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Abstract

Non-alcoholic fatty liver disease (NAFLD) is the most common liver disease worldwide. Pathways
responsible for the activation of IL1 family cytokines are key in the development of NAFLD but
underlying mechanisms are not fully understood. Many studies have focused on the
inflammasome/caspase-1 pathway and have shown that this pathway is an important inducer of
inflammation in NAFLD. However, this pathway is not solely responsible for the activation of pro-
inflammatory cytokines. Also neutrophil serine proteases (NSPs) are capable of activating
cytokines and recent studies reported that these proteases also contribute to NAFLD. These studies
provided, for the first time, evidence that this inflammasome-independent pathway is involved in
NAFLD. In our opinion, these new insights open up new approaches for therapeutic intervention.
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Non-alcoholic fatty liver disease: an increasing public health issue

Non-alcoholic fatty liver disease (NAFLD) is the most common form of chronic liver
disease worldwide. The prevalence of NAFLD in the general population of Western
countries is 17-46% and is rapidly increasing in parallel with the increasing prevalence of
obesity and metabolic syndrome (1). NAFLD can range from simple steatosis (non-alcoholic
fatty liver or NAFL) to non-alcoholic steatohepatitis (NASH) characterized by liver
inflammation and hepatocyte ballooning -with or without fibrosis. Due to this wide spectrum
of conditions, NAFLD and NASH are associated with increased morbidity and mortality (2).
Given the high prevalence and the fact that no treatment is available, a better understanding
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of its pathogenesis is essential to be able to identify targets for drug development in order to
overcome the epidemic.

Although the mechanisms underlying obesity-induced NAFLD are not fully understood, it is
known that the induction of inflammation and production of inflammatory cytokines such as
TNF and members of the IL-1 cytokine family play a crucial role in disease process (3, 4).
Many pathogens or danger signals derived from the host are able to trigger innate immune
responses that contribute to liver diseases. Innate immune cells in the liver are able to sense
molecules derived from pathogens, commonly known as pathogen-associated molecular
patterns (PAMPS) (see Glossary) and also endogenous alarm signals known as damage
associated molecular patterns (DAMPS) through specific receptors called pattern
recognition receptors (PRRs). After binding to PRRs, both PAMPs and DAMPs trigger the
immune system to produce and activate pro-inflammatory cytokines. It is now established
that the assembly of a cytosolic protein complex called the NLRP3 inflammasome is
important for the activation of pro-inflammatory cytokines. This protein complex activates
the protease caspase-1 which cleaves pro-IL-1p and pro-IL-18 converting them to their
active forms (5). Several studies investigating both NAFLD mouse models and patients with
metabolic syndrome shown that someinflammasome and its downstream effects are
important for the induction and prolongation of obesity-induced NAFLD (5, 6). However,
this inflammasome-dependent pathway is not solely responsible for the activation of pro-
inflammatory cytokines. The neutrophil serine proteases (NSPs) neutrophil elastase (NE),
proteinase 3 (PR3) and cathepsin G (CG) are also capable of processing pro-inflammatory
cytokines into their bio-active form. NSPs are responsible for the activation of cytokines
such as membrane-bound TNF, IL-1a, IL-1pB, IL-18 and 1L-33 (7, 8). Recent studies
investigating mouse models of obesity-induced NAFLD showed for the first time that these
inflammasome-independent mechanisms are also important for the induction of liver
inflammation and progression into liver fibrosis (9—11). In our opinion, these recent findings
provide new insights into how dysregulation of inflammatory pathways contribute to the
development of NAFLD and NASH. In addition, these results open up new perspectives for
therapeutic intervention.

Here, we will first provide an overview of the recent literature regarding the role of pro-
inflammatory cytokines in the development of NAFLD and NASH. We will focus on both
the underlying inflammasome-dependent and inflammasome-independent mechanisms
responsible for the processing and activation of these cytokines during the development of
NAFLD and NASH. Although we will provide a full overview of these mechanisms, we will
emphasize more on recent findings regarding the involvement of the less-established
inflammasome-independent pathways in NAFLD and NASH. Additionally, we discuss the
potential of targeting these pathways as novel therapeutic approaches in obesity-induced
NAFLD.

