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Abstract

Pathogen recognition and triggering of the inflammatory response following infection in mammals depend mainly on Toll-
like and Nod-like receptors. Here, we evaluated the role of Nod1, Nod2 and MyD88-dependent signaling in the chemokine
production and neutrophil recruitment to the infectious site during sepsis induced by cecal ligation and puncture (CLP) in
C57Bl/6 mice. We demonstrate that Nod1 and Nod2 are not involved in the release of chemokines and recruitment of
neutrophils to the infectious site during CLP-induced septic peritonitis because these events were similar in wild-type, Nod1-,
Nod2-, Nod1/Nod2- and Rip2-deficient mice. Consequently, the local and systemic bacterial loads were not altered. Accordingly,
neither Nod1 nor Nod2 was involved in the production of the circulating cytokines and in the accumulation of leukocytes in
the lungs. By contrast, we showed that MyD88-dependent signaling is crucial for the establishment of the local inflammatory
response during CLP-induced sepsis. MyD88-deficient mice were susceptible to sepsis because of an impaired local production
of chemokines and defective neutrophil recruitment to the infection site. Altogether, these data show that Nod1, Nod2 and
Rip2 are not required for local chemokine production and neutrophil recruitment during CLP-induced sepsis, and they
reinforce the importance of MyD88-dependent signaling for initiation of a protective host response.
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Introduction

Sepsis is a complex syndrome caused by the inability of the host

to control an infection, typically by bacterial origin [1]. Sepsis is

one of the most common causes of death in healthcare facilities

worldwide, but a complete understanding of the physiopathology

of this condition is still lacking [2].

The successful clearance of bacterial pathogens during sepsis

has been clearly demonstrated to be dependent on efficient

neutrophil recruitment to the infection site. To enable this process,

host immune cells play a crucial role in establishing the local

inflammatory response after detecting the pathogen [3]. Bacterial

components are primarily detected by two families of pattern

recognition receptors (PRR) in the host immune cell: Toll-like

receptors (TLR) and Nucleotide-binding oligomerization domain

(Nod)-like receptors (NLR) [4].

TLRs recognize a wide range of ligands from both Gram-

positive and Gram-negative bacteria [5]. We have previously

demonstrated that TLR2, TLR4 and TLR9 play a deleterious role

in polymicrobial sepsis [6–8]. However, the beneficial or

deleterious role of the adaptor protein MyD88, recruited by these

TLRs, to the outcome of polymicrobial sepsis still remains

controversial [9–13].

The prototypic receptors for the NLR family are Nod1 and

Nod2, and these receptors sense the ligands iEDAP and

muramyldipeptide (MDP), respectively. Both of the ligands are

found in Gram-negative and Gram-positive bacterial cell walls.

The downstream signaling from these receptors involves the

adaptor protein Rip2 and the transcription factor NF-kB [14,15].

Interestingly, Nod2 polymorphisms have been associated with an

increased susceptibility to sepsis in infant and adult patients [16].

Moreover, Nod1 ligands are able to induce chemokine production

and neutrophil recruitment, and play an important role in the

induction of organ dysfunction and shock [17,18].

This study aimed to evaluate the role of the NLR family

members Nod1 and Nod2 in the chemokines production and

neutrophil recruitment to the infectious site in polymicrobial

sepsis. Additionally, we addressed the role of MyD88 in the onset

of sepsis. For enable these observation, we induced sepsis by the

gold-standard cecal ligation and puncture (CLP) [19] and bacterial
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inoculation models. Here, we demonstrate that wild-type, Nod1-,
Nod2-, Nod1/Nod2- and Rip2-deficient mice displayed similar

levels of local chemokines, neutrophil recruitment to the infection

site, local and systemic bacterial loads and survival. By contrast,

the establishment of the local inflammatory response, which leads

to the control of infection in polymicrobial sepsis, is triggered by

MyD88-dependent signaling. MyD88-deficient mice were more

susceptible to CLP-induced sepsis than wild-type mice. There was

a large reduction in the levels of local inflammatory mediators and

recruitment of neutrophils to the infection site in MyD88-deficient

compared to wild-type mice. Furthermore, resident peritoneal cells

that were adoptively transferred from wild-type mice to MyD88-

deficient mice increased the chemokine production and neutrophil

recruitment to the peritoneal cavity. Altogether, these data suggest

that TLRs, but not Nod1 and Nod2, play a major role in the

resolution of sepsis due to the establishment of the local response in

polymicrobial sepsis.

Materials and Methods

Animals
Specific pathogen free (SPF) male and female C57Bl/6 (wild-

type-WT) mice (weight 18–23 g) and Tlr2-, MyD88-deficient and

Tlr4-mutant mice were obtained from Jackson Laboratory (Bar

Harbor, USA). Nod1-, Nod2- and Rip2-deficient mice were kindly

provided by Richard Flavell (Yale University). All of the mouse

strains were bred in our institutional animal facilities. Mice doubly

deficient for Nod1 and Nod2 were constructed by intercrossing the

F1 generation and screening the F2 progeny for double deficiency

in both genes by standard PCR procedures. Primers used for the

screening were as follows: Nod1 wild-type allele forward

59GCTTGGCTCCTTTGTCATTG39 and reverse

59ACTGCTGCTTGGCTTTATTCTC39; Nod1 mutant allele

forward 59TTGGTGGTCGAATGGGCAGGTA39 and reverse

59CGCGCTGTTCTCCTCTTCCTCA39; Nod2 wild-type allele

forward 59ACAGAGATGCCGACACCATACTG39 and reverse

59TGGAGAAGGTTGAAGAGCAGAGTC39; Nod2 mutant al-

lele forward 59TGACTGTGGCTAATGTCCTTTGTG39 and

reverse 59TTCTATCGCCTTCTTGACGAGTTC39.

Ethics statement
All protocols involving animal experiments were approved and

carried out in accordance with the ethical guidelines of Ribeirão

Preto Medical School, University of São Paulo, Brazil (License

number: 047/2007). All mice were handled with regard for

alleviation of suffering. Analgesics were not used as treatment in

mice after sepsis induction, due to their possible interference via

the production of inflammatory mediators. The mice were housed

in the animal facility of the Department of Pharmacology in this

School under controlled light/dark cycle, temperature and

humidity. Maximum of five mice per polysulfone cages

(32 cm620 cm621 cm) was allowed. Food and water were

provided ad libitum.

After sepsis induction, mice showed piloerection, crusty

exudates around their eyes, reduced locomotion and altered

breath frequency. These events were worsened as the mice

approached death. Mice (except for survival experiments) were

euthanized in different time points by overdose of ketamine and

xylazine (.100/10 mg/kg, s.c., União Quı́mica, BR) followed by

cervical dislocation. For survival experiments, we monitored mice

with CLP-induced sepsis at each 12 h for 10 days. At this time,

mice that show signs of imminent death (i.e. inability to maintain

upright position/ataxia/tremor and/or agonal breathing) were

euthanized by ketamine/xylazine overdose followed by cervical

dislocation. At the end of the survival experiment, live mice were

also euthanized by ketamine/xylazine overdose followed by

cervical dislocation.

