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ABSTRACT29 

Under physiological conditions, the liver sinusoidal endothelial cells (LSECs) mediate30 

hepatic immune tolerance towards self or foreign antigens through constitutive expression of31 

anti-inflammatory mediators. However, upon viral infection or TLR2 activation, LSECs can32 

achieve proinflammatory functions but their role in hepatic inflammation during acute viral33 

hepatitis is unknown. Using the highly virulent mouse hepatitis virus (MHV) type 3 and the 34 

attenuated variants 51.6-MHV3 and YAC-MHV3, exhibiting lower tropism for LSECs, we35 

investigated in vivo and in vitro the consequence of LSEC infection on their pro-36 

inflammatory profile and the aggravation of acute hepatitis process. In vivo infection with37 

virulent MHV3, in comparison to attenuated strains, resulted in fulminant hepatitis 38 

associated with higher hepatic viral load, tissue necrosis, levels of inflammatory mediators 39 

and earlier recuitement of inflammatory cells. Such hepatic inflammatory disorders 40 

correlated with disturbed production of IL-10 and vascular factors by LSECs. We next 41 

showed in vitro that infection of LSECs by the virulent MHV3 strain altered their42 

production of anti-inflammatory cytokines and promoted higher release of pro-inflammatory43 

and procoagulant factors and earlier cell damage in comparison to attenuated strains. This44 

higher replication and pro-inflammatory activation in LSECs by the virulent MHV3 strain45 

was associated with a specific activation of TLR2 signalling by the virus. We provided46 

evidence that TLR2 activation of LSCEs by MHV3 is an aggravating factor of hepatic47 

inflammation and correlates with the severity of hepatitis. Taken together, these results48 

indicate that preservation of immunotolerant properties of LSECs during acute viral hepatitis49 

is an imperative factor to limit hepatic inflammation and damages. 50Acc
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51

52

IMPORTANCE 53 

Viral hepatitis B and C infections are serious health problem infecting over 350 million and54 

170 million people worldwide respectively. It has been suggested that a balance between55 

protection and liver damage mediated by the host’s immune response during the acute phase56 

of infection would be determinant in hepatitis outcome. Thus, it appears crucial to identify57 

the factors that predispose in exacerbating liver inflammation to limit hepatocyte injury. 58 

Liver sinusoidal endothelial cells (LSECs) can express both anti- and pro-inflammatory59 

functions but their role in acute viral hepatitis has never been investigated. Using the mouse 60 

hepatitis virus (MHV) infections as animal models of viral hepatitis, we report for the first61 

time that in vitro and in vivo infection of LSECs by the pathogenic MHV3 serotype leads to 62 

a reversion of their intrinsic anti-inflammatory phenotype towards a pro-inflammatory63 

profile as well as disorders in  vascular factors, correlating with the severity of hepatitis. 64 

These results highlight a new viral-promoted mechanism of exacerbation of liver65 

inflammatory response during acute hepatitis.66 

67

68

69

70

71
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INTRODUCTION73

74

Under physiological conditions, the liver adopts mechanisms of immune tolerance towards75 

innocuous gut-derived food and microbial antigens (such as LPS) to prevent undesired76 

inflammatory responses. The induction of tolerance in the liver is mediated by several77 

resident hepatic cells such as the endothelial cells lining the hepatic sinusoids (LSEC), the78 

Kupffer cells (KC) and in a lesser extent the hepatocytes (1). However, LSECs tolerizing79 

and anti-inflammatory functions were recently shown to be more efficient than those of KCs80 

(2). Given their anatomical situation, LSECs are first in contact with portal-delivered 81 

antigens and thus act as a sieving barrier in expressing highly efficient sentinel and82 

scavenger functions that contribute to clearance of microbial products (3). They also tightly83 

control blood-parenchyma exchanges via a dynamic regulation of the sinusoidal blood flow84 

in releasing vasoactive factors such as NO (reviewed in 4). LSECs play a major role in liver 85 

tolerance in displaying a restricted toll like receptor (TLR)-mediated activation profile to86 

microbial products (5, 6) and producing high amounts of anti-inflammatory cytokines, such as87 

tumor growth factor (TGF)-β and IL-10 (7, 8). However, upon viral infection or stimulation88 

by TLR1/2 ligands, LSECs can switch towards an inflammatory and immunogenic state and89 

induce recruitment of leucocytes and virus-specific CD8+ T cell immunity (5, 9). The role 90 

of LSECs in inflammatory liver diseases is poorly kown but as these cells can express both91 

anti- and pro-inflammatory functions, they could act as moderator or rather exacerbator of 92 

liver inflammation.  93 
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Hepatitis B virus (HBV) and hepatitis C virus (HCV) infections are serious health problem95 

affecting over 350 million and 170 million people worldwide respectively (10). Most liver96 

damages in HBV/HCV infections are primarly attributed to an exuberant97 

immunopathological response triggered by viral infection rather than direct injury caused by98 

viral replication (11, 12). It has been suggested that the balance between protection and liver99 

damage mediated by the host’s immune response during the acute phase of infection would100 

be critical in the outcome of hepatitis (13). Evidence suggests that an exacerbated hepatic101 

inflammatory response during acute infection may predispose to the development of a 102 

fulminant hepatic failure characterized by extensive hepatocellular dysfunctions and high103 

mortality (14). The role of LSECs in viral hepatitis is largely unknown and data are104 

somewhat contradictory. Indeed, LSECs were suggested to contribute to the clearance of105 

HCV and HBV from the bloodstream (15, 16) and to control HCV replication (17) or rather106 

promote its transmission to hepatocytes in acting as a viral reservoir (18). Few data suggest 107 

that LSECs may also participate to hepatic inflammation since the fibrinogen-like factor 2 108 

(Fgl-2), promoting vascular thrombosis and hepatic inflammation, and the proinflammatory109 

alarmin IL-33, both produced by LSECs, are up-regulated in acute or chronic hepatitis (19-110 

22). A better understanding of the role of LSECs during the acute phase of viral hepatitis111 

may help to identify new mechanisms that predispose to inflammation-driven hepatocyte112 

injury and liver failure.113 

 114

The mouse hepatitis virus type 3 (MHV3), belonging to coronavirus family, is a relevant115 

murine model to unravel the role of LSECs in acute viral hepatitis. MHV3 infects LSECs, 116 Acc
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hepatocytes, Kupffer (KC) and Ito cells all expressing the carcinoembryonic antigen 1a117 

(CEACAM1a) viral receptor and induces fulminant hepatitis leading to death of susceptible118 

C57BL/6 mice within 3–4 days (23-25). LSECs are thought to play an important role in the119 

resistance of A/J mice to MHV3 infection in controlling viral replication and delaying the120 

transmission of the viral progeny to hepatocytes (26). Previous studies have reported early121 

structural and vascular disorders in LSECs during MHV3 infection in susceptible C57Bl/6122 

mice. Indeed, a reduced number of fenestrations in liver sinusoids and a correlation between123 

the fulminance of hepatitis and the induction of Fgl2 in LSECs have been described (27, 28).124 

We have also shown that MHV3 infection was associated with early release of IL-33 by125 

LSECs (29) and a reduction in the intrahepatic levels of immunosuppressive IL-10, PGE2126 

and TGF-β cytokines suggesting viral-induced disturbances in LSEC-mediated liver 127 

tolerance (30). Several attenuated MHV3 variants, such as the 51.6- and YAC-MHV3 128 

viruses, have been in vitro generated to study the role of specific hepatic cells in hepatitis 129 

process. Compared to the parental MHV3, the major difference of the 51.6-MHV3 variant is130 

its inefficiency to replicate in LSECs (24). Such difference is reflected by induction of131 

milder hepatitis and higher hepatic levels of IL-10 and TGF-β (30). The YAC-MHV3132 

variant, showing lower tropism for LSECs and macrophages, induces a subclinical hepatitis133 

characterized by few perivascular inflammatory foci (31) and higher induction of anti-134 

inflammatory cytokines in the liver than 51.6-MHV3 (30). The absence of vascular135 

thrombosis combined with efficient recruitment of mononuclear cells favor hepatic136 

clearance of YAC-MHV3 and full recovery of infected mice within 15 days (32). These137 

improved clinical outcomes in mice infected by the attenuated variants support the138 Acc
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hypothesis that preservation of structural and functional integrity of LSECs may be one139 

determining factor in the severity of hepatitis.140 

141

In this study, we report that robust infection of LSECs by the highly virulent MHV3, in142 

contrast to the attenuated 51.6- and YAC-MHV3 variants, promotes disturbances in their143 

anti-inflammatory functions and secretion of vascular factors resulting in high release of 144 

inflammatory mediators and pro-coagulant Fgl-2 simultaneously with decrease in NO and145 

IL-10 levels. Such MHV3-induced LSEC disorders correlated in vivo with higher hepatic 146 

inflammation, damages and viral replication as well as disturbances in leucocytes147 

recruitment in mice infected by MHV3. We provide evidence that higher infection and148 

proinflammatoy activation of LSECs by MHV3 was related to a specific viral induction of149 

TLR2 signalling. The aggravating role for TLR2 in hepatic inflammation and LSEC150 

disorders was confirmed in MHV3-infected TLR2 KO mice in which hepatic damages, pro- 151 

vs anti-inflammatory cytokines ratio and LSEC-derived IL-10 production were significantly152 

improved.153 

154

MATERIALS AND METHODS 155

 156

Mice:157 

Female C57BL/6 (Charles River, St-Constant, Qc, Canada) and TLR2 knock out (KO) 158 

(C57BL/6-129 Tlrtm/Kir/J, Jackson Lab., Bar Harbour, MA) mice were housed in a HEPA-159 

filtered air environment. All experiments were conducted with mice between 8 to 10 weeks160 Acc
ep

ted
 m

an
us

cri
pt

http://jvi.asm.org/


8

of age in compliance with the regulations of the Animal Committee of the University of161

Quebec in Montreal (CIPA).162 

 163

Viruses 164 

MHV3 is a cloned pathogenic substrain isolated from the liver of infected DBA2 mice. The165 

MHV3 virus induces a rapid mortality in C57BL/6 mice within 3 to 4 days post infection166 

