through IL-17 and the IL-1$-dependent NLRP3 inflam-
masome activation; however, the results cannot exclude their
inflammatory role in the development of disease pathology.
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Objectives. To determine differences in AIM2 inflammasome expression levels between rheumatoid arthritis (RA) and
osteoarthritis (OA) and to investigate the role of AIM2 in RA fibroblast-like synoviocytes (RA-FLS). Methods. Serum AIM2
levels among health controls (HC, n=20), OA (n=25), and RA (n=49) patients were compared via ELISA. The different
expression levels of AIM2, ASC, caspase-1, and IL-1f between RA and OA synovium were semiquantified by qRT-PCR and
immunohistochemical (IHC) staining. IHC staining was recorded by H scores, and its correlation with the ESR and CRP levels
of RA patients was determined. SiIRNA AIM2 was transferred to RA-FLS and its effects on the proliferation and migration via
CCK-8 assay and Transwell test, respectively. Results. In RA sera, the HC expressed higher level of AIM2 than OA and RA
patients, and ASC, caspase-1, and IL-1f expressed higher in RA patients than HC; no significant differences were observed
between sera of OA and RA patients. However, in affected knee synovium, AIM2, ASC, caspase-1, and IL-1f were expressed
higher in RA than that of OA. Moreover, the H scores of AIM2, ASC, and IL-1f3 were positively correlated with the ESR and
CRP levels in RA patients. The proliferation of FLS was significantly inhibited after transferring with AIM2 siRNA to FLS.
There were no differences in apoptosis and migration assay between the si-AIM2 group and the control group. Conclusion.
AIM2 inflammasome pathway involves in the pathogenesis of RA. si-AIM2 inhibits the proliferation of RA-FLS, which may be
a promising therapeutic strategy for the treatment of RA.

1. Introduction AIM2 is involved in innate immune responses through

the recognition of cytosolic double-stranded DNA and the

Rheumatoid arthritis (RA) is a chronic autoimmune inflam-
matory disease characterised by the hyperproliferation of
synovial cells, infiltration of mononuclear cells into the syno-
vium, and early destruction of the articular cartilage and
bone, causing damage to the musculoskeletal system and
consequently loss of physical ability and quality of life
[1, 2]. Past studies regarding the genetic architecture of RA
have been well characterised through conventional and
genome-wide approaches, and more than 100 loci were
found to be associated with disease risk and progression
[3], among which, absent in melanoma 2 (AIM2) was one
of the genes detected [4, 5].

induction of caspase-1-activating inflammasome formation
in macrophages [6]. Upon binding to DNA, AIM2 is thought
to undergo oligomerization and to associate with PYCARD
(PYD and CARD domain containing/ASC, apoptosis-
associated speck-like protein containing a CARD) initiating
the recruitment of caspase-1 precursors and the processing
of interleukin- (IL-) 18 and IL-18 [7, 8]. Inappropriate recog-
nition of cytoplasmic self-DNA by AIM2 contributes to the
development of psoriasis, dermatitis, arthritis, and other
autoimmune or inflaimmatory diseases [9]. AIM2 was
reported upregulated in RA synovium than that of OA [5],
and AIM2 inflammasome plays role in the activation of
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TaBLE 1: General information of patients and health controls recruited for ELISA in this study.

General information HC (n=20) OA (n=25) RA (n=49)
Gender (male/female) 8/12 7/18 11/38
Age (y/o) 45.87 +11.35 55.48 +9.69 50.87 £9.35
Disease course (years) / 6.41 + 8.88 7.27 +5.11
ESR (mm/h) / 34.7 +24.88 56.12 +40.36"
CRP (mg/L) / 2.21+2.76 12.16 +20.36"

HC: health controls; RA: rheumatoid arthritis; OA: osteoarthritis; ESR: erythrocyte sedimentation rate; CRP: C-reactive protein. *p < 0.05.

neutrophils [10] and also vascular dysfunction [11]. How-
ever, studies regarding AIM2 inflammasome on arthritis
were still limited, especially investigations on clinical
patients have not been reported, which leads to the
AIM2 inflammasome in the pathogenesis of RA is not well
demonstrated.

In this study, we investigate the differential expression
partial of the AIM2 pathway associated proteins, including
AIM2, ASC, caspase-1, and IL-1p, from their features in
plasma and synovium of OA and RA from mRNA and pro-
tein aspects. RA-fibroblast-like synoviocytes (RA-FLS) is
critical to the pathogenesis of RA as it may develop a
uniquely aggressive phenotype that increases invasiveness
into the extracellular matrix and further exacerbates joint
damage [12]. Therefore, in this study, we also attempt to
observe si-AIM2’s role in the viability of RA-FLS.

2. Materials and Methods

2.1. Patients’ Serum for Enzyme Linked Immunosorbent
Assay (ELISA). We enrolled 49 patients diagnosed with RA
[13] and 25 patients diagnosed with OA [14] with compre-
hensive medical records from the Rheumatology Department
in the Integrated Traditional Chinese and Western Medicine
Hospital, Southern Medical University, China, between Octo-
ber 2017 and December 2018. Exclusion criteria included
other autoimmune diseases, acute inflammation, fever, thy-
roid disease, diabetes, and severe liver and kidney diseases.
Twenty health volunteers were enrolled as health controls
(HC). Patients’ sera were collected for ELISA assays of
AIM2, ASC, caspase-1, and IL-1 (R&D Systems, USA).
The ELx808TM absorbance microplate reader was used to
measure the absorbance values at 450 nm. Concentrations
of proteins in the samples were calculated using the standard
curve for each protein. The general information of the
patients recruited for this study is given in Table 1. All sub-
jects provided written informed consent for participation in
the study as approved by the ethical committee of each insti-
tutional review board.

2.2. Patients’ Synovium for Immunohistochemical (IHC)
Staining. Arthroscopic surgery was performed on 41 RA
and 26 OA patients for therapeutic purposes, and the
patients’ general information is shown in Table 2. Regular
streptavidin biotin-based immunoperoxidase staining for
AIM2, ASC, caspase-1, and IL-1f was performed to formalin
fixed, parafin-embedded pathology keen synovium speci-

TaBLE 2: General information of patients recruited for IHC in this
study.

General information RA (n=41) OA (n=26)
Gender (male/female) 6/35 6/20

Age (y/o) 51.60+2.42 60.62 +2.30
Disease course (years) 6.54 +£0.89 6.42+1.43
ESR (mm/h) 79.68 + 6.90 38.38 £6.64™""
CRP (mg/L) 30.26 £5.44 7.015 +4.22**

TaBLE 3: General information of patients recruited for RT-qPCR in
this study.

General information RA (n=10) OA (n=9)
Male to female 2:8 5:4
Age (years) 54.2 +8.65 66.6 £ 8.61""
ESR (mm/h) 86.5+50.5 37.8+29.3""
CRP (mg/L) 19.1+13.63 5.13+7.19"

mens. The H score was then applied to quantify the staining
intensity [15].

RA: rheumatoid arthritis; OA: osteoarthritis; ESR: eryth-
rocyte sedimentation rate; CRP: C-reactive protein. **p <
0.01, ***p < 0.001.

2.3.  Patients’ Synovium for Quantitative Real-Time
Polymerase Chain Reaction (qPCR). Synovium specimens
taken from 10 RA patients and 9 OA patients were obtained
via knee arthroscopy, and the patients’ general information is
given in Table 3. Specimens were soaked in TRIzol® Reagent
(Thermo Scientific, USA) after removing adipose tissue in an
aseptic environment and were then stored in a -20°C refriger-
ator in preparation for qPCR of the mRNA AIM2, ASC, cas-
pase-1, and IL-1f. qPCR was then done to evaluate the
relative expression of the mRNAs of AIM2, ASC, caspase-1,
and IL-1f in FLS after transferring AIM2 siRNA. The
primers used in the amplification of the target mRNAs are
listed in Table 4.

RA: rheumatoid arthritis; OA: osteoarthritis; ESR: erythro-
cyte sedimentation rate; CRP: C-reactive protein. *p < 0.05,
**p<0.01.

2.4. Immunofluorescent Staining for AIM2. In regard to
immunofluorescent staining, both groups of RA and OA
patients were blocked with normal goat serum in 0.01M
phosphate-buffered saline for 1 hour. The primary rabbit
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TaBLE 4: qQPCR primers used in this study.

Primer name

Sense primer/sequence

Antisense primer

AIM2 AGCAAGATATTATCGGCACAGTG GTTCAGCGGGACATTAACCTT
ASC CCTACTGTTCTTTCTGTGGGAAG CGAGGTCGTCAGCCATCAC
CASPASE-1 TTTCCGCAAGGTTCGATTTTCA GGCATCTGCGCTCTACCATC
IL-18 TTCGACACATGGGATAACGAGG TTTTTGCTGTGAGTCCCGGAG
GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC

anti-rat AIM2 antibody (1:200) was incubated overnight at
4°C together with mouse antihuman vimentin (1:400). The
following day, the sections were incubated for 60 minutes at
37°C with FITC-conjugated goat and anti-mouse antibodies
(1:1000) as well as anti-rabbit antibodies (1:1000). The
nuclei of cells were stained with DAPI. Observations were
done under fluorescence microscopy for which the corre-
sponding results were recorded.

2.5. AIM2 siRNA Preparation and Transfection. AIM2 siRNA
were produced by the Ribobio Company, China. RA-FLS at
50-70% confluency were transfected with siRNAs (20 nM)
as previously described [16]. The following siRNA sequences
were used: untargeted control siRNA (5'-GCGCUAUCCAG
CUUACGUAUU-3') and AIM2 siRNA (5'-GAGCTCTTC
ACCACTTTCA-3").

2.6. Isolation and Culture of Fibroblast-Like Synoviocytes
(FLS). FLS were derived from synovial tissue specimens that
were harvested from patients using microarthroscopy. They
were then isolated using enzyme digestion, which was subse-
quently cultured in Dulbecco’s Modified Essential Medium
(DMEM) containing 10% fetal bovine serum (FBS, Invitro-
gen) and antibiotics (penicillin and streptomycin) at 37°C
with 5% CO,. The cells cultured between passages 4 and 9
were used in this study. The cells were frozen with a cell-
freezing medium and stored in a -80°C freezer until they were
needed.

2.7. Cell Counting Kit-8 (CCK-8) Assay. RA-FLS were seeded
in 96-well plates (1 x 10* cells/well) and treated with siRNA
for 24, 48, and 72 hours, respectively. Cell viability was
determined using Cell Counting Kit-8 (CCK-8, Dojindo
Molecular Technology, Japan) according to the manufac-
turer’s protocol. Finally, the optical density was monitored
at 450nm by a Multiskan Spectrum Microplate Reader
(Thermo, USA).

2.8. Flow Cytometry in the Evaluation of Apoptosis. Flow
cytometry was performed to evaluate the effects of siRNA
AIM2 on FLS apoptosis. Accordingly, 48 hours after FLS
was treated by siRNA AIM?2, of 6-well plates in both NC
and siRNA AIM2 group; the cells were collected (approxi-
mately 3 x 10°/well), washed twice with PBS, and resus-
pended in a 500ul 1xbinding buffer. They were then
mixed with 5ul of Annexin-V-fluorescein isothiocyanate
(FITC) and 5 pl of propidium iodide (PI) and were detected
by a flow cytometer (BD LSRFortessa™, USA). The scatter
diagram demonstrated a distribution as follows: Q3: healthy

cells (FITC-/PI-), Q2: apoptotic cells at an advanced stage
(FITC+/PI+), and Q4: apoptotic cells at an early stage
(FITC+/PI-). The apoptosis rate is equal to the ratio of apo-
ptotic cells to the total cells in Q4 plus the ratio of apoptotic
cells to the total cells in Q2. Each experiment was conducted
three times [17].

2.9. Transwell Test. For the Matrigel invasion assay, cells at
the logarithmic growth phase were digested, collected, resus-
pended, and diluted into a concentration of 3 x 10*/ml in a
serum-free medium. The cell suspension (200 ul) was added
to the upper chamber and coated with Matrigel (BD Bio-
science) diluted with DMEM media (1:3), while 500 ul
DMEM media containing 10% FBS was added to the
lower chamber. Following incubation for 12h at 37°C,
the cells in the upper membrane were discarded, and cells
on the lower membrane were fixed using 4% Paraformal-
dehyde for 25min and stained with 0.1% crystal violet
(Beyotime, USA) for 10min. Next, migrated RA-FLS five
random fields were counted.

2.10. Automated Electrophoresis Western Blot Analysis. FLS
were seeded at 1 —2 x 10° cells per well in 6-well plates and
incubated for adherence. The medium in the wells was
replaced with fresh medium containing metformin (5 mM)
or saline for 48 h. After aspiration of the medium, the cell
monolayers were rinsed with 1 ml ice-cold PBS and lysed in
80 ul of lysis buffer (20 mM Tris-HCI pH7.5, 150 mM NaCl,
1mM EDTA, 1mM EGTA, 1% (v/v) TritonX100, 2.5 mM
sodium pyrophosphate, and 1mM p-glycerophosphate),
which were then supplemented with fresh 1mM Na,VO,
and 1 mM dithiothreitol containing a 1 X protease inhibitor
cocktail (Roche Molecular Biochemicals, Basel, Switzerland).
The lysates were precleared by centrifugation at 18000 g for
15min at 4°C. The supernatants were then collected, and
the protein concentrations were measured using a Bradford
assay (Thermofisher, Massachusetts, USA). Next, the lysates
were adjusted to 5mg/ml protein concentration. Capillary
electrophoresis Western blot analysis was carried out using
the manufacturer’s reagents provided in the user manual
(ProteinSimple WES, San Francisco, USA). Briefly, 5.6 ul of
the cell lysate was mixed with 1.4ul of the fluorescent
master mix and heated at 95°C for 5min. The samples,
blocking reagent, wash buffer, antibody of tubulin (1:100
R&D Systems) and AIM2 (1:50 R&D Systems), secondary
antibody, and chemiluminescent substrate were dispensed
into the microplates. Then, electrophoretic separation and
immunodetection were automatically performed using the
default settings. The data was analyzed using the built-in
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FiGurek 1: The differences in AIM2 pathway-related molecules in sera among HCs, OA, and RA patients. The HCs expressed obviously higher
level of AIM2 than OA and RA patients (a), and ASC, caspase-1, and IL-13 expressed obviously higher in RA patients than HCs (b-d). No
statistical differences of these molecules between OA and RA (a-d). *p < 0.05, ***p < 0.001, and ****p < 0.0001.

Compass software for SW 4.0. The truncated and full-
length AIM2 and tubulin intensities (area under the curve)
were normalized to that of the tubulin peak (control). In
most of the figures, electropherograms are represented as
pseudo-blots, which were generated using the Compass
software.

2.11. Statistical Analysis. The statistical analysis was con-
ducted using the GraphPad Prism 7.0 software. All data were
denoted as mean + SD. Differences between two groups were
evaluated for statistical significance using Student’s t-test.
Kruskal-Wallis and Dunn’s multiple comparison post hoc
tests were used to evaluate the differences among three or
more groups. Correlations were evaluated using Spearman’s
Rank correlation test, where p <0.05 was considered as sta-
tistically significant.

3. Results

3.1. No Significant Difference of AIM2 Levels in Sara between
OA and RA. Through ELISA, no differences in the AIM2
expression were observed between the sera of OA and RA;
however, the HCs expressed obviously higher level of AIM2
than OA and RA patients (Figure 1(a)). The downstream
molecules in AIM2 inflammasome pathway including ASC,
caspase-1, and IL-1f expressed obviously higher in RA
patients than HCs. Although there were tendency of increas-
ing expression from OA to RA, no statistical significance was
observed (Figures 1(b)-1(d)).

3.2. AIM2 Was Expressed More in RA Synovium than in That
of OA. The relative expression levels of mRNA AIM2 as well
as the AIM2 pathway-related proteins including ASC and IL-

13 were higher in the local synovium of RA than that of OA.
Moreover, the relative expression of caspase-1 was higher in
RA than in OA without statistical significance (Figure 2(a)).

Through the H scores in the synovium of RA, AIM2, and
the AIM2 pathway-related proteins like ASC, caspase-1, and
IL-1f were more expressed than that of OA (Figure 2(b)).
AIM2, ASC, caspase-1, and IL-1f5 were positively correlated
to the clinical features of RA, as indicated by the ESR and
CRP levels (Figure 3).

By performing THC staining, AIM2 and AIM2 pathway-
related proteins were detected in the nucleus and cytoplasm,
which are seen in most types of cells including macrophages,
lymphocytes, and FLS. As FLS produce cytokines that perpet-
uate inflammation and proteases that contribute to cartilage
destruction, it plays a critical role in the pathogenesis of RA
[18]. Hence, this study focuses on the AIM2 pathway in
FLS. It was confirmed that AIM2 could be expressed in the
cytoplasm of FLS (Figure 4(a)), and AIM2 and its mRNA
are relatively higher in RA-FLS than in OA (Figures 4(b)
and 4(c)).

3.3. AIM2 siRNA Inhibited Proliferation but Not Migration
and Apoptosis of RA-FLS. As we designed siRNAs for
AIM2, its efficacy demonstrated its successful silencing of
the mRNA AIM2 expression along with downstream mole-
cules including ASC, caspase-1, and IL-1f (Figure 5(a)).
Western blot confirmed the successful silencing of the
AIM2 expression by si-AIM2 (Figure 4(b)). By utilizing
CCK-8 assay, AIM2 siRNA was found to inhibit the prolifer-
ation of RA-FLS (Figure 5(c)). However, no significant differ-
ence in the apoptotic rate or number of migrated cells was
observed among the normal control and si-AIM2 groups
(Figures 5(d) and 5(e)).
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4. Discussion

As one of the most commonly encountered autoimmune dis-
eases, both innate and adaptive immune responses partici-
pate in the pathogenesis of RA [19]. AIM2 has been mostly

studied in cells of the immune system or within the context
of infection; however, its role in other tissues remains to be
investigated. AIM2 acts as an important component of
inflammasome that senses potentially dangerous cytoplasmic
DNA, leading to the activation of the ASC pyroptosome,

Relative expression level
e o @
> o =
S & o
! " :

IL-18

OA RA

sksk

AIM2 H-score
u 5 wu
(=] (=) (=] (=]




ESR (mm/L)
S

50
0 . T T )
50 100 150 200
AIM2 H score
(a)
150
E 100 )
g o .
\g ¢ . o o
4] /‘r:/
- 00 e e ...
o= oo .
0 50 100 150 200

Caspase-1 H score

200
150
100

50

CRP (mg/L)

0 50 100 150
AIM2 H score
(e)

200

200
150
100

50

CRP (mg/L)

0 50 100 150

Caspase-1 H score

(g)

200

Mediators of Inflammation

200

—_
v
(=]
.
3
.

100 ]

ESR (mm/L)

w
(=)

e e .
oo
.'. H

(=}

50 100 150 200 250
ASC H score

200
150
100

50

ESR (mm/L)

“a%e

lbO 1'50 2(')0 2'50
IL-1p H score
(d)

0 50

200
150
100

50

CRP (mg/L)

0 50

100 150 200 250

ASC H score

200

—_
w1
(=}

w
(=}

CRP (mg/L)
S
3

(=}

0 50 100 150 200 250
IL-1p H score

(h)

FIGURE 3: H scores of AIM2, ASC, and IL-1f were positively correlated with ESR and CRP. AIM2 demonstrated a positive correlation with
ESR (r=0.74, p=0.001, 95% CI: 0.38-0.9) and CRP (r = 0.65, p = 0.003, 95% CI: 0.25-0.86) (a, e). The positive correlations between ASC and
ESR (r=0.5, p=0.005, 95% CI: 0.16-0.74) as well as CRP (r = 0.42, p = 0.02, 95% CI: 0.05-0.69) were detected (b, f). The positive correlations
between IL-1f and ESR (r=0.62, p=0.0004, 95% CI: 0.31-0.81) and CRP (r=0.41, p=0.02, 95% CI: 0.05-0.67) were detected. The
correlations between CASPSE-1 and ESR as well as CRP were not statistically significant (p > 0.05) (c, d).

caspase-1, and processing of IL-1/3 and IL-18 [20]. A plethora
of MtDNA and damaged DNA have been observed in the
synovial fluid of RA patients [21]. Although the role of
AIM2 has been investigated in the context of DNAse defi-
ciency mices, the role of the AIM2 pathway in the pathogen-
esis of RA patients has rarely been investigated. Besides the
distinct pathological differences, OA patients also have
slightly increased inflammatory status and pannus-like tissue
in affected synovium [22], which make them qualified to be
the controls for study of RA. Therefore, this study compared
the AIM2 pathway-associated proteins including AIM2,
ASC, caspase-1, and IL-1p in the sera and synovium of RA
and OA.

Accordingly, it was found that AIM2, ASC, caspase-1,
and IL-1/ were without a significant difference between OA
and RA in plasma; however, upregulation was observed in

affected joints in the RA synovium than that of OA. Although
AIM?2 is mostly expressed in the cytoplasm, it may also be
detected in serum [23]. We first analyzed the serum levels
of AIM2 among HC, OA, and RA patients. However, the
plasma levels of AIM2 inflammasome-associated molecules
such as ASC, caspase-1, and IL-1 among the OA and RA
patients have no significant difference, although expressed
higher in RA than HC, which is reasonable according to the
knowledge that they participates in inflammation process
[24]. A meta-analysis reported that a high level of expression
of AIM2 in peripheral blood mononuclear cells (PBMC) was
observed in RA patients [25]. It is surprisingly to observe the
decreased levels of AIM2 in RA than HC in our study.
Recently, Mendez-Frausto et al. [26] observed that AIM2
was reduced at a systemic level in patients with RA, and the
monocytes of RA patients were found to be prone to releasing
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IL-1f5 in the absence of AIM2 inflammasome signals. These
findings were in accordance with our results of ELISA; how-
ever, reasons regarding the decreased levels of AIM2 accord-
ing to disease activity in serum remain unclear. Next, the
mRNA and protein levels of AIM2 and its downstream pro-
teins including ASC, caspase-1, and IL-1f3 in RA were higher
in RA than that in OA synovium. The results are consistent
with previous investigations [27-29]. However, our data is
the first study that investigates the expression of AIM2
inflammasomes in the synovium of inflamed joints from
clinical patients. Studies showed that OA and RA pannus
have similar qualitative metabolic characteristics and proin-
flammatory cytokine response; however, OA synovial tissue
and pannus had lower production of proteoglycans, type II
collagen, and proinflammation cytokines than RA [30, 31].
AIM2 in RA patients’ synovium was elevated compared to
a less severe form of OA inflammatory. Furthermore, the
expression of AIM2 inflammasome-related molecules were
observed positively correlated with the ESR and CRP, which
confers obvious statistical significance. Thus, we speculate
that AIM2 pathway contributes to the inflammatory patho-
genesis of RA.

AIM2 plays a different role and acts via different signal-
ling pathways under different circumstances according to
studies regarding cancer that have been previously published.

The AIM2 pathway serves a putative role in tumorigenic
reversion and may control cell proliferation [32, 33]. AIM2
expression suppressed the proliferation and tumorigenicity
of human breast cancer cells, and AIM2 gene therapy inhib-
ited mammary tumor growth in an orthotropic tumor model.
However, AIM2 promotes cell growth in non-small-cell lung
cancer [32]. AIM2 expression greatly suppressed nuclear
factor-kappa B transcriptional activity and desensitized
tumor necrosis factor-alpha (TNF-«) mediated nuclear
factor-kappa B activation [34]. Inspired by the role of
AIM?2 in cancer research, we focused our study on FLS,
which mimics the cancer cell biobehaviours of proliferation
and invasion and is currently regarded as a crucial effector
in the pathogenesis of RA. In ITHC staining, we can observe
multiple cells including FLS could be stained positively with
AIM2 and immunofluorescent staining confirmed the
expression of AIM2 in FLS. Then, qPCR and automated elec-
trophoresis Western blot analysis showed RA-FLS express
higher level of AIM2 than that of OA. In recent decades of
research, the role of FLS in pathogenesis of rheumatoid
arthritis has been arising more and more attention and
regarded as key effector cells [35]. The synovium in RA trans-
forms from a quiescent relatively acellular structure to a
hyperplastic, invasive tissue teeming with immunocompetent
cells, to form pannus, which contributes to destructing joint
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cartilage through their production of inflammatory cytokines
[18]. Thus, we focus on whether AIM2 plays a role in viability
of RA-FLS. The results demonstrated that the proliferation of
FLS was inhibited when AIM2 was silenced in FLS by siRNA.
However, the apoptosis and migration were unaftected.

