
 

 

Introduction 
 
Sepsis is a life-threatening disease which devel-
ops through the systemic inflammatory re-
sponse to severe infection. In addition to being 
triggered by an overwhelming initial response, 
sepsis is also characterized by hyperactivation 
of cellular immunity. Neutrophils, macrophages, 
lymphocytes, and non-professional immune 
cells produce and respond to a storm of proin-
flammatory cytokines which include TNF-α, in-
terleukin (IL)-1β, IL-6 and secondary mediators 
(oxygen and nitrogen species) that further en-
hance the dysregulated inflammatory network 
[1-3]. During the early stages of sepsis, the 

complement system is a defense mechanism 
involved in clearing pathogenic organisms and 
cellular debris.  However, the complement acti-
vation enhances cytokine and chemokine secre-
tion, and promotes reactive oxygen species 
(ROS) that ultimately lead to injury at the late 
stage of sepsis [4]. Although this dynamic re-
sponse is a key component of this complex con-
dition, recent studies have proposed other mo-
lecular mechanisms to explain the substantial 
heterogeneity which exists in sepsis patients. 
For example, sepsis-induced apoptosis does not 
only impair the cellular function of immune and 
non-immune cells, but may also contribute to 
both immunosuppression and multiple organ 
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Abstract: Sepsis and its associated syndromes represent the systemic host response to severe infection and is mani-
fested by varying degrees of hypotension, coagulopathy, and multiorgan dysfunction. Despite great efforts being 
made to understand this condition and designing therapies to treat sepsis, mortality rates are still high in septic pa-
tients. Characterization of the complex molecular signaling networks between the various components of host-
pathogen interactions, highlights the difficulty in identifying a single driving force responsible for sepsis. Although 
triggering the inflammatory response is generally considered as protective against pathogenic threats, the interplay 
between the signaling pathways that are induced or suppressed during sepsis may harm the host. Numerous surveil-
lance mechanisms have evolved to discriminate self from foreign agents and accordingly provoke an effective cellular 
response to target the pathogens. Nucleic acids are not only an essential genetic component, but sensing their mo-
lecular signature is also an important quality control mechanism which has evolved to maintain the integrity of the 
human genome. Evidence that has accumulated recently indicated that distinct pattern recognition receptors sense 
nucleic acids released from infectious organisms or from damaged host cells, resulting in the modulation of intracel-
lular signalling cascades. Immunoreceptor-mediated detection of these nucleic acids induces antigen-specific immu-
nity, secretion of proinflammatory cytokines and reactive oxygen/nitrogen species and thus are implicated in a range 
of diseases including septic shock. 
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failure that characterizes severe septic patients 
[5,6]. We previously reported that sera derived 
from septic shock patients induces apoptosis, 
activates transcriptional factors Stat1, NF-ΚB, 
IRF1, and differentially regulates apoptosis re-
lated genes [7-9]. The fine-tuned coordination 
between the release of proinflammatory media-
tors and the regulatory anti-inflammatory mole-
cules which is believed to mediate this immuno-
suppression is a crucial factor in determining 
the magnitude of the early injury phase and the 
subsequent risk of complications. While some 
septic patients die during the early hyperinflam-
matory stage, high death rates have been also 
reported in patients displaying prolonged immu-
nosuppression [10-12]. Another level of the 
complexity correlated with sepsis is the dysregu-
lation of the homeostatic systems including fi-
brinolysis and coagulation pathways. Hyperacti-
vation of these cascades results in dissemi-
nated intravascular coagulation (DIC), depletion 
of coagulation factors and platelets, which leads 
to decreased flow rate and hydrostatic pressure 
of the blood. These conditions will progressively 
develop to hypoperfusion, hypoxia, ischemia 
and ultimately multiple organ failure and death 
[13,14]. 
 
Sepsis initiates when the pathogenic insults or 
their molecular signatures gain systemic access 
to sterilized human tissues and is detected by 
pattern recognition receptors (PRRs). Under-
standing the molecular interactions between 
the host and pathogens is not only important for 
exploring the molecular mechanisms underlying 
septic events, but also in the identification of 
potential therapeutic targets. Several classes of 
PRRs are employed by host cells to specifically 
recognize pathogen associated molecular pat-
terns (PAMPs) and provoke appropriate cellular 
responses to eliminate pathogenic invaders [15-
20].  Sensing the molecular signatures of nu-
cleic acids is also an important quality control 
mechanism evolved to discriminate self from 
nonself and in maintaining the integrity of the 
human genome. In addition to microbial cell 
wall components and toxins which are consid-
ered as principal triggers of early sepsis phases, 
nucleic acids are now implicated in a range of 
diseases and syndromes including septic shock. 
Evidence that has accumulated recently indi-
cated that distinct PRRs sense nucleic acids 
released from infectious organisms and leads to 
the activation of intracellular signalling cas-
cades [21-25].  

The Toll like receptor (TLR) 3, TLR7, TLR8, and 
TLR9 detect natural nucleic acids derived from 
various pathogenic origins and synthetic oli-
gonucleotides. While TLR9 senses unmethy-
lated CpG motifs, which is characteristic of bac-
terial and viral DNA, viral double-stranded RNA 
(dsRNA) activates TRL3 and single-stranded 
RNA (ssRNA) activates TLR7 and TLR 8. TLR-
mediated recognition of these immunostimula-
tory molecules induces antigen-specific immu-
nity, massive secretion of proinflammatory cyto-
kines and interferon, activation of coagulation 
and the complement cascades, and release of 
reactive oxygen and nitrogen intermediates [22-
24,26-34]. In addition to TLRs, recent reports 
have identified other cellular receptors such as 
the nucleotide binding and NOD-like receptors 
(NLRs) and the RIG-I-like receptors (RLRs) as 
additional non-redundant surveillance mecha-
nisms which are involved in the detection of 
various ligands including nucleic acids. For ex-
ample, while NOD1 and NOD2 sense the cytoso-
lic presence of bacterial peptidoglycan, NALP3 
is activated in response to several structurally 
non-related molecules such as bacterial and 
viral RNAs, LPS, bacterial toxins, and very re-
cently by microbial and mammalian DNA [35-
40]. In addition to the RNA-activated protein 
kinase (PKR) which has been known as a spe-
cific cytosolic sensor for viral dsRNA, the RLRs 
such as retinoic acid-inducible gene RIG-I and 
melanoma differentiation-associated gene 
(MDA) are also key cytosolic receptors involved 
in the recognition of molecular patterns of 
pathogenic dsRNA and ssRNA to induce antivi-
ral defence mechanisms [41-46]. Recent stud-
ies have also demonstrated that antigens of 
abundant self nucleic acids released from in-
jured or apoptotic host tissues (named damage 
associated molecular patterns, DAMPs), acti-
vate innate signaling pathways including the 
TLRs and the complement system to promote 
the development of autoimmune diseases [47-
49]. Here, we review the current knowledge in 
nucleic acid research in relation to their dis-
crimination, immune activation, and signaling 
pathways. We further describe the potential of 
nucleic acids to cause septic shock. See Figure 
1 for a diagram of the cellular immunostimula-
tory nucleic acid signal transduction.     
    
The immunostimulatory potential of DNA 
 
The potential of microbial DNA as an immu-
nostimulatory molecule was first identified by 
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Tokunaga et al. [50] when they reported that 
bacterial DNA itself was a component of Bacil-
lus Calmette–Guerin (BCG) vaccine. While mam-
malian DNA is not stimulatory, the ability of bac-
terial DNA to provoke the immune system is 
partially dependent on unmethylated CpG dinu-

cleotides in a base context named CpG motif 
[51,52]. The immunomodulatory effects of bac-
terial DNA have been mimicked by synthetic 
oligodeoxynucleotides containing a CpG-motif 
(CpG-ODN). Unmethylated CpG DNA activates 
monocytes and macrophages to induce cytokine 

Figure 1. Recognition of Pathogenic Nucleic Acids by Patterns Recognition Receptors and Signaling. Upon stimulation, 
the endosomal TLR3 recognizes viral dsRNA while TLR7 detects ssRNA derived from virus-infected cells. TLR9 recog-
nizes DNA derived from both viruses and bacteria.  TLR7 and TLR9 activate the MyD88-dependent pathway to regu-
late inflammatory responses by activating NF-κB. IRF7 forms a signaling complex with MyD88, IRAK1 and IRAK4 and 
translocates to the nucleus. TRAF6-dependent ubiquitination is also essential for IRF7 activation that regulates ex-
pression of type I IFN together with NF-κB.  TLR3 utilizes TRIF but not MyD88, TIRAP/Mal and TRAM for its signaling 
and interacts with TBK1 to induce IRF3. Activation of IRF3 and NF-ΚB is required for the induction of type I IFN. In 
addition to TLRs, the cytosolic RIG1 detects the dsRNA or the 5’-triphosphate ssRNA that have accumulated in the 
cytoplasm after viral infection as a part of a RNA-quality control mechanism. RIG-I is essentially expressed in the cyto-
plasm as an inactivated molecule, in which CARD and helicase domains are masked. Upon infection, viral RNA is 
detected by the helicase domain of RIG-I which results in conformational changes to allow interaction with the down-
stream adaptor, IPS-1, on the mitochondria and signal transduction, leading to the activation of both NF-ΚB and IRF3. 
Binding of viral dsRNA to the kinase PKR, causes the protein to undergo activation and subsequent phosphorylation 
of the eIF2α which leads to the inhibition of cellular protein synthesis. PKR has also been implicated in NF-κB signal-
ing induced by viral dsRNA. TLR-mediated recognition of nucleic acids can induce synthesis of IL-1β through the acti-
vation of NF-ΚB. Bacterial RNA that is presented to the cytosol through the release from intracellular bacteria or ac-
tive transport stimulates the NALP3 inflammasome through the adaptor ASC. Stimulation of cryopyrin/Nalp3 medi-
ates caspase-1 activation that process IL-1β and IL-18 into the mature cytokine. 
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production and modulates cellular responses. 
Treatment with CpG DNA upregulates the ex-
pression of CD40 and CD69 and induces the 
secretion of cytokines which include IFN-α/β, IL-
1β, IL-6, TNF-α and IL-12 [53-55].  However, 
human monocytes deficient in the TLR9 failed 
to be activated by CpG DNA. In addition to pro-
duction of cytokines, macrophage and mono-
cytes challenged with CpG DNA displayed en-
hanced expression of the inducible nitric oxide 
synthase (iNOS) and production of nitric oxide. 
Cell line models such as RAW 264 exposed to 
CpG DNA and LPS produce IL-12 which was en-
hanced by IFN-γ treatment [56,57]. 
 
CpG DNA also stimulates the B cells to enter the 
proliferative cell cycle and induce polyclonal 
immunoglobulin production and thus they are 
potent mitogenic molecules. It has been also 
shown that CpG-mediated induction of IL-6 is 
essential for the subsequent secretion of IgM by 
B cells. Furthermore, CpG DNA also induces B 
cells to express Fcγ receptor and costimulatory 
molecules such as CD80, and CD86 [51,58,59]. 
It has been also shown that treating WEHI-231 
or BKS-2 B cell lines with CpG DNA protects 
against apoptosis by upregulating NF-ΚB and c-
Myc expression levels and protects B cells 
against Fas-mediated cytotoxicity [54,59]. There 
have been no reports indicating that resting T 
cells can directly respond to CpG DNA. However, 
the activity of resting T cells can be affected by 
type I IFNs and cytokines produced by other cell 
types in response to CpG DNA. In highly purified 
murine T cells, CpG DNA synergistically en-
hances the proliferative response of T cells to T 
cell receptor (TCR) ligation and can also induce 
IL-2 production, IL-2 receptor expression and 
proliferation of purified T cells [60,61].  CpG 
DNA can directly stimulate both immature and 
mature dendritic cell (DCs) populations derived 
from bone marrow. However, human DCs and 
their precursors are expressing different sub-
sets of TLRs that enable them to sense different 
PAMPs derived from various pathogens [62,63].  
CpG DNA can directly activate human plasma-
toid DC (pDC) to induce major histocompatibility 
complex (MHC) class II, ICAM-1, CD40, CD54, 
CD80, production of cytokines, resistance to 
apoptosis, and growth factor–independent sur-
vival in cultured cells [62-65]. These observa-
tions indicated that CpG-ODN alone could re-
place the cytokine requirement for survival of 
these primary DCs.  CpG DNA promotes immune 
response patterns similar to the T helper cells 
type I (Thl) by direct effects on B cells or through  

indirect effects on other cytokines which are 
considered as critical elements to the use of 
CpG DNA either alone or as part of a DNA vac-
cine [64,66]. Initially, it has been observed that 
mycobacterial DNA stimulated natural killer 
(NK) cells to produce IFN-γ which was shown to 
be dependent on palindromic sequences in my-
cobacterial DNA [67,68]. Palindromes are not 
essential for NK stimulation but their presence 
may result in the formation of a double-
stranded duplex region that protects the struc-
ture against nuclease degradation. Purified NK 
cells do not respond directly to CpG DNA, but 
their stimulation seems to be mediated by cyto-
kines such as IL-12, TNF-α, and type I IFNs 
which are induced by this stimulant [68,69].  
 
The immunostimulatory potential of RNA  
 
Several species of RNA are considered as po-
tent stimulants for the immune system and rep-
resent danger signals for PRRs such as TLRs. 
DsRNA can serve as a viral associated signature 
recognized by TLR3 on effector cells as nonself. 
Stimulation of TLR3 by this ligand activates NF-
ΚB and induces the production of type I IFNs 
and other proinflammatory cytokines [70,71]. 
Poly I:C (a synthetic analogue for viral dsRNA) 
which was identified as a TLR3 agonist can effi-
ciently induce the maturation of DCs and en-
hances the antigen specific immune responses. 
It has been also reported that polyI:C was an 
effective stimulus for the in vitro generation of 
mature DCs capable of secreting IL-12 [72-74]. 
Knockout mice studies have shown that TLR3 is 
required for the NK cell response to viral infec-
tion. The potential of polyI:C to direct the adap-
tive immune response and enhance antigen-
specific CD8 T-cell responses has been estab-
lished in investigations. Recently, it has been 
shown that polyI:C  stimulates post-vaccination 
CD8 T-cell responses and attenuates the con-
traction of antigen-specific T cells which was 
associated with a decrease in apoptosis. Ad-
ministration of polyI:C was also associated with 
antitumor immunity in tumor challenge models 
[75-77]. 
 
Recent reports have also reported that naturally 
occurring bacterial RNA and modified single-
stranded RNA (ssRNA) detected by TLRs can 
induce antigen-specific immunity, secretion of 
proinflammatory cytokines and type I IFNs [30-
32]. The chemical modifications and structural 
elements that are distributed on either bacterial 
or mammalian RNA, offers a molecular recogni-
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tion patterns for immune cells to discriminate 
differences between the immunomodulatory 
and inert RNA [17,27,29].  
 
