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Abstract

Liver fibrosis is the response of the liver to chronic liver inflammation. The

communication between the resident liver macrophages (Kupffer cells [KCs]) and

hepatic stellate cells (HSCs) has been mainly viewed as one‐directional: from KCs to

HSCs with KCs promoting fibrogenesis. However, recent studies indicated that HSCs

may function as a hub of intercellular communications. Therefore, the aim of the

present study was to investigate the role of HSCs on the inflammatory phenotype of

KCs. Primary rat HSCs and KCs were isolated from male Wistar rats. HSCs‐derived

conditioned medium (CM) was harvested from different time intervals (Day 0−2:

CM‐D2 and Day 5−7: CM‐D7) during the activation of HSCs. Extracellular vesicles

(EVs) were isolated from CM by ultracentrifugation and evaluated by nanoparticle

tracking analysis and western blot analysis. M1 and M2 markers of inflammation

were measured by quantitative PCR and macrophage function by assessing

phagocytic capacity. CM‐D2 significantly induced the inflammatory phenotype in

KCs, but not CM‐D7. Neither CM‐D2 nor CM‐D7 affected the phagocytosis of KCs.

Importantly, the proinflammatory effect of HSCs‐derived CM is mediated via EVs

released from HSCs since EVs isolated from CMmimicked the effect of CM, whereas

EV‐depleted CM lost its ability to induce a proinflammatory phenotype in KCs. In

addition, when the activation of HSCs was inhibited, HSCs produced less EVs.

Furthermore, the proinflammatory effects of CM and EVs are related to activating

Toll‐like receptor 4 (TLR4) in KCs. In conclusion, HSCs at an early stage of activation

induce a proinflammatory phenotype in KCs via the release of EVs. This effect is

absent in CM derived from HSCs at a later stage of activation and is dependent on

the activation of TLR4 signaling pathway.
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1 | INTRODUCTION

Hepatic stellate cells (HSCs) are key effector cells in the pathogenesis

of liver fibrosis. In normal conditions, HSCs display the quiescent

phenotype, manifested by the abundant presence of lipid droplets

containing vitamin A, low production of extracellular matrix (ECM)

components, and low proliferation rate. Following chronic liver injury,

HSCs become activated and transdifferentiate into myofibroblast‐like

cells, losing lipid droplets, enhancing proliferation and migration,

producing excessive amounts of ECM proteins and releasing

proinflammatory and pro‐fibrotic factors (Lee et al., 2015; Xu

et al., 2012). The activation of HSCs is a multifactorial process,

which is closely related to the immune and inflammatory response to

tissue damage. It is believed that the liver‐resident macrophages‐

Kupffer cells (KCs)‐ and blood monocyte‐derived macrophages

contribute critically to the progression of liver fibrosis. Macrophages

are highly plastic cells. Their polarization is customarily assigned to

M1‐ or M2‐phenotype. M1 macrophages demonstrate proinflamma-

tory features, releasing cytokines and chemokines thus attracting

monocytes from the circulation, whereas M2 macrophages display

high phagocytic and/or pro‐fibrotic traits demonstrated by increased

expression of MRC1 and/or TGF‐β1. Upon liver damage, KCs acquire

the proinflammatory M1‐phenotype that recruit monocytes and

neutrophils to the liver thus favoring the activation of HSCs (Pellicoro

et al., 2014; Xu et al., 2012). On the other hand, it has been shown

that HSCs also have immunoregulatory properties, such as presenting

antigens and showing phagocytic ability (Jiang et al., 2008; Viñas

et al., 2003; Wang et al., 2023; Zhan et al., 2006). However, how

HSCs interact with their microenvironment during activation, in

particular with KCs and macrophages, is still not well elucidated,

especially not with regard to the immunoregulatory aspect.

Extracellular vesicles (EVs) are a group of cell‐derived membra-

nous particles, which have been shown to be important in

intercellular communication. Compelling evidence showed that EVs

play important roles in both physiological and pathological processes.