In summary, based on the study of AIM2 pathway, we
acknowledged its unregulated change in RA, which is more
obvious in local affected joints. Furthermore, we learned
AIM2 is upregulated in FLS, and suppress its expression leads
to inhibiting effect on FLS proliferation, which suggest AIM2
a promising therapeutic target in RA. The corresponding
underlying mechanisms of the results obtained in this study
require further investigation.
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Inflammasomes cleave and activate interleukin- (IL-) 13 and IL-18 which have both shared and unique biological functions. IL-13
is an important mediator of the acute phase response to infections and tissue damage, whereas IL-18 takes part in activation and
tailoring of the adaptive immune response. While IL-13 has served as the prototypic indicator of inflammasome activation, few
studies have compared the potential differences in IL-1$ and IL-18 production during inflammasome activation. Since these
cytokines partake in different immune pathways, the involvement of inflammasome activity in different conditions needs to be
described beyond IL-1f production alone. To address a potential heterogeneity in inflammasome functionality, ATP, chitosan,
or silica oxide (SiO,) were used to induce NLRP3 inflammasome activation in THP-1 cells and the subsequent outcomes were
quantified. Despite using doses of the inflammasome inducers yielding similar release of IL-1p, SiO,-stimulated cells showed a
lower concentration of released IL-18 compared to ATP and chitosan. Hence, the cells stimulated with SiO, responded with a
distinctly different IL-18 : IL-1 ratio. The difference in the IL-18 : IL-1 ratio for SiO, was constant over different doses. While
all downstream responses were strictly dependent on a functional NLRP3 inflammasome, the differences did not depend on the
level of gene expression, caspase-1 activity, or pyroptosis. We suggest that the NLRP3 inflammasome response should be
considered a dynamic process, which can be described by taking the ratio between IL-1f and IL-18 into account and moving
away from an on/off perspective of inflammasome activation.

1. Introduction

IL-15 and IL-18 are crucial for mounting a potent pro-
inflammatory response and directing subsequent immune
responses. Activation of interleukin- (IL-) 1 and IL-18 into
their biologically active forms require the formation of a mul-
tiprotein complex called inflammasome [1]. Today, several
inflammasomes have been described, with the nomenclature
depending on the main Nod-like receptor (NLR) involved.
Upon activation, the NLRs oligomerize to form the core of
the inflammasome complex by recruiting the adaptor protein
apoptosis-associated speck-like protein containing a CARD
(ASC). ASC in turn recruits and activates the serine protease
caspase-1 that is the effector caspase responsible for the bioac-
tivation of IL-1f3, IL-18, and gasdermin D (GSDMD) [2, 3].

Due to the inflammatory potency in the cytokines regu-
lated by inflammasomes, activation of the inflammasome is
under strict regulation and requires two distinct signals. Sig-
nal one upregulates inflammasome components and the pro-
form of IL-1p3 [3], while the second signal can then activate a
specific NLR, initiating the formation of the inflammasome
complex. Whereas many NLRs such as AIM2 and NLRC4
initiate inflammasome formation as a response to specific
agonists, the NLRP3 inflammasome can be activated by a
broad range of stimuli related to both pathogens, cellular
stress and tissue damage. The NLRP3 inflammasome is by
far the most studied inflammasome, and the vast array of
potential inducers renders it unlikely that the NLRP3
receptor directly interacts with the agonists [4, 5]. Among
the characterized inflammasome inducers are adenosine tri-
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phosphate (ATP), a nucleotide and well-known danger signal
which activates NLRP3 through K" efflux after binding to the
ATP receptor P2X7 [6-9]. Chitosan, a family of linear poly-
saccharides found in fungal cell walls, is believed to activate
the NLRP3 by lysosomal disruption [10], K" efflux, and/or
through induction of reactive oxygen species [11, 12]. Inor-
ganic silica oxide crystals (SiO,) have been reported to acti-
vate the NLRP3 inflammasome through lysosome
disruption, induction of mitochondrial damage [13, 14], or
alternatively through the scavenger receptor SR-B1 [15].

Production of IL-1f is often used as the proxy for
describing inflammasome activation. However, using this
benchmark indicates that inflammasome activation is a static
mechanism, and the possibility of different signaling path-
ways inducing different effects on the functional aspects
following inflammasome activation are generally not dis-
cussed. Active IL-1f3 and IL-18 share several functions as
proinflammatory cytokines, but they also have unique prop-
erties resulting in distinct immunological profiles. IL-1f3 is a
pyrogen that induces fever, which is a property that IL-18
lack [16, 17]. Other features of IL-1f3 include neutrophil
mobilization, acute phase protein production, Th17 differen-
tiation, and enhanced antigen presentation and glycolytic
rate in Th17 cells and macrophages [16-20]. On the other
hand, IL-18 promotes Th1 or Th2 differentiation, depending
on the cytokine environment [21], and induces IFN-y pro-
duction from Thl cells and NK-cells as well as IL-13 and
IL-4 from basophils and mast cells [22].

IL-18 and IL-18 also contribute to the pathogenesis of
many diseases, but they play different roles. Since IL-1 pro-
motes Th17 differentiation, IL-1f3 can be related to many
Th17-driven diseases, including rheumatoid arthritis, multi-
ple sclerosis, and psoriasis [23-25]. IL-1 also take part in the
pathogenesis of gout, osteoarthritis, inflammatory bowel dis-
ease, pericarditis, macrophage activating syndrome, chronic
obstructive pulmonary disease (COPD) [26-31], and chronic
systemic inflammatory conditions, like cryopyrin-associated
periodic syndrome (CAPS), adult-onset Still’s disease, and
familial Mediterranean fever (FMF) [26, 32, 33]. On the other
hand, IL-18 is strongly related to IFN-y and Th1/Th2 dis-
eases, like systemic lupus erythematosus, Crohn’s disease,
and graft versus host rejection [16, 31, 34, 35]. IL-18 is also
a key player in allergy, atherosclerosis, dermatitis, acute renal
ischemia, hepatitis, and heart failure [31, 36-41]. However,
even if IL-18 or IL-18 may play a dominant role, both often
contribute to the disease but play separate roles at different
stages of diseases. Knockout studies in a mouse model of
CAPS showed that loss of the IL-1 or IL-18 receptor was
differently beneficial in young and old mice [42]. Addition-
ally, FMF have shown to be correlated to elevated levels of
IL-18, while IL-1p play a dominant role during inflammatory
flare ups that are treated with IL-1 inhibition [43, 44]. Sev-
eral approved therapies target the IL-1 receptor (IL-1R) or
free circulating IL-1p, including the IL-1R antagonist ana-
kinra (Kineret®). This have been proven to be successful in
many cases but since targeting IL-1f3 does not inhibit the
effect of IL-18, it is not surprising that certain conditions
are unaffected by the treatment [45], and recently, efforts
have been made to investigate the effectiveness of instead
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blocking IL-18 in certain inflammatory diseases [41, 46,
47]. Since IL-1f3 and IL-18 contribute diversely to different
diseases, it is unlikely that inflammasome activation is a static
on/off process. Consequently, when studying inflammasome
functionality, the activity may need to be described beyond
IL-18 production. This study was therefore designed to
describe the outcome of NLRP3 inflammasome activation
and the functional effects of diverse inflammasome inducers.

2. Materials and Methods

2.1. Cell Culture. THP-1 cells were cultured in RPMI medium
1640 (Gibco, Thermo Fisher Scientific, Waltham, MA cat.
nr:31870-025) supplemented with 10% fetal bovine serum
(FBS), Hepes (10mM), sodium pyruvate (1 mM), GlutaMax
(2mM), glucose (2.5 g/L), and penicillin-streptomycin (PEST,
100 U/mL) all from Gibco (Thermo Fisher Scientific). The
THP-1 cell lines used are THP-1 null cells (thp-null), THP-1
defNLRP3 cells (rhp-dnlp), THP-1 defASC cells (thp-dasc),
THP-1 defCASP1 (thp-dcaspl), and THP-1 Xblue™-MD2-
CD14 cells (thp-mdcdsp) which were all acquired from
InvivoGen (San Diego, CA). The THP-1 cells were kept undif-
ferentiated as a model of human monocytes.

2.2. Isolation of Primary Human Monocytes. Human CD14"
cells were isolated from healthy volunteers. PBMCs were sep-
arated by density gradient centrifugation on Lymphoprep
(Axis-Shield, Oslo, Norway), and the CD14" cells were iso-
lated by magnetic sorting using CD14 MACS microbeads
(Miltenyi Biotech, Bergisch Gladbach, Germany) according
to the manufacturer’s protocol. The cells were cultured in
DMEM medium (Lonza BioWhittaker, Thermo Fisher
Scientific cat. nr: 11635220) supplemented with 10% human
AB serum (pooled from five healthy volunteers), L-glutamine
(5mM), sodium pyruvate (5mM), and glucose (2.5g/L)
(Gibco, Thermo Fisher Scientific).

2.3. Experimental Setup. THP-1 cells were seeded into 96- or
24-well plates and primed with lipopolysaccharide- (LPS-)
B5 (E. coli serotype 055:K59(B5)H-, 100 ng/mL, or concen-
trations indicated in Figure 1(d)) for 10 minutes to induce
instant priming, followed by additional stimulation with
ATP (5mM), chitosan (30 ug/mL), or SiO, (30 ug/mL) all
from InvivoGen, for 24 h.

Isolated primary human monocytes were primed with
10ng/mL LPS prior to stimulation with 10nM ATP,
10 ng/mL chitosan, or 10 ng/mL SiO,

2.4. Cytokine Measurement. The concentrations of cytokines
were measured with enzyme-linked immunosorbent assay
(ELISA) for IL-1 (BioLegend, San Diego, CA) and IL-18
(R&D Systems, Minneapolis, MN) according to the manu-
facturer’s instruction.

2.5. SEAP Reporter Assay. NF-xB activity was measured indi-
rectly by the SEAP activity from a NF-«B responsive SEAP
reporter gene in the reporter THP-1 xBlue™ cells. The accu-
mulation of SEAP in the culture medium 24 h after stimula-
tion was detected with the QUANTI-Blue™ (InvivoGen)
according to the manufacturer’s instructions. The OD was
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FIGURE 1: ATP, chitosan, and SiO, induce diverse IL-18 : IL-1p ratio in THP-1 cells. The concentration of released IL-1f (a) and IL-18 (b) in
nonprimed (-LPS) and LPS-primed (+LPS, 100 ng/mL) cells, 24 h post stimulation were detected after stimulation with 5mM ATP, 30 ug/mL
chitosan, or 30 ug/mL SiO2. The ratio between IL-1/3 and IL-18 was calculated for each experiment (c) and after stimulation with increasing
doses of ATP (mM), chitosan (ug/mL), or SiO, (ug/mL) (d). Controls were left untreated (-LPS) or treated with LPS alone (+LPS). Data are
shown as mean + SD from three-six individual experiments. NS: non significant, *p < 0.05; **p < 0.01.

measured at 635nm with Cytation 3 imaging plate reader
(BioTek, Winooski, VT).

2.6. FLICA Assay. Activation of caspase-1 was detected with
the fluorescent probe FAM-YVAD-FMK (FLICA) from
Immunochemistry Technologies (Bloomington, MN cat.nr:
OKSA11275), that binds irreversibly to active caspase-1.
The cells were stained for 1h and washed two times in PBS
prior to analysis. The percentage of positive cells was
measured by flow cytometry, (Accuri™ C6, BD, Franklin
Lakes, NJ).

2.7. Lactate Dehydrogenase Assay. Cellular rupture was
detected using the Pierce® lactate dehydrogenase (LDH)
cytotoxicity assay kit (Thermo Scientific) according to
the manufacturer’s instructions. Data are presented as
percentage LDH calculated from a positive control
(100% lysed cells).

2.8. Western Blotting. Cells used for Western blotting were
stimulated in FBS-free media. Cells were lysed in RIPA lysis
buffer (Merck Millipore, Burlington, MA), and the protein
concentrations were measured using the Micro BCA™ Pro-
tein Assay (Thermo Scientific). The proteins were separated
in 8-16% stain-free TGX gels (Bio-Rad, Hercules, CA), trans-
ferred to PVDF membranes (iBlot® 2 PVDF regular stacks,
Invitrogen, Carlsbad, CA), and analysed by immunoblotting.
The primary antibodies used were cleaved IL-1f3 (1:1000
Cell Signaling Technologies, Danvers, MA. cat.nr:12242),
IL-18 (1:1000 Abcam, Cambridge, UK. cat.nr: EPR19954-
188), and caspase-1 p20 (1:750 Adipogen Life Sciences,
cat.nr:AG-20B-0048-C100). Secondary antibodies used were
goat anti mouse (1:5000 Abcam cat.nr: Ab6789), rabbit anti
goat (1:2000 Dako, Agilent. Santa Clara, CA. cat.nr: P0160),
and goat anti-rabbit (1:3000 Invitrogen cat.nr: A11034).
Membranes were washed in TBST buffer and analysed with
ChemiDoc™ MP Imaging System (Bio-Rad).



2.9. Extraction of mRNA, Reverse Transcription, and qPCR.
Cells were lysed in RLT lysis buffer (Qiagen, Hilden, Ger-
many) and drawn through a 22 G needle to homogenize the
sample. Total RNA was extracted and purified with the
QIAmp RNeasy Mini kit (Qiagen). RNA was quantified
using NanoDrop 2000 (Thermo Fisher Scientific), and a
High-Capacity cDNA Transcription kit (Thermo Fisher Sci-
entific) was used for the reverse transcription reactions
(900ng of total RNA per 60uL reaction) on a LifePro
Thermal Cycler (Bioer, Hangzhou, China). Quantitative real-
time PCR was performed using TagMan assays in QuantStu-
dio 7 Flex PCR (Applied Biosystems, Thermo Fisher
Scientific). The TagMan assays used were IL1B (Hs01555410),
IL18 (Hs01038788_m1), NLRP3 (Hs00918082_m1), ASC/PY-
CARD (Hs01547324_gH), CASP1 (Hs00354836_m1), CASP8
(Hs01018151_ml1), HPRTI (Hs02800695_ml), and TBP
(Hs00427620_m1), (all from Thermo Fisher Scientific). A com-
parative quantification was used, where the quantity of each
experimental sample was determined using a standard curve
as calibrator samples. Calibrator was prepared from human
peripheral blood mononuclear cell (PBMC) cultures stimulated
for 48 h with 1 ug/mL LPS known to express the genes of inter-
est in high abundance. A six-point serially fourfold diluted stan-
dard curve was developed from the calibrator by plotting the
threshold cycles versus the dilution factor and the data fitted
to a straight line, while confirming that the correlation coeffi-
cient (R2) for the line was 0.99 or greater. This plot was then
used for extrapolating relative expression level information for
the same gene of interest in unknown experimental samples.
The relative quantity for the gene of interest was normalized
to that of a reference gene in the same sample, and then, the
normalized numbers was compared between samples. The ref-
erence genes used for normalization, HPRTI and TBP, were
selected from four candidate genes using NormFinder R pack-
age (MOMA, Aarhus University Hospital, Denmark), where
the geometric mean of said genes were used. RNA from stimu-
lated PBMCs was extracted using QIAamp RNA Blood Mini
Kit (Qiagen, Hilden, Germany) and converted into cDNA using
the above protocols. 384-well plates were prepared using a
PIRO Pipetting Robot (Dornier, Lindau, Germany). Cycle
threshold (CT) cut-oft value was set to 35 cycles. An acceptable
coefficient of variation (CV) between duplicates was set to
<15%. Water was used as the negative control.

2.10. Statistics. Statistical analyses were performed using
GraphPad Prism 5. p values were assessed using two-tailed
Student’s t-tests and two-way analysis of variance (ANOVA)
followed by Bonferroni’s posttest. In the figures, *p < 0.05,
**p<0.01, and ***p < 0.001. All data shown are mean + SD
for a minimum of three independent experiments.

3. Results

3.1. IL-1f3 and IL-18 Release Is Mediated by Inflammasome
Inducers ATP, Chitosan, or SiO,. To confirm NLRP3 inflam-
masome activation by ATP, chitosan, and SiO,, respectively,
and their dependency on a priming signal, cells were primed
with two doses of LPS. Cells stimulated with 1 yg/mL LPS
alone showed elevated levels of IL-1p, uncharacteristic of a
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true priming signal and only minor changes in IL-1f and
IL-18 production upon stimulation with ATP, chitosan, or
SiO,. However, 100 ng/mL LPS induced only low concentra-
tions of IL-1f and led to significant synergistic effect upon
addition of inflammasome inducers (supplementary
figure 1). Henceforth, all experiments performed on THP-1
cells were primed with 100ng/mL LPS. To investigate
potential differences in the response following inflammasome
activation, concentrations of the inducers were titrated to
doses resulting in similar IL-18 levels released 24h after
stimulation (supplementary Figure 2. Stimulation of primed
cells with 5mM ATP, 30 ug/mL chitosan, or 30 ug/mL SiO,
induced a significantly increased amount of IL-1j compared
to primed controls but showed no significant difference in the
concentration of released IL-1f when compared to each other
(Figure 1(a)). However, stimulation with SiO, generated
significantly lower levels of IL-18 compared to ATP and
chitosan (Figure 1(b)). In terms of ratios, the IL-18 : IL-1f3
ratio for ATP and chitosan was 1:0.6 in contrast to 1:0.2 for
SiO, (Figure 1(c)). The divergent ratio of SiO, remained
constant over a broad range of doses, indicating that the ratio
is not sensitive to the amount of inducer (Figure 1(d)).

3.2. Gene Expression of Inflammasome Components in ATP-,
Chitosan-, or SiO ,-Stimulated Cells. To elucidate whether the
differences in IL-18 : IL-1f ratio could be explained by
changes in expression levels of inflammasome components
and cytokines, gene expression levels of ILIB, IL18, NLRP3,
PYCARD and CASPI were analysed. None of the inducers
showed any effect on ILIB and ILI8 mRNA expression in
LPS-primed cells (Figures 2(a) and 2(b)). Chitosan alone
increased the CASPI expression (Figure 2(c)). No significant
change was seen for NLRP3 or the potential noncanonical
route of activation through CASP8. Furthermore, the inducers
showed no own effect on NF-xB activation in unprimed cells.
However, chitosan showed a synergistic increase in LPS-
primed cells, as measured by utilizing the reporter gene SEAP
in a modified THP-1 cell line (Figure 2(d)).

3.3. Activation of Caspase-1 and Induction of Cell Lysis by
Diverse Inducers. To further investigate if observed differ-
ences in the IL-18 : IL-1f ratio could be attributed to differ-
ences in caspase-1 activation, FLICA staining was used to
quantify caspase-1 activity, and the presence of pro- and
cleaved caspase-1 was detected by Western blot. Chitosan
and SiO, but not ATP resulted in an increased percentage
of FLICA-positive cells compared to primed controls, 24h
after stimulation (Figure 3(a)). No difference in the protein
expression of pro-caspase-1 could be seen compared to the
control for any of the inducers (data not shown), and any
tendency of differentiating the expression of pro-IL-1f and
cleaved caspase-1 p20 fragment was statistically nonsignifi-
cant (Figures 3(c) and 3(d)). Furthermore, an LDH assay
was used to examine the percentage of cell lysis 24 h after
stimulation with the inducers. Chitosan and SiO, stimulation
resulted in increased LDH release compared to the primed
control (Figure 3(b)). The only significant difference between
the inducers with regard to both LDH release and FLICA
staining was found between ATP and SiO,. The LDH results
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FIGURE 2: Gene expression of inflammasome components and cytokines do not correlate with the IL-18 : IL-1p ratio. The relative mRNA
expression of IL1B (a), IL18 (b), and the NLRP3 inflammasome components (c¢) NLRP3, ASC, and CASP1 as well as CASP8 were
measured 24 h after cells primed with LPS were stimulated with ATP, chitosan, or SiO, using qPCR. NF-xB activation was detected
indirectly by measuring the activation of the reporter gene SEAP (d). Controls were treated with LPS alone. Data are shown as mean + SD

from six individual experiments. *p < 0.05; **p < 0.01.

were validated by annexin V and 7AAD staining detected by
flow cytometry (data not shown).

3.4. Release of Cytokines in Inflammasome-Deficient Cells by
Diverse Inducers. The relevance of the NLRP3 inflammasome
components for the response to the inducers were investi-
gated using THP-1 knockout cells, lacking functional
NLRP3, ASC, or caspase-1. Absence of NLRP3, ASC, and
caspase-1, respectively, completely attenuated the release of
IL-1f3 and IL-18 (Figures 4(a) and 4(b)). While the inducers
stimulated the release of other cytokines, not directly
regulated by the inflammasome, (supplementary table I), this
release was attenuated in inflammasome-deficient cells for
several of the cytokines (supplementary figure 3), showing a
primary dependency on inflammasome activation for
subsequent responses.

3.5.IL-18: II-1f3 Ratios in Primary Monocytes. Lastly, in order
to investigate whether the results found in the THP-1 cell line
is reflected in primary human cells, monocytes were isolated
from healthy volunteers, primed with LPS and stimulated with
ATP, chitosan, or SiO,. As with the THP-1 cells, the doses of
inducers were titrated to achieve the same concentration of
released IL-1 (supplementary Figure 2). However, a lower
dose of LPS was required for priming primary human
monocytes compared to THP-1 cells. At this dose, a
synergistic effect by the inflammasome inducers was
observed without risking the activation of the noncanonical
pathway of inflammasome activation as previously reported
by Gaidt et al. [48]. However, unlike the THP-1 cells, the
concentrations of released IL-18 were higher than for IL-1
for all inducers. Although not significant, monocytes
responded with a similar pattern, as seen in THP-1 cells,
with regard to IL-18 : IL-1p ratios (Figures 5(a) and 5(b)).
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**p<0.01.

4. Discussion

NLRP3 inflammasome can be activated by numerous
inducers and several pathways leading to inflammasome acti-
vation have been described. In this study, the differences in
functional outcome of three diverse inflammasome inducers,
ATP, chitosan, and SiO,, with respect to their ability to acti-
vate the inflammasome to produce IL-1f and IL-18 were
investigated. Despite inducing the same level of IL-1[ release,
the studied inducers showed a diverse ability to induce the
production of IL-18. This diverse IL-18 : IL-1f ratio
remained throughout a broad span of doses. While all three
inducers showed a strict dependency on priming with LPS
and a functional NLRP3 inflammasome, differences could

not be attributed to caspase-1 activity, induction of gene
expression, or their ability to induce cell death. Furthermore,
these inducers exerted diverse effects on other inflammatory
cytokines in an NLRP3-dependent fashion. This strengthens
the idea that inflammasome activity is highly context-
dependent and flexible process that cannot be regarded as
an on/off process.

In this study, SiO, stimulation resulted in a lower release
of IL-18 compared to ATP and chitosan, which also resulted
in a different IL-18 : IL-1p ratio. Since IL-1f and IL-18 have
both shared and unique biological properties, the ratio
between them may impact the overall immunological profile,
including Thl or Th17 differentiation [16]. The inducers
used in this study represent the broad range of different
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FIGURE 5: ATP, chitosan, and SiO, induce release of IL-1f and IL-18 in primary monocytes. Primary human monocytes were isolated from
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stimuli that the NLRP3 inflammasome can respond to ATP is
a DAMP involved in autoinflammatory diseases that arise
during sterile inflammatory conditions, including CAPS
and FMF, conditions involving both IL-1f and IL-18 [49,
50]. Meanwhile, PAMP-induced inflammation may result
in Thl, Th2, or Th17 differentiation, depending on the type
of pathogen. Fungal chitosan is a PAMP, and clearance of
fungi requires activation of Thl and Thl7 and therefore
relies on both IL-1f and IL-18 for efficient clearance [16,
51, 52]. SiO, on the other hand induces inflammation as a
result of environmental exposure and its low IL-18 : IL-1f
ratio can also be viewed as an IL-18 dominant inflammation.
SiO, and other particle exposure are known to be correlated
with an increased risk of systemic autoinflammatory diseases,

cardiovascular events, and lung disease, such as COPD,
which are also strongly related to IL-1f [53-56], and that
can benefit from IL-1f blocking treatment [57].
Furthermore, the importance of ratios between polariz-
ing cytokines in cell differentiation and the immunological
response have been suggested by Zielinski et.al [18], but the
relevance of the ratio between IL-1/ and IL-18 have not been
studied. The diverse ratios also show that the NLRP3 inflam-
masome activity is not static and can give a dynamic
response, depending on the inducers. This flexibility of the
NLRP3 inflammasome has previously been implicated by
Schmidt and Lenz [58] and Bezbradica et al. [59], who dem-
onstrate that the NLRP3 inflammasome show a greater
response when stimulated with exogenous PAMPs than



endogenous DAMPs. In the current study, several attempts
were made to elucidate a mechanism that could explain the
difference in IL-18 : IL-1p ratio for SiO,, but no sufficient
models were found. Nonetheless, differential regulation of
IL1B and IL18 mRNA expressions could be excluded as a
mechanism, since the inducers did not affect the mRNA
expression. Only LPS affected the ILIB expression, with a
100-fold increase compared to untreated controls, while IL18
was constitutively expressed, as shown previously by Puren
et al. [60] and Zhu and Kanneganti [61]. Likewise, mRNA
expression of the inflammasome components also failed to
explain why SiO, gives a diverse ratio, as both chitosan and
SiO, show a lower PYCARD mRNA expression and chitosan
alone affect the CASPI expression. Besides NLRP3, PYCARD,
and CASPI, the mRNA expression of CASP8 was also
examined as caspase-8 has been previously shown to assist
in inflammasome activation [48, 62] but its role here cannot
be confirmed.

