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Abstract

NLR inflammasomes, caspase 1 activation platforms critical
for processing key pro-inflammatory cytokines, have been
implicated in the development of nonalcoholic fatty liver
disease (NAFLD). As the direct role of the NLRP3
inflammasome remains unclear, we tested effects of persistent
NLRP3 activation as a contributor to NAFLD development
and, in particular, as a modulator of progression from benign
hepatic steatosis to steatohepatitis during diet-induced
NAFLD. Gain of function tamoxifen-inducible Nlrp3 knock-
in mice allowing for in vivo temporal control of NLRP3
activation and loss of function Nlrp3 knockout mice were
placed on short-term choline-deficient amino acid-defined
(CDAA) diet, to induce isolated hepatic steatosis or long-
term CDAA exposure, to induce severe steatohepatitis and
fibrosis, respectively. Expression of NLRP3 associated
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proteins was assessed in liver biopsies of a well-
characterized group of patients with the full spectrum of
NAFLD. Nirp3~"~ mice were protected from long-term feed-
ing CDAA-induced hepatomegaly, liver injury, and infiltra-
tion of activated macrophages. More importantly, Nirp3~~
mice showed marked protection from CDAA-induced liver
fibrosis. After 4 weeks on CDAA diet, wild-type (WT) ani-
mals showed isolated hepatic steatosis while Nlrp3 knock-in
mice showed severe liver inflammation, with increased infil-
tration of activated macrophages and early signs of liver
fibrosis. In the liver samples of patients with NAFLD,
inflammasome components were significantly increased in
those patients with nonalcoholic steatohepatitis (NASH) when
compared to those with non-NASH NAFLD with mRNA
levels of pro-IL1 beta correlated to levels of COL1A1. Our
study uncovers a crucial role for the NLRP3 inflammasome in
the development of NAFLD. These findings may lead to
novel therapeutic strategies aimed at halting the progression
of hepatic steatosis to the more severe forms of this disease.

Key message

*  Mice with NLRP3 inflammasome loss of function are
protected from diet-induced steatohepatitis.

* NLRP3 inflammasome gain of function leads to early and
severe onset of diet-induced steatohepatitis in mice.

» Patients with severe NAFLD exhibit increased levels of
NLRP3 inflammasome components and levels of pro-
IL13 mRNA correlate with the expression of COL1A1.

Keywords NLRP3 - Inflammation - Liver fibrosis - NASH -
Steatoheptatitis

Abbreviations

«-SMA  Alpha smooth muscle actin
ALT Alanine aminotransferase
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ASC Apoptosis-associated speck-like protein contain-
ing a caspase recruitment domain

Argl Arginase 1

ASH Alcoholic steatohepatitis

BMI Body mass index

Caspl Caspase 1

CDAA Choline-deficient amino acid-defined

COLI1A1 Collagen, type I, alpha 1

CSAA Choline-supplemented amino acid-defined

CTGF Connective tissue growth factor

CXCL2  Chemokine (C-X-C motif) ligand 2

DAMPs  Damage associated molecular patterns

F4/80 Murine macrophage marker

HSC Hepatic stellate cell

ICAM1 Intercellular adhesion molecule 1

IL Interleukin

iNOS Inducible form of nitric oxide synthase
Lyé6c Lymphocyte antigen 6 complex

MCP1 Monocyte chemotactic protein-1
MMP2 Matrix metalloproteinase-2

MPO Myeloperoxidase

NAFLD  Nonalcoholic fatty liver disease
NASH Nonalcoholic steatohepatitis

NC Normal chow

NLRs Nucleotide-binding oligomerization domain
(NOD) leucine-rich-repeat containing receptors

PAMPs Pathogen associated molecular patterns

PBS Phosphate-buffered saline

TIMP1 Tissue inhibitor of matrix metalloproteinase 1

TNF-« Tumor necrosis factor alpha

WT Wild type

Introduction

Nonalcoholic fatty liver disease (NAFLD) is the hepatic
manifestation of the metabolic syndrome and most abun-
dant chronic liver disease in the Western world [1, 2]. It
is predicted that nonalcoholic steatohepatitis (NASH), the
most severe form of NAFLD will be the leading cause of
liver transplantation in the USA by the year 2020 [3].
The prevalence of NAFLD ranges from 20 to 30 % in
the general population and up to 75-100 % in obese
individuals. It is estimated that about 10 to 25 % of
patients with NASH may progress to cirrhosis [4, 5].
The clinical pathologic picture resembles that of
alcohol-induced liver injury but occurs in patients who
consume little or no alcohol [6]. Despite its high preva-
lence, the factors driving the progression of NAFLD to
NASH remain poorly understood and no treatment has
been proven effective [7].
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The current, and most accepted, concept outlining the
pathogenesis of NAFLD involves multiple “hits.” These
hits are characterized by the occurrence of parallel events
that involve a complex interaction and cross talk between
environmental factors and host genetics [8, 9]. These
traits may promote isolated steatosis (a process of fat
accumulation in the liver), innate immune activation,
inflammation, cell death, and progressive liver damage
[10].

