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Liljeroos, Mari, Toll-like receptor 2 (TLR2) and TLR4 signaling in the innate
response against bacterial components
Faculty of Medicine, Institute of Clinical Medicine, Department of Paediatrics, Biocenter Oulu,
University of Oulu, P.O. Box 5000, FI-90014 University of Oulu, Finland 
Acta Univ. Oul. D 972, 2008
Oulu, Finland

Abstract
Toll-like receptors (TLRs) are transmembrane proteins involved in the recognition of specific
microbial structures and thus the activation of signaling cascades of innate immunity. Regulation
of the innate immune response is a complex biological process involving the combined synergistic
and antagonistic effects of distinct signaling mediators. Although TLR signaling has been widely
studied in recent years, there remain many unexplored unique features of each TLR signaling
pathway. The present study evaluated the activation and regulation of TLR4 and TLR2 signaling
with the aim of better understanding the molecular mechanisms that control these inflammatory
signaling pathways.

In the present study, the signal transduction mechanisms of TLR4 and TLR2 in response to
Escherichia coli LPS and Staphylococcus aureus LTA were evaluated in mouse macrophages.
The inductions, interactions, and activations of the signaling molecules and mediators in the TLR
pathways were studied by using several molecular biology and protein chemistry methods. In
addition, the role of TLR4 and TLR2 in the regulation of the hepatic inflammatory reaction during
endotoxemia was studied.

Mouse macrophages were found to induce central proinflammatory mediators in response to
LPS and LTA stimulation. Specific roles for PI 3-kinase and Btk were described. These kinases
were found to be activated by LPS and LTA; moreover, PI 3-kinase and Btk were found to form
specific interactions with TLRs and their intracellular signaling mediators. In addition, a unique
IRF2 signaling pathway for LTA-induced TLR2 was found, resulting in the activation of signal
transducers and activators of transcription (Stats) and IFN-α secretion. The secreted IFN-α was
shown to regulate the LTA-induced inflammatory responses, thereby combining the LTA-induced
IRF proteins into NF-κB pathway.

The present study provides insight into the signal transduction mechanisms of TLRs. The
understanding of these molecular mechanisms that control the activation of TLR signaling
cascades will in the future help to predict predisposition and outcome in infectious diseases, and
to control the course of disease at an earlier stage.

Keywords: 1-phosphatidylinositol 3-kinase, Bruton's tyrosine kinase, innate immunity,
lipopolysaccharides, lipoteichoic acids, signal transduction, toll-like receptors





Liljeroos, Mari, TLR2 ja TLR4 signaalireitit bakteeritulehduksissa
Lääketieteellinen tiedekunta, Kliinisen lääketieteen laitos, Lastentautien klinikka, Biocenter
Oulu, Oulun yliopisto, PL 5000, 90014 Oulun yliopisto
Acta Univ. Oul. D 972, 2008
Oulu

Tiivistelmä
Toll:n kaltaiset reseptorit (TLR) ovat solukalvon proteiineja, jotka tunnistavat taudinaiheuttajien
eli patogeenien spesifisiä rakenteita johtaen elimistön puolustusjärjestelmän, immuniteetin, akti-
voitumiseen. Immuniteetin säätely on monimutkainen biologinen prosessi, joka tapahtuu kudos-
ten, solujen ja erilaisten synnynnäiseen immuniteettiin liittyvien molekyylien vuorovaikutuksi-
na. Tulehdusvasteen säätelyssä tasapaino positiivisten ja negatiivisten säätelysignaalien välillä
on erittäin tärkeää, jotta autoimmuunisairauksien, akuuttien tai kroonisten tulehdusten sekä
infektiosairauksien synty voitaisiin välttää. Tämän tutkimuksen tavoitteena oli saada lisätietoa
TLR2 ja TLR4 proteiinien säätelemistä signaalireiteistä, niiden vasteista tiettyjä patogeeniraken-
teita vastaan ja ymmärtää paremmin synnynnäisen immuniteetin puolustusmekanismeja. 

Patogeenirakenteiden aiheuttamaa tulehdusvastetta tutkittiin pääosin soluviljelymallissa.
Lisäksi selvitettiin immuunivasteen luonnetta fysiologisessa kokonaisuudessa ja sen korrelaatio-
ta solutasolla nähtyihin vasteisiin käyttäen in vivo hiirimallia. Tutkimus tehtiin käyttäen useita
molekyylibiologian ja proteiinikemian menetelmiä proteiini- ja mRNA-ekspressioiden sekä pro-
teiini-interaktioiden tutkimiseen ja erilaisten aktiivisuuksien määrityksiin. Tulehdusvastetta tut-
kittiin etenkin sytokiinivastetta määrittämällä ja signaaliketjujen toimintaa analysoitiin estämäl-
lä spesifisesti niiden toimintaa. Tarkoituksena oli selvittää, mitkä tekijät ovat välttämättömiä
kyseisten tulehdusta aiheuttavien bakteerien tunnistuksessa ja puolustusreaktiossa niitä vastaan.