Additionally to IL-1p and IL-18, the release of other cyto-
kines, not directly regulated by the inflammasome, were mea-
sured and are summarized in supplementary table I.
Stimulation with the inducers resulted in an increased
release of several cytokines compared to primed control, of
which chitosan significantly affected IL-6 and TNF
compared to ATP and SiO, stimulation. The released IL-6
and TNF is likely a secondary response to the inducers,
mediated indirectly by IL-1f or IL-18 as the release did not
occur in the THP-1 knockout cells deficient of NLRP3 and
caspase-1 (supplementary figure 3). However, this secondary
response could not clearly be correlated to the IL-18 : IL-1f
ratio. Furthermore, the difference in IL-18 : IL-1p ratio could
not be attributed to the caspase-1 activity as chitosan and
SiO,, but not ATP, showed a higher percentage of cells
positive for FLICA 24 h after stimulation, when compared to
LPS-primed controls. A difference in time kinetics between
the three inducers may lead to a bias in FLICA-positive cells
at 24h. However, the ratios described in this paper are
derived from the accumulated production and release of
inflammasome-activated cytokines at 24h in order to dilute
the effect of inflammasome time kinetics. Next, as induction
of cell death and the subsequent unspecific membrane
leakage may affect the amounts of cytokines available for
extracellular detection, extracellular LDH was used to
measure cell lysis. ATP induced the release of IL-1f without
an increase of cell lysis compared to the controls. It is
therefore likely that ATP induces GSDMD pores while
escaping a pyroptotic fate, which have been demonstrated as
a possible alternative to pyroptosis [48, 63]. Furthermore, the
percentage of lysed cells did not reach over 30% after
stimulation with chitosan and SiO, which means that the
majority of the cells are still intact after 24 h. However, since
chitosan and SiO, both increased the percentage of lysed
cells, the difference in the IL-18 : IL-1f ratio cannot be
explained by pyroptosis.

5. Conclusions

Taken together, our data suggest that the different inflamma-
some inducers lead to a diverse functional outcome that goes
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beyond the direct production of the hallmark cytokine IL-1p,
irrespective of gene expression, cell lysis, and caspase-1 activity.
The differential regulation of IL-15 and IL-18 cleavage in
human cells need further elucidation, and given the fact that
the NLRP3 inflammasome reacts to such a vast array of mole-
cules and have been implicated in numerous, clinically distant
diseases, a more holistic approach to studying inflammasome
activation under different conditions is warranted. In conclu-
sion, this study shows that the NLRP3 inflammasome is capa-
ble of directly tailoring the specific response to a particular
stimulus. By taking into account the ratio between IL-1f and
IL-18, it is possible to increase our understanding of how differ-
ent inflammasome inducers affect inflammasome functionality
and thus the subsequent immune responses.
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Supplementary Materials

Supplementary Figure 1. Different doses of LPS affects the
release of inflammasome cytokines. The concentration of
released IL-1f3 and IL-18 were detected 24 h after stimulation
of THP-1 cells with ATP, chitosan, and SiO,. Cells were
primed with (a) 1 pg/mL or (b) 100 ng/mL LPS prior to stim-
ulation. The concentration cytokines were normalized against
the mean of the control (primed with LPS). Data are shown as
mean * SD from six individual experiments. Supplementary
Figure 2. Dose response of the inflammasome inducers ATP,
chitosan, and SiO,. Undifferentiated THP-1 cells were primed
with LPS and stimulated with increasing doses of (a) ATP
(mM), (b) chitosan (ug/mL), or (c) SiO, (ug/mL). Isolated pri-
mary monocytes were primed with LPS and stimulated with
increasing doses of (d) ATP (M), (e) chitosan (g/mL), or (f)
SiO, (g/mL). The concentration of released IL-13 was mea-
sured 24h after stimulation. The selected doses are marked
with arrows. Data are shown as mean + SD from three indi-
vidual experiments. Supplementary Figure 3. Lack of inflam-
masome components affect inflammasome-independent
cytokines. THP-1 monocytes with functional NLRP3 inflam-
masome (wt) and inflammasome-deficient THP-1 cells, lack-
ing either functional NLRP3, ASC, or caspase-1 proteins,
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were primed with LPS and stimulated with ATP, chitosan, or
SiO, for 24 h. Controls were treated with LPS alone. The con-
centration of released (a) IL-6, and (c) TNF were measured.
The relative expression of (b) IL-6, and (d) TNF shown is
compared to reference genes TBP and HPRTI. Data are
shown as mean + SD from six individual experiments.
Supplementary Table I. Release of noninflammasome-related
cytokine and chemokines. Human inflammatory panel 1
(BioLegend), a multiplex bead-based flow cytometry detec-
tion, was used according to the manufacturer’s instructions
to detect the concentrations of selected cytokines and
chemokines from LPS-primed THP-1 cells following stimula-
tion with ATP, chitosan, or SiO, for 24h. Some cytokines
could not be detected (ND) within the range of the kit. Data
are shown as mean from six individual experiments.
(Supplementary Materials)
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Preeclampsia (PE) affects 5-8% of pregnant women, and it is the major cause of perinatal morbidity and mortality. It is defined as
arterial hypertension in women after 20 weeks of gestation which cooccurs with proteinuria (300 mg/d) or as arterial hypertension
which is accompanied by one of the following: renal failure, liver dysfunction, hematological or neurological abnormalities,
intrauterine growth restriction, or uteroplacental insufficiency. Currently, pathophysiology of preeclampsia poses a considerable
challenge for perinatology. Preeclampsia is characterized by excessive and progressive activation of the immune system along with
an increase in proinflammatory cytokines and antiangiogenic factors in fetoplacental unit as well as in vascular endothelium in
pregnant women. A single, major underlying mechanism of preeclampsia is yet to be identified. This paper discusses the current
understanding of the mechanisms which underlie the development of the condition. Some significant factors responsible for PE
development include oxidative stress, abnormal concentration and activity in mononuclear phagocytic system, altered levels of
angiogenic and antiangiogenic factors, and impaired inflammatory response triggered by inflammasomes. Detailed understanding
of pathophysiology of inflammatory process in PE can largely contribute to new, targeted anti-inflammatory therapies that may

improve perinatal outcomes in PE patients.

1. Introduction

Preeclampsia (PE) affects 5-8% of pregnant women, and it
constitutes the major cause of perinatal morbidity and mor-
tality [1]. The International Society for the Study of Hyper-
tension in Pregnancy (ISSHP) defines PE as a combination
of arterial hypertension and proteinuria (300 mg/d) present
after 20 weeks of gestation or as arterial hypertension which
is accompanied by one of the following: renal failure, liver
dysfunction, hematological or neurological abnormalities,
intrauterine growth restriction (IUGR), or uteroplacental
insufficiency [2]. Nowadays, pathophysiology of preeclamp-
sia poses an actual challenge for perinatology [3]. The causes
of the condition can be ascribed to excessive maternal sys-
temic inflammatory response to pregnancy. The response is
elicited by the activation of innate and adaptive immune sys-
tems [4, 5] to the degree which is determined by both envi-
ronmental and genetic factors [6-11].

In normal pregnancy, the maternal spiral arteries are
invaded by extravillous trophoblast cells (EVT) leading to
gradual replacement of vascular endothelium. The process
is referred to as spiral artery remodeling [12], and when
impaired, it leads to placental ischemia and ischemia-
reperfusion injury as a result [13]. Failure to sufficient vascu-
lar remodeling results in pathological narrowing of spiral
arteries and placental blood flow reduction [14], which, as a
consequence, leads to tissue ischemia, damaged vascular
endothelium, microangiopathic thrombosis, oxidative stress,
and inflammatory response [15]. The degree of impairment
to trophoblast invasion is also affected by the severity of arte-
rial hypertension in patients with PE [16].

Inflammasomes are high in molecular weight, multi-
meric, and self-organizing protein complexes of the innate
immune system which do not only play a significant role in
inflammatory response activation and the release of IL-1p
and IL-18 but also function like a finely tuned alarm in
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cellular apoptosis regulation by triggering and enhancing
systems in response to stress and/or cellular infections. Fol-
lowing the inflammasome signaling activation, inflammatory
processes can potentially promote the development and
secretion of proinflammatory cytokines including danger sig-
naling and pyroptotic cell death, i.e., quick inflammation-
induced apoptosis.

Contrary to immunosuppression which occurs in normal
pregnancy, preeclamptic pregnancy is characterized by
excessive immune activation. Th1l cells, NK cells, and self-
reactive B cells stimulate the inflammatory response through
cytokines activity, which results in an inappropriate tropho-
blast invasion and impaired spiral artery remodeling in early
pregnancy [17, 18]. Uteroplacental underperfusion is there-
fore the cause of placental ischemia which triggers
oxidative-inflammation cascade and increases production
of antiangiogenic factors: soluble fms-like tyrosine kinase 1
(sFlt-1) and soluble endoglin (sEng) [19-21].

Preeclampsia is characterized by excessive and progres-
sively increased immune activation with a rise in proinflam-
matory cytokines and antiangiogenic factors both in the
intrauterine environment and maternal endothelium [22],
which is the cause of placental dysfunction and maternal sys-
temic complications [23, 24].

2. Activation of Response Inflammatory as
One of the Causes of PE

The exchange of nutrient and oxygen between maternal and
fetal circulatory systems is the crucial role of the placenta.
The fetal/maternal exchange takes place at the chorionic villi
cellular membrane and intervillous space filled with maternal
blood. For normal placental functioning, it is of key impor-
tance for placentation to coincide with spiral artery remodel-
ing by extravillous trophoblast [25]. A vital role here is
played by reactive oxygen species (ROS) as signaling pathways
necessary for proper placentation in normal pregnancy. More-
over, low oxygen level in early pregnancy is also a significant
factor which stimulates placental angiogenesis [26, 27].

In the first trimester of gestation, the fetus develops in
low oxygen concentration, which promotes trophoblast cells
proliferation. During placentation in the first weeks of gesta-
tion, the uterine arteries undergo a distinctive transformation
to become vessels of high volume and low resistance capacity.
This specific and unique process results in elevated intervil-
lous oxygen level during the first trimester, which entails a
significant enhancement to oxygen exchange at the
maternal-fetal interface to satisfy the needs of the developing
fetus [13, 28, 29]. Additionally, impaired trophoblast inva-
sion causing temporary ischemia with subsequent reperfu-
sion creates contributory conditions for oxidative stress,
which appears to lead to consequent endothelial damage
and inflammatory activation [30-32]. Such a pathological
condition induces systemic inflammatory response by activa-
tion of endothelial cells and other cell types, a release of pro-
inflammatory cytokines, and cellular debris shed by
syncytiotrophoblast (STB) [33, 34]. A large number of stud-
ies have already determined that maternal immune malfunc-
tion, particularly within innate immunity compartment,
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which also contributes to the activation of the immune
response involved in pathogenesis of PE. What plays a signif-
icant role here are the changes to mononuclear phagocyte
system [35]. Macrophages are vital for tissue homeostasis;
they regulate inflammatory process and are key regulators
of tissue repair.

Systemic inflammatory response is characteristic of all
pregnancies; however, in pregnancies complicated with PE
inflammatory, response reaches extreme intensity [36]. This
is expressed by abnormally upregulated immune reactions
to the activation of innate immune system and other proin-
flammatory factors [17]. Consequently, inappropriate tro-
phoblast invasion in myometrium and insufficient spiral
arteries remodeling result in placental ischemia. Further-
more, the ensuing oxidative stress is enhanced by excessive
release of placental factors: syncytiotrophoblast-derived
extracellular vesicles (SEDVs), sFlt-1, and vascular endothe-
lial growth factor (VEGF) that enter maternal circulation,
which also contribute to arterial hypertension [37, 38]. These
angiogenic factors are also potent mediators of inflammatory
response, and they augment inflammation symptoms in PE
patients [39]. Cytotrophoblast secreting interleukins 1p, 2,
4, 6, 8, 10, 12, and 18, transforming growth factor Sl
(TGFp1), IEN-y-inducibleprotein10/IP-10, tumor necrosis
factor (TNF-a), interferon y (IFN-y), monocyte chemoat-
tractant protein-1 (MCP-1), intercellular adhesion molecule-
(ICAM-) 1, and vascular cell adhesion molecule- (VCAM-) 1
also contributes to PE development [17, 40-43]. Certain
cytokines (IL-1f and IL-18) also affect maternal vascular
endothelium and cause its dysfunction [43]. Moreover, by
direct or indirect activation of other inflammatory pathways,
these cytokines can exacerbate clinical symptoms of PE. The
factors which augment the inflammatory response in syncy-
tiotrophoblast also include cholesterol and uric acid [44].
Molecular mechanisms regulating human placental inflam-
matory response involve the so-called inflammasomes which
activate protease, caspase-1 (K1), leading to proinflamma-
tory cytokines IL-18 and IL-18 activation and secretion of
interferon y, and finally IL-6 [45]. Given that as yet no effec-
tive PE therapy has been developed and delivery of the pla-
centa remains the only definitive treatment, thorough
investigation of molecular pathways accountable for the
cause and severity of the condition seems to be a promising
way to design PE prevention and/or treatment methods.

3. Oxidative Stress as the Cause of
Inflammatory Response in PE

Activation of the oxidative stress is the condition that must
be met for the physiological pregnancy to develop [46]. Oxi-
dative stress involves an imbalance between reactive oxygen
species and tissue antioxidant defense system [47-49].
Nitric oxide (NO) regulates vascular tone in order to
increase uterine blood flow, and it modulates vasodilation
which depends on the endothelial functioning and is also reg-
ulated by pregnancy-induced estrogen increase. Nitric oxide
is released from endothelial cells, and its two-way activity
includes relaxation of blood vessel walls and blood anticoa-
gulation. Endothelial nitric oxide synthase isoform (eNOS)
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affects endothelium by reducing vascular wall tension, and it
inhibits platelet and leukocyte adhesion to the vascular endo-
thelium, which plays a key role in attenuation of inflamma-
tory response. On the other hand, the inflammation-
induced inducible nitric oxide synthase (iNOS) generates
excessive amounts of NO. This inflammation-related endo-
thelial dysfunction is considered one of potential causes of
PE [50, 51].

The most significant elements of defense against ROS
include enzymatic antioxidants: superoxide dismutase
(SOD), glutathione peroxidase (GPx), and catalase (CAT).
Antioxidant defense system also involves vitamin C, E, «
tocopherol, 3-carotene, ubiquinone, carotenoids, and gluta-
thione [52]. In the first trimester of gestation, placental tissue
is characterized by low content and activity of enzymatic
antioxidants such as CAT, GPx, Cu/Zn, and Mn-SOD, which
makes trophoblasts particularly susceptible to oxidative dam-
age [53]. Thus, at the beginning of the first trimester, when
the intervillous blood oxygen level increases approx. 3-fold
due to maternal blood flow to the placenta, reactive oxygen
levels are observed to increase rapidly [54, 55].

The major role that ROS plays in PE pathogenesis con-
centrates on stimulating the secretion of proinflammatory
cytokines, chemokines, and cellular debris from apoptotic
changes to syncytiotrophoblast [56]. Oxidative stress is also
accountable for the activation of NLRP3 inflammasome, cas-
pase-1, and, consequently, IL-1 release [56, 57]. PE can be
characterized as an inflammatory response to placental
ischemia and its subsequent reperfusion [53]. Reperfusion-
induced placental damage coincides with pathological
inflammatory response, which leads to aggravated systemic
inflammatory responses and tissue damage by ROS. Scientific
evidence clearly indicates that reduced placental blood flow
caused by pathological trophoblastic invasion and abnormal
angiogenesis induces placental oxidative stress which results
in vascular inflammation and endothelial dysfunction [58].
Increased cellular exposition to ROS causes protein carboxyl-
ation, lipid peroxidation, and DNA oxidation. These changes
are typically found in preeclamptic placentas. When intracel-
lular ROS production is on the increase, interaction between
NO and ROS results in formation of peroxynitrite (ONOQO")
which, in turn, causes eNOS inactivation. In the face of the
loss of enzymatic activity, tissue homeostasis is compro-
mised, and oxidative damage to the placenta occurs thereby
inducing inflammatory response and a release of large
amounts of SEDVs. Activation of the inflammatory response
triggered by oxidative stress plays a key role in the etiology of
PE [58].

4. Monocytes and Macrophages as the Cause of
Inflammatory Response in PE

Normal functioning of the mononuclear phagocytic system is
the crucial element of human innate immunity. Scientific
data suggest that a disruption to the immune response in pre-
eclamptic pregnancy is caused by disturbance to phagocytic
system activity [35]. Monocytes fall into three major groups:
classical, intermediate, and nonclassical. Tissue macrophages
can be divided into proinflammatory (M1) and anti-

inflammatory (M2). Monocyte differentiation is controlled
by cytokines [35]. It has not been decisively determined yet
which monocyte subset is most predisposed to differentiate
to M1 or M2 macrophages, and whether identical monocytes
can undergo tissue-dependent differentiation to M1 and/or
M2. Whether selective exhaustion of a selected monocyte
subset affects the tissue composition of macrophage popula-
tion is yet to be determined too.

What mechanisms specifically underlie monocytes acti-
vation in pregnancy remain unknown. Syncytiotrophoblast
is considered to play the critical role in the process [59, 60].
Quantitative and qualitative profiles of circulating monocytes
reflect the severity of preeclamptic pregnancy. The monocyte
count and monocyte/lymphocyte ratio have been demon-
strated to be higher in preeclamptic women than in normal
pregnancies [61, 62]. In preeclamptic pregnancies, reduced
levels of anti-inflammatory (classical) monocytes and signif-
icantly elevated levels of proinflammatory (intermediate and
nonclassical) monocytes are observed in comparison with
normal pregnancies [63-65]. Ma et al. analyzed proinflam-
matory cytokines in blood serum of pregnant women with
PE and estimated the percentage of monocytes positive for
M1 and M2 markers. CD14+CD11¢c+CD163-(M1) mono-
cytes in PE women were found to be significantly higher,
which correlated with elevated levels of proinflammatory
mediators: IL-13, IL-6, and MCP-1 [66]. As nonclassical sub-
population becomes more dominant and numerous, the sys-
temic inflammatory response is augmented in preeclamptic
patients. The inflammatory response enhancement is caused
by extracellular factors and cytokines which activate mono-
cytes [67]. In the future, monocyte count and flow cytometry
monocyte phenotyping may play a significant role in predict-
ing disease progression in PE.

Proper decidual balance between pro- and anti-
inflammatory macrophages is vital for normal pregnancy
development. The increase in nonclassical macrophages sub-
population can affect tissue macrophages system in the endo-
metrium and can be accountable for disturbed placentation
in preeclamptic pregnancy [67]. Macrophage polarization
into M2 macrophages, physiologically occurring in the sec-
ond trimester, is believed to be inhibited in preeclamptic
pregnancies [21]. Consequently, there is no suppression to
M1 macrophages activity, which increases the production
of proinflammatory cytokines IFN-y, TNF-a, and IL-6 and
decreases IL-4 and IL-10 levels [21, 68].

The shift in macrophage differentiation from M2 to M1 is
ascribed to high levels of proinflammatory and low levels of
anti-inflammatory cytokines in preeclamptic placental tissue
[69, 70]. Apart from cytokines, what has an impact on mac-
rophage differentiation is the so-called cell axis. A large num-
ber of studies have reported that it is the placental
mesenchymal stem cells that play a key role in macrophage
differentiation into one of the subpopulations, M1 or M2.
They are also capable of selective activation of macrophages
[71, 72]. Wang et al. determined an important function of
hyaluronate in normal pregnancy development. High hyalur-
onate levels were found to stimulate macrophage polariza-
tion to M2 subtype and regulate cytokine production (i.e.,
IL-10) by decidual macrophages [73].



5. Inflammasomes as the Cause of
Inflammatory Response in PE

Inflammasomes are cytosolic multiprotein complexes com-
posed of pattern recognition receptor (PRR), apoptosis-
associated speck-like protein containing a caspase recruit-
ment domain (ASC), and proinflammatory caspase-1 [74].
The inflammasome recognition receptor is responsible for
the response to microbe-derived (viral, bacterial) pathogens:
pathogen-associated molecular pattern (PAMP), the body’s
own cells affected by stress: stress-associated molecular pat-
tern (SAMP), and the cells from damaged tissue: damage-
associated molecular pattern (DAMP) [75, 76]. The activated
receptor leads to the consequent inflammasome self-
oligomerization and caspase-1 activation [77]. This initiates
low-level inflammatory response causing IL-18 and IL-18
release [78-80] and pyroptotic cell death (inflammation-
induced apoptosis) [81, 82]. Originally, inflammasomes were
considered specific to innate immunity response [83]; how-
ever, recent analyses have reported that they are also engaged
in the promotion of adaptive immunity [84, 85]. Cellular
potential for inflammatory signaling is largely dependent
on PRR expression on the cell surface. Two major classes of
PRR families include Toll-like receptors (TLRs) and Nod-
like receptors (NLRs) [86].

TLRs are transmembrane receptors which recognize
PAMPs and DAMPs outside of the cell and in intracellular
endosomes. To date, ten TLRs have been identified and
described. Each of these receptors is stimulated by their spe-
cific ligands thereby triggering signaling cascades in response
to infection caused by Gram (+)/Gram (-) bacteria or RNA
viruses [87, 88].

NLRs belong to the cytosolic PRRs and constitute a sys-
tem of intracellular sensors of DAMPs or PAMPs. The
inflammatory response activated by NRLs is thus stimulated
and sustained by endogenous “danger” signals. Numerous
NLRs and NLR-dependent inflammasomes have been identi-
fied so far, and these include pyrin domain-containing pro-
teins (NLRP1, NLRP3), NLR-family caspase activators,
caspase activation and recruitment domain (CARD),
domain-containing protein-4 (NLRC4), and apoptosis-
associated speck-like protein containing a CARD (ASC) [89].

Since inflammasome components are expressed on pla-
cental cells, recent studies report that inflammasomes are
actively involved in inflammatory response related to placen-
tal dysfunction in PE. Mulla et al. [90] and Xie et al. [88]
proved that NRLP3 activation in trophoblasts and peripheral
blood plays an important role in the pathogenesis of PE.
Moreover, enhanced expression of NLRP1 and NLRP3 has
been demonstrated in peripheral monocytes from pre-
eclamptic women [91, 92]. Additionally, women with PE
demonstrate an elevated level of total cholesterol and uric
acid which both belong to host-derived damage-associated
molecular patterns (DAMPs)—endogenous alarmins [93,
94]. This, in turn, can lead to the NLRP3 inflammasome acti-
vation in syncytiotrophoblasts. The NLRP3 inflammasome is
the most widely investigated and therefore the best-
characterized of all the inflammasomes. It is distinguished
by its two major features: its activation can be triggered by
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a variety unrelated factors (including PAMPs, DAMPs, and
alarmins) [95, 96], and it is highly expressed on the cells of
innate immune system (macrophages, neutrophils, and den-
dritic cells) in many tissues [97, 98]. The NLRP3 inflamma-
some activation can be described as a two-signal model.
The first so-called priming signal is initiated by inflammatory
stimuli which affect transmembrane PRRs (TLRs) and acti-
vate the NF-«B pathway, leading to upregulation of pro-IL-
1 and NLRP3 protein levels [99]. The second signal involves
simultaneous signaling pathways after PAMP or DAMP rec-
ognition: they initiate assembly of the NLRP3 inflammasome
complex and activate procaspase-1 into its cleaved form,
which results in the release of IL-1f and IL-18 (Figure 1)
[75].

Several molecular mechanisms are triggered by NLRP3
activation, and these, among others, include potassium ion
efflux, lysosomal rupture, mitochondrial dysfunction, cal-
cium influx, and decrease of intracellular cAMP [100-102].
A well-established mechanism of NLRP3 inflammasome
activation is a decrease in the intracellular potassium concen-
tration. It confirms the assumption that numerous microbio-
logical and endogenous signals can activate inflammasomes
by reducing the level of cytosolic potassium [103]. However,
signaling pathways of inflammasome activation which are
independent of changes to cytosolic potassium concentration
have also been described [104]. The NRLP3 inflammasome
can also be activated in a caspase-11-mediated noncanonical
pathway. The signaling pathway was first described in mice
infected with Escherichia coli, Citrobacter rodentium, and
Vibrio cholerae (caspase-11 homologs in humans are
caspase-4 and caspase-5) [105-107]. Similarly to the canoni-
cal pathway results, noncanonical activation pathway leads to
caspase-1 cleavage resulting in IL-1 and IL-18 release. How-
ever, caspase-11 sensing and binding with LPS are typical to
the noncanonical pathway only [108]. Active caspase-11 also
cleaves gasdermin D (GSDMD), which allows the N-terminal
domain of GSDMD to form pores in the plasma membrane
thereby triggering pyroptosis, proinflammatory form of cell
death, linked to caspase-11 activation, and the release of IL-
13 and IL-18 [109, 110]. Inflammasomes play one of the
critical roles in the process of the host protection against
pathogens, and they are actively involved in the immunoreg-
ulation, which is of key importance for the systemic homeo-
stasis [111]. Therefore, any pathological interference in
inflammasomes activation may augment placental inflam-
matory response thereby inducing clinical and laboratory
symptoms related to PE.

