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Abstract
Nonalcoholic fatty liver disease (NAFLD) is the most common liver disease worldwide, affecting approximately one third of the Western world. It consists of a wide spectrum of liver disorders, ranging from fatty liver to steatohepatitis, which consists of steatosis, ballooning injury and inflammation. Despite an alarming growth in the statistics surrounding NAFLD, there are as yet no effective therapies for its treatment. Innate immune signaling has been thought to play a significant role in initialing and augmenting hepatic inflammation, contributing to the transition from nonalcoholic fatty liver to nonalcoholic steatohepatitis (NASH). An Immune response is triggered by countless signals called damage-associated molecular patterns (DAMPs) elicited by lipid-laden and damaged hepatocytes, which are recognized by pattern recognition receptors on hepatic immune cells to initiate inflammatory signaling. In this editorial, in addition to summarizing innate immune signaling in NAFLD and discussing potential therapies that target innate immune pathways, we have described a recent study that demonstrated that mitochondrial DNA serves as a DAMP activating a hepatic PRR, TLR9, in mice and in the plasma of NASH patients. In addition to identifying a new ligand for TLR9 during NASH progression, the study shows that blocking TLR9 reverses NASH, paving the way for the development of future NASH therapy.
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Core tip: Nonalcoholic fatty liver disease (NAFLD) is a chronic liver disease. It has been shown that innate immune activation contributes to the progression of NAFLD by inducing hepatic inflammation. A new study recently demonstrated that hepatocyte mitochondrial DNA acts as a damage -induced molecular pattern activating hepatic TLR9 to initiate and amplify inflammatory signaling leading to nonalcoholic steatohepatitis (NASH). Inhibiting TLR9 by using a synthetic antagonist, IRS 954, reversed steatohepatitis; as did a whole body ablation of TLR9 or a myeloid-specific knockout of TLR9. This editorial summarizes the findings of the new study and describes potential novel therapeutic targets that may hold promise for NASH treatment.
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INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) is the most prominent form of liver disease in the western world, affecting 30% of the US population[1,2]. The incidence of NAFLD is growing due to its close association with obesity, type 2 diabetes and the metabolic syndrome; but despite the alarming growth, there are currently no approved therapies[1]. NAFLD includes a spectrum of liver disorders ranging from simple steatosis or nonalcoholic fatty liver (NAFL) on the one end, to nonalcoholic steatohepatitis (NASH), characterized by steatosis, inflammation, ballooning injury and varying degrees of fibrosis, on the other. It is reported that approximately 30% of the patients with NAFL will advance to NASH, while 15%-25% of NASH patients may go on to develop cirrhosis and 30%-40% of the patients with cirrhosis will succumb to liver-related complications[1,3-5].
The pathophysiology of NASH is still not fully understood, but it is commonly accepted in the field that the initiating events in NAFLD are obesity and insulin resistance at the level of adipose tissue and liver, which contribute to the increased uptake of serum free fatty acids in the liver, as a result of the dysregulation of peripheral lipolysis, de novo lipogenesis and intake of dietary fats[1,3-6]. This leads to the accumulation of triglycerides or hepatic steatosis. While the transition from steatosis to steatohepatitis is not clearly understood, many complex mechanisms such as the altered production of proinflammatory cytokines and adipokines, lipotoxicity in hepatocytes, oxidative stress, mitochondrial dysfunction, hyperactivation of innate immune pathways, among others, are believed to contribute to the inflammation, hepatocyte ballooning injury and fibrosis that constitutes NASH[1-7]. Innate immune activation is thought to play a vital role in inducing and magnifying the inflammation in NAFLD/NASH, as shown in Figure 1. A greater understanding of the mechanisms by which the immune cells in the liver recognize endogenous and exogenous ligands through cognate receptors and amplify the inflammatory signaling cascades leading to liver injury will inform the design of novel effective therapeutics. 
INNATE IMMUNITY
Innate immunity is the conserved and universal form of host defense mechanism against infection. It is a non-specific defense mechanism that comes to play immediately or within hours of an antigen exposure. These mechanisms include physical barriers such as skin, and the cells of the immune system[8]. The innate immune response is activated by chemical properties of the antigen. Innate immune recognition relies on conserved receptors, such as the Toll-like receptors (TLR) and the nucleotide oligomerization domain (NOD) like receptors (NLRs)[8-10,11] which recognize conserved products of microbial metabolism produced by pathogens (PAMPs).
Innate immune signaling is believed to play an important role in the pathogenesis of NASH. Signals derived locally from the liver or those from the adipose tissue or gut consisting of endogenous ligands or microbial products stimulate hepatic immune cells leading to inflammation, cell injury and death[9-11].

