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Abstract

Background & Aims

The gut microbiota significantly influences hepatic immunity. Little is known on the precise

mechanism by which liver cells mediate recognition of gut microbes at steady state. Here

we tested the hypothesis that a specific liver cell population was the sensor and we aimed

at deciphering the mechanism by which the activation of TLR4 pathway would mediate liver

response to gut microbiota.

Methods

Using microarrays, we compared total liver gene expression in WT versus TLR4 deficient

mice. We performed in situ localization of the major candidate protein, CXCL1. With an

innovative technique based on cell sorting, we harvested enriched fractions of KCs, LSECs

and HSCs from the same liver. The cytokine secretion profile was quantified in response to

low levels of LPS (1ng/mL). Chemotactic activity of stellate cell-derived CXCL1 was

assayed in vitro on neutrophils upon TLR4 activation.

Results

TLR4 deficient liver had reduced levels of one unique chemokine, CXCL1 and subsequent

decreased of neutrophil counts. Depletion of gut microbiota mimicked TLR4 deficient
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phenotype, i.e., decreased neutrophils counts in the liver. All liver cells were responsive to

low levels of LPS, but hepatic stellate cells were the major source of chemotactic levels of

CXCL1. Neutrophil migration towards secretory hepatic stellate cells required the TLR4

dependent secretion of CXCL1.

Conclusions

Showing the specific activation of TLR4 and the secretion of one major functional chemo-

kine—CXCL1, the homolog of human IL-8-, we elucidate a new mechanism in which

Hepatic Stellate Cells play a central role in the recognition of gut microbes by the liver at

steady state.

Introduction
The unique microenvironment in the liver has been attributed to its close relationship to the
gut.[1] The liver receives significant amounts of lipopolysaccharide (LPS) and other bacterial
products from the intestine via the portal blood. Innate immunity is mediated through toll-like
receptors (TLRs) with an elaborated crosstalk between liver parenchymal and non-parenchy-
mal cells: Hepatocytes, Kupffer cells (KCs), Liver Sinusoidal Endothelial Cells (LSECs) and
Hepatic Stellate Cells (HSCs) all express CD14 and TLR4, the co-receptors for LPS.[2, 3, 4] The
recognition of commensal bacteria is required for intestinal homeostasis.[5] Microbiota inter-
action with liver cells has been studied in a number of chronic liver diseases such as alcoholic
liver disease and non-alcoholic steatohepatitis.[6, 7, 8] Gut microbiota impacts liver immune
function in diverse ways, which include inhibition of liver dendritic cells maturation[9] and
hepatic fibrosis via TGF-beta1.[10] In our study, we investigate the effect of the microbiota on
the abundance of liver neutrophils in the steady state liver.

We have previously shown in TLR4 deficient mice and using orthotopic mouse liver trans-
plantation, that TLR4 plays a crucial role in the immune function of the liver.[11, 12]. Since the
recognition of bacterial compounds by liver cells has important consequences for systemic
immune homeostasis, it is important to identify which liver population plays the major role in
this process. We based the present study on the hypothesis that, at steady state, the gut micro-
biota provides the main ligands for TLR4 in the liver. By depleting the commensal microbiota
in wild type mice using an oral broad-spectrum antibiotic treatment, we reproduced the phe-
notype of LPS unresponsive TLR4 deficient mice and characterized the consequences for liver
immune function.

We show that hepatic stellate cells plays a central role in sensing the gut microbiota, with a
necessary activation of TLR4 and subsequent secretion of one specific chemokine, CXCL1,
which promotes neutrophil recruitment. A recently identified mechanism is the release of
extracellular chromatin fibers decorated with antimicrobial proteins, termed neutrophil extra-
cellular traps (NETs), which target bacterial virulence factors.[13] Stimuli such as IL-8 (the
structural CXCL1 homolog in human) and LPS prolong neutrophils lifespan and induce NETs
efficiently.[14] The ability of NETs to directly prime T cells by reducing their activation thresh-
old and consequently to enhance adaptive immune responses,[15] makes them a good candi-
date for the mechanism occurring in the liver and may explain why neutrophils are present.

Hepatic stellate cells—also named Ito cells or lipocytes—are located in the Space of Disse,
exposed to a transudate of portal blood via the fenestrations in the liver sinusoidal endothelial
cells. Besides their well-known role in liver fibrosis, there is current interest in their antigen-
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presenting potential.[16, 17] In addition, here we show that Hepatic Stellate Cells are central in
the sensing of the gut microbiota and are capable of sending homing signals to neutrophils at
steady state.

Experimental Procedures

Mice
C57BL/10ScNJ (TLR4 deficient) and C57BL/10SnJ (WT) mice were purchased from the Jack-
son Laboratory (Bar Harbor, ME) and housed in a specific pathogen-free environment in con-
formance with institutional guidelines for animal care. Animal welfare consisted in the
inspection a minimum of x3 per week, and any found to be in distress were painlessly eutha-
nized. For experiments, animals were euthanized using CO2, followed by dissection in a man-
ner incompatible with survival that included severing the great vessels. The experiments were
approved by the Institutional Animal Care and Use Committee, Seattle BioMed, WA, USA. All
mice were used between 6–9 weeks of age.