6. Conclusions

Over the recent years, our understanding of the pathophysi-
ological background of PE has been enriched considerably.
Preeclampsia involves a chronic activation of maternal
immune system which is demonstrated by elevated proin-
flammatory cytokine levels and simultaneously reduced
influence of immunoregulatory factors. The imbalance is
promoted by prolonged inflammatory response in pregnan-
cies complicated with PE. To date, a single and conclusive
mechanism underlying preeclampsia has not been identified
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FIGURE 1: Inflammasomes in placental inflammation. Endothelial-derived extracellular vesicles and/or alarmins (e.g., cholesterol or uric acid)
can activate the NLRP3, NLRP1, and NLRP7 inflammasomes in the placenta, leading to the processing and release of active caspase-1 and
mature IL-1f. The resulting inflammation may lead to placental diseases such as preeclampsia and fetal growth restriction.

yet. The analyses to determine the cause of the immune
imbalance leading to enhanced systemic inflammatory
response which occurs in PE appear to be an intriguing
aim for further research which may contribute to the iden-
tification of new targets for PE therapies. More thorough
understanding of the pathophysiology of inflammatory

process in preeclampsia can largely contribute to the
design of new, targeted anti-inflammatory therapies. The
examples of such potential include the use of highly selec-
tive NRLP-3—inflammasome inhibitor MCC950. This
diarylsulfonylurea-containing compound blocks the release
of proinflammatory IL-1 by preventing oligomerization



of the inflammasome adaptor protein ASC. Flow cytome-
try monocyte phenotyping could also be applied in thera-
pies for PE. Finally, bearing in mind the oxidative stress
underlying the inflammatory response activation in PE,
antioxidant therapy could also provide a promising solu-
tion. In conclusion, the findings of further research into
the subject will have a key impact on the development
of a targeted therapy which can improve the perinatal out-
comes in women affected with preeclampsia.
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Leishmaniasis is a neglected tropical disease caused by an intracellular parasite of the genus Leishmania. Damage-associated
molecular patterns (DAMPs) such as UTP and ATP are released from infected cells and, once in the extracellular medium,
activate P2 purinergic receptors. P2Y, and P2X7 receptors cooperate to control Leishmania amazonensis infection. NLRP3
inflammasome activation and IL-1f release resulting from P2X7 activation are important for outcomes of L. amazonensis
infection. The cytokine IL-1f is required for the control of intracellular parasites. In the present study, we investigated the
involvement of the P2Y, receptor in the activation of NLRP3 inflammasome elements (caspase-1 and 11) and IL-18 secretion
during L. amazonensis infection in peritoneal macrophages as well as in a murine model of cutaneous leishmaniasis. We found
that 2-thio-UTP (a selective P2Y, agonist) reduced parasite load in L. amazonensis-infected murine macrophages and in the
footpads and lymph nodes of infected mice. The antiparasitic effects triggered by P2Y, activation were not observed when
cells were pretreated with a caspase-1 inhibitor (Z-YVAD-FMK) or in macrophages from caspase-1/11 knockout mice
(CASP-1,117""). We also found that UTP treatment induced IL-13 secretion in wild-type (WT) infected macrophages but not in
cells from CASP-1,11""" mice, suggesting that caspase-1 activation by UTP triggers IL-1f secretion in L. amazonensis-infected
macrophages. Infected cells pretreated with IL-1R antagonist did not show reduced parasitic load after UTP and ATP treatment.
Our in vivo experiments also showed that intralesional UTP treatment reduced both parasite load (in the footpads and popliteal
lymph nodes) and lesion size in wild-type (WT) and CASP-11"'~ but not in CASP-1,11""~ mice. Taken together, our findings
suggest that P2Y,R activation induces CASP-1 activation and IL-1f secretion during L. amazonensis infection. IL-1f/IL-1R
signaling is crucial for P2Y,R-mediated protective immune response in an experimental model of cutaneous leishmaniasis.

1. Introduction

Leishmaniasis is a vector-borne disease caused by flagellated
protozoans of the genus Leishmania. This disease represents
a spectrum of neglected tropical diseases that are endemic
in 98 countries worldwide [1]. The clinical manifestations
range from cutaneous or mucocutaneous lesions to lethal
visceral pathology. Cutaneous leishmaniasis, whose symp-

toms range from local ulcers to mucosal tissue destruction,
can be caused by L. amazonensis, L. major, L. braziliensis,
and L. guaynensis [2].

In humans, Leishmania promastigotes are injected into
the dermis (i.e., through the bite of an infected sandfly) and
establish infection in phagocytic cells [3]. The recognition
of pathogen-associated molecular patterns (PAMPs) by
phagocytes leads to the release of damage-associated
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molecular patterns (DAMPs) such as the extracellular nucle-
otides ATP (eATP) and UTP (eUTP) that are involved in the
killing of intracellular pathogens through the activation of P2
receptors ([4, 5]. P2 purinergic/pyrimidinergic receptors can
be subdivided into metabotropic G-protein-coupled P2Y
(P2Y,,4611-14) and ionotropic P2X receptors (P2X1-7)
[6]. The following agonists activate P2 receptors: P2X and
P2Y,,~ATP; P2Y,,~ATP and -UTP; P2Y,, P2Y,,, and
P2Y,,-ADP; P2Y.-UDP; and P2Y,,~UDP-glucose [7].
P2Y receptors (P2YR) can be constitutively expressed or
regulated under pathological conditions [8]. Metabotropic
G-coupled-proteins such as calcium-sensing receptor and
P2YR were reported to be implicated in NLRP3 inflamma-
some activation in inflammatory models [9-13].

Evidence supports the involvement of the noncanonical
NLRP3 inflammasome assembly in the elimination of L.
amazonensis infection by P2X7R triggering, acting as an
important platform to improve host leishmanicidal mecha-
nisms. Nevertheless, the mechanisms involved in the activa-
tion of this inflammasome in leishmaniasis remain elusive
[14, 15]. ATP/P2X7R signaling during L. amazonensis infec-
tion has been partially elucidated during the last decade; it
is assumed to be the most potent canonical activator of
the NLRP3 inflammasome [16] and more recently in non-
canonical activation of NLRP3 inflammasome assembly
[14, 17, 18]. We previously demonstrated that the antipara-
site immune response attributed to the P2YR agonist UTP
involves paracrine activation of the P2X7 receptor (P2X7R)
and PANX-1 channels in macrophages from mice infected
with L. amazonensis [19]; UTP induces production and
release of reactive oxygen species (ROS), nitrite oxide (NO)
[20, 21], and leukotriene B, (LTB,) [19] that is assumed to
be crucial for parasite death. In addition to these inflamma-
tory mediators, IL-1f mediates the control of intracellular
parasite infections [4] [22]. In the present study, we investi-
gated caspase-1/IL-1f axis activation in the protective
immune response induced by P2Y, receptor activation in
an experimental model of cutaneous leishmaniasis.

2. Materials and Methods

2.1. Chemicals. UTP (uridine triphosphate), ATP (adenosine
triphosphate), Dulbecco’s modified Eagle’s medium
(DMEM), and 199 medium were purchased from Sigma-
Aldrich (St. Louis, MO, USA); 2-thio-UTP and FMK-Z-
YVAD were from Tocris (Bristol, UK).

2.2. Mice. The experiments, maintenance, and care of mice
were carried out according to the guidelines of the Brazilian
College of Animal Experimentation (COBEA). We used
wild-type BALB/c and C57BL/6 (Jackson Laboratory, USA),
as well as CASP-1,11 and CASP-11 knockout mice (CASP-
1,117 and CASP-11"" against the C57BL/6 background)
(Genentech Laboratory, South San Francisco, CA, USA).
CASP-1,11"" and CASP-11"" mice were maintained at the
Laboratory of Transgenic Animals of the Federal University
of Rio de Janeiro (UFR]J, RJ, Brazil). The mice were housed
in a temperature-controlled room (22°C) with a light/dark
cycle (12h). Food and water were provided ad libitum. The
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animal experimentation protocols used in this study were
approved by the Ethics Committee on the Use of Animals
(CEUA) from the IBCCF, UFR]J, document no. 077/15.

2.3. Parasite Culture. We used L. amazonensis (MHOM/BR/-
Josefa) strain in both in vitro and in vivo experiments. Amas-
tigotes isolated from mouse lesions (from BALB/c mice) were
allowed to transform into axenic promastigote forms by
growth at 24°C, for 7 days, in 199 medium supplemented
with 10% heat-inactivated fetal bovine serum (FBS; Gibco
BRL, 2% male human urine, 1% L-glutamine and 0.25%
hemin). Promastigotes in the late stationary phase of growth
until the tenth passage were used to preserve parasite
virulence.

2.4. Cell Culture and Infection. Resident macrophages were
harvested from the peritoneal cavity by washes with cold
phosphate buffer saline (PBS). Cells were directly seeded on
culture plates (in DMEM-supplemented medium, at 37°C,
with 5% CO,) for 1h and washed gently with PBS (twice)
to remove nonadherent cells. The cells were cultured for
24h in DMEM supplemented (10% FBS and 100 units
penicillin/streptomycin) at 37°C (and 5% CO,) and infected
for 4h or 1h with L. amazonensis promastigotes (MOI ratio
10:1, Leishmania: macrophage) at 37°C. The noninterna-
lized parasites were removed by extensive washing with ster-
ile PBS. Then, infected cells were maintained in an incubator
at 37°C and 5% CO, until the moment of stimulation.

2.5. In Vitro Stimulus and Inhibitor Treatments. Infected
macrophages (48 h after infection) were treated with 10 uM
Z-YVAD-FMK, 2 uM Z-LEVD-FMK, or IL-1Ra (100 ng/mL)
for 30 minutes before stimulation with UTP (100 uM) or
ATP (50, 100, or 500 uM) for an additional 30 minutes at
37°C and 5% CO,. Then, cell monolayers were washed with
PBS and maintained in DMEM supplemented (10% FBS
and 100 units penicillin/streptomycin) at 37°C (and 5%
CO,) for 24 h, when infection index and cytokine production
were measured.

2.6. Macrophage Infection Index. Intracellular parasite loads
were analyzed as previously described [19]. Briefly, cells were
infected and treated with nucleotides and were fixed onto
slides, stained using a panoptic stain (Laborclin®, PR, Brazil),
and counted using a Primo Star light microscope (Zeiss,
Germany), with a 40x objective (100x for representative pic-
tures). Images were acquired using a Bx51 camera (Olympus,
Tokyo Japan) operated using the CellAF software. We calcu-
lated the “infection index,” representing the overall infection
load, based on the count of about 100 cells in a total of five
fields to obtain the number of infected macrophages and
the average number of parasites per macrophage. Individual
amastigotes were clearly visible in the cytoplasm of infected
macrophages. The results were expressed as the infection
index IT = (%infected macrophages) x (amastigotes/infected
macrophage)/100.

2.7. Murine Model of Infection and In Vivo Treatments.
Female BALB/c mice, wild-type (WT), CASP-1,117", and
CASP-11"" C57BL/6 (8-12 weeks old) were infected in the
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dermis of the footpad by intradermal injection of 10°L. ama-
zonensis promastigotes in PBS. Intralesional treatment with
20 uL of 10 uM 2-thio-UTP, 1 mM UTP (pH = 7.4), or vehi-
cle (for 3 weeks, twice a week) started 7 days postinfection
(d.p.i.). Lesion growth was calculated by evaluation of the
“swelling” (thickness of the infected footpad — thickness of
the uninfected footpad from the same mouse), using a tradi-
tional caliper (Mitutoyo®). Forty-eight hours after the final
injection (26d.p.i.), the animals were euthanized, and the
infected footpad and popliteal lymph nodes were removed
and dissociated (in M199-supplemented culture medium)
for parasitic load determination.

2.8. Parasite Number in Mouse Tissues. The parasite load of
L. amazonensis in infected tissues was determined using a
limiting dilution assay, as previously described [19, 23]. Mice
were euthanized in a CO, chamber, followed by cervical dis-
location. The footpads and lymph nodes were collected and
weighed, and cells from the whole footpad and draining
lymph nodes were dissociated using a cell strainer 40 ym
(BD®) in PBS. Large pieces of tissue debris were removed
by centrifugation at 150 g; cells were separated by centrifuga-
tion at 2,000 g for 10 min and resuspended in supplemented
M199. Samples were cultured in 96-well flat-bottom microti-
ter plates (BD®, USA) at 26-28°C. After a minimum of 7
days, wells were examined using phase-contrast microscopy
in an inverted microscope (NIKON TMS, JP) and scored as
“positive” or “negative” for the presence of parasites. Wells
were scored “positive” when at least one parasite was
observed per well.

2.9. Cytokine Levels. Measuring IL-15 released in cell super-
natants, peritoneal macrophages from WT, and CASP-1,11"
' mice were plated in 96-well plates (2.0 x 10°) and infected
with promastigotes of L. amazonensis (MOI 10:1) as
described in Section 2.4. Then, cells were treated with
100 uM UTP or 3mM ATP for 30 min. Cells were washed
after 30 min and maintained at 37°C for an additional 4h,
and the supernatants were collected for further analyses.
Enzyme-linked immunosorbent assays (ELISA) were per-
formed using commercial kits, as instructed by the manufac-
turer (R&D Systems, Minneapolis, MN, USA). We also
measured cytokine production in footpads from WT,
CASP-1,11"", and CASP-11"" mice. Briefly, the infected foot-
pads were collected and processed as described above. IL-1
and IL-1« levels were measured using ELISA with commer-
cial kits, as instructed by the manufacturer (R&D Systems,
Minneapolis, MN, USA). Protein concentrations were deter-
mined using the bicinchoninic acid method (Thermo Fisher,
BCA protein assay kit, Rockford, IL, USA), and cytokine
levels in tissue were corrected for by the total amount of
protein.

2.10. Statistical Analysis. Statistical analyses were performed
using the Student’s ¢-test to compare two groups. For more
than two groups, data were analyzed using the one-way anal-
ysis of variance (ANOVA) followed by Tukey’s multiple
comparison post hoc test, using the Prism 5.0 software
(GraphPad Software, La Jolla, CA, USA). Differences

between experimental groups were considered statistically
significant when P < 0.05.

3. Results

3.1. P2Y,R Contributes to L. amazonensis Infection Control.
We recently reported that UTP-intralesional treatment elic-
ited a Th, immune response in an experimental model of
cutaneous leishmaniasis [21], suggesting the involvement of
P2Y,R. Here, we evaluated whether the intralesional treat-
ment with a selective P2Y,R agonist (2-thio-UTP) would
promote L. amazonensis control in BALB/c mice. As shown
in Figure 1(a), tissues were harvested for analysis at 26 d.p.i.
We found that 2-thio-UTP treatment reduced the parasitic
load in the footpads (Figure 1(b)) and draining lymph nodes
(Figure 1(c)), as well as the number of leukocytes in the
draining lymph nodes of infected mice (Figure 1(d)) when
compared to those of control mice. We also investigated the
antiparasitic effect attributed to 2-thio-UTP (range 0.025-
1 uM) and UTP (range 1-100 uM) in infected macrophages.
We found that all concentrations of UTP significantly
reduced the infection index in both BALB/c (Figure 1(f))
and C57BL/6 WT macrophages (Figure 1(h)). Antiparasitic
effects of 2-thio-UTP treatment were observed at concentra-
tions ranging from 0.05 to 1 uM in both BALB/c (Figure 1(g))
and C57BL/6 WT macrophages (Figure 1(i)). These results
suggest that P2Y,R activation contributes to the control of
L. amazonensis infection.

3.2. Caspase-1 Is Required to P2Y ,R-Mediated L. amazonensis
Control in Macrophages. Previously, we showed that antipar-
asite effects attributed by UTP and ATP involve P2X7R and
PANX-1 channels in infected macrophages [19]. We also
reported that antiparasitic immune responses triggered by
the ATP/P2X7R/PANX-1 axis require NLRP3 inflamma-
some activation in macrophages infected with L. amazonen-
sis [14]. Here, we determined whether CASP-1 activation (an
essential component of the NLRP3 inflammasome) partici-
pates in infection control mediated by eUTP. We found that
the antileishmanial effects of UTP were absent in infected
macrophages from mice genetically deficient for CASP-1,11
enzymes (CASP-1,117"" mice) (Figures 2(b)-2(f)). When
we blocked CASP-1 with Z-YVAD-FMK (CASP-1 inhibitor),
the antiparasitic effects attributed to UTP treatment were
abrogated (Figures 3(b)-3(f)). By contrast, the antiparasitic
effects of UTP were significant in macrophages from CASP-
117"~ mice and in WT macrophages treated with Z-LEVD-
FMK (CASP-11 inhibitor) (Supplementary Figure 1). These
findings suggest that the activity of CASP-1 but not CASP-
11 is relevant to L. amazonensis control mediated by the
P2Y, receptor.

3.3. P2Y,R Stimulation Promotes IL-1f3 Secretion from L.
amazonensis-Infected Macrophages. IL-1f is an important
proinflammatory cytokine produced in response to several
pathogens, and its secretion is induced by inflammasome
activation in a P2X7-dependent manner during L. amazo-
nensis infection [24]. Therefore, we determined whether acti-
vation of the inflammasome via UTP/P2Y,R would result in
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FIGURE 1: P2Y,R selective agonist 2-thio-UTP improves host resistance against L. amazonensis. (a) Schematics showing the animal model of in vivo
experiments. BALB/c mice (n = 6/group) were subcutaneously injected in the footpad with 10° promastigotes (L. amazonensis at stationary phase).
From 7 days postinfection (d.p.i.), mice were treated with 10 4uM 2-thio-UTP in 20 4L PBS and injected into the infected footpad twice a week for 3
weeks (six doses). (b—d) Animals were euthanized 26 d.p.i., and the footpads and popliteal lymph nodes were removed and used for further analysis.
(b) Parasitic loads in the footpads and lymph nodes (c) were determined using a limiting dilution assay (LDA). (d) Leukocyte numbers from
popliteal lymph nodes. (e) Schematics showing the design of in vitro experiments. BALB/c (£, g) and C57Bl/6 (WT) (h, i) macrophages infected
for 48 h were treated for 30 min with UTP (1-100 uM UTP) (f-h) or 2-thio-UTP (0.025-1 uM) (g-i). After 30h, cells were fixed, stained with
the panoptic kit, and observed with light microscopy. The effect of treatments on infection was quantified by determining the “infection index”
(%of infection x number of amastigotes/total number of cells)/100; normalized to the untreated), by direct counting under the light microscope.
Data represent mean + SEM of three independent experiments performed in triplicate, with pools of cells from four animals each experiment. *
P < 0.05 relative to the untreated group (one-way analysis of variance followed by Tukey’s test).
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Ficure 2: Control of L. amazonensis infection by UTP requires CASP-1,11. (a) Schematics showing the infection and treatments.
Representative images of infected peritoneal macrophages from WT (b, ¢) and CASP-1,117" (d, e) treated with UTP (100 uM) (d, e) for
30 min or left untreated (b, c). The antiparasitic effect of UTP treatment was evaluated through the “infection index” (f). Data represent
mean + SEM of three independent experiments performed in triplicate, with pools of 3-4 animals in each experiment. ***P < 0.0001
relative to the untreated group (one-way analysis of variance followed by Tukey’s test).

the secretion of IL-1f3 by L. amazonensis-infected cells. We
found that UTP treatment induced IL-1f secretion in WT-
infected macrophages but not in macrophages from CASP-
1/117"" mice (Figure 4(a)), suggesting that activation of the
canonical NLRP3 inflammasome by eUTP triggers IL-1p3
secretion in L. amazonensis-infected macrophages in a
caspase-1-dependent fashion. Treatment with UTP or ATP
did not reduce the parasitic load in infected macrophages
pretreated with IL-1R antagonist (Figures 4(b)-4(i)), sug-
gesting that IL-1R signaling is essential to L. amazonensis
control mediated by P2X and P2Y receptors.

3.4. Treatment with UTP Promotes the Control of In Vivo L.
amazonensis Infection through Caspase-1 Activation and IL-

13 Production. To confirm the importance of the CASP-1
activation by UTP/P2Y, activation, we evaluated the require-
ment of CASP-1 in the protection elicited by UTP treatment
during L. amazonensis infection in vivo. We injected UTP at
intervals of 3-4 days, from 7 days postinfection in the foot-
pads of WT, CASP-1,11""", and CASP-11""" mice infected
with 10° promastigotes of L. amazonensis. Mice were eutha-
nized 26 days postinfection, and lesion development (swell-
ing) was measured during the development of leishmaniasis
(Figure 5(a)). As depicted in Figure 5(b), WT mice treated
with UTP showed significantly smaller lesion sizes and lower
parasite loads (the final one both in the footpads and lymph
nodes) than in control mice (Figures 5(b), 5(e), and 5(f)).
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However, these protective effects were absent in CASP-
1,117~ mice, where UTP treatment did not reduce either
lesion size or parasite load (Figures 5(c), 5(e), and 5(f)).
UTP treatment in CASP-11"""-infected mice did not signifi-
cantly decrease lesion size but rather induced a significant
reduction in parasite load (Figures 5(d), 5(e), and 5(f)). Of
note, both knockouts showed increased parasite loads when
compared to infected WT mice (Figures 5(e) and 5(f)), as
previously reported [15].

We also evaluated whether CASP-1 and CASP-11 were
relevant to the production of IL-1f and IL-1« in mice treated
with UTP. The footpads from infected WT and CASP-117"~
mice treated with UTP showed higher levels of IL-1f, as
compared to the control footpads (Figure 5(g)). However,
no increase in IL-1f was found in the footpads of UTP-
treated CASP-1,117"" mice (Figure 5(g)), suggesting that
CASP-1 is involved in UTP-induced IL-1f production.
Levels of IL-1a did not differ in the footpads from WT,

CASP-1,117"", and CASP-11""" mice after UTP treatment
(Figure 5(h)).

4. Discussion

Cutaneous leishmaniasis affects millions of people worldwide.
Nevertheless, the host defense mechanisms that are modulated
to control parasite replication and treat the disease are not
thoroughly characterized, and several aspects of the disease
remain poorly understood [25]. We previously reported the
involvement of purinergic receptors, including P2Y,R and
P2X7R, in the control of L. amazonensis infection in vitro
and in vivo [4, 19]. These receptors induce the activation of
several microbicidal mechanisms in host cells during infection
(i.e, NO, ROS, LTB, production) [20, 21, 26, 27]. Here, we
identified a protective mechanism triggered by P2Y,R, using
incubation with either a specific agonist for P2Y,R, 2-thio
UTP, or low concentrations of UTP (100uM) or ATP
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F1GURE 4: Control of L. amazonensis infection by UTP and ATP involves IL-1R signaling. (a) Peritoneal macrophages from WT and CASP
1,117 mice were infected with L. amazonensis promastigotes for 1h and treated with UTP for 30 min. Cell culture supernatants were
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IL-1Ra (100 ng/mL) for 30 min prior (c, f) UTP and (d, g) ATP pulse for 30 min. Twenty-four hours after nucleotide treatment, cells were
fixed and stained using the panoptic kit to measure parasitic load using the “infection index” (h, i). Data are mean + SEM of three
independent experiments performed in triplicate, with pools of 3-4 animals in each experiment. ***P < 0.0001 and **P < 0.005 relative to
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thickness of the infected footpad — thickness of the uninfected footpad from the same mouse. (e-h) Animals were euthanized 26 d.p.i. when
the footpad and popliteal lymph nodes were excised and used to quantify parasite load and cytokine production. (e) Parasite loads in the

footpads (f) and in popliteal lymph nodes from WT and CASP 1,117

mice by limiting dilution assay (LDA). (g) IL-18 and (h) IL-1«

production into the footpad was measured by ELISA. Data represent mean+ SEM values, n=5-6 mice per group. **P<0.01
and *P<0.05 in comparison to the untreated group (one-way analysis of variance followed by Tukey’s test).

(50 uM) during in vitro infection with L. amazonensis. Parasite
elimination upon P2Y,R activation in vitro and in vivo
depends on caspase-1 activation and IL-1R signaling.

The role of P2X7R in the IL-1f3 maturation via NLRP3
inflammasome assembly in both infectious and inflamma-

tory disorders is currently accepted [16, 28, 29]. Jin et al.
[10] also proposed a P2Y,R-mediated inflammasome activa-
tion pathway [10]. Interestingly, inflammasome assembly
and signaling are closely associated with the physiopathology
of leishmaniasis [30-32]. We and others have shown that the
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NLRP3 inflammasome is protective and contributes to
restricting L. amazonensis parasite replication in macro-
phages as well as in vivo [30, 33, 34]. The canonical NLRP3
inflammasome promotes IL-1 and IL-18 activation through
the engagement of NLRP3, ASC, and caspase-1 activation. In
addition to these components, the noncanonical NLRP3
inflammasome requires a caspase-11 expression for proper
caspase-1 activation [35].