(p.i.) (23). The escape mutant 51·6-MHV3 was selected from the pathogenic MHV3 virus167 

cultured into L2 cells in the presence of S protein-specific A51 monoclonal antibodies (24).168 

This variant induces a delayed mortality  (5 to 9 days p.i.) and expresses low tropism for 169 

LSECs but retains ability to infect Kupffer cells (KC) (24). The non-pathogenic YAC-170 

MHV3 variant is a cloned substrain produced in persistently infected YAC-1 cells, showing171 

lower ability to replicate in LSECs and macrophages. Compared to the attenuated 51.6-172 

MHV3 strain, this variant causes no mortality and induces efficient recruitment of innate173 

immune cells allowing viral clearance from the liver within two weeks p.i. (31). All viruses174 

were passaged less than three times onto L2 cells and their pathogenic properties were 175 

assessed routinely.  176 

 177

Isolation and purification of LSECs 178 

Mice were euthanized and the portal vein was isolated and injected with 3 mL of HBSS 179 

10nM HEPES followed by 3mL of digestion buffer consisting of 0.2% (w/v) collagenase A 180 

in HBSS 10nM HEPES (Sigma Aldrich, St-Louis, MO). The liver was then excised, injected181 

several times with digestion buffer and dissociated by a 30 min incubation in 10 ml of182 Acc
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digestion buffer at 37°C on a shaking plate (200 RPM). The resulting cell suspension was183 

passed through a sterile 70uM and a 40uM nylon mesh filter successively (Falcon, BD184 

Biosciences, Mississauga, Ont., Canada) and centrifuged at 400g for 10 min. Cell pellet was185 

resuspended in 3ml of RPMI 1640, layered at the top of a discontinuous 50%/25% Percoll186 

gradient (Sigma Aldrich) and centrifuged at 800g for 20 min without brakes. The interphase187 

between the two density cushions, containing enriched non-parenchymal cells, was collected188 

and washed with PBS. LSEC were then purified using the positive selection PE kit189 

(Stemcell, Vancouver, Canada) with an anti-CD146 monoclonal antibody, a specific marker 190 

of endothelial cells in liver (33), according to the manufacturer’s procedure. LSEC purity191 

was analyzed by cytometry before each experiment and reached over 90%.  192 

 193

In vivo viral infections 194 

Groups of 6-7 wild type C57BL/6 or TLR2 KO mice were intraperitoneally infected with 195 

103 TCID50 of MHV3, 51.6-MHV3 and/or YAC-MHV3. Mock-infected mice received a 196 

similar volume of PBS (Wysent). Mice were sacrificed by CO2 anoxia at 24, 48 and/or 72 h197 

postinfection (p.i.) according to experiment. Liver and blood were collected and frozen for198 

further analyses. 199 

 200

Histopathological, transaminase levels and immunohistochemical analyses201 

The histopathological analysis of liver was done by hematoxylin-eosin-safranine staining.202 

Determination of serum ALT and AST transaminases was performed according to the IFCC203 

primary reference procedures using Olympus AU2700 Autoanalyser® (Olympus Optical,204 Acc
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Tokyo, Japan). Immunolocalization of IL-33 and CAV-1 was performed on liver sections 205 

fixed in paraformaldehyde and embedded in paraffin incubated with primary goat anti-206 

mouse IL-33 (R&D System Inc., Minneapolis, MN) or rabbit anti-mouse-CAV-1 (LSBio,207 

Seattle, WA) for 1h in Ventana automated machine (Ventana Medical Systems, Inc. Tucson,208 

AZ) and secondary HRP-conjugated rabbit anti-goat antibody (Dako, Markham, ON,209 

Canada) or OmniMap anti-Rabbit-HRP (RUO) for 16 min. Double immunofluorescence210 

stainings of IL-10 or IL-33 and CAV-1 were conducted on liver cryosections fixed in211 

paraformaldehyde and incubated overnight with primary goat anti-mouse IL-10 (R&D212 

System Inc., Minneapolis, MN) or primary goat anti-mouse IL-33 (R&D System) and rabbit213 

anti-mouse-CAV-1 (LSBio) and then with DyLight-649-Anti goat Cy3-Anti Rabbit (Jackson214 

ImmunoResearch, West Grove, PA) secondary antibodies and Hoechst  counterstain215 

(Invitrogen, Ontario, Canada). Slides were mounted (mounting medium, Invitrogen, Ontario,216 

Canada), imaged with a Nikon’s Eclipse Ni-E Z1 microscope and analyzed using217 

SpotAdvance software.218 

 219

Virus titration220 

Frozen liver samples from 24 and/or 72 h MHV-infected mice were weighted and221 

homogenized in cold PBS. Suspension was then centrifuged at 13000 RPM for 30 min and222 

analyzed for viral detection. Viral titration was also performed on LSEC culture 223 

supernatants. Liver suspension and cell culture supernatants were 10-fold serial-diluted and224 

tested for viral presence on L2 cells cultured in 96-well plates. Cytopathic effects (CPE),225 

characterized by occurrence of large syncytia and cell lysis, were recorded at 72 h p.i. and226 Acc
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virus titers were determined according to Reed-Muench method and expressed as log10 227 

tissue culture infectious dose (TCID)50. 228 

 229

In vitro viral infections  230 

Freshly isolated LSEC were seeded in 24-well plates at a density of 7,5 x 105 cells/ ml in 231 

RPMI 1640 supplemented with 10% fetal calf serum (FCS) and antibiotics (Wysent, St-232 

Bruno, Qc, Canada). Cells were then infected with 0.1 multiplicity of infection (MOI) of233 

infectious MHV3, YAC-MHV3 or 51.6-MHV3 and incubated at 37°C, under 5% CO2 for 24 234 

to 72 h according to experiment. Cell culture supernatants were collected for ELISA assays 235 

and total RNA was extracted for qRT-PCR analysis.236 

 237

siRNA transfection 238 

LSECs were seeded in 24-well plates at 60 000 cells/ml and transfected with 25 nM of239 

siRNA Flexitude premix (Qiagen, Cambridge, MA) targeting  TLR2 mRNA (target240 

sequence: CTCGTTCTCCAGCATTTAAA) and with the AllStars Negative Control siRNA241 

as nonsilencing transfection control for 36 h prior to infection for 24 h. 242 

 243

RNA isolation and RT-qPCR244 

RNA from in vitro infected LSEC was extracted using NucleoSpin RNA II kit (Macherey-245 

Nagel, Bethlehem, PA) according to the manufacturer procedure. Total RNA from frozen 246 

liver samples was extracted using TRIzol reagent (InVitrogen, Burlington, ON, Canada) and247 

residual genomic DNA was removed with the Turbo DNA-free kit (Ambion, Austin, TX). 248 Acc
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One μg of RNA was retro-transcribed into cDNA using the High capacity cDNA reverse 249 

transcription kit (Applied Biosystems, Foster City, CA). Real time PCR amplification was250 

carried out on 25ng cDNA using the HotStart-IT™ SYBR® Green qPCR Master Mix (USB251 

Corporation, Cleveland, OH) on a ABI 7300 system (Applied Biosystems). Primer sets used252 

are listed in Table I. Threshold cycle values (Ct) were collected and used for “ΔΔCt” 253 

analysis. The relative gene expression was normalized to HPRT as endogenous control and254 

expressed as a ratio to gene expression in mock-infected mice livers or control (uninfected)255 

LSECs in in vitro experiments (level arbitrarily taken as 1). The specificity of the PCR256 

products was confirmed by melting curve analyses and all qPCR assays were run in257 

duplicate.258 

 259

ELISA and nitric oxyde assays260 

Frozen liver samples were weighted and homogenized in NP40 lysis buffer (InVitrogen)261 

completed with a protease inhibitor cocktail (Sigma Aldrich, St-Louis, MA) and 1 mM 262 

PMSF for protein extraction. Liver suspension was kept on ice for 30 min and centrifuged263 

10 min at 13000 RPM. Determination of IL-6, TNF-α (BD BioSciences, San Jose, CA)264 

CXCL10, CCL2 (eBiosciences, San Diego, CA), CXCL1 and IL-33 (R&D Systems, 265 

Minneapolis, MN) in liver lysates and/or LSEC culture supernatants was carried out by266 

ELISA tests. Levels of nitric oxide (NO) were quantified using the Griess reagent assay 267 

(InVitrogen) according to the manufacturer’s procedure. 268 

269
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Cytofluorometric studies271 

Livers were perfused with PBS through the portal vein to remove blood cell contamination272 

prior to dissection. Liver tissues were then homogenized and hepatocytes were removed by273 

sedimentation. Inflammatory cells were enriched using 35% Percoll gradient (Sigma 274 

Aldrich) and red blood cells were lyzed with a Tris-buffered ammonium chloride solution. A275 

million (106) of leucocytes were incubated with anti-CD16/32 antibodies (BD Biosciences)276 

to block non-specific binding. Cells were incubated with optimal dilutions of anti-CD3-277 

V500, anti-Gr1-V450, anti-CD11b-PE-Cy7, anti-CD19-APC, anti-CD4-FITC, anti-NK1.1-278 

PerCP-Cy-5.5 and anti-CD8-APC-Cy7 antibodies (BD Biosciences) and fixed in PBS279 

containing 2% FCS, 0.01 M sodium azide and 2% formaldehyde. Stained cells were 280 

analyzed on a FACS Aria II ® flow cytometer using BD FACS Diva software (BD 281 

Bioscience) and the data were processed using CXP software (Beckman Coulter,282 

Mississauga, ON, Canada). Dead cells and doublet cells were excluded on the basis of 283 

forward and side scatter and analyses were performed on 10,000 events recorded. Myeloid284 

cells, gated by high side scatter, were assessed for CD11b and Gr1 to enumerate 285 

macrophages (CD11b+Gr1inter) and neutrophils (CD11b+Gr1high).  Lymphoid cells were286 

gated according to FSC/SCC and first assessed for NK1.1 and CD3 expression to287 

discriminate NK from NKT cells. CD3+NK1.1- T cells were further gated to allow 288 

determination of CD4+ and CD8+ subpopulations. B lymphocytes were determined by289 

