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    The innate immune system provides a fi rst line 
of defense via the detection and elimination of 
pathogens. Pathogen-associated molecular pat-
terns (PAMPs) are recognized by Toll-like re-
ceptors (TLRs), which activate infl ammatory 
pathways leading to de novo cytokine and che-
mokine generation. When innate immunity is 
not appropriately regulated or the pathogen 
not contained, local and systemic infl ammation 
can lead to severe pathophysiologic conse-
quences ( 1, 2 ). Factors released from stressed 
or damaged tissues serve as  “ danger signals, ”  
and these might provide the innate immune sys-
tem with activation ligands ( 3 ).  “ Endogenous 
ligands ”  are potent activators of the innate im-
mune response ( 4 – 7 ), and the TLRs appear to 
be the target of these factors. In this regard, 
TLR3 activation aggravates and/or potentiates 
preexisting infl ammation associated with the 
kidney ( 8 ), rheumatic synovium ( 9 ), and gas-
trointestinal tract ( 10, 11 ). In addition, TLR3 
ligand amplifies the systemic hyperinflam-
matory response observed during sepsis ( 12 ). 

Although TLR3 recognizes viral double-stranded 
RNA, recent studies have suggested that RNA 
released from either damaged tissue or contained 
within endocytosed cells might serve as a li-
gand for TLR3 ( 13 ). Whether TLR3 functions 
in this manner during infl ammatory responses 
in vivo is presently unknown. 

 This study addressed the hypothesis that 
TLR3 regulates the infl ammatory response dur-
ing polymicrobial septic peritonitis and ischemic 
bowel injury. In the absence of an exogenous 
viral pathogen, TLR3 activation was important 
for the initiation and the amplifi cation of in-
fl ammation via recognition of cellular by-pro-
ducts from necrotic, but not apoptotic, cells. 
Interestingly,  tlr3  � / �    mice were protected from 
the lethal eff ects of total cecal ligation alone and 
cecal ligation and puncture (CLP) – induced ex-
perimental sepsis. In addition, antibody-medi-
ated immunoneutralization of TLR3 activation 
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 Ligands from dying cells are a source of Toll-like receptor (TLR) activating agents. Although 

TLR3 is known to respond to RNA from necrotic cells, the relative importance of this re-

sponse in vivo during acute infl ammatory processes has not been fully explored. We observed 

the involvement of TLR3 activation during experimental polymicrobial septic peritonitis and 

ischemic gut injury in the absence of an exogenous viral stimulus. In TLR3-defi cient mice, 

increased chemokine/cytokine levels and neutrophil recruitment characterized the initial 

infl ammatory responses in both injury models. However, the levels of infl ammatory chemo-

kines and tumor necrosis factor  �  quickly returned to baseline in  tlr3  � / �    mice, and these 

mice were protected from the lethal effects of sustained infl ammation. Macrophages from 

 tlr3  � / �    mice responded normally to other TLR ligands but did not respond to RNA from 

necrotic neutrophils. Importantly, an immunoneutralizing antibody directed against TLR3 

attenuated the generation of infl ammatory chemokines evoked by byproducts from necrotic 

neutrophils cultured with wild-type macrophages. In vivo, anti-TLR3 antibody attenuated the 

tissue injury associated with gut ischemia and signifi cantly decreased sepsis-induced mortal-

ity. Collectively, these data show that TLR3 is a regulator of the amplifi cation of immune 

response and serves an endogenous sensor of necrosis, independent of viral activation. 

© Cavassani et al. This article is distributed under the terms of an Attribu-
tion–Noncommercial–Share Alike–No Mirror Sites license for the fi rst six months 
after the publication date (see http://www.jem.org/misc/terms.shtml). After six 
months it is available under a Creative Commons License (Attribution–Noncom-
mercial–Share Alike 3.0 Unported license, as described at http://creativecommons
.org/licenses/by-nc-sa/3.0/).
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compared with WT mice ( Fig. 2 B ). Moreover, peritoneal 
washes from septic mice were characterized by considerable 
necrotic cellular debris and bacterial contamination, whereas 
similar washings from septic  tlr3  � / �    mice contained greater 
numbers of neutrophils, little necrotic cellular debris, and 
fewer bacteria ( Fig. 2 C ). It is worth noting that although 
peritoneal neutrophil numbers were signifi cantly greater in 
the  tlr3  � / �    group compared with the WT group after 24 h 
following CLP surgery, neutrophil numbers returned to 
equivalent levels in the peritoneal cavity in the surviving WT 
and knockout groups at 72 h after CLP (unpublished data). 
Consistent with the decreased presence of bacteria contamina-
tion in peritoneal washes from the  tlr3  � / �    group at 24 h after 
CLP surgery, we observed that bacteria were not detected 
in the peritoneal fl uid and blood in any of the  tlr3  � / �    mice, 
whereas WT mice exhibited 10 4  – 10 6  log bacteria/CFU/ μ l of 
peritoneal wash and 10 5  log bacteria/CFU/ μ l of blood. 

 The increased peritoneal neutrophilia in septic  tlr3  � / �    
mice at 24 h after surgery might be explained by an enhanced 
responsiveness of immune cells from these mice to other bac-
terial PAMPs, including TLR4 and 9 agonists. Both TLRs 
were increased in whole spleen from septic  tlr3  � / �    mice 
relative to identical spleen samples from septic WT mice 
(Fig. S1 A, available at http://www.jem.org/cgi/content/full/
jem.20081370/DC1). Consistent with this observation, iso-
lated peritoneal neutrophils released signifi cantly greater levels 
of CXCL10 after exposure to synthetic oligodeoxynucleotide 
(CpG-ODN) and the chemokine KC after exposure to LPS 
(Fig. S1 B). Also, the marked absence of bacteria in perito-
neal washes from the knockout group might be explained by 
our observation that  tlr3  � / �    neutrophils exhibited a marked 
increase in basal reactive oxygen intermediate generation 
compared with WT neutrophils (unpublished data). 

 FACS analysis confi rmed the marked absence of necrotic 
cells in the peritoneal cavity of septic  tlr3  � / �    mice. At 24 h, 46  ±  
7% of peritoneal cells from septic mice were necrotic and 
 � 22  ±  1% of peritoneal cells in septic  tlr3  � / �    mice were ne-
crotic ( Fig. 2 D ), and this diff erence reached statistical signifi -
cance. Between 4 and 7% of peritoneal cells in both septic 
groups were apoptotic ( Fig. 2 E ). Collectively, these fi ndings 
demonstrate that TLR3 regulates the amplifi cation of acute in-
fl ammatory response evoked by a septic peritoneal challenge. 