Sepsis model
CLP-induced sepsis was performed as previously described with

slight modification [20]. Briefly, mice were anesthetized with

ketamine/xylazine (100/10 mg/kg, i.p., União Quı́mica, BR), and

the cecum was exposed and punctured using 30, 21 or 18G needle

(BD, USA) to induce non-severe (NS), moderate (M) or severe (S)

sepsis, respectively. The animals received 1 mL of saline subcu-

taneously after this procedure to avoid dehydration and returned

to the same cages they were previously housed in, with water and

food ad libitum.

Sepsis was also induced by polymicrobial inoculation. Bacteria

were isolated from the cecal microbiota of WT mice as previously

described [21]. Optical density of bacterial suspension was

adjusted to 0.380, which was previously determined to be

equivalent to approximately 1.46108 bacteria per 0.1 mL. This

volume was homogenized with an equal volume of 10% gelatin

solution (Synth, BR) and intraperitoneally (i.p.) administered to

WT, Nod1- or Nod2-deficient mice to mimic the bacterial

infection induced by CLP.

Neutrophil recruitment to the peritoneal cavity
Neutrophil recruitment was assessed 6, 12 or 24 h after sepsis

induction as indicated in the legends. The animals were

euthanized, and the cells in the peritoneal cavity were harvested

by the introduction of 1.5 mL of PBS containing 1 mM EDTA.

Total and differential cell counts were performed as previously

described [22].

Determination of cytokine and chemokine levels in the
peritoneal lavage

The animals were euthanized 6, 12 or 24 h after sepsis

induction and peritoneal lavage was performed. Cytokines and

chemokines concentrations were determined using a standard

sandwich ELISA. CXCL1, CXCL2, IL-6 and TNF-a were

measured using commercially available antibodies following the

procedures supplied by the manufacturer (R&D Systems, USA).

LPS, LTA and CXCL2 stimulation in vivo
Lipopolysaccharide (LPS) (200 mg/cavity, Difco, USA), Lipo-

teichoic acid (LTA) (30 mg/cavity, Sigma-Aldrich, USA), CXCL2

(30 ng/cavity, R&D Systems, USA) or saline were i.p. adminis-

tered to WT and Tlr2-, Tlr4- and MyD88-deficient mice as

indicated in the figure legend. Peritoneal lavage was harvested 6 h

after stimulation to determine the neutrophil recruitment into the

peritoneal cavity.

Chemotaxis assay
Neutrophils were isolated from bone marrow of WT and

MyD88-deficient mice as previously described [7]. Isolated

neutrophils (56104/well) were incubated with CXCL1, CXCL2

(10 ng/mL) or RPMI in a Boyden chamber as previously

described by others [23].

Adoptive transfer of neutrophils from WT and MyD88-
deficient mice into WT mice

Adoptive neutrophil transfer was performed as previously

described with modifications [7]. Neutrophils isolated from bone

marrow of WT and MyD88-deficient mice were stained with 0.5

or 5 mM CFSE, respectively, in order to differentiate the two
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lineages of neutrophils. These neutrophils were mixed and i.v.

administered (56106/mouse) to a WT mouse 2 h before non-

severe sepsis induction. Peritoneal lavage was harvested 6 h after

CLP surgery. The neutrophils from the peritoneal lavage were

stained with anti-GR-1 (BD Biosciences, USA) and the CFSE-

stained neutrophils were analyzed using a GR-1 positive gate.

Samples were acquired on a FACS Calibur flow cytometer (BD

Biosciences, USA) and analyzed using FCS Express V3 software.

Resident peritoneal cell culture
Resident peritoneal cells were harvested by washing the

peritoneal cavity of mice with PBS containing 1 mM EDTA.

The cells were incubated with LPS (1 mg/mL), LTA (10 mg/mL)

or RPMI for 24 h. Supernatant CXCL2 and TNF-a levels were

determined by ELISA.

Transfer of resident peritoneal cells from MyD88-deficient
or WT mice into MyD88-deficient mice

Cells harvested from the peritoneal cavity of WT or MyD88-

deficient mice were administered i.p. (56106/cavity) into MyD88-

deficient mice. The CLP surgery was performed 2 h after the

transfer of the cells into the animal. The peritoneal lavage was

harvested 6 h after sepsis induction to evaluate CXCL2 levels and

neutrophil recruitment.

Bacterial count in the peritoneal lavage and blood
The bacterial count was determined as previously described

[24]. Briefly, mice were euthanized 6, 12 or 24 h after sepsis

induction. After harvesting the blood and peritoneal lavage using

sterile PBS, aliquots of serial dilutions of these samples were plated

on Muller-Hinton agar plates (OXOID, UK) and incubated at

37uC. CFUs were analyzed 18 h after the incubation.

Expression of Nod1 and Nod2
Peripheral blood was harvested from naı̈ve WT mice 6 h after

sepsis induction, and mononuclear cells and neutrophils were

isolated using Percoll, as previously described [7]. RNA extraction

was performed using TRIzol (Life Technologies, USA) and

following the manufacturer’s instructions. Reverse transcription

of total RNA to cDNA was carried out by performing a reverse

transcription reaction (IMPROM II, Promega, USA). Real-time

PCR was performed using specific primers for Nod1 and Nod2
and the housekeeping gene Gapdh. Reactions were conducted on

ViiA7 using the SYBR-green FAST fluorescence system (both

from Applied Biosystems, USA). The data were analyzed with the

2- DDCt method. Primer pairs for the Nod1, Nod2 and Gapdh
were as follows: Gapdh, forward 59CATCTTCTTGTG-

CAGTGCCA39 and reverse 59CGGCCAAATCCGTTCAC39;

Nod1, forward 59CATGATCCAGCAAAGCAATA39 and re-

verse 59CCATACCCTTCTTCTCATCC39; Nod2, forward

59AACTGTCCAACAATGGCATC39 and reverse 59TTCCC-

TCGAAGCCAAACCT39.

Myeloperoxidase (MPO) assay
Lungs were harvested from mice at 6, 12 or 24 h and processed

as previously described [6].

Statistical analysis
The data expressing survival rates are expressed as percentage

of surviving animals and the Mantel-Cox log-rank test was used to

determine differences between survival curves. Bacterial counts are

expressed as medians and the remaining data are expressed as

mean 6 standard error of the mean (SEM) of values obtained

from the experiments. The strain effect was analyzed by

multifactorial ANOVA with factors being strain and time (6 and

24 h data expressed in the same graph). The data expressed in one

timepoint were analyzed by ANOVA followed by Dunnett’s test or

by unpaired t test in the case of comparison between only two

groups. A P value of 0.05 or less was considered significant. Unless

otherwise specified in the figure legend, the sample size for each

experiment was n = 5 mice per group as previously standardized

for these protocols in our laboratory. All of the statistical analyzes

were performed using GraphPad Prism version 5.00 for Windows

(GraphPad Software, USA).

