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Abstract

Background and aims—Mixed lineage kinase 3 (MLK3) deficiency reduces macrophage 

associated-inflammation in a murine model of nonalcoholic steatohepatitis (NASH). However, the 

mechanistic links between MLK3 activation in hepatocytes and macrophage-driven inflammation 

in NASH are uncharted. Herein, we report that MLK3 mediates the release of (C-X-C motif) 

ligand 10 (CXCL10)-laden extracellular vesicles (EVs) from lipotoxic hepatocytes, which induce 

macrophage chemotaxis.

Methods—Primary mouse hepatocytes (PMH) and Huh7 cells were treated with palmitate or 

lysophosphatidylcholine (LPC). Released EVs were isolated by differential ultracentrifugation.

Results—LPC treatment of PMH or Huh7 cells induced release of EVs, which was prevented by 

either genetic or pharmacological inhibition of MLK3. Mass spectrometry identified the potent 

chemokine CXCL10 in the EVs, which was markedly enriched in EVs isolated from LPC-treated 

hepatocytes versus untreated cells. Green fluorescent protein (GFP)-tagged CXCL10 was present 

in vesicular structures and co-localized with the red fluorescent protein (RFP)-tagged EV marker 

cluster of differentiation (CD) 63 following LPC treatment of co-transfected Huh-7 cells. Either 

genetic deletion or pharmacological inhibition of MLK3 prevented CXCL10 enrichment in EVs. 
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Treatment of mouse bone marrow-derived macrophages with lipotoxic hepatocyte-derived EVs 

induced macrophage chemotaxis, an effect blocked by incubation with CXCL10 neutralizing 

antisera. MLK3 deficient mice fed a NASH-inducing diet had reduced concentrations of total 

plasma EVs, and CXCL10 containing EVs compared to WT mice.

In Conclusion—during hepatocyte lipotoxicity, activated MLK3 induces the release of 

CXCL10-bearing vesicles from hepatocytes, which are chemotactic for macrophages.
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Nonalcoholic fatty liver disease is present in up to 30% of the American population (1). A 

subset of these individuals develops hepatic inflammation, referred to as nonalcoholic 

steatohepatitis (NASH) (2), which can progress to cirrhosis and its sequelae of end stage 

liver disease (3, 4). NASH has become a significant public health problem lacking 

regulatory agency-approved pharmacotherapy. Hence, a better understanding of the 

molecular and cellular mechanisms involved in the pathogenesis of NASH development and 

progression may facilitate identification of specific therapeutic targets.

NASH is a lipotoxic disorder and current concepts suggest that saturated free fatty acids 

(SFA)s participate in hepatocyte lipotoxicity (5, 6). SFA metabolism to 

lysophosphatidylcholine (LPC), in part, contributes to lipoapoptosis (7, 8). Hepatocyte 

lipoapoptosis is the pathogenic hallmark of NASH and correlates with disease severity (9). 

C-JUN N-terminal kinase (JNK) activation is crucial in the development of hepatocyte 

apoptosis accompanying NASH (10). Mixed lineage kinase 3 (MLK3) is the mitogen-

activated protein kinase (MAPK) that mediates SFAs-induced JNK activation in the liver 

(11). The role of MLK3 as a proapoptotic kinase has been established in different models of 

cell injury (12–14) and, accordingly, we have recently reported that Mlk3−/− mice are 

protected against liver injury in NASH-inducing diet (15).

Influx and activation of macrophages within the liver is an essential pathogenic process in 

the progression of nonalcoholic fatty liver disease (16). Hepatic macrophages promote 

NASH development by the production of pro-inflammatory cytokines such as tumor 

necrosis factor (TNF) α, Interleukin (IL) 1 and IL6 (16). The high fat and carbohydrate diet-

fed Mlk3−/− mice have decreased macrophages infiltration, and cytokines expression in their 

liver, compared to wild type (WT) animals on the same diet (15). However, the mechanism 

by which hepatocyte lipotoxicity results in macrophage chemotaxis and activation within the 

liver is unclear.

Cells release into the extracellular environment diverse types of membrane bound vesicles 

of endosomal and plasma membrane origin termed exosomes and microvesicles, 

respectively, and extracellular vesicles (EVs) collectively. These EVs act as vectors of 

information that regulate the function of target cells (17). Liver cells are EVs-releasing cells 

as well as targets for endogenous EVs. Initial observations suggest that EVs are important in 

liver pathophysiology through mediating intercellular signaling (18). Repeated injection of 

EVs isolated from the serum of high fat diet-fed mice into regular diet-fed mice resulted in 

Ibrahim et al. Page 2

Hepatology. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



accumulation of activated immature myeloid cells in the liver, and enhanced fatty liver 

disease (19). The missing link between hepatocyte lipotoxic injury and development of 

macrophage-associated inflammation lead us to propose that proapoptotic lipotoxic 

signaling by MLK3 may induce release of proinflammatory EVs from hepatocytes, which, 

in turn, induce macrophage chemotaxis. A likely process mediating this intercellular 

communication would be release of chemokine-bearing EVs from hepatocytes, which then 

stimulate macrophages trafficking to the liver.