In the liver, EVs are released from both parenchymal and

nonparenchymal cells and are implicated in liver diseases (Balaphas

et al., 2019; Devaraj et al., 2022). EVs derived from fat‐laden

hepatocytes can enhance the activation of HSCs via shuttling miR‐

128‐3p from hepatocytes to HSCs, thus suppressing PPAR‐γ

expression (Hernández, Geng, et al., 2020; Hernández, Reyes,

et al., 2020; Inzaugarat et al., 2016; Povero et al., 2015). Endothelial

cell‐derived EVs induce HSC migration via activating the sphingosine

1‐phosphate (S1P) signaling pathway in HSCs (Wang et al., 2015).

Moreover, HSCs have also been shown to release EVs. HSC‐derived

EVs contain connective tissue growth factor (CCN2) (Charrier

et al., 2014) and sequester platelet‐derived growth factor receptor‐

α (PDGFRα) (Kostallari et al., 2018) thus promoting the progression of

liver fibrosis. Virtually nothing is known about the effect of HSC‐

derived EVs on KCs and the inflammatory process in fibrogenesis.

Therefore, in the present study, we aim to examine the communica-

tion from HSCs to KCs and understand the role of HSCs‐derived EVs

in the interaction between HSCs and KCs.

2 | MATERIALS AND METHODS

2.1 | Animals

Specified pathogen‐free male Wistar rats were purchased from Charles

River Laboratories Inc. Rats were housed under standard laboratory

conditions with free access to standard laboratory chow and water. All

experiments were performed according to the Dutch law on the welfare

of laboratory animals and guidelines of the ethics committee of the

University of Groningen for care and use of laboratory animals.

2.2 | Cell isolation and culture

KCs and primary hepatocytes were isolated by two‐step collagenase

perfusion method as described previously (Geng et al., 2023; Moshage

et al., 1990). KCs were collected from the supernatant of the post‐

hepatocyte fraction. The supernatant was centrifuged at 500g for 7min

and the pellet was resuspended in Hanks' Balanced Salt Solution

(HBSS; Invitrogen) containing 0.3% BSA (HBSS/BSA). Then the suspen-

sion was centrifuged again at 500g for 7min. The cell pellet was collected

and resuspended in 8.5mL HBSS/BSA and mixed with 3.2mL Optiprep

(Stemcell Technologies). After carefully mixing, the cell suspension was

centrifuged at 1350g for 15min. Then the layer of KCs was collected,

resuspended in HBSS+10% fetal calf serum (FCS) solution and seeded in

cell culture plates. After the attachment period (around 10−15min),

nonadherent cells were removed and KCs were cultured in RPMI‐1640

medium supplemented with 10% heat‐inactivated FCS (HyClone) and

100U/mL penicillin, 10µg/mL streptomycin, and 250ng/mL Fungizone

(Lonza). Bright‐field pictures were taken with digital light microscopy

(Evos digital inverted microscope). CD68 and CD163 positive cells were

recognized as KCs.

Primary HSCs were isolated by pronase (Merck) and collagenase‐

P (Roche) perfusion of the liver, followed by gradient centrifugation

as described before (Moshage et al., 1990). HSCs were cultured in

Iscove's Modified Dulbecco's Medium with Glutamax (Invitrogen)

supplemented with 20% heat‐inactivated FCS, 1 mmol/L sodium

pyruvate (Invitrogen), 1× MEM non‐essential amino acids (Invitro-

gen), 50 µg/mL gentamicin (Invitrogen), 100 U/mL penicillin,

10 µg/mL streptomycin, and 250 ng/mL Fungizone.

Hepatocytes were cultured in William's E medium (Invitrogen)

supplemented with 50 µg/mL gentamicin. All cells were cultured at

37°C in a 5% (v/v) CO2 condition.

HEK‐BlueTM hTLR4 reporter cells (InvivoGen) were cultured in

Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 1%

penicillin−streptomycin, 10% FCS, and 100μg/mL normocin (Invitrogen).