In contrast to DNA and dsRNA, the use of natu-
rally occurring RNA and single-stranded syn-
thetic oligoribonucleotides as ligands for TLRs 
has been restricted by its susceptibility to nucle-
ase degradation. Most of the investigations re-
ported with these species of RNA as agonists of 
TLR7/8 used cationic liposomes, polymers, or 
chemical modifications to enhance nuclease 
stability [78-80]. It has been observed that hu-
man monocytes-derived DC precursors trans-
fected with bacterial RNA, but not with mammal-
ian RNA, induces high-levels of IL-12 secretion 
in conjunction with dendritic cell maturation 
[28]. Through the extensive examination of the 
effects of RNA modifications on TLR-mediated 
innate immune activation, it has been observed 
that among natural RNAs, bacterial but not 
mammalian RNA, activated human DCs to se-
crete cytokines [29]. It has been shown that 
CpG oligoribonucleotides (ORN) stimulate mono-
cytes to produce large amounts of IL-12 [81]. 
CpG ORN also activates NF-ΚB and p38 MAPK 
and it has been suggested that activation of 
these cells was not mediated through either 
TLR3 or TLR7/8. However, it has been recently 
reported that synthetic single-stranded ORNs 
are potent inducers of interferon-γ via the TLR7. 
The immunostimulatory ORNs activates den-
dritic cells and induces production of cytokines 
that results in bystander activation of T and B 
cells. Furthermore, it has been observed that 
RNA induced antibodies of the IgG isotype indi-
cating a Th2 type of immune response which is 
characterized by a potent cytotoxic T cell re-
sponse to infection [32]. 
 
Toll like receptors (TLRs) 
 
TLRs are a key component of the immune sen-
sors involved in the recognition of PAMPs and 
triggering the host responses. Toll receptor was 
originally identified as a molecule essential for 
the embryogenic patterning of Drosophila and 
subsequently as a key receptor for the antifun-
gal immune response [17,82,83]. The mammal-
ian homology of Toll receptor, designated TLR4, 
was subsequently shown to induce the expres-
sion of genes involved in the inflammatory re-
sponse. Since then, several structural and func-
tional proteins related to TLR4 were identified 
and named as TLRs [84-86]. So far, ten distinct 
TLRs family members have been identified in 

humans and the corresponding ligands derived 
from different microbial origins have also been 
reported [87,88]. TLRs are conserved trans-
membrane proteins characterized by an ectodo-
main, a transmembrane region, and a cytoplas-
mic signaling domain homologous to that of the 
interleukin 1 receptor (IL-1R) which is known as 
Toll/IL-1R homology (TIR) domain. TLRs contain 
leucine-rich repeats (LRRs) in their extracellular 
domain. Recognition of molecular patterns from 
pathogens and TLR binding to their correspond-
ing ligand occurs through LRR motifs, which 
allows for the subsequent activation of signal 
transduction pathways that regulate the host’s 
immune response.  
 
Based on the type of ligands, TLRs can be fur-
ther categorized into several subclasses, each 
of which recognizes related pathogenic signa-
tures. Microbial proteins such as flagellin and 
respiratory syncytial virus (RSV) fusion protein 
can activate TLR5 and TLR4, respectively 
[89,90]. The lipids and lipopeptides responsive 
TLRs are comprised of TLR1, TLR2, TLR4, and 
TLR6. Although lipopolysaccharide (LPS) from 
the outer membrane of gram-negative bacteria 
is the major activator for TLR4, TLR2 recognizes 
a variety of lipids and lipoproteins derived from 
gram-positive bacteria and parasites as well as 
responding to atypical LPS from certain gram-
negative bacteria [91]. Recognition of diacy-
lated or triacylated lipoproteins which are con-
tained within lipoteichoic acid (LTA) is generally 
mediated by various heterodimeric combina-
tions of TLR2 with either TLR1 or TLR6 [92-94]. 
Despite this specificity, some TLRs can sense 
several structurally unrelated ligands. For exam-
ple, ligands such as LPS, fibronectin, and heat-
shock proteins can be recognized by TLR4 
[17,95]. Although the majority of TLRs sense 
pathogenic ligands on the cell surface, TLR3, 
TLR7, TLR8 and TLR9 recognize nucleic acids 
and their mimics and thus form a distinct class 
of TLRs based on functional and structural ho-
mology. Within the endosomal compartments, 
TLR3 senses dsRNA and both TLR7 and TLR8 
recognize ssRNA, while DNA is a ligand for 
TLR9. In addition to their expression on profes-
sional immune cells; epithelial cells and fibro-
blasts also express functional TLRs and can 
directly sense PAMPs [17,18,20,87,96]. 
 
TLR signaling pathways 
 
Upon stimulation with PAMPs, TLRs undergo 
conformational changes and subsequent 
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dimerization to initiate signaling pathways that 
result in the activation of proinflammatory cyto-
kines through either MyD88-dependent or 
MyD88-independent pathways [87,97]. Activa-
tion of these two distinct pathways initially de-
pends on the recruitment of selective adaptor 
molecules to the TIR domain. Four adaptor 
molecules have been identified which includes 
MyD88, TIR-associated protein (TIRAP), TIR do-
main containing adaptor protein-inducing IFN-β 
(TRIF) and TRIF-related adaptor molecules 
(TRAM). The adaptors MyD88 and TIRAP contrib-
ute to the induction of proinflammatory genes 
whereas TRIF and TRAM are responsible for the 
induction of the IFNs [98-100]. 
 
Activation of TLR3 and TLR4 recruits TIR to initi-
ate the antimicrobial response. Although TRIF 
recruitment mediates TLR3 and TLR4 signaling, 
TLR4 activation uses another adaptor protein, 
TRAM.  For NF-ΚB induction, TRIF recruits both 
receptor-interacting protein 1 (RIP1) and TRAF6 
and with the cooperation of these two proteins; 
they activate NF-ΚB to induce the expression of 
proinflammatory cytokines. Furthermore, TRIF-
mediated signaling also activates IRF3 and IRF7 
to induce type-I IFN gene expression. TRIF inter-
acts with both TBK1 and IKKi, which phosphory-
lates IRF3 and IRF7. Phosphorylated IRF3 then 
dimerize and translocates into the nucleus to 
induce expression of type I IFN and IFN-
inducible genes.  
 
All TLRs except for TLR3, recruit the general TLR 
adapter protein MyD88, which possesses a 
death domain in the N-terminus and a TIR do-
main in the C-terminus. MyD88 recruitment is 
followed by the activation of IL-1 receptor-
associated kinases (IRAKs) family members 
including IRAK1, IRAK2, IRAK4 and IRAK6. 
When phosphorylated, IRAKs are activated and 
subsequently associate with TRAF6 to activate 
the downstream pathways involving the IKK 
complex and the MAPK family. Phosphorylation 
of IkBs by the IKK complex results in its degra-
dation and the subsequent nuclear transloca-
tion of the transcription factor NF-ΚB, which 
controls the expression of various inflammatory 
cytokine genes. In addition, the MAPK family of 
kinases phosphorylates and activates the tran-
scription factor AP-1 which is involved in the 
inflammatory responses to TLR signaling. 
MyD88 is required for the signaling pathways of 
all TLR family members that lead to the produc-
tion of inflammatory cytokines since MyD88-

deficient mice showed no production of inflam-
matory cytokines in response to all TLR ligands.  
 
Discrimination of self and nonself DNA by TLRs 
 
Discriminating self from foreign is an essential 
feature of innate immunity that employs PRRs 
to sense molecular signatures associated with 
pathogens [21-24,87,101]. Detection of patho-
gen-derived nucleic acids is important for main-
taining the integrity of the genome and for sur-
vival. The immunomodulatory effects of bacte-
rial DNA have been mimicked by synthetic oli-
godeoxynucleotides containing a CpG-motif 
(CpG-ODN). Subsequently, it has been reported 
that CpG-DNA signaling is abolished in knockout 
mice deficient in MyD88 which suggested that 
TLR 9 is a cognate receptor for CpG-DNA [102]. 
In parallel experiments, Hemmi et al. [26] have 
also shown that macrophages from TLR9 knock-
out mice did not respond to CpG-DNA. These 
observations demonstrated that TLR9 is the 
direct immune sensor for CpG-DNA. In addition 
to bacterial DNA, the genomes of DNA viruses 
such as herpes simplex virus 1 (HSV-1) and 
murine cytomegalovirus (MCMV) are rich in CpG-
DNA motifs, and therefore activates inflamma-
tory cytokines and type I IFN secretion through 
TLR9 [72,103-105]. In contrast to macrophages 
that produce less IFN-α in response to viral in-
fections, HSV-2-induced expression of TNF-α 
and RANTES is mainly dependent on TLR9, 
whereas type I IFN is induced in a TLR9-
independent manner [103]. In addition to DNA 
modifications, the innate surveillance mecha-
nisms of TLRs are also utilized by the en-
dosomal compartments to tolerate self nucleic 
acids [17,106]. Since TLR9 is selectively ex-
pressed in the endosome, pathogenic DNA must 
be delivered intracellularly  where the acidic 
environment within the endosome results in the 
degradation of dsDNA into multiple fragments 
containing ss-CpG-motifs that subsequently trig-
gers TLR9 [107,108]. In contrast to foreign 
DNA, the self abundant DNA is sequestered 
within the nucleus and therefore can not access 
the endosomal compartments. The sequestra-
tion of self DNA and the selective intracellular 
localization of TLR9 are proposed to have an 
important role in self tolerance and autoimmu-
nity. 
 
The structural requirements and species speci-
ficity for the activation of TLR9 by DNA were 
initially explored by synthetic ODNs that have a 
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modified phosphorothioate (PS) backbone 
[106,109,110]. Because the synthetic ODNs 
contain natural phosphodiester linkages (PD-
ODN) they are rapidly digested by DNase result-
ing in poor uptake by cells. It was proposed that 
stabilized PS-ODNs that are flanked by two 5’-
purines and two 3’-pyrimidines mimic natural 
ssDNA fragments for activating TLR9.  There-
fore, the discrimination of endogenous DNA 
from nonself pathogenic DNA was explained by 
the fact that unmethylated CpG motif serves as 
a molecular signature which is sensed by TLR9.  
However, recent studies have reported contra-
dictory results to the sequence-specific manner 
in which DNA is recognized by TLR9. For exam-
ple, not only microbial DNA, but also mammal-
ian DNA that contains less or no unmethylated 
CpG motifs can also stimulate pDCs and pro-
voke an antiviral-like state in a TLR9–
independent fashion [111]. Several further in-
vestigations have supported the idea that self 
DNA is an autoimmune molecule which acti-
vates autoreactive B cells through TLR9. For 
example, the CpG-mediated proliferation of B 
cells was abrogated by TLR inhibitory oligonu-
cleotides in transgenic 3H9 B cells that have 
DNA-specific B cell receptors (BCR) [47,112-
114]. 
 
These contradictory observations may imply that 
host DNA contains DNA sequences that serve 
as ligands for TLR9. Contrary to stabilized PS-
ODN, it has been demonstrated that natural PD-
ODN lacking CpG motifs stimulate DCs to se-
crete IFN-α and proinflammatory cytokines via 
TLR9 which was confirmed by ligand-binding 
studies [111]. These observations raise the 
question of what governs the recognition of 
natural PD-DNA by TLR9. Recently, it has been 
shown that the sugar backbone is a major de-
terminant of recognition of natural DNA by 
TLR9.  PD 2-deoxyribose polymers lacking DNA 
bases (abasic) are shown to act as a TLR9 ago-
nist while abasic PS 2-deoxyribose functions as 
TLR9 antagonist. The authors also show that 
natural PD DNA drives TLR9 activation in a CpG-
independent manner but DNA sequence can 
modulate the strength of the response. This 
response is similar to that for dsRNA recognized 
by TLR3 and ssRNA recognized by TLR7 and 
TLR8 [115]. 
 
Discrimination of self and nonself RNA by TLRs 
 
Naturally occurring viral and bacterial RNAs and 
synthetic oligoribonucleotides recognized by 

TLRs can induce antigen-specific immunity, se-
cretion of proinflammatory cytokines and type I 
IFNs [27-32]. For example, RNA derived from 
bacteria, but not from mammalian sources, 
prime for high-levels of IL-12 secretion and acti-
vation of human myeloid dendritic cells (DCs) 
[28]. Bacterial RNA also activates human DCs to 
secrete TNF-α and other cytokines [29]. These 
observations raise the question of how abun-
dant self-RNA species are discriminated from 
non-self RNA. Sequestration of self nucleic ac-
ids and the selective expression of TLRs within 
intracellular compartments is one of the expla-
nations that is proposed to answer this question 
[116-121]. Under normal circumstances, the 
abundant self-RNA is contained within the nu-
cleus or in the cytoplasm and therefore can not 
access the endosomal TLR3, TLR7, or TLR8 that 
sense various species of RNA. However, RNA 
released from viral infection or damaged host 
cells under pathological conditions could be 
delivered to and activate endosomal TLRs and 
thus circumvent this safety mechanism 
[30,122].  
 
In addition to this hypothesis, recent reports 
have indicated that specific nucleoside modifi-
cations are differentially represented in either 
microbial or mammalian RNA and therefore pro-
vide a molecular mechanism for the immune 
sensors to discriminate differences between the 
pathogenic and abundant self RNA 
[20,27,29,123]. In contrast to most cellular 
species of RNA that are heavily modified, un-
modified motifs or low degree of nucleoside 
modifications are abundant in bacterial and 
viral RNAs [124]. For example, cellular primary 
transcripts undergo various modifications to 
acquire a 7-methylguanosine (7mG) cap struc-
ture at its 5’-end while bacterial and viral 
mRNAs possess a triphosphate at their terminal 
end [125-127]. In addition to capping, up to 
25% of nucleosides may be modified in some 
eukaryotic tRNA [128]. Other posttranscriptional 
modifications such as pseudouridine and me-
thylated nucleosides are significantly higher in 
eukaryotic rRNA than that of microbial origins 
[128,129]. Recently, Kariko et al have exam-
ined the effects of RNA modifications on TLR-
mediated innate immune activation and estab-
lished that among natural RNAs, bacterial RNA 
activated human DCs to secrete cytokines [29]. 
The TLR-mediated recognition of natural and 
synthetic RNAs is primarily governed by certain 
nucleoside modifications such as pseu-
douridine, 5-methyluridine, 2-thiouridine, or 2-O-
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methylation. 
 