IL-1 family cytokines in obesity-induced NAFLD

IL-1 family cytokines are one of the main drivers of inflammation in NAFLD. When
activated, these pro-inflammatory cytokines are able to disrupt insulin and lipid signaling
pathways thereby influencing insulin sensitivity and lipid metabolism (12). The cytokines
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IL-1B, IL-1a, IL-18 and IL-33, all members of the IL-1 family, are most intensively studied
for their role in NAFLD.

IL-1p has an important role in liver disease being involved in all the stages of the disease. It
promotes liver steatosis, inflammation and fibrosis by signaling through the IL-1 receptor
widely expressed on the different liver cell subpopulations (13). IL-1p promotes hepatic
steatosis by stimulating triglycerides and cholesterol accumulation in primary liver
hepatocytes and lipid droplets formation (4). Acting on liver sinusoidal endothelial cells,
IL-1B promotes liver inflammation by up-regulating ICAM-1 (intercellular adhesion
molecule 1) expression which attracts neutrophils in the liver. This effect was elegantly
demonstrated in an in vivo model where wild-type (WT) C57BI/6 mice and /cam1 deficient
mice were exposed to /-1 expression by injecting a nonreplicating adenoviral vector that
contained the //-1 gene. After 4 days there was a significant influx of neutrophils in the
livers of WT mice but not in the livers of /cam1 deficient mice. Blocking other adhesion
molecules in the WT mice did not affect neutrophil recruitment suggesting that IL-1
stimulates neutrophil recruitment in the liver through ICAM-1 (14). In addition, IL-1p
stimulates local inflammation by inducing production of IL-6, another pro-inflammatory
cytokine (15). Several mouse models of sterile inflammation in the liver have shown that
IL-1p together with IL-6 and TNF activate local immune cells and attract other leucocytes to
the liver, leading to a chronic inflammatory state (16, 17). Finally, IL-1f contributes to the
progression from liver inflammation to liver fibrosis as shown in different rodent models of
liver fibrosis. For example, in a mouse model of thioacetamine (TAA)-induced liver fibrosis,
11-1r (//-1 receptor) knock out mice were protected from liver fibrosis as assessed by HE
staining. When compared to WT mice, these mice showed lower alanine transaminase (ALT)
concentrations in plasma and lower mRNA espression of a-smooth muscle actin (aSMA), a
marker for hepatic stellate cells (HSC) activation (18). In another study, //-1rknock out mice
were fed a CDAA (choline deficient amino acid defined) diet, a well-established diet for the
induction of inflammation and liver fibrosis. //-1rknock out mice showed, when compared
to WT controls, lower ALT plasma levels and lower mRNA expression of the fibrosis
markers collagen type | alpha 1 (ColZaZ)and collagen type IV alpha 1 (Co/4al). Also lower
MRNA expression levels were observed for 77mp-1 (tissue inhibitor of metalloproteinases),
a molecule that prevents degradation of the extracellular matrix and inhibits HSC apoptosis,
thereby favoring the process of fibrosis. Furthermore, HSC were isolated from both WT and
/I-1rknock out mice and stimulated with IL-1p. HSC from WT mice had an increased
production of TIMP-1 protein, elevated mRNA levels of Co/Zaland Col4a1 and suppressed
mRNA expression of Bambi (BMP and activin membrane-bound inhibitor), an inhibitor of
TGF-B, the main promoter of liver fibrosis (19). In conclusion, IL-1p promotes liver fibrosis
by stimulating hepatic stellate cell activation, proliferation and survival and by inducing the
production of pro-fibrogenic factors. Altogether, these studies indicate that IL-1p has a
major role in development of non-alcoholic fatty liver disease by contributing to steps of the
disease ranging from simple steatosis to steatohepatitis and liver fibrosis.

Next to IL-1pB, IL-1a has been investigated regarding its role in metabolic disturbances. The
induction of steatohepatitis has been assessed in //-Za knock out (k.0.) mice fed an
atherogenic diet for 18 weeks (16). The study indicated that these mice were protected from
developing steatohepatitis when compared to wild type mice (WT) that were fed the same
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diet. //-Z1a k.o mice showed improved liver histology, and less injury and inflammation
suggested by lower ALT (serum alanine aminotransferase) and SAA (serum amyloid alpha)
concentrations. In addition, //-Za k.o. mice had decreased expression of inflammatory genes
mRNA such as //-1B, /I-6, Tnf, P-selectin, Cxcl1and Tgrf-Bwhen compared to WT mice
(20).