Results

Nod1 and Nod2 expression is not altered during CLP-
induced sepsis

To evaluate whether Nod1 or Nod2 mRNAs were systemically

expressed by leukocytes during severe sepsis, we isolated periph-

eral blood mononuclear cells (PBMCs) and neutrophils from naı̈ve
and septic mice 6 h after CLP. RT-qPCR analysis revealed

constitutive expression of Nod1 and Nod2 in PBMCs and

circulating neutrophils (Figure S1a and b). Importantly, no

alteration was observed in the Nod1 or Nod2 expression levels

6 h after polymicrobial sepsis induction.

Nod1 and Nod2 are not crucial to the outcome of
polymicrobial sepsis

Nod1 ligands have been described to induce neutrophil

recruitment in vivo [18]. Additionally, our group has extensively

shown the importance of neutrophil recruitment for the recovery

from sepsis [3]. Taking this information into consideration, we

evaluated whether Nod1 or Nod2 is involved in the recruitment of

neutrophils to the site of infection during polymicrobial sepsis.

Neutrophil recruitment into the peritoneal cavity was assessed in

Nod1- and Nod2-deficient mice following CLP-induced sepsis.

Unexpectedly, neutrophil recruitment was similar in WT, Nod1-

and Nod2-deficient mice 6 (Figure S2a) and 12 h after non-severe

sepsis induced by CLP (data not shown). Likewise, these mice

showed similar neutrophil recruitment 6, 12 and 24 h after CLP-

induced severe sepsis (Figure S3a and Figure 1a). We also

measured CXCL1 and CXCL2 levels at the site of infection. In

agreement with the neutrophil recruitment data, CXCL1 and

CXCL2 levels were similar in the three experimental groups in all

tested time points after severe sepsis induction (Figures 1b, 1c, S3b

and S3c). Moreover, CXCL2 levels were also similar 6 hours after

non-severe sepsis induction (Figure S2b). The deficiencies of Nod1
and Nod2 in these mice were confirmed where, in contrast to WT,

Nod1- and Nod2-deficient mice were not able to recruit

neutrophils in response to the i.p. administration of FK565 or

MDP, respectively (Figure S4a and S4b). This set of results

indicates that neither Nod1 nor Nod2 is involved in the release of

neutrophil chemotactic mediators and, consequently, in the

recruitment of neutrophils during CLP-induced sepsis.

In agreement with the results of the neutrophil recruitment

assay, the bacterial loads in the peritoneal cavity and the blood

were also similar in WT, Nod1- and Nod2-deficient mice 6 h after

non-severe (Figure S2c) and 6, 12 or 24 h after severe sepsis

induced by CLP (Figures 1d, 1e and S3d). These data suggest that

neither Nod1 nor Nod2 plays a significant role in the control of the

bacterial burden during CLP-induced sepsis.

In addition, we demonstrated that plasma-derived IL-6 levels in

Nod1- and Nod2-deficient or WT mice were similar 6, 12 or 24 h

after severe sepsis (Figure 1f and S3e), as well as 6 h after non-

severe sepsis induction (Figure S2d). We also evaluated whether

MyD88, but Not Nod1/Nod2, Plays Role in Sepsis
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Nod1 or Nod2 is involved in the sequestration of neutrophils in the

lung, thus contributing to pulmonary dysfunction during sepsis.

WT, Nod1- and Nod2-deficient mice contained similar amounts of

neutrophils sequestration in the lung in all times and both

Figure 1. Nod1 and Nod2 are not crucial for the inflammatory response during severe polymicrobial sepsis. Six or 24 h after WT, Nod1-
and Nod2-deficient mice (WT, Nod12/2 and Nod22/2, respectively) underwent CLP-induced severe sepsis they were assessed for: a) neutrophil
recruitment to the peritoneal cavity; b) CXCL1 and c) CXCL2 levels in the peritoneal lavage, as measured by ELISA; d) bacterial count in the peritoneal
lavage and e) blood; f) IL-6 levels in plasma; g) lung MPO activity. The data were analyzed by multifactorial ANOVA and are expressed as the mean 6
SEM in a, b, c, f and g and as median in d and e. The graphs represent the mean of the results of two or three independent experiments. n = 3 to 5 per
experiment; ND = not detected.
doi:10.1371/journal.pone.0103734.g001
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severities tested, as estimated by MPO activity (Figures 1g, S2e

and S3f). In agreement with the previous data, WT, Nod1- and

Nod2-deficient mice showed similar survival rates in CLP-induced

non-severe, moderate and severe sepsis (Figures 2a, b and c). To

confirm that the absence of a phenotype in Nod1- and Nod2-

deficient mice during polymicrobial sepsis was not the conse-

quence of a microbiotic variation in the knockout mice, we

inoculated the cecal bacteria isolated from WT mice into the

peritoneal cavities of WT, Nod1- and Nod2-deficient mice. The

Nod1- and Nod2-deficient mice showed survival rates similar to

WT mice after peritoneal polymicrobial inoculation (Figure 2d).

Deficiency in both Nod1 and Nod2 does not interfere
with the outcome of CLP-induced sepsis

Because both Nod1 and Nod2 sense bacterial cell wall

components and signal via Rip2 kinase [14], we investigated

whether there was a possible synergy between Nod1 and Nod2

during severe polymicrobial sepsis. Thus, we tested whether the

lack of phenotypic differences in Nod1 and Nod2 single deficient

mice was due to a functional redundancy. We induced sepsis and

measured inflammatory readouts 24 h after CLP in mice that were

doubly deficient in Nod1 and Nod2 (Nod1/Nod2) and in mice that

were deficient in Rip2. Similar to Nod1- and Nod2- single

deficient mice, neutrophil recruitment to the peritoneal cavity 24 h

after CLP surgery was not different among WT, Nod1/Nod2- and

Rip2-deficient mice (Figure 3a). Moreover, there were no differ-

ences in CXCL1 or CXCL2 production at the site of infection in

WT, Nod1/Nod2- and Rip2-deficient mice (Figures 3b and 3c). As

a consequence, there were no differences observed in the

peritoneal bacterial loads (Figure 3d) or in the blood bacterial

loads (Figure 3e) in WT, Nod1/Nod2- or Rip2-deficient mice.

Collectively, these data indicate that an additive response of Nod1

and Nod2 is not essential in neutrophil recruitment or bacterial

control during CLP-induced severe sepsis.