Despite the apparent importance of the inflammasome for
disease outcomes, the mechanisms by which NLRP3 inflam-
masome is activated during Leishmania infection remain
poorly understood. ROS production via dectin-1 and P2X7R
activation appears to be involved in NLRP3 inflammasome
activation [14, 34]. The mechanisms of NLRP3 inflammasome
activation required for IL-1 generation during infection by
Leishmania have been recently elucidated. IL-1/3 from a non-
canonical NLRP3 source was implicated in the elimination of
pathogens [36, 37] including L. amazonensis [14]. In support
of this finding, caspase-11 was shown to be activated in
response to the cytosolic delivery of Leishmania LPG in mac-
rophages [30]. Previous in vitro studies from our group
reported that ATP/P2X7 axis was critical for L. amazonensis
control in a mechanism dependent on IL-1R signaling by non-
canonical NLRP3 inflammasome activation [14, 24]. In these
settings, L. amazonensis elimination by P2X7R activation
was followed by LTB, release and subsequent activation of
the NLRP3 complex and IL-1p release, requiring the activa-
tion of both CASP-1 and CASP-11 [4, 14]. NLRP3 activation
by LTB, depended on ROS induction [38]. Likewise, P2X7R
activation triggered ROS production and the host immune
response in several intracellular pathogen diseases, including
Toxoplasma gondii, Chlamydia spp., and Plasmodium cha-
baudi infections [39-41].

P2X7R was also necessary for antiparasitic responses
attributed to UTP/P2YR in L. amazonensis infection [19].
The elimination of L. amazonensis in vitro triggered by
P2Y,R involves P2X7-dependent LTB, secretion, in a mech-
anism requiring pannexin-1. P2X7R expression was also
required for in vivo control of L. amazonensis by UTP,
supporting the notion of a collaborative effect among P2
receptors to improve the antiparasitic immune response in
leishmaniasis [19]. In the present study, we showed, through
in vitro and in vivo studies, that CASP-1 and IL-1R signaling,
but not CASP-11, were necessary to boost host immune
responses induced by P2Y,R, contributing to protection
against L. amazonensis.

Antileishmanial effects triggered by P2Y,R involve two
steps. The first one is mediated by ATP release with an auto-
crine/paracrine effect on P2X7R [19]. The second reveals a
pathway of IL-1f induction triggered by P2Y,R (activated
by low ATP concentrations). Corroborating our results,
P2YR signaling triggered inflammasome activation in several
inflammatory models [9, 13], and caspase-1-mediated secre-
tion of IL-1f after activation of NLRP3 [9] and NLCR4
inflammasomes [42] after P2Y,R activation have been
reported.

In the present study, we showed that P2Y,R induced
lower levels of extracellular IL-13 when compared to
P2X7R engagement by exogenous ATP, even though the

technique used to measure extracellular nucleotides did not
directly reflect their concentration around cells. These find-
ings suggest that the P2X7R-dependent pathway triggered
by P2Y,R could be activated to a lesser extent than that of
P2X7R activation triggered by exogenous ATP. P2X7 recep-
tor activation and its effect on immune cells vary according
to ATP levels. P2X7 receptor stimulation with low ATP
(100 uM) leads to the formation of a cation-selective channel.
Its activation by high levels of ATP triggers the formation of a
nonselective pore [43, 44]. The latter scenario is usually
related to pronounced ROS production, inflammasome acti-
vation, and IL-1p release in various systems [45]. High ATP
levels can activate the P2X7R that acts as the second signal
for noncanonical NLRP3 inflammasome activation during
L. amazonensis infection. Chaves et al. [14] demonstrated
activation of the noncanonical NLRP3 and IL-1p release after
P2X7R activation in vitro after incubation of infected macro-
phages with exogenous ATP (500 uM) [14]. In this context,
P2X7R activation by high exogenous ATP concentrations
during infection with L. amazonensis might lead to higher
levels of extracellular LTB,, which in turn would favor ROS
production and triggering of the noncanonical NLRP3
inflammasome assembly. Our data suggest that P2Y,
receptor activation is not able to induce P2X7 receptor
activation at a level that triggers activation of the nonca-
nonical NLRP3 inflammasome assembly. Nevertheless,
the exact inflammasome-related pathways triggered under
these conditions are unknown and require further studies.

Our in vivo results showed that, while lack of CASP-1/11
abrogated IL-1f induction and reduction in parasite load
after activation of P2Y,R, mice deficient in CASP-11 pre-
served an antileishmanial response after treatment with
UTP. These findings suggest that, during in vivo infection
by L. amazonensis, caspase-1 is the main source of IL-1f
and is responsible for controlling the parasitic infection. This
pathway is further enhanced by P2Y,R signaling. Even
though P2X7R activation appears to enhance IL-18 produc-
tion through the noncanonical NLRP3 in vitro [14], its
participation in the control of in vivo infection by L. amazo-
nensis has not been addressed. It needs to be studied in depth
before reaching further conclusions. Taken together, these
data suggest that not only P2X7R but also P2Y,R, a G-
protein-coupled receptor, is involved in the activation of
IL-1 production/release in immune cells during infection
with L. amazonensis. IL-1R activation, in turn, controls L.
amazonensis infection. These results suggest that DAMPs
boost the immune response against L. amazonensis infection
via P2 receptors.

5. Conclusion

P2Y,R activation by UTP/ATP induced CASP-1 activation
and IL-1f3 secretion in the context of L. amazonensis infec-
tion. IL-1B/IL-1R signaling was crucial to P2Y,R-mediated
protective immune responses in an experimental model of
cutaneous leishmaniasis. These findings suggest that P2Y,R
may be a possible therapeutic target to treat L. amazonensis
infection by potentiating IL-1/IL-1R signaling and control-
ling parasite replication.



10

Data Availability

The file data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors declare no competing or financial interests.

Acknowledgments

The authors wish to thank Pryscilla Braga, Fabiane Cristina
Rodrigues, and Barbara Gabrielle Araujo for technical assis-
tance. This work was supported by grants from Conselho
Nacional de Desenvolvimento Cientifico e Tecnoldgico
(CNPq) and Fundacio de Amparo a Pesquisa do Estado
do Rio de Janeiro (FAPER], Brazil—E-26/010.002985/2014,
E-26/203.027/2 015, E-26/202.774/2018, and E-
26/202.701/2019).

Supplementary Materials

Supplementary Figure 1: infected peritoneal macrophages
from BALB/c (A) were pretreated with Z-YVAD-FMK
(2puM) for 30 minutes and then with 100uM UTP for
another 30 minutes. Peritoneal macrophages from WT or
CASP-11"" were infected and after 48 h treated or not with
UTP (100 uM) for 30 minutes (B). Twenty-four hours later,
cells were fixed and stained with panoptic stain, and glass
coverslips on slides were evaluated using the “infection
index” by a direct count under light microscopy. Data repre-
sent mean + SEM of three independent experiments per-
formed in triplicate, with pools of 3-4 animals in each
experiment. ***P < 0.0001 relative to the untreated group
(one-way analysis of variance followed by Tukey’s test).
(Supplementary Materials)
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Cancer causes a major health concern worldwide due to high incidence and mortality rates. To accomplish this purpose, the
Scopus, PubMed, and Web of Science databases were searched using the keywords bacteria and cancer. Most of published
research addressed several different factors that induced cancer, such as toxins, medications, smoking, and obesity.
Nonetheless, few studies are dealing with cancer induction via bacterial infection. In addition, mechanisms of cancer
induction via bacterial infections are not well understood. Therefore, in this review, we will shed light on different bacteria
that induced cancer via different molecular mechanisms. Among the bacterial infection that induced cancer, Helicobacter
pylori was the first recognized bacteria which caused gastric cancer and might be also linked to extragastric cancer in
humans. H. pylori has been associated with adenocarcinoma in the distal stomach by its ability to cause severe
inflammations. It has been found that inflammations induced cancer via different mechanisms including induction of cell
proliferation and production of high levels of free radicals. Recently, free radicals were found to induce and cause various
types of cancer. Salmonella typhi has been found to be associated with gallbladder carcinoma (GBC). Also, intercellular
infection of lungs with Chlamydia pneumoniae was found to contribute as one of the ethological factors of lung cancer.
Moreover, infection of the urinary tract with Staphylococcus aureus, Klebsiella spp., and Proteus mirabilis has been found
to cause bladder cancer. These microorganisms produce a high level of N-nitrosamines which are metabolically activated
leading to the generation of alkylating agents that damage DNA and other macromolecules. It is concluded that a certain
bacterium is linked with induction of a specific type of cancer via different molecular and biochemical mechanisms as
discussed in the text in details. This infection could potentially affect human health in different ways. In addition, it is
important to know the possible factors involved in cancer induction for better treatment of cancer patients.

1. Introduction exogenous genotoxic carcinogens. These carcinogens consist

of a wide variety of compounds, which differ in their chemi-

Genetic, environmental, and dietary factors are identified as
the main factors of cancer induction, and their interaction
leads to carcinogenesis. Environmental factors such as
tobacco smoke and occupational exposure to hazardous
chemicals account for 90% of all cancers. The majority of
the exogenous compounds are chemical carcinogens which
undergo metabolic activation to form metabolites which
interact with cellular macromolecules and initiate carcino-
genesis by causing damage to the DNA, hence are called

cal structure but possess a common ability to form chemical
bonds with DNA, resulting in the generation of “DNA
adducts.” The formation of these DNA adducts is recognized
as the initial step in chemical carcinogenesis [1, 2]. In addi-
tion, the initial stage of gene mutilation is also based on
endogenous mechanisms that cause mutations or even gene
deletions. Very common endogenous mediators are free
radicals or reactive oxygen species (ROS), which cause oxida-
tive damage to DNA and cause different mutations (Figure 1)
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Figure 1: Different molecular mechanisms of carcinogenesis induced by bacterial infection and oxidative stress.

[3, 4]. Recent studies have shown a causative relationship
between bacterial infection and the onset of cancer in organs
such as lungs, colon, and cervix, which are constantly
exposed to bacteria (Figure 1) [5]. The harmony of cells and
the control of its growth and proliferation are regulated by
a well-synchronized signalling pathway. Any alteration or
deregulation of these pathways triggers carcinogenesis. Dur-
ing bacterial infection, various bacteria target and trigger
these signalling pathways. Therefore, in this review, we have
focused on the role of some bacteria in the incidence of can-
cer since a number of bacteria have been associated with can-
cer via triggering signalling pathways. Helicobacter pylori,
Salmonella typhi, Streptococcus bevies, and Chlamydia pneu-
monia cause stomach, gallbladder, colorectal, and lung can-
cers, respectively, through different mechanisms.

1.1. Salmonella typhi Induced Gallbladder Cancer. Salmonella
typhi is a rod-shaped gram-negative bacterium of the Entero-
bacteriaceae family, which is well known to cause typhoid or
enteric fever. These bacteria colonize in the gallbladder caus-
ing asymptomatic chronic infection [6]. Epidemiological
studies from S. typhi endemic regions have shown that most
of the chronically infected carriers developed gall cholelithia-
sis, a primary predisposing reason for the onset of gallbladder
cancer (GBC). Typhoid toxins produced by S. typhi have a
carcinogenic potential which damages the DNA and alters
the cell cycle in the infected cells. Apart from this, the extra-
cellular polymeric substances (EPS) produced in the biofilm
of S. typhi are the key factor for persistent infection and cho-
lecystitis leading to exposure of the epithelium to carcino-
genic toxins produced by S. typhi [6]. Until the 1990s, in
Chile, under the backdrop of a typhoid epidemic, a high
prevalence of gallbladder cancer incidence was observed,
which was mainly attributed to its association with Salmo-
nella enterica serovar typhi (S. typhi) Vi antibodies. How-

ever, the exact mechanism underlying this association is
still under investigation [7]. Another study in India claimed
chronic Salmonella enterica serovar typhi infection to be a
significant risk factor for the development of gallbladder
cancer, although no direct association and mechanism have
been explained yet [8].

L11. Molecular Mechanism Underlying Induction of
Gallbladder Cancer. The role of Salmonella typhi in altering
the genomic sequence of tumor protein p53 (TP53) and
amplification of protooncogene c-MYC results in malignant
transformation from predisposed mice gallbladder organoids
and fibroblasts (Table 1 and Figure 1). Salmonella typhi eftec-
tors released during an infection contribute to the autoactiva-
tion of protein kinase which is triggered by mitogen (MAPK)
and the Akt pathways (Table 1). This process is pathogno-
monic in initiating as well as sustaining malignant transfor-
mation, which is a consistent observation in gallbladder
cancer patients in India. Hence, the role of Salmonella typhi
predisposed epithelium of gallbladder to toxic metabolites
was established [8]. Another mechanism is primarily attrib-
utable to the production by S. typhi of genotoxic substances
(cytolethal distending toxin B (CdtB)), which is the func-
tional unit of cytolethal distending toxin (CDT) and cyto-
toxic necrotizing factor 1 (CNF1). The CdtB works by
targeting the DNA in the human host cells while CNF1
inhibits the activity of cytokines leading to inflammation
and cell cycle inhibition [9] (Table 1 and Figure 1). Moreover,
CNF1 also affects the transcription termination process in
prokaryotes by altering the Rho proteins [9]. S. typhi changed
the protein expressions of CdtB and CNF1 leading ultimately
to cancer of the gallbladder.

The function of the gallbladder is to store bile, which con-
sists of bile salts and acids. Various mechanisms have been
suggested in which altered bile salt metabolism produces
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TaBLE 1: Types of cancer induction and mechanisms of carcinogenesis induced by different microbiota.

Cancer Bacteria inducing cancer

Mechanisms of carcinogenesis References

Gallbladder cancer Salmonella typhi

Lung cancer Chlamydia pneumoniae

Streptococcus bovis, Helicobacter pylori, Bacteroides
fragilis, Enterococcus faecalis, Clostridium septicum,

Colorectal cancer
Fusobacterium spp., and Escherichia coli

Breast cancer .
yanoikuyae

Bladder cancer

Methylobacterium radiotolerans, Sphingomonas

Staphylococcus albus hemolytic, Staphylococcus
aureus, Klebsiella spp., Proteus mirabilis, and E. coli

Changes in the sequence of p53 gene; activation
of protein kinase; cytolethal distending toxin B
(CdtB); biliary deoxycholate; cholic acid derivatives;
5-alpha,6-alpha-epoxide cholesterol; upregulation
of the PI3K pathway

Alteration in apoptosis and/or cell programming
signalling; overexpression of miRNA-328; by
stimulating lung-resident & T cells; development
of Myd88-dependent IL-1b and IL-23; generation
of reactive oxygen species; increased secretion
of cytokines, IL-8, IL-10, and TNF
Secretion of Bacteroides fragilis toxin; activation of
NEF-uB; expression of IL-17A, and TNF-q; 3-catenin
expression, induction of IL-17R, NF-«B, and Stat3
signals; induction of the gene expression of
colibactin (cIbB) and Bacteroides fragilis toxin
(BFT), increased colonial interleukin-17, and
colonic epithelial DNA damage

(8, 10-13]

[5, 19-24]

[69, 72-75]

Microbiota secretes bioactive metabolites including
estrogens, short-chain fatty acids, amino acid
metabolites, or secondary bile acids; dysbiosis

(78, 79]

Formation of N-nitrosamines; DNA methylation;

reactive chemical species (83-87]

carcinogenic compounds from long-term S. typhi carriers.
Bacterial enzymes which were present in S. typhi work pri-
marily on bile acids to generate high concentrations of toxic
metabolites and secondary bile acids (Figure 1). These toxic
metabolites lead to the pathology of the epithelium of the
gallbladder. A glycosidase enzyme, f-glucuronidase, decon-
jugates the conjugated primary bile salts resulting in the pro-
duction of high concentrations of toxic metabolites which
have carcinogenic effects [9] (Table 1). These metabolites
bind to DNA in human epithelial cells, exerting its mitogenic
action [10, 11]. It has also been shown that high concentra-
tions of biliary deoxycholate, a secondary bile acid, are pres-
ent at elevated levels in patients with gallbladder carcinoma
[9]. Another mechanism suggested that S. typhi mutagenicity
is due to its cholesterol interaction, which ultimately forms
the structural basis of the gallstones. These bacteria not only
transform the bile salts into secondary forms of bile but also
convert cholesterol itself into carcinogenic compounds like
5-alpha,6-alpha-epoxide cholesterol, leading to pathogenic
changes in epithelial cells [12] (Table 1). Another study has
shown that S. typhi bacteria are capable of metabolizing pri-
mary bile acids into mutagenic cholic acid derivative types in
the presence of bile and cholesterol substrates that cause gall
balder cancer [11].

1.2. Chlamydia pneumonia and Lung Cancer. Lung cancer is
closely related to chronic inflammation, but it has not
completely elucidated the causes of inflammation and the
basic immune mediators. Chlamydophila (formerly called
Chlamydia) pneumoniae is a species of Chlamydia, an intra-
cellular bacterium that infects the cells of the respiratory tract
in humans. It is responsible for about 10% of community-

acquired pneumonia and 5% of sinusitis, pharyngitis, and
bronchitis [13]. Chronic pneumocyte infection by C. pneu-
moniae predisposes for the development of lung cancer,
which is a major public health concern due to its high inci-
dence and mortality [13]. The existence of C. pneumoniae
in 230 lung cancer cases has been found, and the lung cancer
risk was increased by 1.6 in C. pneumoniae-infected patients
[14]. In addition, in patients with bronchoscopy and lung
cancer, an association between chronic C. pneumoniae infec-
tion and incidence of lung cancer was found [15]. It has been
found that IgA antibodies were increased in lung cancer
patients infected with C. pneumoniae [16]. In another study,
increased C. pneumoniae-specific IgA levels in smokers with
lung cancer were found [17].

1.2.1. Mechanism of Lung Cancer Induction. Post chlamydial
infection, numerous proteins are released which are hypoth-
esized to cause lung cancer by targeting either mitochondrial
or cytoplasmic cellular activities. Their mechanism of action
is by competitive inhibition where these targeting proteins
and host proteins compete to bind with the substrate [5]. In
a study done by Alshamsan et al., it was reported that out
of 1112 proteins derived from C. pneumoniae, 183 and 513
proteins targeted the mitochondrial and cytoplasmic cellular
processes of the host cells, respectively [18]. This leads to dis-
turbance of normal cellular growth, resulting in an alteration
in apoptosis or programmed cell death leading to the devel-
opment of lung cancer. It is also assumed that these proteins
are incorporated into the intracellular organelles leading to
the formation of a host cell proteome. Various bioinformatics
tools such as nuclear localization signal (NLS) mapper, Hum-
mPLoc 2.0, ExPASy pI/Mw tool, and balanced subcellular



localization predictor (BaCelLo) showed that 47 of the 1112
bacterial proteins were responsible for nuclear targeting
which altered the host replication and transcription [5].

Many evidences have showed that microRNA (miRNA)
played an important role in the metastasis and progression
of lung cancer. A miRNA, miR-328, targets H2AX (a histone
protein) in the regulation of lung cancer cell apoptosis
(Table 1). Overexpression of miRNA-328 is associated with
lung cancer, whereas its downregulation was shown to
decrease the incidence of lung cancer that is induced by C.
pneumoniae. In addition, suppression of miRNA-328 causes
increased caspase 3 activity and apoptosis in cancer cells,
resulting in lesser tumor volume [19].

A diverse bacterial community is colonized in the lung
mucosal tissue and is commonly linked to clinical out-
comes in patients with lung cancer which triggers lung
adenocarcinoma-related inflammation by stimulating lung-
resident y8 T cells [20]. It has been found that commensal
bacteria stimulated the development of Myd88-dependent
IL-1b and IL-23 from myeloid cells, inducing the prolifera-
tion and activation of Vg6+Vdl+yd T cells containing IL-
17 and other effector molecules to promote inflammation
and proliferation of tumor cells (Figure 1) [20]. Local
microbiota-immune crosstalk has been found to be corre-
lated with the development of lung tumors, and molecular
mediators that can serve as effective targets for lung cancer
intervention have been identified (Table 1) [20]. Other mech-
anisms of bacterial infection causing lung cancer are the gene
damage and the neoplastic transformation which are trig-
gered by inflammatory mediators, nitric oxide (NO), and
other reactive oxygen species (Figure 1) [21, 22]. An in vitro
study has shown that chronic bacterial infection by C. pneu-
moniae causes increased secretion of cytokines, IL-8, IL-10,
and TNF, in human alveolar macrophages and peripheral
blood mononuclear cells (Table 1 and Figure 1) [23]. IL-8 is
an angiogenic factor acting as a promotor of tumor growth
of non-small-cell lung carcinomas in humans [24, 25]. More-
over, nitric oxide liberation is also increased in chlamydial
infections which might induce an inflammatory response
that leads to the development of lung cancer [26].

1.3. Helicobacter pylori and Gastric Cancer. Helicobacter
pylori (H. pylori) is a gram-negative microaerophilic bacte-
rium having a helical shape with an ability to penetrate the
mucoid lining of the stomach causing infection. Although
many patients infected with H. pylori may be asymptomatic,
long-term complications include gastric ulcers, inflammation
of the gastric lining leading to gastritis, and gastric carci-
noma. Gastric carcinoma is a global health concern due to
high morbidity and mortality. Though there are numerous
predisposing risk factors such as family history, dietary habits
(high salts and nitrates), alcohol, and smoking, H. pylori
infection has one strongest association with gastric carci-
noma [27]. Apart from environmental, dietary, and genetic
factors which play a vital role in the development of most
of the cancers, infection by H. pylori also causes cancer [28,
29]. The ability of the bacteria to enter the gastric cells and
colonize for years allows it to interact with human cells and
impart its harmful effects. These microbes release an onco-
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protein, CagA, which affects the normal epithelial cell divi-
sion in the gastric mucosa (Table 1) [30]. Other factors
such as environmental, dietary (essential micronutrients),
and gastrointestinal microflora also increase the carcinogenic
potential of H. pylori [30]. In order to study the association
between H. pylori and gastric carcinoma, epidemiological
studies were carried out since 1991. Numerous studies on a
large number of individuals were conducted, and reports
were published [31-33]. These studies provided valuable
insights and strongly encouraged subsequent studies. Later,
in another study, it was demonstrated that H. pylori antibod-
ies were highly prevalent in asymptomatic patients who
developed gastric carcinoma [34, 35]. Nolen et al. reported
an earlier onset of gastric carcinoma and a higher mortality
rate in Alaska Native people as compared to the US popula-
tion. This was attributed to the higher prevalence of H. pylori
infection, antimicrobial resistance, and reinfection in people
in Alaska Natives as compared to the US population [36].
A study in Japan on 213 gastric cancer patients showed
88.2% of patients having higher levels of H. pylori antibodies.
This too suggests the role of H. pylori in various preceding
stages such as acute gastritis, atrophic gastritis, intestinal cell
metaplasia, and finally intestinal type of gastric carcinoma
[37]. Another study by Frydman et al. showed a strong rela-
tionship between H. pylori infection and gastric cancer in
younger gastric carcinoma patients [38].

1.3.1. Mechanisms of Induction of Gastric Carcinoma.
Patients with a history of H. pylori infection underwent
annual endoscopic observation after eradication and were
screened for novel markers such as gastric epithelium
released tissue, protein biomarkers, and other proteins asso-
ciated with cellular metaplasia in dysplasia in carcinoma.
Other markers such as CD44, a signalling molecule in cell
proliferation and differentiation, and metallopeptidase, an
immune response-mediated marker, were also assayed
(Table 1) [39, 40]. Metaplastic intestinal cells are character-
ized by overexpression of gastrointestinal stem cell markers
like PROM1 gene product, leucine-rich repeat-containing
G-protein coupled receptor 5 (LGR5), and genes related to
the metabolism of messenger RNA and nucleic acids [39].
Various mechanisms have explained the role of H. pylori
in altering the chemical contents of gastric juice and changes
in gastric mucosal cells which cause chronic inflammation
and subsequent carcinogenesis [41]. Colonization of gastric
mucosal cells by H. pylori results in an inflammatory
response by host cells. This leads to infiltration of host cells
by macrophages, polymorph, nuclear leukocytes, T lympho-
cytes, and B lymphocytes. Therefore, the pathogen, along
with its induced cytokines, stimulates the accumulation and
activation of inflammatory cells [42]. Infiltration of gastric
mucosal cells by activated inflammatory cells and neutrophils
following infection by H. pylori produces free oxygen radicals
both in the pyloric and duodenal mucosa which upregulates
the production of IL-8 resulting in a greater inflammatory
response [43-46]. These free radicals, being highly reactive,
cause damage to proteins and DNA resulting in mutations
(Table 1) [47]. Data showing the role of free radicals in the
onset of gastric carcinoma is lacking [48]. Post H. pylori
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infection results in increased ammonia levels in the gastric
mucosal cells of rats, which acted as promotors of gastric car-
cinoma by inducing N-methyl-N-nitro-N-nitroso guanidine
(MNNG) [49]. Ascorbic acid, an antioxidant, reacts with
nitroso compounds producing nitric oxide instead of harm-
ful N-nitroso compounds [50]. Ascorbic acid concentration
is lowered in the gastric juice following H. pylori infection,
resulting in increased activity of free intermediate radicals.
However, following eradication of H. pylori, increased gastric
juice levels of vitamin C were observed [51-53]. As with most
of the other microbes, the oncogenic activity in H. pylori is
attributed to its proteins. Expression of cytotoxic mediators
such as CagA and VacA by H. pylori causes activation or
differentiation of gastric fibroblasts in rats which disrupt
multiple cell signalling and proliferation pathways. Some
major pathways include deregulation of Janus kinase/signal
transducers, activation of nuclear factor kappa B (NF-xB),
and activation of transcription (JAK/STAT), which lead
to inflammation and initiation of carcinogenic cascades
(Table 1) [54]. Although the inflammatory process begins
in the epithelial cells, it spreads to the surrounding activated
fibroblast cells resulting in tumor progression, invasion, and
metastasis. The expression of downstream targets of STAT3
and the epithelial-mesenchymal transition inducing tran-
scription factor (EMT-TFs) are increased in activated fibro-
blasts (Figure 1) [54, 55].