DAMPS AND PAMPS
Damage Associated Molecular Patterns (DAMPS) and Pathogen Associated Molecular Patterns (PAMPS) activate innate immune mechanisms in the host leading to an inflammatory response[9,10]. Molecules like nuclear or mitochondrial DNA, Adenosine triphosphate (ATP), Uridine triphosphate (UTP), uric acid and High mobility group box 1 (HMGB1), among others, are classified as DAMPS. DAMPS are secreted or produced upon cellular injury or death and induce sterile inflammation that contributes to the hepatic inflammation that propels NAFLD. Bacterial products like LPS, peptidoglycans, lipoprotein flagellins, bacterial RNA and DNA are some of the well- characterized PAMPS. On disruption of intestinal mucosal barrier, PAMPS reach the liver, recruit and activate hepatic innate immune cells inducing intracellular signaling cascades that result in amplification of liver injury contributing to NASH[9,10].

PATTERN RECOGNITION RECEPTORS
TLRs
When released, DAMPS and PAMPS bind to PRRs like TLRs, which are a family of cell surface and endocytic receptors expressed on liver cells like hepatocytes, hepatic stellate cells, Kupffer cells, biliary epithelial cells and sinusoidal endothelial cells that will trigger a local inflammatory response leading to injury amplification and organ damage[9,10]. TLRs activate either myeloid differentiation factor 88 (MyD88) dependent or Toll/interleukin-1 receptor domain containing adaptor inducing interferon β (TRIF) dependent signaling pathways, which results in activation of transcriptions factors like JNK and NF- β respectively[11]. These transcription factors induce the expression of various inflammatory cytokines (TNFα, IL-1β, IL-6) and chemokines, which contribute to the progression of NAFLD, as shown in the schematic Figure 2. TLRs that are thought to contribute to NAFLD pathophysiology are TLR4, TLR9 and TLR2[9,10]. LPS, in the presence of co-receptors CD14 and MD-2, activates TLR4 present on all hepatic cell types leading to production of inflammatory cytokines like TNFα and IL-1β[8-10,12]. TLR9 is a ubiquitously expressed endosomal PRR, which recognizes CpG bacterial DNA and mammalian self-DNA as antigens[7]. Upon activation TLR9 upregulates inflammatory cytokines including interleukin IL-1β, which contributes to lipid accumulation in hepatocytes, inflammation, apoptosis and fibrogenesis[9,10,13,14]. Attenuation of TLR4 and TLR9 has led to mitigation of inflammatory NASH in several experimental animal models[9,10,13]. While the role of TLR2 in NAFLD is not understood, TLR2 null mice were protected from NASH in a mouse model[9,10,15].

NUCLEAR OLIGOMERIZATION DOMAIN LIKE RECEPTORS
DAMPS and PAMPS are also recognized by nucleotide oligomerization domain (NOD) like receptors (NLRs), which belong to the PRR family. Activation of NLRs promotes assembly of inflammasome multiprotein complexes, consisting of NLR family CARD domain-containing proteins, NLRPs (NLRP3 is the most well–studies inflammasome sensor with respect to NAFLD), adaptor proteins such as the apoptosis-associated speck-like protein containing a caspase-recruitment domain (ASC), and the serine protease caspase 1 (Casp1)[9,10]. Upon sensing of DAMPS and PAMPS by the inflammasome complex, Casp1 is cleaved and activated, further inducing interleukin-1β (IL-1β) and IL-18 maturation, which contribute to inflammation, fibrosis and cell death in NASH [9,1012,16].