CD19+ CD3- expression.290 

291
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Statistical analyses 293 

Data are expressed as means ± the standard error of the mean. Statistical analyses for in vitro 294 

studies were performed with Student’s t-test comparing uninfected (control) to virus-295 

infected cells or virulent to attenuated MHV3 infections. Multiple group analyses were296 

conducted for in vivo studies and data obtained by qPCR, ELISA and viral titration were297 

evaluated by one-way ANOVA test with posthoc Tukey test using PASW Statistics software298 

(PASW version 18, IBM SPSS Inc. Chicago, IL). Values of p≤0.05 were considered as299 

significant.300 

301

RESULTS 302

 303

Lower tropism of attenuated MHV3 variants for LSECs is associated with less severe 304 

damages and viral replication in the liver305 

Previous studies have shown that acute infections by the attenuated 51.6- and YAC-MHV3306 

variants resulted in milder or subclinical hepatitis respectively in comparison to fulminant307 

hepatitis induced by the parental virulent MHV3 strain (24, 31). We first aimed to compare308 

the evolution of damages, inflammatory infiltrates and viral replication in the liver of mice309 

infected by virulent and attenuated MHV3 strains. C57BL/6 mice were i.p. infected with310 

either MHV3 or attenuated viruses for 24 to 72 h p.i., and blood and livers were collected for311 

clinical, histopathology and viral titer analyses. Liver histopathology from virulent MHV3-312 

infected mice showed inflammatory foci surrounding necrotic cells at 24 h and 48 h p.i.313 

which disappeared at 72 h p.i. while hepatocyte necrosis became extensive (Fig. 1 A and B).314 Acc
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Infection with 51.6-MHV3 revealed delayed occurence of inflammatory foci at 48 h p.i. with315 

barely detectable hepatic damages while YAC-MHV3 induced few small inflammatory316 

infiltrates with no observable hepatic necrosis areas even at 72 h p.i. (Fig. 1 A and B).317 

Extensive hepatic damages in virulent MHV3-infected mice correlated with high levels of318 

blood ALT and AST transaminases at 72 h p.i. (p≤ 0.001) (Fig. 1 C and D) and sooner and 319 

higher viral replication than in attenuated 51.6-and YAC-MHV3 variants-infected mice (p ≤ 320 

0.01 to 0.001) (Fig. 1 E and F).321 

 322

Attenuated MHV3 strains induce lower Fgl-2, CAV-1 and IL-33 expression in the liver than323 

virulent MHV3324 

325

Vascular and structural disorders in LSECs were reported in viral hepatitis, correlating with326 

hepatic damages (19, 27, 29). Indeed, previous studies have demonstrated that induction of 327 

Fgl-2, a prothrombinase expressed by LSECs promoting vascular thrombosis and hepatic328 

inflammation, correlated with MHV3-induced fulminant hepatitis (28). Moreover, a direct329 

association between capillarization (lack of fenestrations) of LSECs in livers from HCV-330 

infected patients and an overexpression of caveolin-1 (CAV-1), a key component of LSECs 331 

fenestrations, was recently evidenced (34).  To verify whether the lower severity of hepatitis 332 

induced by the attenuated MHV3 strains was associated with lower dysfunctions in LSECs,333 

mRNA levels for CAV-1 and Fgl2 were quantified by qRT-PCR in livers from all infected334 

groups of mice. Intrahepatic expression of CAV-1 was also localized by335 

immunohistochemistry staining in MHV3- and 51.6-MHV3-infected mice. As shown in336 Acc
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figure 2A, higher increase of CAV-1 mRNA levels were observed at 48 h p.i. in the liver of 337 

MHV3-infected mice while lower or no induction was noted in 51.6- and YAC-MHV3-338 

infected mice, respectively (p ≤ 0.05 and 0.001). Immunolocalization of CAV-1 revealed339 

specific expression in LSECs and confirmed higher induction in the liver of MHV3- than340 

51.6-MHV3-infected mice (see black arrow, Fig. 2B). Gene expression of Fgl2 increased as 341 

soon as 24 h p.i. in mice infected with MHV3 while it was delayed and lower in 51.6-MHV3342 

infection or not induced in YAC-MHV3-infected mice (p ≤ 0.05 to 0.001 ) (Fig. 2C). In343 

addition, Fgl-2 mRNA reached higher levels in the liver of virulent than attenuated MHV3-344 

infected mice (p ≤ 0.001).345 

346

We have recently reported that MHV3 infection was associated with early release of IL-33, 347 

an alarmin mainly secreted by injured LSECs (29). We aimed to verify whether lower348 

tropism of attenuated MHV3 strains for LSECs may be associated with lower expression of349 

IL-33. To test this hypothesis, mRNA expression, production and localization of IL-33 were350 

assessed by qRT-PCR, ELISA and IHC, respectively, in livers from MHV3 and 51.6-MHV3351 

infected groups of mice. As shown in figures 2D and E, gene expression and release of IL-352 

33 increased only in the liver of MHV3-infected mice (p ≤ 0.001) while it was rather not353 

induced or inhibited in mice infected with 51.6- or YAC-MHV3 (p ≤ 0.05 to 0.01). IHC354 

stainings indicate that expression of IL-33 was only induced in the liver of MHV3-infected 355 

mice and mostly localized in LSECs, and at a lesser extent in hepatocytes nuclei (Fig. 2F).356 

Induction of IL-33 in LSECs was confirmed by a double immunostaining IL-33/caveolin-1357 

in livers from MHV3-infected mice at 48 h p.i. and to a lesser extent at 72 h p.i. (Fig. 2G).358 Acc
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 359

Virulent MHV3 infection leads to an imbalance of pro- over anti-inflammatory mediators in360 

the liver in contrast to infection by attenuated MHV3 strains361 

362

Given the crucial role of LSECs in the control of liver inflammation through production of363 

anti-inflammatory cytokines, we presumed that dysfunctions of LSECs in MHV3-infected364 

mice may favor the induction of a pro-inflammatory state in the liver. To verify this365 

hypothesis, levels of anti-inflammatory cytokines (IL-10, TGF-β) and proinflammatory 366 

cytokines (IL-6, TNF-α) and chemokines (CCL2, CXCL1, CXCL10) were assayed by qRT-367 

PCR (from 24 to 72 h p.i.) and ELISA (72 h p.i.) in the liver of all groups of infected mice.368 

As indicated in the figure 3 sect.I A and B, mRNA expression levels and production of IL-369 

10 were markedly increased in the liver of 51.6-MHV3- and YAC-MHV3-infected mice 370 

when compared to lower levels induced in MHV3-infected mice (p ≤ 0.05 to 0.001). At a 371 

lesser extent, TGF-β mRNA and production levels were also higher induced in the liver of 372 

51.6-MHV3-infected mice, especially at 24 and 48 h p.i. (p ≤ 0.05 to 0.001)(Fig. 3 C-D). To373 

verify whether IL-10 induction in the liver of 51.6-MHV3-infected mice occurred in374 

endothelial cells (EC), immunohistochemistry stainings using specific antibodies to IL-10375 

and CAV-1 (EC marker) were conducted on liver sections. In comparison to staining in 376 

mock-infected mice, IL-10 expression in livers from 51.6-MHV3-infected mice was induced377 

in the parenchyma and in venous and sinusoidal ECs whereas occurrence and intensity of 378 

IL-10 staining were weaker in MHV3-infected mice (Fig.3 sect. II)379 
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On the other hand, mRNA expression and production levels of intrahepatic IL-6 and TNF-381 

alpha were higher up-regulated in MHV3- than 51.6- or YAC-MHV3-infected mice (p ≤ 382 

0.05 to 0.001) (Fig. 3 sect.I E-H). In the same line, transcription and production levels of the383 

chemokines CXCL1, CCL2 and CXCL10 increased throughout infection by MHV3 but 384 

were delayed or dramatically reduced in 51.6- or YAC-MHV3-infected mice (p ≤ 0.05 to385 

0.001) (Fig. 3 sect.III A-F).386 

 387

Virulent MHV3 induces higher expression of TLRs and helicases in the liver than attenuated388 

MHV3 strains389 

390

Induction of inflammatory response during viral infection is triggered upon activation of391 

PRRs, such as TLRs and helicases, by viral products. Several studies have reported392 

increased TLR expression in viral hepatitis, correlating with liver inflammation (reviewed in393 

17). We explored the hypothesis that higher release of inflammatory mediators in MHV3394 

infection may be related to increased expression of TLRs or helicases in the liver. Thus, the395 

kinetics of surface TLR-2 and -4, endosomal TLR-3 and -7, and helicase RIG-1 and MDA-5396 

gene expression were compared by qRT-PCR in the liver of infected mice from 24 to 72 h397 

p.i. As shown in figure 4A, TLR2 expression steadily higher increased over the course of398 

infection with MHV3 while its induction was drastically reduced in mice infected with the399 

attenuated variants (p ≤ 0.01 to 0.001). Expression levels of TLR3, TLR4, RIG-1 or MDA-5400 

genes were only or more increased during MHV3 than in 51.6- or YAC-MHV3 infections401 Acc
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albeit markedly lesser than TLR2 (p ≤ 0.05 to 0.001) (Fig. 4B, C, E and F), whereas levels 402

of TLR7 were unaffected by neither viruses (Fig. 4D).403 

 404

These data suggest that higher levels of inflammatory mediators in the liver of MHV3-405 

infected mice may be associated with preferential and higher induction of PRRs, especially406 

TLR2, by the virulent MHV3.407 

 408

Hepatic proinflammatory state in virulent MHV3-infected mice leads to rapid but transient409 

intrahepatic recruitment of inflammatory cells and decrease of B,CD4 and CD8 lymphocyte410 

subsets411 

412

LSECs are responsible for the recruitment and transmigration of leucocytes during liver 413 

inflammation (35). We postulated that higher production of chemokines in the liver of414 

MHV3-infected mice induced higher recruitment of inflammatory cells than in mice infected415 

with attenuated virus strains. Such hypothesis was supported by higher occurrence of 416 

inflammatory infiltrates in the liver of MHV3-infected mice at 24h p.i. (see Fig. 1A).  To417 

determine leukocyte subsets recruited into the liver, intrahepatic mononuclear cells were 418 

isolated at 24 and 48 h p.i. from all groups of mice, immunolabeled, and the percentages of419 