IL-18 is also implicated in NAFLD and other metabolic conditions but results between
human and animal studies are contradictory. Studies using mice deficient for //-18reported
that these mice develop features of the metabolic syndrome like dyslipidemia, obesity,
atherosclerosis and insulin resistance, thereby suggesting a protective role for this cytokine
in glucose homeostasis and lipid metabolism (21, 22). In contrast, patients with metabolic
syndrome showed a positive correlation between plasma concentration of 1L-18 and the
development of atherosclerosis, insulin resistance and type 2 diabetes suggesting that 1L-18
might promote the development of the metabolic syndrome (23-25). These intriguing but
contradictive results urge the need for further studies in order to establish whether high
plasma concentrations of IL-18 are indeed involved in promoting inflammation and
metabolic disturbances or whether the increased concentrations reflect a compensatory
mechanism.

Recently, a newly described member of the IL-1 family cytokines, IL-33, was also found to
be involved in the later stages of NAFLD whereby fibrosis is prominent. Mouse models of
experimentally-induced liver fibrosis showed that //-33 mRNA expression was higher in
fibrotic mice than wild-type controls (26). Mouse models of diet-induced liver steatosis and
inflammation showed that administration of IL-33 intraperitoneally worsened the liver
fibrosis content by inducing a shift of invading macrophages and T cells towards M2
macrophages, respectively T helper 2 cells which were abundant in 1L-33 treated mice and
produced pro-fibrotic cytokines (IL-4, IL-5, IL-13) (26). In line with these findings studies
on patients with liver fibrosis versus healthy controls showed increased serum concentrations
of 1L-33 in those with liver fibrosis, increased mRNA expression of /L-33and increased
IL-33 protein content in the fibrotic livers suggesting a role for this cytokine in the
mechanisms of liver fibrosis (26-28).

These studies clearly show that pro-iflammatory cytokines are key in the onset and
prolonging of NAFLD. Imparing the action of these cytokines could be a potentially
successful approach for treating the disease. We are convinced that preventing their
activation is a promising strategy, as these activation pathways are responsible for the
activation of multiple pro-inflammatory cytokines. By targeting these underlying activation
pathways, multiple cytokines are inhibited by a single drug. It is therefore of utmost
importance to have a clear an comprehensive overview of all the molecular mechanisms
responsible for cytokine activation in NAFLD.

The NLRP3 inflammasome and NAFLD

The discovery of the NLRP3 inflammasome provided an important molecular mechanism
for the activation of cytokines and induction of inflammation. The NLRP3 protein complex
activates the protease caspase-1 which cleaves pro-I1L-1p and pro-1L-18 thereby converting

Trends Mol Med. Author manuscript; available in PMC 2019 May 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Mirea et al.

Page 5

them to their active forms (29). In the liver, the NLRP3—-caspase-1 complex is predominantly
expressed by Kupffer cells, resident macrophages of the liver, but other inflammatory cells
and parenchimal cells are also known to be able to express the complex (5). During recent
years, many studies have focused on caspase-1 and the NLRP3 inflammasome and their role
in liver diseases. Several mouse models have shown that in liver steatosis the NLRP3
inflammasome is activated (Figure 1) promoting progression to steatohepatits and liver
fibrosis (30). For example, mice deficient for the AV/rp3 gene did not develop liver
steatohepatitis when fed a CDAA when compared with WT controls on the same diet (31).
In contrast, mice overexpressing NV/rp3and fed a normal diet, developed severe liver
inflammation and fibrosis when compared to WT controls (31). These results revealed that
long signaling via the NLRP3 inflammasome leads to liver inflammatory changes and
development of liver steatohepatitis and liver fibrosis (31). In support of these findings,
studies investigating patients with NASH showed that these patients have increased mRNA
expression of the NLRP3 inflammasome gene and of the genes PYCARD (PYD and CARD
domain containing; members of the inflammasome protein complex), CASPI (caspase-1),
/L-1Band /L-18when compared to patients having simple steatosis (31, 32).