NEW INSIGHTS INTO THE MECHANISM OF TLR9-MEDIATED ACTIVATION OF NAFLD PROGRESSION
In an elegant study that appeared recently as a brief report in the Journal of Clinical Investigation, Garcia- Martinez et al[7] asked whether TLR9 activation was the reason why some patients with NAFL develop NASH. The authors had previously demonstrated the involvement of TLR9 in inflammation and fibrosis using an acetaminophen-induced liver injury model[17,18]. TLR9 was also shown to be required for steatohepatitis and inflammation in a diet-induced mouse model[7,13,18]. 
In this study, the investigators asked what the hepatic ligand for TLR9 during NAFLD progression was? TLR9 located in which hepatic cell type was important for NASH pathogenesis? They hypothesized that hepatocyte mitochondrial DNA (mtDNA) could be a ligand for TLR9. It had previously been shown that hepatocyte mitochondrial DNA levels are elevated in NASH patients and it was proinflammatory[19]. They tested their hypothesis by isolating hepatocyte mtDNA from livers of high fat diet (HFD)- fed mice, which developed NASH in 12 wk. Relative to control mtDNA and nuclear DNA (nDNA) from HFD mice, the mtDNA from livers of HFD-fed mice showed a strong activation of TLR9 in a reporter cell line, and showed robust inflammatory response in primary mouse Kupffer cells, by strongly inducing TNF mRNA expression.
The researchers then asked if the hepatocyte mtDNA is released extracellularly into the plasma. It is thought that cell injury, apoptosis or necrosis results in the release of mtDNA out of the cell leading to increased amount of extracellular mtDNA. It is also know that plasma extracellular mtDNA levels are elevated in mice and humans during liver injury [20]. The investigators found that the plasma mtDNA levels were elevated in mice from HFD group and that the plasma from the HFD mice caused a significant increase in TLR9 activation using the TLR9 reporter cell line, relative to the plasma from the chow-fed control mice. They next asked the all-important question: does the plasma from NAFLD patients show an increase in mtDNA and does it activate TLR9? They compared plasma from three groups: plasma from lean humans with normal ALT levels, obese humans with normal ALT levels and the third group consisting of obese individuals with elevated ALT levels. The authors discovered that it is patients from the third group that showed the highest increase of total DNA and mtDNA in plasma (but not nuclear DNA) and showed a strong activation signal from the TLR9 reporter line.
Plasma mtDNA can be free or enclosed within extracellular vesicles called microparticles (MP)[7]. To ask if the plasma of the patients had intact mitochondria which were free or in MP, the researchers performed flow cytometry. They found that the mitochondria were stainable using a dye called Mitotracker Red and that the mitochondria from the obese patients with elevated serum ALT had the highest percentage of mitochondria in the MP. The authors also discovered that plasma of obese people with elevated serum ALT had the highest levels of oxidized DNA in the MPs, by staining for 8-hydroxy-deoxyguanosine (an oxidized DNA adduct).
The investigators further asked if the TLR9 in the inflammatory cells of the liver are important. They ablated TLR9 in the lysozyme-producing cells (macrophages, monocytes, neutrophils among others). While WT mice on a HFD showed steatohepatitis in 12 wk, the whole body TLR9 knockout mice and the LysM-Cre TLR9fl/fl mice on HFD were protected from NASH, showed reduced ALT levels and had significantly reduced proinflammatory cytokines such as IL-1β, demonstrating a pivotal role for the macrophage (and other LysM+ cells) TLR9 in NASH.
Having demonstrated a key role for myeloid TLR9 in NASH pathogenesis in humans and mice, the authors finally asked if they could use an antagonist to TLR7/9, IRS954, to abrogate the ability of hepatocyte mtDNA from livers of HFD-fed mice to activate TLR9 reporter cell line and therefore mitigate TLR9-mediated NASH? The antagonist, IRS954, led to a significant reduction in histological NAFLD parameters such as steatosis, ballooning, inflammation; showed appreciably reduced serum ALT levels and reduced pro- IL-1β, IL-6 and TNF-α, relative to the vehicle- treated mice on HFD. This exciting study paves the way for potential therapeutics aimed at blocking TLR9 ligand-binding. 
One missing piece of the study is that the authors did not examine the effect of TLR9 ablation and TLR9 antagonism on stellate cell activation and fibrosis, as the HFD mouse model used in this study did not yield fibrosis. It would not only be useful to examine in a model that yields fibrosis as a read-out, but also assess the effect of ablation of TLR9 in stellate cells.
In summary, this novel study links the metabolic alterations in the lipid-laden hepatocytes with the hyperactivation of an innate inflammatory response by TLR9 in the macrophages, and emphasizes its importance in the progression of NASH, as shown in the Figure 1.