Affymetrix Gene chip hybridization
Total RNA was isolated from the frozen liver samples of WT and TLR4 deficient mice using
TRIzol (Invitrogen) and its quality assessed with the Agilent bioanalyzer at the Functional
Genomics Center, University of Rochester, NY. The Gene chip mouse genome 430 2.0 array
(Affymetrix) was used to quantify the expression of transcripts and variants from over 34,000
genes. Data were analyzed with Genetraffic (Lobion Informatics Inc.) and Arrayassist Lite soft-
ware (Stratagene). The genes were considered relevant when their expression was significantly
different betweenWT and TLR4 deficient mice (P<.05, Student t test). These genes were classi-
fied into 2 groups whether they were downregulated 2 fold or more or up-regulated 2 fold or
more in TLR4 deficient total liver. Gene expression was further validated with RT-PCR (Taq-
man, Applied Biosystems), with Addressin-2 (ADSS2) gene expression as a control.

Depletion of gut-derived bacteria
A broad-spectrum antibiotic cocktail of Ampicillin (1g/L), Vancomycin (500mg/L), Neomycin
sulfate (1g/L) and Metronidazole (1g/L) was given in drinking water. The water was replaced
every three days for 4 weeks and experiments were performed under aseptic conditions.

Isolation of granulocytes and enriched fractions of KCs, LSECs and
HSCs from the liver
For intrahepatic neutrophil counts, a conventional Percoll gradient was used to harvest total
live leukocyte from the liver and neutrophils were characterized as CD11b+ Gr1high TCR- cells.
We set up an innovative technique to harvest enriched fractions of KCs, LSECs and HSCs from
the same liver. Circulating cells were eliminated by in situ perfusion through the portal vein
with Ca2+-and Mg2+-free HBSS supplemented with 5 mMHEPES and 0.5 mM EDTA at 37°C
at a flow rate of 4 mL/min. The liver was then perfused with 0.05% collagenase IV (Sigma) buff-
ered with 5 mMHEPES and 0.5 mM CaCl2 at 37°C, excised and homogenized. The suspension
was washed with RPMI 5% FBS, passed through a 70-μm filter and the filtrate was centrifuged
at 50 g for 2 minutes to separate hepatocytes (pellet) from the NPCs (supernatant). The NPC-
fraction was then submitted to a discontinuous 11.5%-15% Optiprep density gradient, centri-
fuged at 1500 g for 20 min at 4°C for two intermediate layers enriched in KCs and HSCs, but
still contaminated with LSECs. For HSCs, KCs and LSECs, both layers were harvested and
stained with rat anti-mouse mAbs: FITC-conjugated anti-CD146 (Miltenyi), PE-conjugated
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anti-Tie2 and APC-conjugated anti-F4/80 (Ebiosciences), APC-Cy7-conjugated anti-CD11b
and Pacific Blue live/dead marker (BD Biosciences). LSECs were positively sorted as CD146+
Tie2high (but F4/80- CD11b- CD3-) cells and KCs as F4/80+ CD11b+ (but CD146- Tie2- CD3-)
cells. Thus, HSCs were negatively sorted as CD3- CD146- Tie2- F4/80- CD11b- cells. Cell sort-
ing was performed with a 12-colors FACS Aria II (BD Biosciences). The cell purity has been
tested with a 4-laser flow cytometer, using 10 parameters. More precisely, after the cell sorting,
in a second step, the sorted cells were analyzed with the specific cell markers used for cell sort-
ing. For example, for LSECs isolation, 95% of cells where CD146+ Tie-2high F4/80- CD11b-
CD3- cells after cell sorting. All experiments were performed with 95% yield of purity for each
subset.

In-situ immunofluorescent detection
The liver from C57BL/6 mice were dissected and fixed with 4% paraformaldehyde in phos-
phate buffer (pH 7.4) at 4°C, overnight. The tissue was then cryoprotected with series of
sucrose gradient (10%, 20% and 30% w/w) in phosphate buffer at 4°C and cut into 20-μm sec-
tions. The sections were washed 3 times in phosphate-buffered saline (PBS), blocked in PBS
containing 5% goat serum, 1 mg/mL bovine serum albumin (BSA) and 0.1% Triton X-100 for
1 hour at room temperature and incubated with monoclonal rat anti-CXCL1 (1:100; clone:
124014, R&D), polyclonal rabbit anti-CRBP1 (1:50; FL-135, Santa Cruz) or Alexa Fluor
647-conjugated rat anti-F4/80 antibody (Serotec) in PBS containing 1mg/mL BSA and 0.1%
Triton X-100, at 4°C, overnight. The sections were washed and stained with Alexa Fluor
546-conjugated goat anti-rat IgG (for CXCL1) or Alexa Fluor 488-conjugated goat anti-rabbit
IgG (for CRBP1) (1:500; Invitrogen). In genetically modified mice, GFP expression under Tie-
2 promoter restricted GFP signal to LSECs. Sections were stained with TO-PRO-3 (1:1000;
Invitrogen) for nuclear visualization in HSCs. All sections were mounted with SlowFade Gold
antifade reagent (Invitrogen) and observed with a Leica SL confocal microscope under a 100X
objective lens (Leica Microsystems) located in the Keck Imaging Facility at the University of
Washington.

Measurement of cytokine secretion by hepatocytes, KCs, LSECs and
HSCs originating from the same liver
Enriched fractions of freshly isolated hepatocytes, KCs, LSECs and HSCs were activated in
vitro with LPS (1 ng/mL and 100 ng/mL, as a positive control) for 24 hours. First, we used the
ELISA (R&D) for the quantification of CXCL1 secretion in the supernatant. Then, a 13-plex
multiplex assay was customized to quantify the secretion of TNF, IL-6, IL-1a, IL-10, CCL2,
CCL3, CCL4, CCL5, CXCL2, CXCL9, CXCL10, CXCL12 and IFN-g (Bioplex, Biolegend) and
data were analyzed using the Luminex XMAP technology (Bioplex software 3.0).