Fifty thousands cells per well were seeded in a 96‐well cell culture plate in

100μL of CM, 1:1 (v/v) mixed with HEK‐BlueTM cell culture media, or in

100μL of HEK‐BlueTM cell culture media with 20μg of EVs with or

without the Toll‐like receptor 4 (TLR4) inhibitor TAK242 (5μmol/L) and

then incubated for 24 h. For the detection of secreted alkaline

phosphatase (SEAP) in response to TLR4 activation, 180μL cell

suspension was mixed with 20μL HEK‐BlueTM detection medium
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(InvivoGen) in a new 96‐well plate. The plate was incubated at 37°C for

2 h. Optical densities (OD) at 630nm were read with a microplate reader

(Bio‐Tek Instruments, Inc.). The results were corrected by subtracting the

values of wells without cells. Lipopolysaccharide (100 ng/mL) were

included as a positive control.

2.3 | Preparation of conditioned medium (CM)
and EVs

100,000 freshly isolated HSCs were seeded in T‐175 polystyrene culture

flasks (Corning). HSCs derived CM was harvested and subjected to

differential ultracentrifugation as indicated in Figure 3a and as described

before (Hernandez, Geng, et al., 2020). Briefly, CM‐D2 and CM‐D7 were

obtained from Days 0 (excluding 4 h of attachment period) to 2 and from

Days 5 to 7, respectively after initiation of HSC culture. Therefore, CM‐

D2 represents the CM derived from HSCs during their early activation

phase, whereas CM‐D7 represents the CM derived from HSCs during

their relatively fully activated phase. EV‐depleted CM‐D2 (Depl‐CM‐D2)

was obtained from CM‐D2 after ultracentrifugation to remove EVs. CM‐

Hep was obtained from primary rat hepatocytes that were incubated for

24h after isolation. All conditioned media were filtered through 0.2μm

sterile filter (Whatman) and stored at −80°C. Before treatment, CM was

mixed with fresh KC medium at a 1:1 (v/v) ratio and then applied in

experiments. KC medium mixed with HSC medium or hepatocyte

medium at a 1:1 (v/v) ratio served as control media.

After differential ultracentrifugation, the EV fraction was resus-

pended in PBS and stored at −80°C. The amount of EVs was determined

by the BCA protein assay method and EVs were subsequently diluted in

KC medium to get a final concentration of 50μg/ml.

2.4 | Immunofluorescence microscopy

For immunofluorescence staining, cells were seeded on coverslips.

After treatment, cells were fixed, permeabilized and stained as

described before (Geng, Hernández Villanueva, et al., 2020). Cells

were incubated with anti‐CD68 (Bio‐Rad AbD Serotec) or anti‐

CD163 (Hycult Biotech) antibodies and labeled with secondary

antibodies Alexa Fluor 488 (Invitrogen). Afterward, the coverslips

were mounted in anti‐fading mounting medium supplemented with

DAPI (Vector Laboratories, Inc.). Images were captured using a Leica

DMI6000 microscope and analyzed by ImageJ.

2.5 | RNA isolation and quantitative polymerase
chain reaction

RNA was isolated and converted into cDNA as described before

(Geng, Hernández Villanueva, et al., 2020). Quantitative real‐time

PCR was performed using the 7900HT Fast Real‐time System

(Applied Biosystems) using the TaqMan protocol. mRNA levels

were normalized to 18S and then further normalized relative to

control groups. Sequences of primers and probes are shown in

Supporting Information: Table 1.

2.6 | Phagocytosis assays

Phagocytic ability of KCs was assessed by quantification of uptake of

fluorescein isothiocyanate (FITC)‐labeled E. coli. FITC‐labeled E. coli was

produced by incubating formaldehyde‐fixed E. coli with FITC (1mg/

mL; Sigma‐Aldrich) for 1 h at room temperature. Bacterial concentration

was determined by optical density at 600 nm (OD600), assuming that an

OD600 of 1 equals 1 × 109 bacteria/mL. KCs were seeded on coverslips.

After treatment, KCs were washed with PBS twice and then incubated

with FITC‐labeled E. coli at a 10:1 bacteria:cell ratio suspended in PBS, for

20min at 37°C to allow internalization. Afterwards, cells were washed

with PBS again to remove the non‐internalized bacteria and then

incubated with phalloidin (1:2000; Thermo Fisher Scientific) to stain F‐

actin for 30min at room temperature. Afterwards, cells were washed

again and the coverslips were mounted in anti‐fading mounting medium

supplemented with DAPI (Vector Laboratories, Inc.). Images were

captured using a Leica DMI6000 microscope and analyzed with ImageJ.