 TLR3 activation contributes to organ injury induced 

by septic peritonitis and gut ischemia 

 To evaluate the contribution of TLR3 activation on the 
mortality induced by septic peritonitis, we monitored sur-
vival rates in  tlr3  � / �    and WT mice for 8 d after CLP. The 
 tlr3  � / �    animals were signifi cantly protected from sepsis-
induced lethality ( Fig. 3 A ).  The data show that  � 80% of WT 
mice were dead at 4 d after CLP surgery, whereas  � 80% of 
 tlr3  � / �    mice were alive at day 8 after surgery. Mortality in the 
CLP model is caused by multiorgan failure ( 14 ), including 
ischemic injury to the bowel. In addition to the septic injury, 
we examined the role of TLR3 in ischemic injury to the gas-
trointestinal tract induced by complete ligation of the cecum. 

suppressed the tissue injury mediated by necrosis of the gut 
and sepsis-induced mortality in WT mice. Collectively, these 
data demonstrate that TLR3 regulates amplifi cation events 
during infl ammation mediated by nonviral mechanisms. 

  RESULTS  

 Up-regulation of TLR3 in macrophages and neutrophils 

after sepsis 

 PAMPs activate TLR-induced signaling pathways, leading to 
the induction of innate immune responses. A mixed patho-
logical picture is associated with CLP, which includes the 
elicitation of various leukocyte populations, vascular perme-
ability changes, and signifi cant necrosis of the gut tissue ( 14 ). 
This latter pathology may hold an important key in under-
standing endogenous signals that amplify the innate response, 
as growing evidence has suggested that host-derived RNA 
( 9, 13 ) from necrotic cells serve as major stimuli for TLR3 
activation. To assess the expression pattern of TLR3 during 
the development of CLP sepsis, we initially localized the 
expression of TLR3. Although peritoneal macrophages and 
neutrophils recovered from the sham WT mice did not ex-
press TLR3, the expression of TLR3, via immunohisto-
chemistry, was detected in these cell populations from mice 
undergoing experimental sepsis induced by CLP ( Fig. 1 A ).  
As a control, no expression of this receptor was detected in 
thioglycollate-elicited peritoneal macrophages from  tlr3  � / �    
mice ( Fig. 1 B ), confi rming the specifi city of this antibody. 
At 24 h, CLP mice showed increased intracellular expression 
of TLR3 in peritoneal and splenic CD11b +  cells ( Fig. 1, C 
and D , respectively) when compared with sham mice. Sur-
prisingly, CLP also induced the extracellular expression of TLR3 
in CD11b +  cells isolated from peritoneal lavage ( Fig. 1 E ). 
No statistical diff erences were observed at the extracellular 
expression of this molecule in spleen cells from CLP and 
sham surgery mice ( Fig. 1 F ). 

 Given that we observed the presence of TLR3 +  neutro-
phils in cytospins of peritoneal cells from septic mice ( Fig. 1 A ), 
we further evaluated the eff ects of polyriboinosinic-polyribo-
cytidylic acid (poly(I:C)) on chemokine generation by puri-
fi ed peritoneal neutrophils (see Materials and methods). As 
shown in  Fig. 1 G , poly(I:C) promoted the release of CCL3 
and macrophage infl ammatory protein 2 (MIP-2) from WT 
neutrophils but not from  tlr3  � / �    neutrophils. Thus, peritoneal 
infl ammatory stimuli promoted the expression of functional 
TLR3 in macrophages and neutrophils. 

 The absence of TLR3 enhanced the infl ux 

of neutrophils, but suppressed necrosis and apoptosis, 

during experimental peritonitis 

 The contribution of TLR3 to septic peritonitis in WT and 
 tlr3  � / �    mice after sham or CLP surgery is summarized in  Fig. 2 .  
A signifi cantly greater number of peritoneal cells were pres-
ent in the  tlr3  � / �    group compared with the WT group at 
24 h after CLP surgery ( Fig. 2 A ). Signifi cantly higher peritoneal 
levels of myeloperoxidase (MPO; a specific marker of 
neutrophil recruitment) were also present in  tlr3  � / �    mice 
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less destruction to the architecture of the cecum and the cell 
infi ltrate, and the contents of the cecum were still apparent in 
this organ, suggesting that reduced intralumen of its contents 
had leaked into the peritoneal cavity. Compared with WT 
mice,  tlr3  � / �    mice showed significantly reduced levels of 

As shown in  Fig. 3 B , complete ligation of the cecum with-
out punctures for 24 h in WT mice caused severe necrotic 
injury to this portion of the bowel, characterized by the near 
total loss of tissue architecture and integrity. In contrast, the 
same procedure in  tlr3  � / �    mice was associated with markedly 

  Figure 1.     CLP surgery induced local and systemic expression of TLR3.  (A) Representative immunochemistry analysis of TLR3 expression in perito-

neal cells from sham and CLP 6 h after surgery. TLR3 expression is observed in brown. Bars, 20  μ m. (B) Immunochemistry analysis of TLR3 expression in 

thioglycollate-elicited macrophages of  tlr3  � / �    mice. Bar, 20  μ m. (C and D) Histograms exhibit TLR3 expression in permeabilized peritoneal (C) and splenic 

(D) CD11b +  cells. (E and F) Nonpermeabilized peritoneal (E) and splenic (F) CD11b +  cells (gray line, isotype control antibody; shaded, sham mice; black line, 

CLP mice). Data are means  ±  SEM from three independent experiments. (G) Immunoreactive CCL3 and MIP-2 supernatant levels from thioglycollate-

elicited WT and  tlr3  � / �    peritoneal neutrophils exposed to poly(I:C). *, P  <  0.05 compared with sham mice;  § , P  <  0.05 compared with WT mice.   
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 TLR3 amplifi ed local and systemic infl ammatory responses 

 We next assessed whether the generation of infl ammatory 
cytokines and chemokines diff ered between WT and  tlr3  � / �    
mice during septic infl ammatory responses in the peritoneal 
cavity. At 6 h after CLP surgery, peritoneal levels of IFN- �  
were signifi cant reduced in the  tlr3  � / �    group compared with 
the WT group ( Fig. 4 A ).  The peritoneal levels of CCL5 
( Fig. 4 B ) and CXCL10 ( Fig. 4 C ) were higher in the  tlr3  � / �    

alanine aminotransferase, aspartate aminotransferase (AST), 
bilirubin, and lactic acid dehydrogenase (LDH) after 6 and 24 
h following CLP surgery, and at 24 h after total cecal ligation 
(Fig. S2, available at http://www.jem.org/cgi/content/full/
jem.20081370/DC1). Collectively, these fi ndings are consis-
tent with the concept that TLR3 activation contributes to the 
magnitude of the infl ammatory response evoked by both septic 
and necrotic processes in the damaged gastrointestinal tract. 