Measurement of eutrophil migration in response to hepatic stellate cell
signal
Neutrophil chemotaxis was evaluated using the Transwell system (5um pore size, Corning
Costar). At day 0, freshly isolated WT or TLR4 deficient HSCs were cultured in the lower
chamber in complete RPMI overnight, washed and stimulated with 1 ng/mL LPS for 24 hours.
At day 2, bone-marrow neutrophils were isolated fromWTmice using a conventional Percoll
gradient, followed by B- and T-cell MACS depletion (Miltenyi). We added 1.5 X106 neutro-
phils in 150 μL RPMI supplemented with 20 mMHEPES and 1% fetal calf serum (Perbio Sci-
ences) to the upper chamber and incubated at 37°C for 30 minutes. A sample of 1.5 X106
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neutrophils was used as input control (N = 1). To block CXCL1, a monoclonal anti-CXCL1
(R&D) was added to the lower chamber before adding neutrophils. In controls, CXCL1 protein
was added to the TLR4 deficient HSCs (100 ng/mL) or used alone (1 ug/mL) as a positive con-
trol (N = 1). Neutrophils were harvested in the lower chamber, analyzed using an LSRII flow
cytometer (BD Biosciences). Data were analyzed with Flowjo (Treestar) and results were
expressed as the percentage of cells that had migrated to the lower chamber.

Statistical analysis
Data are expressed as mean ± SEM. Quantitative data were compared using non-parametric
Mann-Whitney tests and Kruskall Wallis variance analysis. Multiple comparisons were per-
formed using Fisher-PLSD test. P values less than .05 were considered significant.

Results

CXCL1, the candidate for TLR4-dependent liver crosstalk with gut
microbiota
To document the influence of bacterial LPS on the liver at steady state, we measured the
changes in the total gene expression in the LPS-unresponsive liver. Our expression array
analysis revealed several genes that were differentially expressed in the liver of WT and TLR4
deficient mice. We focused on genes down-regulated 2 fold or more (Table 1) and genes

Table 1. Genes down-regulated 2-fold or more in the total liver of TLR4 deficient mice compared to WTmice.

Gene ID Name Fold increase
(P value)

Functions

Npas2 Neuronal Pas Domain protein-2 19.4 (0.006) Circadian sleep wake cycle/ locomotive rythm, regulation of
transcription

Cxcl1 Chemokine CXC ligand 1 (IL-8) 10.2 (0.008) Neutrophil chemoattractant

Serpinb1a Serine (or cysteine) proteinase inhibitor, clade B,
member 1a

5.2 (0.032) Protein catabolism, peptidase and endo-peptidase inhibitor

H2Eb1 Histocompatibility 2, class II antigen E beta 4.3 (0.031) Antigen presentation

BirC6 Baculoviral IAP repeat-containing 6 3.9 (0.048) Protein ubiquitination, anti-apoptotic

Btbd5 BTB (POZ) domain containing 5 3.6 (0.029) Protein binding

Mrg1 Myeloid ecotropic viral integration site-related gene
1

3.8 (0.047) Eye morphogenesis, regulation of transcription, DNA
dependent

Dnm1l Dynamin 1-like 3.4 (0.001) GTP binding,

Hba-a1 Hemoglobin alpha adult chain-1 3.3 (0.036) Oxygen transport

Rnd1 Rho family GTPase 1 3.2 (0.002) Actin filament organization, negative regulation of cell
adhesion

Zfp101 Zinc finger protein 101 3.0 (0.035) Protein coding

Cyp2b20 Cytochrome P450, family 2, subfamily b,
polypeptide 20

2.8 (0.027) Electron transport

Nisch Nischarin 2.7 (0.001) RAC protein, actin cytoskeleton, negative regulation of cell
migration

Hbb-y Hemoglobin Y beta like embryonic chain 2.6 (0.028) Oxygen transport

Slc25a30 Solute carrier family 25, member 30 2.5 (0.011) Transport

Cd36 CD36 antigen 2.5 (0.017) Cell adhesion, receptor activity, protein binding

Ccng2 Cyclin G2 2.4 (0.014) Regulation of cell cycle,

Rnf125 Ring finger protein 125 2.3 (0.020)

Pde4b Phosphodiesterase 4b camp specific 2.2 (0.04) cAMP specific phosphodiesterase

H2-Aa Histocompatibility 2, class II antigen A, alpha 2.2 (0.044) Antigen presentation

doi:10.1371/journal.pone.0151063.t001

TLR4-Dependent Hepatic Stellate Cells' CXCL1

PLOSONE | DOI:10.1371/journal.pone.0151063 March 22, 2016 5 / 13



up-regulated 2 fold or more (Table 2) in TLR4 deficient liver. The gene encoding CXCL1
showed the highest fold difference (10 fold) in the array (Fig 1A), while no other chemokine
genes was significantly affected. Hence CXCL1 became the primary focus of our studies.
Quantitative RT-PCR confirmed that CXCL1 was significantly decreased in TLR4 deficient
liver indicating that CXCL1 expression was consistently lower in the liver of mice unrespon-
sive to bacterial LPS (Fig 1B).