The numbers of bacteria were counted. The ones that were not

internalized were excluded. Phagocytic ability was presented as the

number of E. coli uptake per cell. The experiments were performed three

times and data are presented as the mean ±SD.

2.7 | Western blot analysis and antibodies

The protein concentrations of samples were measured using the BCA

protein Assay Kit (Thermo Fisher Scientific). EVs and cell lysates were

loaded for SDS‐PAGE and Western blot method was performed as

described previously (Vrenken et al., 2008). Monoclonal antibodies

against CD63 (Santa Cruz), Rab7 (Cell Signaling Technology),

cytochrome‐c (Cell Signaling Technology), α‐tubulin (Sigma‐Aldrich),

collagen type 1 (Southern Biotech), α‐SMA (Sigma‐Aldrich), LC3B

(Cell Signaling Technology), p62 (Cell Signaling Technology) were

used to detect specific protein expression. The amount of proteins

loaded was visualized with Ponceau S staining (Sigma‐Aldrich). The

immunoblots were quantified by densitometry from at least

three independent experiments using ImageJ software.

2.8 | Nanoparticle tracking analysis (NTA)

The concentration and size distribution of particles were analyzed

using a Nanosight NS300 unit (Malvern). All samples were diluted to

provide a concentration of 1 × 108−1 × 109 particles/mL counts. All

counts were performed in replicates of five for each sample,

collecting 60 s videos with 300 valid tracks recorded per video

(minimum of 1000 valid tracks recorded per sample). Nanosight 3.0

software was used for all analyses, using standard settings. The

camera level for each sample was manually adjusted to achieve
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optimal visualization of particles. To minimize variability, the camera

level was set at 8 in light scatter mode and the detection threshold

was set at 3 for maximum sensitivity with a minimum of background

noise for all experiments.

2.9 | SYTOXTM Green staining

Cell death was detected via SYTOXTM Green nuclei staining. It can

penetrate necrotic cells with a ruptured plasma membrane and bind to

nuclei acids that result in green fluorescence. The experiment was

performed as described previously (Geng, Wu, et al., 2020). H2O2

(400μmol/L) was used as positive control. The images of SYTOX Green

staining were quantified by their integrated fluorescent density. The area

and intensity of the SYTOX Green staining were measured and the

integrated density was calculated using ImageJ software. The quantifica-

tion results are from three independent experiments.

2.10 | Statistical analysis

All results are presented as a mean of three to five independent

experiments ±SD. For each assay, statistical analyses were performed

using the Kruskal−Wallis test, followed by Dunn's multiple

F IGURE 1 Conditioned medium (CM) of hepatic stellate cells (HSCs) induce inflammation in Kupffer cells (KCs). KCs were isolated from maleWistar
rats and seeded in plastic plates. (a) Representative light microscopy picture was taken after 1 or 48 h of seeding. Scale bar: 100μm. (b) KCs were
incubated with anti‐CD68 (ED1) or anti‐CD163 (ED2) antibodies and subsequently stained with DAPI. Scale bar: 50μm. (c) Conditioned media of HSCs
were harvested from 4h to 2 days (CM‐D2) or from 5 to 7 days (CM‐D7) after HSCs isolation. KCs were treated with CM‐D2 or CM‐D7 mixed with KC
medium at a 1:1 (v/v) ratio for 24 h. Cells incubated with KCmedium+HSCmedium at a 1:1 (v/v) ratio served as control. mRNA expression of IL‐6, IL‐1β,
iNOS, MCP1, TGF‐β1, and MRC1 was measured by real‐time quantitative PCR. Data are shown as mean± SD. *p<0.05, **p<0.01, nsp>0.05.
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comparison test or Newman−Keuls test; p < 0.05 was considered as

statistically significant.

3 | RESULTS

3.1 | CM of HSCs induce an inflammatory
phenotype in KCs

KCs were isolated from male Wistar rats. Shortly after attachment,

they exhibited the Kupffer cell specific “fried eggs” shape. After 48 h

incubation, KCs lost the “fried egg” shape but stayed adhesive to the

plate with microvilli and pseudopodia present on the surface as

shown in Figure 1a. To further check the purity of the cells, two

specific Kupffer cell markers, CD68/ED1 and CD163/ED2, were

examined. As shown in Figure 1b, the vast majority of the cells were

positive for both CD68 and CD163.