  Figure 2.     Increased peritoneal neutrophil infl ux and a marked reduction in necrotic peritoneal cells during septic peritonitis in  tlr3  � / �    mice.  

(A) WT and  tlr3  � / �    peritoneal cells at 24 h after sham and CLP surgeries. (B) MPO levels in peritoneal lavage samples at 24 h after either sham or CLP 

surgery. Data are means  ±  SEM from two separate experiments. (C) Toluidine blue staining of peritoneal cells from WT and  tlr3  � / �    mice at 24 h after CLP 

surgery. Bars, 50  μ m. (D and E) Apoptotic and necrotic cells were identifi ed by annexin V + /PI  �   and annexin V + /PI +  staining, respectively. The data represent 

means  ±  SEM ( n  = 5 mice per condition). *, P  <  0.05; and **, P  <  0.01 compared with C57BL/6 mice after CLP surgery.   
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after TLR9 activation via hypomethylated DNA (i.e., CpG-
ODN) for 24 h compared with WT macrophages ( Fig. 6 D ). 
However, activators of macrophages derived from necrotic/
apoptotic cells, namely vimentin ( 16 ) and high mobility group 
box 1 (HMGB1) protein ( 17 ), activated WT and  tlr3  � / �    
macrophages to the same extent (Fig. S3, available at http://
www.jem.org/cgi/content/full/jem.20081370/DC1). 

 Because RNA released from damaged tissue might serve 
as a ligand for TLR3 ( 13 ), we next explored the possibility 
that RNA from necrotic PMNs was the signal from these cells 
that drove chemokine synthesis in peritoneal macrophages. 
To further explore this possibility, we added RNase or Ben-
zonase to necrotic PMN samples, and RNA quantifi cation 
showed that both of these enzyme treatments reduced the 
concentration of nucleic material within these samples by  � 50% 
or more compared with untreated PMN samples. As shown 
in  Fig. 6 (G and H) , the presence of RNase or Benzonase did 
not evoke the release of the chemokines KC ( Fig. 6 G ) or 
MIP-2 ( Fig. 6 H ) to the same extent as untreated necrotic 
PMN samples. Further, we again observed that necrotic PMNs 
failed to evoke KC or MIP-2 synthesis by  tlr3  � / �    macro-
phages, and the addition of RNase- or Benzonase-treated 
PMN samples to these cells did not change chemokine levels 
in culture. Collectively, these data demonstrate that nucleic 
acid products from injured and/or necrotic cells contribute 
to the infl ammatory response evoked in macrophages via 
TLR3 ligation. 

group compared with the WT group at this time, but levels 
of TNF- �  ( Fig. 4 D ), CCL3 ( Fig. 4 E ), and MIP-2 ( Fig. 4 F ) 
were similar in the two groups of mice at 6 h after CLP. At 
24 h after CLP surgery, all peritoneal levels of the cytokines 
and chemokines were signifi cantly reduced in the  tlr3  � / �    
CLP group versus the WT CLP group ( Fig. 4, A – F ). 

 Ischemia of the cecum was also associated with signifi cant 
increases in infl ammatory chemokines and cytokines, including 
CCL3, CCL5, and TNF- � . Analysis of peritoneal lavage from 
cecal-ligated mice revealed that all three of these infl ammatory 
mediators were signifi cantly attenuated at 24 h after surgery in 
 tlr3  � / �    mice when compared with WT mice ( Fig. 4 G ). 

 Multiorgan injury caused by septic infl ammatory responses 

was signifi cantly attenuated in  tlr3  � / �    mice 

 Our data demonstrate that the absence of TLR3 had a dra-
matic regulatory eff ect on the magnitude and duration of the 
infl ammatory response in the peritoneal cavity; therefore, we 
next assessed whether this modulatory eff ect extended to 
other organs. Most notably, whole lung and spleen levels of 
CXCL10, CCL3, and CCL2 were signifi cantly lower in 
septic  tlr3  � / �    mice when compared with septic WT mice 
( Fig. 5, A – C ).  Collectively, these data indicated that the in-
fl ammatory response in  tlr3  � / �    mice after a septic infl amma-
tory stimulus was restrained and regulated in a manner that 
markedly decreased the degree of infl ammation in other or-
gans in these mice. 

 Absence of signaling through TLR3 blocked the activation 

of macrophages by necrotic neutrophils 

 We addressed the possibility that the lack of amplifi cation of 
the infl ammatory response in  tlr3  � / �    mice after injury was 
caused by their inability to respond to byproducts from ne-
crotic cells. Accordingly, we examined the role of TLR3 in 
the generation of infl ammatory chemokines by isolated peri-
toneal WT and  tlr3  � / �    macrophages after their co-culture 
with necrotic polymorphonuclear neutrophils (PMNs) or 
apoptotic splenocytes. In cultures of WT macrophages, the 
addition of necrotic neutrophils (97% of cells were propid-
ium iodide +  (PI + ), as shown in  Fig. 6 A ) for 24 h signifi cantly 
increased the levels of CCL5 ( Fig. 6 B ), MIP-2 ( Fig. 6 C ), 
CCL3 ( Fig. 6 D ), KC ( Fig. 6 E ), and CXCL10 ( Fig. 6 F ) 
above control (medium alone) levels.  In marked contrast, the 
addition of necrotic neutrophils to cultures of  tlr3  � / �    macro-
phages did not induce the expression of these chemokines 
( Fig. 6, B – F ). However, chemokine responses evoked by 
the addition of apoptotic spleen cells (depicted) or neutro-
phils (not depicted) did not appear to be TLR3 dependent 
( Fig. 6, B – F ). 