The nucleotide binding and oligomerization do-
main (NOD)-like receptors (NLRs) 
 
Recognition of multiple pathogenic patterns by 
PRRs expressed in and on host tissues triggers 
several signaling pathways to target the infect-
ing pathogens [130]. Recent studies have iden-
tified and characterized the NLRs as an addi-
tional mechanism which contributes to intracel-
lular recognition of PAMPs and regulation of the 
immune response [35-37]. NLRs are a family of 
structurally related receptors that are character-
ized by conserved presence of Nod. The general 
domain structure of this family includes carboxyl
-terminal LRRs that recognize specific PAMPs 
and modulates NLR activity, an intermediate 
Nod that is responsible for oligmerization of 
these proteins, and finally an N-terminal effec-
tor binding region consisting of protein-protein 
interaction domains which includes the caspase 
recruitment domain (CARD), pyrin (PYD) domain, 
or the baculovirus inhibitor repeat (BIR) domain 
[131-133]. The expression of these receptors in 
cytosolic compartments enables them to recog-
nize invaders that have evaded detection 
through invasiveness or escape  
 
The NLRs family is divided into three categories 
based on their N-terminal domains and are re-
ferred to as CARD-containing NODs, PYD-
containing NALPs, or BIR-containing NAIPs. Al-
though recent studies have identified specific 
ligands for several NLRs, it is still unclear 
whether NLRs directly bind to their ligand that 
they sense. Nod1 (Card4) and Nod2 (Card15) 
are involved in the recognition of bacterial com-
ponents produced during the synthesis or lyses 
of peptidoglycan [135-137]. NOD1 detects 
pathogenic bacteria through sensing peptidogly-
can containing meso-diaminopimelic acid (meso
-DAP), unique to most Gram-negative and only 
specific Gram-positive bacteria [135-137]. De-
spite this activation by meso-DAP, recent stud-
ies have revealed that the optimal peptidogly-
can motifs detected by human Nod1 is a struc-
ture containing L-Ala-γ-D-Glu-meso-DAP and the 
minimal activating structure is the dipeptide γ-D-
Glu-meso-DAP [132,134]. In contrast, Nod2 is 
activated by muramyl dipeptide (MDP) con-
served in all bacteria [136,138]. In addition, 
NOD2 is considered as a general sensor in-
volved in recognition of intracellular pathogenic 
bacteria such as Listeria monocytogenes and 
Streptococcus pneumoniae [139,140]. These 

ligands must be delivered intracellularly through 
either the cytosolic bacterial invasion or through 
some cellular uptake mechanisms to activate 
NOD1 or NOD2. In addition to being detectors 
for microbial structures, NALP-containing pro-
teins can also mediate activation of the immune 
system in response to endogenous danger sig-
nals. The most studied members of this subfam-
ily are NALP1 and NALP3 which are implicated 
in the formation of the inflammasome [141]. 
The inflammasome is a multiprotein complex 
involved in processing and activation of caspase
-1. Caspase-1 which is present in cells in an 
inactive form undergoes proteolytic cleavage 
upon activation. Activated caspase-1 is essen-
tial for maturation of proinflammatory cytokines 
such as IL-1β and IL-18 for converting them to 
the active forms in response to infection or in-
jury. IL-1β is also implicated in inflammation, 
fever, tumor progression and sleep [133,141]. 
NALP3 is activated in response to several di-
verse molecules such as bacterial RNA, LPS, 
peptidoglycan, bacterial toxins (Nigericin, aero-
lysin) and whole bacteria [131-133]. In addition 
to classical microbial moieties, NALP3 is also 
capable of sensing endogenous danger and 
stress situations such as damage associated 
molecular patterns (DAMPs). Exposure of mam-
malian cells to ATP but not to a PAMP, stimu-
lates caspase-1 activation and subsequent IL-
1β secretion. Furthermore, the inflammatory 
disorders induced in response to monosodium 
urate (MSU) and calcium pyrophosphate dehy-
drate (CPPD) crystals can also be mediated by 
NALP3 and caspase-1 release [142,143].  In 
addition to NOD and NALP proteins, the third 
subclass of NLRs family is Ipaf/CARD12. Ipaf/
CARD12 has been shown to be implicated in 
sensing intracellular pathogens such as Salmo-
nella typhimurium or Legionella pneumophila 
which then rapidly activates caspase-1. The 
molecular patterns recognized by Ipaf have 
been shown to be flagellin. Recent studies have 
demonstrated that upon infection, S. typhi-
murium or L. pneumophila deliver flagellin and 
other virulence factors to the host cytosol by the 
type III or type IV secretion systems. Salmonella 
and Legionella mutants that do not express 
flagellin failed to activate caspase-1 [131,144-
146].  

NLR signaling pathway 
 
Activation of NLRs by microbial PAMPs activates 
two distinct signaling pathways and proinflam-
matory intracellular responses. The first path-
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way involves stimulation of Nod1 or Nod2 by 
specific bacterial cell wall components which 
results in their oligomerization and recruitment 
of RICK/RIP2/CARD/IAK cascade through CARD
-CARD interactions. The binding of RICK kinase 
to Nod1 or Nod2 leads to activation of NF-κB 
through phosphorylation and ubiquitin-pro
teasome–dependent degradation of the IκBα. 
The signaling proteins TRIP6 and CARD6 posi-
tively modulate Nod1- and Nod2-dependent 
signaling to NF-κB. The activated NF-κB translo-
cates to the nucleus and induces transcription 
from targeted genes. In addition to the NF-κB 
pathway, MAP family kinases are also activated 
in response to stimulation of Nod1 or Nod2 
through RIP2 that results in the activation of 
kinases including p38, Erk, and JNK [147-151]. 
This pathway modulates the expression of proin-
flammatory cytokines to regulate both innate 
and adaptive immune responses. The second 
pathway involves activation of the inflam-
masome in response to either classical PAMPs 
or endogenous danger stress signals. It has 
been shown that Ipaf, Naip and NALP proteins 
all can participate in the formation of distinct 
inflammasomes including the NALP1 inflam-
masome, the NALP3 inflammasome and the 
Ipaf inflammasome. In response to microbial or 
danger signals, the autorepressed NALP3 is 
activated, oligomerizes in an ATP-dependent 
manner and this results in caspase-1 process-
ing and activation. This complex is composed of 
a Pyrin domain, and the adaptor-proteins apop-
tosis-associated speck-like protein (ASC) and 
Cardinal. Activated caspase-1 then cleaves and 
activates the precursor forms of IL-1β and IL-18. 
Recently, it has been demonstrated that 
Cryopyrin,  Ipaf, as well as the adaptor ASC, are 
required for the activation of caspase-1 in re-
sponse to pathogenic components and intracel-
lular bacteria which is TLR- independent 
[36,38,39,130,131,145,152]. 
 
Sensing of self and nonself nucleic acids by 
NLRs 
 
Recent investigations have indicated that 
NALP3 can also detect RNA derived from bacte-
rial and viral origins in TLR-independent man-
ner. Bacterial RNA derived from E. coli, Listeria 
and Legionella induced IL-1β and IL-18 secre-
tion from macrophages in a Nalp3-dependent 
fashion [38]. It has been also shown that natu-
ral RNA of viral origin and polyI:C are also able 
to activate the Nalp3 inflammasome [38,39].  

Viral dsRNA also stimulates the release of type-I 
IFNs, TNF-α and IL-6 through other RNA sensors 
(TLR3 and RIG-I). However, activation of the 
NALP3 inflammasome by RNA species only oc-
curs in the presence of ATP which itself is an 
activator of the inflammasome. There has also 
been recent reports showing that Nalp3 can 
sense DNA from bacteria, virus and even from 
mammalian sources. Internalized adenoviral 
DNA induces maturation of pro-IL-1β in macro-
phages in a NALP3 and ASC-dependent mecha-
nism and this inflammatory response is de-
pressed in NALP3- and ASC-deficient mice [40]. 
Activation of the inflammasome also occurs in 
response to transfected cytosolic bacterial, viral 
and mammalian DNA. However, the cytosolic 
recognition of DNA in this case is dependent on 
ASC but not on NALP3. This surveillance mecha-
nism for detecting DNA is independent of TLRs 
and interferon regulatory factors (IRFs). The 
authors suggested that the IL-1 production most 
likely reflects a general inflammatory state trig-
gered by adenoviruses, rather than a direct anti-
viral activity. 
 
RIG-I-like receptors (RLRs) 
 
In addition to the protein kinase R (PKR) which 
was proposed as the first cytoplasmic sensor for 
triggering IFN-induced signaling in response to 
viral dsRNA, screening of an expression cDNA 
library identified the RIG-I-like receptors (RLRs) 
as a novel innate receptor family that recog-
nizes viral RNA in intracellular compartments 
[36,37]. The discovery of these cytosolic sen-
sors suggests that microbes evading extracellu-
lar surveillance encounter another line of detec-
tion in the host cytosol.  RLRs are RNA helicases 
expressed ubiquitously in the cytoplasm and are 
strongly induced by IFNs. RLRs family consists 
of three members designated retinoic acid-
inducible gene I (RIG-I), melanoma differentia-
tion- associated antigen 5 (MDA5), and labora-
tory of genetics and physiology 2 (LGP2). These 
members have a high degree of similarities 
among their helicase domains [153]. RIG-I con-
tains two repeats of a caspase activation and 
recruitment domain (CARD)-like motif at its N 
terminus that functions as a signaling domain. 
The CARD domain is followed by helicase motifs 
(I to VI) including Walker's ATP-binding motif 
(motif I) and TAS (motif III) which are essential 
for RIG-I to function [154-157]. The C-terminal 
domain of RIG-I, termed the repressor domain 
(RD), is responsible for inhibiting RIG-I signaling 
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and is responsible for autorepression through 
interaction with both CARD and helicase do-
mains [158,159]. Although RIG-I and MDA5 
share some common structural and signalling 
features, recent evidence indicated that the two 
helicases may discriminate among different 
ligands to trigger the innate immune response 
to RNA viruses [43,160]. CARD-like repeats are 
shared by RIG-I and MDA5 but are lacking in 
LGP2. The C-terminal region have partial conser-
vation among all 3 helicases, but the repression 
function was only observed in RIG-I and LGP2 
[156,161].  
 
RLRs signaling  
 
The CARD motifs of RIG-I and MDA5 are the 
structures responsible for initiating the signaling 
events. When the cells are not infected, the 
CARD domain is masked by the RD of RIG-I but 
MDA-5 is silenced by unknown mechanism [162
-164]. Overexpression of the N-terminal CARD of 
either RIG-I or MDA5 constitutively activates the 
transcription factors NF-kB and IRF-3 and sub-
sequently induces IFN-β expression which sug-
gests the direct contribution of CARD in signal-
ing [157]. Recent investigations identified IFN 
promoter stimulator-1 (IPS-1) as CARD-
containing adaptor required for RIG-I/MDA5 
signaling [162,165,166]. IPS-1 is a protein ex-
pressed in the outer mitochondrial membrane 
which suggests that mitochondria not only con-
tribute to apoptosis and metabolism but also 
regulate the IFN responses [167-169]. When 
cells are infected with RNA viruses, RIG-I and 
MDA5 sense 5’-triphosphate ssRNA and dsRNA 
through their RNA-binding domains. This recog-
nition causes RLRs to undergo conformational 
changes in an ATP-dependent manner to free 
the CARD domain from autoinhibition and al-
lows downstream signaling to IPS-1. In turn, IPS-
1 interacts with downstream adaptors which 
include TRAF3 to activate two IKK-related 
kinases, designated TANK-binding kinase 1 
(TBK1) and inducible IΚB kinase (IKK-i) which 
then phosphorylate IRF-3 and IRF-7 [170-172]. 
However, IFN-β could also activate IKKi to re-
cruit and phosphorylate STAT1, and thus it regu-
lates the expression of a number of IFN-
inducible genes [173]. IKK-I and TBK1 interact 
with the molecules TANK, and NAK-associated 
protein 1 (NAP1) which are essential compo-
nents for RLH signaling [174-176]. Phosphoryla-
tion of IRF-3 and IRF-7 by these kinases induces 
their translocation into the nucleus and binding 

to IFN-stimulated response elements (ISREs). 
This allows for the regulated expression of type I 
IFN genes and IFN-inducible genes. NF-ΚB is 
also activated by IPS-1 via a FADD (FADD/RIP1/
IKKα/IKKβ) and a caspase-8/caspase-10- de-
pendent pathway [177,178]. 
 
Discrimination of self and nonself nucleic acids 
by RLRs  
 
RLRs play important roles in sensing viral RNA 
and elicit the antiviral defence mechanisms.  It 
is initially proposed that upon accumulation of 
viral dsRNA in the infected cells, both RIG-I and 
MDA-5 become activated and trigger signaling 
pathways that result in an immune response 
[43,44]. However, subsequent analysis of RIG-I 
and MDA5 knockouts revealed that MDA5, but 
not RIG-I, was the sensor responsible for recog-
nition of poly I:C. Interestingly, infection with 
influenza A results in IFN gene expression with-
out detectable dsRNA accumulation [179]. Re-
cent studies have reported that ssRNA with 5’-
triphosphate terminus, rather than dsRNA is a 
substrate for RIG-I. These studies demonstrated 
that RIG-I is specifically sensed by and binds to 
ssRNA bearing a 5’-triphosphate end, but not 
ssRNA with 5’-monophosphate or 5’-
diphosphate end [45]. These investigators hy-
pothesized that RIG-I utilizes the 5’-triphosphate 
end, which is primarily present in foreign tran-
scripts such as viral and bacterial mRNA and 
absent from host RNA, as a part of a RNA-
quality control mechanism to distinguish en-
dogenous from pathogenic RNA. Recent studies 
further indicated that RLRs are differentially 
detecting cytoplasmic viral RNAs and they differ 
in their substrate specificity [43]. For example, 
when RIG-I-deficient embryonic fibroblast cells 
(MEFs) were infected with viruses such as New-
castle disease virus (NDV), vesicular stomatitis 
virus (VSV) or influenza virus, the induction of 
IFN was significantly abrogated whereas MDA5-
deficient cells were not defective. However, 
transfection with poly I:C or infection with  en-
cephalomyocarditis virus (EMCV) inhibited IFNs 
induction in MDA5-KO cells, but not in RIG-I-KO 
cells. West Nile virus and Dengue virus were 
shown to induce type I IFN even in the absence 
of either RIG-I or MDA5 [43,180,181]. 
  
The contribution of nucleic acids to sepsis 
pathogenesis   
 
The host surveillance mechanisms sense vari-
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ous components derived from different patho-
genic origins as foreign and hence target them. 
TLR3, TLR7, TLR8, and TLR9 comprise a distinct 
subclass of TLRs expressed within endosomal 
compartment where they can recognize bacte-
rial or viral nucleic acid [24,101]. DNA contain-
ing unmethylated CpG motifs is detected by 
TLR9 and produce proinflammatory cytokines 
such as TNF-α, IL- 1, IL-6, IL-12, and reactive 
nitrogen and oxygen intermediates. Further-
more, DNA can also trigger antiviral-like innate 
responses which include production of IFN-α/β 
and IFN-γ. When detected in the cytoplasm, not 
only pathogenic, but also self-DNA can trigger 
an antiviral-like state. Therefore, the physical 
residence of DNA within the nucleus is used to 
avoid the immune response to self DNA 
[24,88,101]. In addition to DNA, several other 
PRRs have been implicated in the sensing of 
different RNA species including TLRs, dsRNA-
activating protein kinase (PKR), RIG-I, MDA5, 
and the NALP3 inflamasomme. These RNA sen-
sors differ mainly in their ligand specificity, cel-
lular expression and signaling pathways. The 
diversity in the receptors suggests that host 
cells employ multiple, nonredundant surveil-
lance mechanisms to detect invading patho-
gens. While RIG-I, MDA-5, and NALP3 are cyto-
solic receptors, the TLR family members in-
volved in RNA recognition are expressed in the 
endosomal compartments. Recognition of RNA 
patterns by these receptors activates immune 
and non-immune cells to induce the production 
of proinflammatory cytokines and IFNs 
[35,182,183].  
 