Caspase-1 itself is also involved in mediating inflammation in NAFLD and promoting the
progression to steatohepatitis and fibrosis. Knockout of caspase-1 in mice fed a NAFLD/
NASH inducing diet, showed a protective effect regarding the development of liver steatosis,
steatohepatitis and early fibrogenesis when compared with WT age-matched controls (33,
34).

Taken together, these studies clearly indicate that inflammasome-mediated activation of pro-
inflammatory cytokines is an important mechanism in the development of inflammation-
induced NAFLD and NASH.

The role of neutrophil serine proteases in liver steatosis and steatohepatitis

Although important and well-established, the NLRP3 inflammasome and its effector protein
caspase-1 are not the only mechanisms responsible for activating pro-inflammatory
cytokines. Neutrophil serine proteases (NSPs) proteinase-3 (PR3), neutrophil elastase (NE)
and cathepsin G (CG) are also able to process/activate cytokines thereby regulating
inflammatory responses (Figure 2) (35). Next to neutrophils, also macrophages are able to
produce PR3 (35).

Although it is known that NSPs are involved in the onset and prolongation of several
“classical” inflammatory and infectious diseases (36), their role in inflammation-associated
metabolic diseases like obesity-induced type 2 diabetes, NAFLD and NASH is less well
investigated. Given that IL-1 family cytokines are drivers of inflammation contributing to the
disease process, it is very well possible that NSPs, as underlying mechanisms for cytokine
activation, are also involved in these metabolic diseases. So far, studies investigating the role
of these enzymes show interesting results. PR3 has been shown to play an important role in
insulin resistance by degrading IGF-1 (insulin-like growth factor 1) and IGFBP3 (insulin-
like growth factor binding protein-3) (two molecules involved in insulin signaling) in an /in-
vitro system using L6 skeletal muscle cells that espress IGF-1 (31). /n vivo experiments
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from the same study showed that administration of PR3 in WT Balb/c mice alters the
glucose tolerance compared to mice that were administered vehicle. In addition, 8 out of 36
type 2 diabetes patients had high protein concentrations of PR3 in their urine while no PR3
was detected in the urine from 36 healthy volunteers. Altogether, the authors of the study
concluded that PR3 may contribute to the development of type 2 diabetes in at least a subset
of patients (37).

As well as PR3, neutrophil elastase (NE) has been shown to play a role in metabolic
conditions by promoting insulin resistance, liver steatosis and obesity driven inflammation
(11, 38). For example, neutrophil elastase activity was shown to be increased in the serum of
both obese (ob/ob) mice and WT mice fed a high fat diet (HFD) (11). Additionally, serum
concentrations of the neutrophil serine protease inhibitor alpha-1 antitrypsin (AAT) were
severely reduced in these mice, suggesting that an imbalance between neutrophil elastase
activity and its regulator might lead to obesity-driven metabolic syndrome. This theory was
also confirmed by the fact that NE deficient mice and mice overexpressing human AAT fed
a HFD failed to develop liver steatosis, insulin resistance and adipose tissue inflammation
when compared to WT age-matched controls on the same diet (11). Moreover, a similar
imbalance between neutrophil elastase activity and AAT protein concentrations was
observed in the serum of obese subjects when compared to lean subjects (11). In line with
this data, another study showed an increased ratio between plasma levels of NE and AAT
(hence, an increasing disbalance between NE and AAT concentrations) in patients with
NAFLD that correlated with disease severity ranging from simple steatosis to NASH or liver
fibrosis (10). These results lead to the idea that a disequilibrium between protein levels of
neutrophil elastase and AAT might (at least partly) be responsible for the development of
obesity-related liver steatosis, insulin resistance and adipose tissue inflammation. Supporting
this data, low AAT levels were associated with development of obesity, cardiovascular
disease and insulin resistance (39, 40).

The studies reviewed above reported results that are in line with our own observations. We
recently investigated the development of NAFLD and insulin resistance in double knockout
mice for neutrophil elastase/proteinase 3 and neutrophil elastase/cathepsin G and in WT
control mice. We showed that these double k.o. mice were, after a HFD, protected from
developing insulin resistance, liver steatosis and obesity-induced inflammation suggesting
and important role for NSPs in NAFLD development (9).