 Further analysis of cytokine and chemokine generation 
by cultured peritoneal WT and  tlr3  � / �    macrophages con-
fi rmed that the latter group of macrophages was signifi cantly 
less responsive to poly(I:C) activation, but responses to this 
synthetic ligand were still present in TLR3-defi cient cells, as 
has been shown previously ( 15 ). We also observed that  tlr3  � / �    
macrophages generated signifi cantly greater levels of CCL3 

  Figure 3.      tlr3  � / �    mice are resistant to lethality after CLP surgery 

and exhibit less tissue damage after gut ischemia.  (A) Septic peritoni-

tis was induced by CLP in WT ( n  = 20) and  tlr3  � / �    ( n  = 17) mice. Mortality 

was monitored every 24 h for 8 d. ***, P  <  0.0001 compared with the WT 

group. (B) Representative Masson ’ s trichrome staining of cecum at 24 h 

after gut ischemia induced by total cecal ligation ( n  = 6). Bars, 100  μ m.   
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not in  tlr3  � / �    (lane 3) macrophages ( Fig. 7 A ).  As would be 
expected given the polyclonal nature of this antibody, other 
bands were detected in the macrophage samples from the 
WT and  tlr7  � / �    mice, but it appeared that these additional 
bands ( � 60 – 80 kD) were specifi c for TLR3 because they 
were not detected by this antibody in  tlr3  � / �    macrophages. 
Next, a functional analysis of TLR3 signaling was performed 
in purifi ed WT peritoneal macrophage cultures exposed to 

 Antibody-mediated immunoneutralization of TLR3 

inhibited WT macrophage chemokine synthetic responses 

to the presence of necrotic neutrophils 

 Using Western blot analysis, we examined the specifi city of our 
polyclonal antibody directed against mouse TLR3. As shown 
in  Fig. 7 A , this antibody detected recombinant TLR3 pro-
tein (a band at  � 140 kD), as well as in poly(I:C)-stimulated 
macrophages from WT (lane 1) and  tlr7  � / �    (lane 2) mice, but 

  Figure 4.     Acute but not sustained peritoneal infl ammation in  tlr3  � / �    mice after CLP or gut ischemia.  (A – F) At 6 and 24 h after CLP surgery, WT 

and  tlr3  � / �    peritoneal cytokine and chemokine concentrations were measured by ELISA. (G) WT and  tlr3  � / �    peritoneal cytokine and chemokine concentra-

tions were measured by ELISA. The data represent means  ±  SEM obtained from three independent experiments for CLP and two independent experiments 

for gut ischemia. *, P  <  0.05 compared with WT groups. nd, not detected.   
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.jem.org/cgi/content/full/jem.20081370/DC1). These data 
suggested that activity of this antibody might not be re-
stricted to TLR3 blockade in the endosome. In addition, the 
presence of chloroquine did not alter the eff ects of anti-TLR3 
antibody on the synthesis of CCL5, CCL3, KC, and MIP-2 
(Fig. S5 A). As a control, the production of chemokines by 
LPS-activated macrophages, which depends of TLR4, is neither 
aff ected by chloroquine or anti-TLR3 blockade (Fig. S5 B). 
These data confi rmed that this TLR3-directed antibody specifi -
cally alters the activating eff ects of a known TLR3 ligand. 

 In additional in vitro studies, WT necrotic neutrophils were 
co-cultured with WT peritoneal macrophages in a 1:1 ratio 
with either control IgG, anti – IFN- �  antibody, or anti-TLR3 
antibody. The presence of necrotic neutrophils and IgG sig-
nifi cantly increased the synthesis of MIP-2 ( Fig. 7 B ), CCL5 
( Fig. 7 C ), CCL3 ( Fig. 7 D ), and KC ( Fig. 7 E ) by WT mac-
rophage. The inclusion of an antibody directed against IFN- �  
in this co-culture system resulted in chemokine generation 
that was similar to that observed in co-cultures with IgG (un-
published data). However, the addition of anti-TLR3 anti-
body to this cell co-culture system signifi cantly decreased levels 
of all four chemokines ( Fig. 7, B – E ). Thus, these data showed 
that the activation of peritoneal macrophages by necrotic 
neutrophils was dependent on TLR3. 

 Antibody-mediated immunoneutralization of TLR3 

attenuated the tissue damage mediated by gut ischemia 

and signifi cantly reduced sepsis-induced mortality 

 Given that the genetic absence of TLR3 provided a dramatic 
protective and modulatory eff ect during septic and ische-
mic infl ammatory responses in the peritoneal cavity, we next 
assessed whether this eff ect could be achieved through anti-
body-mediated immunoneutralization of this TLR. We there-
fore assessed the eff ect of this neutralizing anti-TLR3 antibody 
in WT mice subjected to total cecal ligation and CLP. IgG 
administration before total cecal ligation provided no pro-
tective eff ect, as indicated by severe tissue necrosis and 
marked disruption of the normal gastrointestinal architecture 
( Fig. 8 A , inset) observed at 24 h after surgery.  In marked 
contrast, anti-TLR3 antibody administration preserved the 
histological appearance of cecal tissue analyzed in WT mice 
that received anti-TLR3 antibody ( Fig. 8 B ). The protec-
tive eff ect of neutralizing TLR3 receptors in this necrosis 
model was refl ected by decreased levels of AST and LDH se-
rum enzymes ( Fig. 8 C ). To examine the role of TLR3 dur-
ing septic responses in WT mice, anti-TLR3 antibody was 
given to mice according to the following posttreatment regi-
mens: (a) at 3 h before CLP surgery only; (b) 3 and 24 h after 
CLP surgery; and (c) at 6 and 24 h after CLP surgery. Al-
though anti-TLR3 treatment regimens a and b did not aff ect 
the overall survival after CLP, anti-TLR3 treatment regimen 
c had a marked protective eff ect on the survival of WT mice 
after the induction of sepsis ( Fig. 8 D ). Collectively, these 
data demonstrate that the benefi cial eff ects of TLR3 gene 
defi ciency can be achieved via an anti-TLR3 antibody – 
directed approach. 

necrotic neutrophils or stimulated by poly(I:C) ( Fig. 7 B  and 
Fig. S4 [available at http://www.jem.org/cgi/content/full/jem
.20081370/DC1], respectively). After exposure to poly(I:C) 
alone or poly(I:C) and control IgG for 24 h, CCL2, CCL3, 
CCL5, MIP-2, KC, and TNF- �  were prominently expressed 
in supernatants from these cultures. In contrast, the presence 
of anti-TLR3 antibody signifi cantly reduced the chemokine 
generation by poly(I:C)-activated peritoneal macrophages 
(Fig. S4 A). However, the anti-TLR3 antibody did not have 
any eff ect on CCL2, CCL3, CCL5, and TNF- �  production 
induced by LPS, CpG-DNA, and PamCys3 (Fig. S4 B). 