The (C-X-C motif) ligand 10 (CXCL10) is upregulated in patients with various types of 

chronic liver disease and the increase correlates with the severity of liver fibrosis (20). More 

importantly, CXCL10 was recently found to be upregulated in NASH patients and to 

contribute to the pathogenesis of methionine and choline-deficient diet-induced NASH 

through regulation of lipogenesis and oxidative stress (21). Although the mechanisms 

regulating CXCL10 expression in NASH are largely unknown; signal transducer and 

activator of transcription (STAT) 1, a transcription factor known to induce inflammatory and 

immune response, was reported to bind to the CXCL10 promoter, and mediate its induction 

(22). Hence, STAT1 is a potential mediator of CXCL10 upregulation in NASH. Although 

CXCL10 is a secreted chemokine, CXCL10 structure supports the formation of higher order 

oligomers (23), CXCL10 is known to bind to glycosaminoglycans which is required for the 

biological function of the chemokine, mostly by facilitating its oligomerization, a requisite 

step for its in vivo activity (23). Interestingly, proteins oligomerization has been shown to 

promote their packaging into EVs (24). The regulation of CXCL10 release by lipotoxic 

insults and its potential localization within EVs remain undefined. Herein, we report that 

toxic lipids, indeed, promote release of EVs from hepatocytes by an MLK3 signaling 

cascade. We report that lipotoxic hepatocyte-derived EVs are enriched with the potent 

chemotactic ligand CXCL10, which in turn, induces macrophage chemotaxis. In a murine 

model of NASH, genetic deficiency in MLK3 is protective against liver injury and is 

associated with a decrease in the number of CXCL10 bearing EVs in the circulation, and 

macrophage-associated hepatic inflammation. These findings mechanistically integrate 

hepatocyte lipotoxicity and inflammation in NASH, and further implicate EVs in hepatocyte 

to macrophage signaling cascades.

EXPERIMENTAL PROCEDURES

Extracellular vesicle isolation

PMH and Huh7 cells were washed twice with phosphate buffer solution (PBS) to eliminate 

fetal bovine serum (FBS)-derived EVs, and treated with either 20 μM LPC for 4 hours with 

or without one of the MLK3 inhibitors, 400 μM palmitate (PA), or oleate (OA) for 16 hours, 

or vehicle in serum-free medium. EVs were isolated from cell culture medium by 

differential ultracentrifugation according to a modified protocol by Thery at al. (25). 

Collected medium was depleted of cells and cell debris initially by low-speed 

centrifugations (2,000 g for 20 minutes and 20,000 g, for 30 minutes). The supernatants 

were collected and centrifuged for 90 minutes at 100,000 g at 4 °C. Pellets from this 

centrifugation step were washed in PBS, and centrifuged again for 90 minutes at 100,000 g 

at 4 °C. The obtained pellets were lysed in lysis buffer, or re-suspended in PBS solution or 
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RPMI 1640 medium, depending on the subsequent experiments. EVs used for macrophages 

treatment were sterile filtered through 0.22 μm syringe filter. EVs isolation was also 

performed using a commercially available kit from Invitrogen (Carlsbad, CA).

Nanoparticle tracking analysis

Concentration and size distribution of isolated EVs were assessed by nanoparticle tracking 

analysis (NTA) using NanoSight NS300 instrument (NanoSight Ltd., Amesbury, UK) (26). 

EV samples were diluted with PBS. Each sample was continuously run through a flow-cell 

top-plate set up to 23.3°C using a syringe pump at a rate of 25 μl/minute. At least three 

videos of 30 seconds documenting Brownian motion of nanoparticles were recorded, and at 

least 1000 completed tracks were analyzed by the NanoSight software (NTA 2.3.5).

Transient transfection of CXCL10-green fluorescent protein (GFP) and cluster of 
differentiation (CD) 63-red fluorescent protein (RFP), total internal reflection microscopy 
(TIRF) and confocal microscopy

Huh7 cells were grown in 35-mm dishes and transiently transfected with CXCL10-GFP 

tagged plasmid (RG203141, Origene, Rockville, MD), and CD63-RFP tagged plasmid 

(kindly provided by Dr. Mark McNiven, Rochester, MN) using lipofectamin 2000 (Life 

technology, Grand Island, NY) per manufacturer’s instructions. Forty eight hours after 

transfection, cells were subsequently imaged on a live stage by TIRF microscopy (Axiovert 

200M; Zeiss) and LSM780 confocal fluorescence microscope (Carl Zeiss, Jena, Germany), 

using excitation and emission wavelengths of 488 and 507 nm for GFP and 577 and 590 nm 

for RFP, respectively. TIRF microscopy only images fluorescence within 100 nm of the cell 

surface contact area (i.e., contact area between cell and coverslip) (27) and is commonly 

used to monitor movement of fluorescent molecules from and to the plasma membrane (28).