Tutkimuksessa havaittiin kahden kinaasin, PI 3-kinaasin ja Brutonin tyrosiinikinaasin, liitty-
vän oleellisesti TLR signaalireitteihin. Nämä TLR:ien stimulaation seurauksena aktivoituneet
kinaasit muodostivat spesifisiä sidoksia TLR:ien ja niiden signaaliketjuihin liittyvien solunsi-
säisten signaalivälittäjien kanssa. Lisäksi TLR2 signaalireitillä havaittiin aktivoituvan tekijöitä,
jotka johtivat interferoni-α välitteiseen tulehdusvasteen säätelyyn. TLR signaalireittien selvittä-
minen auttaa ymmärtämään tulehdussairauksien patofysiologiaa ja voi siten tulevaisuudessa joh-
taa parempien hoitomenetelmien kehittämiseen.

Asiasanat: 1-fosfatidyyli-inositoli 3-kinaasi, Brutonin tyrosiinikinaasi, synnynnäinen
immuniteetti
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1 Introduction 

The mammalian immune system has evolved with constant contact with microbes. 
Some microbes can be beneficial for the host; however, when the primary 
pathogens or commensal, opportunistic microbes overcome the protective host 
responses, infectious diseases arise. There have been several milestones in 
unraveling the mechanisms of infectious diseases, but one remarkable finding was 
made by Richard Pfeiffer over 100 years ago, when he was working with Robert 
Koch in Berlin. He created the concept of endotoxin. Based on the findings of his 
pathogenesis studies of Vibrio cholerae, he defined endotoxin as a heat-stable 
bacterial poison responsible for the pathophysiological consequences of certain 
infectious diseases. Several decades later, the biologically active moiety of 
endotoxin, the lipopolysaccharide, was identified and isolated, and finally its 
structure was resolved (Raetz & Whitfield 2002, Rietschel & Cavaillon 2003). 

For a long time, the vertebrate immune system has been divided into the 
innate and adaptive part; however, the discovery of toll-like receptors (TLRs) has 
changed our perception of the immune system. (Akira et al. 2006, Janeway & 
Medzhitov 2002). The renewed interest in understanding the role of innate 
immunity in host defense has led to the appreciation of the functional whole; host 
survival over the long term depends on the integrated activation of both innate 
and adaptive immune mechanisms. 

TLRs have a key role in the early phase of immune activation. Moreover, 
TLRs have important implications in the pathogenesis of several human diseases, 
including sepsis, atherosclerosis, and autoimmune diseases. Among critically ill 
patients, sepsis remains the leading cause of increased mortality and morbidity 
(Martin et al. 2003). Interestingly, patients in whom a Gram-positive organism 
has been isolated appear to have a worse outcome than patients with infection by 
Gram-negative bacteria (Brun-Buisson et al. 1996). Thus, the profiling and 
dissection of signal transduction mechanisms will help to understand the 
responses and the pathophysiology of the infectious diseases, thereby leading to 
better treatment of these diseases. 
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2 Review of the literature 

2.1 Innate and adaptive immunity 

The mammalian immune system is comprised of innate and adaptive immunity. 
Most multicellular organisms rely solely on the protection of innate immunity and 
only vertebrates have additional protection by the adaptive immune system. In 
spite of this division, innate and adaptive defense systems in vertebrates are not 
separated, but are rather two integrated, cooperative sub-systems. The main 
difference between them is the recognition mechanism of foreign particles, and 
therefore, the time lags in activation after pathogen invasion (Akira et al. 2006, 
Janeway & Medzhitov 2002). 

In a broad sense, innate immunity consists of physical or physiological 
barriers such as skin and mucous membranes, chemical elements, certain proteins 
and peptides that hydrolyze microbes, and most importantly, specific cells that are 
able to detect and destroy invasive microorganisms and activate other components 
of the immune system (Akira et al. 2006, Janeway & Medzhitov 2002). 
Phagocytes such as macrophages, dendritic cells, neutrophils, and natural killer 
cells are responsible for the activation and actions of the innate immune system. 
These cells express germ-line encoded receptors called pathogen recognition 
receptors (PRRs) that sense the well-conserved, invariant, and vital structures of 
pathogens, designated as pathogen-associated molecular patterns (PAMPs). This 
recognition mechanism of innate immunity enables a rapid response to invading 
pathogens (Akira et al. 2006, Medzhitov 2007). 