 We also examined the relative eff ect of endosomal acidi-
fi cation via chloroquine treatment on the neutralizing ability 
of this anti-TLR3 antibody. In cultures of peritoneal macro-
phages from thioglycollate-challenged mice stimulated with 
poly(I:C) in the presence of IgG or anti-TLR3 antibody, the 
presence of 10  μ M chloroquine did not markedly impair the 
neutralizing activity of anti-TLR3 antibody when compared 
with IgG treatment (Fig. S5 A, available at http://www

  Figure 5.     TLR3 amplifi ed systemic infl ammatory responses and 

secondary tissue injury after septic peritonitis.  (A – C) At 24 h after 

sham and CLP surgeries, chemokines were measured in lung and spleen 

homogenates using ELISA. Data are means  ±  SEM from two independent 

experiments ( n  = 4 – 5 mice per experiment). *, P  <  0.05; and **, P  <  0.01 

compared with WT groups.   
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provided by the host during injury events ( 7 ). In the present 
study, we examined the relative importance of TLR3, a TLR 
initially characterized for its responses to double-stranded 
RNA ( 15 ) but more recently for its response to endogenous 
nucleic acids from necrotic cells ( 9, 13 ). We observed that 
during septic peritonitis, intracellular as well as extracellular 
TLR3 expression was markedly induced in CD11b +  cells. 
The absence of TLR3 in mice was protective in the context 

  DISCUSSION  

 Initiation and amplifi cation events in the infl ammatory re-
sponse are complex, and the relative role of the TLR system 
in these events adds to this complexity. The recognition of 
PAMPs by TLRs has garnered much of the research attention 
in the elucidation of innate immunity in the context of pathogen 
exposure. However, growing evidence suggests that TLRs 
exert a prominent role in the response to endogenous signals 

  Figure 6.     TLR3 was required for chemokine generation by peritoneal macrophages after co-culture with necrotic but not apoptotic cells.  

(A) The necrotic cells were identifi ed by analyzing the side scatter (SSC) and PI +  staining. (B – F) Chemokine concentrations in the supernatants of WT or 

 tlr3  � / �    peritoneal macrophages co-cultured with necrotic neutrophils, apoptotic splenocytes, poly(I:C), CpG-ODN, Pam3Cys, or LPS and quantifi ed using 

ELISA and/or Bio-Plex. The data are means  ±  SEM from three to four combined experiments. *, P  <  0.05; **, P  <  0.01; and ***, P  <  0.001 compared with 

 tlr3  � / �    mice. (G and H) KC (G) and MIP-2 (H) protein levels in 96-well tissue culture plates containing WT or  tlr3  � / �    macrophages and one of untreated, 

RNase-, or Benzonase-treated necrotic PMNs. **, P  <  0.01 when necrotic PMNs were compared with medium; #, P  <  0.05 when enzyme-treated necrotic 

PMNs were compared with nontreated necrotic PMNs.   
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observed that signifi cantly greater quantities of CXCL10 
were detected in the peritoneal cavities of septic  tlr3  � / �    mice 
compared with WT mice. Also, at 6 h after CLP both TLR4 
and TLR9 were markedly increased in innate immune cells 

of both CLP surgery and gut ischemia. Two key features 
were noted in these injury models. First, the initiation of the 
infl ammatory response in  tlr3  � / �    mice was enhanced com-
pared with appropriate WT controls. Specifi cally, we ob-
served that neutrophil infl ux into the peritoneal cavity was 
signifi cantly increased, and this infl ux was associated with in-
creased CXC chemokine levels. Second, the infl ammatory 
response was quickly contained within  tlr3  � / �    mice, in large 
part because of the absence of an amplifying eff ect of byprod-
ucts from necrotic but not apoptotic cells. Importantly, this 
latter feature in  tlr3  � / �    mice was replicated in WT mice via 
the use of an immunoneutralizing antibody directed against 
TLR3. Thus, the absence or the modulation of TLR3 activ-
ity has major benefi cial eff ects in mouse models of peritonitis 
characterized by infection and tissue necrosis. 

 TLR3 is expressed in DCs ( 18, 19 ), astrocytes ( 20 ), 
Schwann cells ( 21 ), macrophages ( 22 ), glomerular mesangial 
cells ( 8, 23 ), T cells ( 24 ), epithelial cells ( 25, 26 ), fi broblasts 
( 27 ), and hepatocytes ( 11 ). Although TLR3 is present mainly 
within the endosomic compartment of these cell types, epi-
thelial cells appear to uniquely express this TLR on their cell 
surface as well ( 26 ); however, we observed, like others ( 28 ), 
that during infl ammation macrophages express this receptor 
on the surface. These results were confi rmed in studies in 
which the presence of chloroquine did not alter the inhibitory 
eff ect of the anti-TLR3 antibody during poly(I:C)-induced 
chemokine synthesis by infl amed macrophages. Viral infec-
tion drives TLR3 expression in epithelial cells ( 29, 30 ), but 
TLR3 expression can be driven during chronic infl ammation 
in the absence of virus or viral byproducts ( 31 ). Herein, we 
observed that TLR3 protein was expressed in macrophages 
and neutrophils after sepsis. The observation that TLR3 was 
induced in septic mouse neutrophils was novel because this 
TLR has only been reported in isolated human neutrophils 
( 32 ). The presence of functional TLR3 in infl amed mouse 
neutrophils was confi rmed by the addition of poly(I:C), which 
induced CCL3 and MIP-2 in WT but not  tlr3  � / �    neutro-
phils. Thus, TLR3 expression was induced in macrophages 
and neutrophils in the absence of a viral stimulus. 