We also analyzed the systemic pro-inflammatory cytokine

production of these mice. As observed in Nod1- and Nod2-

deficient mice, Nod1/Nod2- or Rip2-deficient mice that experi-

enced CLP-induced severe sepsis produced similar systemic levels

of IL-6 (Figure 3f) and TNF-a (WT, Nod1/Nod2- and Rip2-
deficient mice, respectively: Naı̈ve = 3.0161.3; 4.061.2; 3.561.6

pg.mL21 of plasma and after CLP = 25.365.2; 25.367.3;

21.861.2 pg.mL21 of plasma, n = 5). Similar levels of MPO

activity were observed in the lungs of WT, Nod1/Nod2- and Rip2-

deficient mice 24 h after CLP-induced severe sepsis (Figure 3g),

further confirming that these pathogen sensors are not relevant to

neutrophil sequestration in the lung. Moreover, the survival rates

Figure 2. Nod1 and Nod2 are not essential for the resistance to polymicrobial sepsis. Sepsis was induced in WT, Nod1- and Nod2-deficient
mice (WT, Nod12/2 and Nod22/2, respectively) using CLP model. The survival curve was observed up to 10 days after the induction of a) non-severe
(NS), b) moderate (M), c) severe (S) sepsis or d) after the intraperitoneal inoculation of 1.46106 cecal-isolated bacteria per mice. The results are
expressed as percentage of survival and were analyzed by the Mantel-Cox log-rank test. The graphs represent the mean of the results of two or three
independent experiments. N = 5 to 6 per experiment.
doi:10.1371/journal.pone.0103734.g002
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for Nod1/Nod2- (Figure 3h) and Rip2-deficient mice (Figure 3i)

were similar to WT mice that underwent CLP surgery for the

duration of the experiment.

Nod1-, Nod2- and Rip2-deficient mice were co-housed with

WT mice to generate similar microbiota. However, there was still

no major role for Nod1 or Nod2 in neutrophil recruitment (Figure

S5a), chemokine production (Figure S5b and S5c), bacterial load

(Figure S5d and S5e) or IL-6 levels (Figure S5f) after CLP surgery.

Taken together, these results suggest that Nod1 and Nod2 do not

play a role in survival, chemokine production, neutrophil

recruitment to the infectious site, or sequestration to the lungs

after CLP-induced severe sepsis.

MyD88 is crucial to the establishment of the local
inflammatory response and resistance to CLP-induced
sepsis

Because we showed that Nod1/Nod2 signaling was not

indispensable for the production of chemokines and neutrophil

recruitment to the infection site during polymicrobial sepsis, we

investigated the importance of MyD88, the main adaptor protein

of the TLR family, in these events. We found that neutrophil

recruitment was markedly reduced in MyD88-deficient mice 6 and

24 h after non-severe sepsis induction (Figure 4a). In agreement

with this observation, MyD88-deficient mice produced significant-

ly less neutrophil chemokines CXCL1 and CXCL2 at the

infection site after non-severe sepsis induction (Figures 4b and c).

As expected, increased bacterial load in the peritoneal cavities and

blood of MyD88-deficient mice were observed after non-severe

sepsis induction (Figures 4d and e). Next, we also observed that

MyD88-deficient mice had a reduction in IL-6 in the plasma 6 h

after non-severe sepsis induction (Figures 4f). Due to the low

plasma levels of IL-6 24 h after non-severe sepsis induction, we

were not able to find significant difference between WT and

MyD88-deficient mice. Corroborating the reduced systemic IL-6

levels, we also observed a reduction in neutrophil accumulation

into the lungs of MyD88-deficient mice 6 and 24 h after non-

severe sepsis induced by CLP (Figure 4g). Furthermore, the

deleterious effect of the absence of MyD88 was also observed in

mice under severe sepsis. Despite the reduction in the neutrophil

recruitment in MyD88-deficient mice 6 h after severe sepsis

induction was not significant (Figure 4a), these mice showed

diminished CXCL2 levels at the infection site under this severity of

sepsis (Figure S6a). In addition, MyD88-deficient mice also

showed increased bacterial load in the peritoneal cavity and blood

(Figure S6b), as well as reduced IL-6 levels in the plasma 6 h after

severe sepsis induction (Figure S6c). Mice under severe sepsis were

only evaluated 6 h after CLP because all mice were dead within

24 h. Furthermore, we investigated the ability of cytokine/

chemokine production by peritoneal-elicited macrophages under

in vitro stimulation. MyD88-deficient macrophages stimulated

with LPS or LTA produced less CXCL2 and TNF-a than

macrophages harvested from WT mice (Figures 4h and 4i). These

data suggest that MyD88 is crucial for the release of chemotactic

mediators during CLP-induced sepsis.

To test whether the reduction in the neutrophil recruitment in

MyD88-deficient septic mice is also due to a deficiency in the

chemotactic ability of these cells, we assessed neutrophil chemo-

taxis in response to CXCL1 or CXCL2 in vitro. In addition, we

evaluated neutrophil recruitment in response to CXCL2 in vivo in

non-septic WT and MyD88-deficient mice. There were no

differences in neutrophil migration in either assay (Figures 5a

and 5b). Thus, the results indicated that the reduction in

neutrophil recruitment in MyD88-deficient mice was not due to

a reduction in the chemotactic ability of the neutrophils.

Moreover, the fact that the in vivo recruitment of neutrophils

induced by CXCL2 administration in non-septic animals was not

reduced in MyD88-deficient mice suggests that the mechanics of

neutrophil-to-endothelium adhesion are not compromised in these

animals. Altogether, the results suggest that the reduction in

neutrophil recruitment in MyD88-deficient mice during sepsis is a

consequence of the impairment in the production of chemotactic

mediators. It was also observed that the ligands for TLR2 and

TLR4 did not induce neutrophil recruitment in vivo in their

respective gene-deficient mice or in MyD88-deficient mice

(Figure 5c). These results suggest that the compromised neutrophil

recruitment in MyD88-deficient mice is associated with the

absence of signaling pathways downstream of MyD88 that may

be involved in the production of neutrophil chemotactic media-

tors, rather than an impaired recognition of the ligands. Moreover,

although MyD88 is also downstream of the IL-1R and IL-18

pathways, neutrophil recruitment 6 h after non-severe sepsis

induction was similar between IL-18-deficient mice treated with

IL-1Ra and control mice (Figure S7). Therefore, the phenotype

observed in MyD88-deficient mice is likely because of the absence

of TLR signaling.

To further confirm that a deficiency in MyD88 impairs the

establishment of the local inflammatory response, neutrophils from

WT and MyD88-deficient mice were stained using different CFSE

concentrations and tracked after being injected intravenously into

WT mice 2 h before sepsis induction. Similar numbers of WT and

MyD88-deficient neutrophils were found in the peritoneal lavage

of WT mice after sepsis induction (Figure 5d). Moreover, MyD88-

deficient resident peritoneal cells adoptively transferred into

MyD88-deficient mice maintained a reduced level of CXCL2

production (Figure 5e) and impaired neutrophil recruitment to the

peritoneal cavity (Figure 5f). However, the adoptive transfer of

WT resident cells into MyD88-deficient mice before the induction

of sepsis resulted in the increase of local levels of CXCL2.

Additionally, there was an increase in neutrophil recruitment to

the peritoneal cavity during CLP-induced sepsis.