NK-T (NK1.1+CD3+) and NK (NK1.1+CD3-) cells, neutrophils (CD11bhiGr1hi),420 

macrophages (CD11b+Gr1int), B (CD19+) and T (CD8+ and CD4+) cells were analyzed by421 

cytometry and compared to cells from mock-infected mice. As shown in figure 5, section I-422 

A , percentages of NK-T cells transiently decreased in the liver of MHV3-infected mice (p ≤ 423 Acc
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0.001) differing to that seen livers from 51.6- and YAC-MHV3 infected mice (p ≤ 0.05 to424 

0.01). NK cell percentages higher increased in MHV3- than 51.6-MHV3-infected mice 425 

while it decreased in YAC-MHV3 (p ≤ 0.05 to  0.001) (Fig. 5, section I-B). Neutrophils,426 

however, were earlier and higher recruited into the liver of MHV3- than in 51.6- and YAC-427 

MHV3-infected mice (p ≤ 0.05 and 0.001) (Fig. 5, section I-C). Percentages of intrahepatic 428 

macrophages more increased in MHV3-infected mice (p ≤ 0.05 to 0.001) (Fig. 5 , section I-429 

D). Regarding lymphocyte subsets, B and CD4+ cell percentages stronger decreased in the430 

liver of MHV3-infected mice (p ≤0.05 and 0.001)(Fig.5, section I-E-F) while CD8+ cells431 

were higher reduced by 51.6- or YAC-MHV3 infections (p ≤ 0.05 to 0.001) (Fig.5 , section432 

I-G).  433 

434

Since a substantial decrease in total number of isolated intrahepatic cells was noted over435 

infection time with MHV3 only, the analysis of absolute numbers of each cell subset rather 436 

than the relative percentages better reflects the recruitment of inflammatory cells. Cell437 

numbers were then determined, using the percentage of each subset reported to total number438 

of isolated cells in the liver of each mice. As shown in figures 5, section II-A and B, NK-T439 

cells decreased only in the liver of MHV3-infected mice (p ≤ 0.01 and 0.001) while total NK440 

cells were not altered in all infected groups. Number of neutrophils, however, earlier but441 

transiently increased at 24 h p.i. in MHV3-infected mice while they were delayed or lower 442 

recruited in livers from 51.6- and YAC-MHV3-infected mice respectively when compared443 

to MHV3 infection (p ≤ 0.05 to 0.001) (Fig. 5, section II-C). In contrast to that observed444 

with percentages, numbers of intrahepatic macrophages increased in the liver of mice 445 Acc
ep

ted
 m

an
us

cri
pt

http://jvi.asm.org/


21

infected with attenuated YAC- and  51.6-MHV3 strains (p ≤ 0.01 and 0.001) but not with446 

MHV3, but such increases were not statistically significant when compared to MHV3447 

infection (Fig. 5, section II-D). The numbers of B and T (CD4 and CD8) cells were also 448 

dramatically impaired over the course of infection by MHV3, but were less or not altered by 449 

51.6- or YAC-MHV3 infections or transiently increased at 24 h p.i. in YAC-MHV3-infected450 

mice (p ≤ 0.05 to 0.001) (Fig. 5, section II- E andG).451 

 452

Permissivity of LSECs to MHV3 strains correlates with virulence.453 

454

We next attempted to characterize the effect of virulent and attenuated MHV3 infection on455 

functional and structural integrity of LSECs in vitro. LSECs were isolated from the liver of456 

C57BL/6 mice and purified by Percoll gradient followed by immunomagnetism using the457 

anti-CD146 antibodies. As shown in the figure 6A, 87 to 91% of isolated cells expressed the 458 

endothelial markers CD146, CD54 (ICAM-1), and CD31 (PECAM-1) but not the459 

macrophage marker F4/80. Isolated LSECs were then infected by the MHV3 strains and460 

viral replication as well as CPE were monitored from 24 to 120 h p.i. CPE in LSECs was 461 

characterized by cell lysis and rounded shaped cells instead of typical MHV-induced giant462 

syncytial cells (usually observed in L2 cells) and occurred sooner in virulent MHV3-infected463 

culture as cells were totally lysed by 72 h p.i. In contrast, CPE in cells infected by attenuated464 

strains were delayed to 72 h p.i. and increased up to 120 h p.i. (Fig.6B) (p≤0.001 when465 

compared with MHV3-infected cells). Infectious viruses in supernatants from MHV3-466 

infected LSECs were detected at 48 h p.i and then started to decrease as cell damages467 Acc
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became extensive whereas titers of 51.6- and YAC-MHV3 were only detected after 96 or 468 

120 h p.i. (Fig. 6C)  (p≤0.001 when compared with MHV3-infected cells).469 

 470

Virulent but not attenuated MHV3 strain induces Fgl2, IL-33 and caveolin-1 expression and471 

alters NO production by LSECs472 

473

To confirm that attenuated MHV3 variants, in contrast to MHV3 virus, do not disturb474 

LSECs integrity and vascular factors, as observed in vivo, expression level of the alarmin475 

IL-33 and the prothrombinase Fgl-2 were evaluated respectively in infected LSECs. As476 

expected and shown in the figures 7A to C, gene expression and release of IL-33 increased477 

throughout infection only in MHV3-infected cells (p≤0.05 to 0.001) while Fgl2 expression478 

was up-regulated at 48 h p.i. in MHV3-infected cells only (p≤0.05 to 0.001). Lower levels of479 

Fgl2 mRNA at 72 h p.i. (p≤0.05) reflected total cell lysis in MHV3-infected LSECs.480 

481

MHV3 replication was already shown to be controlled in vitro by nitric oxide (NO) (36).482 

Since LSECs constitutively release NO, a vasodilatator factor regulating sinusoidal blood483 

flow (37), we verified whether higher replication of MHV3 in LSECs may result from defect484 

in NO production by quantifying NO levels in culture supernatants. As shown in figure 7D,485 

release of NO was reduced  only in MHV3-infected cells differing thus with 51.6-MHV3- or 486 

YAC-MHV3-infected cells (p≤0.01) (Fig. 7B). Since NO production was reported to be 487 

negatively regulated by CAV-1 through inhibition of endothelial nitric oxide synthase488 

(eNOS) activity (38), we investigated whether NO alteration by MHV3 infection was 489 Acc
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associated with up-regulation of CAV-1 expression in infected LSECs, as seen in the liver of490 

MHV3-infected mice. In agreement with our in vivo observations, mRNA expression level491 

of CAV-1 increased only in MHV3-infected LSECs at 24 and 48 h p.i. (fig. 7E) (p≤0.05 to492 

0.001).493

 494

Virulent MHV3, in constrast to attenuated strains, promotes LSECs conversion into a495 

proinflammatory profile496 

497

MHV3-infected mice exhibited higher inflammatory response in the liver than mice infected498 

by attenuated strains, suggesting defect in the control of inflammation by LSECs. LSECs 499 

were already reported to produce IL-6 upon infection by MCMV (5), indicating a possible500 

switch from an anti- to pro-inflammatory phenotype once infected. We thus speculated that501 

LSECs infected by MHV3, in comparison to attenuated strains, may adopt a preponderant502 

proinflammatory profile. To address this, mRNA expression and production levels of anti-503 

inflammatory (IL-10 and TGF-β) and proinflammatory (IL-6, TNF-α) cytokines produced504 

by infected LSECs were determined by qRT-PCR and ELISA assays. As shown in Fig. 8505 

section I-A and B, mRNA expression and production of IL-10 slightly increased at 24 h p.i.506 

in MHV3-infected LSECs but decreased thereafter below the basal level in uninfected cells507 

(p≤ 0.05 and 0.001). Consistent with the up-regulation of IL-10 in the liver of mice infected508 

with attenuated MHV3 strains, IL-10 levels rapidly or progressively higher increased in509 

51.6-MHV3- and YAC-MHV3- than in MHV3-infected LSECs up to 72 h p.i. (p≤0.05 to510 

0.001). TGF-β expression, however, was not or slightly induced in cells infected by the511 Acc
ep

ted
 m

an
us

cri
pt

http://jvi.asm.org/


24

attenuated strains (p≤0.05) but was less inhibited in attenuated virally-infected cells  than in512 

virulent MHV3-infected cells (p≤0.05 and 0.01) (Fig. 8 section I-C and D). These results 513 

suggest that MHV3 infection suppresses anti-inflammatory function of LSECs whereas514 

attenuated strains rather promote it.515 

516

TNF-α mRNA levels, however, rather transiently increased only in MHV3-infected LSECs517 

at 24 h p.i. (p≤ 0.01) (Fig. 3 section. I-E) and were completely inhibited at 72 h p.i. by all518 

MHV3 strains (p≤ 0.01). Amounts of TNF-α released in supernatants of infected LSECs,519 

however, increased in all infected cells (p≤ 0.001) but remained higher in MHV3 and YAC-520 

MHV3- than 51.6-MHV3-infected cells (p≤ 0.05) (Fig. 8 section I-F). The mRNA521 

expression of IL-6 reached higher levels in cells infected by virulent MHV3 than attenuated522 

strains at 24 h p.i. only (p≤ 0.05 to 0.001) (Fig. 8 section I-G), correlating with higher523 

release in supernatant of MHV3-infected cells (p≤ 0.01) (Fig. 8 section I-H).524 

525

LSECs were also reported to secrete chemokines upon infection by Dengue virus and to526 

enchance their production in chronic inflammatory liver disease (39, 40). Thus, we 527 

presumed that MHV3-infected LSECs may produce higher levels of chemokines. As shown528 

in figure 3, section II-A to D, CXCL1 and CCL2 expressions were higher upregulated in529 

MHV3-infected LSECs than in 51.6- and YAC-MHV3-infected cells at 24 and 48 h p.i.530 

leading to higher amounts released in cell supernatants (p≤ 0.05 to 0.001). CXCL10 gene531 

expression and production levels only increased in MHV3-infected LSECs (p≤ 0.05 to532 