Additional detailed materials, methods and statistical analysis are provided in the supportive 

experimental procedures.

RESULTS

Lipotoxic hepatocytes release EVs by an MLK3 dependent pathway

PMH and Huh7 cells were treated with the saturated free fatty acid palmitate (C16:0), its 

active intracellular metabolite LPC (8) or the non-toxic monounsaturated free fatty acid 

oleate (C18:1). Secreted EVs were isolated from the cell culture media by 

ultracentrifugation and quantified by NTA. Size distribution of PMH-derived vesicles was 

40–300 nm with a mode size of approximately 85 nm (Fig. 1A), which was also observed by 

electron microscopy (Fig. 1B). Over a four-hour incubation period, LPC (20 μM) induced a 

3-fold increase in release of EVs from PMH (Fig. 1C and D). Interestingly, Huh7 cells 

treated with LPC demonstrated an even more robust increase in released EVs (Fig 1E). The 

toxic SFA palmitate (400 μM for 16 hours) also induced release of EVs from PMH (Fig. 

1F), whereas, treatment with the nontoxic monounsaturated fatty acid oleate did not (Fig. 

1F). The release of EVs from PMH occurred before the onset of apoptosis (Supplemental 

Figure 1A); therefore, excluding apoptotic bodies from the population of isolated vesicles. 

The increase in EV release induced by LPC in PMH was repressed in Mlk3−/− hepatocytes 
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(Fig. 1C and D) and also in Huh7 cells incubated with the pharmacological MLK3 inhibitors 

URMC099 and CLFB1134 (Fig. 1E). MLK3 genetic and pharmacologic inhibition is also 

protective against LPC induced hepatocyte lipoapoptosis (Supplemental figure 1A and B). 

MLK3 activates JNK during lipotoxic insults (11), and consistent with these observations, 

the JNK inhibitor SP600125 also reduced LPC-stimulated release of EVs (Fig. 1E). 

Immunoblot analysis indicated that isolated EVs contained established EV markers such as 

tumor susceptibility gene 101 (TSG101), CD63, and ALG-2-interacting protein (Alix) (29) 

(Fig. 2A). Collectively, these data indicate that toxic lipids induce EV release from human 

and mouse hepatocytes, which is attenuated by genetic or pharmacological MLK3 

inhibition.

CXCL10 is partitioned into lipotoxic EVs by an MLK3-dependent mechanism

We performed mass spectrometry on EVs isolated from vehicle and LPC treated PMH, and 

identified the potent chemokine CXCL10 as cargo. The presence of CXCL10 as vesicular 

cargo was readily confirmed by western blot analysis (Fig. 2A) and immunogold electron 

microscopy (Fig. 2B). CXCL10 associated with EVs was increased by LPC treatment and 

attenuated in EVs derived from Mlk3−/− hepatocytes, or Huh7 cells treated with LPC in the 

presence of one of the MLK3 inhibitors. In addition, the mass spectrometry demonstrated 

that EVs from PMH contain cytochrome p450 2E1 (CYP2E1), and since CYP2E1 is only 

expressed by hepatocytes (30), CYP2E1 can be considered a biomarker for EVs of 

hepatocyte origin (Fig. 2A). Consistent with the known role of STAT1 in CXCL10 

expression (31), LPC stimulated STAT1 activating phosphorylation in PMH and induced 

increased CXCL10 protein levels, which were significantly reduced in PMH deficient in 

MLK3 (Fig. 2A). CXCL10 levels and STAT1 activated phosphorylation were also increased 

in PMH isolated from WT mice fed the FFC diet compared to PMH from WT mice fed the 

chow diet (Fig. 2A). In addition, we identified in our model that the MLK3 downstream 

MAPK, p38 phosphorylated activation, as well as, STAT1 phosphorylated activation and 

CXCL10 level were increased in Huh7 cells with LPC treatment and decreased in the 

presence of the MLK3 inhibitors, suggesting an MLK3/p38/STAT1 regulatory pathway in 

CXCL10 induction by lipotoxic stress. To further study the regulatory effect of Phospho-

STAT1 on LPC induced CXCL10 upregulation, we employed a known STAT1 

pharmacological inhibitor Fludarabine (flud). Fludarabine resulted in decreased LPC 

induced STAT1activated phosphorylation and CXCL10 protein level upregultion in Huh7 

cells (Fig. 2A). Likewise, Immunogold electron microscopy for CXCL10 on EVs also 

displayed reduced LPC-induced CXCL10 immunogold reactivity on EVs with genetic 

deletion of MLK3 (Fig. 2B). We also identified an increase of CXCL10 mRNA level in 

Huh7 cells with LPC treatment, which was significantly reduced in the presence of the 

MLK3 inhibitors (Fig. 2C).