HSCs were also isolated frommaleWistar rats. Conditioned media of

HSCs were harvested from Day 0 (excluding 4 h of attachment period) to

2 (CM‐D2) or from Day 5 to 7 (CM‐D7) after culture. KCs were treated

with these conditioned media at 1:1 ratio mixed with KC medium for

24 h. After treatment, CM‐D2 induced enhanced expression of proin-

flammatory mediators in KCs, demonstrated by significantly increased

mRNA expression of the M1 markers: MCP1, IL‐6, IL‐1β, and iNOS

(p<0.05 or p<0.01, Figure 1c), but no significant changes in the

expression of the pro‐fibrogenic gene TGF‐β1 or the M2 marker MRC1

(p>0.05). Interestingly, CM‐D7 did not induce inflammation in KCs

(p>0.05, Figure 1c). In addition, rat hepatocyte‐derived CM (CM‐rHep)

also did not induce KCs inflammation and even inhibited the inflammatory

phenotype (Supporting Information: Figure 1).

3.2 | Conditioned media of HSCs do not modulate
the phagocytosis of KCs

Since KCs are the most important phagocytes in the liver and play a

critical role in the clearance of exogenous particles, we investigated

whether the conditioned media affect their phagocytic ability. After

treatment with CM for 24 h, KCs were incubated with FITC‐labeled E. coli

for 20min, then fixed and stained with F‐actin and DAPI. The number of

E. coli engulfed per KCwas counted. As shown in Figure 2a,b, CM‐D2 and

CM‐D7 did not significantly influence the number of E. coli phagocytized

F IGURE 2 Conditioned media of HSCs do not influence phagocytosis of KCs. KCs were treated with CM‐D2 or CM‐D7 mixed with KC
medium (1:1 [v/v]) for 24 h. (a) After treatment, KCs were incubated with FITC‐ labeled E. coli for 20min, then fixed and stained with F‐actin and
DAPI. The phagocytic ability was measured by quantifying the engulfment of FITC‐labeled E. coli in KCs using fluorescent microscopy. (b) The
number of E. coli per KC was counted. Data were taken from three independent experiments and in total 36 images were measured. (c) mRNA
expression of SR‐a and SR‐β1 was measured by real‐time quantitative PCR. Data are shown as mean ± SD of three to five independent
experiments. nsp > 0.05. CM, conditioned medium; FITC, fluorescein isothiocyanate; HSCs, hepatic stellate cells; KCs, Kupffer cells.
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F IGURE 3 (See caption on next page).
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by KCs (p>0.05). Moreover, CM‐D2 and CM‐D7 also did not significantly

affect the mRNA expression of scavenger receptors—SR‐a and SR‐β1

(p>0.05, Figure 2c). Therefore, the results indicate that conditioned

media of HSCs do not influence the phagocytosis of bacteria by KCs.

3.3 | The proinflammatory effect of the CM is
mediated by EVs released from HSCs

EVs were isolated from CM‐D2 and CM‐D7 via differential

ultracentrifugation (Figure 3a). Western blot analysis results

show that CM‐D2 contains more EVs than CM‐D7, indicated by

the level of CD63, Rab7, and α‐tubulin (Figure 3b). In addition,

the purity of EVs was examined by the absence of cytochrome‐c

and calnexin as shown in Figure 3b. Moreover, NTA showed a

significant lower concentration of particles from EVs‐D7 com-

pared to that of EVs‐D2 (p < 0.01), whereas the average size of

EVs‐D2 and EVs‐D7 were not significantly different (Figure 3c).