POTENTIAL PHARMACOLOGICAL INTERVENTIONS FOR NAFLD BASED ON TARGETING INNATE IMMUNE SIGNALING
Targeting various components of the innate immune signaling pathways has yielded several potential pharmacologic agents, which have shown some promise in animal models and/or human trials. Some of them have been briefly described below.
Probiotics
Probiotics have been suggested as a potential treatment option for NASH as bacterial overgrowth is associated with 50% of NASH patients and fluctuation in intestinal bacterial content may be related to the pathophysiology of NASH such as increased intestinal permeability, increased inflammatory cytokines and absorption of endotoxins[4]. It was shown in a meta-analysis of 4 double-blind randomized trials involving 134 biopsy-proven NAFLD/NASH patients that probiotics significantly decreased total cholesterol, aminotransferases, HOMA-IR and TNFα levels[4].

Pentoxifylline
It is a methylxanthine derivative and a nonselective phosphodiesterase inhibitor that attenuates the synthesis of TNFα. In addition, it has been shown to decrease oxidized lipid peroxidation levels in NASH patients[1,4,21]. A recent meta-analysis showed that Pentoxifylline significantly reduced serum aminotransferase, BMI, fasting glucose, lobular inflammation and fibrosis. Large well-designed, randomized, placebo-controlled trials are still needed to confirm these results[1,4].

PPAR-δ agonists
Active studies are being conducted on PPAR-δ agonists[1,4,18]. It has been shown that activation of PPAR-δ led to improved hepatic fatty acid oxidation, suppression of hepatic de novo lipogenesis and glucose production. Additionally, it inhibited hepatic inflammation by suppressing the synthesis of proinflammatory cytokines like IL-1β and protected mice from liver fibrosis. These metabolic and anti-inflammatory effects of PPAR-δ agonists make them attractive therapeutic targets against NASH[1,4,18].

Melatonin (N acetyl 5 methoxytryptamine)
It is a secretory product of the pineal gland and is a powerful endogenous antioxidant[22]. It has been demonstrated that melatonin suppresses TLR4-mediated inflammation and is hepatoprotective in a murine LPS and galactosamine toxin model of liver injury. In a clinical trial in NASH patients, oral melatonin administered for 12 wk significantly reduced serum AST and GGT in patients at 12 wk follow-up, relative to controls[4,22] .

Cenciviroc
It is a novel, oral, dual CCR2/CCR5 antagonist with nanomolar potency against both chemokine receptors and a long plasma half-life[23]. Although it primarily targets inflammation, inhibiting CCR2 and CCR5 also improves fibrosis and insulin sensitivity[1]. It is currently in phase 2b trials and the results of this pharmacologic agent are eagerly anticipated. 

Resveratrol
It has been demonstrated that resveratrol improves hepatic inflammation including decreased IL-1β production, serum and liver triglyceride levels and glucose control in diet-induced obesity in mice[24] suggesting potential therapeutic activity in NAFLD. However, 8 weeks of therapy with resveratrol did not improve any features of NAFLD in small patient cohort[18].