To determine the proportion of CXCL10 secreted by lipotoxic hepatocytes into EVs, the 

CXCL10 content in the whole conditioned media from LPC-treated Huh7 cells, the 

supernatant obtained after ultracentrifugation and the EVs were assessed by enzyme linked 

immunosorbant assay (ELISA), and demonstrated that approximately 50% of CXCL10 

secreted by lipotoxic hepatocytes is in the EVs (Fig 2D). Likewise, we demonstrated that 
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approximately one third of CXCL10 in the serum of FFC-fed mice is associated with serum-

EVs (Fig. 2E).

The increase of CXCL10 in EVs from LPC-treated hepatocytes could be due to increased 

cellular expression and/or trafficking into the vesicles destined for extracellular release. To 

differentiate between these cellular events we co-transfected Huh7 cells with GFP-tagged 

CXCL10 and RFP-tagged CD63, an EV marker (17). The enforced expression bypasses the 

need for CXCL10 induction, and permitted us to examine CXCL10 trafficking independent 

of its upregulation. Huh7 cells co-transfected with GFP-tagged CXCL10 and RFP-tagged 

CD63, displayed by both TIRF microscopy and confocal microscopy co-localization of both 

CXCL10 and CD63 on the cellular surface and in the extracellular vesicles, in response to 

LPC treatment. This co-localization was reduced in the presence of the MLK3 inhibitors 

(Fig. 3A). Together, these data indicate that CXCL10 enrichment in the EVs released from 

the lipotoxic hepatocytes is secondary to both, MLK3-induced CXCL10 upregulation and 

trafficking.

MLK3 is known to activate JNK, and JNK pharmacological inhibition results in a 

significant decrease in EVs release by lipotoxic hepatocytes (Fig. 1E). Furthermore, JNK 

inhibition results in retention of CXCL10 at the cellular level, and a decrease in CXCL10 

trafficking into the EVs (Fig. 3B), suggesting a regulatory role of MLK3 on CXCL10 

trafficking by a JNK-dependent mechanism.

Lipotoxic EVs induce macrophage chemotaxis

Because CXCL10 is a potent macrophage chemokine (32, 33), we next examined the 

chemotactic properties of hepatocyte-derived EVs. First, we confirmed that BMDM express 

CXR3, the CXCL10 cognate receptor (Fig. 4A). Next, we demonstrated that EVs isolated 

from LPC-treated hepatocytes increased BMDM migration in a Boyden chamber to the 

same extent as the recombinant mouse protein CXCL10 (rmCXCL10) at a 500 ng/ml 

concentration (a concentration recommended by the manufacturer to induce cell migration); 

this increase was attenuated by the addition of CXCL10 neutralizing antisera (Fig. 4B). The 

ability of an antibody to block the biological effect of CXCL10 suggests it’s on the EV 

exterior membrane, rather than trapped in the vesicle interior. EVs derived from LPC treated 

Mlk3−/− hepatocytes (which are almost devoid of CXCL10) did not induce significant 

macrophage chemotaxis (Fig. 4C). Given that about 50% of released CXCL10 from 

hepatocytes is associated with EVs (Fig 2 D), we next compared the chemotactic potency of 

EVs to rmCXCL10 (Fig. 4D). We employed ELISA technique to measure CXCL10 contents 

of the EVs, and determined that EV concentration of 1×1011/ml corresponds to CXCL10 

concentration of 100 pg/ml). Using the same concentrations of EV-associated CXCL10 and 

rmCXCL10, we then showed that CXCL10 on EVs was 4 to 5 times more potent than 

rmCXCL10 at the same concentration in stimulating BMDM chemotaxis (Fig. 4D). Hence, 

EV-associated CXCL10 is more potent in stimulating chemotaxis than the free chemokine. 

Taken together, these data suggest that CXCL10-bearing EVs are quite potent inducers of 

macrophage chemotaxis.
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Mlk3 genetic deficiency in a dietary NASH mouse model is associated with reduced 
circulating CXCL10 on Evs