In order to assess the functional role of gut bacteria on CXCL1 gene expression in vivo, we
treated WTmice with oral antibiotic treatment. Liver CXCL1 expression was significantly
reduced in antibiotic-treated mice (Fig 1C), confirming that liver CXCL1 expression depends
on gut bacteria. Moreover, treating mice with antibiotics mimicked the phenotype observed in
TLR4 deficient mice. These data show that gut microbiota influences the baseline expression of
one unique chemokine CXCL1 in the healthy liver. Since CXCL1 is a well-established chemoat-
tractant for neutrophils, we tested whether the decrease in CXCL1 in TLR4 deficient liver
could modulate neutrophil numbers in vivo. The significant role of CXCL1 was confirmed by
the decrease of neutrophil counts in the liver of TLR4 deficient mice (Fig 1D).

Hepatic stellate cells sense low levels of LPS and secrete predominantly
CXCL1
To identify the source of CXCL1 in the liver, we set up an innovative technique based on cell
sorting to harvest enriched fractions of KCs, LSECs and HSCs from the same liver, to a yield of
95% purity. In a first set of experiments, we quantified CXCL1 secretion in liver cells freshly
isolated fromWTmice, followed by in vitro stimulation with or without low levels of LPS
(1 ng/mL). CXCL1 was mostly secreted by HSCs, followed by LSECs and KCs, whereas hepato-
cytes were the poorest producers of CXCL1 (Fig 2A).

To confirm the source of CXCL1 in situ, we performed immunofluorescent staining with
specific markers for liver cells at steady state. This alternative approach avoided the complica-
tion that cytokine expression could have been modified after a lengthy process of isolation and
cell sorting. In the normal liver, CXCL1 expression had a clear sub-endothelial localization as
shown by Tie-2 staining (Fig 2B, upper panel), confirming the close relationship to LSECs. The

Table 2. Genes up-regulated 2 fold or more in the total liver of TLR4 deficient mice compared to WTmice.

Gene ID Name Fold increase
(P value)

Functions

Usp2 Ubiquitin specific protease 2 11.9 (0.012) Ubiquitin thiolesterase

LipG Lipase, endothelial 5.0 (0.016) Lipid catabolism

Ccrn41 CCR4 carbon catabolite repression
4-like (Nocturin)

5.0 (0.002) Circadian deadenylase, hepatic steatosis

Sla SRC-like adaptor 4.6 (0.025) TCR and BCR intracellular signaling cascade

Per 2 Period homolog 2 3.3 (0.028) Circadian rhythm

Wee1 Wee 1 homolog 3.1 (0.041) Cell cycle, serine threonine kinase, Circadian rythm.

Fdps Farnesyl diphosphate synthetase 2.9 (0.006) Lipid/Steroid biosynthetic process

Cyp27a1 Cytochrome P450, family 27, a1 2.8 (0.004) Hepatic bile acid, fatty acid and cholesterol metabolism

Rian RNA imprinted and accumulated in
nucleus

2.8 (0.003)

Krt1-13 Keratin complex 1, acidic, gene 13 2.9 (0.015) Cytoskeletal organization and biosynthesis

Sema3e Semaphorin domain, secreted 3E 2.9 (0.022) Interacts with receptor PlexinD1, endothelial cell positioning and patterning
of the developing vasculature

Cklfs2a Chemokine-like factor 2A 2.2 (0.005) Chemotaxis, cytokine activity

doi:10.1371/journal.pone.0151063.t002
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CXCL1 expression did not co-localize with F4/80 expression, excluding the detection of
CXCL1 in Kupffer cells (middle panel). CXCL1 and cytoplasmic CRBP1 were both localized in
star-shaped cells, the stellate cells (lower panel). The Cellular Retinol Binding Protein-1
(CRBP-1) was the best marker to detect simultaneously both resting (Glial Fibrillary Acidic
Protein, GFAP+) and activated (α-Smooth Muscle Actin, αSMA+) stellate cells in situ. Taken
together with the secretion assay performed on isolated cells, these data confirm that the HSCs
are the major source of the neutrophil chemo-attractant CXCL1 in the liver.

Hepatic stellate cells have a secretion profile different form other cells in
response to low levels of endotoxins
In a different set of experiments, we investigated the cytokine secretion of the enriched frac-
tions of KCs, LSECs and HSCs from the same liver, using a 13-parameter multiplex assay.
Interestingly, all liver cells were able to respond to levels of LPS as low as 1 ng/mL (Fig 3). The
secretion of all cytokines increased with a higher concentration of LPS, 100 ng/mL. The only
chemokine secreted in large amounts by all liver cells was CCL2, with concentrations ranging
from 4560 pg/mL to 7560 pg/mL. As expected, TNF, CXCL2 and CXCL9 were almost exclu-
sively secreted by KCs (520 pg/mL, 2670 pg/mL and 4360 pg/mL, respectively). IL-6 and IL-1
were secreted exclusively by KCs and HSCs. Conversely, IL-10, CXCL12, CCL3, CCL4 and
IFN-gamma secretion levels were very low or undetectable (data not shown). In conclusion, we
show that HSC are the major source of CXCL1 in the liver and—while HSC secretion profile is
similar to Kupffer cells regarding secretion of most cytokines-, it was unexpected that the unsti-
mulated hepatic stellate cells are able to secrete as high amounts of CXCL1 as Kupffer cells or
LSECs, stimulated with low levels of LPS.