Canakinumab
It is a monoclonal antibody against IL-1β. A large study (CANTOS study, Canakinumab anti-inflammatory thrombosis outcome study) is underway to examine the efficacy of the antibody in reducing the rates of recurrent myocardial infarction, stroke, cardiovascular death, and type 2 diabetes among stable patients with coronary disease [18,25]. Studies have not been initiated to examine its therapeutic on NASH patients but positive findings in the aforementioned trial could pave the way for such studies.

Sparstolonin B 
It is a novel TLR4 antagonist derived from the Chinese herb Spaganium stoloniferum which has been shown to mitigate liver inflammation in experimental NASH by modulating TLR4 trafficking in lipid rafts via NADPH oxidase activation[26]. It has been observed that mice administered with Sparstolonin B showed decreased mRNA expression of proinflammatory cytokines TNFα, IFN-γ, IL-1β, IL-23 and also significant decrease in protein levels of TNFα and IL-1β[26].

Docosahexaenoic acid
It has been shown that an omega-3 fatty acid, docosahexaenoic acid (DHA), attenuates palmitate-induced lipid accumulation through suppressing NLR family CARD domain-containing protein 4 (NLRP4) inflammasome activation, caspase-1 activation and IL-1β cleavage in HepG2 cells[27]. However, further studies are required to prove the efficacy of DHA in ameliorating NASH in humans.
Thus, continuing to elucidate the complex molecular mechanisms underlying innate immune signaling pathways and the molecular players that contribute to the pathogenesis and progression of NAFLD will yield crucial targets for the design and development of effective therapeutics aimed at halting NASH progression.
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[image: ] Figure 1 Hepatocyte mitochondrial DNA serves as a damage-associated molecular pattern to activate TLR9 leading to nonalcoholic steatosis progression. Our current understanding of the pathophysiology of nonalcoholic steatosis (NASH) is that obesity and metabolic syndrome promote adipose tissue (AT) impairment to release free fatty acids (FFA) from the adipocytes into the portal circulation, which leads to accumulation of triglycerides in the hepatocytes. In addition to FFA, the adipocytes release increased levels of chemokines and cytokines, MCP-1 and IL-6, and reduced levels of beneficial adipokines such as adiponectin. In addition to the impaired AT, tissues such as the intestine contribute bacterial products such as endotoxin/LPS and other pathogen associated molecular patterns (PAMP) and damage-associated molecular patterns (DAMPS), which enter the liver, and activate their receptors on the Kupffer cells and other hepatic cell populations to produce cytokines such as IL-1, TNF- and IL-6, which, in turn, promote injury and increased triglyceride accumulation in hepatocytes, inflammation and apoptosis in the hepatic immune cells and may activate fibrosis in the stellate cells, and thereby accelerate NASH progression. In addition to our current understanding, a recent study revealed that steatotic hepatocytes release mitochondrial DNA into the plasma, which once enclosed within microparticles, activates TLR9 in endosomes to undergo hyperactivation and produce inflammatory cytokines such as IL-1, TNF- and IL-6, which, promote NASH progression by amplifying hepatic inflammation and injury. Additionally, an antagonist of TLR7/9, IRS 954, was effective in blocking TLR9 ligand binding and activation, and thereby attenuating NASH.

[image: ] Figure 2 Role of innate immunity in nonalcoholic fatty liver disease progression. DAMPS and PAMPS bind to PRRs like TLRs and NLRs resulting in NAFLD progression. Binding of DAMPS and PAMPS to TLR4 and TLR 9 receptors results in activation of MyD88 or TRIF signaling pathways, which activate NF-β and JNK signaling and induce production of cytokines like IL-1β and TNFα leading to lipid accumulation, cell injury and death in the liver. It has been demonstrated that binding of DAMPS and PAMPS to TLR2 can result in NAFLD/NASH through an undefined pathway. Binding of DAMPS and PAMPS to NLRs results in activation of NLRP3/ASC/Caspase1 through assembly of inflammasome complex, which induces production of cytokines IL-1 and IL-18 leading to hepatic inflammation and cell death.
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