Sepsis develops when the invading pathogens 
gain access to the circulation, are recognized by 
the host immune surveillance mechanisms and 
accordingly respond systemically by generating 
exaggerated amounts of inflammatory media-
tors and proinflammatory cytokines. In addition 
to bacterial cell wall components and exotoxins 
which are considered as the principal PAMPs 
responsible for sepsis, recent studies have indi-
cated that both purified microbial nucleic acids 
and synthetic oligonucleotides can also induce 
the production of cytokines and reactive oxy-
gen/nitrogen species and nitric oxide and there-
fore are also implicated in the development of 
sepsis [25,184]. In vivo and in vitro studies 
demonstrated that natural DNA and synthetic 
oligonucleotides can cause septic shock. DNA 
derived from both Gram-positive and Gram-
negative bacteria, or synthetic oligonucleotides 

trigger high and rapid TNF-α production in 
macrophages and thus cause TNF-α-mediated 
septic shock in D-galactosamine-sensitized 
mice [185]. At high concentration of DNA, the 
magnitude of TNF-α responses induced was 
similar to that of LPS. Mice sensitized with TNF-
α and injected with these DNAs, developed le-
thal toxic shock which was due to acute liver 
failure mediated by TNF-α triggered apoptosis. 
Furthermore, it has been shown that macro-
phages challenged with plasmid DNA induced 
TNF-α mRNA. Mammalian DNA, DNase- treated 
plasmid DNA or methylated CpG dinucleotides 
did not induce TNF-α mRNA in the macrophages 
[53]. Interestingly, DNA is taken up by macro-
phages and characteristic bacterial DNA se-
quences activate a signaling cascade that leads 
to the activation of NF-ΚB and inflammatory 
gene induction. Although TNF-α is considered to 
be a central element in the pathogenesis of 
endotoxic shock, the involvement of IFNs in this 
process have been also supported by several 
line of evidence. Besides bacterial DNA, syn-
thetic viral RNA analogues poly d(I:C) and poly 
I:C also  induced TNF-α  secretion from macro-
phages [53]. These data therefore support the 
concept that microbial nucleic acids alone can 
elicit a lethal inflammatory response.  
 
The multi-hit synergistic threshold hypothesis of 
lethal septic shock provides an additional pro-
posal to explain the complex inter-relationships 
that occurs in sepsis. For example, the host im-
mune system which has been primed by the 
previous release of LPS, responds further with a 
fatal exaggerated systemic inflammatory re-
sponse induced by other PAMPs such as DNA 
[184]. Alternatively, the release of multiple 
pathogenic components may synergistically 
reach a threshold that can provoke an undesir-
able inflammatory immune response in individu-
als with an existing genetic predisposition to an 
exaggerated immune response. It has been re-
ported that viral infection with VSV or treatment 
with poly I:C sensitizes mice to LPS-induced 
shock [186]. This hypersensitivity to LPS corre-
lated with hyperproduction of TNF-α which was 
completely abrogated in IFN-α/β receptor-
deficient mice. This result indicated that the 
principal mechanism underlying rapid virus or 
poly I:C-induced sensitization to LPS is an IFN- 
α/β -mediated priming of mice for an aug-
mented production of TNF-α in response to LPS. 
The impact of antiviral responses on the inflam-
matory responses to septic shock has been 
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studied by several independent investigators. 
For example, injection of mice with the TLR3 
ligand (poly I:C) caused robust induction of IFN-
α with IFN-α/β–dependent major histocompati-
bility antigen class II up-regulation of peritoneal 
macrophages [187]. Poly I:C pretreatment be-
fore septic shock resulted in augmentation of 
TNF-α, IL-6, and IL-10 and a potentially height-
ened lethality as compared with septic shock 
alone. DNA from bacteria interacts synergisti-
cally with subthreshold concentrations of LPS to 
elicit TNF-α production and NO via enhanced 
inducible NO synthase gene expression in 
macrophages [188,189]. High-mobility group 
protein 1 (HMGB1) functions as a cytokine that 
induces proinflammatory responses which in-
cludes the expression of TNF-α, IL-1, NO, and 
maturation of DC, which mediates sepsis. It has 
been shown that LPS and poly I:C treatment 
resulted in HMGB1 secretion from macrophages 
whereas CpG ODN failed to induce this re-
sponse [190]. The extent of HMGB1 release 
correlated with the occurrence of apoptosis with 
the treatment of both LPS and poly I:C. In hu-
man Jurkat T cells, poly I:C induced apoptosis 
and HMGB1 release and this suggested that 
apoptotic cells can contribute to HMGB1-
mediated events in sepsis. 
 
Nucleic acids in cardiac myocyte dysfunction  
 
Cardiac myocytes, whose primary function is 
contraction, proliferate rapidly during fetal life 
but exit the cell cycle to terminally differentiate. 
In response to pathophysiological insults, car-
diac myocytes undergo hypertrophy and remod-
elling which is characterized by progressive 
changes in ventricular size, shape, function and 
further loss of cardiac myocytes by necrosis and 
apoptosis [191]. The inflammatory response is 
an important component of cardiac pathology 
and is associated with a number of heart dis-
eases including microbial infections, sepsis, 
myocarditis, and myocardial infarction. Cardiac 
dysfunction is clearly identified as a serious and 
frequent complication of human sepsis and sep-
tic shock. Several mediators have been de-
scribed as the initiators of cardiac function im-
pairment during sepsis. These mediators in-
clude microbial components, cytokines, and 
reactive oxygen/nitrogen species [1-3,192]. 
These immunological mediators have been in-
creasingly thought to influence not only the in-
flammatory molecules but also cardiac function 
[193-196]. In addition to the immune system, 

there is accumulating evidence suggesting that 
the coagulation, endocrine, and nervous sys-
tems also contribute to depression of cardiac 
function under inflammatory conditions. Experi-
mental and clinical reports demonstrated that 
TLRs expressed on various cell lines contributes 
to the development and progression of sepsis. 
For example, monocytes/macrophages expres-
sion of TLR2 and TLR4 in septic patients and in 
cecum ligation and puncture (CLP) sepsis mod-
els are significantly up-regulated compared with 
the expression in healthy individuals [197-199]. 
In addition, genes involved in TLR signaling 
pathway are differently regulated in peripheral 
mononuclear cells (PBMC) and neutrophils of 
septic patients, and that they are dynamically 
modulated in every cell population throughout 
the different stages of sepsis [200]. These 
mechanisms may contribute to the organ dys-
function and mortality that occurs in sepsis. 
 
Although there is clear evidence of how immune 
cells sense danger signals of foreign nucleic 
acids and accordingly respond, only recently has 
it been reported that  cardiac myocytes have 
other functions similar in some respects to in-
nate immune cells with a complex inflammatory 
response. In addition to being expressed in im-
mune cells, cardiovascular cells including car-
diac myocytes, endothelial cells, and vascular 
smooth muscle also express TLRs and can di-
rectly sense the molecular signatures associ-
ated with pathogens. TLRs family members in-
cluding TLR2, TLR3, TLR4, TLR5, TLR6, TLR7 
and TLR9 are expressed in both whole heart 
tissue and cardiac myocytes cell lines [201-
204]. Stimulation of these receptors with their 
cognate ligands results in cardiomyocyte ex-
pression of the proinflammatory cytokines, 
chemokines and cell surface adhesion mole-
cules. Furthermore, activation of these TLRs is 
associated with induction of NF-ΚB and de-
creased cardiac contractility. In addition to car-
diac myocytes, endothelial cells and the under-
lying vascular smooth muscle cells in vessels 
also express functional TLRs and sense patho-
gens. TLR-mediated specific recognition of 
PAMPs activates these cells to release cyto-
kines, chemokines, vasoactive and dilatory hor-
mones [205-207].  
 
With regard to microbial nucleic acids, we dem-
onstrated that bacterial DNA and RNA derived 
from clinical S. aureus and E. coli isolates sig-
nificantly depress myocardial contraction of rat 
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neonatal myocytes in a concentration-
dependent fashion [208]. Challenging of neona-
tal myocytes with polyI:C also results in highly 
significant depression of myocardial contractil-
ity. In contrast, bacterial nucleic acids isolated 
from non-pathogenic E. coli have also shown to 
induce significant cardiac depression. These 
data suggested that bacterial and viral DNA and 
RNA may contribute to myocardial depression 
during bacterial sepsis and septic shock. In vivo 
studies demonstrated that treatment of wild 
type mouse model (C57BL/6) with bacterial 
DNA caused a robust response in hearts as indi-
cated by increased levels of TNF-α, IL-1β, IL-6, 
iNOS, and activation of NF-kB [209]. This re-
sponse was mediated through recognition of 
CpG-ODN by TLR9. However, such inflammatory 
responses were absent in TLR9 knockout mice. 
In addition, contractility measurements of iso-
lated ventricular cardiac myocytes demon-
strated a TLR9-dependent loss of sarcomeric 
shortening after CpG-ODN stimulation which 
was dependent on production of iNOS. These 
observations suggest that bacterial DNA contrib-
utes to myocardial cytokine production and lose 
of cardiac contractility via TLR9. 
 
Autoantigens of nucleic acids  
 
Although self nucleic acids are supposed to be 
tolerant to receptor-mediated detection, recent 
studies have demonstrated that TLRs can also 
recognize self nucleic acids released from dam-
aged host tissues and potentially promote the 
development of autoimmune diseases. These 
observations suggested that the host receptors 
might not be able to fully distinguish nonself 
from endogenous nucleic acids under certain 
circumstances [47,48,101]. Nucleic acid mole-
cules are also considered exclusively as autoan-
tigens and a unique target of immune reactivity 
in systemic lupus erythematosus (SLE). SLE is a 
prototypic autoimmune disease characterized 
by high serum levels of type I IFNs that correlate 
with disease severity. The immune complexes of 
this disease are comprised of host DNA and anti
-DNA IgG or host RNA and anti-RNA or protein-
nucleic acid complexes [210,211]. These 
autoantibodies (anti-DNA and anti-RNA) which 
can bind both single- and double-stranded nu-
cleic acids resulted from the loss of tolerance to 
restricted set of nuclear antigens (antinuclear 
antibodies or ANA). 
 
The ability of TLRs to sense nucleic acids and 

the production of autoantibodies against these 
molecules was established in studies of trans-
genic mice where the B cells express antibodies 
specific for self-IgG which is also named as, 
rheumatoid factor (RF) [47]. Immune complexes 
(ICs) consisting of IgG bound to mammalian 
chromatin have been shown to effectively stimu-
late transgenic RF via involvement of  B cell 
antigen receptor (BCR) recognition of the IC. 
Inhibition of TLR9 abrogates the response of the 
autoreactive B cells and hence suggested that 
this stimulation was TLR9-dependent. These 
observations established a synergistic coopera-
tion between the BCR which binds and internal-
izes DNA and its recognition by TLR9. Several 
further investigations have supported the idea 
that nucleic acids are autoimmune activators 
which stimulate autoreactive B cells through 
TLRs. For example, the CpG-mediated prolifera-
tion was abrogated by TLR inhibitory oligonu-
cleotides in transgenic 3H9 B cells that have 
DNA-specific BCR. Anti-DNA chromatin ICs trans-
locates to lysosomal compartments through 
FcγR-mediated endocytosis and stimulated DCs 
to secrete cytokines and IFNs via a TLR-
dependent manner [112-114]. Further evidence 
that TLR9 plays a critical role in autoantibody 
responses came from the demonstration that 
autoimmune lupus-prone mice lacking TLR9 
failed to generate anti-DNA antibodies. The im-
portance of DNA as an autoimmune molecule 
was also demonstrated in mice lacking DNase I, 
which developed a lupus-like syndrome 
[212,213]. 
 
Not only microbial DNA, but also mammalian 
DNA when formulated with cationic lipids or 
which exists in the cytoplasm can also stimulate 
pDCs and provoke antiviral-like responses in a 
TLR9–dependent or independent manner 
[111]. In addition to being activated by autoanti-
gens associated with self DNA, recent studies 
extended the activation of autoreactive B cell by 
self RNA. RNA and RNA/protein complexes such 
as small nuclear ribonucleotide proteins (Sn/
RNP) also constitute a major class of autoanti-
gens implicated in autoimmune diseases. Acti-
vation of TLR7 by ICs containing uridine-rich U1 
RNA can stimulate pDCs to produce IFNs which 
was potentially linked to SLE and other proin-
flammatory cytokines [30,214,215]. TLR7-
deficient mice bearing anti-RNA BCR knock-in 
allele are protected from a lupus like syndrome. 
Further evidence that TLR7 plays a key role in 
autoantibody responses came from the findings 
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that autoimmune-prone mice, lacking the TLR 
adaptor protein MyD88, had markedly reduced 
chromatin, Sn/RNP, and RF autoantibody titers 
[30,216]. 
 
Conclusion 
 
Sepsis is a life-threatening condition which can 
develop through the misregulation of complex 
cellular signaling networks. Several surveillance 
mechanisms have evolved to discriminate self 
from foreign and accordingly trigger effective 
cellular responses to target the pathogenic 
threats. Since, the misregulation of complex 
immunopathological cellular signaling pathways 
contribute to the high mortality and morbidity 
rates of sepsis, several efforts have been made 
to understand the role of pattern recognition 
receptors (PRRs) and nucleic acids in this condi-
tion. Understanding these molecular interac-
tions is not only important for exploring the mo-
lecular mechanisms underlying sepsis patho-
physiology, but also in the development of novel 
therapeutics. Targeting a single inflammatory 
mediator has not showed efficacy in clinical 
trials and most of the single-hit therapeutic 
strategies have not been successful. The cur-
rent sepsis treatments are mainly limited to 
measures directed at the infectious agents (e.g. 
antibiotics, surgical and supportive therapies) 
rather than altering the pathophysiologic proc-
esses responsible for its initiation and progres-
sion. The application of interdisciplinary ap-
proaches that integrate high-throughput genom-
ics, proteomics, biostatistics, and computational 
biology will open avenues to novel multi-hit 
therapeutic approaches for sepsis.  
 
Please address correspondence to:  Aseem Kumar, 
PhD, Department of Chemistry and Biochemistry, 
Biomolecular Sciences Programme, Laurentian Uni-
versity, 935 Ramsey Lake Rd, Sudbury, ON, Canada 
P3E 2C6. Tel:  705-675-1151 ext.2103, Fax:  705-
675-4844, E-mail: akumar@laurentian.ca 
 
References 
 
[1] Kumar A, Krieger A, Symeoneides S, Kumar A 

and Parrillo JE. Myocardial dysfunction in sep-
tic shock: Part II. Role of cytokines and nitric 
oxide. J Cardiothorac Vasc Anesth 2001; 15: 
485-511. 