Fig 1. Decrease of CXCL1message and neutrophil counts in TLR4 deficient liver and after antibiotic
treatment. (A) CXCL1 expression in the total liver as analyzed by microarrays. Mean values were obtained
from three Genechips for threeWT and three TLR4 deficient mice. Statistically significant differences
betweenWT and TLR4 deficient mice are indicated by an asterisk, *P<.05, Student t test. (B)CXCL1
expression measured by quantitative RT-PCR. The relative quantity of CXCL1mRNA in the total liver of WT
and TLR4 deficient mice is indicated (*P<.01). (C) Relative expression of CXCL1 in the liver from untreated or
antibiotic-treated (ABT) WTmice and TLR4 deficient mice; *P<.01 (D) Neutrophils counts in the total liver.
CD11+ Gr1high TCR- cells among total live leukocytes isolated fromWT and TLR4 deficient liver. In Fig 1B,
1C and 1D, data are representative of five separate experiments with six WTmice (treated or not with
antibiotics) and five TLR4mice; #P<.05; unpaired Mann -Whitney test.

doi:10.1371/journal.pone.0151063.g001
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Neutrophil migration requires CXCL1 secretion by hepatic stellate cells
following basal TLR4 activation
Since CXCL1 is a recognized chemoattractant for neutrophils, we tested whether CXCL1
secreted by hepatic stellate cells was able to trigger a functional chemotactic effect on bone
marrow derived neutrophils. Neutrophils migration was quantified following basal TLR4 acti-
vation in HSCs (Fig 4A). Briefly, at day 0, freshly isolated stellate cells fromWT or TLR4 defi-
cient mice were stimulated with 1ng/mL LPS for 24 hours in lower chamber. At day 2, bone
marrow derived neutrophils were loaded to the upper chamber and their migration towards
secretory stellate cells was analyzed. Neutrophils migrated less toward TLR4 deficient HSCs
than towards WT HSCs. The addition of anti-CXCL1 blocking antibody to the lower chamber
mimicked the migration of neutrophils towards TLR4 deficient HSCs (Fig 4B). In one of the
experiments, the addition of the recombinant CXCL1 protein to TLR4 deficient HSCs restored
neutrophil migration to the level towards WT stellate cells, and was used as an internal control.

Fig 2. Hepatic stellate cells are the major source of CXCL1, as shown by both quantification of secretion and in situ localization. (A)Quantification
of CXCL1 secretion in enriched fractions of hepatocytes, KCs, LSECs and HSCs, freshly isolated and stimulated in vitro with LPS (1 ng/mL LPS, black
squares) during 24 hours. Data are representative of three separate experiments with six mice in each group; #P<.05. (B) In-situ localization of CXCL1 in the
liver. Immunofluorescent detection for CXCL1 (red) and liver cells nuclei (blue) for nuclei first shows CXCL1 expression in the sinusoids throughout liver
parenchyma. (C) Higher resolution shows that CXCL1 (red) is expressed by sub-endothelial cells, which also store retinol droplets in separate
compartments, as shown by CRBP1 staining (green). The Cellular Retinol Binding Protein-1 (CRBP-1) is the best marker to detect simultaneously both
resting (Glial Fibrillary Acidic Protein, GFAP+) and activated (α-Smooth Muscle Actin, αSMA+) stellate cells in situ. Alexa Fluor-546-CXCL1 (red) staining
does not colocalize either with Tie2-GFP in LSECs (green, upper panel), or F4/80 in KCs (blue,middle panel), but with AlexaFluor-488-CRBP1 (green, lower
panel), staining both resting and activated HSCs. TOPRO3 was used for nuclei vizualisation.

doi:10.1371/journal.pone.0151063.g002
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These data show for the first time that the CXCL1 secretion by stellate cells in response to low
levels of LPS is dependent on the specific activation of TLR4, and exerts its well known func-
tional chemotactic activity on neutrophils.

Taken together, these data support a model in which microbial products act on HSCs via
TLR4 for the secretion of a functional CXCL1- as shown by neutrophil chemotaxis. Both in
situ and in vitro data converge to the conclusion that the secretion of CXCL1 (the homologue
of human IL-8) by hepatic stellate cells is a key component of the liver’s response to gut micro-
biota at steady state.

Discussion
In this study, we present new evidence that HSCs are of central importance in response to
low levels of bacterial products, due to their secretion of the chemokine CXCL1 / IL-8. In
recent years, the direct role of gut bacteria in liver homeostasis is an emerging concept.[8] As
in the intestine, the activation of TLRs in the liver could provide information about the bacte-
rial load in the portal blood, and activate the synthesis of antimicrobial proteins in order to
maintain the surface-associated bacterial population at homeostatic levels.[18] After the

Fig 3. Cytokine secretion by hepatocytes, KCs, LSECs and HSCs after isolation from the same liver and in response to low levels of LPS. Liver cells
were freshly isolated on density gradient followed by cell sorting and stimulated with LPS (1ng/mL LPS, black bars or 100ng/mL LPS, hatched bars).
Cytokine secretion was measured in the same supernatant with a multiplex assay, run in triplicates. Graphs show three experiments with six mice in each
group and statistically significant differences (*P<.05) between basal LPS stimulation (1ng/mL) and higher LPS stimulation (100ng/mL) are indicated. Lower
panel: bright field images of cells right after isolation (Hepatocytes, LSECs, KCs). Images of HSCs at higher resolution show the retinol droplets at Day 0 and
the typical shape of the activated stellate cells after 4 days in culture.