The adaptive recognition system is based on clonal selection of certain types 
of B- and T- lymphocytes in response to antigen exposure (Medzhitov 2007). The 
receptors expressed on lymphocytes recognize specific antigen epitopes that are 
processed and presented to the cells of the adaptive immune system by the innate 
immune cells (Schnare et al. 2001). This antigen-specific defense system is a very 
efficient protection mechanism, but it is activated slowly compared to the 
activation time of the innate immunity. However, if the host encounters the same 
infective agent again, the adaptive immune system is activated more rapidly due 
to immunological memory created after the first infection (Janeway & Medzhitov 
2002, Medzhitov 2007). 

A robust and rapid immune response after pathogen invasion is needed for the 
effective clearance of pathogens. Thus, innate immunity has a central role at the 
onset of infection, particularly, for newborns and in early childhood, when the 



 20 

adaptive immunity is still imperfectly developed (Fleer & Krediet 2007). The 
adaptive immunity strengthens the initial innate immune response and provides an 
additional, indispensable resource, when needed (Janeway & Medzhitov 2002, 
Medzhitov 2007). 

Table 1. Characteristics of innate and adaptive immunity. 

Property Innate immunity Adaptive immunity 

Main cell types Monocytes, macrophages, 

dendritic cells, natural killer cells 

T- and B-lymphocytes 

Receptors Fixed in the genome Encoded in gene segments, 

rearrangement necessary 

Distribution Non-clonal Clonal 

Recognition mechanism Direct Indirect 

Targets of recognition Conserved molecular patterns 

(lipopolysaccharide, lipoteichoic 

acids, glycans) 

Details of molecular structures 

(proteins, peptides, 

carbohydrates) 

Onset of response Immediate (hours) Delayed (days) 

Memory (in reinfection) No Yes 

Modified from Janeway & Medzhitov 2002 

2.2 Pathogen-associated molecular patterns (PAMPs) 

PAMPs are structures present in a wide variety of microorganisms such as 
bacteria, fungi, protozoans, and viruses (Janeway & Medzhitov 2002). These 
structures are essential for the survival of microorganisms; therefore, they are 
highly conserved during evolution. Representative examples of PAMPs from 
different pathogenic microorganisms are the lipopolysaccharides (LPSs) of Gram-
negative bacteria, peptidoglycans, the lipoteichoic acids (LTAs) from Gram-
positive bacteria, bacterial and viral DNAs, and the single-stranded and double-
stranded RNAs of viruses (Akira et al. 2006). Importantly, PRR activating 
molecules are also present in nonpathogenic commensal microorganisms (Kitano 
& Oda 2006). PRRs can also recognize structures of self that are produced during 
infection, inflammation, and tissue damage, including components of necrotic 
cells or tissue matrices (Johnson et al. 2004, Okamura et al. 2001, Vabulas et al. 
2002). Another term, danger- or damage-associated molecular patterns (DAMPs) 
is also used, when nonpathogenic or self-produced molecules are recognized by 
PRRs (Matzinger 2002).  
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2.2.1 Lipopolysaccharide (LPS) of Gram-negative bacteria 

One of the best-characterized PAMP is LPS, the outer membrane constituent of 
the cell wall of Gram-negative bacteria (Raetz & Whitfield 2002, Rietschel & 
Cavaillon 2003). Structurally, LPS is formed of a polysaccharide chain with a 
highly variable O-antigen segment and a conserved core and a lipid A part with 
two glucosamine units with attached acyl chains (Fig.1.). Lipid A is attached to 
the core polysaccharide via 2-keto-3-deoxyoctonic acid (KDO) sugars and serves 
as a hydrophobic anchor to the outer membrane of Gram-negative bacteria 
(Haeffner-Cavaillon et al. 1989, Raetz & Whitfield 2002, Rietschel & Cavaillon 
2003). Although the lipid A structure is highly conserved in different Gram-
negative bacterial strains, there are still many structural differences such as 
hydroxylations, secondary substitutions, and variations in the length of fatty acid 
chains between different bacteria. These variations affect the biological activities 
of LPS (Caroff & Karibian 2003, Dixon & Darveau 2005, Raetz & Whitfield 
2002, Rietschel et al. 1994). 