[2]  Kumar A, Paladugu B, Mensing J, Kumar A 
and Parrillo JE. Nitric oxide-dependent and -
independent mechanisms are involved in TNF-
alpha -induced depression of cardiac myocyte 
contractility. Am J Physiol Regul Integr Comp 

Physiol 2007; 292: R1900-6. 
[3] Kumar A, Kumar A, Paladugu B, Mensing J 

and Parrillo JE. Transforming growth factor-
beta1 blocks in vitro cardiac myocyte depres-
sion induced by tumor necrosis factor-alpha, 
interleukin-1beta, and human septic shock 
serum. Crit Care Med 2007; 35: 358-364. 

[4] Goldfarb RD and Parrillo JE. Complement. Crit 
Care Med 2005; 33: S482-4. 

[5]  Pinheiro da Silva F and Nizet V. Cell death 
during sepsis: integration of disintegration in 
the inflammatory response to overwhelming 
infection. Apoptosis 2009; 14: 509-521. 

[6] Sriskandan S and Altmann DM. The immunol-
ogy of sepsis. J Pathol 2008; 214: 211-223. 

[7]  Kumar A, Kumar A, Michael P, Brabant D, 
Parissenti AM, Ramana CV, Xu X and Parrillo 
JE. Human serum from patients with septic 
shock activates transcription factors STAT1, 
IRF1, and NF-kappaB and induces apoptosis 
in human cardiac myocytes. J Biol Chem 
2005; 280: 42619-42626. 

[8]  Brabant D, Michael P, Bleiblo F, Saleh M, Na-
rain R, Tai TC, Ramana CV, Parrillo JE, Kumar 
A and Kumar A. Septic sera induces apoptosis 
and DNA fragmentation factor 40 activation in 
fibroblasts. Biochem Biophys Res Commun 
2011; 412: 260-265. 

[9]  Hussein S, Michael P, Brabant D, Omri A, Na-
rain R, Passi K, Ramana CV, Parrillo JE, Kumar 
A, Parissenti A and Kumar A. Characterization 
of human septic sera induced gene expres-
sion modulation in human myocytes. Int J Clin 
Exp Med 2009; 2: 131-148. 

[10]  Reddy RC, Chen GH, Tekchandani PK and 
Standiford TJ. Sepsis-induced immunosup-
pression: from bad to worse. Immunol Res 
2001; 24: 273-287. 

[11]  Remick DG. Pathophysiology of sepsis. Am J 
Pathol 2007; 170: 1435-1444. 

[12]  Rittirsch D, Flierl MA and Ward PA. Harmful 
molecular mechanisms in sepsis. Nat Rev 
Immunol 2008; 8: 776-787. 

[13]  Aird WC. Sepsis and coagulation. Crit Care Clin 
2005; 21: 417-431. 

[14]  Lupu F. "Crossroads in Sepsis Research" Re-
view Series Overview of the pathophysiology of 
sepsis. J Cell Mol Med 2008; 12: 1072-1073. 

[15]  Cohen J. The immunopathogenesis of sepsis. 
Nature 2002; 420: 885-891. 

[16]  Castellheim A, Brekke OL, Espevik T, Harboe 
M and Mollnes TE. Innate immune responses 
to danger signals in systemic inflammatory 
response syndrome and sepsis. Scand J Im-
munol 2009; 69: 479-491. 

[17]  Akira S, Uematsu S and Takeuchi O. Pathogen 
recognition and innate immunity. Cell 2006; 
124: 783-801. 

[18]  Takeuchi O and Akira S. Signaling pathways 
activated by microorganisms. Current opinion 
in cell biology 2007; 19: 185-91. 

[19]  Bowie AG and Fitzgerald KA. RIG-I: tri-ing to 



Immunostimulatory nucleic acids in septic shock 

 
 
15                                                                                                                    Int J Clin Exp Med 2012;5(1):1-23 

discriminate between self and non-self RNA. 
Trends in immunology 2007; 28: 147-50. 

[20]  Hornung V, Barchet W, Schlee M and Hart-
mann G. RNA recognition via TLR7 and TLR8. 
Handb Exp Pharmacol 2008; (183): 71-86. 

[21]  Akira S and Hemmi H. Recognition of patho-
gen-associated molecular patterns by TLR 
family. Immunol Lett 2003; 85: 85-95. 

[22]  Alexopoulou L and Kontoyiannis D. Contribu-
tion of microbial-associated molecules in in-
nate mucosal responses. Cell Mol Life Sci 
2005; 62: 1349-1358. 

[23]  Janssens S and Beyaert R. Role of Toll-like 
receptors in pathogen recognition. Clin Micro-
biol Rev 2003; 16: 637-646. 

[24]  Bauer S, Pigisch S, Hangel D, Kaufmann A and 
Hamm S. Recognition of nucleic acid and nu-
cleic acid analogs by Toll-like receptors 7, 8 
and 9. Immunobiology 2008; 213: 315-328. 

[25]  Wagner H, Lipford GB and Hacker H. The role 
of immunostimulatory CpG-DNA in septic 
shock. Springer Semin Immunopathol 2000; 
22: 167-171. 

[26]  Hemmi H, Takeuchi O, Kawai T, Kaisho T, Sato 
S, Sanjo H, Matsumoto M, Hoshino K, Wagner 
H, Takeda K and Akira S. A Toll-like receptor 
recognizes bacterial DNA. Nature 2000; 408: 
740-745. 

[27]  Heil F, Hemmi H, Hochrein H, Ampenberger F, 
Kirschning C, Akira S, Lipford G, Wagner H and 
Bauer S. Species-specific recognition of single-
stranded RNA via toll-like receptor 7 and 8. 
Science 2004; 303: 1526-1529. 

[28]  Koski GK, Kariko K, Xu S, Weissman D, Cohen 
PA and Czerniecki BJ. Cutting edge: innate 
immune system discriminates between RNA 
containing bacterial versus eukaryotic struc-
tural features that prime for high-level IL-12 
secretion by dendritic cells. J Immunol 2004; 
172: 3989-3993. 

[29]  Kariko K, Buckstein M, Ni H and Weissman D. 
Suppression of RNA recognition by Toll-like 
receptors: the impact of nucleoside modifica-
tion and the evolutionary origin of RNA. Immu-
nity 2005; 23: 165-175. 

[30]  Lau CM, Broughton C, Tabor AS, Akira S, Flav-
ell RA, Mamula MJ, Christensen SR, Shlom-
chik MJ, Viglianti GA, Rifkin IR and Marshak-
Rothstein A. RNA-associated autoantigens 
activate B cells by combined B cell antigen 
receptor/Toll-like receptor 7 engagement. J 
Exp Med 2005; 202: 1171-1177. 

[31]  Bourquin C, Schmidt L, Hornung V, Wurzenber-
ger C, Anz D, Sandholzer N, Schreiber S, Voelkl 
A, Hartmann G and Endres S. Immunostimula-
tory RNA oligonucleotides trigger an antigen-
specific cytotoxic T-cell and IgG2a response. 
Blood 2007; 109: 2953-2960. 

[32]  Hamm S, Heit A, Koffler M, Huster KM, Akira 
S, Busch DH, Wagner H and Bauer S. Immu-
nostimulatory RNA is a potent inducer of anti-
gen-specific cytotoxic and humoral immune 

response in vivo. Int Immunol 2007; 19: 297-
304. 

[33]  Elward K, Griffiths M, Mizuno M, Harris CL, 
Neal JW, Morgan BP and Gasque P. CD46 
plays a key role in tailoring innate immune 
recognition of apoptotic and necrotic cells. J 
Biol Chem 2005; 280: 36342-36354. 

[34]  Weighardt H and Holzmann B. Role of Toll-like 
receptor responses for sepsis pathogenesis. 
Immunobiology 2007; 212: 715-722. 

[35]  Ishii KJ, Koyama S, Nakagawa A, Coban C and 
Akira S. Host innate immune receptors and 
beyond: making sense of microbial infections. 
Cell Host Microbe 2008; 3: 352-363. 

[36]  Inohara, Chamaillard, McDonald C and Nunez 
G. NOD-LRR proteins: role in host-microbial 
interactions and inflammatory disease. Annu 
Rev Biochem 2005; 74: 355-383. 

[37]  Meylan E and Tschopp J. Toll-like receptors 
and RNA helicases: two parallel ways to trigger 
antiviral responses. Mol Cell 2006; 22: 561-
569. 

[38]  Kanneganti TD, Ozoren N, Body-Malapel M, 
Amer A, Park JH, Franchi L, Whitfield J, Bar-
chet W, Colonna M, Vandenabeele P, Bertin J, 
Coyle A, Grant EP, Akira S and Nunez G. Bacte-
rial RNA and small antiviral compounds acti-
vate caspase-1 through cryopyrin/Nalp3. Na-
ture 2006; 440: 233-236. 

[39]  Kanneganti TD, Body-Malapel M, Amer A, Park 
JH, Whitfield J, Franchi L, Taraporewala ZF, 
Miller D, Patton JT, Inohara N and Nunez G. 
Critical role for Cryopyrin/Nalp3 in activation 
of caspase-1 in response to viral infection and 
double-stranded RNA. J Biol Chem 2006; 281: 
36560-36568. 

[40]  Muruve DA, Petrilli V, Zaiss AK, White LR, Clark 
SA, Ross PJ, Parks RJ and Tschopp J. The in-
flammasome recognizes cytosolic microbial 
and host DNA and triggers an innate immune 
response. Nature 2008; 452: 103-107. 

[41]  Wu S and Kaufman RJ. A model for the double
-stranded RNA (dsRNA)-dependent dimeriza-
tion and activation of the dsRNA-activated 
protein kinase PKR. J Biol Chem 1997; 272: 
1291-1296. 

[42]  Nallagatla SR, Hwang J, Toroney R, Zheng X, 
Cameron CE and Bevilacqua PC. 5'-
triphosphate-dependent activation of PKR by 
RNAs with short stem-loops. Science 2007; 
318: 1455-1458. 

[43]  Kato H, Takeuchi O, Sato S, Yoneyama M, 
Yamamoto M, Matsui K, Uematsu S, Jung A, 
Kawai T, Ishii KJ, Yamaguchi O, Otsu K, Tsuji-
mura T, Koh CS, Reis e Sousa C, Matsuura Y, 
Fujita T and Akira S. Differential roles of MDA5 
and RIG-I helicases in the recognition of RNA 
viruses. Nature 2006; 441: 101-105. 

[44] Gitlin L, Barchet W, Gilfillan S, Cella M, Beutler 
B, Flavell RA, Diamond MS and Colonna M. 
Essential role of mda-5 in type I IFN responses 
to polyriboinosinic:polyribocytidylic acid and 



Immunostimulatory nucleic acids in septic shock 

 
 
16                                                                                                                    Int J Clin Exp Med 2012;5(1):1-23 

encephalomyocarditis picornavirus. Proc Natl 
Acad Sci U S A 2006; 103: 8459-8464. 

[45]  Hornung V, Ellegast J, Kim S, Brzozka K, Jung 
A, Kato H, Poeck H, Akira S, Conzelmann KK, 
Schlee M, Endres S and Hartmann G. 5'-
Triphosphate RNA is the ligand for RIG-I. Sci-
ence 2006; 314: 994-997. 

[46]  Williams BRG. The role of the dsRNA-activated 
kinase, PKR, in signal transduction. Semin 
Virol 1995; 6: 191-202. 

[47]  Leadbetter EA, Rifkin IR, Hohlbaum AM, Beau-
dette BC, Shlomchik MJ and Marshak-
Rothstein A. Chromatin-IgG complexes acti-
vate B cells by dual engagement of IgM and 
Toll-like receptors. Nature 2002; 416: 603-
607. 

[48]  Marshak-Rothstein A, Busconi L, Lau CM, Ta-
bor AS, Leadbetter EA, Akira S, Krieg AM, Lip-
ford GB, Viglianti GA and Rifkin IR. Compari-
son of CpG s-ODNs, chromatin immune com-
plexes, and dsDNA fragment immune com-
plexes in the TLR9-dependent activation of 
rheumatoid factor B cells. J Endotoxin Res 
2004; 10: 247-251. 

[49]  Lotze MT, Deisseroth A and Rubartelli A. Dam-
age associated molecular pattern molecules. 
Clin Immunol 2007; 124: 1-4. 

[50]  Tokunaga T, Yamamoto H, Shimada S, Abe H, 
Fukuda T, Fujisawa Y, Furutani Y, Yano O, 
Kataoka T and Sudo T. Antitumor activity of 
deoxyribonucleic acid fraction from Mycobac-
terium bovis BCG. I. Isolation, physicochemical 
characterization, and antitumor activity. J Natl 
Cancer Inst 1984; 72: 955-962. 

[51]  Krieg AM, Yi AK, Matson S, Waldschmidt TJ, 
Bishop GA, Teasdale R, Koretzky GA and Klin-
man DM. CpG motifs in bacterial DNA trigger 
direct B-cell activation. Nature 1995; 374: 
546-549. 

[52]  Krieg AM, Wu T, Weeratna R, Efler SM, Love-
Homan L, Yang L, Yi AK, Short D and Davis HL. 
Sequence motifs in adenoviral DNA block 
immune activation by stimulatory CpG motifs. 
Proc Natl Acad Sci U S A 1998; 95: 12631-
12636. 

[53]  Stacey KJ, Sweet MJ and Hume DA. Macro-
phages ingest and are activated by bacterial 
DNA. J Immunol 1996; 157: 2116-2122. 

[54]  Pichyangkul S, Yongvanitchit K, Kum-arb U, 
Krieg AM, Heppner DG and Walsh DS. Whole 
blood cultures to assess the immunostimula-
tory activities of CpG oligodeoxynucleotides. J 
Immunol Methods 2001; 247: 83-94. 

[55]  Hartmann G and Krieg AM. CpG DNA and LPS 
induce distinct patterns of activation in human 
monocytes. Gene Ther 1999; 6: 893-903. 

[56]  Sweet MJ, Stacey KJ, Kakuda DK, Markovich 
D and Hume DA. IFN-gamma primes macro-
phage responses to bacterial DNA. J Interferon 
Cytokine Res 1998; 18: 263-271. 

[57]  Cowdery JS, Boerth NJ, Norian LA, Myung PS 
and Koretzky GA. Differential regulation of the 

IL-12 p40 promoter and of p40 secretion by 
CpG DNA and lipopolysaccharide. J Immunol 
1999; 162: 6770-6775. 

[58]  Kobayashi H, Horner AA, Takabayashi K, 
Nguyen MD, Huang E, Cinman N and Raz E. 
Immunostimulatory DNA pre-priming: a novel 
approach for prolonged Th1-biased immunity. 
Cell Immunol 1999; 198: 69-75. 

[59]  Yi AK, Hornbeck P, Lafrenz DE and Krieg AM. 
CpG DNA rescue of murine B lymphoma cells 
from anti-IgM-induced growth arrest and pro-
grammed cell death is associated with in-
creased expression of c-myc and bcl-xL. J Im-
munol 1996; 157: 4918-4925. 

[60]  Bendigs S, Salzer U, Lipford GB, Wagner H and 
Heeg K. CpG-oligodeoxynucleotides co-
stimulate primary T cells in the absence of 
antigen-presenting cells. Eur J Immunol 1999; 
29: 1209-1218. 