doi:10.1371/journal.pone.0151063.g003
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recent publications showing that not only LPS but also other ligands for TLRs such as
DAMPs could play a role in the liver,[19] we herein show the specific and essential activation
of TLR4 in the liver cells. The influence of gut microbiota on liver immunology has been
mostly explored in the context of inflammatory, toxic or metabolic liver disease.[8, 20] Here,
in contrast, we study the steady state liver and focus our experiments on low concentrations
of LPS found in the incoming portal blood draining the liver. We isolated enriched fractions
of hepatocytes and non-parenchymal cell populations and were able to compare for the first
time the specific cytokine/chemokine secretion profile of KCs, LSECs and HSCs isolated
from the same liver. Notably CCL2, a well-known chemoattractant for monocytes/macro-
phages, is the chemokine secreted in large amounts by all these cell types, all responding to
low levels of LPS. Our study highlights the complexity of the crosstalk between the liver cells
and we hypothesize that monocyte/macrophage homing might also be regulated via TLR4
signaling in a normal liver.[2]

Fig 4. Neutrophils migrate in response to CXCL1 secretion following TLR4 activation in hepatic
stellate cells. (A) Schematic representation of the neutrophil chemotaxis assay. (B)Quantification of
neutrophil migration in response to secretory WT or TLR4 deficient stellate cells. WT stellate cells were
treated (WT HSC + anti CXCL1) or not with anti-CXCL1 antibody. As for internal positive control, the
migration of neutrophils towards TLR4 deficient stellate cells supplemented with CXCL1 protein (TLR4 HSC
+ CXCL1) and with CXCL1 protein only (CXCL1) was quantified in only one experiment. Graphs show three
experiments with six mice in each group and statistically significant differences (*P<.05) betweenWT HSCs
and TLR4 deficient HSCs, as well as betweenWT HSCs treated or not with anti-CXCL1, are indicated.

doi:10.1371/journal.pone.0151063.g004
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Although all liver cells express TLR4, the hepatic stellate cells are the critical population that
promotes fibrosis in a TLR4-dependent manner once activated.[10] Both quiescent and acti-
vated HSCs express high levels of TLR4 and LPS directly targets HSCs in vivo.[21] TLR4-de-
pendent mechanisms occur specifically in HSCs in interaction with LSECs during vascular
remodeling in fibrosis or in early phases of hepatocellular carcinoma promotion, making TLR4
a potential therapeutic target for prevention in advanced liver disease.[22, 23] In the present
study, stellate cells are cultured for 24 hours, which was not long enough to induce their trans-
differentiation; therefore we argue that the cells in our cultures are reproducing their biology in
the liver in vivo.

The microarray analysis—performed in total liver—identified a number of genes that were
differentially expressed in the WT and TLR4 deficient tissue. Among genes with a known
immunologic function, CXCL1 showed the highest fold difference and was therefore the prin-
cipal candidate for an effect of TLR4 signaling on liver immune function. LPS is a strong
inducer of this chemokine and possible sources for CXCL1 in the liver were hepatocytes, KCs
and HSCs [24, 25, 26]. CINC, the rat homolog for CXCL1, was detected in HSCs [27]. Here,
going further down to the cellular level, we manage to show that the HSCs are the major source
of CXCL1 in the mouse liver, in response to low levels of LPS.

We found that neutrophil counts were decreased in TLR4 deficient liver. Migration assays
showed that neutrophils migrated less towards HSCs isolated from TLR4 deficient liver. Thus,
TLR4 signaling in HSCs is necessary for neutrophil recruitment. In pathology, overexpression
of CXCL1 and increased neutrophil infiltration has been studied in inflammatory liver injury
and in other organs.[28] Intrahepatic neutrophils produce molecules that can attract additional
neutrophils, T cells and macrophages. Conversely, in a model of peritonitis-induced sepsis,
early and local treatment with CXC chemokines enhances neutrophil recruitment and bacterial
clearance.[29] In ischemia-reperfusion injury, neutrophil play a protective role through the
induction of an oxidative burst, which leads both to increased antimicrobial activity and the
intestinal epithelial barrier integrity.[30] Similarly, in the normal liver, the antibacterial func-
tion of neutrophils could protect liver integrity from low-level bacterial translocation.

The mechanism we have clarified here enhances the understanding of the relationship
between the resident microbiota and the immune balance of the liver, which plays an impor-
tant part in the regulation of liver fibrosis. In steady state, low levels of bacterial products con-
stitutively pass from the gut to the liver, signal through TLR4, and hepatic stellate cells secrete
CXCL1. During fibrosis, if HSCs sense additional danger signals, their activation results in liver
cytokine secretion imbalance, together with ongoing trans-differentiation. Direct evidence for
such a mechanism would suggest it might be possible to intervene therapeutically to favor the
resolution of fibrosis. This is a fertile area for further research.

Acknowledgments
We thank the University of Rochester functional genomics center for the microarray analyses;
Tim Bushnell at University of Rochester Medical Center and Hieu Nguyen at Seattle BioMed
and the Fred Hutchinson Cancer Research Center Cytometry Facility for expertise in cytome-
try analysis and cell sorting; Jessica Spahn, for completing Multiplex experiments; Mitra Azad-
niv, Dat Mai and Rebekah Brown for laboratory and animal procedures.

Author Contributions
Conceived and designed the experiments: AEB BJ INC. Performed the experiments: AEB BJ
MSA. Analyzed the data: AEB BJ INC JSC. Contributed reagents/materials/analysis tools:
MRE. Wrote the paper: AEB INC.