Importantly, EVs‐D2 (50 μg/mL), but not EVs‐D7 (50 μg/mL),

induced the proinflammatory M1‐phenotype in KCs, demon-

strated by the significantly increased mRNA expression of MCP1,

IL‐6, IL‐1β, and iNOS (p < 0.05 or p < 0.01, Figure 3d), which

correlates with the proinflammatory effects of conditioned

media. Moreover, EVs depleted medium (Depl‐CM‐D2)

exhibited a significantly reduced proinflammatory effect on KCs

compared to the effect of CM‐D2, as shown by the significantly

decreased mRNA expression of MCP1, lL‐6, and iNOS (p < 0.05,

Figure 3e). These results imply that in the early stage of

activation, HSCs release more EVs that induce KC inflammation

than at later stages of activation. Of note, as shown in Figure 3e,

Depl‐CM‐D2 did not significantly increase the expression of

MCP1 and IL1β, but significantly induced the expression of IL‐6

and iNOS (p < 0.05). Therefore, it is likely that there are mediators

other than EVs that were still present in the EV‐depleted medium

and also induced M1 polarization of KCs.

3.4 | Inhibiting the activation of HSCs reduces the
production of EVs

To investigate whether inhibiting the activation of HSCs would

affect the production of EVs, quiescent HSCs, after attachment,

were incubated in medium supplemented with chloroquine (CQ,

20 μmol/L) or DMSO. CQ was shown to suppress the activation of

HSCs via inhibiting autophagy (He et al., 2014; Thoen et al., 2011).

CQ (20 μmol/L) inhibited the activation of HSCs morphologically

demonstrated by less stretching and less fibroblast‐like shaped cells

as shown in Figure 4a. Of note, CQ (20 μmol/L) did not induce cell

death demonstrated by the lack of SYTOX Green nuclear staining as

shown in Figure 4b. The inhibition of HSC activation by CQ was also

demonstrated by significantly reduced intracellular protein levels of

Collagen type 1 and αSMA and inhibition of autophagy demon-

strated by increased LC3B‐II and p62 levels compared to HSCs

treated with DMSO (Figure 4c). Importantly, CQ treated HSCs

showed reduced production of EVs demonstrated by the reduced

particle concentration by NTA and reduced protein levels of CD63,

Rab7, and α‐Tubulin compared to HSCs treated with DMSO

(Figure 4d,e). Meanwhile, the average size of EVs was not

significantly changed (Figure 4d, p > 0.05).

3.5 | The proinflammatory effect of CM depends
on TLR4 activation

As shown in Figure 5a, blocking the activation of TLR4 using a

chemical TLR4 inhibitor (TAK242, 5 μmol/L) totally abolished the

proinflammatory effects of CM‐D2 on KCs, as shown by significantly

reduced mRNA expressions of MCP1, lL‐6, Il‐1β, and iNOS (p < 0.01 or

p < 0.001). Furthermore, using aTLR4 reporter cell line, we found that

CM‐D2 but not CM‐D7 significantly activated TLR4 (p < 0.05), which

could be blocked by TAK‐242 (Figure 5b). Similarly, the HSC‐derived

EVs, specifically EVs‐D2, significantly activated TLR4 (p < 0.05),

which could also be blocked by TAK‐242 (Figure 5c). These results

indicate that the proinflammatory effect of HSC‐derived EVs is

dependent on TLR4 activation in KCs.

4 | DISCUSSION AND CONCLUSIONS

Liver fibrosis is characterized by excessive deposition of ECM by HSCs.

Under normal conditions, HSCs are quiescent and store lipids (vitamin A).

In conditions of chronic liver injury, HSCs lose their lipid content, start to

proliferate and produce large quantities of matrix proteins. It is believed

that inflammatory cells, via cytokines, growth factors, and chemokines,

modulate the process of HSC activation and hence, fibrogenesis

(Friedman & Arthur, 1989; Shiratori et al., 1986; Zerbe & Gressner, 1988).