[61]  Sun S, Zhang X, Tough DF and Sprent J. Type I 
interferon-mediated stimulation of T cells by 
CpG DNA. J Exp Med 1998; 188: 2335-2342. 

[62]  Krug A, Towarowski A, Britsch S, Rothenfusser 
S, Hornung V, Bals R, Giese T, Engelmann H, 
Endres S, Krieg AM and Hartmann G. Toll-like 
receptor expression reveals CpG DNA as a 
unique microbial stimulus for plasmacytoid 
dendritic cells which synergizes with CD40 
ligand to induce high amounts of IL-12. Eur J 
Immunol 2001; 31: 3026-3037. 

[63]  Kadowaki N, Ho S, Antonenko S, Malefyt RW, 
Kastelein RA, Bazan F and Liu YJ. Subsets of 
human dendritic cell precursors express differ-
ent toll-like receptors and respond to different 
microbial antigens. J Exp Med 2001; 194: 863
-869. 

[64]  Sparwasser T, Koch ES, Vabulas RM, Heeg K, 
Lipford GB, Ellwart JW and Wagner H. Bacte-
rial DNA and immunostimulatory CpG oligonu-
cleotides trigger maturation and activation of 
murine dendritic cells. Eur J Immunol 1998; 
28: 2045-2054. 

[65]  Kadowaki N, Antonenko S and Liu YJ. Distinct 
CpG DNA and polyinosinic-polycytidylic acid 
double-stranded RNA, respectively, stimulate 
CD11c- type 2 dendritic cell precursors and 
CD11c+ dendritic cells to produce type I IFN. J 
Immunol 2001; 166: 2291-2295. 

[66]  Hartmann G, Weiner GJ and Krieg AM. CpG 
DNA: a potent signal for growth, activation, 
and maturation of human dendritic cells. Proc 
Natl Acad Sci U S A 1999; 96: 9305-9310. 

[67]  Shimada S, Yano O and Tokunaga T. In vivo 
augmentation of natural killer cell activity with 
a deoxyribonucleic acid fraction of BCG. Jpn J 
Cancer Res 1986; 77: 808-816. 

[68]  Ballas ZK, Rasmussen WL and Krieg AM. In-
duction of NK activity in murine and human 
cells by CpG motifs in oligodeoxynucleotides 
and bacterial DNA. J Immunol 1996; 157: 
1840-1845. 

[69]  Cowdery JS, Chace JH, Yi AK and Krieg AM. 



Immunostimulatory nucleic acids in septic shock 

 
 
17                                                                                                                    Int J Clin Exp Med 2012;5(1):1-23 

Bacterial DNA induces NK cells to produce IFN
-gamma in vivo and increases the toxicity of 
lipopolysaccharides. J Immunol 1996; 156: 
4570-4575. 

[70]  Diebold SS, Montoya M, Unger H, Alexopoulou 
L, Roy P, Haswell LE, Al-Shamkhani A, Flavell 
R, Borrow P and Reis e Sousa C. Viral infection 
switches non-plasmacytoid dendritic cells into 
high interferon producers. Nature 2003; 424: 
324-328. 

[71]  Alexopoulou L, Holt AC, Medzhitov R and Flav-
ell RA. Recognition of double-stranded RNA 
and activation of NF-kappaB by Toll-like recep-
tor 3. Nature 2001; 413: 732-738. 

[72]  Tabeta K, Georgel P, Janssen E, Du X, Hoebe 
K, Crozat K, Mudd S, Shamel L, Sovath S, 
Goode J, Alexopoulou L, Flavell RA and Beutler 
B. Toll-like receptors 9 and 3 as essential 
components of innate immune defense 
against mouse cytomegalovirus infection. Proc 
Natl Acad Sci U S A 2004; 101: 3516-3521. 

[73]  Fernandez NC, Lozier A, Flament C, Ricciardi-
Castagnoli P, Bellet D, Suter M, Perricaudet M, 
Tursz T, Maraskovsky E and Zitvogel L. Den-
dritic cells directly trigger NK cell functions: 
cross-talk relevant in innate anti-tumor im-
mune responses in vivo. Nat Med 1999; 5: 
405-411. 

[74]  Rouas R, Lewalle P, El Ouriaghli F, Nowak B, 
Duvillier H and Martiat P. Poly(I:C) used for 
human dendritic cell maturation preserves 
their ability to secondarily secrete bioactive IL-
12. Int Immunol 2004; 16: 767-773. 

[75]  Salem ML, Kadima AN, Cole DJ and Gillanders 
WE. Defining the antigen-specific T-cell re-
sponse to vaccination and poly(I:C)/TLR3 sig-
naling: evidence of enhanced primary and 
memory CD8 T-cell responses and antitumor 
immunity. J Immunother 2005; 28: 220-228. 

[76]  Burkett PR, Koka R, Chien M, Chai S, Chan F, 
Ma A and Boone DL. IL-15R alpha expression 
on CD8+ T cells is dispensable for T cell mem-
ory. Proc Natl Acad Sci U S A 2003; 100: 4724
-4729. 

[77]  Wang L, Smith D, Bot S, Dellamary L, Bloom A 
and Bot A. Noncoding RNA danger motifs 
bridge innate and adaptive immunity and are 
potent adjuvants for vaccination. J Clin Invest 
2002; 110: 1175-1184. 

[78]  Lan T, Kandimalla ER, Yu D, Bhagat L, Li Y, 
Wang D, Zhu F, Tang JX, Putta MR, Cong Y, 
Trombino AF, Sullivan T and Agrawal S. Stabi-
lized immune modulatory RNA compounds as 
agonists of Toll-like receptors 7 and 8. Proc 
Natl Acad Sci U S A 2007; 104: 13750-
13755. 

[79]  Scheel B, Braedel S, Probst J, Carralot JP, 
Wagner H, Schild H, Jung G, Rammensee HG 
and Pascolo S. Immunostimulating capacities 
of stabilized RNA molecules. Eur J Immunol 
2004; 34: 537-547. 

[80]  Scheel B, Aulwurm S, Probst J, Stitz L, Hoerr I, 

Rammensee HG, Weller M and Pascolo S. 
Therapeutic anti-tumor immunity triggered by 
injections of immunostimulating single-
stranded RNA. Eur J Immunol 2006; 36: 2807
-2816. 

[81]  Sugiyama T, Gursel M, Takeshita F, Coban C, 
Conover J, Kaisho T, Akira S, Klinman DM and 
Ishii KJ. CpG RNA: identification of novel single
-stranded RNA that stimulates human 
CD14+CD11c+ monocytes. J Immunol 2005; 
174: 2273-2279. 

[82]  Hashimoto C, Hudson KL and Anderson KV. 
The Toll gene of Drosophila, required for dor-
sal-ventral embryonic polarity, appears to en-
code a transmembrane protein. Cell 1988; 
52: 269-279. 

[83]  Lemaitre B, Nicolas E, Michaut L, Reichhart 
JM and Hoffmann JA. The dorsoventral regula-
tory gene cassette spatzle/Toll/cactus con-
trols the potent antifungal response in Droso-
phila adults. Cell 1996; 86: 973-983. 

[84]  Rock FL, Hardiman G, Timans JC, Kastelein RA 
and Bazan JF. A family of human receptors 
structurally related to Drosophila Toll. Proc 
Natl Acad Sci U S A 1998; 95: 588-593. 

[85]  Poltorak A, He X, Smirnova I, Liu MY, Van Huf-
fel C, Du X, Birdwell D, Alejos E, Silva M, 
Galanos C, Freudenberg M, Ricciardi-
Castagnoli P, Layton B and Beutler B. Defec-
tive LPS signaling in C3H/HeJ and 
C57BL/10ScCr mice: mutations in Tlr4 gene. 
Science 1998; 282: 2085-2088. 

[86]  Medzhitov R, Preston-Hurlburt P and Janeway 
CA,Jr. A human homologue of the Drosophila 
Toll protein signals activation of adaptive im-
munity. Nature 1997; 388: 394-397. 

[87]  Kawai T and Akira S. TLR signaling. Semin 
Immunol 2007; 19: 24-32. 

[88]  Takeda K and Akira S. Microbial recognition by 
Toll-like receptors. J Dermatol Sci 2004; 34: 
73-82. 

[89]  Haynes LM, Moore DD, Kurt-Jones EA, Finberg 
RW, Anderson LJ and Tripp RA. Involvement of 
toll-like receptor 4 in innate immunity to respi-
ratory syncytial virus. J Virol 2001; 75: 10730-
10737. 

[90]  Hayashi F, Smith KD, Ozinsky A, Hawn TR, Yi 
EC, Goodlett DR, Eng JK, Akira S, Underhill DM 
and Aderem A. The innate immune response 
to bacterial flagellin is mediated by Toll-like 
receptor 5. Nature 2001; 410: 1099-1103. 

[91]  Werts C, Tapping RI, Mathison JC, Chuang TH, 
Kravchenko V, Saint Girons I, Haake DA, 
Godowski PJ, Hayashi F, Ozinsky A, Underhill 
DM, Kirschning CJ, Wagner H, Aderem A, To-
bias PS and Ulevitch RJ. Leptospiral lipopoly-
saccharide activates cells through a TLR2-
dependent mechanism. Nat Immunol 2001; 2: 
346-352. 

[92]  Takeuchi O, Kawai T, Muhlradt PF, Morr M, 
Radolf JD, Zychlinsky A, Takeda K and Akira S. 
Discrimination of bacterial lipoproteins by Toll-



Immunostimulatory nucleic acids in septic shock 

 
 
18                                                                                                                    Int J Clin Exp Med 2012;5(1):1-23 

like receptor 6. Int Immunol 2001; 13: 933-
940. 

[93]  Takeuchi O, Sato S, Horiuchi T, Hoshino K, 
Takeda K, Dong Z, Modlin RL and Akira S. 
Cutting edge: role of Toll-like receptor 1 in 
mediating immune response to microbial lipo-
proteins. J Immunol 2002; 169: 10-14. 

[94]  Alexopoulou L, Thomas V, Schnare M, Lobet Y, 
Anguita J, Schoen RT, Medzhitov R, Fikrig E 
and Flavell RA. Hyporesponsiveness to vacci-
nation with Borrelia burgdorferi OspA in hu-
mans and in TLR1- and TLR2-deficient mice. 
Nat Med 2002; 8: 878-884. 

[95]  Philpott DJ and Girardin SE. The role of Toll-
like receptors and Nod proteins in bacterial 
infection. Mol Immunol 2004; 41: 1099-
1108. 

[96]  Albiger B, Dahlberg S, Henriques-Normark B 
and Normark S. Role of the innate immune 
system in host defence against bacterial infec-
tions: focus on the Toll-like receptors. J Intern 
Med 2007; 261: 511-528. 

[97]  Kawai T and Akira S. TLR signaling. Cell Death 
Differ 2006; 13: 816-825. 

[98]  Yamamoto M, Sato S, Hemmi H, Hoshino K, 
Kaisho T, Sanjo H, Takeuchi O, Sugiyama M, 
Okabe M, Takeda K and Akira S. Role of adap-
tor TRIF in the MyD88-independent toll-like 
receptor signaling pathway. Science 2003; 
301: 640-643. 

[99]  Yamamoto M, Sato S, Hemmi H, Sanjo H, Ue-
matsu S, Kaisho T, Hoshino K, Takeuchi O, 
Kobayashi M, Fujita T, Takeda K and Akira S. 
Essential role for TIRAP in activation of the 
signalling cascade shared by TLR2 and TLR4. 
Nature 2002; 420: 324-329. 

[100]  Yamamoto M, Sato S, Hemmi H, Uematsu S, 
Hoshino K, Kaisho T, Takeuchi O, Takeda K 
and Akira S. TRAM is specifically involved in 
the Toll-like receptor 4-mediated MyD88-
independent signaling pathway. Nat Immunol 
2003; 4: 1144-1150. 

[101]  Deane JA and Bolland S. Nucleic acid-sensing 
TLRs as modifiers of autoimmunity. J Immunol 
2006; 177: 6573-6578. 

[102]  Hacker H, Vabulas RM, Takeuchi O, Hoshino 
K, Akira S and Wagner H. Immune cell activa-
tion by bacterial CpG-DNA through myeloid 
differentiation marker 88 and tumor necrosis 
factor receptor-associated factor (TRAF)6. J 
Exp Med 2000; 192: 595-600. 

[103]  Hochrein H, Schlatter B, O'Keeffe M, Wagner 
C, Schmitz F, Schiemann M, Bauer S, Suter M 
and Wagner H. Herpes simplex virus type-1 
induces IFN-alpha production via Toll-like re-
ceptor 9-dependent and -independent path-
ways. Proc Natl Acad Sci U S A 2004; 101: 
11416-11421. 

[104]  Krug A, French AR, Barchet W, Fischer JA, 
Dzionek A, Pingel JT, Orihuela MM, Akira S, 
Yokoyama WM and Colonna M. TLR9-
dependent recognition of MCMV by IPC and 

DC generates coordinated cytokine responses 
that activate antiviral NK cell function. Immu-
nity 2004; 21: 107-119. 

[105] Lund J, Sato A, Akira S, Medzhitov R and Iwa-
saki A. Toll-like receptor 9-mediated recogni-
tion of Herpes simplex virus-2 by plasmacytoid 
dendritic cells. J Exp Med 2003; 198: 513-
520. 

[106]  Krieg AM. CpG motifs in bacterial DNA and 
their immune effects. Annu Rev Immunol 
2002; 20: 709-760. 

[107]  Ahmad-Nejad P, Hacker H, Rutz M, Bauer S, 
Vabulas RM and Wagner H. Bacterial CpG-DNA 
and lipopolysaccharides activate Toll-like re-
ceptors at distinct cellular compartments. Eur 
J Immunol 2002; 32: 1958-1968. 

[108]  Latz E, Schoenemeyer A, Visintin A, Fitzgerald 
KA, Monks BG, Knetter CF, Lien E, Nilsen NJ, 
Espevik T and Golenbock DT. TLR9 signals 
after translocating from the ER to CpG DNA in 
the lysosome. Nat Immunol 2004; 5: 190-
198. 

[109]  Bauer S, Kirschning CJ, Hacker H, Redecke V, 
Hausmann S, Akira S, Wagner H and Lipford 
GB. Human TLR9 confers responsiveness to 
bacterial DNA via species-specific CpG motif 
recognition. Proc Natl Acad Sci U S A 2001; 
98: 9237-9242. 

[110]  Sester DP, Naik S, Beasley SJ, Hume DA and 
Stacey KJ. Phosphorothioate backbone modifi-
cation modulates macrophage activation by 
CpG DNA. J Immunol 2000; 165: 4165-4173. 

[111] Yasuda K, Yu P, Kirschning CJ, Schlatter B, 
Schmitz F, Heit A, Bauer S, Hochrein H and 
Wagner H. Endosomal translocation of verte-
brate DNA activates dendritic cells via TLR9-
dependent and -independent pathways. J Im-
munol 2005; 174: 6129-6136. 