Although we believe that the proteases NE and PR3 are at least partly responsible for the
onset and prologation of NAFLD and NASH, also other factors may be involved. For
instance, it might be interesting to investigate the role of neutrophil extracellular traps
(NETs) in NAFLD and NASH. NETSs have an important role during infection by helping
neutrophils to capture and kill pathogens. They contain proteins from azurophilic granules
such as NE, CG and myeloperoxidase (MPO) and uses these proteases for disarming
pathogens. Evidence suggest that uncontrolled or excessive production of NETS is related to
the exacerbation of inflammation thereby contributing to the development of autoimmunity,
cancer and inappropriate thrombosis (41). Also granzyme B, a serine protease expressed by
natural killer cells and cytotoxic T cells might be an interesting candidate to further
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investigate its role in NAFLD and NASH (42). However, at this moment, studies providing
evidence that these factors are involved in NAFLD or NASH are lacking.

Collectively, these recent findings provide new insights pointing towards alternative
mechanisms that are, next to inflammasomes, very important in the process of
inflammatory-driven induction of metabolic conditions.

Therapeutic approaches in NAFLD

Given the prominent role of inflammatory cytokines in NAFLD and NASH, it is a
conceivable approach to target these cytokines in order to treat the disease. IL-1 signaling
can be inhibited in humans using canakinumab (43) or by anakinra (Tablel). Although not
studied in NAFLD, administration of anakinra in patients with type 1 or type 2 diabetes
showed an improvement of insulin sensitivity and reduced systemic inflammation (44, 45)
which could be also beneficial in NAFLD where insulin resistance and systemic
inflammation contribute to progression from simple steatosis to steatohepatits. However, at
this point it is unclear whether targeting a single pro-inflammatory cytokine is sufficient to
attenuate inflammation, as multiple inflammatory signals are involved in the pathogenesis of
these conditions. In this context, new insights that both inflammasomes and NSPs are
involved in the development of NAFLD and NASH are of particular interests and offer new
targets for therapeutic intervention. Targeting inflammasomes and/or NSPs prevents the
activation of multiple pro-inflammatory cytokines instead of only one. This strategy is
appealing, especially in the view that no treatments are available. Currently, several
compounds targeting inflammasomes or NSPs pathways are being investigated as potential
therapy for NAFLD and NASH (Table I).

Regarding inflammasomes, several reagents inhibiting this pathway have been developed
and evaluated in animal models of liver diseases (46-52). The efficacy of sulforaphane
(SFN), a NLRP3 inhibitor, has been investigated in a mouse model for obesity-induced
NAFLD (46). Mice treated with SFN showed decreased caspase-1 activity, reduced IL-1p
production in the liver and reduced steatosis. Although steatohepatitis was not assessed in
this study, these results are encouraging since sulphorafane appears to show efficacy at least
in the early stages of NAFLD (46). These results clearly indicate that NLRP3 inhibition
might be promising for treating metabolic disorders. However, no NLRP3 inhibitor has been
tested in a clinical setting yet.

For caspase-1 inhibition, most compounds described target all the caspases in the cell (pan-
caspase inhibitors) instead of caspase-1 alone (53-56). Studies investigating these
compounds are more focused on caspases involved in apoptosis, another mechanism for liver
inflammation, as opposed to caspase-1 which promotes inflammation by activating pro-
inflammatory cytokines. An inhibitor that is specific for caspase-1, namely Ac-YVAD, has
been investigated using low density lipoprotein receptor (LDLr-/-), Leiden mice, that display
features of the metabolic syndrome when fed a HFD (57). Mice treated with this caspase-1
inhibitor showed reduced liver steatosis and reduced liver fibrosis, as assessed by Sirius red
staining. In addition, these mice had less neutrophils infiltrates, lower ALT plasma
concentration and reduced 7rfgene expression in the liver (57). Taken together, these results
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show that inhibiting the inflammasomes and/or caspase-1 has potential for the treatment of
NAFLD.