Currently, three types of LPS recognition and binding receptors are known: 
TLR4, β2 integrins, and macrophage scavenger receptors (Ingalls et al. 1998, 
Kobayashi et al. 2000, Perera et al. 2001). Of these receptors, TLR4 is the most 
important recognition receptor in LPS signaling.  
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Fig. 1. Schematic representation of LPS in the cell wall of Gram-negative bacteria. 

2.2.2 Lipoteichoic acid (LTA) of Gram-positive bacteria 

LTA is the major constituent of the cell wall of Gram-positive bacteria. Different 
LTAs were recognized as a new class of bacterial antigens during the 1970’s 
(Wicken & Knox 1975). The cell wall of Gram-positive bacteria is composed of a 
thick peptidoglycan layer with teichoic acids, including LTA and other surface 
proteins (Fig.2.). Teichoic acids are covalently linked to the peptidoglycan layer, 
whereas lipoteichoic acids are negatively charged glycolipids attached directly to 
the cytoplasmic membrane of Gram-positive bacteria. LTAs are formed of a 
polyglycerophosphate or polyribitolphosphate backbone linked to a 
diacylglycerol glycolipid anchor that attaches the molecules to the surface of the 
cytoplasmic membrane (Morath et al. 2005).  

The immunostimulatory potency of LTA from Staphylococcus aureus has 
been under debate due to conflicting publications in the 1990’s. During this time, 
the extraction and purification of LTA for immunological studies was done by the 
phenol extraction method adopted from the isolation and purification protocol of 
LPS. Later, this isolation procedure was shown to cause degradation and 
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inactivation of LTA, as well as major LPS contamination of LTA preparations 
(Gao et al. 2001, Morath et al. 2002a). Nowadays, the phenol extraction method 
has been replaced by the butanol extraction method as it preserves LTA in its 
active form with no LPS contamination. Butanol extraction preserves the right D-
alanine content in LTA that is very important for its immunostimulatory activity 
(Morath et al. 2005). Studies with chemically synthesized LTA have further 
confirmed the biological importance and immunopotency of LTA, as well as 
helped to identify the components that are essential for LTA activity (Deininger et 
al. 2003, Morath et al. 2002b, Stadelmaier et al. 2003).  

In innate immune cells, LTA is mainly recognized by the TLR2/6 heterodimer 
(Ellingsen et al. 2002, Schroder et al. 2003).  
 
 

Fig. 2. Schematic representation of LTA in the cell wall of Gram-positive bacteria. 

2.3 Pattern recognition receptors (PRRs) 

Host defense responses against different PAMPs are mediated by a limited 
number of germ-line encoded PRRs (Akira et al. 2006). To clarify the picture of 
PAMP recognition, these receptors are divided into three groups based on their 
expression, localization, and most importantly, their functional specialties. The 
first group of PRRs are the soluble, secreted PRRs such as collectins (e.g. 
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mannose-binding lectin) and pentraxins (e.g. C-reactive protein) (Bottazzi et al. 
2006, Fleer & Krediet 2007). These receptors are involved in the opsonization of 
pathogens for phagocytic clearance, and in the activation of complement cascades 
(Holmskov et al. 2003, Nauta et al. 2003). The second group of PRRs, endocytic 
receptors, such as the macrophage scavenger receptor are also phagocytotic 
receptors; however, their signaling pathways are poorly understood 
(Mukhopadhyay & Gordon 2004). The third group of PRRs, signaling PRRs, 
includes membrane-bound PRRs such as toll-like receptors (TLRs) and 
cytoplasmic PRRs such as NOD (nucleotide-binding oligomerization domain) and 
CARD (caspase recruit domain) helicase proteins (Martinon & Tschopp 2005). 
The main function of signaling PRRs is to activate the inflammatory signaling 
after pathogen exposure, leading to different host defense activities such as local 
and systemic inflammatory responses, production of acute phase proteins and 
antimicrobial peptides, coagulation cascades, antigen presentation, and 
recruitment of leukocytes to the site of infection. Thus, signaling PRRs have a 
central role in the activation of the components of both innate and adaptive 
immunity (Akira et al. 2006). 