[112]  Boule MW, Broughton C, Mackay F, Akira S, 
Marshak-Rothstein A and Rifkin IR. Toll-like 
receptor 9-dependent and -independent den-
dritic cell activation by chromatin-
immunoglobulin G complexes. J Exp Med 
2004; 199: 1631-1640. 

[113]  Means TK, Latz E, Hayashi F, Murali MR, Go-
lenbock DT and Luster AD. Human lupus 
autoantibody-DNA complexes activate DCs 
through cooperation of CD32 and TLR9. J Clin 
Invest 2005; 115: 407-417. 

[114]  Fields ML, Metzgar MH, Hondowicz BD, Kang 
SA, Alexander ST, Hazard KD, Hsu AC, Du YZ, 
Prak EL, Monestier M and Erikson J. Exoge-
nous and endogenous TLR ligands activate 
anti-chromatin and polyreactive B cells. J Im-
munol 2006; 176: 6491-6502. 

[115]  Haas T, Metzger J, Schmitz F, Heit A, Muller T, 
Latz E and Wagner H. The DNA sugar back-
bone 2' deoxyribose determines toll-like recep-
tor 9 activation. Immunity 2008; 28: 315-323. 

[116]  Matsumoto J, Ohshima T, Isono O and Shimo-
tohno K. HTLV-1 HBZ suppresses AP-1 activity 
by impairing both the DNA-binding ability and 



Immunostimulatory nucleic acids in septic shock 

 
 
19                                                                                                                    Int J Clin Exp Med 2012;5(1):1-23 

the stability of c-Jun protein. Oncogene 2005; 
24: 1001-1010. 

[117]  Matsumoto M, Funami K, Tanabe M, Oshiumi 
H, Shingai M, Seto Y, Yamamoto A and Seya T. 
Subcellular localization of Toll-like receptor 3 
in human dendritic cells. J Immunol 2003; 
171: 3154-3162. 

[118]  Leifer CA, Kennedy MN, Mazzoni A, Lee C, 
Kruhlak MJ and Segal DM. TLR9 is localized in 
the endoplasmic reticulum prior to stimula-
tion. J Immunol 2004; 173: 1179-1183. 

[119]  Funami K, Matsumoto M, Oshiumi H, Akazawa 
T, Yamamoto A and Seya T. The cytoplasmic 
'linker region' in Toll-like receptor 3 controls 
receptor localization and signaling. Int Immu-
nol 2004; 16: 1143-1154. 

[120]  Nishiya T, Kajita E, Miwa S and Defranco AL. 
TLR3 and TLR7 are targeted to the same intra-
cellular compartments by distinct regulatory 
elements. J Biol Chem 2005; 280: 37107-
37117. 

[121]  Barton GM, Kagan JC and Medzhitov R. Intra-
cellular localization of Toll-like receptor 9 pre-
vents recognition of self DNA but facilitates 
access to viral DNA. Nat Immunol 2006; 7: 49
-56. 

[122]  Crozat K and Beutler B. TLR7: A new sensor of 
viral infection. Proc Natl Acad Sci U S A 2004; 
101: 6835-6836. 

[123]  Diebold SS, Massacrier C, Akira S, Paturel C, 
Morel Y and Reis e Sousa C. Nucleic acid ago-
nists for Toll-like receptor 7 are defined by the 
presence of uridine ribonucleotides. Eur J 
Immunol 2006; 36: 3256-3267. 

[124]  Rozenski J, Crain PF and McCloskey JA. The 
RNA Modification Database: 1999 update. 
Nucleic Acids Res 1999; 27: 196-197. 

[125]  Bieger CD and Nierlich DP. Distribution of 5'-
triphosphate termini on the mRNA of Es-
cherichia coli. J Bacteriol 1989; 171: 141-
147. 

[126]  Maquat LE and Carmichael GG. Quality control 
of mRNA function. Cell 2001; 104: 173-176. 

[127]  Doma MK and Parker R. RNA quality control in 
eukaryotes. Cell 2007; 131: 660-668. 

[128]  Grosjean H, Björk G and Maden BEH. Nucleo-
tide modification and base conversion of RNA: 
Summary and outlook. Biochimie 1995; 77: 3-
6. 

[129]  Margulis L and Chapman MJ. Endosymbioses: 
cyclical and permanent in evolution. Trends 
Microbiol 1998; 6: 342-5; discussion 345-6. 

[130]  Kanneganti TD, Lamkanfi M and Nunez G. 
Intracellular NOD-like receptors in host de-
fense and disease. Immunity 2007; 27: 549-
559. 

[131]  Franchi L, Amer A, Body-Malapel M, Kanne-
ganti TD, Ozoren N, Jagirdar R, Inohara N, 
Vandenabeele P, Bertin J, Coyle A, Grant EP 
and Nunez G. Cytosolic flagellin requires Ipaf 
for activation of caspase-1 and interleukin 
1beta in salmonella-infected macrophages. 

Nat Immunol 2006; 7: 576-582. 
[132]  Kufer TA and Sansonetti PJ. Sensing of bacte-

ria: NOD a lonely job. Curr Opin Microbiol 
2007; 10: 62-69. 

[133]  Rietdijk ST, Burwell T, Bertin J and Coyle AJ. 
Sensing intracellular pathogens-NOD-like re-
ceptors. Curr Opin Pharmacol 2008; 8: 261-
266. 

[134]  Fritz JH, Ferrero RL, Philpott DJ and Girardin 
SE. Nod-like proteins in immunity, inflamma-
tion and disease. Nat Immunol 2006; 7: 1250
-1257. 

[135]  Chamaillard M, Hashimoto M, Horie Y, Masu-
moto J, Qiu S, Saab L, Ogura Y, Kawasaki A, 
Fukase K, Kusumoto S, Valvano MA, Foster SJ, 
Mak TW, Nunez G and Inohara N. An essential 
role for NOD1 in host recognition of bacterial 
peptidoglycan containing diaminopimelic acid. 
Nat Immunol 2003; 4: 702-707. 

[136]  Girardin SE, Boneca IG, Viala J, Chamaillard 
M, Labigne A, Thomas G, Philpott DJ and San-
sonetti PJ. Nod2 is a general sensor of pepti-
doglycan through muramyl dipeptide (MDP) 
detection. J Biol Chem 2003; 278: 8869-
8872. 

[137]  Hasegawa M, Yang K, Hashimoto M, Park JH, 
Kim YG, Fujimoto Y, Nunez G, Fukase K and 
Inohara N. Differential release and distribution 
of Nod1 and Nod2 immunostimulatory mole-
cules among bacterial species and environ-
ments. J Biol Chem 2006; 281: 29054-
29063. 

[138]  Inohara N and Nunez G. NODs: intracellular 
proteins involved in inflammation and apop-
tosis. Nat Rev Immunol 2003; 3: 371-382. 

[139]  Kobayashi KS, Chamaillard M, Ogura Y, Hene-
gariu O, Inohara N, Nunez G and Flavell RA. 
Nod2-dependent regulation of innate and 
adaptive immunity in the intestinal tract. Sci-
ence 2005; 307: 731-734. 

[140]  Opitz B, Puschel A, Schmeck B, Hocke AC, 
Rosseau S, Hammerschmidt S, Schumann RR, 
Suttorp N and Hippenstiel S. Nucleotide-
binding oligomerization domain proteins are 
innate immune receptors for internalized 
Streptococcus pneumoniae. J Biol Chem 
2004; 279: 36426-36432. 

[141]  Petrilli V, Dostert C, Muruve DA and Tschopp J. 
The inflammasome: a danger sensing complex 
triggering innate immunity. Curr Opin Immunol 
2007; 19: 615-622. 

[142]  Perregaux D and Gabel CA. Interleukin-1 beta 
maturation and release in response to ATP 
and nigericin. Evidence that potassium deple-
tion mediated by these agents is a necessary 
and common feature of their activity. J Biol 
Chem 1994; 269: 15195-15203. 

[143]  Martinon F, Petrilli V, Mayor A, Tardivel A and 
Tschopp J. Gout-associated uric acid crystals 
activate the NALP3 inflammasome. Nature 
2006; 440: 237-241. 

[144]  Miao EA, Alpuche-Aranda CM, Dors M, Clark 



Immunostimulatory nucleic acids in septic shock 

 
 
20                                                                                                                    Int J Clin Exp Med 2012;5(1):1-23 

AE, Bader MW, Miller SI and Aderem A. Cyto-
plasmic flagellin activates caspase-1 and se-
cretion of interleukin 1beta via Ipaf. Nat Im-
munol 2006; 7: 569-575. 

[145]  Amer A, Franchi L, Kanneganti TD, Body-
Malapel M, Ozoren N, Brady G, Meshinchi S, 
Jagirdar R, Gewirtz A, Akira S and Nunez G. 
Regulation of Legionella phagosome matura-
tion and infection through flagellin and host 
Ipaf. J Biol Chem 2006; 281: 35217-35223. 

[146]  Molofsky AB, Byrne BG, Whitfield NN, Madigan 
CA, Fuse ET, Tateda K and Swanson MS. Cyto-
solic recognition of flagellin by mouse macro-
phages restricts Legionella pneumophila in-
fection. J Exp Med 2006; 203: 1093-1104. 

[147]  Tattoli I, Travassos LH, Carneiro LA, Magal-
haes JG and Girardin SE. The Nodosome: 
Nod1 and Nod2 control bacterial infections 
and inflammation. Semin Immunopathol 
2007; 29: 289-301. 

[148]  Voss E, Wehkamp J, Wehkamp K, Stange EF, 
Schroder JM and Harder J. NOD2/CARD15 
mediates induction of the antimicrobial pep-
tide human beta-defensin-2. J Biol Chem 
2006; 281: 2005-2011. 

[149]  Philpott DJ, Yamaoka S, Israel A and Sanson-
etti PJ. Invasive Shigella flexneri activates NF-
kappa B through a lipopolysaccharide-
dependent innate intracellular response and 
leads to IL-8 expression in epithelial cells. J 
Immunol 2000; 165: 903-914. 

[150]  Girardin SE, Tournebize R, Mavris M, Page AL, 
Li X, Stark GR, Bertin J, DiStefano PS, Yaniv M, 
Sansonetti PJ and Philpott DJ. CARD4/Nod1 
mediates NF-kappaB and JNK activation by 
invasive Shigella flexneri. EMBO Rep 2001; 2: 
736-742. 

[151]  Kobayashi K, Inohara N, Hernandez LD, Galan 
JE, Nunez G, Janeway CA, Medzhitov R and 
Flavell RA. RICK/Rip2/CARDIAK mediates 
signalling for receptors of the innate and 
adaptive immune systems. Nature 2002; 416: 
194-199. 

[152]  Faustin B, Lartigue L, Bruey JM, Luciano F, 
Sergienko E, Bailly-Maitre B, Volkmann N, 
Hanein D, Rouiller I and Reed JC. Reconsti-
tuted NALP1 inflammasome reveals two-step 
mechanism of caspase-1 activation. Mol Cell 
2007; 25: 713-724. 

[153]  Yoneyama M and Fujita T. RIG-I family RNA 
helicases: cytoplasmic sensor for antiviral 
innate immunity. Cytokine Growth Factor Rev 
2007; 18: 545-551. 

[154]  Sumpter R,Jr, Loo YM, Foy E, Li K, Yoneyama 
M, Fujita T, Lemon SM and Gale M,Jr. Regulat-
ing intracellular antiviral defense and permis-
siveness to hepatitis C virus RNA replication 
through a cellular RNA helicase, RIG-I. J Virol 
2005; 79: 2689-2699. 

[155]  Yoneyama M, Kikuchi M, Matsumoto K, Imai-
zumi T, Miyagishi M, Taira K, Foy E, Loo YM, M. 
G,Jr, Akira S, Yonehara S, Kato A and Fujita T. 

Shared and unique functions of the DExD/H-
box helicases RIG-I, MDA5, and LGP2 in antivi-
ral innate immunity. J Immunol 2005; 175: 
2851-8. 

[156]  Yoneyama M, Kikuchi M, Matsumoto K, Imai-
zumi T, Miyagishi M, Taira K, Foy E, Loo YM, 
Gale M,Jr, Akira S, Yonehara S, Kato A and 
Fujita T. Shared and unique functions of the 
DExD/H-box helicases RIG-I, MDA5, and LGP2 
in antiviral innate immunity. J Immunol 2005; 
175: 2851-2858. 

[157]  Yoneyama M, Kikuchi M, Natsukawa T, Shi-
nobu N, Imaizumi T, Miyagishi M, Taira K, 
Akira S and Fujita T. The RNA helicase RIG-I 
has an essential function in double-stranded 
RNA-induced innate antiviral responses. Nat 
Immunol 2004; 5: 730-737. 

[158]  Saito T, Hirai R, Loo YM, Owen D, Johnson CL, 
Sinha SC, Akira S, Fujita T and M. G,Jr. Regula-
tion of innate antiviral defenses through a 
shared repressor domain in RIG-I and LGP2. 
Proceedings of the National Academy of Sci-
ences of the United States of America 2007; 
104: 582-7. 

[159]  Saito T, Hirai R, Loo YM, Owen D, Johnson CL, 
Sinha SC, Akira S, Fujita T and Gale M,Jr. 
Regulation of innate antiviral defenses 
through a shared repressor domain in RIG-I 
and LGP2. Proc Natl Acad Sci U S A 2007; 
104: 582-587. 

[160]  Kato H, Sato S, Yoneyama M, Yamamoto M, 
Uematsu S, Matsui K, Tsujimura T, Takeda K, 
Fujita T, Takeuchi O and Akira S. Cell type-
specific involvement of RIG-I in antiviral re-
sponse. Immunity 2005; 23: 19-28. 

[161]  Andrejeva J, Childs KS, Young DF, Carlos TS, 
Stock N, Goodbourn S and Randall RE. The V 
proteins of paramyxoviruses bind the IFN-
inducible RNA helicase, mda-5, and inhibit its 
activation of the IFN-beta promoter. Proc Natl 
Acad Sci U S A 2004; 101: 17264-17269. 

[162]  Kawai T, Takahashi K, Sato S, Coban C, 
Kumar H, Kato H, Ishii KJ, Takeuchi O and 
Akira S. IPS-1, an adaptor triggering RIG-I- and 
Mda5-mediated type I interferon induction. 
Nat Immunol 2005; 6: 981-988. 

[163]  Meylan E, Curran J, Hofmann K, Moradpour D, 
Binder M, Bartenschlager R and Tschopp J. 
Cardif is an adaptor protein in the RIG-I antivi-
ral pathway and is targeted by hepatitis C 
virus. Nature 2005; 437: 1167-1172. 

[164]  Yoneyama M and Fujita T. Function of RIG-I-
like receptors in antiviral innate immunity. J 
Biol Chem 2007; 282: 15315-15318. 

[165]  Seth RB, Sun L, Ea CK and Chen ZJ. Identifica-
tion and characterization of MAVS, a mito-
chondrial antiviral signaling protein that acti-
vates NF-kappaB and IRF 3. Cell 2005; 122: 
669-682. 