AMP-activated alpha 1 catalytic subunit (PRKAA1) is
one of the subunits of the mammalian 5'-AMP-activated
protein kinase (AMPK). They play a crucial role in the main-
tenance of intracellular energy metabolism and hence are
considered as a gastric carcinoma risk factor [56]. In NF-
kBp50 knockdown rats, H. pylori infection upregulates the
expression of p-NF-xBp50, NF-«Bp50, and PRKAA1 expres-
sion, which promotes carcinogenesis. PRKAA1 knockdown
in gastric cancer cells showed a significant decrease in cell
invasion and migration. It also inhibited the expression of
MMP-2 and activation of NF-«B, whereas on the contrary,
PRKAAI involved in NF-xBp50 mediated gastric cancer cell
invasion and migration indicated their role in gastric cell car-
cinogenesis [56]. H. pylori-induced inflammatory response of
gastric cells leads to increased epithelial cell turnover by
increasing its proliferation and apoptosis. Apart from H.
pylori, other inflammatory markers such as TNF and
interferon-gamma (INF-y) also trigger apoptosis. Another
marker identified as H. pylori activated peripheral blood
mononuclear cells (PBMCs) upregulates the expression of
Fas antigen in RGM-1 (Rat Gastric Mucosal Cell First) gas-
tric cells. In the presence of Fas ligand, RGM-1 cells and
PBMC medium showed immense and rapid cell proliferation
and cell death (Table 1) [29, 57, 58].

Increased gastric mucosal cell turnover also increases the
demand for a DNA repair system. Increased cell proliferation
results in increased rates of mutation, hence requiring greater
surveillance and rectification by DNA mismatch repair
(MMR) [59]. Therefore, decreased MMR activity results in
mutation. Microsatellite instability (MSI) is a marker of defi-
ciency of DNA MMR activity (Figure 1). Mutations in
hMSH3 and hMSH6 (DNA MMR gene), receptors of growth
factors, and transforming growth factor S-RII are seen in

MSI-positive gastric carcinoma [60-62]. Other DNA MMR
gene, hMLH1, and sometimes hMSH2 expression are
completely lost [63-67]. These findings are enough to suggest
that H. pylori causes deficient MMR in the gastric mucosal
cells, resulting in the development of early stages of gastric
carcinoma (Table 1).

1.4. Colorectal Cancer and Bacterial Infection. For more than
100 years ago, bacteria were first identified in human tumors.
However, the classification of the tumor microbiome
remained difficult due to its low abundance [68]. Each type
of tumor has a distinct composition of microbiome [68].
The symbiotic relationships between resident microorgan-
isms and the digestive tract contribute significantly to the
maintenance of gut homeostasis [69]. Changes to the micro-
biota triggered by changes in the environment (e.g., infection,
diet, and/or lifestyle) may, however, disrupt this symbiotic
relationship and facilitate diseases such as inflammatory
bowel diseases and cancer. Colorectal cancer is a complex
mixture of tumor cells, nonneoplastic cells, and a significant
number of microorganisms, and microbiota involvement in
colorectal carcinogenesis is becoming increasingly apparent.
Nevertheless, several changes in gut microbiota’s bacterial
composition have been documented in colorectal cancer,
indicating a major role for dysbiosis in colorectal carcinogen-
esis [69]. Some bacterial species, such as Streptococcus bovis,
Helicobacter pylori, Bacteroides fragilis, Enterococcus faecalis,
Clostridium septicum, Fusobacterium spp., and Escherichia
coli, have been identified and suspected to play a role in
colorectal carcinogenesis (Table 1) [69]. The potential inter-
actions between bacterial microbiota and colorectal carcino-
genesis such as genotoxicity and inflammation derived from
bacteria have been found [69].

A microbial etiology for colorectal human cancer (hCRC)
has been suggested and pursued for a long time [70]. Estab-
lishing how one or more members of the microbiota initiate
and/or promote hCRC could stimulate the development of
novel prevention approaches, since hCRC has a long time
to go from initiation to presentation. It has also been pro-
posed that various intestinal microbes may lead to a common
pathway to tumorigenesis [70]. Over 90 percent of hCRC is
sporadic, with a small proportion of inherited mutations.
Germline mutations in the tumor suppressor gene of adeno-
matous polyposis coli (APC) are responsible for the family
adenomatous polyposis (FAP) (Figure 1) [71]. In addition,
at least 80 percent of intermittent hCRC shows adenomatous
polyposis coli (APC) mutations as well.

14.1. Molecular Mechanism Underlying Induction of
Colorectal Cancer. Enterotoxigenic Bacteroides fragilis (ETBF)
is a commensal bacterium of the human intestine and a potent
initiator of colitis through the secretion of Bacteroides fragilis
toxin (BFT) [72] (Table 1). BFT induces the cleavage of
E-cadherin in colon cells, which then leads to the activation
of NF-uB. Zerumbone, a key component of the plant Zingiber
zerumbet (L.), has antibacterial and anti-inflammatory effects.
Treatment with zerumbone significantly reduced expression
of IL-17A, TNF-w, and KC in ETBF-infected mouse colonic
tissues [72] (Table 1). Zerumbone-treated ETBF-infected



mice also showed a decline in colon NF-«B signalling. More-
over, HT29/C1 colonic epithelial cells treated with BFT-
induced BFT signalling and IL-8 secretion. However, an E-
cadherin cleavage mediated by BFT was unaffected [72]. It
has been found that ETBF colonization in mice did not
change after treatment with zerumbone, whereas it decreased
ETBF-induced colitis through inhibition of NF-«B signalling
[72]. ApcMin mice colonized with the enterotoxigenic human
pathobiont Bacteroides fragilis (ETBF) as a model of colon
tumorigenesis induced by microbes have been used [73]. Bac-
teroides fragilis toxin (BFT) activates a procarcinogenic, mul-
tistage inflammatory cascade in colonic epithelial cells (CECs)
that includes IL-17R, NF-xB, and Stat3 signals (Figure 1) [73].
While necessary, activation of Stat3 in CECs is not sufficient
to cause tumorigenesis of the ETBF colon. Therefore, BFT
induces a procarcinogenic signalling relay from the CEC to
a Th17 mucosal response resulting in selective NF-«B activa-
tion in distal colon CECs, which collectively activates distal
colon tumorigenesis based on myeloid cells [73].

While f-catenin signalling is documented to be associ-
ated with inflammatory responses, and BFT is known to
cleave E-cadherin associated with S-catenin, little is known
about inflammation control in ETBF infection by f3-catenin
mediation [74]. After stimulation with BFT, expression of
f-catenin in intestinal epithelial cells was reduced relatively
early and then recovered relatively late after stimulation to
normal levels. In comparison, phosphorylation of 3-catenin
occurred early in stimulation at high rates in BFT-exposed
cells and decreased as time went by [74] (Table 1). Inactiva-
tion of f-catenin in BFT-stimulated cells has resulted in
increased NF-«B activity and interleukin-8 (IL-8) expression
(Figure 1). In addition, glycogen synthase kinase 3 inhibi-
tion was associated with increased S-catenin expression and
attenuated NF-«B activity and expression of IL-8 in BFT-
exposed cells. These findings indicate negative control of f3-
catenin in BFT-stimulated intestinal epithelial cells as a con-
sequence of acute inflammation in ETBF infection [74].

Colonic mucosa has been observed in patients with fam-
ily adenomatous polyposis (FAP), who develop benign pre-
cursor lesions (polyps) early in life [75]. Patchy bacterial
biofilms predominantly composed of Escherichia coli and
Bacteroides fragilis were identified. Genes for colibactin
(cIbB) and Bacteroides fragilis toxin (BFT), which encode
secreted oncotoxins, have been highly enriched in the colonic
mucosa of patients with FAP compared to healthy people
[75]. It has been found that a tumor colonized with E. coli
(colibactin) and enterotoxigenic B. fragilis has demonstrated
increased colonial interleukin-17 and colonic epithelial DNA
damage with faster tumor initiation and increased mortality
compared to mice with a bacterial strain alone (Table 1 and
Figure 1). This study indicated an unlikely link between the
early colon neoplasia and tumorigenic bacteria [75].

1.5. Breast Cancer and Bacterial Infection. The most common
cancer among women is breast cancer [76]. Breast cancer is a
major cause of death among women all over the world. Breast
cancer has a lifetime effect on one in eight women. The num-
ber of newly diagnosed cases of invasive breast cancer in the
US is estimated at 268,000 in 2019, while the newly diagnosed
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cases in situ are estimated at about 62,930 [77]. Of these,
41,760 women are expected to die of breast cancer in the
US in 2019 [77]. In developed countries, breast cancer sur-
vival for five years is over 80 percent thanks to screening ser-
vices and the consequent early detection [78].

1.5.1. Molecular Mechanism Underlying Induction of Breast
Cancer. Breast cancer is characterized by dysbiosis, an aber-
rant composition of the microbiome [79]. In this study, we
address differences in the metabolism of breast cancer cells,
as well as breast and gut microbiome composition in breast
cancer. The role of the breast microbiome in breast cancer
is unclear, but the gut microbiome does seem to play a part
in the disease pathology. The gut microbiota secretes bioac-
tive metabolites that modulate breast cancer (reactivated
estrogens, short-chain fatty acids, amino acid metabolites,
or secondary bile acids) (Figure 1) [79]. Such blood-borne
microbial metabolites have been shown to modulate breast
cancer behavior. These metabolites mimic human hormones,
since they are formed in a “gland” (in this case, the micro-
biome) and are then transferred through the bloodstream
to distant sites of action. These metabolites tend to be essen-
tial tumor microenvironmental constituents [79].

While there are proven risk factors for diet, age, and
genetic predisposition, most breast cancers have unknown
etiologies. The human microbiota is a group of microbes that
inhabit the human body. Microbial imbalance, or microbial
dysbiosis, has been involved in numerous human diseases
including obesity, diabetes, and colon cancer [80]. In a qual-
itative breast microbiota DNA study, the bacterium Methylo-
bacterium radiotolerans has been found to be relatively
enriched in tumor tissue, while the Sphingomonas yanoi-
kuyae bacterium is relatively enriched in paired normal tissue
(Table 1). In paired normal breast tissue, but not in tumor
tissue, the relative abundances of these two bacterial species
were inversely correlated, indicating that dysbiosis is associ-
ated with breast cancer. In addition, total bacterial DNA load
was decreased in the tumor versus paired normal and healthy
breast tissues. Interestingly, the bacterial DNA load was asso-
ciated inversely with advanced disease, a result that may have
broad implications in breast cancer diagnosis and staging.
Microbial DNA is present in the breast and can affect the
local immune system [80].

1.6. Bladder Cancer and Bacterial Infection. Numerous labo-
ratory, clinical, and community-based epidemiological stud-
ies have been conducted to determine the connection
between urinary tract bacterial infection and bladder carci-
noma incidence. Increased risk of bladder cancer following
bacterial urinary tract infection has been identified in
patients with recurrent or chronic cystitis and paraplegic
patients [81]. Bacteria that are present in the urine have the
ability to reduce ingested nitrates into nitrite which trans-
forms into a nitrosating agent in acidic or neutral pH. About
39 to 66% of patients hospitalized with bladder carcinoma
tested positive for bacteriuria, thus indicating urinary tract
infection (UTI) [82]. In another study, urine samples were
collected from 76 bladder carcinoma patients, and bacterial
counts were 10° CFU/ml in 60% of patients which was much
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higher than female patients. Microbial urine profile revealed
the presence of Staphylococcus albus hemolytic, Staphylococ-
cus aureus, Klebsiella spp., Proteus mirabilis, and E. coli [83].

1.6.1. Mechanism of Induction of Bladder Cancer. These spe-
cies are bacteria-producing nitrate and thus play an impor-
tant role in the production of N-nitrosamines (Figure 1).
These organisms have been shown in vitro to perform a
nitrosation reaction between ingested or metabolically
derived nitrates and secondary amines under physiological
pH, leading to the formation of N-nitrosamines (Figure 1)
[84]. The formation of endogenous N-nitrosamines leads to
the initiation of neoplastic events in patients. Moreover,
elevated levels of N-nitrosamines have been consistently
detected in bladder carcinoma patients [85]. Bacteria-
infected rats have shown also increased nitrosation of amine
precursors leading to increased levels of N-nitrosamines [85].
The presence of these compounds in urine may therefore
provide the origin of initiating events crucial to the develop-
ment of bladder cancer (Table 1). However, in order to com-
municate their carcinogenic effects, these compounds need
activation to produce the reactive chemical species that can
alkylate constituents of tissue. DNA methylation has been
identified exclusively in patients with bladder cancer in
different tissues of the human population [86, 87].

1.7. Conclusion. It is concluded that various specific species of
bacteria have the pathogenic ability to induce carcinogenesis.
Although there are some common mechanisms like the
release of free radicals that cause damage to DNA and other
regulatory proteins, there are other complex molecular
mechanisms showing the role of bacterial proteins in the acti-
vation of specific inflammatory proteins. Therefore, in this
review, we have highlighted the role of bacteria in the induc-
tion of malignancy providing evidences of their mechanism.
Strong evidence from the literature showed an association
of Salmonella typhi, Chlamydia pneumonia, and H. pylori
with gallbladder cancer, lung cancer, and gastric cancer,
respectively. Therefore, it is increasingly apparent that dis-
section of the complex interplay between man and microbial
flora is essential to understand the pathogenesis of many
malignancies.
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Intestinal ischemia/reperfusion (I/R) injury often causes inflammatory responses and coagulation disorders, which is further
promoting the deterioration of the disease. Hydrogen has anti-inflammatory, antioxidative, and antiapoptotic properties against
various diseases. However, the effect of hydrogen on coagulation dysfunction after intestinal I/R and the underlying mechanism
remains unclear. The purpose of this study was to explore whether hydrogen-rich solution (HRS) could attenuate coagulation
disorders and inflammation to improve intestinal injury and poor survival following intestinal I/R. The rat model of intestinal
I/R injury was established by clamping the superior mesenteric artery for 90 min and reperfusion for 2h. HRS (10 or 20 mL/kg)
or 20mL/kg 0.9% normal saline was intravenously injected at 10min before reperfusion, respectively. The samples were
harvested at 2 h after reperfusion for further analyses. Moreover, the survival rate was observed for 24 h. The results showed that
HRS improved the survival rate and alleviated serum diamine oxidase activities, intestinal injury, edema, and apoptosis.
Interestingly, HRS markedly improved intestinal I/R-mediated coagulation disorders as evidenced by abnormal conventional
indicators of coagulation and thromboelastography. Additionally, HRS attenuated inflammatory responses and the elevated
tissue factor (TF) and inhibited nuclear factor kappa beta (NF-xB) and nucleotide binding and oligomerization domain-like
receptor family pyrin domain-containing 3 (NLRP3) inflammasome activation in peripheral blood mononuclear cells.
Moreover, inflammatory factors and myeloperoxidase were closely associated with TF level. This study thus emphasized upon
the amelioration of coagulation disorders and inflammation by HRS as a mechanism to improve intestinal I/R-induced
intestinal injury and poor survival, which might be partially related to inhibition of NF-xB/NLRP3 pathway.

1. Introduction tory mediators and cytokines into the blood, causing multiple

organ failure [3-7].

Intestinal ischemia/reperfusion (I/R) injury is a pathophysio-
logical process related to various clinical acute and severe dis-
eases, such as mesenteric arterial thrombosis, hemorrhagic
shock, and severe burns. It has the characteristics of high
morbidity and high mortality [1-3]. Intestinal I/R injury
potentially leads to a compromised mucosal barrier and
increases intestinal permeability and translocation of intesti-
nal bacteria. It also can release a great number of inflamma-

Inflammatory cytokines are the major mediators
involved in coagulation activation. When the inflammatory
response is out of control, the coagulation function is bound
to be affected [8, 9]. The body’s normal coagulation function
is coordinated and maintained by the coagulation system,
anticoagulation system, and fibrinolytic system. The coagula-
tion disorder could occur when these three regulatory sys-
tems are out of balance. It exists in various diseases
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involving inflammatory reactions, such as sepsis, I/R, severe
burns, and traumatic shock. The process often manifests as
bleeding tendency, thrombosis, hemorrhagic-thrombotic
syndrome, and so on. Intestinal I/R could irritate the body
with infectious factors, which could also cause abnormal
blood coagulation [10, 11].

Hydrogen (H,) is the oldest and simplest molecule in our
Universe. It can protect a variety of organ injuries as well due
to its antioxidation, anti-inflammatory, and antiapoptotic
effects [12, 13]. Interestingly, H, has a remarkable therapeu-
tic effect on various diseases, including organ ischemia-
reperfusion injury and sepsis [14-17]. Previous studies
reported that hydrogen-rich solution (HRS) might have a
protective effect on intestinal I/R injury, while its molecular
mechanism has still remained elusive [18, 19]. More impor-
tantly, to date, the effects of HRS on coagulation dysfunction
after intestinal I/R injury and the underlying mechanism
remained obscure.

Hence, the purpose of this study was to explore whether
hydrogen-rich solution (HRS) could attenuate coagulation
disorders and inflammation to improve intestinal injury
and poor survival following intestinal I/R.

2. Materials and Methods

2.1. Animals and Experimental Protocol. Adult healthy male
Sprague Dawley (SD) rats (body weight, 220-250 g) were pro-
vided by the Experimental Animal Center of the Southwest
Medical University (Luzhou, China). The animals were
maintained under the environmental conditions of (23 +2)
°C, 12h:12h light-dark cycle, with normal diet, and free
access to drinking water. The rats were acclimated for 1 week
in the environment before the experiments. The experimen-
tal protocols and animal care were approved by the Animal
Ethics Committee of the Affiliated Hospital of Southwest
Medical University (No. 20180306042). In addition, animal
care and handling were performed in accordance with the
National Institutes of Health guidelines.

One hundred and fifty-six rats were randomly divided
into four groups (n =39 per group): sham-operated group
(SHAM), I/R group (I/R), I/R plus hydrogen-rich saline
(10mL/kg, HRS1); and I/R plus hydrogen-rich saline
(20 mL/kg, HRS2). In each group, 15 rats were selected and
were observed until 24 h after intestinal I/R for survival anal-
ysis; 8 rats were chosen, and the samples (blood and intes-
tine) were harvested for morphological evaluation,
intestinal edema, and coagulation-related indicators at 2h
after I/R. In addition, due to the limited blood volume of
the rats, another 8 rats in each group had to be selected to
obtain blood samples (7 mL) for subsequent analysis (inflam-
mation and TF). Finally, blood samples (6 mL) were collected
from the 8 remaining rats in each group for thromboelasto-
graphy and platelet count.

2.2. I/lR Model and HRS Treatment. Intestinal I/R injury
model was established as described previously [4, 6]. Briefly,
the rats were fasted for 12h, with free access to drinking
water before surgery. The rats were anesthetized by intraper-
itoneal injection of 1% sodium pentobarbital (30 mg/kg), and
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the abdomen was opened along the midline of the abdomen
to separate the superior mesenteric artery (SMA). Except
for the SHAM group, a noninvasive microarterial clamp
was used to clip the SMA for 90 min and reperfusion for 2h
in the other groups. In the SHAM group, only the SMA
was isolated, and no clamping was performed. Moreover, rats
in the HRS1 group and HRS2 group were injected with HRS
(concentration: >0.6 mmol/L, >0.6ppm) 10 or 20mL/kg
(Hydrovita Biotechnology Co, Beijing, China) at 10min
before reperfusion through the tail vein, respectively [19,
20]. The rats in the SHAM group and I/R group were injected
with 20 mL/kg 0.9% normal saline. The incision was infil-
trated with 0.125% ropivacaine to alleviate postoperative
pain.

2.3. Collection of Specimens. The rats were sacrificed at 2h
after reperfusion with an overdose of sodium pentobarbital
(100 mg/kg, intraperitoneal), and blood was taken through
the abdominal aorta, 2 cm of small intestine tissue was taken
5cm from the end of the ileum. The part of the intestinal seg-
ment (1cm) was fixed with 4% paraformaldehyde for mor-
phological analysis; another 1cm of intestine tissue was for
measuring intestinal edema.

2.4. Small Bowel Morphology. The paraffin-embedded tissues
were stained with hematoxylin-eosin (H&E). Two patholo-
gists, who were blinded to the study groups, observed the
small intestine tissue under alight microscope (x200, Olym-
pus, Tokyo, Japan). For each slice, 5 fields were randomly
selected, and Chiu’s scoring method was used to assess the
degree of intestinal injury [21].

2.5. Assessment of Edema in Intestine. The severity of intesti-
nal edema was evaluated by the wet/dry (W/D) weight ratio
method [22]. In brief, intestinal segments were harvested,
and the surfaces of them were wiped, then the wet weight
(W) was measured. Furthermore, the tissues were placed in
an 80°C oven to dry for 24 hours, and the dry weight (D)
was obtained. The W/D weight ratio was then calculated.

2.6. TUNEL Assay of Intestine. The terminal deoxynucleoti-
dyl transferase-mediated dUDP-biotin nick end labeling
(TUNEL) method with a commercial assay kit (Roche, Indi-
anapolis, IN, USA) was used to detect the apoptosis in intes-
tine. The slices of intestinal tissue were deparaffinized and
treated with TUNEL solution as previously described [6].
The total number of cells and positive cells per visual field
were calculated. The apoptoticindex =100 x TUNEL
positive cells/total cells%.

2.7. Detection of Coagulation-Related Indicators. Blood sam-
ples (3mL) were centrifuged at 3000 rpm for 10min, and
related indicators of coagulation function, such as prothrom-
bin time (PT), activated partial thromboplastin time (APTT),
thrombin time (TT), fibrinogen (FIB), fibrinogen degrada-
tion product (FDP), D-dimer (D-Di), and prothrombin
time-international standardization ratio (PT-INR), were
detected by an automatic coagulometer (Stago, Paris,
France).
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2.8. Thromboelastography and Platelet Count. Briefly, throm-
boelastography (TEG) was performed with TEG 5000 Hemo-
stasis System (Hemoscope Corporation, Niles, IL, USA) by
adding 20 uL of 0.2 M calcium chloride and 340 uL of citrated
whole blood to kaolin. The reaction time (R), clotting time (K
), coagulation angle (- Angle), and maximal amplitude (MA)
were recorded [23]. An additional 3 mL of blood was tested
for platelet count by an automatic hematology analyzer,
BC-6800, Mindray (Shenzhen, China).

2.9. Detection of Serum Inflammatory Markers, DAO, and
Tissue Factor. A total of 7mL blood was taken through the
abdominal aorta, of which 4.5 mL blood samples were main-
tained at room temperature for 2 h, centrifuged at 1000 rpm
for 20 min, and the supernatant was used to detect the levels
of tissue factor (TF); tumor necrosis factor-a (TNF-«); inter-
leukin-1p (IL-1p), interleukin-6 (IL-6), and interleukin-10
(IL-10); and the activities of diamine oxidase (DAQO) and
myeloperoxidase (MPO) in serum. The enzyme-linked
immunosorbent assay (ELISA) kits were utilized according
to the manufacturer’s instructions [(TF, TNF-« and IL-6;
Cloud-Clone Corp®, Wuhan, China); (IL-18 and IL-10;
R&D Systems, Inc, Minneapolis, MN, USA); (DAO and
MPO; Nanjing Jiancheng Bioengineering Institute, China)].
The results were expressed as pg/mL and U/mL, respectively.

2.10. Western Blotting Analysis. The remaining 2.5 mL blood
samples were processed according to the animal mononu-
clear cell separation method, and peripheral blood mononu-
clear cell layers were extracted. Then, the mononuclear cell
layer was added with cell fission extraction protein, and the
protein concentration was determined by bicinchoninic acid
(BCA) assay. For each group of samples, 40 ug of protein
was loaded, electrophoresed on a 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel,
and then, the protein was transferred onto a polyvinylidene
fluoride (PVDF) membrane (Amersham Biosciences, NJ,
USA) and blocked with 5% milk for 2 h at room temperature.
Subsequently, the membrane was incubated overnight at 4°C
with primary antibodies forphospho-NF-«B p65 (1:200;
Abcam, USA), NF-«B p65 (1:500; Cell Signaling Technology,
Inc., Danvers, MA), NLRP3 (1:300), Caspase 1 (1:500), and
B-actin (1:300) (Santa Cruz Biotechnology, Inc., CA, USA).
It was then washed thrice with Tris-buffered saline with
Tween 20 (TBST) and incubated with an anti-rabbit IgG
(1:5000; Beyotime Biotechnology, Shanghai, China) or anti-
mouse IgG (1:2500; Santa Cruz Biotechnology, Inc., CA,
USA) secondary antibody for 1h at 37°C. Finally, exposure
and development were performed with ECL luminescent
reagent, visualized with a protein imaging system, and protein
bands were analyzed with Image J software (version 1.31;
National Institutes of Health, Bethesda, ML, USA).