Finally, we evaluated the survival of MyD88-deficient mice. As

expected, MyD88-deficient mice were more susceptible to non-

severe and moderate sepsis (Figures 6a and b). Although no

significant difference was found between WT and MyD88-

deficient mice, the former mice died earlier than WT under

severe sepsis (Figure 6c). Moreover, MyD88-deficient mice were

more susceptible to polymicrobial infection induced by cecal

bacteria isolated from WT (Figure 6d), suggesting that the

Figure 3. The additive response of Nod1 and Nod2 is not essential to the inflammatory response during severe polymicrobial
sepsis. At 24 h after WT, Nod1/Nod2- and Rip2-deficient mice (Nod1/Nod22/2 and Rip22/2, respectively) underwent CLP they were assessed for: a)
neutrophil recruitment to the peritoneal cavity; b) CXCL1 and c) CXCL2 levels in the peritoneal lavage as measured by ELISA; d) bacterial count in
peritoneal lavage and e) blood; f) IL-6 levels in plasma; g) lung MPO activity; h) survival of WT and Nod1/Nod2-deficient mice and i) Rip2-deficient mice
post-CLP-induced severe sepsis. The data are expressed as the mean 6 SEM in a, b, c, f and g; median in d and e; and as a percentage of survival in h
and i. The data in a, b, c, d, e, f and g were analyzed by multifactorial ANOVA and the data in h and i were analyzed by Mantel-Cox log-rank test. The
results are representative of at least two independent experiments. n = 5 to 8; ND = not detected.
doi:10.1371/journal.pone.0103734.g003
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Figure 4. MyD88 is crucial for the resolution of non-severe sepsis. a–g) Non-severe (NS) and severe (S) sepsis were induced by CLP in WT and
MyD88-deficient mice and 6 or 24 h after sepsis induction, the following were assessed: a) neutrophil recruitment to the peritoneal cavity; b) CXCL1
and c) CXCL2 levels in the peritoneal lavage determined by ELISA; d) bacterial count in the peritoneal lavage and e) blood; f) IL-6 levels in the plasma,
as measured by ELISA and g) lung MPO activity. h) Peritoneal macrophages were stimulated with LPS (1 mg/mL) or LTA (10 mg/mL) for 24 h and
CXCL2 and i) TNF-a were measured in the supernatant by ELISA. These data are expressed as the mean 6 SEM in a, b, c, f, g, h and i and median in d
and e. The data were analyzed by multifactorial ANOVA followed by unpaired t test. The graphs are representative of one to four independent
experiments. n = 4 to 10; ND = not detected.*P,0.05.
doi:10.1371/journal.pone.0103734.g004
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observed effect in MyD88-deficient mice was not due to

differences in the microbiota between both strains of mice. These

data support the hypothesis that MyD88-deficient mice fail to

produce chemotactic mediators, resulting in impaired neutrophil

recruitment to the infection site, increased bacterial loads and an

increased susceptibility to pathology in CLP-induced sepsis.

Figure 5. MyD88 is crucial for the establishment of the inflammatory response during polymicrobial sepsis. a) Bone marrow-isolated
neutrophils (56104/well) from WT or MyD88-deficient mice (MyD882/2) were stimulated by CXCL1 or CXCL2 (10 ng/mL) in a Boyden chamber to
measure chemotaxis. b) Neutrophil recruitment to the peritoneal cavity 6 h after an i.p. injection of CXCL2 (30 ng/cavity). c) Neutrophil recruitment to
the peritoneal cavity 6 h after an i.p. injection of LPS (200 mg/cavity) or LTA (30 mg/cavity) in WT, Tlr2-, Tlr4- and MyD88-deficient mice. d) Neutrophils
from the bone marrow of WT or MyD88-deficient mice were stained with different concentrations of CFSE and administered (56106/mouse; i.v.) into
WT mice 2 h before non-severe (NS) sepsis induction by CLP. Cells in the peritoneal lavage were harvested 6 h after CLP surgery and analyzed by flow
cytometry. For e–f, resident peritoneal cells from WT and MyD88-deficient mice were harvested and transferred (56106/intraperitoneal cavity) to
MyD88-deficient mice 30 minutes before CLP surgery. e) CXCL2 was measured by ELISA in the peritoneal lavage at 6 h after CLP surgery, as was the f)
neutrophil recruitment to the peritoneal cavity. The data are expressed as the mean 6 SEM and were analyzed by unpaired t test. *P,0.05 compared
to WT and #P,0.05 compared to MyD882/2RMyD882/2; n = 5.
doi:10.1371/journal.pone.0103734.g005
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Discussion

During mammalian pathogen recognition the immune response

is mainly activated by TLRs and NLRs [4]. Based on the known

roles of Nod1 and Nod2, members of the NLR family, in the

induction of an immune response during infection [25], we

investigated whether these receptors were involved in the

physiopathology of sepsis. We demonstrated that, under our

experimental conditions, neither Nod1 nor Nod2 was essential to

the onset of inflammation at the infection site, analyzed by

chemokine production and neutrophil recruitment, during poly-

microbial sepsis. By contrast, the adaptor protein MyD88, which is

required for TLR activation, is crucial for the establishment of a

local chemotactic response and neutrophil recruitment to the site

of infection, which consequently determines the outcome of

polymicrobial sepsis.

In agreement with previous reports showing the expression of

Nod1 and Nod2 in human monocytes, the THP-1 mononuclear

cell line and human neutrophils [26–28], we showed that Nod1
and Nod2 are constitutively expressed in mouse blood mononu-

clear cells and neutrophils. However, their expression was not

altered during CLP-induced sepsis. It has been previously

demonstrated that the expression of Nod1 and Nod2 is induced

in osteoblasts by stimulation with heat-killed Salmonella spp. and

Staphylococcus spp., while Nod2 expression is also upregulated by

TNF-a and IFN-c in the bronchial epithelial cell line BEAS-2B

[29,30]. In this context, it is unusual that the expression of Nod1
and Nod2 was not altered after CLP-induced sepsis.

It has been previously reported that Nod1 ligands induce

chemokine production and neutrophil recruitment in vivo [18,31].

Moreover, we have shown that Legionella pneumophila, an

intracellular bacterium, recruits neutrophils to the site of infection

in a Nod1- and Nod2-dependent manner [32]. Similarly, the

immune response to several pathogens such as Listeria monocy-
togenes, Helicobacter pylori and Chlamydophila pneumoniae is

triggered by both Nod1 and Nod2 activation and the consequent

recruitment of the downstream signaling protein Rip2 [33,34].

However, we demonstrated in this study that the production of

chemokines and neutrophil recruitment after CLP were not

altered in Nod1- or Nod2-deficient mice nor were they altered in

Nod1/Nod2 double-deficient or Rip2-deficient mice. It has been

shown that the number of neutrophils that are recruited to an

infection site is inversely proportional to the bacterial load [22]. In

this study, we demonstrated that Nod1 and Nod2 did not function

in neutrophil recruitment, and as consequence, we observed no

difference in the bacterial load at the site of infection in Nod1- or

Nod2-deficient mice following neither non-severe nor severe sepsis

induced by CLP. The local levels of IL-6 and TNF-a were also

Figure 6. MyD88 is essential for the resistance to polymicrobial sepsis. Sepsis was induced in WT and MyD88-deficient mice (WT, MyD882/2,
respectively) using CLP model. The survival curve was observed up to 10 days after the induction of a) non-severe (NS), b) moderate (M), c) severe (S)
sepsis or d) after the intraperitoneal inoculation of 1.46106 cecal-isolated bacteria per mice. The results are expressed as percentage of survival and
were analyzed by Mantel-Cox log-rank test. The graphs represent one of one to two independent experiments. N = 5 to 6 per experiment. *P,0.05.
doi:10.1371/journal.pone.0103734.g006
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similar in WT, Nod1- and Nod2-deficient mice 24 h after severe

sepsis induction (data not shown). Furthermore, an efficient local

inflammatory response is needed to prevent the bacteria from

disseminating from the site of infection into the blood [35]. We

observed no difference in the systemic bacterial loads in Nod1-,

Nod2-, Nod1/Nod2- and Rip2-deficient mice in comparison to

WT mice during sepsis.