[166]  Xu LG, Wang YY, Han KJ, Li LY, Zhai Z and Shu 
HB. VISA is an adapter protein required for 
virus-triggered IFN-beta signaling. Mol Cell 



Immunostimulatory nucleic acids in septic shock 

 
 
21                                                                                                                    Int J Clin Exp Med 2012;5(1):1-23 

2005; 19: 727-740. 
[167]  Loo YM, Owen DM, Li K, Erickson AK, Johnson 

CL, Fish PM, Carney DS, Wang T, Ishida H, 
Yoneyama M, Fujita T, Saito T, Lee WM, Hage-
dorn CH, Lau DT, Weinman SA, Lemon SM and 
Gale M,Jr. Viral and therapeutic control of IFN-
beta promoter stimulator 1 during hepatitis C 
virus infection. Proc Natl Acad Sci U S A 2006; 
103: 6001-6006. 

[168]  Lin R, Lacoste J, Nakhaei P, Sun Q, Yang L, 
Paz S, Wilkinson P, Julkunen I, Vitour D, Meurs 
E and Hiscott J. Dissociation of a MAVS/IPS-1/
VISA/Cardif-IKKepsilon molecular complex 
from the mitochondrial outer membrane by 
hepatitis C virus NS3-4A proteolytic cleavage. 
J Virol 2006; 80: 6072-6083. 

[169]  Li XD, Sun L, Seth RB, Pineda G and Chen ZJ. 
Hepatitis C virus protease NS3/4A cleaves 
mitochondrial antiviral signaling protein off 
the mitochondria to evade innate immunity. 
Proc Natl Acad Sci U S A 2005; 102: 17717-
17722. 

[170]  Saha SK, Pietras EM, He JQ, Kang JR, Liu SY, 
Oganesyan G, Shahangian A, Zarnegar B, 
Shiba TL, Wang Y and Cheng G. Regulation of 
antiviral responses by a direct and specific 
interaction between TRAF3 and Cardif. EMBO 
J 2006; 25: 3257-3263. 

[171]  Perry AK, Chow EK, Goodnough JB, Yeh WC 
and Cheng G. Differential requirement for 
TANK-binding kinase-1 in type I interferon 
responses to toll-like receptor activation and 
viral infection. J Exp Med 2004; 199: 1651-
1658. 

[172]  Hemmi H, Takeuchi O, Sato S, Yamamoto M, 
Kaisho T, Sanjo H, Kawai T, Hoshino K, Ta-
keda K and Akira S. The roles of two IkappaB 
kinase-related kinases in lipopolysaccharide 
and double stranded RNA signaling and viral 
infection. J Exp Med 2004; 199: 1641-1650. 

[173]  Tenoever BR, Ng SL, Chua MA, McWhirter SM, 
Garcia-Sastre A and Maniatis T. Multiple func-
tions of the IKK-related kinase IKKepsilon in 
interferon-mediated antiviral immunity. Sci-
ence 2007; 315: 1274-1278. 

[174] Guo B and Cheng G. Modulation of the inter-
feron antiviral response by the TBK1/IKKi 
adaptor protein TANK. J Biol Chem 2007; 282: 
11817-11826. 

[175]  Sasai M, Shingai M, Funami K, Yoneyama M, 
Fujita T, Matsumoto M and Seya T. NAK-
associated protein 1 participates in both the 
TLR3 and the cytoplasmic pathways in type I 
IFN induction. J Immunol 2006; 177: 8676-
8683. 

[176]  Ryzhakov G and Randow F. SINTBAD, a novel 
component of innate antiviral immunity, 
shares a TBK1-binding domain with NAP1 and 
TANK. EMBO J 2007; 26: 3180-3190. 

[177]  Honda K, Yanai H, Negishi H, Asagiri M, Sato 
M, Mizutani T, Shimada N, Ohba Y, Takaoka A, 
Yoshida N and Taniguchi T. IRF-7 is the master 

regulator of type-I interferon-dependent im-
mune responses. Nature 2005; 434: 772-
777. 

[178]  Takahashi K, Kawai T, Kumar H, Sato S, Yo-
nehara S and Akira S. Roles of caspase-8 and 
caspase-10 in innate immune responses to 
double-stranded RNA. J Immunol 2006; 176: 
4520-4524. 

[179]  Pichlmair A, Schulz O, Tan CP, Naslund TI, 
Liljestrom P, Weber F and Reis e Sousa C. RIG-
I-mediated antiviral responses to single-
stranded RNA bearing 5'-phosphates. Science 
2006; 314: 997-1001. 

[180]  Fredericksen BL, Keller BC, Fornek J, Katze 
MG and Gale M,Jr. Establishment and mainte-
nance of the innate antiviral response to West 
Nile Virus involves both RIG-I and MDA5 sig-
naling through IPS-1. J Virol 2008; 82: 609-
616. 

[181]  Loo YM, Fornek J, Crochet N, Bajwa G, Per-
witasari O, Martinez-Sobrido L, Akira S, Gill 
MA, Garcia-Sastre A, Katze MG and Gale M,Jr. 
Distinct RIG-I and MDA5 signaling by RNA 
viruses in innate immunity. J Virol 2008; 82: 
335-345. 

[182]  Yoneyama M, Onomoto K and Fujita T. Cyto-
plasmic recognition of RNA. Adv Drug Deliv 
Rev 2008; 60: 841-846. 

[183]  Dostert C, Meylan E and Tschopp J. Intracellu-
lar pattern-recognition receptors. Adv Drug 
Deliv Rev 2008; 60: 830-840. 

[184]  Horn DL, Morrison DC, Opal SM, Silverstein R, 
Visvanathan K and Zabriskie JB. What are the 
microbial components implicated in the patho-
genesis of sepsis? Report on a symposium. 
Clin Infect Dis 2000; 31: 851-858. 

[185]  Sparwasser T, Miethke T, Lipford G, Borschert 
K, Hacker H, Heeg K and Wagner H. Bacterial 
DNA causes septic shock. Nature 1997; 386: 
336-337. 

[186]  Nansen A and Randrup Thomsen A. Viral infec-
tion causes rapid sensitization to lipopolysac-
charide: central role of IFN-alpha beta. J Im-
munol 2001; 166: 982-988. 

[187]  Doughty LA, Carlton S, Galen B, Cooma-
Ramberan I, Chung CS and Ayala A. Activation 
of common antiviral pathways can potentiate 
inflammatory responses to septic shock. 
Shock 2006; 26: 187-194. 

[188]  Gao JJ, Zuvanich EG, Xue Q, Horn DL, 
Silverstein R and Morrison DC. Cutting edge: 
bacterial DNA and LPS act in synergy in induc-
ing nitric oxide production in RAW 264.7 
macrophages. J Immunol 1999; 163: 4095-
4099. 

[189]  Gao JJ, Xue Q, Papasian CJ and Morrison DC. 
Bacterial DNA and lipopolysaccharide induce 
synergistic production of TNF-alpha through a 
post-transcriptional mechanism. J Immunol 
2001; 166: 6855-6860. 

[190]  Jiang W, Bell CW and Pisetsky DS. The rela-
tionship between apoptosis and high-mobility 



Immunostimulatory nucleic acids in septic shock 

 
 
22                                                                                                                    Int J Clin Exp Med 2012;5(1):1-23 

group protein 1 release from murine macro-
phages stimulated with lipopolysaccharide or 
polyinosinic-polycytidylic acid. J Immunol 
2007; 178: 6495-6503. 

[191]  Clerk A, Cullingford TE, Fuller SJ, Giraldo A, 
Markou T, Pikkarainen S and Sugden PH. Sig-
naling pathways mediating cardiac myocyte 
gene expression in physiological and stress 
responses. J Cell Physiol 2007; 212: 311-322. 

[192]  Court O, Kumar A, Parrillo JE and Kumar A. 
Clinical review: Myocardial depression in sep-
sis and septic shock. Crit Care 2002; 6: 500-
508. 

[193]  de Kleijn D and Pasterkamp G. Toll-like recep-
tors in cardiovascular diseases. Cardiovasc 
Res 2003; 60: 58-67. 

[194]  Frantz S, Ertl G and Bauersachs J. Mecha-
nisms of disease: Toll-like receptors in cardio-
vascular disease. Nat Clin Pract Cardiovasc 
Med 2007; 4: 444-454. 

[195]  Pure E and Cuff CA. A crucial role for CD44 in 
inflammation. Trends Mol Med 2001; 7: 213-
221. 

[196] Tsujimoto H, Ono S, Efron PA, Scumpia PO, 
Moldawer LL and Mochizuki H. Role of Toll-like 
receptors in the development of sepsis. Shock 
2008; 29: 315-321. 

[197]  Armstrong L, Medford AR, Hunter KJ, Upping-
ton KM and Millar AB. Differential expression 
of Toll-like receptor (TLR)-2 and TLR-4 on 
monocytes in human sepsis. Clin Exp Immunol 
2004; 136: 312-319. 

[198]  Tsujimoto H, Ono S, Majima T, Kawarabayashi 
N, Takayama E, Kinoshita M, Seki S, Hiraide 
H, Moldawer LL and Mochizuki H. Neutrophil 
elastase, MIP-2, and TLR-4 expression during 
human and experimental sepsis. Shock 2005; 
23: 39-44. 

[199]  Williams DL, Ha T, Li C, Kalbfleisch JH, 
Schweitzer J, Vogt W and Browder IW. Modula-
tion of tissue Toll-like receptor 2 and 4 during 
the early phases of polymicrobial sepsis corre-
lates with mortality. Crit Care Med 2003; 31: 
1808-1818. 

[200]  Salomao R, Brunialti MK, Gomes NE, Mendes 
ME, Diaz RS, Komninakis S, Machado FR, da 
Silva ID and Rigato O. Toll-like receptor path-
way signaling is differently regulated in neutro-
phils and peripheral mononuclear cells of 
patients with sepsis, severe sepsis, and septic 
shock. Crit Care Med 2009; 37: 132-139. 

[201]  Frantz S, Kobzik L, Kim YD, Fukazawa R, 
Medzhitov R, Lee RT and Kelly RA. Toll4 
(TLR4) expression in cardiac myocytes in nor-
mal and failing myocardium. J Clin Invest 
1999; 104: 271-280. 

[202]  Boyd JH, Mathur S, Wang Y, Bateman RM and 
Walley KR. Toll-like receptor stimulation in 
cardiomyoctes decreases contractility and 
initiates an NF-kappaB dependent inflamma-
tory response. Cardiovasc Res 2006; 72: 384-
393. 

[203]  Zhu X, Bagchi A, Zhao H, Kirschning CJ, Hajjar 
RJ, Chao W, Hellman J and Schmidt U. Toll-like 
receptor 2 activation by bacterial peptidogly-
can-associated lipoprotein activates cardio-
myocyte inflammation and contractile dysfunc-
tion. Crit Care Med 2007; 35: 886-892. 

[204]  Mitchell JA, Ryffel B, Quesniaux VF, Cartwright 
N and Paul-Clark M. Role of pattern-
recognition receptors in cardiovascular health 
and disease. Biochem Soc Trans 2007; 35: 
1449-1452. 

[205]  Faure E, Equils O, Sieling PA, Thomas L, Zhang 
FX, Kirschning CJ, Polentarutti N, Muzio M and 
Arditi M. Bacterial lipopolysaccharide activates 
NF-kappaB through toll-like receptor 4 (TLR-4) 
in cultured human dermal endothelial cells. 
Differential expression of TLR-4 and TLR-2 in 
endothelial cells. J Biol Chem 2000; 275: 
11058-11063. 

[206]  Jimenez R, Belcher E, Sriskandan S, Lucas R, 
McMaster S, Vojnovic I, Warner TD and 
Mitchell JA. Role of Toll-like receptors 2 and 4 
in the induction of cyclooxygenase-2 in vascu-
lar smooth muscle. Proc Natl Acad Sci U S A 
2005; 102: 4637-4642. 

[207]  Cartwright N, McMaster SK, Sorrentino R, Paul
-Clark M, Sriskandan S, Ryffel B, Quesniaux 
VF, Evans TW and Mitchell JA. Elucidation of 
toll-like receptor and adapter protein signaling 
in vascular dysfunction induced by gram-
positive Staphylococcus aureus or gram-
negative Escherichia coli. Shock 2007; 27: 40
-47. 

[208]  Paladugu B, Kumar A, Parrillo JE, Der S, Os-
man J, Mensing J, Falvo L, Xu X and Kumar A. 
Bacterial DNA and RNA induce rat cardiac 
myocyte contraction depression in vitro. Shock 
2004; 21: 364-369. 

[209]  Knuefermann P, Schwederski M, Velten M, 
Krings P, Ehrentraut H, Rudiger M, Boehm O, 
Fink K, Dreiner U, Grohe C, Hoeft A, Baumgar-
ten G, Koch A, Zacharowski K and Meyer R. 
Bacterial DNA induces myocardial inflamma-
tion and reduces cardiomyocyte contractility: 
role of toll-like receptor 9. Cardiovasc Res 
2008; 78: 26-35. 

[210]  Pisetsky DS. The antigenic properties of bacte-
rial DNA in normal and aberrant immunity. 
Springer Semin Immunopathol 2000; 22: 153
-166. 

[211]  Wagner H and Bauer S. All is not Toll: new 
pathways in DNA recognition. J Exp Med 
2006; 203: 265-268. 

[212]  Christensen SR, Kashgarian M, Alexopoulou L, 
Flavell RA, Akira S and Shlomchik MJ. Toll-like 
receptor 9 controls anti-DNA autoantibody 
production in murine lupus. J Exp Med 2005; 
202: 321-331. 

[213]  Napirei M, Karsunky H, Zevnik B, Stephan H, 
Mannherz HG and Moroy T. Features of sys-
temic lupus erythematosus in Dnase1-
deficient mice. Nat Genet 2000; 25: 177-181. 



Immunostimulatory nucleic acids in septic shock 

 
 
23                                                                                                                    Int J Clin Exp Med 2012;5(1):1-23 

[214]  Vollmer J, Tluk S, Schmitz C, Hamm S, Jurk M, 
Forsbach A, Akira S, Kelly KM, Reeves WH, 
Bauer S and Krieg AM. Immune stimulation 
mediated by autoantigen binding sites within 
small nuclear RNAs involves Toll-like receptors 
7 and 8. J Exp Med 2005; 202: 1575-1585. 

[215]  Savarese E, Chae OW, Trowitzsch S, Weber G, 
Kastner B, Akira S, Wagner H, Schmid RM, 
Bauer S and Krug A. U1 small nuclear ribonu-
cleoprotein immune complexes induce type I 
interferon in plasmacytoid dendritic cells 
through TLR7. Blood 2006; 107: 3229-3234. 

[216]  Berland R, Fernandez L, Kari E, Han JH, Lo-
makin I, Akira S, Wortis HH, Kearney JF, Ucci 
AA and Imanishi-Kari T. Toll-like receptor 7-
dependent loss of B cell tolerance in patho-
genic autoantibody knockin mice. Immunity 
2006; 25: 429-440. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