2.11. Survival Rate. The rats in all groups were observed con-
tinuously for 24 hours via video (SMART, Barcelona, Spain)
to evaluate survival rate. All rats were allowed food and water
ad libitum.

2.12. Statistical Analysis. Data was presented as mean +
standard deviation (SD) and analyzed using the GraphPad
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FiGure 1: HRS improved the survival of rats after intestinal I/R. Rats
subjected to intestinal ischemia for 90 minutes by occluding the
superior mesenteric artery (SMA) were received normal saline
(vehicle) or HRS (10 or 20 mL/kg of body weight) via the tail vein
at 10 min before reperfusion and were observed for 24 hours. Data
are presented as the survival percentage of animals. The survival
rate is estimated and compared by the Kaplan-Meier method and
the log-rank test (n=15/group). *P <0.05, **P <0.01 vs. SHAM
group; *P < 0.05, P < 0.01 vs. I/R group; ¥P < 0.05 vs. HRS1 group.

Prism 6 program (GraphPad Software Inc., San Diego, Calif.,
USA). Survival studies were analyzed using the Kaplan-Meier
method followed by a log-rank test. The survival rates were
expressed as a percentage and tested by the Fisher exact prob-
ability method. For all other data, one-way analysis of vari-
ance (ANOVA) with the Bonferroni post hoc test was used
to compare differences. Correlation between different vari-
ables was assessed by Pearson coefficient [17]. P < 0.05 was
considered to be statistically significant.

3. Results

3.1. HRS Improved the Survival of Rats after Intestinal I/R. As
illustrated in Figure 1, the survival rate at 24h was signifi-
cantly reduced in rats subjected to an intestinal I/R event
(13.33%, 2 of 15 rats) compared to sham controls (100%, 15
of 15 rats; P < 0.01). However, HRS treatment significantly
increased the 24-h survival of rats to 53.33% (8 of 15 rats)
in the HRS1 group and 86.67% (13 of 15 rats) in the HRS2
group, respectively (P <0.05 or P < 0.01). Moreover, 24-h
survival of rats in the HRS2 group was higher than that in
the HRS1 group (P <0.05). The results showed that HRS
could improve the survival of intestinal I/R rats in a dose-
dependent manner.

3.2. HRS Reduced Small Intestinal Injury, Edema and Serum
DAO Activity. As shown in Figure 2, the results of H&E stain-
ing showed that the histopathological structure of intestinal
mucosa was normal in the SHAM group, the villi and glands
were neat, and Chiu’s score was significantly lower than that
in the I/R group (P < 0.01). However, the epithelial cell shed-
ding was observed in small intestinal mucosa of rats in the
I/R group, and Chiu’s score was higher. Chiu’s score in the
HRSI group or HRS2 group was noticeably lower than that
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FiGure 2: HRS alleviated the histopathological damage in the intestine. (a) Representative images were shown for the pathological changes of
intestinal mucosal tissues (hematoxylin and eosin staining, original magnification x200). (b) The histopathological score of intestine (Chiu’s
score). (c) The W/D weight ratio. (d) Serum DAO activities. The data were represented as mean + SD (n = 8/group). *P < 0.05, **P < 0.01 vs.
SHAM group; “P < 0.05, *P < 0.01 vs. I/R group; “P < 0.05, ¥*P < 0.01 vs. HRSI group. Scale bar = 50 um.

in the I/R group (P < 0.05 or P < 0.01). There was no signif-
icant difference between the HRS1 group and HRS2 group
(Figures 2(a) and 2(b)). In addition, compared with those
of the SHAM group, the W/D ratio of intestine and serum
DAO activities in the I/R, HRS1, and HRS2 groups were
all significantly higher (P <0.05 or P<0.01). However,
the W/D ratio and DAO activities in the HRS groups were
significantly lower than those in the I/R group. There was
significant difference between the HRS1 group and HRS2
group (P<0.05 or P<0.01) (Figures 2(c) and 2(d)).

3.3. HRS Attenuated Apoptosis of Intestine. As shown in
Figure 3, few TUNEL-positive cells were detected in the
SHAM group, the apoptotic index was significantly higher
in the I/R group than that in the sham group (P <0.01).

Compared with the I/R group, the apoptotic index was signif-
icantly lower in the HRS1 and HRS2 groups (P < 0.01). The
apoptotic index showed no significantly statistical difference
in the HRS1 and HRS2 groups (Figure 3).

3.4. HRS Improved Coagulation Disorders. Compared with
the SHAM group, the levels of PT, APTT, TT, FDP, D-Dj,
and PT-INR in the I/R group were increased, while the
FIB level was decreased (P <0.01). After HRS treatment,
the levels of PT, APTT, TT, FDP, D-Di, and PT-INR were
attenuated, whereas the FIB level was elevated (P < 0.05 or
P <0.01). The above-mentioned factors also showed signif-
icantly statistical difference in the HRS1 and HRS2 groups
(P <0.05 or P<0.01) (Figure 4).
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F1cure 3: HRS attenuated apoptosis in intestinal tissues. (a) Representative images for intestinal apoptotic cells (original magnification x400).
TUNEL-positive cells with dark brown nuclei indicated apoptosis (red arrows). (b) The quantitative analysis of apoptotic index among
different groups. The data were represented as mean + SD (n = 8/group). **P < 0.01 vs. SHAM group; “*P < 0.01 vs. I/R group; **P < 0.01

vs. HRS1 group. Scale bar = 25 ym.

3.5. Effects of HRS on Thromboelastography and Platelet
Count. Herein, R and K values were increased after intestinal
I/R injury, while a-angle and MA values were decreased
(P <0.01). Compared with I/R group, R and K values were
reduced, whereas a-angle and MA values were remark-
ably increased in the HRS1 and HRS2 groups (P <0.05
or P<0.01). In addition, the above-mentioned factors also
showed significantly statistical difference in the HRS1 and
HRS2 groups (P < 0.05 or P < 0.01). However, there was no
significant difference in platelet count among all groups
(P>0.05) (Figure 5).

3.6. Effect of HRS on Serum TNF-a, IL-6, IL-1f3, IL-10, MPO,
and TF Levels. Compared with the SHAM group, the levels of
TNEF-a, IL-6, IL-1$3, MPO, and TF in the serum of rats in the
I/R group were elevated, while the levels of IL-10 were
reduced (P<0.01). HRS treatment caused significant
decrease in TNF-q, IL-6, IL-1$3, MPO, and TF and significant
increase in IL-10 when compared to the I/R group (P < 0.05
or P<0.01). The improvements of the above-mentioned
factors were more obvious in the HRS2 group than those in
the HRSI group (P < 0.05 or P <0.01) (Figure 6).

3.7. Correlation Analysis. To determine the relationship
between tissue factor and inflammation or intestinal injury,
we further analyzed the correlation between them. As illus-
trated in Figure 7, overall, TF was positively correlated with
TNF-a (r=0.9007, P<0.01), IL-13 (r=0.8467, P <0.01),
IL-6 (r=0.8974, P <0.01), MPO (r=0.8552, P <0.01), and

Chiu’s score (r=10.9399, P < 0.01), while TF was negatively
correlated with and IL-10 (r =-0.7915, P < 0.01).

3.8. HRS Inhibited the NF-«B and NLRP3 Pathway. NF-xB
and NLRP3 signaling pathways were involved in the inflam-
matory response to acute intestinal injury. To investigate the
possible mechanism of HRS in improving intestinal I/R
injury and coagulation function, we further studied the
expressions of phospho-NF-«B p65 (p-NF-xB p65), NF-xB
p65, NLRP3, and Caspase 1 in peripheral blood mononuclear
cells. It was disclosed that intestinal I/R injury could up-
regulate the expressions of p-NF-«B p65, NLRP3, and
Caspase 1 as compared to the SHAM group (P < 0.01), while
HRS could significantly down-regulate the corresponding
expressions in a dose-dependent manner as compared to
the I/R group (P < 0.05 or P < 0.01) (Figure 8).

4. Discussion

Intestinal I/R injury is associated with increases in luminal
epithelial permeability and ingress of bacterial molecules
(e.g., enterotoxin) or bacteria themselves which can result
in systemic inflammatory responses, multiple organ failure,
and even leading to death [1-3]. In the present study, Chiu’s
score, the W/D ratio of intestine, and serum DAO activities
increased, indicating that intestinal I/R injury caused a great
damage to the intestine, and the model was successfully
established [4, 6, 22]. The present results also demonstrated
that HRS could attenuate intestinal injury, as evidenced by
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Ficure 4: HRS improved coagulation disorders. (a) Prothrombin time (PT), (b) activated partial thrombin time (APTT), (c) thrombin time
(TT), (d) fibrinogen (FIB), (e) fibrinogen degradation product (FDP), (f) d-dimer (D-Di), (g) prothrombin time-international
standardization ratio (PT-INR). The data were represented as mean + SD (n = 8/group). *P < 0.05, **P < 0.01 vs. SHAM group; "P < 0.05,
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Mediators of Inflammation 7
4 2.0 -
3 ** 1.5 4 st
*#H&& —
2 E #H&
E24 —— E10q ___
~ 4
1 0.5 -
0 T 0.0 T T
SHAM I/R HRS1 HRS2 SHAM /R HRS1 HRS2
(a) (b)
90 90 -
— ##&
75 1 i i 75 4 e ”ifﬁ_“_&_{
3 _
& 60 60 4 .
%" g
= 45 E 45
& <
2 =
=] — -
= 30 30
S 15 15
0 T T 0 T T
SHAM I/R HRS1 HRS2 SHAM I/R HRS1 HRS2
(©) (d)
1500 ~
= 1000 4 —— -
2
=
g
3 500
5
[}
0 T T
SHAM I/R HRS1 HRS2

(e)

F1GURE 5: Effects of HRS on thromboelastography (TEG) and platelet count. (a—e) were R, K, a-Angles, MA, and PLT count, respectively. The
data were represented as mean + SD (1 = 8/group). *P < 0.05, **P < 0.01 vs. SHAM group; “P < 0.05, **P < 0.01 vs. I/R group; ¥P < 0.05,

&&p <0.01 vs. HRS1 group.

the improved morphological changes and survival rate. Inter-
estingly, an important finding was that HRS might signifi-
cantly improve intestinal I/R-mediated coagulation
disorders and inflammation, at least in part, by inhibition
of activated NF-«¥B/NLRP3 pathway.

Intestinal I/R injury may cause not only damage to
organs and tissues, but also coagulation disorders. The coag-
ulation function of it is regulated by the coagulation, anticoa-
gulation, and fibrinolytic systems, which would affect each
other and maintain a dynamic balance under physiological
conditions [24]. If any of the three is abnormal and the
balance is broken, bleeding or thrombosis may occur. PT
and APTT reflect the activity of coagulation factors in the
exogenous and endogenous coagulation pathways, respec-
tively. If the coagulation factors are consumed, they may be
significantly prolonged. FIB and TT are related to the final
stage of coagulation, that is, fibrinogen becomes fibrin. FDP
is a degradation product of fibrin or fibrinogen; D-dimer is
an important landmark substance for forming thrombus

and dissolving fibrin. It can act as a marker for early diag-
nosis of acute mesenteric ischemia [25]. PT-INR is mainly
used to evaluate the anticoagulant level of anticoagulant
drugs (e.g., Warfarin). If it exceeds the upper limit, there
is a risk of bleeding, and if it is lower than the lower limit,
the anticoagulation may be insufficient [26]. The principle
of thromboelastography is to detect and quantify dynamic
changes of the viscoelastic properties of a blood sample
during clotting under low shear stress [23]. During the inter-
action between inflammation and coagulation, inflammatory
mediators may facilitate thrombus formation through at least
three pathways at the same time, including up-regulation of
procoagulant pathways, down-regulation of physiological
anticoagulant mechanisms (antithrombin, protein C system,
and tissue factor pathway inhibitor), and inhibition of fibri-
nolysis [8, 9].

The present study confirmed that after intestinal I/R
injury, PT, APTT, and TT were prolonged and FDP and
D-Di levels could be increased; besides, PT-INR was
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FiGurk 6: HRS reduced inflammatory stress and TF level. (a—f) were TNF-q, IL-1p, IL-6, IL-10, MPO, and TF levels, respectively. The data
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&&p < 0.01 vs. HRS1 group.

elevated and FIB level was decreased. R and K values were
additionally increased according to thromboelastography,
while the a-angle and MA values were decreased. The
above-mentioned findings suggested that the coagulation
disorders occurred. The results were consistent with previous
studies [10, 11]. Additionally, after intestinal I/R injury, the
levels of TNF-a, IL-13, IL-6, and MPO in blood were notice-
ably increased, while the level of IL-10 was decreased
dramatically.

TNF-« and IL-6 are classic proinflammatory factors in
the inflammatory phase. MPO, as an inflammatory bio-
marker, can reflect leukocyte infiltration. The monocyte-
macrophage system may synthesize and release TNF-a.
When TF expression is up-regulated, it can activate
proteinase-activated receptor 1 (PAR-1) on the surface of
monocytes. TNF-a may activate the cytokine cascade and
induce monocytes to express TF, thereby forming a vicious

cycle of inflammatory cascade and activation of the coagula-
tion system [27]. Under stimulation of inflammatory factors,
the expression of TF is significantly increased in endothelial
cells and monocytes, activating the coagulation system
through the exogenous coagulation pathway [28, 29]. Under
mediation of calcium ions, activated coagulation factor FX
and activated coagulation factor FV can form a complex
and may generate a small amount of thrombin and simulta-
neously activate endogenous coagulation pathway, which
can mediate the coagulation cascade and coagulation
dysfunction [26]. In the activation of inflammatory response,
TF assumes the task of connecting inflammation and coagu-
lation. Inflammatory factors, such as TNF-a, IL-13, and IL-6,
can stimulate monocytes to up-regulate TF express. A recent
report has shown that TF is regarded to be the primary
initiator of coagulation in severe infection. Local activation
of coagulation can be prevented by inhibiting TF level in
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F1GURE 7: Correlation analysis. Correlations (N = 32) between TF level and TNF-« level (a), TF level and IL-1 level (b), TF level and IL-6
level (c), TF level and IL-10 level (d), TF level and MPO activity (e), TF level and Chiu’s score (f).

models of sepsis [30]. Interestingly, in our study, TF level was
positively correlated with Chiu’s score, which indicated that
TF level could also be elevated by intestinal I/R. Previous
study showed that the mentioned process was closely associ-
ated with the expression of TF in peripheral blood mononu-
clear cells [27, 29, 30]. TF level was also positively correlated
with TNF-a, IL-1p, IL-6, and MPO levels and was negatively
correlated with IL-10, indicating that the TF level was closely
associated with the inflammatory factors, which may cause
coagulation disorders.

NF-«B is one of the key pathways connecting inflam-
mation and immunity, especially the modulation of proin-
flammatory factors [31]. Under pathological conditions,
such as inflammation, hypoxia, and infection, NF-«xB will

break away from the binding of its inhibitory protein
and enter the nucleus, resulting in a series of effects, such
as participating in transcription of the TF gene [28]. Acti-
vation of the NF-«B pathway can be mediated by toll-like
receptors (TLRs), interleukin 1 receptor (IL-1R), tumor
necrosis factor receptor (ITNFR), and antigen receptors.
Typical stimulating signal molecules are TNF-a, IL-6,
IL-18, lipopolysaccharide (LPS), and bacterial cell wall
[32]. In the rat model of intestinal I/R injury, the expression
levels of p-NF-«B p65, NLRP3, Caspase-1, and inflammatory
factors were increased. It is hinted that NF-xB/NLRP3 path-
way might be involved in intestinal I/R injury. The NLRP3
inflammasome was also shown to mediate hepatic injury
induced by intestinal I/R [4]. Therefore, it can be concluded
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FiGure 8: HRS inhibited NF-«B and NLRP3 inflammasome activation. Western blot was used to detect the expression levels of phospho-NF-
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**P <0.01 vs. SHAM group; “P < 0.05, "P < 0.01 vs. I/R group; &P <0.05 vs. HRS1 group.

that NF-«xB and NLRP3 inflammasome may be a therapeutic
target for disease management [33, 34]. If it could inhibit the
activation of the NF-«B/NLRP3 pathway, it could not only
attenuate the inflammatory response and protect the intes-
tine but also inhibit the TF level and weaken coagulation
disorders.

Molecular hydrogen was previously taken as an inert gas
into account, while a research reported that it has antioxi-
dant, anti-inflammatory, and antiapoptotic properties, with
organ protection for a variety of acute and chronic diseases
[12, 13]. In an animal model of intestinal I/R injury, H, can
simultaneously reduce local intestinal damage and distant
organs damage [12, 18, 19]. In addition, H, can inhibit the
activation of NF-x¥B and NLRP3 pathways, which has a
certain therapeutic effect on other diseases. The present
experiment revealed that Chiu’s score after HRS treatment
was reduced, and the coagulation function was improved.
The PT, APTT, TT, FDP, D-Dj, and PT-INR were signifi-
cantly lower than those in the intestinal I/R group. FIB level,
a-angle, and MA values were increased, while R and K values
were decreased. Additionally, HRS significantly reversed the
above-mentioned trend of inflammatory factors induced by
intestinal I/R.

Platelets are often activated by trauma, infection, etc. and
participate in anti-infection, hemostasis, and repair
processes. The main mechanisms of thrombocytopenia in
septic rats include bone marrow suppression and neonatal
thrombocytopenia, immune-mediated platelet destruction,

and platelet depletion [35]. However, in the rat model of
intestinal I/R injury, there were no statistically significant
differences in platelet count among all groups, which was
consistent with a previous study [36]. We speculated that
the cause might be (at least in part) inflammatory exudation
after intestinal I/R, which leads to blood concentration,
abnormal distribution of platelets in the body, platelet aggre-
gation, and increased attachment. A recent study demon-
strated that hydrogen can inhibit platelet activation and
reduce thrombus formation in a thrombosis model [37].
Coagulation disorders can be associated with several factors,
including coagulation factors and platelets. In the present
study, when platelet count was close to normal level, coagula-
tion dysfunction occurred in rats, suggesting that multiple
factors might be involved in coagulation dysfunction during
intestinal I/R injury. Hydrogen improved coagulation dys-
function, which might be related to inhibiting inflammatory
response. However, the degree of platelet activation during
intestinal I/R injury, the level of consumption, and changes
in its function still require to be further studied.

There could be some limitations in the current study.
Firstly, regarding therapeutic effects of HRS in improving
intestinal I/R-induced coagulation disorders, only the
inflammatory response was observed. Therefore, further
investigation is needed to explore the other functions of
HRS as well as its role in other inflammatory conditions.
Secondly, this study focused on the short-term effect of
HRS on intestinal I/R-induced coagulation disorders and
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poor survival, while the long-term impact of HRS is yet to
explore. The survival rate might be changed in prolonged
time in the I/R and HRS treatment groups, and the optimal
therapeutic windows of HRS for improving coagulation dis-
orders and survival rate are required further exploration.
Finally, two different dosages of HRS were determined based
on previous studies [17, 38], without exploring possible
effects of HRS at additional dosage on coagulation disorders
induced by intestinal I/R injury. The optimal dosage of
HRS needs further investigation in future studies.

5. Conclusion

In summary, the present study confirmed that intestinal I/R
could cause coagulation disorders and the activation of NF-
«B and NLRP3 inflammasome in rats. Interestingly, HRS
could strikingly improve intestinal I/R-induced intestinal
injury and poor survival, which might be partially related to
ameliorating coagulation disorders and inflammation via
inactivation of NF-«B/NLRP3 Pathway. That is an important
finding, indicating that HRS might have clinical potentials
for critically ill patients associated with intestinal I/R to
improve coagulation disorders and mortality.
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Acute kidney injury (AKI) is a major complication of sepsis. Nucleotide-binding domain-like receptor protein 3 (NLRP3)
inflammasomes are multiprotein complexes that mediate septic AKI. L-arginine (Arg) is a conditionally essential amino acid in
catabolic conditions and a substrate for nitric oxide (NO) production; however, its use in sepsis is controversial. This study
investigated the effect of intravenous Arg supplementation on modulating NLRP3 inflammasome activity in relation to septic
AKI. Mice were divided into normal control (NC), sham, sepsis saline (SS), and sepsis Arg (SA) groups. In order to investigate
the role of NO, L-N6-(1-iminoethyl)-lysine hydrochloride (L-NIL), an inducible NO synthase inhibitor, was administered to
the sepsis groups. Sepsis was induced using cecal ligation and puncture (CLP). The SS and SA groups received saline or Arg
via tail vein 1h after CLP. Mice were sacrificed at 6, 12, and 24 h after sepsis. The results showed that compared to the NC
group, septic mice had higher plasma kidney function parameters and lower Arg levels. Also, renal NLRP3 inflammasome
protein expression and tubular injury score increased. After Arg treatment, plasma Arg and NO levels increased, kidney
function improved, and expressions of renal NLRP3 inflammasome-related proteins were downregulated. Changes in plasma
NO and renal NLRP3 inflammasome-related protein expression were abrogated when L-NIL was given to the Arg sepsis
groups. Arg plus L-NIL administration also attenuated kidney injury after CLP. The findings suggest that intravenous Arg
supplementation immediately after sepsis restores plasma Arg levels and is beneficial for attenuating septic AKI, partly via NO-
mediated NLRP3 inflammasome inhibition.

1. Introduction

Sepsis is a life-threatening organ dysfunction syndrome due
to dysregulated host responses to infection [1]. Among
others, the kidneys are one of the first organs to be affected
by sepsis since the kidneys receive 20% of the blood flow out-
put, processing 120~150 mL of plasma each minute, and thus
have high exposure to secreted proinflammatory mediators
[2]. It was reported that 40%~50% of septic patients develop
acute kidney injury (AKI) and thereafter have 6~8-fold
higher mortality compared to those without AKI [3]. The

pathophysiology of septic AKI is complex and multifactorial.
Previous studies showed that deranged immune cell activa-
tion and proinflammatory cytokine production are the main
causes of AKI. Insults from both infection and cell damages
trigger persistent cycle of inflammatory response, in which
innate immunity plays a major role [2, 4].

Inflammatory response occurs in almost all kinds of kid-
ney diseases. Inflammasomes are protein complexes that
form within activated immune cells and tissue-resident cells
that lead to a series of inflammatory reactions [5]. NLRP3
is a member of the nucleotide-binding and oligomerization


https://orcid.org/0000-0001-8958-226X
https://orcid.org/0000-0001-8245-4601
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/3201635

domain- (NOD-) like receptor family and was described as
the inflammasome sensor [6]. After recognition of infecting
microbials and cellular damage in a two-step mechanism,
NLRP3 will form an activated complex with apoptosis-
associated speck-like protein (ASC) and procaspase-1 which
will subsequently cleave into IL-1f3 [7]. NLRP3 inflamma-
some responses to varieties of pathogens. The activation of
NLRP3 inflammasome has been proved to contribute to the
inflammatory response of sepsis-induced AKI, which causes
an impaired kidney morphology, increased renal tubular cell
apoptosis, and NLRP3-dependent proinflammatory cytokine
(i.e., IL-18 and IL-18) production [8-10].

Arginine (Arg) is a nonessential amino acid that serves as
the precursor of various metabolites and is the sole substrate
of nitric oxide (NO) [11]. De novo synthesis of Arg is regu-
lated by the kidneys [12]. Regarding the notion that sepsis
is an Arg-deficient state [13], Arg supplementation was pro-
posed and shown to have favorable effects in critically ill sur-
gical patients [14, 15]. Also, Arg enhanced the immune
response and protein turnover and showed beneficial effects
in a porcine model of endotoxemia [16]. A study performed
by our laboratory showed that intravenous Arg administra-
tion attenuated sepsis-induced lung injury [17]. Since NO is
an inhibitor of caspase-1 [18], availability of NO may inhibit
NLRP3 inflammasome activation and subsequent IL-1f and
IL-18 production. We hypothesized that intravenous Arg
administration may downregulate renal NLRP3 expression,
possibly via NO signaling, and thus attenuate septic AKI. In
order to clarify the role of NO in regulating the NLRP3
inflammasome associated with AKI, a specific inducible NO
synthase (iNOS) inhibitor was administered in addition to
Arg in a mouse model of polymicrobial sepsis in this study.

2. Materials and Methods

2.1. Animals. Male C57BL/6] mice (5 to 6 weeks old, weigh-
ing 20~25g) were used in the experiment. All mice were
subjected to acclimatization in a temperature (21 +2°C)
and humidity controlled room (50%~55%) with a 12h
light-dark cycle in the Laboratory Animal Center at Taipei
Medical University (TMU), Taipei, Taiwan. During the
period of study, all mice were given standard chow diet
and water ad libitum. Care of laboratory animals was in full
compliance with the Guide for the Care and Use of Labora-
tory Animals (National Research Council, 1996). Experi-
mental protocols were approved by the TMU’s Animal
Care and Use Committee.