Sepsis is a complex syndrome, whose outcome depends on the

correct activation of different systems, including the immune

system. When the immune response is successfully organized to

clear the pathogen, the organ damage is not critical, avoiding the

host death. Based on that, we would be tempted to suggest that

Nod1 and Nod2 do not play a major role in polymicrobial sepsis,

since the absence of them did not alter the survival. However, we

cannot exclude an unessential role of these receptors in any of the

multiple responses involved during the septic episode, which we

did not focus on, in this study. It has been recently demonstrated

that Nod2 mediates the production of IL-10, which enhances the

production of C5a, contributing to an increased mortality rate

after CLP-induced sepsis [36]. Here we did not evaluate the role of

Nod1 or Nod2 on the eicosanoid and complement production and

we cannot explain the apparent discrepancy regarding the

involvement of Nod2 in sepsis. However, given the importance

of the microbiota as an inducer of infection in CLP-induced sepsis,

we believe that differences in the microbiota could lead to

activation of divergent signaling pathways and could culminate in

contrasting phenotypes. In this work, we demonstrate that in our

experimental conditions, differences in the microbiota of WT and

Nod1-, Nod2- or Rip2-deficient mice are not responsible for the

absence of a phenotype in CLP-induced sepsis.

Additionally, the systemic inflammatory response during a

severe septic episode is characterized by high serum levels of

cytokines and chemokines and by neutrophil accumulation in

different organs, which leads to dysfunction [35,37]. These events

are closely associated with the presence of components or the

whole bacteria in the blood [37]. It has been previously shown that

the direct activation of Nod1 by the systemic administration of its

ligand induces IL-6 production in wild-type mice [17]. Moreover,

the cited study demonstrated that the systemic administration of

Nod1 ligands induced shock and organ dysfunction in experimen-

tal animals. In this study, we did not detect different levels of

circulating IL-6 or neutrophil accumulation in the lungs during

sepsis in Nod1-, Nod2-, Nod1/Nod2- and Rip2-deficient mice

compared to WT septic mice. However, we showed that Nod1 and

Nod2 specific ligands, FK565 and MDP, respectively, induced

neutrophil migration in mice. We believe that the administration

of Nod1 and Nod2 specific ligands activate the receptors and their

signaling pathway leading to the observed effects. By contrast, the

whole bacteria observed during CLP-induced sepsis do not

activate Nod1 and Nod2, or does it in a weak intensity. The

majority of the bacteria that translocate from the cecum to the

peritoneal cavity may be extracellular microorganisms that may

primarily activate the extracellular domains of the TLRs rather

than inducing the activation of the intracellular receptors Nod1

and Nod2.

Indeed, our group has previously reported that TLR2, 4 and 9

play a deleterious role in CLP-induced severe sepsis [7,8,38]. It is

believed that the activation of many TLRs during the polymicro-

bial challenge contributes to an overwhelming of the inflammatory

response that is observed in sepsis and may lead to high mortality

rates. However, here we demonstrate that the abrogation of most

TLR signaling, as assessed in MyD88-deficient mice, leads to

increased susceptibility to sepsis because of the inability to establish

a local inflammatory response. Similarly, others have also shown

the reduction of an inflammatory response in MyD88-deficient

mice during polymicrobial sepsis [10,11,13]. We have demon-

strated that the absence of MyD88 signaling impairs the

establishment of the local inflammatory response induced by

CLP, which results in a decline in neutrophil recruitment to the

site of infection. This decline results in an enhancement of

bacterial dissemination into the circulation and a reduction in the

survival of the mice. Indeed, MyD88-deficient mice lack the

production of neutrophil chemokines (CXCL1, CXCL2) at the

infection site. It may also be hypothesized that a MyD88

deficiency does not affect the ability of the neutrophils to respond

to chemotactic stimuli because MyD88-deficient mice had a

similar amount of neutrophil recruitment to WT mice in response

to the intraperitoneal CXCL2 stimulus. Moreover, the adoptive

transfer of resident peritoneal cells from WT to MyD88-deficient

mice induced an increase in CXCL2 production and neutrophil

recruitment. These data are reinforced by Gais et al.; they have

shown that the peritoneal inflammatory response was fully

established in mice with selective expression of MyD88 in myeloid

cells during polymicrobial sepsis. In addition, the mentioned study

also shows that the reduced neutrophil accumulation into lungs

was restored in mice expressing MyD88 in myeloid cells [39]. This

supports that the reduction in neutrophil accumulation in the

lungs of MyD88-deficient mice described here, results from the

reduced systemic inflammation, despite the increased bacterial

load in them. Together, these data therefore indicate that MyD88-

dependent signaling is essential for the recognition of pathogens

and triggering of the immune response in polymicrobial sepsis.

Based on our findings, we cannot exclude the roles of Nod1 and

Nod2 in sepsis in the absence of major signaling pathways induced

by TLR. In this context, the remaining levels of produced

chemokines and recruited neutrophils in MyD88-deficient mice

could result in the activation of Nod1 and Nod2, which was not

enough to control the infection and resolve the septic episode.

To the best of our knowledge, our findings are the first to

describe that MyD88-deficient mice are impaired in the control of

bacterial growth during polymicrobial sepsis. In accordance with

our data, Peck-Palmer et al. demonstrated that MyD88-deficient

mice have higher mortality rates than WT mice [12]. By contrast,

there are reports showing that MyD88-deficient mice are more

resistant to polymicrobial sepsis due to reduced systemic inflam-

mation [10,11,13]. It is known that both reduced systemic

inflammatory response and organ damage are beneficial in sepsis

and it is a rational explanation for the reduced mortality in

MyD88-deficient mice in the cited studies. However, the control of

the infection is another feature that is just as important as the

systemic inflammatory response, and in our experimental condi-

tions, the bacterial load control in mice lacking MyD88 was

decisive for their outcome, even though these mice had reduced

accumulation of neutrophils in the lung, as evidenced by MPO

assay. Even, the intensity of the infecting stimuli does not seem to

be the explanation because we observed that MyD88-deficient

mice had higher and faster mortality when undertaken to non-

severe, moderate and severe sepsis.

In conclusion, our data indicate that Nod1 and Nod2 do not

play a major role in the resolution of polymicrobial sepsis in our

experimental conditions. By contrast, we demonstrated that

MyD88-dependent signaling is crucial for sepsis because the

removal of this molecule completely abrogated the induction of a
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local chemotactic response, culminating in a higher susceptibility

to CLP-induced sepsis.