To associate our in vitro observations with an in vivo correlate, we utilized our established 

mouse model of NASH to examine the role of EVs release in NASH pathogenesis. Mice 

were fed the FFC diet for 6 months. As previously reported by us, the FFC diet causes 

hepatocellular injury as demonstrated by elevated plasma alanine aminotransferase (ALT), 

levels. Also consistent with our prior observations, FFC diet-fed Mlk3−/− mice displayed 

reduced plasma ALT values when compared to the FFC diet-fed WT mice (Fig. 5A). Next, 

we examined hepatic macrophage markers in our current paradigm. We observed a 

significant increase in hepatic mRNA expression of macrophage surface markers in the FFC 

diet-fed WT mice, but not in the Mlk3−/− mice on the same diet, when normalized to chow-

fed WT mice (Fig. 5B). Moreover, evidence for macrophage activation was examined by 

determining hepatic mRNA expression of TNF α, and IL6. Indeed, hepatic mRNA for these 

cytokines known to be secreted by activated macrophages were elevated in FFC diet-fed WT 

mice, and reduced in the Mlk3−/− mice on the same diet when normalized to chow fed WT 

mice (Fig. 5C). The decrease in plasma ALT values and markers of macrophage activation 

in Mlk3−/− mice were also associated with a decrease of plasma EV concentrations, which 

were significantly increased by the FFC diet in the WT mice (Fig. 5D). CXCL10 expression 

in the liver as assessed by mRNA, and CXCL10 levels in the total plasma and in the plasma 

EVs (Fig. 5E) as assessed by ELISA, demonstrated increased CXCL10 expression in liver, 

and CXCL10 levels in plasma and in circulating EVs of FFC-fed WT mice compared to 

chow-fed mice; this increase was attenuated in the FFC-fed Mlk3−/− mice. Taken together, 

these observations indicate that MLK3 deficiency may be salutary in steatohepatitis, in part, 

by reducing release of CXCL10-enriched EVs.

CXCL10 expression is increased in the liver specimen of patients with NASH

MLK3 and Phoshpo-MLK3 protein levels in liver biopsy samples from patients with normal 

liver histology, and patients with fatty liver were assessed by western blot. The Phospho-

MLK3 antibody employed recognizes phosphorylated residues (Thr 277/Ser 281) in the 

activation loop of the MLK3 kinase domain. Phosphorylation of these residues is required 

for MLK3 kinase activity (12). We identified an increase of both total MLK3 and Phospho-

MLK3 in patients with fatty liver (Supplemental figure 2A). Stimulus-mediated induction of 

total MLK3 protein levels has been clearly demonstrated elsewhere (12). Likewise MLK3 

mRNA expression was significantly increased in patients with fatty liver compared to 

patients with normal liver histology (Supplemental figure 2B). In addition, CXCL10 mRNA 

expression was significantly increased in patient with NASH compared to normal and obese 

control (Supplemental figure 2C). These data suggest that patients with fatty liver have 

increased MLK3 protein level and likely kinase activity, with subsequent increase in 

CXCL10 expression.

CXL10−/− mice display reduced FFC-induced liver injury and inflammation

To further demonstrate the role of CXCL10 in NASH pathogenesis in vivo we employed 

CXCL10−/− mice. FFC fed CXCL10−/− mice display reduced liver injury when compared to 

WT mice on the same diet as demonstrated by a more favorable histology (Supplemental 
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figure 3A) with less steatosis and inflammatory infiltrates, and significantly lower serum 

ALT values (Supplemental figure 3B). These mice also have reduced hepatic macrophage 

infiltration as outlined by macrophage galactose-specific lectin (Mac-2) 

immunohistochemistry (a marker of phagocitically active macrophages) (Supplemental 

figure 3C). Hepatic mRNA expression of macrophage surface marker CD68 (Supplemental 

figure 3D) is also reduced. Taken together these data demonstrate that CXCL10 deficiency 

is protective against a nutrient excess diet-induced NASH in mice.

DISCUSSION

The current study provides insights regarding the mechanism by which lipotoxic hepatocyte 

may regulate macrophage-associated inflammatory responses during NASH. The current 

data indicate that: i) lipotoxic treatment of hepatocyte promotes release of CXCL10-

enriched EVs via an MLK3 signaling pathway; ii) lipotoxic hepatocyte-derived EVs induce 

macrophage chemotaxis in a CXCL10-dependant manner; and iii) Mlk3−/− mice have 

decreased CXCL10-enriched circulating EVs and an associated reduction in FFC diet–

induced macrophage-associated inflammation and liver injury. These findings are discussed 

in greater details below.

EVs are membrane-bound nanoparticles that mediate inter-cellular communication. EVs are 

constitutively released under physiologic conditions in different body fluids (17). Pathogenic 

stimuli may further increase the number of released vesicles, and may modulate their 

contents, as evident by increased number of circulating EVs in mouse models of ischemia 

reperfusion injury (34) and NASH (35). Indeed, we observed a significant increase in EVs 

release from hepatocytes upon treatment with toxic lipids such as palmitate and its active 

metabolite LPC, consistent with prior reported observations of increased release of EVs by 

murine hepatocytes or human hepatocyte cell line exposed to saturated free fatty acids (35). 