0.001) (Fig. 8 section II- E and F).533 Acc
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 534

Proinflammatory activation of LSECs by MHV3 depends on TLR2 signalling535 

536

We have previously shown that induction of inflammatory cytokines by MHV3 in in vitro 537 

infected macrophages depended on TLR2 signaling (37). In addition, Liu et al. (9) recently538 

demonstrated that TLR2 activation on LSECs reversed their anti-inflammatory functions. 539 

Since TLR2 was strongly up-regulated in livers from MHV3-infected mice, we aimed to 540 

investigate whether TLR2 was involved in the conversion of LSEC towards a 541 

proinflammatory profile. We first sought to determine whether MHV3 increased TLR2542 

expression on LSECs. As shown in figure 9A, levels of TLR2 mRNAs were significantly543 

higher in cells infected by MHV3 than attenuated strains at 24 h p.i. (p≤ 0.05 to 0.01). To544 

address whether TLR2 was involved in cytokine response and viral replication in infected545 

LSECs, TLR2 expression was abrogated by siRNAs prior to infection and IL-6 and CXCL1546 

mRNA levels were determined by qRT-PCR at 24h p.i. Viral replication of MHV3, but not547 

51.6 and YAC-MHV3, was significantly reduced following TLR2 knockdown (p≤ 0.001)548 

(Fig. 9B). A markedly decreased expression of IL-6 and CXCL1 and an up-regulation of IL-549 

10 levels were also observed in MHV3-infected cells rendered defective for TLR2 while no550 

difference was noted in cells infected with the attenuated variants (p≤ 0.001)(Fig. 9C to E) 551 

(p≤ 0.001). These results suggest that higher tropism and pro-inflammatory inducible552 

capacities of MHV3 in LSECs reflect its unique ability to activate TLR2 signalling.553 
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TLR2 exacerbates liver damage and increases viral replication in mice infected by virulent555 

but not attenuated MHV3 strains556 

557

We already reported that MHV3-induced acute hepatitis was less severe in TLR2 KO mice 558 

(41). To verify whether TLR2 is differentially involved in the evolution of hepatitis induced559 

by virulent and attenuated MHV3 strains, groups of wild type (WT) C57BL/6 and TLR2560 

knock-out (KO) mice were i.p. infected with MHV3 or 51.6-MHV3. Survival rate was561 

monitored and liver damage and viral load were evaluated at 72 h p.i. As shown in figure 562 

10A and B, survival of TLR2 KO mice infected by MHV3, but not 51.6-MHV3, was 563 

prolonged when compared to respective infected WT mice (p ≤ 0.001). Accordingly,564 

histopathological analysis of the liver revealed less and smaller necrotic foci in MHV3-565 

infected TLR2 KO mice than in WT mice whereas comparable and barely detectable hepatic566 

damages were noted in TLR2 KO and WT mice infected with 51.6-MHV3 (Fig. 10C).567 

 568

In addition, viral replication of MHV3 at 72h p.i. was lower in the liver of infected TLR2 569 

KO than WT mice whereas 51.6-MHV3 replication was similar in both mice strains (Fig. 570 

10D) (p ≤ 0.001). Taken together, these results suggest that TLR2 aggravates hepatic571 

damages and viral replication in mice infected by virulent but not attenuated MHV3 strains.572 

 573

TLR2 activation by virulent MHV3 decreases IL-10 and increases inflammatory cytokines574 

and chemokines expression575 
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It was previously reported that hepatic levels of IL-6 and TNF-α were reduced in MHV3-577 

infected TLR2 KO in comparison to C57BL/6 mice, suggesting a role for TLR2 in MHV3-578 

induced release of inflammatory factors (41). Thus, we speculated that MHV3, in contrast to 579 

51.6-MHV3, may promote a pro-inflammatory cytokine profile in the liver through TLR2580 

activation, such as observed in in vitro infected LSECs. To test this hypothesis, expression581 

levels of several inflammatory and anti-inflammatory factors were compared between livers582 

from TLR2 KO and wild type (WT) mice infected with both viruses. As shown in Table II,583 

lower mRNA expression of TNF−α, IL-6, CXCL1, CCL2, CXCL10 and higher IL-10 levels584 

occurred in the liver of MHV3-infected TLR2 KO mice compared to WT mice (p ≤ 0.001)585 

whereas levels of Fgl2 and IL-33 were similar in both mouse strains. In contrast, no586 

difference was observed between cytokine profile in 51.6-MHV3-infected WT and TLR2587 

KO mice, albeit a slight reduction of CXCL10 expression was noted in TLR2 KO mice (p ≤ 588 

0.05). Given the importance of IL-10 in the control of hepatic inflammation, we aimed to589 

determine whether higher levels in livers from MHV3-infected TLR2 KO mice reflected590 

higher production by ECs. A double immunohistochemistry staining of IL-10 and CAV-1 on591 

liver sections revealed that expression of IL-10 in ECs was effectively higher in livers from592 

MHV3-infected TLR2 KO than WT mice (Fig. 11 compared with Fig. 3 section II).593 

594

DISCUSSION595

596

In this work, we investigated the role of LSECs in hepatic inflammation during acute viral597 

hepatitis process using the MHV3 model of infection. We demonstrated that the severity of598 Acc
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hepatitis, viral replication and hepatic inflammation correlated with permissivity of LSECs599 

for MHV3 strains and subsequent structural and functional disturbances. We showed that  in600 

vitro infection of LSECs by the virulent MHV3, in contrast to the attenuated 51.6- and601 

YAC-MHV3 variants, resulted in earlier cell damage and disorders in inflammatory and602 

vascular factors, as reflected by high release of inflammatory cytokines/chemokines and pro-603 

coagulant Fgl-2 and a decrease in NO and IL-10 levels. We evidenced that the higher604 

replication rate and proinflammatory activity of MHV3 in LSECs was associated with its 605 

specific activation of TLR2 signalling in LSECs and exposed that TLR2 is a key factor of 606 

hepatic inflammation and LSEC-derived IL-10 disorders in MHV3-induced fulminant607 

hepatitis. 608 

609

LSECs, lining the hepatic sinusoids, mediate liver tolerance under physiological conditions610 

(reviewed in 1) but these cells are target of many hepatotropic viruses. The consequence of611 

LSECs infection in inflammatory liver diseases such as viral hepatitis has never been612 

investigated. We have shown that MHV3 infection induced differential structural and 613 

functional disorders in LSECs according to strain virulence. Indeed, the highly virulent614 

MHV3 replicated faster and higher in LSECs leading to occurrence of CPE such as change 615 

in morphology (rounded cells) and cell lysis from 48 h p.i. Previous reports have already616 

shown that in vivo and in vitro infections of LSECs by MHV3 were associated with cell617 

damages and loss of fenestrations (27), but no syncytial cells were observed. However,618 

MHV3 did not replicate in LSECs as fast as it usually does in in vitro cultured cells since no619 

viral burden was detected until 48 h p.i. while MHV3 titers are detectable within 24 h p.i. in620 Acc
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macrophages (24, 41). Our results are nevertheless in accordance with those from Pereira et621 

al. (26) who have shown that MHV3 replicates more rapidly in Kupffer cells (KC cells) than622 

in LSECs in vitro, suggesting that LSECs may transiently control the viral replication.623 

In agreement, replication of the attenuated 51.6- and YAC-MHV3 variants was delayed to624 

96 or 120 h p.i. and was associated with barely detectable CPE, reflecting their weaker625 

tropism for LSECs. It was recently reported that LSECs exhibit high clearance capacity of 626 

circulating viruses (42, 43), suggesting that they may express high ability to sequester627 

attenuated but not virulent MHV3 particles. However, as replication of MHV3 variants in628 

LSECs was delayed but not aborted rather suggests a host cell-dependent control mechanism629 

of viral replication. Indeed, preliminary results showed higher antiviral IFN-β response in630 

LSECs infected by attenuated MHV3 strains (results not shown). The low IFN-β response in631 

virulent MHV3-infected LSECs may be related to specific viral evasion mechanisms from632 

host viral sensors or interference with downstream signaling pathways. We have observed633 

that MHV3, in contrast to attenuated strains, neither induced TLR3 nor RIG-I expression in634 

LSECs (results not shown), suggesting lower detection by these viral sensors. Further work635 

should address whether viral products or evasion strategies are involved in MHV3-induced636 

impairment of IFN-β response in LSECs.637 

638

The inability of attenuated MHV3 variants to establish a rapid infection in LSECs correlated 639 

with a less severe hepatitis. Indeed, 51.6-MHV3 infection resulted in lower viral replication,640 

transaminase levels and liver damages than MHV3 infection. The 51.6-MHV3 variant only641 Acc
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differs from the pathogenic MHV3 by its weaker tropism for LSECs but retained its642 

virulence for hepatocytes, KCs and Ito cells (24), suggesting that resistance of LSECs to643 

viral replication may protect against fulminant hepatitis. Similarly, the non pathogenic644 

YAC-MHV3, also expressing low ability to replicate in LSECs, induced light and transient645 

hepatic lesions, reinforcing the importance of functional integrity of LSECs in the evolution 646 

of viral hepatitis. Indeed, less severe hepatic damages and viral load in mice infected with647 

the attenuated variants may possibly result from a better early control of viral replication by648 

LSECs leading to reduced transmission of viral progeny to the hepatic parenchyma. In649 

agreement, a delayed replication of MHV3 in LSECs was suggested as a crucial step in the650 

resistance of various strains of mice to MHV3 infection by allowing time for the local and651 

systemic responses to clear the infective particles (26).   652 

653

We report here for the first time that in vitro MHV3 infection promotes a proinflammatory 654 

activation of LSECs. Indeed, MHV3 induced higher levels of IL-6, TNF-α  and chemokines655 

in LSECs than attenuated strains and inhibited their basal release of IL-10 while attenuated656 

strains rather enhanced it. These inflammatory disorders in LSECs correlated with higher657 

ratios of intrahepatic inflammatory over anti-inflammatory mediators in the liver of MHV3-658 

infected mice, suggesting that LSECs may have lost their ability to control inflammation. In659 

agreement, IL-10 staining was significantly lower in ECs from the liver of mice infected by660 