The NLRP3 inflammasome is a multi-protein complex that
recognizes various pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns
(DAMPs) [11]. It is composed of the nucleotide-binding olig-
omerization domain (NOD) leucine-rich repeat containing
receptors (NLR) containing pyrin domain 3 (NLRP3), adaptor
proteins such as the apoptosis-associated speck-like protein
containing a caspase-recruitment domain (ASC), and the ser-
ine protease caspase 1 (Caspl) [12, 13]. Upon sensing of the
aforementioned patterns, Caspl1 is cleaved and therefore acti-
vated further inducing interleukin-1{3 (IL-13) maturation.
Caspl activation and IL-1 signaling have been implicated in
the pathogenesis of alcoholic liver disease (ALD) and
NAFLD, as well as liver fibrosis [14, 15]. Indeed, the impor-
tance of Caspl activation and IL-1 signaling has been dem-
onstrated in numerous diet-induced mouse models of ALD
and NAFLD; these studies utilized various knockouts in the
IL-1 pathway, all of which reduced the pathologic features of
liver damage [16-18].

We have recently shown that constitutively global and
to a lesser extent myeloid-specific NLRP3 inflammasome
activation results in severe liver inflammation and acti-
vated fibrogenesis, while identifying hepatocyte
pyroptotic cell death as a novel mechanism of NLRP3-
mediated liver damage [19]. In the present study, we
address the role of NLRP3 activation in the context of
NAFLD development and hypothesize that it plays a
central role in the progression to more severe stages of
disease. We approached this hypothesis using loss-of-
function and gain-of-function approaches using both
Nirp3 knockout mice and a novel knock-in mouse model
allowing for temporal control of NLRP3 activation. To
mimic the full spectrum of human disease progression
from isolated hepatic steatosis to NASH and severe fi-
brosis in conjunction with weight gain in mice, we
choose the choline-deficient amino acid-defined
(CDAA) diet [20]. Time course experiments revealed that
16 weeks of this diet results in the development of
NASH and fibrosis, whereas 4 weeks of diet results in
early changes of isolated hepatic steatosis [20]. More-
over, translational studies on the relevance of the NLRP3
inflammasome in human NASH were conducted in a
large and well-characterized cohort of patients with the
full spectrum of disease.
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Materials and methods
Mouse strains

The following mouse strains were used in this study: Nirp3~’
“(provided by J. Bertin, E. Grant, A. Coyle, and Millennium
Pharmaceuticals) [21]. Nlrp3 knock-in mice were generated as
previously described, with an alanine 350 to valine (A350V)
substitution and the presence of an intronic floxed neomycin
resistance cassette, in which expression of the mutation does
not occur unless the Nlrp3 mutants are first bred with mice
expressing Cre recombinase [22]. Nlrp3 knock-in mice were
bred to B6.Cg-Tg(Cre/Esrl)SAmc/J mice (obtained from
Jackson Labs) to allow for mutant Nlrp3 expression in adult
models after administration of tamoxifen [23]. University of
California at San Diego Institutional Animal Care and Use
Committee approved all protocols.

Mutant NLRP3 protein expression induction

Nlirp3 mutant and wild-type (WT) mice were injected i.p. with
50 mg/kg tamoxifen-free base (MP Biomedicals, Solon, OH)
in 90 % sunflower seed oil from Helianthus annus (Sigma, St.
Louis, MO) and 10 % ethanol daily for 4 days, followed by
twice weekly injections as previously described [24].

Dietary isolated hepatic steatosis and NASH fibrosis
induction

Mice were fed with CDAA diet or choline-supplemented
amino acid-defined (CSAA) diet as control [25]. Long-term
feeding of this diet (16 weeks) results in a phenotype that
closely resembles human NASH: Mice become obese, dys-
lipidemic, and insulin-resistant and exhibit steatohepatitis and
perisinusoidal/pericellular fibrosis, whereas short-term feed-
ing (4 weeks) is associated with early disease characterized
mainly by isolated hepatic steatosis [20]. Nlpr3 knockouts
mice or WT mice were placed on the CDAA or CSAA control
diet for 16 weeks, starting at 7 weeks of age. Tamoxifen-
inducible Nlrp3 mutants were placed on CDAA diet or regular
chow for 4 weeks and compared to WT mice fed with the
same diets starting at 7 weeks of age.