2.2. Study Protocol. Mice were randomly assigned to a normal
control (NC) group (n=6), a sham group (n=6), a septic
saline (SS, n = 24) group, and a septic Arg (SA, n = 24) group.
Polymicrobial peritonitis sepsis was induced by cecal ligation
and puncture (CLP) as described previously [17]. Mice were
anesthetized, a midline incision (1~1.5cm) was made in the
abdominal wall, and the cecum was identified. The cecum
was exposed, and approximately 50% of the distal end of
the cecum was ligated with 3-0 silk. Using a 23-gauge needle,
it was punctured twice on the cecal end, gently compressed to
extrude a small amount of feces, and then replaced back in
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the abdomen. The incision was closed in two layers using
2-0 silk sutures. The animals were resuscitated with subcuta-
neous sterile saline (40 mL/kg body weight (BW)) after the
CLP operation. Mice in the sham group were subjected to
the same surgical procedure except for CLP. After surgery,
animals were allowed free access to food and water. All
CLP manipulations were performed by the same person to
ensure consistency. One hour after CLP, mice were intrave-
nously injected with a bolus (100 uL) of saline or Arg solution
(300 mg/kg BW) via a tail vein. This dosage of Arg was previ-
ously proven to have beneficial effects in resolving inflamma-
tory responses in a catabolic condition [19]. Mice were
sacrificed at 6, 12, and 24h after CLP to investigate the
dynamic inflammatory responses. Mice were anesthetized
with an intraperitoneal (IP) injection of Zoletil® (Virbac,
Carros, France; 25 mg/kg BW) and Rompun (Bayer, Lever-
kusen, Germany; 10 mg/kg BW), and blood samples were
collected by cardiac puncture. Blood samples from mice were
collected into tubes containing heparin and were centrifuged
at 1500 x g at 4°C for 15min to collect plasma which was
stored in -80°C for further analysis. The upper half of a kid-
ney was separated for histological analysis, while the remain-
ing part was kept at -80°C for further analysis. To investigate
the role of NO, L-N (6)-iminoethyl-lysine (L-NIL) (Sigma,
St. Louis, MO, USA), an inducible (i) NOS inhibitor, was
administered to mice in the septic saline (SSL, n = 15) and
septic Arg (SAL, n=15) groups. L-NIL (3 mg/kg BW) was
given intraperitoneally at the end of CLP and at 6 h after sep-
sis induction [20]. Mice in the SSL and SAL groups were
sacrificed at 6, 12, and 24 h to collect blood and kidney sam-
ples. Survival rates were expressed as the number of mice
which survived until the designated sacrifice time point per
total amount of mice.

2.3. Analysis of Plasma Amino Acid Concentrations. Plasma
samples were prepared using a Waters AccQTag derivati-
zation kit (Manchester, UK) and subjected to ultraperfor-
mance liquid chromatography (UPLC) separation using the
ACQUITY UPLC system (Waters). A multiple reaction
monitoring (MRM) analysis was performed using a Xevo
TQ-XS (Waters) mass spectrometer. Data were analyzed
using Waters MassLynx 4.2 software and quantified using
TargetLynx.

2.4. Analysis of Plasma NO Concentrations. Plasma NO was
measured using a Total Nitric Oxide and Nitrate/Nitrite
Assay (R&D Systems, Minneapolis, MN, USA) according
to the manufacturer’s instructions. Briefly, the amount of
NO was calculated based on the enzymatic conversion of
nitrate to nitrite by nitrate reductase, followed by the Griess
reaction which produces a chromophoric compound detect-
able at wavelengths of 540/570 nm. The difference in measure-
ments of nitrite and nitrate was considered the concentration
of NO.

2.5. Analysis of Plasma Biomarkers for Kidney Function and
Injury. Plasma creatinine (Cr) and blood urea nitrogen
(BUN) were sent for laboratory analysis in the National Lab-
oratory Animal Center, Taipei, Taiwan. Values are expressed
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in mg/dL. For measurement of plasma neutrophil gelatinase-
associated lipocalin (NGAL), an indicator of AKI, 40 uL of
the obtained plasma was centrifuged at 11000 x g for
10 min at 4°C. Supernatants were measured by Quantikine®
enzyme-linked immunosorbent assay (ELISA) kits (R&D
Systems) according to the manufacturer’s instructions, and
results are expressed in pg/mL.

2.6. Analysis of Renal Lipid Peroxidation Levels. Lipid peroxi-
dation was analyzed based on thiobarbituric acid-reactive sub-
stance (TBARS) levels. One half of kidney tissues (0.05~0.07 g)
twas homogenized in 250~350 yL of T-PER™ tissue protein
extraction reagent (Thermo, Rockford, IL, USA) and centri-
fuged to obtain lysates. Protein lysates were supplemented
with 0.22% H,SO,, 0.67% thiobarbituric acid, and 10% phos-
photungstic acid, boiled at 95°C, extracted with 1-butanol
(Sigma), and centrifuged at 700 x g for 15min at 4°C. The
upper layer was collected and analyzed fluorometrically at
555/515 nm. Values were expressed as M malondialdehyde
(MDA)/ug protein.

2.7.  Renal NLRP3 Inflammasome-Related  Protein
Expressions. Protein expressions of NLRP3 inflammasome-
related species were analyzed by Western blotting. Briefly,
kidney protein extracts were separated by 8%~15% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), transferred to polyvinylidene difluoride membranes,
blocked, and probed with primary antibodies such as anti-
NLRP3, IL-18, ASC (Cell Signaling Technology, Danvers,
MA), and caspase-1 (Abcam, Cambridge, UK) overnight at
4°C. After incubation with the secondary antibody, proteins
were visualized in a chemiluminescent solution (Merck Milli-
pore, Burlington, MA, USA) using the BioSpectrum Imaging
System (UVP, Upland, CA, USA) and quantified using
Image-Pro Plus software version 4.5 (Media Cybernetics, Sil-
ver Springs, MD, USA). Densities of target proteins were nor-
malized against $-actin.

2.8. Kidney Histology. The middle segments of kidney tissues
were collected and fixed with 4% paraformaldehyde. Series
of 5um thick sections stained with hematoxylin and eosin
(H&E) were examined to determine the morphology of
the kidneys. Digital images at 200x magnification per sec-
tion were captured. Five fields per section were analyzed
for morphological lesions. Images were assessed by Image-
Pro Plus software, and a scoring system based on Kurus
et al. [21] was used as follows: 0 indicates no tubular injury;
1 indicates <10% of tubules injured; 2 indicates 10%~25%
of tubules injured; 3 indicates 26%~50% of tubules injured;
4 indicates 51%~75% of tubules injured; and 5 indicates
>75% of tubules injured.

2.9. Statistical Analysis. Data are presented as the mean +
standard deviation (SD). Results were analyzed using Graph-
Pad Prism 5 software (San Diego, CA, USA). Differences
between groups were assessed using a one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test. Values
were considered statistically significant at P < 0.05.

3. Results

3.1. BW Change and Survival Rates. There were no differ-
ences in initial BWs before the sham or CLP operation (data
not shown). No difference in survival rates was observed
between the two septic groups at 24 h after CLP (66% and
72% in both the SS and SA groups).

3.2. Changes in Plasma Amino Acid Levels. Arg concentra-
tions had significantly decreased by 6h and sustained the
levels till the 24h time point after sepsis compared to the
NC and sham groups. Other amino acids, such as glutamine
and citrulline, were also depleted in the septic groups at 6 h or
the all time points. After Arg administration, levels of Arg
had significantly increased at all time points, while glutamine
exclusively increased at 6 and 12h compared to the saline-
treated groups. Citrulline and proline concentrations had sig-
nificantly increased after 12 and/or 24 h post-CLP (Figure 1).

3.3. Plasma Biomarkers of Kidney Function. NGAL had sig-
nificantly increased at 24h of sepsis compared to levels in
the NC and sham groups. Levels of Cr and BUN were higher
in the sepsis groups than those in the NC and sham groups at
12 and 24 h. Levels of NGAL significantly dropped by 24h,
while Cr and BUN levels had decreased at 12 and 24h in
the Arg-treated sepsis group (SA group) when compared to
the corresponding SS group (Table 1).

3.4. Plasma NO Levels with or without an iNOS Inhibitor.
There were no differences in NO levels among the NC, sham,
and sepsis groups at 6 or 12 h after CLP. Compared to the NC
group, NO production in the septic groups had increased by
24 h. Arg-treated groups had higher NO levels than the saline
groups at 12 and 24h post-CLP (Figure 2(a)). In the sepsis
groups treated with L-NIL, no differences in plasma NO con-
centrations were observed among the NC, sham, and sepsis
groups at the various time points (Figure 2(b)).

3.5. Lipid Peroxide Levels in the Kidneys. TBARS values in the
sepsis groups had significantly increased at 6 and 12h after
CLP compared to the NC group. After Arg treatment,
TBARS values at 6 and 12h post-CLP were significantly
lower compared to the respective saline group (Figure 3(a)).
In the sepsis groups treated with L-NIL, no differences in
TBARS concentrations were observed between the saline-
and Arg-treated sepsis groups (Figure 3(b)).

3.6. Kidney NLRP3 Inflammasome-Associated Protein
Expression in Sepsis Groups. Compared to the NC and sham
groups, protein levels of caspase-1 had increased by 12h
while NLRP3, ASC, and IL-18 had increased by both 12
and 24h after CLP. After Arg treatment, expressions of
NLRP3 and ASC were significantly reduced at 12 and 24h,
while caspase-1 and IL-1f exhibited reduced expression at
24h (Figure 4).

3.7. Kidney NLRP3 Inflammasome-Associated Protein
Expressions in Sepsis Groups with the iNOS Inhibitor. There
were no differences in NLRP3, ASC, caspase-1, and IL-1
protein levels between the saline- and Arg-treated groups at
each time point (Figure 5).
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FIGURE 1: Plasma arginine, glutamine, citrulline, and proline concentrations of the normal and experimental groups. NC: normal control
group; Sham: sham group; SS: sepsis group with saline injection sacrificed at 6, 12, and 24 h after cecal ligation and puncture (CLP); SA:
sepsis group with arginine injection sacrificed at 6, 12, and 24 h after CLP. Results are presented as the mean + SD; n =6 for each group.
Differences between groups were analyzed with a one-way ANOVA with Tukey’s post hoc test. *Significantly differs from the NC group;
*significantly differs from the SS groups at the same time point (P < 0.05).

TaBLe 1: Kidney injury marker levels and kidney function
indicators.

NGAL (pug/mL)  Creatinine (mg/dL)  BUN (mg/dL)

NC 0.11+0.01 0.17 +0.02 33.90 +1.31
Sham 0.47 £0.36 0.20 +0.04 36.60 + 1.51
SS6 7.92+3.29 0.17 +0.05 34.03+2.19
SA6 8.07+0.93 0.13 +0.02 38.38 +5.85
S$S12 7.59+0.97 0.67 +0.07 82.15 +4.05"
SA12 14.03 £4.19 0.35+0.09* 55.55 +2.19"
SS24  53.51+27.78" 0.62 +0.08" 115+ 19.46"
SA24 18.61 +1.59% 0.42 +0.10" 31.93 + 18.56"

The experimental groups consisted of NC: normal control group; Sham:
sham group; SS: sepsis group with saline injection sacrificed at 6, 12, and
24h after cecal ligation and puncture (CLP); SA: sepsis group with
arginine injection sacrificed at 6, 12, and 24 h after CLP. BUN: blood urea
nitrogen; NGAL: neutrophil gelatinase-associated lipocalin-2. Data were
analyzed using a one-way ANOVA with Tukey’s post hoc test and
presented as the mean + SD. *Significantly differs from the NC group;
"significantly differs from the SS groups at the same time point (P < 0.05).

3.8. Kidney Histology of the Sepsis Groups with or without the
iNOS Inhibitor. Tubular injury was observed in the sepsis
groups at 12 and 24h, as indicated by vacuole formation
and sloughing of tubular epithelial cells. In contrast, Arg-
treated groups had significantly lower injury scores com-
pared to the SS groups at 24 h (Figure 6(a)). Despite being
treated with L-NIL, less tubular damage accompanied by a
lower injury score was also observed in the Arg sepsis group
at 24 h after CLP (Figure 6(b)).

4. Discussion

There is controversy surrounding the supplementation of
Arg in the critically ill, especially in septic patients. An inves-
tigation by Bertolini et al. [22] found that mortality rates
increased in the septic patients with Arg treatment. However,
some clinical studies found that an infusion with Arg did not
result in any adverse changes in hemodynamic parameters
[23, 24]. Supplemental Arg by either an enteral or parenteral
route is safe and may be beneficial to septic patients [23].
Sepsis is considered as an Arg-deficient state [13]. The drop
in Arg availability in sepsis may be due to increased demand
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sepsis group with saline injection sacrificed at 6, 12, and 24h after cecal ligation and puncture (CLP); SA: sepsis group with arginine
injection sacrificed at 6, 12, and 24h after CLP. (b) Experimental groups with the inducible NO synthase (iNOS) inhibitor, L-N (6)-
iminoethyl-lysine (L-NIL) administration. SSL: sepsis group with saline plus L-NIL, sacrificed at 6, 12, and 24 h after CLP; SAL: sepsis
group with Arg plus L-NIL, sacrificed at 6, 12, and 24h after CLP. Results are presented as the mean +SD; n=6 for each group.
Differences between groups were analyzed using a one-way ANOVA with Tukey’s post hoc test. *Significantly differs from the NC group;
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FIGURE 3: Renal thiobarbituric acid-reactive substance (TBARS) values in (a) the normal and experimental groups. NC: normal control group;
Sham: sham group; SS: sepsis group with saline injection sacrificed at 6, 12, and 24 h after cecal ligation and puncture (CLP); SA: sepsis group
with arginine injection sacrificed at 6, 12, and 24 h after CLP. (b) Experimental groups with the nitric oxide synthase (iNOS) inhibitor, L-N
(6)-iminoethyl-lysine (L-NIL) administration. SSL: sepsis group with saline plus L-NIL, sacrificed at 6, 12, and 24 h after CLP; SAL: sepsis
group with Arg plus L-NIL, sacrificed at 6, 12, and 24h after CLP. Results are presented as the mean + SD; n=6 for each group.
Differences among groups were analyzed using a one-way ANOVA with Tukey’s post hoc test. *Significantly differs from the NC group;
"significantly differs from the SS groups at the same time point (P < 0.05) in (a).

of amino acid for protein synthesis [12] or the activation of
myeloid-derived suppressor cells which may enhance the
arginase activity [25]. In a rodent model of sepsis, arterial
levels of Arg were reduced at as early as 90 min after the onset
of LPS induction [26]. Therefore, in this study, Arg was
injected immediately after CLP induction to account for the
expected decrease in plasma Arg. Findings from the current
study showed that Arg administration enhanced NO produc-
tion and downregulated NLRP3 inflammasome-related pro-
tein expression that may consequently result in attenuating
septic AKI.

The finding of this study showed that NO levels after sep-
sis induction did not significantly increase until 24 h, while
Arg-treated groups showed significantly higher NO levels

since 12 h onwards. Poeze et al. [27] observed that in the por-
cine endotoxemia model, plasma NO levels increased signif-
icantly in the LPS-infused animals pretreated with Arg, while
there was no difference in NO of the untreated animals. This
phenomenon may be due to the compartmentalization of
NO, where some organs could be deprived of NO even when
the plasma levels are not changed [28]. Moreover, sepsis also
induces the activation of arginase. The competition between
arginase and NOS for using Arg as a substrate may delay
the elevation of plasma NO that may explain the late
response of increased NO in the saline sepsis group. iNOS
has been known to contribute to excessive, long-lasting pro-
duction of NO which is possibly responsible for hypotension
and shock [28]. Excessive iNO production is considered as a
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FIGURE 4: Protein levels of the nucleotide-binding domain-like receptor protein 3 (NLRP3) inflammasome complex in renal tissues. (a)
Protein expressions of NLRP3, apoptosis-associated speck-like protein containing CARD (ASC), interleukin (IL)-1f3, and caspase-1.
Whole-tissue lysates were analyzed by immunoblotting, and f-actin was used as a loading control. (b) Densitometric analysis of blots
corrected by the protein loading control. NC: normal control group; Sham: sham group; SS: sepsis group with saline injection sacrificed at
6, 12, and 24h after cecal ligation and puncture (CLP); SA: sepsis group with arginine injection sacrificed at 6, 12, and 24 h after CLP.
Results of the densitometric analysis are presented as the mean + SD; n = 6 for each group. Differences among groups were analyzed using
a one-way ANOVA with Tukey’s post hoc test. *Significantly differs from the NC group; “significantly differs from SS groups at the same

time point (P < 0.05).

source of reactive nitrogen species (RNS). Paradoxically,
depletion of Arg also enhances the iNOS-derived formation
of O, due to iNOS uncoupling reaction [29]. Increased Arg
availability also inhibits the production of O, [30]. A previ-
ous in vitro study showed that decreasing concentrations of
Arg enhanced iNOS-induced ROS/RNS production in car-
diac myocytes [31]. In this study, Arg supplementation
increased the availability of Arg to be converted to NO and
may consequently prevent O, and peroxynitrite formation
in current sepsis condition.

In respect to kidney function, NGAL reflects activated
neutrophils during innate immune activation [32] and is a

more-specific marker of tubular injury compared to kidney
function parameters such as Cr and BUN [33]. A previous
study reported that rats with Arg-supplemented diets had
lower NGAL values after a uninephrectomy and kidney stone
induction [34]. Significant reductions in plasma Cr, BUN,
and NGAL levels observed in the Arg sepsis group compared
to the saline sepsis group are suggestive of attenuated renal
injury following Arg treatment.

Previous studies showed that resident mononuclear cells,
such as macrophage and dendritic cells, express all parts of
the NLRP3 inflammasome (NLRP3, ASC, and procaspase-
1) in kidney tissues, but the expression levels are low in
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Ficurk 5: Kidney nucleotide-binding domain-like receptor protein 3 (NLRP3) inflammasome-associated protein expressions in groups
treated with the nitric oxide synthase (iNOS) inhibitor, L-N (6)-iminoethyl-lysine (L-NIL). (a) Protein expressions of NLRP3, apoptosis-
associated speck-like protein containing CARD (ASC), interleukin- (IL-) 1§, and caspase-1. Whole-tissue lysates were analyzed by
immunoblotting, and f-actin was used as a loading control. (b) Densitometric analysis of blots corrected by the protein loading control.
SSL: sepsis group with saline plus L-NIL, sacrificed at 6, 12, and 24 h after CLP; SAL: sepsis group with Arg plus L-NIL, sacrificed at 6, 12,
and 24 h after CLP. Results of the densitometric analysis are presented as the mean + SD; n =6 for each group. Differences among group

were analyzed using a one-way ANOVA with Tukey’s post hoc test.

normal condition [35-37]. In the septic AKI state, NLRP3
inflammasome expressed by resident mononuclear cells and
the recruited leukocytes are upregulated to secrete mature
inflammatory cytokines [38]. On the other hand, renal
parenchymal cells such as renal tubular epithelial cells, podo-
cytes, glomerular endothelial cells, and mesangial cells con-
tain significant amount of NLRP3 that expressed under
inflammatory conditions [39, 40]. In this study, we evaluated
the role of NO on septic AKI because NO is one of the sup-
pressors of NLRP3. A previous study showed that NO could
suppress caspase-1 in murine macrophages, resulting in
decreased IL-1f [41]. Macrophages treated with S-nitroso-

N-acetylpenicillamine, an NO donor, showed lower NLRP3
activation and IL-1f production [42]. In vivo, mice treated
with the NOS inhibitor, Nw-nitro-L-arginine methyl ester
hydrochloride (L-NAME), showed significantly increased
IL-1f3 [43]. In this study, we found that the expression of
NLRP3-associated proteins, including NLRP3, ASC, cas-
pase-1, and IL-1f3, was significantly upregulated at 12 and
24h after sepsis. Arg administration downregulated expres-
sions of NLPR3 inflammasome-related proteins. However,
the favorable effects were abrogated when Arg sepsis groups
were treated with L-NIL. These findings suggest that Arg
administration alleviates sepsis-induced renal NLRP3
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F1cuURrE 6: Histology and quantification of kidney tissues. Images were assessed using Image-Pro Plus software, and representative histological
images are shown at 200x magnification. Microphotographs and semiquantification of H&E staining in (a). NC: normal control group; Sham:
sham group; SS: sepsis group with a saline injection sacrificed at 6, 12, and 24 h after cecal ligation and puncture (CLP); SA: sepsis group with
an arginine injection sacrificed at 6, 12, and 24 h after CLP; (b) SSL: sepsis group with saline plus L-NIL, sacrificed at 6, 12, and 24 h after CLP;
SAL: sepsis group with Arg plus L-NIL, sacrificed at 6, 12, and 24 h after CLP. Results are presented as the mean + SD; 1 = 6 for each group.
Differences between groups were analyzed using a one-way ANOVA with Tukey’s post hoc test. *Significantly differs from the NC group
(P < 0.05); *significantly differs from the SS groups at the same time point (P < 0.05).

inflammasome activation, and NO plays an important rolein ~ production in tubules with sluggish blood flow [2]. In this
suppressing NLPR3 inflammasome expression. study, we found that sepsis-induced tubular cell damage

A characteristic hallmark of septic AKI is tubular cell ~ was obvious, and the kidney injury score was elevated since
vacuolization and displacement of the nucleus to the periph- 12 h after CLP. Although the iNOS inhibitor, L-NIL provided
ery of the cell [44], which could be caused by increased ROS  in this study, proved that the Arg/NO pathway participates in
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suppressing renal lipid peroxide production and NLPR3
inflammasome activation, kidney histological improvements
were independent of NO-mediated regulation.

Regardless of whether or not L-NIL was administered,
Arg supplementation decreased the severity of tubular dam-
age at the late phase of sepsis. This result indicated that the
NO-mediated suppression of NLPR3 inflammasome expres-
sion might only be one of the mechanisms responsible for
attenuating septic AKI. It is possible that the benefits of Arg
may be mediated through other process. Firstly, restored
Arg levels needed for physiological demand may help to
attenuate organ injury. Arg degradation occurs via multiple
pathways which produce numerous metabolites with biolog-
ical importance that participate in the pathogenesis of kidney
and other diseases [45]. In addition to NO and citrulline
synthesis via NOS, Arg is also a substrate for ornithine
production through urea cycle, which can be converted by
ornithine aminotransferase into pyrolline-5-carboxylase
and subsequently proline. In this study, the findings showed
that septic mice administered with Arg maintained plasma
glutamine levels, reversed sepsis-induced Arg decrement,
and increased proline levels after sepsis. Glutamine is a spe-
cific amino acid with immunomodulatory properties. Previ-
ous studies found that glutamine improved vascular
function [46], elicited a more-balanced lymphocyte regula-
tion, and thus reduced kidney injury in septic mice [47]. Pro-
line is an essential component of collagen [48]. The amino
acid profile presented here in the Arg sepsis group may pro-
vide favorable effects in attenuating damage to kidney tissues.
Secondly, Arg replacement may improve organ perfusion
by restoring constitutive endothelial NOS. A previous study
found that heterogeneous peritubular flow led to hypoxia in
the cortical areas and increased flow in the medulla [49].
Uneven microcirculatory flow in the kidney tubules is one
of the causes that drives septic AKI [2]. Arg administration
may promote NO production by constitutive endothelial
NOS causing improved organ perfusion. A previous study
also revealed that Arg administration after CLP enhanced
the mobilization of proangiogenic cells, which may play
important roles in resolving vascular endothelium inflamma-
tion and ameliorating remote organ injury in a septic condi-
tion [17]. Thirdly, the effect of Arg on leukocytes during
sepsis may also play roles in attenuating organ inflammatory
response. A previous study carried out by Wang et al. [50]
demonstrated that Arg supplementation enhanced macro-
phage phagocytic activity and promoted bacterial clearance
in septic rats. In an in vitro study performed by our labo-
ratory, we found that Arg administration with comparable
or higher than physiological levels reduced cellular adhe-
sion molecule expression, decreased neutrophil transen-
dothelial migration, and thus attenuated inflammatory
response in abdominal surgical condition [51]. However,
the exact mechanism through which Arg is involved in
attenuating septic AKI requires further investigation. There
was a limitation in this study. Since the inflammasome
immunohistochemistry staining was not performed, the
effects of Arg on the exact location of the inflammatory
cells in kidney tissues cannot be displayed here and there-
fore needed to be elucidated.

In summary, this study showed that Arg administration
immediately after sepsis increased plasma Arg and NO con-
centrations, Arg/NO-mediated regulation decreased lipid
peroxide levels and downregulated NLRP3 inflammasome-
associated protein expressions. Since Arg plus L-NIL admin-
istration also attenuated kidney injury after CLP, the favor-
able effect of Arg resulting from NO-mediated NLRP3
inflammasome inhibition may be partly responsible for
attenuating septic AKI. The findings of this study provide
basic information and imply that a single dose of Arg
administration may have benefits in restoring Arg levels
and alleviating remote kidney injury in abdominal surgical
patients at risk of postoperative infectious complications.
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