MHV3 than by attenuated strains. The importance of IL-10 production by LSECs in the 661 

suppression of pro-inflammatory cytokine release by Th1 and Th17 was recently evidenced662 

by Carambia et al. (44). In addition, LSECs were recently shown to be more efficient than663 Acc
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KCs in tolerizing autoreactive Th1 cells via IL-10 (2). The lower inflammatory profiles in664 

livers from 51.6- and YAC-MHV3-infected mice are in line with our previous observations665 

(30). The highly attenuated YAC-MHV3 infection correlated with lower induction of666 

inflammatory mediators than 51.6-MHV3 infection. Higher levels of anti-inflammatory IL-667 

10 and immunosuppressive PGE2 were already reported in the liver of YAC-MHV3- than668 

51.6-MHV3-infected mice (30), suggesting that the highly attenuated phenotype of YAC-669 

MHV3 may reflect the preservation of integrity of LSECs and other yet unindentified670 

hepatic cells. Since YAC-MHV3, unlike 51.6-MHV3, was shown to lower replicate in671 

macrophages in vitro (45), it is plausible that preservation of KCs tolerant functions may672 

further contribute to lower inflammatory responses during YAC-MHV3 infection.673 

Altogether, results from YAC-MHV3 and 51.6-MHV3 infections strenghten the importance674 

of LSECs structural and functional integrity in restricting hepatic inflammatory response and675 

subsequent damage. In agreement, activation of LSECs towards a pro-inflammatory profile 676 

was pointed out as a critical component of intrahepatic inflammation in hepatic fibrosis (40).677 

678

Differences in LSECs cytokine profile according to infection by pathogenic or attenuated679 

MHV3 strains may reflect differential PRRs induction and activation by viral fixation and/or 680 

replication. We have already demonstrated that IL-6 and TNF-α production by MHV3-681 

infected macrophages resulted from TLR2 activation by the surface (S) viral protein (41).682 

The production of TNF-α by LSECs is known to depend on TLR1 to 4, -6 and -8 while IL-6 683 

is produced following activation of TLR1 to 4 only (4, 17). It has been recently684 

demonstrated that TLR1/2 ligand (PamC3), but not TLR3 ligand (poly I:C) or LPS, reverted685 Acc
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the suppressive properties of LSECs (9). We have shown that virulent MHV3 strain highly686 

induced TLR2 expression on cultured LSECs and that TLR2 knockdown abrogated IL-6 and687 

CXCL1 induction only in LSECs infected by MHV3. Indeed, the proinflammatory activity 688 

of MHV3 may be related to its unique abilty to induce TLR2 signalling. In agreement, lower689 

levels of inflammatory cytokines and chemokines were observed in the liver of MHV3-690 

infected TLR2 KO mice, correlating with milder hepatic damages and delayed mortality of691 

mice. Thus, TLR2 activation may represent one determining and differential factor involved692 

in the severity of virulent vs attenuated MHV3-induced hepatitis. In line with this693 

hypothesis, survival rate, inflammatory response and liver damage were similar in TLR2 KO694 

and WT mice infected by 51.6-MHV3 and were comparable to that observed in MHV3-695 

infected TLR2 KO mice. Furthermore, IL-10 levels were significantly higher in MHV3-696 

infected TLR2 KO mice, with increased expression on ECs and also on some CAV-1697 

negative cells, suggesting that specific activation of TLR2 by the virus could be one698 

mechanism by which MHV3 reverts the anti-inflammatory phenotype, at least, in LSECs.699 

Supporting this assumption, IL-10 expression was significantly up-regulated in in vitro 700 

MHV3-infected LSECs treated with siTLR2, suggesting an inhibitory role for TLR2 on IL-701 

10 induction by MHV3. Accordingly, TLR2 activation has already been shown to702 

temporarily reverse Tregs suppressive functions (46, 47). Further work will be done to703 

identify the other IL-10-producing CAV-1-negative cells during the MHV3 infection.704 

 705

TLR2 may also potentiate MHV3 infection as viral replication was significantly reduced in 706 

the liver of TLR2 KO mice and in cultured LSECs rendered defective for TLR2. In addition,707 Acc
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activation of TLR2 by MHV3 may additionally account for its higher replication rate in708 

LSECs since the replication of 51.6-MHV3 was not influenced by TLR2 in infected LSECs 709 

or mice. It has been demonstrated that MHV replication depends on the activation of the P38710 

MAPK at the beginning of the replicative cycle (48). Thus, it is conceivable that activation711 

of TLR2 by MHV3 on LSECs optimizes P38 MAPK activation, predisposing to more 712 

efficient viral replication.  Since TLR2 is also but less expressed by other resident or713 

recruited cells in the liver, such as KCs, neutrophils and hepatocytes, as observed in714 

preliminary experiments, we can hypothetize that several TLR2+ cells permissive to MHV3715 

infection may act synergistically in promoting viral replication and hepatic inflammation.716 

Indeed, preliminary in vitro results revealed that production of inflammatory mediators and 717 

viral replication in MHV3-infected hepatocytes and macrophages was enhanced by TLR2.718 

Further work is in progress to clarify the mechanistic implication of TLR2 in MHV3719 

replication and the role of recruited and resident TLR2+ inflammatory cells in hepatic720 

inflammation and damage.721 

722

The differences in chemokine levels induced by the pathogenic and attenuated MHV3723 

strains may explain the differences in recruited intrahepatic leukocyte subsets. Indeed, lower724 

levels of CXCL1 and CCL2 in livers from 51.6- and YAC-MHV3-infected mice correlated 725 

with delayed or lower intrahepatic recruitment of neutrophils and macrophages explaining726 

thus the smaller inflammatory foci without extensive necrosis areas seen in livers from these727 

mice. Unexpectedly, neutrophils were only transiently recruited and numbers of NK-T, T 728 

and B lymphocytes progressively decreased throughout MHV3 infection despite high729 Acc
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induction of chemokines. We have previously demonstrated that intrahepatic NK an NK-T 730 

cells undergo higher apoptosis, and that B and T cells are stronger depleted in lymphoid731 

organs during MHV3 than YAC-MHV3 (30, 31, 49), thus altering lymphocyte recruitment 732 

or turnover into the liver. The highly attenuated YAC-MHV3 infection, compared to MHV3,733 

was also related with effective activation of CD8(+) cells (32).734 

735

In addition, impairment of intrahepatic leukocyte populations and severe liver injury in736 

MHV3-infected mice may also be connected to disturbances in LSEC-derived vascular 737 

factors. We have demonstrated that MHV3, unlike attenuated variants, significantly altered 738 

NO release by LSECs. Susceptibility of mice to MHV3 infection has already been inversely 739 

correlated with NO levels in the liver, but the mechanism was not elucidated (50). The 740 

constitutive expression of NO by LSECs is essential for the regulation of intrahepatic741 

sinusoidal blood flow and protects against liver diseases. Indeed, impairment of NO release 742 

by LSECs has been associated with hepatic microvascular dysfunction and portal743 

hypertension in liver pathological conditions such as fibrosis and cirrhosis (37). In cirrhotic744 

livers, NO defect has been linked to an overexpression of CAV-1 on LSECs, a negative 745 

regulator of the endothelial NO synthase activity (38). We have observed that reduced NO746 

levels in LSECs correlated with a concomittent up-regulation of CAV-1, supporting that747 

MHV3-induced NO impairment is indirectly related to CAV-1 induction. Furthermore, we 748 

have demonstrated that expression of the procoagulant Fgl2 increased only in LSECs 749 

infected by MHV3. MHV3-induced expression of Fgl2 has already been reported in750 

endothelium of intrahepatic veins and sinusoids and was associated with severe intravascular751 Acc
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coagulation, ischemia and liver necrosis in MHV3-infected mice (28). In agreement, liver752 

histopathological analysis revelead vascular thrombosis and fibrin deposition in hepatic753 

veins and sinusoids from 48h p.i. in MHV3-infected mice only (results not shown). No754 

difference in Fgl2 levels was observed between MHV3-infected WT and TLR2 KO mice,755 

indicating that induction of Fgl2 in LSECs is TLR2-independent. Since Fgl2 expression in756 

LSECs was reported to be promoted by the MHV nucleocapsid protein and TNF-α (51, 52),757 

we can assume that higher induction of Fgl2 in the liver of MHV3-infected mice may reflect758 

higher hepatic TNF-α levels and viral replication rate in LSECs. Thus, the combined effect759 

of CAV-1/NO imbalance and Fgl2 induction during MHV3 infection may contribute to alter760 

leukocyte recruitment and aggravate hepatitis in disturbing hepatic microcirculation.761 

762

The alarmin IL-33 was shown to be up-regulated in LSECs during chronic HBV and HCV763 

infections and acute liver failure but the mechanism is elusive (21, 22). In agreement with764 

our previous report, MHV3 infection increased IL-33 production in both LSECs and765 

hepatocytes (29). Our results showed that IL-33 expression in LSECs was only increased by766 

virulent MHV3 and was not modulated by TLR2, suggesting that IL-33 release is rather a767 

consequence of MHV3-induced cell damages as necrotic cells in the liver were shown to768 

secrete alarmins such as HMGB-1 and IL-33 (53). In addition, high IL-33 serum level was 769 

associated with liver damages in HBV and HCV infections, indicating that IL-33 could be770 

considered as a predictive indicator of viral hepatitis evolution, as previouly suggested (54,771 

55).772
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Using the MHV3 animal model of viral acute hepatitis, this work suggestss a novel viral-774 

promoted mechanism of hepatic inflammation and damages involving disorders in LSEC-775 

derived inflammatory and vascular factors. The use of MHV3 variants expressing weak 776 

tropism for LSECs allowed us to better discriminate the importance of LSECs, over other777 

hepatic cells, in tolerance/inflammation imbalance during acute viral infection. Our results778 

support that induction of TLR2-dependent reversion of LSECs anti-inflammatory functions 779 

by MHV3 may participate in the pathological inflammatory response that predisposes to780 

fulminant hepatitis. Unlike MHV3, HCV and HBV do not productively infect LSECs but781 