NAFLD/NASH study population

To assess the role of the NLRP3 inflammasome in the devel-
opment of NAFLD and NASH in humans, we analyzed
messenger RNA (mRNA) levels of proteins related to the
NLRP3 inflammasome in liver samples of 77 patients with a
diagnosis of NASH or non-NASH NAFLD. These patients
are part of a cohort of morbidly obese patients who underwent
bariatric surgery at a German center for bariatric surgery. Liver
samples were obtained while patients underwent surgery. This

cohort covers the full spectrum of disease from isolated he-
patic steatosis to NASH to advanced fibrosis and cirrhosis [26,
27]. Table 1 describes the characteristics of the patient
population.

This study was approved by the ethics committee (Institu-
tional Review Board) of the University Hospital Essen. Pa-
tients volunteering were informed about intraoperative risks
and benefits of wedge liver biopsy and provided informed
written consent.

Liver sample preparation

At the selected time interval, mice were anesthetized (ke-
tamine 60 mg/kg plus xylazine 10 mg/kg intraperitoneal-
ly), the peritoneal and thoracic cavities opened, and blood
samples were taken via cardiac puncture. Next, using
phosphate-buffered saline (PBS), blood was flushed out
of the liver via a catheter in the left main cardiac chamber.
The liver was harvested, and the tissue was divided: (i) A
representative section was fixed in 10 % formalin for 24 h
and embedded in paraffin or directly frozen in embedding
medium for frozen tissue sections; (ii) samples of 50 ug
were placed in 500 pl of RNAlater® solution (Life Tech-
nologies, Carlsbad, CA, USA); and (iii) the remaining liver
tissue was quickly frozen in liquid nitrogen and stored in
—80 °C.

Histology, immunohistochemistry, and Sirius Red staining

Steatosis, inflammation, and ballooning were graded on
the basis of the NAFLD activity score by an experienced
pathologist (Dr. Bettina Papouchado) in routinely stained
tissue sections [28]. Liver fibrosis was assessed using
Sirius Red, whereby liver sections were incubated for
2 h at room temperature with an aqueous solution of
saturated picric acid containing 0.1 % Fast Green FCF
and 0.1 % Direct Red. Red stained collagen fibers were
quantitated by digital image analysis (ImageJ, NIH, US).
Immunohistochemistry staining for myeloperoxidase
(Myeloperoxidase Ab-1, Thermo Scientific, Waltham,
MA, USA) and F4/80 (a global marker for murine mac-
rophages) (F4/80, AbD Serotec, Hercules, CA, USA)
were performed in formalin-fixed, paraffin-embedded liv-
er sections according to the manufacturer’s instruction.
Immunohistochemistry for lymphocyte antigen 6 com-
plex, locus C1 (Ly6¢c) (Abcam, Cambrigde, MA, USA)
was performed on frozen liver sections. Terminal
deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) assay was performed per manufacturer’s in-
structions (ApopTag® peroxidase in situ Apoptosis De-
tection kit, Millipore, Billerica, MA, USA).
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Table 1 Patient characteristics

from weight loss surgery Variable No NASH NASH p value®
NAFLD/NASH study
n 44 33
Gender 0.25
Male 6 (14 %) 8 (24 %)
Female 38 (86 %) 25 (76 %)
Body mass index (BMI) Mean (SD) 52.3(12.1) 54.6 (8.8) 0.34
AST serum Mean (SD) 24.8 (10.4) 32.8 (18.0) <0.05
ALT serum Mean (SD) 29.5 (15.6) 43.5(30.3) <0.05
Surgery Bypass 17 (47 %) 18 (64 %) 0.16
Sleeve 19 (53 %) 9(32 %)
Gastric banding 0(0) 1(4 %)
Steatosis <0.001
<5 11 (25 %) 0(0)
5-33 32 (73 %) 13 (39 %)
34-65 1(2 %) 15 (46 %)
>66 0(0) 5(15 %)
Lobular inflammation <0.001
1 44 (100 %) 14 (43 %)
2 0 (0) 12 36 %)
3 0 (0) 721 %)
Ballooning <0.001
None 29 (66 %) 0 (0)
Few 15 (34 %) 28 (85 %)
Many 0(0) 515 %)
Fibrosis 0.30
la 8 (18 %) 309 %)
1b 0(0) 0 (0)
lc 2(5 %) 0 (0)
2 33 (75 %) 30 91 %)
3 1(2 %) 0(0)
NAFLD activity score <0.001
1 11 (25 %) 0(0)
2 17 (39 %) 0(0)
3 16 (36 %)) 0(0)
4 0(0) 13 39 %)
5 0(0) 17 (52 %)
¢ Test for continuous variables; 6 0(0) 309 %)
Fisher’s exact test for categorical 7 0(0) 0(0)

variables

Real-time PCR

Total RNA was isolated from liver tissue and analyzed as
previously described [19]. The sequences of the primers used
for quantitative PCR are given in Supplemental Table 1.
Immunoblot analysis