TLR4-Dependent Hepatic Stellate Cells' CXCL1

PLOSONE | DOI:10.1371/journal.pone.0151063 March 22, 2016 11 / 13



References
1. Uhrig A, Banafsche R, Kremer M, Hegenbarth S, Hamann A, Neurath M, et al. Development and func-

tional consequences of LPS tolerance in sinusoidal endothelial cells of the liver. J Leukoc Biol 2005;
77:626–33. PMID: 15860798

2. Bigorgne AE, Crispe IN. TLRs in Hepatic Cellular Crosstalk. Gastroenterol Res Pract 2010; 2010.

3. Knolle PA, Limmer A. Neighborhood politics: the immunoregulatory function of organ-resident liver
endothelial cells. Trends Immunol 2001; 22:432–37. PMID: 11473832

4. Schwabe RF, Seki E, Brenner DA. Toll-like receptor signaling in the liver. Gastroenterology 2006;
130:1886–900. PMID: 16697751

5. Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh F, Edberg S, Medzhitov R. Recognition of commensal
microflora by toll-like receptors is required for intestinal homeostasis. Cell 2004; 118:229–41. PMID:
15260992

6. Henao-Mejia J, Elinav E, Thaiss CA, Flavell RA. The intestinal microbiota in chronic liver disease. Adv
Immunol 2013; 117:73–97. doi: 10.1016/B978-0-12-410524-9.00003-7 PMID: 23611286

7. Mencin A, Kluwe J, Schwabe RF. Toll-like receptors as targets in chronic liver diseases. Gut 2009;
58:704–20. doi: 10.1136/gut.2008.156307 PMID: 19359436

8. Quigley EM, Stanton C, Murphy EF. The gut microbiota and the liver. Pathophysiological and clinical
implications. J Hepatol 2013; 58:1020–27. doi: 10.1016/j.jhep.2012.11.023 PMID: 23183530

9. Lunz JG 3rd, Specht SM, Murase N, Isse K, Demetris AJ. Gut-derived commensal bacterial products
inhibit liver dendritic cell maturation by stimulating hepatic interleukin-6/signal transducer and activator
of transcription 3 activity. Hepatology 2007; 46:1946–59. PMID: 17935227

10. Seki E, De Minicis S, Osterreicher CH, Kluwe J, Osawa Y, Brenner DA, et al. TLR4 enhances TGF-
beta signaling and hepatic fibrosis. Nat Med 2007; 13:1324–32. PMID: 17952090

11. John B, Crispe IN. TLR-4 regulates CD8+ T cell trapping in the liver. J Immunol 2005; 175:1643–50.
PMID: 16034104

12. John B, Klein I, Crispe IN. Immune role of hepatic TLR-4 revealed by orthotopic mouse liver transplan-
tation. Hepatology 2007; 45:178–86. PMID: 17187407

13. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, et al. Neutrophil extracellu-
lar traps kill bacteria. Science 2004; 303:1532–35. PMID: 15001782

14. Sabroe I, Prince LR, Jones EC, Horsburgh MJ, Foster SJ, Vogel SN, et al. Selective roles for Toll-like
receptor TLR2 and TLR4 in the regulation of neutrophil activation and life span. J Immunol 2003;
170:5268–75. PMID: 12734376

15. Tillack K, Breiden P, Martin R, Sospedra M. T lymphocyte priming by neutrophil extracellular traps links
innate and adaptive immune responses. J Immunol 2012; 188:3150–59. doi: 10.4049/jimmunol.
1103414 PMID: 22351936

16. Dunham RM, Thapa M, Velazquez VM, Elrod EJ, Denning TL, Pulendran B, et al. Hepatic stellate cells
preferentially induce Foxp3+ regulatory T cells by production of retinoic acid. J Immunol 2013;
190:2009–16. doi: 10.4049/jimmunol.1201937 PMID: 23359509

17. Winau F, Hegasy G, Weiskirchen R, Weber S, Cassan C, Sieling PA, et al. Ito cells are liver-resident
antigen-presenting cells for activating T cell responses. Immunity 2007; 26:117–29. PMID: 17239632

18. Duerkop BA, Vaishnava S, Hooper LV. Immune responses to the microbiota at the intestinal mucosal
surface. Immunity 2009; 31:368–76. doi: 10.1016/j.immuni.2009.08.009 PMID: 19766080

19. Wang FP, Li L, Li J, Wang JY, Wang LY, JiangW. High mobility group box-1 promotes the proliferation
and migration of hepatic stellate cells via TLR4-dependent signal pathways of PI3K/Akt and JNK. PLoS
One 2013; 8:e64373. doi: 10.1371/journal.pone.0064373 PMID: 23696886

20. Le Roy T, Llopis M, Lepage P, Bruneau A, Rabot S, Bevilacqua C, et al. Intestinal microbiota deter-
mines development of non-alcoholic fatty liver disease in mice. Gut 2012; 0:1–8.