Our study extends the prior observations by elucidating, in part, the cellular mechanism 

driving lipotoxicity-induced EVs release. In the present study, we report that toxic lipid-

mediated EVs release is MLK3-dependent. The results also suggest that MLK3 regulates the 

chemotactic cargo. Indeed the abundance of CXCL10 is significantly reduced in EVs 

derived from LPC-treated MLK3 deficient hepatocytes, or WT hepatocytes treated with 

LPC in the presence of the pharmacological MLK3 inhibitors. MLK3 is known to activate 

p38 MAPK (13, 36). STAT1 is a p38 MAPK downstream target (37). STAT1 

phosphorylation, in turn, is known to increase CXCL10 expression (31, 38). Consistent with 

this information, we identified an increase in STAT1 phosphorylation in hepatocytes treated 

with LPC or isolated from FFC-fed mice, and this LPC-induced activating STAT1 and p38 

phosphorylation was reduced by MLK3 pharmacologic inhibition and genetic deficiency. 

These observations implicate MLK3/p38/STAT1 pathway in CXCL10 induction by 

lipotoxic stress.

MLK3 inhibition in lipotoxic hepatocytes prevented CXCL10 localization in the vesicles, 

while JNK inhibition not only decreased the total number of EVs released by lipotoxic 

hepatocytes, but also caused retention of CXCL10 at the cellular level and reduction of 

CXCL10 abundance at the EV level. These opposite observations suggest that the 

abundance of CXCL10 in EVs released from lipotoxic hepatocytes is secondary to both, a 
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global induction through a STAT1-dependent mechanism, as well as to a stimulation of 

CXCL10 trafficking into EVs through a JNK-dependent mechanism (Fig. 6).

CXCL10 has been extensively studied in hepatitis C as a hepatocyte derived chemotactic 

ligand and initiator of inflammatory cascades via its cognate receptor (C-X-C motif) 

receptor 3 (CXCR3), which is widely expressed on Kupffer cells (the resident hepatic 

macrophages) and natural killer cells (39). CXCL10 is also known to attract activated 

monocyte-derived macrophages in different models of tissue injury (32, 33). Herein, we 

demonstrate that stimulation of BMDM with rmCXCL10 or CXCL10-bearing EVs induce 

macrophage migration in a CXCL10-dependent manner. EVs derived from WT lipotoxic 

hepatocyte, but not Mlk3−/− lipotoxic hepatocyte (which are almost devoid of CXCL10), 

induced macrophage chemotaxis, suggesting the specificity of CXCL10 in the chemotaxis 

process.

To extend our studies of EV release to an in vivo context, we utilized our nutrient excess 

diet-induced NASH mouse model. Interestingly MLK3 deficiency attenuated liver injury 

and inflammation in this model, which correlated with a decrease in CXCL10 expression in 

the liver, the number of circulating EVs, and their CXCL10 content. These results highlight 

a potential role for EVs in the pathogenesis of NASH. In addition, we demonstrated that 

patients with NASH have increased CXCL10 expression. Finally, because anti-CXCL10 

antisera has been used in phase II clinical trial in patients with biliary cirrhosis (Study ID 

nct01430429; clinical trial.gov), anti-CXCL10 antisera could potentially be repurposed for 

the treatment of human NASH.

Although we focused on chemotaxis as opposed to macrophage activation, there are likely 

mediators of macrophage activation within the lipotoxic EVs. In fact, our EVs protein MS 

analysis demonstrated that the EVs contain numerous danger associated molecular pattern 

(DAMP) proteins. These DAMPs are known to elicit and activate inflammatory responses in 

mammalian systems (40). Thus it is likely that EVs are pro-inflammatory in addition to 

promoting macrophage chemotaxis into the liver. The role of DAMPs-enriched EVs as 

potential macrophage activators and their regulatory relationship warrants future study. The 

strength and hierarchal relationship between various EV cargo mediators also requires 

further analysis.

In summary, lipotoxicity in an MLK3-dependent manner promotes the release of CXCL10 

rich lipotoxic EVs from hepatocytes, which are chemotactic for macrophages (Fig. 6). These 

observations provide insight into the mechanism responsible for hepatic macrophage 

accumulation in NASH. EVs and their cargoes, especially CXCL10, are an attractive target 

for developing novel therapeutic strategies for the treatment of human NASH.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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DAPI 4′,6-diamidino-2-phenylindole

TSG101 tumor susceptibility gene 101

Alix ALG-2-interacting protein

CYP2E1 cytochrome P450 2E1

flud Fludarabine

rmCXCL10 recombinant mouse protein CXCL10

ELISA enzyme linked immunosorbent assay

FFC fat, fructose and cholesterol

ALT alanine aminotransferase

CXCR3 (C-X-C motif) receptor 3

Mac-2 macrophage galactose-specific lectin

DAMP danger associated molecular pattern
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Figure 1. LPC-induced EV generation is MLK3-dependent
(A) Representative images of nanoparticle tracking analysis (NTA) profile for particle size 

per concentration of extracellular vesicles (EVs) released from vehicle & 

lysophosphatidylcholine (LPC)-treated primary mouse hepatocytes (PMH) from wild type 