Immunoblot analysis were performed as previously de-

scribed [19]. Anti-Caspl p10, anti-IL-18, anti-desmin (all
three from Santa Cruz Biotechnology, Santa Cruz, CA,
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USA), anti-IL-13 (Abcam, Cambridge, MA, USA), and
anti-alpha smooth muscle actin (x-SMA; GeneTex,
Irvine, CA, USA) antibodies were used in combination
with appropriate peroxidase-conjugated secondary anti-
bodies. Protein load was verified with an «-tubulin anti-
body (dilution 1:10,000) (Hybridomabank, University of
Iowa) (kindly provided by M. Kaulich). Bands were visu-
alized with the enhanced chemiluminescence reagent and
digitized using a CCD camera (ChemiDoc®, Bio-Rad,
Hercules, CA, USA). Expression intensity was quantified
by ImageLab (Bio-Rad).
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Liver function tests

Serum values of alanine aminotransferase (ALT) were mea-
sured in blood samples at the end of the feeding cycles
according to the manufacturer’s instruction (Infinity™ ALT,
Thermo Scientific, Waltham, MA, USA).

Unless stated otherwise, all other chemicals were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA).

Statistical analyses

Analyses were performed with GraphPad (version 5.03,
GraphPad Software Inc., CA, USA) and R (version 3.0.2;
www.r-project.org). The significance level was set at x=5 %
for all comparisons. If data or log-transformation of data had
approximately normal distributions, the interaction or main
effects of genotype and diet were tested by ANOVA. Least-
squared means were used for group comparisons. If data
deviated from the normal distribution, nonparametric Mann—
Whitney tests were used for group comparisons, or stratified
Mann—Whitney tests were used for testing the effect of a
single factor. For group comparisons, we limit this to three
comparisons that are of particular interest. In the knockout
experiment, we compared WT CDAA versus WT CSAA,
Nlrp3~~ CDAA versus NIrp3~~ CSAA, and Nirp3”~ CDAA
versus WT CDAA. Similar comparisons were done for the
knock-in experiment. Holm’s method was used for multiple
group comparison adjustment for each measurement. Corre-
lations between two variables were described by Spearman’s
rank correlation coefficient (rho). Unless otherwise stated,
data are expressed as mean + SEM or as absolute number or
percentage for categorical variables.

Results

Nlirp3 knockout mice are protected from CDAA-induced
hepatomegaly and liver injury

Nlrp3~~ and WT mice placed on CDAA diet or control diet
for 16 weeks showed significant weight gain throughout the
investigational period (Fig. 1). There was no significant inter-
action effect between the type of diet and genetic background
on body weight after 16 weeks on diet. However, while
CDAA diet significantly increased liver weights in WT mice
compared with the WT mice fed with CSAA (p=0.006),
Nlrp3~~ mice did not show a significant increase and were
thus protected from CDAA-induced hepatomegaly. More-
over, serum ALT levels were significantly elevated in WT
mice fed with CDAA in comparison to WT mice on CSAA
control diet (p=0.002). Nlrp3~~ mice were protected from
this CDAA-induced increase, as their ALT levels were not

significantly different between diet types (Fig. 1). Liver
steatosis was present in all groups. Quantification of liver
inflammation showed an increase in the grade of inflammation
in WT mice fed with CDAA compared to WT mice on CSAA
diet (Fisher’s exact test p=0.06). Nlrp3~~ mice on CDAA
showed a trend toward lower, albeit not significantly lower,
grades of inflammation when compared to WT mice on
CDAA diet. TUNEL staining was significantly increased in
WT mice fed with CDAA diet when compared to WT mice on
CSAA diet or Nirp3 knockout mice on either diet (Fig. 1).

CDAA-induced inflammation is ameliorated in mice
with Nlrp3 loss of function

Inflammation and neutrophilic infiltration are known elements
in the development of NASH. We therefore assessed infiltra-
tion of myeloid cells and their regulatory chemokines in liver
samples. Quantification of immunohistochemical staining for
myeloperoxidase (MPO) revealed that CDAA diet significant-
ly increased MPO-positive cells compared with CSAA diet in
both Nirp3~~ and WT mice (p<0.01 and p<le—35, respec-
tively) (Fig. 2). mRNA levels for chemokine (C-X-C motif)
ligand 2 (CXCL2) were increased in WT mice on CDAA diet
when compared to WT mice on CSAA diet and were signif-
icantly reduced in Nirp3~~ when compared to WT mice
(»<0.01 for both markers, Mann—Whitney test stratified by
diet) (Fig. 2). Expression of F4/80, a pan marker of murine
macrophages, was increased in WT mice when compared to
Nlrp3™" regardless of diet fed (p<0.001, stratified Mann—
Whitney test). However, mRNA levels of lymphocyte antigen
6 complex (Ly6c), monocyte chemotactic protein 1 (MCP1),
inducible form of nitric oxide synthase (iNOS), and TNF-«
(markers for inflammatory or M1 polarized macrophages)
were significantly increased in WT mice fed with CDDA
when compared to WT mice on CSAA diet, while Nlrp3 "~
mice fed with CDAA had significantly lower levels of MCP1,
iNOs, and TNF-« than WT mice on CDAA diet (Fig. 2).
Protein analysis of the NLRP3 inflammasome related pro-
teins, Caspl, and IL-13 showed significantly elevated levels
of their precursor proteins, pro-Caspl and pro-IL-13, in WT
and Nlrp3~" mice on CDAA compared to CSAA diet, respec-
tively (pro-Caspl p<1le—04 for both types; pro-IL-13 p<0.05
for both types). However, Caspl fragments (P20 and P10) and
mature IL-13 were only significantly increased in WT mice
on CDAA diet when compared to CSAA diet, while Nirp3 ™~
exhibited no increase in Casp1 fragments or mature IL-1(3 on
either diet (Fig. 2).