RNA from HCV was recently shown to induce the expression of inflammatory cytokines782 

and chemokines in human microvascular endothelial cells via TLR3 activation (56),783 

indicating that LSECs can be activated through PRR engagement by HCV-derived products.784 

The "core" protein of HCV and HBV was reported to bind to TLR2 and induce TLR2-785 

dependent inflammatory cytokine response in monocytes and macrophages (57, 58). Thus,786 

one could presume that core proteins could also promote proinflammatory activation of787 

LSECs via TLR2, aggravating hepatic inflammation. In this regard, a high correlation788 

between TLR2 expression and hepatic inflammation and necrosis was demonstrated in the789 

liver of HCV-infected patients (59).  790 
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1005

LEGENDS OF FIGURES 1006

1007

Figure 1: Hepatic damages and viral replication in highly hepatotropic MHV3- and1008 

attenuated 51.6- and YAC-MHV3-infected mice. Groups of 5 or 6 C57BL/6 were1009 

intraperitoneally infected with 1000 TCID50 (tissue culture infective dose 50%) of MHV3,1010 

51.6-MHV3 or YAC-MHV3. (A) Histopathological analysis was conducted on livers from1011 

mock- and viral-infected mice from each group at 24 and 72 h p.i. Inflammatory and1012 

necrosis foci are indicated by arrows. (B) Summary of occurrence of necrotic and1013 

inflammatory foci in livers from infected mice at 24, 48 and 72 h p.i.  ALT (C) and AST (D) 1014 

activities were assayed in serum samples from mock- and viral-infected mice at 24, 48 and1015 

72 h p.i. MHV3 replication in livers from each group of infected mice was determined by1016 

analysis of the nucleoprotein (NP) RNA expression at 24, 48 and 72 h p.i. by RT-qPCR (E) 1017 

and by viral titration (TCID50) (D) at 24 h and 72 h p.i. Values represent fold change in gene1018 

expression relative to mock-infected mice after normalisation with HPRT expression.1019 

Arrows indicate inflammatory or necrosis foci. Values are means plus standard errors of the 1020 

mean (error bars). ***P < 0·001 when compared with mock-infected mice and ††P < 0·01;1021 

†††P < 0·001 when compared with MHV3-infected group.1022 

 1023

Figure 2: Gene expression and/or production of Caveolin-1, Fgl2 and IL-33 in the liver 1024 

of MHV3-, 51.6-MHV3- and YAC-MHV3-infected mice. Groups of 5 or 6 C57BL/61025 

(WT) were intraperitoneally infected with 1000 TCID50 (tissue culture infective dose 50%)1026 Acc
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of MHV3, 51.6-MHV3 and YAC-MHV3. At 24, 48 or 72 h p.i., livers were collected from 1027 

mock- and viral-infected mice of each group. mRNA expression for (A) caveolin -1, (C)1028 

Fgl-2, and (D) IL-33 genes was evaluated by qRT-PCR. Values represent fold change in1029 

gene expression relative to mock-infected mice (arbitrarily taken as 1) after normalisation 1030 

with HPRT expression. In situ expression of caveolin-1 (B) and IL-33 (F) were determined1031 

by immunohistochemistry in livers from mock-, MHV3- and 51.6-MHV3-infected mice at1032 

48 h p.i. Caveolin-1 and IL-33 positive cells are indicated by arrows. Production levels of1033 

IL-33 (E) were quantified by ELISA at 72 h p.i. in the liver of each mouse.1034 

Immunolocalization of IL-33 in LSECs (G) was confirmed by double immunostaining of IL-1035 

33 (green) and CAV-1 (red) in livers from mock- and MHV3-infected mice at 48 and 72 h1036 

p.i. Cell nuclei were counterstained with Hoescht (blue). In situ expressions of caveolin-11037 

(B) or IL-10 and caveolin-1 (G) by endothelial cell are indicated by arrows. Values are1038 

means plus standard errors of the mean (error bars). *P < 0·05; **P < 0·01; ***P < 0·0011039 

when compared with mock-infected mice, and †P < 0·05; ††P < 0·01; †††P < 0·001 when1040 

compared with MHV3-infected group.1041 

1042

Figure 3: Gene expression and production of IL-10, TGF-β, IL-6, TNF-α, CXCL1, 1043 

CCL2 and CXCL10 in the liver of MHV3-, 51.6-MHV3- and YAC-MHV3-infected1044 

mice. Groups of 5 or 6 C57BL/6 mice were intraperitoneally infected with 1000 TCID50 1045 

(tissue culture infective dose 50%) of MHV3, 51.6-MHV3 and YAC-MHV3. At 24, 48 or 1046 

72 h p.i., livers were collected from mock- and viral-infected mice of each group. Section I:  1047 

(A) IL-10, (C) TGF-β, (E) IL-6, and (G) TNF-α mRNA fold changes were analyzed by1048 Acc
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ted
 m

an
us

cri
pt

http://jvi.asm.org/


49

qRT-PCR. Values represent fold change in gene expression relative to mock-infected mice1049 

(arbitrarily taken as 1) after normalisation with HPRT expression. Production levels of (B)1050 

IL-10, (D) TGF-β, (F) IL-6, and (H) TNF-α were quantified by ELISA test at 72 h p.i. in the1051 

liver of each mouse. Section II: In situ expression of IL-10 and caveolin-1 was assayed by1052 

immunohistochemistry in livers of mock-, MHV3- and 51.6-MHV3-infected mice at 48 h 1053 

p.i. (arrows show IL-10 and Caveolin-1-expressing endothelial cells)  Section III: (A)1054 

CXCL1, (C) CCL2, and (E) CXCL10 mRNA fold changes were analyzed by qRT-PCR.1055 

Values represent fold change in gene expression relative to mock-infected mice (arbitrarily1056 

taken as 1) after normalisation with HPRT expression. Production levels of (B) CXCL1, (D) 1057 

CCL2, and (F) CXCL10 were quantified by ELISA at 72 h p.i. in the liver of each mouse1058 

Values are means plus standard errors of the mean (error bars). *P < 0·05; **P < 0·01; ***P 1059 

< 0·001 when compared with mock-infected mice, and †P < 0·05; ††P < 0·01; †††P < 1060 

0·001 when compared with MHV3-infected group. 1061 

1062

Figure 4: Gene expression of TLR2, 3, 4, 7 and helicases RIG-I and MDA5 in the liver1063 

of MHV3-, 51.6-MHV3- and YAC-MHV3-infected mice. Groups of 5 or 6 C57BL/61064 

(WT) were intraperitoneally infected with 1000 TCID50 (tissue culture infective dose 50%)1065 

of MHV3, 51.6-MHV3 and YAC-MHV3. At 24, 48 or 72 h p.i., livers were collected from 1066 

mock- and viral-infected mice of each group. mRNA expression for (A) TLR2, (B) TLR3,1067 

(C) TLR4, (D) TLR7, (E) RIG-I and (F) MDA5 genes was evaluated by qRT-PCR. Values1068 

represent fold change in gene expression relative to mock-infected mice (arbitrarily taken as 1069 

1) after normalisation with HPRT expression. Values are means plus standard errors of the1070 Acc
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mean (error bars). *P < 0·05; **P < 0·01; ***P < 0·001 when compared with mock-infected 1071 

mice, and †P < 0·05; ††P < 0·01; †††P < 0·001 when compared with MHV3-infected1072 

group.1073 

1074

Figure 5: Percentages and numbers of intrahepatic mononuclear cell subsets in livers1075 

from MHV3-, 51.6-MHV3 and YAC-MHV3-infected mice. Intrahepatic mononuclear1076 

cells were isolated from groups of 5 or 6 mock-infected or MHV3-, 51.6-MHV3 and YAC-1077 

MHV3-infected C57BL/6 mice at 24 and 48 h p.i., immunolabeled with NK1.1, CD3, Gr1,1078 

CD11b, CD19, CD4 and CD8 monoclonal antibodies and analyzed by cytofluorometry.1079 

Percentages of (A) NKT (NK1.1+CD3+), (B) NK ( NK1.1+CD3), (C) neutrophils (Gr1hi 1080 

CD11bhi), (D) macrophages (Gr1+ CD11bint) cells,  (E) (CD19+), (F) CD4 (CD3+CD4+ ) 1081 

and (G) CD8 (CD3+CD8+) were evaluated in livers from each group of infected mice1082 

(section I). Absolute numbers for each cell subset (calculated in using respective percentages1083 

reported to total number of isolated mononuclear cells) were similarly recorded in livers of1084 

respective groups (section II). Values are means plus standard errors of the mean (error1085 

bars).  *P < 0·05; **P < 0·01; ***P < 0·001 when compared with mock-infected mice, and1086 

†P < 0·05; ††P < 0·01; †††P < 0·001 when compared with MHV3-infected group.1087 

 1088

Figure 6: Permissivity of LSECs to MHV3, 51.6-MHV3 and YAC-MHV3 infection.1089 

Mouse LSECs were isolated by Percoll gradient and enriched by immunomagnetism with1090 

anti-CD146 antibodies. (A) LSECs were characterized by immunolabelling with antibodies 1091 

for CD146, CD54, CD31 and F4/80 cell markers and cyrofluorometric analysis. B-C)1092 Acc
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LSECs were infected at 0.1 MOI of MHV3, 51.6-MHV3 and YAC-MHV3 and the evolution1093 

of cytopathic effects was noted in LSEC cultures up to 5 days p.i. (B). The kinetics of MHV1094 

infections were monitored by quantifying viral titers in supernatants of infected LSECs (C).1095 

All experiments were conducted in triplicate. Results are representative of two independent 1096 

experiments.Values are means for each point. †††P < 0·001 when compared with MHV3-1097 

infected cells.1098 

1099

Figure 7: Expression levels of Fgl2, IL-33 and caveolin-1, and production of NO in in1100 

vitro MHV3-, 51.6-MHV3 and YAC-MHV3-infected LSECs. LSECs were infected at 0.11101 

MOI of MHV3, 51.6-MHV3 and YAC-MHV3 and RNA and supernantant from LSECs 1102 

infected with each viral strain were collected at 24, 48 or 72 h p.i. (A) IL-33, (C) Fgl-2, and1103 