As discussed above, NSPs are also able to regulate inflammation thereby contributing to
liver diseases. Therefore, these pathways might offer promising targets for therapeutic
intervention as well. An interesting candidate for inhibiting this pathway is alpha-1
antitrypsin (AAT), the natural inhibitor of NSPs (Figure 2). Next to NSPs, AAT was
described to inhibit caspase-1 as well in a mouse model of acute myocardial infarction (58).
Therefore, using a compound that is able to inhibit both NSPs as caspase-1, might be very
effective for treating sterile inflammation. Several groups have reported promising findings
regarding the use of AAT as an effective and safe treatment for inflammatory diseases. The
potential role of AAT as a drug has been investigated in a mouse model for rheumatoid
arthritis. Human AAT protein therapy delayed onset, ameliorated disease manifestations and
reduced autoimmunity in arthritic mice when compared to control mice that were
administered a saline solution (59).

Regarding the use of AAT in NAFLD there are a few results indicating its importance as
potential treatment. As described above, correcting an imbalance between protein levels of
AAT and NSPs might be a good therapeutic approach (11). We also have investigated
alpha-1 antitrypsin as a potential therapy for NAFLD. In our study, WT mice were treated
with human AAT during the last 10 days of a 16-weeks HFD intervention. Treatment
reduced hepatic lipid content and decreased fasting glucose levels when comared to non-
treatment (9). Similar observations were made in patient studies. High protein levels of
neutrophil elastase were negatively correlated with the protein levels of AAT in patients
suffering from liver steatosis and NASH (10). In conclusion, a deficit of AAT is responsible
for insufficient inhibition of NSPs and therefore also for inflammation-induced liver
diseases. Although we do not know yet the efficacy of AAT and the possible adverse event
in NAFLD patients, it is a promising candidate also because it is a natural occurring
inhibitor of both inflammasome-dependent and independent cytokines activation pathways
(59). In patients, AAT already has demonstrated to be a successful therapy in NSPs-
mediated inflammatory diseases such as chronic obstructive pulmonary disease (COPD) and
cystic fibrosis (60). Besides inhibiting NSPs and caspase-1, AAT is also a potent inducer of
IL-1Ra, the natural antagonist of IL-1p (61); another reason to consider this protein as a
good candidate for treating 1L-1 mediated diseases.

Another interesting approach for inhibiting NSPs pathways might be targeting of their
activator dipeptidyl peptidase |1 (DPPI). Studies investigating arthritis and NSPs-mediated
autoimmune diseases have shown that DPPI knockout mice do not develop full-blown
inflammation when compared to WT mice. DPPI k.o. mice had significantly decreased
enzyme activity for NE, PR3 and CG and decreased protein levels of pro-inflammatory
cytokines such as TNF-a and IL-1p when compared to WT controls (36, 62, 63). These
results strengthen the hypothesis that targeting DPPI might also be an interesting therapeutic
approach for NSPs-mediated metabolic diseases. To date, only a few DPPI inhibitors have
been described but they were not tested yet in an /n7-vivo model for NSPs mediated
inflammatory diseases (Table 1) (64-66).
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Although future research is needed to provide insights into the balance between the
beneficial and harmful effects of inhibiting these pathways, we believe that these initial
studies show encouraging results regarding the inhibition of both inflammasome-dependent
and independent pathways in treating inflammatory-driven liver diseases.

Concluding remarks

It is known that IL-1 family cytokines play a major role in the development of liver
inflammation. Since these cytokines need enzymatic processing in order to become active,
their activators are also important in the process of liver inflammation. In this Opinion
article we provide new insights that next to the classical NLRP3 inflammasome—caspase-1
cytokine activation pathway, NSPs are also potent cytokine activators that contribute to liver
disease progression. This might be an explanation why pharmacological agents against the
NLRP3-caspase-1 pathway have a rather mild effect on cytokine inhibition and liver
inflammatory events. The realization that NSPs are also involved in cytokine activation,
opens new perspectives for NAFLD treatment. Additional studies are needed to further
investigate whether the NSPs pathway can be targeted. Next to that, we believe it is
worthwhile to investigate suppression of both NLRP3-caspase-1 and NSPs pathways to
systematically inhibit cytokine activation thereby reducing inflammation. Comprehensive
studies are needed to investigate not only efficacy but also safety aspects of blocking
multiple cytokines in inflammatory-induced metabolic conditions (see also Oustanding
questions box). A knockout mouse for both caspase-1 and NSPs would provide a valuable
tool for future studies investigating simultaneous suppression of these pathways.
Additionally, experiments in transgenic mice overexpressing NSPs could provide useful
information regarding the systemic consequences of overexpressing these enzymes. Next to
animal models, investigating genetic variants in candidate genes using well-characterized
NAFLD patient cohorts would provide a better understanding of NSPs regulation in humans
and may highlight new targets that have therapeutic potential.