Supporting Information

Figure S1 The expression of Nod1 and Nod2 is not
altered in PBMCs or neutrophils after CLP-induced
severe sepsis. a) mRNA expression was evaluated 6 h after CLP

surgery in naı̈ve or septic mice. PBMCs and b) circulating

neutrophils were isolated, and Nod1 and Nod2 expression levels

were determined using qPCR. The data are expressed as the mean

6 SEM of at least two independent experiments and were

analyzed by unpaired t test. n = 3 to 5 per experiment.

(TIF)

Figure S2 Nod1 and Nod2 are not crucial for the
inflammatory response during non-severe polymicrobi-
al sepsis. Six hours after WT, Nod1- and Nod2-deficient mice

(WT, Nod12/2 and Nod22/2, respectively) underwent CLP-

induced non-severe (NS) sepsis they were assessed for: a)

neutrophil recruitment to the peritoneal cavity; b) CXCL2 levels

in the peritoneal lavage, as measured by ELISA; c) bacterial count

in the peritoneal lavage and blood; d) IL-6 levels in plasma and e)

lung MPO activity. The data were analyzed by ANOVA followed

by Dunnett’s test and are expressed as the mean 6 SEM in a, b, d
and e, and as median in c. The graphs are representative of one or

two independent experiments. n = 3 to 5 per experiment.

(TIF)

Figure S3 Nod1 and Nod2 are not crucial for the
inflammatory response during severe polymicrobial
sepsis. Twelve hours after WT, Nod1- and Nod2-deficient mice

(WT, Nod12/2 and Nod22/2, respectively) underwent CLP-

induced severe (S) sepsis they were assessed for: a) neutrophil

recruitment to the peritoneal cavity; b) CXCL1 and c) CXCL2

levels in the peritoneal lavage, as measured by ELISA; d) bacterial

count in the peritoneal lavage and blood; e) IL-6 levels in plasma

and f) lung MPO activity. The data were analyzed by ANOVA

followed by Dunnett’s test and are expressed as the mean 6 SEM

in a, b, c, e, and f and as median in d. The graphs represent the

mean of one or three independent experiments. n = 3 to 5 per

experiment.

(TIF)

Figure S4 FK565 and MDP do not induce neutrophil
recruitment in Nod1- and Nod2-deficient mice, respec-
tively. a) Neutrophil migration in the peritoneal cavity was

evaluated in WT and Nod1-deficient mice 6 h after i.p.

administration of PBS or 1 mg/kg FK565 (kindly provided by

Astellas Pharm Inc., Japan). b) Neutrophil migration was also

evaluated in WT and Nod2-deficient mice 6 h after i.p.

administration with 300 mg/cavity of muramyldipeptide (Sigma-

Aldrich, USA). The data are expressed as the mean 6 SEM and

were analyzed by unpaired t test, *P,0.05, n = 5.

(TIF)

Figure S5 The absence of a phenotype in Nod1-, Nod2-
and Rip2-deficient mice is not due to different microbi-
ota. WT mice were co-housed with Nod1-, Nod2- or Rip2-

deficient mice (Nod12/2, Nod22/2 or Rip22/2, respectively) or

were housed separately for 4 weeks before CLP. After 24 h of

severe (S) sepsis induction, we assessed the following: a) neutrophil

recruitment to the peritoneal cavity; b) CXCL1 and c) CXCL2

levels in the peritoneal lavage, as measured by ELISA; d) bacterial

count in the peritoneal lavage and e) blood; and f) IL-6 levels in the

plasma, as measured by ELISA. The data are expressed as the

mean 6 SEM in a, b, c and f, and as the median in d and e. The

data were analyzed by ANOVA followed by Dunnett’s test. n = 5
to 8; ND = not detected.

(TIF)

Figure S6 MyD88 is essential for the inflammatory
response during severe polymicrobial sepsis. Six hours

after WT and MyD88-deficient mice (WT, MyD882/2, respec-

tively) underwent CLP-induced severe (S) sepsis they were assessed

for: a) CXCL2 levels in the peritoneal cavity; b) bacterial count in

the peritoneal lavage and blood and c) IL-6 levels in plasma. The

data were analyzed by unpaired t test and are expressed as mean

6 SEM in a and c and as median in b. The graphs are

representative of three independent experiments. n = 5.

(TIF)

Figure S7 IL-1 and IL-18 signaling are not involved in
neutrophil migration during non-severe CLP-induced
sepsis. Neutrophil recruitment to the peritoneal cavity was

assessed 6 h after mild sepsis induction in WT (Balb/c) and Il18-

deficient mice (Il182/2). IL-1Ra (i.v. 30 mg/Kg) was adminis-

tered 15 min prior to CLP surgery. The data are expressed as the

mean 6 SEM and were analyzed by ANOVA, followed by

Dunnett’s Test using the WT as the control. n = 3 to 5 per

experiment.

(TIF)
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Sônego JCAF FQC.

References

1. Cohen J (2002) The immunopathogenesis of sepsis. Nature 420: 885–891.

2. Moyer MW (2012) New biomarkers sought for improving sepsis management

and care. Nat Med 18: 999.

3. Alves-Filho JC, Spiller F, Cunha FQ (2010) Neutrophil paralysis in sepsis. Shock

34 Suppl 1: 15–21.

4. Martinon F, Tschopp J (2005) NLRs join TLRs as innate sensors of pathogens.

Trends Immunol 26: 447–454.

5. Kawai T, Akira S (2011) Toll-like receptors and their crosstalk with other innate

receptors in infection and immunity. Immunity 34: 637–650.

6. Alves-Filho JC, de Freitas A, Russo M, Cunha FQ (2006) Toll-like receptor 4

signaling leads to neutrophil migration impairment in polymicrobial sepsis*.

Critical Care Medicine 34: 461–470.

7. Alves-Filho JC, Freitas A, Souto FO, Spiller F, Paula-Neto H, et al. (2009)

Regulation of chemokine receptor by Toll-like receptor 2 is critical to neutrophil

migration and resistance to polymicrobial sepsis. Proc Natl Acad Sci U S A 106:

4018–4023.

8. Trevelin SC, Alves-Filho JC, Sonego F, Turato W, Nascimento DC, et al. (2012)

Toll-like receptor 9 activation in neutrophils impairs chemotaxis and reduces

sepsis outcome. Crit Care Med 40: 2631–2637.

9. Reim D, Rossmann-Bloeck T, Jusek G, Prazeres da Costa O, Holzmann B

(2011) Improved host defense against septic peritonitis in mice lacking MyD88

and TRIF is linked to a normal interferon response. J Leukoc Biol 90: 613–620.

10. Feng Y, Zou L, Zhang M, Li Y, Chen C, et al. (2011) MyD88 and Trif signaling

play distinct roles in cardiac dysfunction and mortality during endotoxin shock

and polymicrobial sepsis. Anesthesiology 115: 555–567.

11. Weighardt H, Kaiser-Moore S, Vabulas RM, Kirschning CJ, Wagner H, et al.

(2002) Cutting edge: myeloid differentiation factor 88 deficiency improves

resistance against sepsis caused by polymicrobial infection. J Immunol 169:

2823–2827.