Nlrp3 deletion results in protection from CDAA-induced liver
fibrosis

As long-term feeding with CDAA diet has been shown to
induce fibrosis in mice, we next explored changes in liver
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Fig. 1 Nlrp3~ are protected from CDAA-induced hepatomegaly and
liver damage. Nirp3~~ and WT mice weaned after 21 days were placed
on normal chow (NC) diet for 4 weeks and thereafter placed either on
CDAA or CSAA diet for an additional 16 weeks (a); all groups gained
weight throughout the investigational period (b). Notably, Nlrp3~ mice
were protected from CDAA-induced hepatomegaly (b) and liver dam-
age—assessed by ALT serum levels (c¢). Analysis of liver histology
revealed marked liver steatosis in all groups, with mice fed with CDAA

fibrogenesis and fibrosis in Nlrp3 knockout mice. There-
fore, liver sections were stained with Sirius Red, and rep-
resentative sections were quantitated by digital image anal-
ysis (Fig. 3). As expected, WT mice showed a significant
increase in collagen deposition when comparing CDAA
with CSAA diet (p<le—13). Notably, Nlrp3 knockout
mice were almost completely protected from diet-induced
increases in collagen deposition (Fig. 3). Conclusively,
while WT mice fed on CDAA showed significant increases
in mRNA levels of x-SMA (p<0.01), collagen type
1A1(COL1Al) (»<0.05) and matrix metalloproteinase-2
(MMP-2) (p<0.01) over WT mice fed on CSAA, Nlrp3™/
" mice on CDAA had significantly lower values of these
markers than WT mice on CDAA (Mann—Whitney test
with Holm adjustment) (Fig. 3). Tissue inhibitor of matrix
metalloproteinase 1 (TIMP1), a marker for hepatic stellate
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showing larger droplets and higher variability in droplet size (d, e). WT
mice fed with CDAA diet showed higher grades of inflammation when
compared to WT on CSAA diet, and Nirp3~~ mice on CDAA diet
showed a trend toward lower grades when compared to diet-matched
WT mice (e). TUNEL analysis showed a significant increase in WT mice
fed with CDAA diet when compared to WT mice on CSAA diet; this
increase was not found in Nlrp3 knockout mice (d, f)

Fig. 2 Nirp3 loss of function alleviates CDAA-diet-induced P
inflammation. Myeloperoxidase (MPO) expressing cells are
significantly increased in mice fed with CDAA diet compared to mice
on CSAA diet in both WT mice and Nlrp3~”~ mice (a, b). Similarly,
mRNA levels of CXCL2 and MCP1 were increased in WT mice on
CDAA diet when compared to WT mice on CSAA diet and were
significantly reduced in Nlrp3~~ when compared to WT mice (e,
f).Expression of F4/80 was increased in WT mice when compared to
Nlrp3~regardless of diet fed (a, ¢). mRNA levels of Lyé6c (a, d), iNOS
(g), and TNF-« (h) (markers for inflammatory or MI-polarized
macrophages) were significantly increased in WT mice fed with CDAA
when compared to WT mice fed with CSAA, while iNOS and TNF-«
expression were significantly lower in Nlrp3 ™"~ mice fed CDAA than WT
mice fed with CDAA. Protein levels of pro-Caspl were increased in
Nlrp3™~ and WT mice fed with CDAA, while only WT mice showed
the corresponding increase in Caspl subunits P10 and P20 (d). The
protein levels of pro-IL-13 were elevated in mice fed with CDAA diet
compared to mice fed with CSAA diet and Nlrp3~~ mice on CDAA
exhibited significantly lower IL-1f3 protein levels when compared to WT
mice on CDAA (d)
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Fig. 3 Nirp3~ mice are protected from CDAA-induced liver fibrosis.
Quantitative image analysis of liver sections stained with Sirius Red (a)
reveals that CDAA diet significantly increases collagen deposition in WT
mice when compared to WT mice fed with CSAA diet (b). Notably,
Nlrp3~~ mice on CDAA diet showed a significantly lower percentage of
Sirius Red stained liver area when compared to diet-matched WT mice (a,
b). In line with this histological finding, mRNA levels of a-SMA,
COL1A1, and MMP2 were significantly higher in liver samples of WT
mice fed with CDAA diet when compared to WT mice fed with CSAA
diet. Moreover, aforementioned mRNA levels were significantly reduced