 Severe sepsis, a lethal syndrome after infection or injury, 
is the third leading cause of mortality in the United States ( 2 ), 
and it is characterized by multiorgan damage because of the 
fact that the excessive infl ammation directed toward the in-
fectious pathogen precipitates major tissue damage. Several 
initiation signals direct the migration of mononuclear cells 
and neutrophils during sepsis, but this response must be tightly 
regulated to avoid tissue injury ( 33 ). In the present study, the 
absence of TLR3 was associated with an increase in neutro-
phil recruitment into the peritoneal cavity in mice undergo-
ing CLP and into the wall of the ischemic cecum at the 24-h 
time point. One explanation for the increased initial infl am-
matory response in  tlr3  � / �    mice stems from our observation 
that neutrophils and macrophages generated signifi cantly 
greater amounts of CXCL10 and KC, two potent neutrophil 
chemoattractants ( 34 ), after exposure to hypomethylated DNA, 
a ligand for TLR9. Consistent with this explanation, it was 

  Figure 7.     TLR3 was required for chemokine generation by WT perito-

neal macrophages after co-culture with necrotic neutrophils.  (A) The 

specifi city of polyclonal rabbit anti-TLR3 was determined by Western blot 

analysis of TLR3 expression in the following samples: lane 1, WT macro-

phages; lane 2,  tlr7  � / �    macrophages; lane 3,  tlr3  � / �    macrophages; and lane 4, 

recombinant TLR3. The black line indicates that intervening lanes have been 

spliced out. (B-E) Chemokine concentrations in the supernatants of WT peri-

toneal macrophages co-cultured with necrotic neutrophils with IgG or anti-

TLR3 polyclonal antibody were quantifi ed using Bio-Plex. The data are means  ±  

SEM of triplicate wells and are representative of three independent exper-

iments. *, P  <  0.05; **, P  <  0.01; and ***, P  <  0.001 compared with IgG group.   
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total cecal ischemia in  tlr3  � / �    mice, cytokine and chemokine 
levels were signifi cantly reduced compared with WT mice, 
suggesting that the amplifi cation of the infl ammatory cascade 
was blunted in  tlr3  � / �    mice. Thus, the infl ammatory re-
sponse in  tlr3  � / �    mice was regulated in a manner consistent 
with tissue preservation. 

 The factors contributing to poorly regulated infl ammatory 
responses such as those observed in sepsis and gut ischemia are 
not well understood, but tissue necrosis might provide a ma-
jor  “ danger ”  signal that inappropriately amplifi es infl amma-
tion ( 3 ). In the present study, signifi cantly fewer necrotic cells 
were observed in  tlr3  � / �    mice after sepsis. Further, the coin-
cubation of necrotic neutrophils with WT macrophages 
promoted the release of many chemokines, most notably 
CXCL10. This eff ect was restricted to co-cultures of necrotic 
neutrophils and WT macrophages, because the co-culture of 
necrotic neutrophils and  tlr3  � / �    macrophages failed to show 
similar elevations in proinfl ammatory cytokines and chemo-
kines. Tissue necrosis leads to the release of several cellular 
components, including heat shock proteins, HMGB1, and 
nucleic acids. Heat shock proteins and HMGB1 have been 
shown or suggested to be agonists for TLR2 and TLR4 ( 41 ), 
whereas mRNA is an endogenous ligand for TLR3 ( 13 ). 

from  tlr3  � / �    mice. The activation of these receptors might 
account for the increased neutrophil recruitment and eff ec-
tive bacterial killing initially observed in the knockout. 

 The amplifi ed infl ammatory response during peritonitis 
is characterized by the exuberant presence of cytokines and 
chemokines, and these mediators contribute directly and in-
directly to tissue and organ destruction ( 33, 35, 36 ). Previous 
studies in  tlr3  � / �    mice have noted that these mice exhibit 
markedly altered cytokine and chemokine generation in re-
sponse to poly(I:C) ( 15 ) or a viral infection ( 11, 37 – 40 ). The 
intestinal tract appears to be highly susceptible to the damag-
ing eff ects of double-stranded RNA, leading to a breakdown 
in the homeostasis in this organ system ( 10 ). Recently, Doughty 
et al. ( 12 ) reported that the activation of a TLR3 pathway 
with poly(I:C) in mice before septic peritonitis caused by CLP 
surgery signifi cantly augmented the infl ammatory response 
in this model, in part because of the up-regulation of IFN-
 � / � . The results from the present study expand these previ-
ous fi ndings in that  tlr3  � / �    mice were markedly resistant to 
the lethal eff ects of CLP. This decreased mortality in  tlr3  � / �    
mice was also associated with signifi cantly lower levels of many 
proinfl ammatory cytokines (including IFN- �  and TNF- � ) 
and chemokines at 24 h after CLP surgery. Similarly, during 

  Figure 8.     Anti-TLR3 antibody markedly reduced cecal damage induced by gut ischemia and enhanced survival after the induction of severe 

sepsis.  (A and B) Representative histological sections from WT mice that received either IgG (A) or anti-TLR3 (B) antibody during gut ischemia. The inset in 

A is a representative histological cross section of cecum from a naive WT mouse. Bars, 100  μ m. (C) At 24 h after surgery, serum from WT mice subjected 

to cecal ischemia and either IgG or anti-TLR3 antibody treatments ( n  = 4 mice per group) were analyzed for AST and LDH. The data are means  ±  SEM. *, 

P  <  0.05 compared with the IgG group. (D) WT mice received 3 mg of anti-TLR3 antibody or isotype control at 6 and 24 h after CLP surgery, and the 

survival rates were monitored for 54 h ( n  = 7 for the anti-TLR3 antibody group;  n  = 8 for the IgG group).   
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a breeding colony of  tlr3  � / �    mice was established at the University of Michi-

gan.  tlr7  � / �    mice were provided by G. Nu ñ ez (University of Michigan 

Medical School, Ann Arbor, MI). The Animal Use Committee at the Uni-

versity of Michigan approved all in vivo protocols used in this study. Age- 

and sex-matched mice were used in these studies. 

 Models.   Thioglycollate-induced sterile peritonitis was induced by the i.p. 

injection of 2% thioglycollate (Sigma-Aldrich). 