A limitation in reviewing current literature is that most studies investigated animal models of
NAFLD. At this point it is unclear how much of the results obtained in these animal studies
could be translated to the human situation. In addition, human studies are hampered by the
fact that it is difficult to obtain relevant samples as a liver biopsy is an invasive method that
has potential complications. Therefore, it is challenging to investigate inflammatory
mechanisms in human patients with NAFLD and most data in human studies is obtained by
measuring markers in plasma/serum. However, it is often unclear whether these plasma/
serum markers reflect the local inflammatory status in the liver.

In conclusion, new insights now reveal that NSPs, next to the NLRP3-caspase-1 pathway
also contribute to the development of NAFLD and NASH. The realization that NSPs
contribute to the disease process in an inflammasome-independent manner should move the
field forward and opens up new perspectives for therapeutic interventions for the treatment
of NAFLD and NASH.
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Glossary

Alpha-1 antitrypsin (AAT): is a serine peptidase inhibitor produced by the liver. Among
its targets are neutrophil serine proteases and caspase-1.

Anakinra: is a recombinant form of IL-1Ra, the natural inhibitor of IL-1. Anakinra
inhibits the binding of IL-1a and IL-1f to their receptor.

Canakinumab: is a human monoclonal antibody that inhibits IL-1f effects by binding it
and preventing ligation to its receptor.

Caspase-1: it is a molecule associated to the NLRP3 complex. Upon inflammasome
activation, the inactive form called pro-caspase-1 it is cleaved and will further processes
IL-1B and IL-18 to their active forms.

Damage associated molecular patterns (DAMPS): are self-molecules capable of
initiating an inflammatory response. They can be represented by nuclear or mitochondrial
DNA, heat shock proteins, metabolites such as ATP, uric acid, cholesterol crystals.

Dipeptidyl peptidase | (DPPI): is an enzyme that processes neutrophil serine proteases
to their active forms.

IL-1 cytokine family: are molecules that mediate innate immune responses. They
display both pro-inflammatory and anti-inflammatory functions. Among these molecules,
both IL-1 isoformes (IL-1a and IL-1p), IL-18 and IL-33 exhibit pro-inflammatory
properties.

Neutrophil serine proteases (NSPs): are antimicrobial peptides stores in the azurophilic
granules of neutrophiles.

NLPR3 (NOD-like receptor P3) inflammasome: is an intracellular protein complex
formed by the NACHT, LRR and PYD domains, an adaptor molecule called ASC
(apoptosis associated peck like protein containing a CARD) and pro-caspase-1. NLRP3
components assemble upon PRR stimulation and initiate activation of IL-1p and IL-18
through the effector protein caspase-1.

Pathogen-associated molecular patterns (PAMPs): are constitutive components of
pathogens (sugar or lipid molecules from the cell wall, nucleic acids) that are able to
trigger an immune response.

Pattern recognition receptors (PRRs): are special receptors of the innate immune
system capable of detecting PAMPs and DAMPs.
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Clinician’s corner

Non-alcoholic fatty liver disease (NAFLD) can range from simple steatosis to
liver inflammation (non-alcoholic steatohepatitis-NASH) and fibrosis which
affect the survival rate of patients. Currently, there is no treatment available to
stop disease progression.

Pro-inflammatory cytokines play an important role in the disease progression
from liver steatosis to liver inflammation and fibrosis. IL-1 family cytokines
are one of the major promoters of liver inflammatory events. Blocking the
action of these cytokines could potentially stop NAFLD progression.
Cytokines need enzymatic processing in order to become active. Therefore,
blocking the pathways responsible for cytokine processing/activation might
also have therapeutic potential.

The NLRP3 inflammasome complex and its effector protein caspase-1 is one
of the most studied pathways for activation of IL-1 family cytokines. Many
studies have reported that this pathway is involved in the development of
NAFLD and other metabolic disturbances. However, this pathway is not the
only mechanism available for cytokine activation. Neutrophil serine proteases
also play an important role in cytokine activation during NAFLD.