MyD88, but Not Nod1/Nod2, Plays Role in Sepsis

PLOS ONE | www.plosone.org 12 August 2014 | Volume 9 | Issue 8 | e103734



12. Peck-Palmer O, Unsinger J, Chang K, Davis C, McDunn J, et al. (2008)

Deletion of MyD88 markedly attenuates sepsis-induced T and B lymphocyte
apoptosis but worsens survival. Journal of leukocyte biology 83: 1009–1018.

13. Castoldi A, Braga TT, Correa-Costa M, Aguiar CF, Bassi EJ, et al. (2012)

TLR2, TLR4 and the MYD88 signaling pathway are crucial for neutrophil
migration in acute kidney injury induced by sepsis. PLoS One 7: e37584.

14. Moreira LO, Zamboni DS (2012) NOD1 and NOD2 Signaling in Infection and
Inflammation. Front Immunol 3: 328.

15. Strober W, Murray PJ, Kitani A, Watanabe T (2006) Signalling pathways and

molecular interactions of NOD1 and NOD2. Nat Rev Immunol 6: 9–20.
16. Ahrens P, Kattner E, Kohler B, Hartel C, Seidenberg J, et al. (2004) Mutations

of genes involved in the innate immune system as predictors of sepsis in very low
birth weight infants. Pediatr Res 55: 652–656.

17. Cartwright N, Murch O, McMaster SK, Paul-Clark MJ, van Heel DA, et al.
(2007) Selective NOD1 agonists cause shock and organ injury/dysfunction

invivo. Am J Respir Crit Care Med 175: 595–603.

18. Masumoto J, Yang K, Varambally S, Hasegawa M, Tomlins SA, et al. (2006)
Nod1 acts as an intracellular receptor to stimulate chemokine production and

neutrophil recruitment invivo. J Exp Med 203: 203–213.
19. Dejager L, Pinheiro I, Dejonckheere E, Libert C (2011) Cecal ligation and

puncture: the gold standard model for polymicrobial sepsis? Trends in

microbiology 19: 198–208.
20. Wichterman KA, Baue AE, Chaudry IH (1980) Sepsis and septic shock–a review

of laboratory models and a proposal. J Surg Res 29: 189–201.
21. Freitas A, Alves-Filho JC, Victoni T, Secher T, Lemos HP, et al. (2009) IL-17

receptor signaling is required to control polymicrobial sepsis. J Immunol 182:
7846–7854.

22. Benjamim CF, Ferreira SH, Cunha FQ (2000) Role of nitric oxide in the failure

of neutrophil migration in sepsis. J Infect Dis 182: 214–223.
23. Tavares-Murta BM, Zaparoli M, Ferreira RB, Silva-Vergara ML, Oliveira CH,

et al. (2002) Failure of neutrophil chemotactic function in septic patients. Crit
Care Med 30: 1056–1061.

24. Godshall CJ, Scott MJ, Peyton JC, Gardner SA, Cheadle WG (2002) Genetic

background determines susceptibility during murine septic peritonitis. J Surg
Res 102: 45–49.

25. Mitchell JA, Paul-Clark MJ, Clarke GW, McMaster SK, Cartwright N (2007)
Critical role of toll-like receptors and nucleotide oligomerisation domain in the

regulation of health and disease. J Endocrinol 193: 323–330.
26. Uehara A, Yang S, Fujimoto Y, Fukase K, Kusumoto S, et al. (2005)

Muramyldipeptide and diaminopimelic acid-containing desmuramylpeptides in

combination with chemically synthesized Toll-like receptor agonists synergisti-
cally induced production of interleukin-8 in a NOD2- and NOD1-dependent

manner, respectively, in human monocytic cells in culture. Cell Microbiol 7: 53–

61.

27. Ogura Y, Inohara N, Benito A, Chen FF, Yamaoka S, et al. (2001) Nod2, a

Nod1/Apaf-1 family member that is restricted to monocytes and activates NF-

kappaB. J Biol Chem 276: 4812–4818.

28. Ekman AK, Cardell LO (2010) The expression and function of Nod-like

receptors in neutrophils. Immunology 130: 55–63.

29. Marriott I, Rati DM, McCall SH, Tranguch SL (2005) Induction of Nod1 and

Nod2 intracellular pattern recognition receptors in murine osteoblasts following

bacterial challenge. Infect Immun 73: 2967–2973.

30. Farkas L, Stoelcker B, Jentsch N, Heitzer S, Pfeifer M, et al. (2008)

Muramyldipeptide modulates CXCL-8 release of BEAS-2B cells via NOD2.

Scand J Immunol 68: 315–322.

31. Dharancy S, Body-Malapel M, Louvet A, Berrebi D, Gantier E, et al. (2010)

Neutrophil migration during liver injury is under nucleotide-binding oligomer-

ization domain 1 control. Gastroenterology 138: 1546–1556, 1556 e1541–1545.

32. Frutuoso MS, Hori JI, Pereira MS, Junior DS, Sonego F, et al. (2010) The

pattern recognition receptors Nod1 and Nod2 account for neutrophil

recruitment to the lungs of mice infected with Legionella pneumophila.

Microbes Infect 12: 819–827.

33. Shimada K, Chen S, Dempsey PW, Sorrentino R, Alsabeh R, et al. (2009) The

NOD/RIP2 pathway is essential for host defenses against Chlamydophila

pneumoniae lung infection. PLoS Pathog 5: e1000379.

34. Park JH, Kim YG, Shaw M, Kanneganti TD, Fujimoto Y, et al. (2007) Nod1/

RICK and TLR signaling regulate chemokine and antimicrobial innate immune

responses in mesothelial cells. J Immunol 179: 514–521.

35. Seeley EJ, Matthay MA, Wolters PJ (2012) Inflection points in sepsis biology:

from local defense to systemic organ injury. Am J Physiol Lung Cell Mol Physiol

303: L355–363.

36. Oh SJ, Kim JH, Chung DH (2013) NOD2-mediated Suppression of CD55 on

Neutrophils Enhances C5a Generation During Polymicrobial Sepsis. PLoS

Pathog 9: e1003351.

37. Soehnlein O, Kenne E, Rotzius P, Eriksson EE, Lindbom L (2008) Neutrophil

secretion products regulate anti-bacterial activity in monocytes and macrophag-

es. Clin Exp Immunol 151: 139–145.

38. Alves-Filho J, de Freitas A, Russo M, Cunha F (2006) Toll-like receptor 4

signaling leads to neutrophil migration impairment in polymicrobial sepsis.

Critical care medicine 34: 461–470.

39. Gais P, Reim D, Jusek G, Rossmann-Bloeck T, Weighardt H, et al. (2012)

Cutting edge: Divergent cell-specific functions of MyD88 for inflammatory

responses and organ injury in septic peritonitis. J Immunol 188: 5833–5837.

MyD88, but Not Nod1/Nod2, Plays Role in Sepsis

PLOS ONE | www.plosone.org 13 August 2014 | Volume 9 | Issue 8 | e103734