F IGURE 3 The proinflammatory effect of the CM on KCs is mediated by extracellular vesicles (EVs) released from HSCs. (a)
Differential ultracentrifugation was used for EV purification. (b) Protein levels of CD63, Rab7, cytochrome‐c (cyt‐c), calnexin, and α‐
tubulin were measured in EVs purified from CM‐D2 or CM‐D7 (left). Equal protein loading was checked by Ponceau S staining. (right). (c)
The size distribution and concentration of EVs were measured by nanoparticle tracking analysis (NTA). (d) KCs were treated with EVS‐D2
(50 μg/mL) or EV‐D7 (50 μg/mL) for 24 h. mRNA expressions of IL‐6, IL‐1β, iNOS, and MCP1 were measured by real‐time quantitative
PCR. (e) KCs were treated with CM‐D2 or Depl‐CM‐D2 (mixed with KC medium [1:1 [v/v]]) for 24 h. mRNA expression of IL‐6, IL‐1β,
iNOS, and MCP1 was measured by real‐time quantitative PCR. Data are shown as mean ± SD. *p < 0.05, **p < 0.01, nsp > 0.05. CM,
conditioned medium; HSCs, hepatic stellate cells; KCs, Kupffer cells.
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In the present study, we show that this intercellular communication is

bidirectional and that HSCs, especially at an early stage of activation,

induce a proinflammatory (M1) phenotype in KCs, mediated via the

release of EVs, which is closely associated with the early activation of

HSCs. Moreover, the proinflammatory effect of HSC‐derived EVs is

dependent onTLR4 activation. These results extend our understanding of

the communication between HSCs and KCs and demonstrate the

bidirectional communication between these two types of cells.

F IGURE 4 Inhibiting the activation of HSCs reduces the production of EVs. Freshly isolated HSCs were incubated in chloroquine (CQ,
20 μmol/L) or DMSO for 2 days. (a) Representative light microscopy pictures were taken. (b) Sytox green nuclei staining. H2O2 (400 μmol/L) was
used as the positive control. The green fluorescent stain indicate dead cells. Scale bar: 100 μm. (c) Protein levels of collagen type 1, α‐SMA,
LC3B, and p62 were measured in HSCs (D2) treated with or without CQ, together with fully activated HSCs (D7) (left). Equal protein loading was
checked by Ponceau S staining (right). The immunoblots were quantified by densitometry from three independent experiments. (d) The size
distribution and concentration of EVs were measured by nanoparticle tracking analysis (NTA). (e) Protein levels of CD63, cytochrome‐c (cyt‐c),
Rab7, and α‐Tubulin were measured in EVs purified from HSCs (D2) treated with or without CQ (left). Equal protein loading was checked by
Ponceau S staining. (right). EVs, extracellular vesicles; HSCs, hepatic stellate cells.
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As shown in this study, HSC‐derived CM and EVs selectively induce

the M1 inflammatory phenotype in KCs but do not significantly increase

the expression of M2 markersMRC1 or TGF‐β1 (Figure 1c). These results

indicate that at the early stage of activation, HSC contribute to a

proinflammatory microenvironment. However, macrophages are highly

plastic cells. A study by Chang et al. observed that HSC‐derived CM

promoted a distinct macrophage differentiation profile, demonstrated by

an IL‐6high/IL‐10low/TGF‐βhigh phenotype, which cannot be simply

categorized in the classic M1/M2 paradigm (Chang et al., 2013). The

difference between our results and theirs might related to the use of cells

of different origins: Chang et al. used the human HSC cell line (hTERT‐

HSC) and human peripheral blood mononuclear cell‐derived macrophage,

whereas we used primary rat HSC and primary rat KC. Furthermore,

whether the phenotypic changes they observed are related to EVs were

not described. In our study, we did not observe increased TGF‐β1

expression in KCs, but mainly inflammatory genes belonging to M1

cytokines, which implies that the HSC‐EV‐exposed KCs might not directly

promote HSCs activation via TGF‐β1, but rather recruit monocyte

infiltration thus promoting the progression of liver fibrosis. In hepatic

fibrogenesis, the number of KCs decreases during the progression of liver

injury whereas the number of infiltrating monocytes increases (Holt

et al., 2008; Karlmark et al., 2009; Krenkel & Tacke, 2017; Sica

et al., 2014). These monocyte‐derived macrophages constitute the major

pro‐fibrogenic macrophage population in the liver (Karlmark et al., 2009;

Tacke & Zimmermann, 2014). Our results provide at least one mechanism

(HSC‐EVs) by which monocyte‐derived macrophages are recruited into

the liver in the early stages of fibrosis.

The effects of HSC‐derived CM are related to the release of EVs.