cell (HSC) activation, was significantly elevated in mice
fed with CDAA compared to CSAA in both WT and
Nlrp3~~ mice (p<le—07 for both genotypes), while its
expression was significantly reduced in Nlrp3~"" mice on
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in Nirp3™~ mice on CDAA diet when compared to diet-matched WT
mice (¢). Expression levels of TIMP1 were significantly increased in
Nirp3™"~ and WT mice on CDAA when compared to mice fed with
CSAA, while its expression was reduced in Nlrp3~~ mice when com-
pared to WT mice on CDAA diet (c). Protein levels of a-SMA were
increased in WT mice fed with CDAA diet when compared to WT mice
fed with CSAA diet, and those levels were significantly reduced in
Nirp3™™ mice fed with CDAA when compared to WT mice on CDAA
diet for 16 weeks (d)

CDAA diet when compared to WT mice on CDAA diet
(»<0.05) (Fig. 3). In agreement with expression data, pro-
tein levels of x-SMA were significantly lower in Nlrp3 ™~
than in WT mice on CDAA (p<le—09).
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Persistent NLRP3 activation results in chemokine production
and liver inflammatory changes

We have recently shown that constitutive NLRP3 activa-
tion leads to severe liver inflammation with infiltration of
myeloid cells in mouse pups alongside severe growth
retardation and significantly impaired survival [19]. In
order to test the direct effects of persistent NLRP3 acti-
vation as a contributor to NAFLD development and, in
particular, as a modulator of progression from benign
hepatic steatosis to steatohepatitis during diet-induced
NAFLD, we generated a gain of function tamoxifen-
inducible knock-in adult mouse model for temporal con-
trol over NLRP3 inflammasome activation (Fig. 4) [24].
WT and inducible mutants (Nlrp3*3°?""* CreT) were

Fig. 4 NLRP3 activation leads to severe liver inflammation. WT and
Nlirp3 mutant mice were weaned after 21 days and placed on a normal
chow for 4 weeks prior to induction of the knock-in mutation (in Nirp3
mutants) by subcutaneous injections of tamoxifen. Analysis of liver
histology revealed that N/rp3 mutant mice fed with normal chow develop
significantly more liver inflammation when compared to WT mice (a, b).
Nirp3 mutant mice also showed a significant increase in myeloid cells
(assessed via immunohistochemistry for MPO) when compared to WT

weaned as usual at 21 days of age and placed on normal
chow (NC) for 4 weeks. Thereafter, mice were injected
with tamoxifen to allow for nuclear translocation of Cre
and, therefore, expression of mutant Nlrp3 in knock-in
mice for an additional 4 weeks. Assessment of liver
histology showed that Nirp3 mutant mice developed ex-
tensive liver inflammation with increased mRNA levels of
pro-IL-1f3 and pro-Caspl (Fig. 4). We found a significant
increase of myeloperoxidase expressing cells in inflam-
matory foci, and these changes were associated with sig-
nificant chemokine production of intercellular adhesion
molecule 1 (ICAM1) and CXCL2 (Fig. 4). Analysis of
liver macrophages revealed not only an increase in the
overall number, when assessed by immunohistochemistry
and mRNA expression of F4/80, but also a significant
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mice (a, d). In line with this finding, mRNA levels of Casp1, pro-IL-13
(c), CXCL2, and ICAMI1 (e) were significantly elevated (p<0.05) in
Nirp3 mutant mice. Total macrophages (a, f) (assessed via immunohis-
tochemistry and mRNA levels for F4/80) and Ly6c-positive macrophages
(a, h) were increased in N/rp3 mutant mice when compared to WT mice.
Also, macrophages from N/rp3 mutant mice showed an inflammatory M1
profile as evidenced by increased iNOS (g) and unchanged Argl (i)
mRNA expression when compared to WT mice
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increase of inflammatory Ly6c-positive macrophages
(Fig. 4). Macrophages exhibited a profile of M1 polariza-
tion with increases in levels of iNOS and unchanged
expression of arginase 1 (Argl) in Nlrp3 mutant mice
when compared to WT mice (Fig. 4).