21. Paik YH, Schwabe RF, Bataller R, Russo MP, Jobin C, Brenner DA. Toll-like receptor 4 mediates
inflammatory signaling by bacterial lipopolysaccharide in human hepatic stellate cells. Hepatology
2003; 37:1043–55. PMID: 12717385

22. Dapito DH, Mencin A, Gwak GY, Pradere JP, Jang MK, Mederacke I, et al. Promotion of hepatocellular
carcinoma by the intestinal microbiota and TLR4. Cancer Cell 2012; 21:504–16. doi: 10.1016/j.ccr.
2012.02.007 PMID: 22516259

23. Zhu Q, Zou L, Jagavelu K, Simonetto DA, Huebert RC, Jiang ZD, et al. Intestinal decontamination inhib-
its TLR4 dependent fibronectin-mediated cross-talk between stellate cells and endothelial cells in liver
fibrosis in mice. J Hepatol 2012; 56:893–99. doi: 10.1016/j.jhep.2011.11.013 PMID: 22173161

TLR4-Dependent Hepatic Stellate Cells' CXCL1

PLOSONE | DOI:10.1371/journal.pone.0151063 March 22, 2016 12 / 13

http://www.ncbi.nlm.nih.gov/pubmed/15860798
http://www.ncbi.nlm.nih.gov/pubmed/11473832
http://www.ncbi.nlm.nih.gov/pubmed/16697751
http://www.ncbi.nlm.nih.gov/pubmed/15260992
http://dx.doi.org/10.1016/B978-0-12-410524-9.00003-7
http://www.ncbi.nlm.nih.gov/pubmed/23611286
http://dx.doi.org/10.1136/gut.2008.156307
http://www.ncbi.nlm.nih.gov/pubmed/19359436
http://dx.doi.org/10.1016/j.jhep.2012.11.023
http://www.ncbi.nlm.nih.gov/pubmed/23183530
http://www.ncbi.nlm.nih.gov/pubmed/17935227
http://www.ncbi.nlm.nih.gov/pubmed/17952090
http://www.ncbi.nlm.nih.gov/pubmed/16034104
http://www.ncbi.nlm.nih.gov/pubmed/17187407
http://www.ncbi.nlm.nih.gov/pubmed/15001782
http://www.ncbi.nlm.nih.gov/pubmed/12734376
http://dx.doi.org/10.4049/jimmunol.1103414
http://dx.doi.org/10.4049/jimmunol.1103414
http://www.ncbi.nlm.nih.gov/pubmed/22351936
http://dx.doi.org/10.4049/jimmunol.1201937
http://www.ncbi.nlm.nih.gov/pubmed/23359509
http://www.ncbi.nlm.nih.gov/pubmed/17239632
http://dx.doi.org/10.1016/j.immuni.2009.08.009
http://www.ncbi.nlm.nih.gov/pubmed/19766080
http://dx.doi.org/10.1371/journal.pone.0064373
http://www.ncbi.nlm.nih.gov/pubmed/23696886
http://www.ncbi.nlm.nih.gov/pubmed/12717385
http://dx.doi.org/10.1016/j.ccr.2012.02.007
http://dx.doi.org/10.1016/j.ccr.2012.02.007
http://www.ncbi.nlm.nih.gov/pubmed/22516259
http://dx.doi.org/10.1016/j.jhep.2011.11.013
http://www.ncbi.nlm.nih.gov/pubmed/22173161


24. Mosher B, Dean R, Harkema J, Remick D, Palma J, Crockett E. Inhibition of Kupffer cells reduced CXC
chemokine production and liver injury. J Surg Res 2001; 99:201–10. PMID: 11469888

25. Shiratori Y, Hikiba Y, Mawet E, Niwa Y, Matsumura M, Kato N, et al. Modulation of KC/gro protein (inter-
leukin-8 related protein in rodents) release from hepatocytes by biologically active mediators. Biochem
Biophys Res Commun 1994; 203:1398–403. PMID: 7945286

26. Stefanovic L, Brenner DA, Stefanovic B. Direct hepatotoxic effect of KC chemokine in the liver without
infiltration of neutrophils. Exp Biol Med (Maywood) 2005; 230:573–86.

27. Maher JJ, Lozier JS, Scott MK. Rat hepatic stellate cells produce cytokine-induced neutrophil chemoat-
tractant in culture and in vivo. Am J Physiol 1998; 275:G847–53. PMID: 9756517

28. Lisbonne M, L'Helgoualc'h A, Nauwelaers G, Turlin B, Lucas C, Herbelin A, et al. Invariant natural killer
T-cell-deficient mice display increased CCl(4) -induced hepatitis associated with CXCL1 over-expres-
sion and neutrophil infiltration. Eur J Immunol 2011; 41:1720–32. doi: 10.1002/eji.201041006 PMID:
21469102

29. Craciun FL, Schuller ER, Remick DG. Early enhanced local neutrophil recruitment in peritonitis-induced
sepsis improves bacterial clearance and survival. J Immunol 2010; 185:6930–38. doi: 10.4049/
jimmunol.1002300 PMID: 21041722

30. Lu YZ, Wu CC, Huang YC, Huang CY, Yang CY, Lee TC, et al. Neutrophil priming by hypoxic precondi-
tioning protects against epithelial barrier damage and enteric bacterial translocation in intestinal ische-
mia/reperfusion. Lab Invest 2012; 92:783–96. doi: 10.1038/labinvest.2012.11 PMID: 22370946

TLR4-Dependent Hepatic Stellate Cells' CXCL1

PLOSONE | DOI:10.1371/journal.pone.0151063 March 22, 2016 13 / 13

http://www.ncbi.nlm.nih.gov/pubmed/11469888
http://www.ncbi.nlm.nih.gov/pubmed/7945286
http://www.ncbi.nlm.nih.gov/pubmed/9756517
http://dx.doi.org/10.1002/eji.201041006
http://www.ncbi.nlm.nih.gov/pubmed/21469102
http://dx.doi.org/10.4049/jimmunol.1002300
http://dx.doi.org/10.4049/jimmunol.1002300
http://www.ncbi.nlm.nih.gov/pubmed/21041722
http://dx.doi.org/10.1038/labinvest.2012.11
http://www.ncbi.nlm.nih.gov/pubmed/22370946