We showed that more EVs were present in CM‐D2 compared to CM‐

D7, indicating that HSCs release more EVs at their early activation

stage rather than the fully activated stage. It is important to speculate

about the EV components (cargo) that are responsible for the

observed effects. During activation, quiescent HSCs quickly lose their

lipid content. These lipid droplets contain a large number of retinyl

species (Lee et al., 2015; Molenaar et al., 2017; Testerink et al., 2012).

Thus, we checked whether the inflammatory effects of HSC‐derived

CM were related to retinyl species. Direct exposure of KCs to retinoic

acids (9‐cis‐retinoic acid [9cRA, 5 μmol/L], all‐trans‐retinoic acid

[atRA, 5 μmol/L]) or retinol (5 μmol/L) did not induce the inflamma-

tory phenotype in KCs (Supporting Information: Figure 2). Moreover,

inhibition of retinoic acid synthesis by a chemical inhibitor of alcohol

dehydrogenase (4‐methylpyrazole [4MP, 2mmol/L]) also did not

modify the proinflammatory effect of HSC‐derived CM (Supporting

Information: Figure 2). Therefore, the effects of HSC‐derived CM are

F IGURE 5 The proinflammatory effect of CM on KCs depends on TLR4 activation. (a) KCs were pretreated with TAK242 (5 μmol/L) for
10min, and then incubated with CM‐D2 or CM‐D7 (mixed with KC medium [1:1 [v/v]]) in the presence or absence of TAK242 for 24 h. mRNA
expressions of IL‐6, IL‐1β, iNOS, and MCP1 was measured by real‐time quantitative PCR. (b) The activation of TLR4 by the CM was quantified
using a TLR4 reporter cell line—HEK‐BlueTM hTLR4 with the presence and absence of TLR4 inhibitor—TAK242 (5 μmol/L). (c) The activation of
TLR4 by HSC‐derived EVs (20 µg) was also quantified using a TLR4 reporter cell line—HEK‐BlueTM hTLR4 with the presence and absence of
TLR4 inhibitor—TAK242 (5 μmol/L). Data are shown as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, nsp > 0.05. CM, conditioned medium; EVs,
extracellular vesicles; HSCs, hepatic stellate cells; KCs, Kupffer cells; TLR4, toll‐like receptor 4.
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not related to retinoic acids or retinol. Furthermore, autophagy is an

important cellular process that regulates the activation of HSCs (He

et al., 2014; Thoen et al., 2011, 2012). Inhibiting the activation of

quiescent HSCs by suppressing autophagy with CQ reduced the

release of EVs from HSCs (Figure 4). This result further indicates that

the relatively large amount of EVs production is a feature of the early

activation of HSCs. Noticeably, a study from Gao et al. showed that

inhibiting autophagy via activation of mTOR (mammalian target of

rapamycin) signaling promoted EV release in HSCs (Gao et al., 2020).

However, whether stimulating mTOR signaling affected the activation

of HSCs and at which activation stage the cells were used were not

mentioned. Therefore, it is important to investigate in detail the roles

of autophagy on the release of HSC‐derived EVs.

Additionally, we observed that the proinflammatory effects

of HSC‐derived CM and EVs are dependent on the activation of

TLR4 (Figure 5). Moreover, inhibition of NF‐κB or mTOR, by

MG132 or rapamycin respectively, also abolished the proinflam-

matory effects of HSC‐derived CM (data not shown). These

results indicate that the cargo of HSC‐derived EVs contains

ligands of TLR4 that mediate the proinflammatory effects of

HSC‐CM/EVs on KCs. In this respect it is interesting to refer to a

study from Kostallari et al. who showed that the pro‐fibrogenic

action of HSC‐derived EVs is due to the presence of PDGFRα in

EVs (Kostallari et al., 2018). Future studies will investigate the

identity of molecules presenting in our HSC‐derived EVs that are

responsible for the observed proinflammatory effects.

In conclusion, in the present study, we showed that HSC‐derived

EVs induce a proinflammatory M1 phenotype in KCs, which is

dependent onTLR4 activation. Moreover, this proinflammatory effect

is only present in EVs derived from HSCs in the early stage of

activation.
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