Nlirp3 mutant mice on short-term CDAA feeding show HSC
activation and a marked increase in liver fibrogenesis

In order to test whether persistent NLRP3 activation is a factor
that contributes to disease progression in NAFLD, Nirp3
mutant and WT mice were placed on CDAA diet and simul-
taneously injected with tamoxifen for 4 weeks as described
(Fig. 5). This time point on the CDAA diet was selected to
mimic the initial isolated hepatic steatosis stage of disease

progression. Nlrp3 knock-ins showed significantly increased
Sirius Red staining when compared to WT animals (p<le—
05) (ANOVA). Analysis of mRNA levels showed significant
increases in the expression of key pro-fibrogenic genes (x-
SMA and COL1A1) and markers of HSC activation (TIMP1
and connective tissue growth factor (CTGF)) in Nlrp3 mutants
when compared to WT mice fed with CDAA diet. Comparing
Nirp3 mutants fed with CDAA with those fed with NC re-
vealed similar increases (Fig. 5). Protein levels of desmin
(marker for HSCs) and «-SMA were significantly elevated
in mice fed with CDAA diet when compared to mice fed with
NC (p<0.001) (ANOVA). Furthermore, Nrp3 mutants on
CDAA diet had significantly elevated levels of the aforemen-
tioned proteins when compared to WT mice on CDAA (des-
min p<le—05 and x-SMA p<le—03).
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Fig. 5 Short-term CDAA feeding induces liver fibrogenesis in Nlrp3
mutant mice. After receiving normal chow for 4 weeks, Nlrp3 mutant and
WT mice were placed on either CDAA or NC diet and injected with
tamoxifen for 4 weeks (a). Quantitative analysis of Sirius Red staining
revealed significantly increased areas in Nlrp3 mutant mice fed with
CDAA diet (b). Expression analysis of pro-fibrogenic genes (x-SMA
and COL1ALI) and genes associated with hepatic stellate cell activation

@ Springer

(TIMP1 and CTGF) showed significant increases in N/rp3 mutants fed
with CDAA diet when compared to N/rp3 mutants fed with NC diet (with
the exception of TIMP1) and also WT mice fed with CDAA (c). Protein
analysis showed significantly increased levels of desmin and x-SMA in
mice fed with CDAA diet when compared to mice on NC with protein
levels being further elevated in Nirp3 mutants on CDAA diet (d)
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Expression of NLRP3, pro-IL-1{3, and pro-IL-18 are
increased in the livers of patients with NASH and correlate
to liver fibrosis

To test the potential clinical relevance of data generated from the
various mouse models, we next investigated mRNA levels of
NLRP3 inflammasome related proteins in the liver samples of an
extensively characterized cohort of 77 patients with the full
spectrum of NAFLD, consistent with patients undergoing bariat-
ric surgery at the center for bariatric surgery at the University of
Essen, Germany. These patients displayed the entire range of
NAFLD and exhibited a rather high percentage of NASH
(43 %). Thirty three samples from patients with NASH and 44
samples from patients diagnosed with non-NASH NAFLD were
analyzed (Table 1). Liver biopsies were analyzed for mRNA
levels of NLRP3, pro-IL-1{3, pro-IL-18, and COL1A1. Notably,
we found that in patients diagnosed with NASH, expression of
NLRP3 inflammasome associated proteins (NLRP3, pro-IL-13,
and pro-IL-18) were significantly higher when compared to
patients with non-NASH (Fig. 6). Moreover, mRNA levels of
COLI1A1 and pro-IL-1[3 had a moderate but significant Spear-
man rank correlation (r=0.48, p=0.01) (Fig. 6). No multiplicity
adjustment was done for these exploratory analyses.

Discussion

The key findings of the present study relate to the identifica-
tion of the NLRP3 inflammasome as an important contributor

to liver damage and fibrosis during NASH development [17,
29, 30]. Our results demonstrate that Nlrp3~~ mice are almost
completely protected from CDA A-diet-induced fibrosis. Tem-
porally controlled activation of the N/rp3 inflammasome
using a novel tamoxifen-inducible mouse model resulted in
spontaneous liver inflammation. Moreover, inducible persis-
tent NLRP3 activation can induce HSC activation and marked
fibrogenesis after short-term feeding with CDAA diet, which
typically results in only isolated benign hepatic steatosis in
WT mice. Notably, expression of NLRP3 was significantly
increased in livers of patients with NASH, and levels of pro-
IL1 beta mRNA correlate with expression levels of COL1A1.