 For polymicrobial sepsis, WT and  tlr3  � / �    mice were subjected to sham 

or CLP surgery, as previously described in detail ( 43 ). CLP and sham mice 

were anesthetized, bled, and killed at 6 and 24 h after surgery; lung, spleen, 

and peritoneal cells were collected. Peritoneal lavage fl uids were harvested, 

and these fl uids and peripheral blood from each mouse were serially diluted 

and plated on brain heart infusion agar and incubated overnight at 37 ° C, 

and bacteria colonies were counted. Cell-free peritoneal fl uids were used 

for chemokine, cytokine, and MPO detection by ELISA. Single-cell peri-

toneal suspensions were stained with Toluidine blue (Thermo Fisher Scien-

tifi c). In separate experiments, WT and  tlr3  � / �    CLP groups were monitored 

for survival over 8 d. 

 Total ischemic bowel injury was induced by the complete ligation of 

the cecum in WT and  tlr3  � / �    mice. Cecums were exteriorized as described, 

but not punctured with a needle, and were returned to the peritoneal cavity, 

and the incision was closed with a surgical staple. At 24 h, the peritoneal 

cavity was fl ushed with saline, blood was drawn for clinical chemistry, and 

the cecum was collected for histology. 

 Generation of rabbit anti – mouse polyclonal TLR3-specifi c anti-

body.   TLR3 antibody was generated in New Zealand white rabbits with 

recombinant mouse TLR3 (carrier free; R & D Systems), as previously de-

scribed in detail ( 44 ). This antibody was tittered by ELISA against TLR3 

coated onto 96-well plates. Serum from nonimmunized rabbits was used for 

a control treatment group. 

 Flow cytometry.   Splenic and peritoneal cells from WT mice were ana-

lyzed for TLR3 at 24 h after surgery. For intracellular staining, Fc binding 

was blocked with anti – mouse CD16/32 antibody (eBioscience), and the 

cells were incubated with label PE – conjugated anti-CD11b. Cells were 

fi xed, permeabilized with Cytofi x/Cytoperm (BD Biosciences), incubated 

with 2  μ g of biotinylated polyclonal rabbit anti – mouse TLR3 or biotinylated 

rabbit IgG, and stained with streptavidin-allophycocyanin. For extracellular 

staining of TLR3, the cells were not permeabilized. All stained cells were 

analyzed using a Cytomics FC 500 (Beckman Coulter). Peritoneal cells from 

both groups of mice were also stained with Alexa Fluor 488 – labeled An-

nexin V and 1  μ g/ml PI (both from Invitrogen) for 15 min. Flow cytometry 

analysis was performed immediately thereafter. 

 Immunocytochemistry.   Cytospin preparations of peritoneal cells were 

fi xed in a 4% equal mixture of paraformaldehyde and sucrose, and incubated 

with purifi ed rabbit polyclonal anti-TLR3 antibody or control IgG. The 

presence of TLR3 was revealed using a cell and tissue staining and horserad-

ish peroxidase – DAB kit (R & D Systems). 

 Western blot analysis.   Macrophages from WT,  tlr3  � / �   , and  tlr7  � / �    mice 

stimulated with poly(I:C) for 24 h were lysed, kept on ice for 20 min, and 

centrifuged at 15,000  g  for 15 min. Equal amounts of cell lysates (18  μ g) and 

10 ng of recombinant mouse TLR3 (R & D Systems) were fractionated by 

SDS-PAGE (NuPage; Invitrogen), followed by transfer onto nitrocellulose 

(Invitrogen). After overnight incubation with polyclonal rabbit anti – mouse 

TLR3 antibody (dilution = 1:1,000), membranes were counterstained with 

peroxidase-conjugated anti – rabbit IgG and visualized with enhanced chemi-

luminescence detection reagents (ECL; GE Healthcare). Membranes were 

stripped in Restore Buff er (Thermo Fisher Scientifi c) at 50 ° C for 45 min, 

blocked with 5% nonfat milk, and reprobed with anti-GAPDH (Abcam), 

followed by peroxidase-conjugated anti – rabbit IgG. The images were ana-

lyzed using ImageJ software (version 1.37; National Institutes of Health). 

More recently, Brentano et al. ( 9 ) showed that RNA released 
from necrotic synovial cells activated fi broblasts in the arthritic 
joint in a TLR3-dependent manner. Also, necrotic neuronal 
cells were found to induce infl ammatory Schwann cell activa-
tion via TLR3 ( 21 ). Although vimentin and HMGB1 are intra-
cellular proteins, which are released during cell apoptosis and 
necrosis, respectively, neither factor appeared to activate peri-
toneal macrophages in a TLR3-dependent manner. How-
ever, the treatment of necrotic neutrophils with endonuclease 
or RNase signifi cantly inhibited the ability of these cells to 
induce infl ammatory chemokine secretion by WT  “ infl amed ”  
macrophages. These fi ndings lend credence to our hypoth-
esis that RNA released from necrotic cells activates TLR3, 
leading to the amplifi cation of the infl ammatory response. 
Thus, TLR3 amplifi es the infl ammatory process in the peri-
toneal cavity, and its role in this process appears to be related 
to the detection of RNA from necrotic cells. 

 The development and characterization of an antibody di-
rected against TLR3 allowed for the examination of TLR3 
blockade in in vitro and in vivo experiments. We observed 
that this antibody recognized TLR3 in WT and  tlr7  � / �    peri-
toneal macrophages but failed to detect any protein product 
in  tlr3  � / �    macrophages. Moreover, the anti-TLR3 antibody 
signifi cantly attenuated the cytokine- and chemokine-inducing 
eff ects of poly(I:C) and necrotic neutrophils by WT macro-
phages. Studies with chloroquine-treated  “ infl amed ”  perito-
neal macrophages raised the possibility that this antibody 
worked via the blockade of TLR3 at the cell surface, but we 
cannot exclude the possibility that the neutralizing TLR3 an-
tibody was internalized by macrophages via Fc  �  receptor –
 mediated endocytosis. Importantly, the fi ndings in  tlr3  � / �    mice 
were duplicated in vivo in WT mice using a neutralizing an-
tibody directed against TLR3. Specifi cally, tissue necrosis 
was signifi cantly reduced after the administration of this anti-
body before the induction of gut ischemia. Interestingly, the 
administration of anti-TLR3 antibody at 6 and 24 h after CLP 
surgery, but not at earlier times after CLP surgery, had a sig-
nifi cant protective eff ect, which is likely caused by the time 
interval needed to induce cell necrosis in this model. These 
fi ndings are consistent with the role of TLR3 in the amplifi -
cation of the infl ammatory response after sepsis. Thus, TLR3 
can now be included with the select group of molecules 
known to contribute to the amplifi cation of the septic re-
sponse. Other members on this list include HMGB1 ( 17 ) and 
TREM-1 ( 42 ). 