(WT) (left panel) & mixed lineage kinase (Mlk3)−/− mice (right panel). (B) Representative 

transmission electron photomicrograph of EVs derived from vehicle and LPC-treated WT 

PMH and LPC-treated Mlk3−/− PMH, and isolated by ultracentrifugation. Fold increase 

above vehicle in EVs release by WT and Mlk3−/− PMH treated with 20 μM LPC for 4 hour, 

and isolated by (C) ultracentrifugation or (D) by polymer based isolation using a 

commercially available kit, and quantified by NTA. (E) Huh7 cells were treated with 

vehicle, or 20 μM LPC with or without 1 μM of one of the MLK3 inhibitors URMC099 

(URMC), and CLFB1134 (CLFB), or 20 μM of C-JUN N-terminal kinase (JNK) inhibitor 

SP600125. EVs were isolated by ultracentrifugation, quantified using NTA, and expressed 

as percentage of induced LPC release. (F) PMH were treated with OA and PA (both 400 μM 

for 16 hours), EVs were isolated by ultracentrifugation, and quantified using NTA. Bar 

columns represent mean ± S.E.M. ** P < .01, * P < .05 compared to vehicle treatment
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Figure 2. CXCL10 is highly expressed in lipotoxic EVs in an MLK3-dependent manner
(A) C-X-C ligand 10 (CXCL10) protein levels in extracellular vesicles (EVs) derived from 

wild type (WT) & mixed lineage kinase (Mlk3)−/− primary mouse hepatocytes (PMH) 

treated with either vehicle, or 20 μM lysophosphatidylcholine (LPC), and from Huh7 cells 

treated with either vehicle, or 20 μM LPC with or without 1 μM of one of the MLK3 

inhibitors URMC099 (URMC) and CLFB1134 (CLFB), were assessed by western blot. 

Tumor susceptibility gene 101 (TSG101), cluster of differentiation (CD) 63, and ALG-2-

interacting protein (Alix), were employed as EV marker and Cytochrome P450 2E1 

(CYP2E1) as a marker of EVs of hepatocytes origin. CXCL10, Phospho-p38, Phospho-

signal transducer and activator of transcription (PSTAT) 1 & STAT1 protein levels were 

also assessed by western blot on whole cell lysate from PMH and Huh7 treated with vehicle, 

LPC alone, or LPC in the presence of either 1 μM of one of the MLK3 inhibitors URMC, 

and CLFB or 100 μM of the STAT1 inhibitor Fludarabine (flud). CXCL10, P-STAT1, and 

STAT1 protein levels were also assessed on whole cell lysate from PMH isolated from 

chow, and high fat, fructose, and cholesterol diet (FFC)-fed mice, actin and glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) were used as loading control. (B) Immunogold 

reactivity for CXCL10 on EVs derived from WT & Mlk3−/− PMH was assessed by 

immunogold electron microscopy. (C) Total RNA was extracted from Huh7 cells treated 

with either vehicle, or 20 μM LPC with or without 1 μM of one of the MLK3 inhibitors 
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URMC099, and CLFB1134, and mRNA CXCL10 expression was evaluated by real-time 

qPCR. CXCL10 content was assessed (D) in the whole conditioned media of LPC-treated 

Huh7 cells, the supernatants obtained after ultracentrifugation and the EVs by enzyme 

linked immunosorbent assay (ELISA), (E) and also in the serum of FFC-fed mice, the 

supernatants obtained after ultracentrifugation and the EVs by ELISA. Bar columns 

represent mean ± S.E.M. NS (non-significant) p> .05, *** P < .001.
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Figure 3. MLK3 mediates CXCL10 trafficking by a JNK dependent mechanism
(A) Huh7 cells were co-transfected with green fluorescent protein (GFP)-tagged C-X-C 

ligand chemokine 10 (CXCL10) and red fluorescent protein (RFP)-tagged cluster of 

differentiation (CD) 63. Co-localization of both CXCL10 and CD63 on the cell surface and 

in the extracellular vesicles, in response to LPC treatment with or without one of the MLK3 

inhibitors URMC099, and CLFB1134, was assessed respectively by total internal 

reflectance microscopy (TIRF) and confocal microscopy. (B) CXCL10 protein levels in 

whole Huh7 cell lysate, treated with either vehicle, or 20 μM lysophosphatidylcholine (LPC) 

with or without 40 μM of the C-JUN N-terminal kinase (JNK), inhibitor SP600125 (SP) and 

in extracellular vesicles (EVs) derived from Huh 7 cells under the conditions above were 
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assessed by western blot. Tumor susceptibility gene 101 (TSG101) was employed as an EV 