Emerging evidence supports a central role of NLRP3 acti-
vation, Caspl activation and IL-1 signaling in the pathogen-
esis of many liver diseases including: ischemia/reperfusion
injury and drug-, pathogen-, or endotoxin-mediated patholo-
gy, as well as NAFLD and liver fibrosis [14, 18, 29, 31].
Moreover, HSCs, the principal hepatic non-parenchymal cells
responsible for liver fibrosis, have been shown to express all
components of the NLRP3 inflammasome. Direct activation
of NLRP3 by monosodium urate crystals was also demon-
strated in primary HSC and LX-2 cells. This was associated
with upregulation of TGF-f3 and collagen 1, suggesting a
direct role for NLRP3 in HSC activation and the development
of liver fibrosis [32]. The contribution of NLRP3
inflammasome activation in the development of NAFLD
and the regulation of inflammatory liver changes and fibrosis
characteristic of NASH has remained unclear. While Nirp3
knockouts fed a high-fat diet for 9 months have been shown to
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demonstrate significantly less pathologic liver changes [33,
34], another study using a 4-week model of early isolated
hepatic steatosis demonstrated that knockouts of NLRP3
inflammasome components and associated proteins show a
modest increase in steatosis and inflammation in the liver [35].
Interestingly, this phenotype was transmissible to WT mice
co-housed with knockouts, suggesting that NLRP3
inflammasome deficiency may result in an altered communi-
cable gut microbiota that, in turn, may drive the early changes
associated with NAFLD [35]. Recently, the role of IL-1 and
IL-1( in the development of NASH was addressed by Kamari
and coworkers. They found that selective deficiency in IL-1f3
in liver parenchymal cells, but not in bone-marrow-derived
cells, protected mice from diet-induced steatohepatitis and
fibrosis [16]. These observations suggest that inflammasome
activation by different cell types may contribute to different
aspects of steatohepatitis. Moreover, we found an increase in
TUNEL-positive hepatocytes in WT mice fed with CDAA
diet when compared to mice on CSAA diet indicating that
those hepatocytes undergo a programmed cell death (apopto-
sis or pyroptosis). However, NLRP3 knockout mice fed with
CDAA were protected from this increase in TUNEL-positive
cells, suggesting an attenuation of CDAA-induced pyroptosis.
Our data extend current results by further demonstrating in a
dietary model characterized by the development of severe
NASH and fibrosis in the presence of weight gain, which
NLRP3 deficiency results in protection from liver injury, in
particular, the development of liver fibrosis.

So far, important clues on the role of the NLRP3
inflammasome in NAFLD have been provided by studies,
which used different inflammasome-associated knockout
mouse models [17, 29, 30]. These models have important
drawbacks including the potential for confounding effects as
a result of deletion of NLRP3 or other inflammasome com-
ponents in the developmental process or tissue/cellular adap-
tations that may occur to compensate for the deleted genes
[36, 37]. To address these issues and to be able to directly test
the effects of persistent NLRP3 activation in NAFLD, we
used a gain-of-function approach. Our results showed that
prolonged activation of NLRP3 for a period of 4 weeks resulted
in marked upregulation of chemokines, such as ICAM1 and
CXCL2, and inflammatory changes in the liver demonstrated
by increased grade of inflammation, number of infiltrating
myeloid cells, and mRNA levels of pro-Caspl and pro-IL-1f3.
Combined stress of NLRP3 activation and diet-induced
isolated hepatic steatosis further increased HSC activation
with a marked fibrogenic response in the livers of these mice.
These results strongly suggest that sustained NLRP3 activa-
tion acts as an important “hit” favoring the development of a
more severe liver phenotype in the presence of an obesogenic
stress that acts as a “first hit” during NAFLD development.

In order to understand the potential implications of our
experimental results on human NAFLD, we studied the
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expression of different inflammasome-associated proteins
and liver fibrosis-linked proteins in livers of a large and
well-characterized group of bariatric patients presenting with
the full spectrum of disease [26, 27]. In line with our results
that NLRP3, pro-IL-1(3, and pro-IL-18 mRNA are increased
in patients with NASH in comparison to patients with non-
NASH NAFLD, a study by Czak et al. recently described
increased inflammasome-associated gene expression (ASC,
Caspl, and NLRP3) in patients with clinically and biopsy-
proven NASH, as well as patients infected with chronic hep-
atitis C when compared to livers from healthy controls [38].
The authors also describe that saturated fatty acids induce
expression of pro-IL-13 and NLRP3 in murine hepatocytes.
Increased levels of free fatty acids in serum have been reported
in several mouse models of steatohepatitis and in human
NAFLD patients with either steatosis or steatohepatitis
[39—42]. Moreover, serum levels and composition of free fatty
acids were correlated with liver injury in the cohort which was
used to measure inflammasome components in the present
study [43]. One could speculate that saturated FAs in NASH
may favor inflammasome activation, whereas a different com-
position of FFAs in simple steatosis may not trigger such
events. Furthermore, bariatric surgery restored a normal fatty
acid profile as early as 6 weeks after surgery and might
therefore also have beneficial effects on NLRP3
inflammasome activity [43]. Future larger studies to better
understand the role of the NLRP3 inflammasome in human
NASH are warranted.

In summary, the present study identified the NLRP3
inflammasome as an essential contributor to liver damage and,
in particular, liver fibrosis, during NASH development. These
findings have important implications for understanding the path-
ogenesis of disease progression in NAFLD and may lead to
novel therapeutic strategies aimed at halting the progression of
hepatic steatosis to the more severe forms of this disease.
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