 In summary,  tlr3  � / �    mice showed regulated peritoneal 
and systemic infl ammation after tissue injury in the absence 
of a viral challenge. Thus, the use of antibody directed against 
TLR3 might serve as a therapeutic clinical option in the treat-
ment of necrosis-induced infl ammatory events. 

 MATERIALS AND METHODS 
 Mice.   Specifi c pathogen-free, male C57BL/6 (WT) mice (aged 6 – 8 wk; 

Taconic) were housed at the University of Michigan.  tlr3    � / �    mice, back-

crossed 10 generations onto a C57BL/6 background, were originally pro-

vided by R. Flavell (Yale University School of Medicine, New Haven, CT); 
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used in the in vitro and in vivo studies attenuated the poly(I:C)-induced 

chemokine production and did not have any eff ect in the chemokine pro-

duction induced by other TLR ligands. Fig. S5 shows that chemokine pro-

duction mediated after TLR3 activation is not completely restricted by the 

endosomal acidifi cation with chloroquine. 
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 Proteomic analysis of cytokines, chemokines, and MPO.   Immuno-

reactive levels of chemokines and cytokines were measured in cultured cell 

supernatants, peritoneal lavage, lung, and spleen homogenates using a modi-

fi ed double-ligand ELISA assay, as previously described in detail ( 44, 45 ), 

or a cytokine assay (Bio-Plex; Bio-Rad Laboratories). Before each ELISA, 

snap-frozen lung and spleen samples were thawed on ice and homogenized 

in a solution containing 2 mg of protease inhibitor (Complete; Boehringer 

Mannheim) per milliliter of normal saline. Cell-free supernatants from the 

lung and spleen homogenates were analyzed. MPO activity in peritoneal la-

vage samples was determined by ELISA (Hycult biotechnology). All cyto-

kine and chemokine levels were normalized to the total protein concentration 

from tissues and peritoneal lavage, as determined by the Bradford method 

(Bio-Rad Laboratories). 

 In vitro macrophage and neutrophil activation.   Macrophages and 

neutrophils were obtained from thioglycollate-challenged WT and  tlr3  � / �    

mice. One of the following stimuli was added to triplicate wells of isolated 

macrophages and neutrophils: 2.5  μ g/ml tri-palmitoyl-S-glyceryl cysteine 

(Pam3Cys; EMC Microcollections), 10  μ g/ml poly(I:C) (GE Healthcare), 

1  μ g/ml LPS from  Escherichia coli  0111:B4 (Sigma-Aldrich), or 2  μ M CpG-

ODN (Hycult biotechnology). Infl ammatory chemokine generation by cul-

tured macrophages and neutrophils was determined by ELISA or Bio-Plex at 

24 and 5 h, respectively. In separate experiments, cultures of peritoneal mac-

rophages cultures were co-cultured with necrotic neutrophils or apoptotic 

splenocytes in the ratio 0.5 – 1:1 macrophage, vimentin (1, 2, or 5  μ g/ml; 

Cytoskeleton), or recombinant HMGB1 (10  μ g/ml; R & D Systems). Ne-

crotic neutrophils were generated from peritoneal neutrophils (73.4% were 

Gr1 high CD11c neg ) harvested at 16 h after i.p. thioglycollate injection and in-

cubated at 55 ° C for 25 min, as previously described ( 46 ). Apoptotic spleno-

cytes or neutrophils were generated by the addition of 1  μ M staurosporine 

(Sigma Aldrich) for 6 h. In additional experiments, samples of 10 6  necrotic 

PMNs were treated with either 20  μ g RNase (DNase and protease free; 

Roche) or 10 U/10 6  cells of Benzonase Nuclease (EMD) for 2 h at 37 ° C. 

After incubation, the necrotic cells were thoroughly washed and co-cultured 

with WT macrophages at a 1:1 ratio. Nucleic acid content in all necrotic 

PMN samples was determined with a RediPlate 96 RiboGreen RNA 

Quantitation kit (Invitrogen) according to the manufacturer ’ s directions. 

 Immunoneutralization of TLR3.   Cultures of peritoneal macrophages 

were exposed to 150  μ g/ml anti-TLR3 of control IgG antibody for 1.5 h. 

Subsequently, TLR2, 3, 4, and 9 ligands or necrotic neutrophils were added. 

In separate experiments, macrophages were preincubated with 10  μ M chlo-

roquine. 2 h later, all cells were washed and incubated with neutralizing anti-

TLR3 or IgG antibodies for 90 min. After this incubation, the cultures were 

stimulated with poly(I:C). In in vivo experiments, control IgG or 1 mg anti-

TLR3 antibody per mouse were injected i.p. at 2 h before and 6 h after total 

cecal ligation. 24 h later, cecums and serum were collected for analysis. In the 

CLP model, control IgG or anti-TLR3 (3 mg per mouse) were injected i.p. 

according to one of the following treatment regimens: (a) at 3 h before CLP 

surgery only; (b) 3 and 24 h after CLP surgery; and (c) at 6 and 24 h after 

CLP surgery. Survival was monitored for 54 h after the CLP surgery. 

 Statistics.   Data are expressed as mean  ±  SEM. The Student ’ s unpaired 

 t  test was used to evaluate the diff erences between WT and  tlr3  � / �    groups. 

Survival studies were analyzed with the log-rank test. P  ≤  0.05 was consid-

ered signifi cant. 

 Online supplemental material.   Fig. S1 A shows that the mRNA ex-

pression of TLR4 and 9 is increased in  tlr3  � / �    mice after CLP. Fig. S1 B 

shows that the absence of TLR3 in neutrophils increased the responsiveness 

(i.e., chemokine production) of these cells to TLR4 (LPS). Fig. S2 shows 

that TLR3 activation increased the levels of AST, bilirubin, and LDH in-

duced by septic peritonitis and gut ischemia. Fig. S3 shows that vimentin as 

well as HMGB1 proteins are not involved in the activation of TLR3 during 

acute infl ammation. Fig. S4 shows that the polyclonal anti-TLR3 antibody 
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