marker, and actin as a loading control. (*Irrelevant bands omitted).
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Figure 4. Lipotoxic EVs induce macrophage chemotaxis in a CXCL10-dependent manner
(A) Chemokine (C-X-C motif) receptor 3 (CXCR3) the (C-X-C motif) ligand 10 (CXCL10) 

cognate receptor expression was assessed on the bone marrow derived macrophages 

(BMDM) cell surface by flow cytometry. (B) Using a modified Boyden chamber, BMDM 

chemotaxis was assessed by quantification of migrating cells toward either control (media 

alone), extracellular vesicles (EVs) derived from lysophosphatidylcholine (LPC) treated 

wild type (WT) primary mouse hepatocytes (PMH) at a concentration of 1011 particle/ml or 

CXCL10 recombinant mouse protein at a concentration of 500 ng/ml with or without the 

CXCL10 neutralizing antibody at 25 μg/ml.(C) BMDM chemotaxis was also assessed by 

quantification of migrating BMDM toward either EVs derived from LPC-treated WT or 

Mlk3−/− PMH at a concentration of 1011 EV/ml. (D) 1011 EV/ml contain an equivalent 

concentration of 100 pg/ml of recombinant mouse CXCL10 (rmCXCL10) as measured by 

enzyme linked immunosorbent assay (ELISA). The chemotactic potency of 0.5 × 1011 

EV/ml and 1 × 1011EVs/ml were compared to an equivalent concentration of rmCXCL10 of 
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50 pg/ml and 100 pg/ml respectively. Bar columns represent mean ± S.E.M. *** P < .001, 

** P < .01 compared to vehicle treatment.
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Figure 5. Mlk3−/− mice are protected against high fat, fructose and cholesterol (FFC) diet-
induced liver injury and inflammation and have reduced plasma level of CXCL10 enriched 
extracellular vesicles (EVs)
Wild type (WT) & mixed lineage kinase (Mlk3)−/− mice were fed either chow or FFC diet. 

(A) Plasma alanine aminotransferase (ALT) levels were measured. Total RNA was extracted 

from liver tissue and mRNA expression of (B) surface macrophage markers cluster of 

differentiation (CD) 68 and F4/80, (C) macrophage cytokines tumor necrosis factor (TNF) 

α, and interleukin (IL) 6, and (E) CXCL10 expression were evaluated by real-time qPCR. 

(D) Enzyme linked immunosorbant assay (ELISA) for (C-X-C motif) ligand 10 (CXCL10) 

was performed on (E) the whole plasma and EVs isolated from the plasma of FFC and chow 

fed WT and Mlk3−/− mice. Bar columns represent mean ± S.E.M. *** P < .001, ** P < .01, 

* P < .05 compared to WT chow-fed mice
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Figure 6. Schematic diagram illustrating the link between lipotoxic hepatocytes and 
macrophages trafficking to the liver in NASH
Lipotoxicity during NASH promotes the release of (C-X-C motif) ligand 10 (CXCL10)-

bearing extracellular vesicles (EVs) from hepatocytes by a mixed lineage kinase (MLK)3-

dependant mechanism that involves CXCL10 induction through a STAT1-dependent 

mechanism, and CXCL10 trafficking into EVs through a C-JUN N-terminal kinase (JNK)-

dependent mechanism. CXCL10-enriched EVs mediate macrophage chemotaxis to the liver. 

MLK3 inhibition prevents CXCL10-enriched EVs release from hepatocytes and thus 

attenuates macrophage chemotaxis.
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Table 1

Primer sequences for quantitative real-time PCR

Gene Forward primer sequence (5′–3′) Reverse primer sequence (5′–3′)

18S CGC TTC CTT ACC TGG TTG AT GAG CGA CCA AAG GAA CCA TA

mouse

CXCL10 CCA AGT GCT GCC GTC ATT TTC GGC TCG CAG GGA TGA TTT CAA

TNFα CCC TCA CAC TCA GAT CAT CTT CT GCT ACG ACG TGG GCT ACA G

IL-1β GCA ACT GTT CCT GAA CTC AAC T ATC TTT TGG GGT CCG TCA ACT

IL-6 TAG TCC TTC CTA CCC CAA TTT CC TTG GTC CTT AGC CAC TCC TTC

F4/80 ATG GAC AAA CCA ACT TTC AAG GC GCA GAC TGA GTT AGG ACC ACA A

CD68 TGT CTG ATC TTG CTA GGA CCG GAG AGT AAC GGC CTT TTT GTG A

human

MLK3 GCAGCCCATTGAGAGTGAC CACTGCCCTTAGAGAAGGTGG

CXCL10 GTC GCA TTC AAG GAG TAC CTC TGA TGG CCT TCG ATT CTG GAT T
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