Targeting both the NLRP3 - caspase-1 and neutrophil serine protease
pathways might have potential as a new therapy for the treatment of
inflammatory-induced NAFLD.
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s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Mirea et al.

Page 16

Outstanding questions

What are the interactions between neutrophil serine proteases (NSPs) and
NLRP3 inflammasome - caspase-1 pathways? Treating the disease has shown
to be difficult and downregulating one pathway might directly or indirectly
upregulate the other via interactions not yet revealed.

What are the consequences of systemic inhibition of multiple pro-
inflammatory cytokines as they are important for the normal immune
response to infections.

Which (experimental) drugs are able to inhibit both caspase-1 and NSPs? Is
alpha-1 antitrypisn (AAT) a good candidate to target both pathways? What are
both the short- and long-term effects of these (experimental) drug regarding
efficacy and adverse events?

During which disease stages would treatment have beneficial effects? Should
these pathways be targeted during the early stages of disease of or would it
also have effects during later stages? Can it be administered as preventive
therapy for patients at risk to develop NAFLD?

Which biomarkers are suitable for monitoring disease progression and/or
therapy response in inflammatory-induced NAFLD?

Trends Mol Med. Author manuscript; available in PMC 2019 May 01.
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Highlights

. Cytokines are key in the development of NAFLD and NASH but mechanisms
responsible for the activation of these cytokines are not fully understood.

. The NLRP3-inflamasome pathway is capable of activating cytokines and is a
known inducer of inflammation in NAFLD and NASH.

. Also neutrophil serine proteases (NSPs) can activate cytokines. Studies have
now shown that NSPs also contribute to NAFLD and NASH.

. The realization that NSPs are involved in NAFLD and NASH in an
inflammasome-independent manner provides new insights into how
inflammatory pathways contribute to these conditions.

. NSPs are inhibited by alpha-1 antitrypsin (AAT) and mice overexpressing
AAT are protected against the development of NAFLD. Mice treated with
AAT showed reduced hepatic lipid content in NAFLD mice models.

. The recent findings that NSPs contribute to NAFLD and NASH opens up
perspectives for new therapeutics.

Trends Mol Med. Author manuscript; available in PMC 2019 May 01.
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Inflammation

Figure 1. The role of the NLRP3 inflammasome in IL-1 family cytokine activation.
Activation of the NLRP3 inflammasome and IL-1 family cytokines is a two-step process. In

the first step (1) a PAMP, such as LPS, binds to its receptor (TLR4 for LPS) and activates via
the adaptor protein MyD88 the transcription factor NF-kB. Next, NF-kB will translocate to
the nucleus and up regulates the transcription of genes encoding for the NLRP3 protein
complex and the pro-inflammatory cytokines IL-1p and IL-18. In the second step (2), a
DAMP signal leads to association of the NLRP3 complex and activation of the effector
protein caspase-1. In turn, caspase-1 cleaves pro-1L-1f and pro-1L-18 thereby releasing their
active forms. These cytokines will be excreted from the cells and promote local (and
systemic) inflammation. LPS: lypopolysacharide; TLR4: toll-like receptor; MyD88: myeloid
differentiation primary response 88; NF-kB: nuclear factor kB; DAMP: damage associated
molecular pattern; ASC: apotosis like associated protein containing a CARD domain
(component of the inflammasome); NLRP3: NOD like receptor associated protein 3; (pro)-
IL-1B: (pro) interleukin-1p; (pro)- I1L-18: (pro)- interleukin 18.
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Figure 2. The role of neutrophil serine proteases in IL-1 family cytokine activation
NSPs are stored in the azurophilic granules of neutrophils. Upon neutrophil activation,

neutrophil serine proteases will be released into the cytosol (1) where they can activate pro-
inflammatory cytokines. They can also be released into the phagolysosome where they have
antimicrobial effects (2) or outside the cell where they can bind to the membrane (3) and
activate extracellular cytokines, form NETSs (4) and migrate into the extracellular space and
activate pro-inflammatory cytokines (5). In the extracellular matrix AAT can inhibit NSPs
which leads to the inhibition of cytokine activation (5).
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