(E) caveolin-1 mRNA fold changes were analyzed by qRT-PCR. Values represent fold1104 

change in gene expression relative to uninfected LSECs (control arbitrarily taken as 1) after 1105 

normalisation with HPRT expression. All samples were run in duplicate. (B) Production1106 

levels of IL-33 were quantified by ELISA and NO levels (D) were assayed by the Griess1107 

reaction in supernatants at 48 h p.i. All experiments were run in duplicate and results are 1108 

representative of two independent experiments. Values are means plus standard errors of the1109 

mean (error bars).  *P < 0·05; **P < 0·01; ***P < 0·001 when compared with mock-1110 

infected cells, and †P < 0·05; ††P < 0·01; †††P < 0·001 when compared with MHV3-1111 

infected cells.1112 
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Figure 8: Gene expression and production of IL-10, TGF-β, IL-6, TNF-α, CXCL1, 1114 

CCL2 and CXCL10 in in vitro MHV3-, 51.6-MHV3- and YAC-MHV3-infected LSECs. 1115 

LSECs were infected at 0.1 MOI of MHV3, 51.6-MHV3 and YAC-MHV3 and RNA and1116 

supernantant from LSECs infected with each viral strain were collected at 24, 48 or 72 h p.i.1117 

Section I:  (A) IL-10, (C) TGF-β, (E) IL-6, and (G) TNF-α mRNA fold changes were1118 

analyzed by qRT-PCR. Values represent fold change in gene expression relative to1119 

uninfected LSECs (control arbitrarily taken as 1) after normalisation with HPRT expression.1120 

All samples were run in duplicate. Production levels of (B) IL-10, (D) TGF-β, (F) IL-6, and1121 

(H) TNF-α were quantified by ELISA in supernatants at 24 h p.i. Section II: (A) CXCL1,1122 

(C) CCL2, and (E) CXCL10 mRNA fold changes were analyzed by qRT-PCR. Values1123 

represent fold change in gene expression relative to control (uninfected) LSECs after1124 

normalisation with HPRT expression. All samples were run in duplicate. Production levels1125 

of (B) CXCL1, (D) CCL2, and (F) CXCL10 were quantified by ELISA in supernatants at 241126 

h p.i. All experiments were conducted in duplicate and results are representative of two1127 

independent experiments. Values are means plus standard errors of the mean (error bars).1128 

*P < 0·05; **P < 0·01; ***P < 0·001 when compared with mock-infected cells, and †P < 1129 

0·05; ††P < 0·01; †††P < 0·001 when compared with MHV3-infected cells.1130 

 1131

Figure 9: Role of TLR2 in viral replication and expression of IL-6 and CXCL1 in1132 

MHV3- 51.6-MHV3- and YAC-MHV3-infected LSECs. A) LSECs were infected at 0.11133 

MOI of MHV3, 51.6-MHV3 and YAC-MHV3. At 24, 48 and 72 h p.i., RNA from infected1134 

LSECs was extracted and mRNA expression levels for TLR2 gene was determined by qRT-1135 Acc
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PCR. B to D) LSECs were treated with specific siRNA against TLR2 prior to infection with1136 

viruses or treatment with the specific TLR2 agonist Pam3Cys (as positive control) for 24h.1137 

(B) MHV nucleoprotein (MHV-N), (C) IL-6, and (D) CXCL1 mRNA expression levels1138 

were determined by qRT-PCR. Values represent fold change in gene expression relative to1139 

control (uninfected) LSECs after normalisation with HPRT expression. All samples were1140 

run in duplicate and results are representative of two independent experiments. *P < 0·05; 1141 

**P < 0·01; ***P < 0·001 when compared with ctrl cells, and †P < 0·05 when compared1142 

with MHV3-infected cells. 1143 

1144

Figure 10: Mortality, hepatic damages and viral replication in MHV3- and 51.6-1145 

MHV3-infected C57BL/6 (WT) and TLR2 KO mice.   Groups of 6 or 7 C57BL/6 (WT)1146 

and TLR2 KO mice were intraperitoneally (i.p.) infected with 1000 TCID50 (tissue culture1147 

infective dose 50%) of MHV3 and 51.6-MHV3. Percentages of (A) MHV3- and (B) 51.6-1148 

MHV3-infected surviving mice were recorded at various times post-infection (p.i.). (C)1149 

Histopathological analysis was conducted on livers from mock-, MHV3- and 51.6-MHV3-1150 

infected WT and TLR2 KO at 72 h p.i. Necrosis foci are indicated by arrows (D) MHV3 and1151 

51.6-MHV3 replication in livers from infected WT and TLR2 KO mice was determined by 1152 

viral titration (TCID50) at 24 h and 72 h p.i. Values are means plus standard errors of the1153 

mean (error bars). Results are representative of two different experiments. ***P < 0·0011154 

when compared with WT mice.1155 
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Figure 11: Expression of IL-10 and Caveolin-1 in livers from MHV3-infected TLR21157 

KO mice. Groups of 6 TLR2 KO mice were intraperitoneally (i.p.) infected with 10001158 

TCID50 (tissue culture infective dose 50%) of MHV3 and immunolocalization of IL-10 in1159 

the liver and ECs of mock- and MHV3-infected TLR2 KO mice was determined  by double1160 

immunostaining of IL-10 (green) and Caveolin-1 (CAV) (red) at 48 h p.i. Cell nuclei were1161 

counterstained with Hoescht (blue). In situ expressions of IL-10 and caveolin-1 by1162 

endothelial cell are indicated by arrows. 1163 
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Figure 3

(section I) 
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Figure 3

(section III) 
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Figure 4 
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Figure 9 
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TABLE I : Primers used for quantitative reverse transcription-PCR

Gene Forward primer Reverse primer

HPRT 5’-GAAAGACTTGCTCGAGATGTCATG-3’ 5’-CACACAGAGGGCCACAATGT-3’

   IL-6 5’-TCGGAGGCTTAATTACACATGTTC-3’ 5’-TGCCATTGCACAACTCTTTTCT-3’

TNF-α 5’-TCCCAGGTTCTCTTCAAGGGA-3’ 5’-GGTGAGGAGCACGTAGTCGG-3’

CCL2 5’-GCAGCAGGTGTCCCAAAGAA-3’ 5’-GGTCAGCACAGACCTCTCTCTTG-3’

CXCL10 5’-GGCCATAGGGAAGCTTGAAAT-3’ 5’-TCGTGGCAATGATCTCAACAC-3’

ICAM-1 5’-GTCCGCTGTGCTTTGAGAACT-3’ 5’-CGGAAACGAATACACGGTGAT-3’ 

TLR3 5’-TGGGCTGAAGTGGACAAATCT-3’ 5’-TGCCGACATCATGGAGGTT-3’ 

CAV-1 5’-GCGCACACCAAGGAGATTG-3’ 5’-CACGTCGTCGTTGAGATGCT-3’

TLR7 5’-CAGTGAACTCTGGCCGTTGA-3’ 5’-CAAGCCGGTTGTTGGAGAA-3’ 

MHV-N 5’-TGGAAGGTCTGCACCTGCTA-3’ 5’-TTTGGCCCACGGGATTG-3’

RIG-I 5’-GCCAGAGTGTCAGAATCTCAGTCAG-3’ 5’-GAGAACACAGTTGCCTGCTGCTCA-3’

MDA-5 5’-GCCCTCTCCTTCCTCTGAGACT-3’ 5’-GCTGGAGGAGGGTCAGCAA-3’

IL-33 5’-GCTGCGTCTGTTGACACATTG-3’ 5’-GGGAGGCAGGAGACTGTGTTAA-3’ 

Fgl2 5’-CGTTGTGGTCAACAGTTTGGA-3’ 5’-GATGTTGAACCGGCTGTGACT-3’ 

CXCL1 5’-CCGAAGTCATAGCCACACTCAA-3’ 5’-CAAGGGAGCTTCAGGGTCAA-3’ 

IL-10 5’-GATGCCCCAGGCAGAGAA-3’ 5’-CACCCAGGGAATTCAAATGC-3’

TGF-β 5’-AGCGCTCACTGCTCTTGTGA-3’ 5’-GCTGATCCCGTTGATTTCCA-3’ 
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Table II.  Transcription levels of several genes  in liver from MHV3- and 51.6-MHV3-

infected C57BL/6 (WT) and TLR2 KO mice at 72 h p.i.

MHV3 51.6-MHV3  

Genes WT  TLR2 KO WT  TLR2 KO

TNF-α 70.2 ± 7.2     44.9 ±  4.0 ***          10.5± 1.03 7.1 ± 2.8

IL-6 43.5 ± 5.7  11.2 ± 5.0 ***            13 ± 1.4          14 ± 7.4

IL-10 5.8 ± 1.4 44 ± 11.7  ***          54.5 ± 17.4 41.4 ± 3.8

CXCL1 131 ± 15 21.1 ±  8.7 *** 107  ± 4.9 91 ± 11.9

CCL2 1027 ± 134 155 ±  37 *** 147 ± 14.8 120.4 ±  39.1

CXCL10 213 ± 20 69  ±  15 ***           33.7 ± 7.4 17.5  ± 4.8 *

Fgl2 6.65 ± 0.70 10.1 ± 1.2            6.7 ± 0.7 4.7 ± 1.7

IL-33 4.5 ± 0.4 3.7 ± 0.3                 n.d. n.d.

Groups of 5 or 6 C57BL/6 (WT) or TLR2 KO mice were intraperitoneally infected with

1000 TCID50 (tissue culture infective dose 50%) of MHV3 or 51.6-MHV3.  At 72 h p.i.,

livers were collected from mock- and viral-infected mice from each group and mRNA

fold changes for several genes were analyzed by qRT-PCR. Values represent fold change

in gene expression relative to mock-infected mice after normalisation with HPRT

expression. Samples from each mouse were run in duplicate. Values that are significantly

different between MHV3-infected TLR2 KO and C57BL/6 (WT) mice or between 51.6-

MHV3-infected TLR2 KO and C57BL/6 (WT) are indicated by asterisks as follows:

***P < 0·001   *P < 0·05.  n.d. not detectable.Acc
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