2.3.1 Toll-like receptors (TLRs) 

The discovery of Toll protein in Drosophila melanogaster led to the finding of the 
mammalian TLR family (Rock et al. 1998). Toll was initially identified as an 
essential gene for the development of dorsoventral polarity in Drosophila, and 
later it was shown to have a critical role in the antifungal responses of flies 
(Lemaitre et al. 1996). The first mammalian TLR was found in 1997 (Medzhitov 
et al. 1997). There are at least ten active TLRs in mammals. Structurally, TLRs 
are type I integral transmembrane glycoproteins consisting of an extracellular 
domain, transmembrane domain, and intracellular domain for signal transduction. 
The extracellular domain of TLRs consists of tandemly repeated leucine-rich-
repeat (LRR) motifs. Each TLR has 19–25 LRRs that are 24–29 amino acids in 
length (Akira et al. 2006). The variation in the extracellular domains of TLRs 
determines the ligand specificity of different TLRs (Matsushima et al. 2007). The 
intracellular signaling domain of TLR, the Toll/IL-1R homology (TIR) domain, 
shares homology with interleukin-1 receptor (IL-1R) family members (O'Neill & 
Dinarello 2000). As TLRs do not have intrinsic enzymatic activity, they transmit 
their signals through TIR-TIR interactions with adapter proteins belonging to the 
IL-1R family (O'Neill & Bowie 2007). This interaction between TLRs and their 
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adapter proteins leads to the activation of common and specific signaling 
cascades that will be discussed in more detail for TLR4 and TLR2. 

TLRs recognize bacterial, fungal, protozoan, and viral PAMPs (Akira et al. 
2006). In addition, synthetic and some endogenous ligands for TLRs have been 
created or found, respectively (Table 2, Fasciano & Li 2006, Miyake 2007). TLRs 
are located either in the plasma membrane or in the membranes of intracellular 
compartments of the immune cell. TLRs 1, 2, 4, and 6 in the plasma membrane 
are involved in the recognition of bacterial and fungal membrane lipids, whereas 
TLR3, 7, 8, and 9 are expressed in the intracellular compartments, such as in the 
membranes of endosomes, and are involved in the recognition of microbial 
nucleic acids (Miyake 2007).  

Table 2. Representative examples of microbial, endogenous and synthetic TLR ligands. 

TLR Ligand 

TLR2/TLR1 PAM3CSK4 (synthetic) 

TLR2/TLR6 MALP2 (synthetic), LTA (bacterial), zymosan (fungal) 

TLR3 dsRNA (viral), Poly-IC (synthetic) 

TLR4 LPS (bacterial), HSPs (endogenous) 

TLR5 Flagellins (bacterial) 

TLR7 ssRNA (viral), IAQ (synthetic) 

TLR8 ssRNA (viral), IAQ (synthetic) 

TLR9 CpG-ODN 

TLR10 Unknown 

CpG-ODN, synthetic oligodeoxyribonucleotides containing CpG motifs;dsRNA, double-stranded RNA; 

HSP, heat shock protein; IAQ, imidazoquinolines; LTA, lipoteichoic acid; MALP2, macrophage-activating 

lipopeptide 2; PAM3CSK4, synthetic triacylated lipopeptide Pam3Cys-SKKKK x 3HCl; Poly-IC, 

polyinosinic-polycytidylic acid; ssRNA, single-stranded RNA 

Recognition of PAMPs (LPS and LTA) by TLR4 and TLR2 

Early studies suggested that LPS is recognized by TLR2 (Kirschning et al. 1998, 
Yang et al. 1998). However, it was later demonstrated that the interaction between 
TLR2 and LPS was due to impurities in LPS preparations (Beutler et al. 2001, 
Hirschfeld et al. 2000, Hoshino et al. 1999, Lien et al. 1999). The recognition of 
TLR4 as the LPS receptor was based on the findings that two natural mouse 
strains C3H/HeJ and C57BL/10ScNCr that have a mutation or deletion in the Tlr4 
gene, were hyporesponsive to LPS of Gram-negative bacteria (Coutinho et al. 
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1977, Poltorak et al. 1998, Watson et al. 1977, Watson et al. 1978). This finding 
was confirmed with the studies of TLR4 knockout mice (Hoshino et al. 1999).  

TLR4 have been shown to recognize structurally variable ligands of 
microbial and endogenous origin, although LPS from Gram-negative bacteria is 
the best-characterized ligand (Table 2, Akira et al. 2006, Miyake 2007). 
According to the current view, extracellular LPS recognition by TLR4 is initiated 
by the binding of lipopolysaccharide-binding protein to LPS aggregates, followed 
by transfer of the LPS monomer to a co-activator protein CD14 (Jerala 2007, 
Tobias et al. 1995, Yu & Wright 1996). CD14 then presents LPS to the MD2-
TLR4 complex, leading to activation of the TLR4 intracellular signaling cascade 
(Viriyakosol et al. 2000).  

Uniquely, TLR2 has been shown to have the most wide-ranging spectrum of 
ligand recognition among all TLRs. TLR2 is involved in the recognition of 
components from a variety of pathogens, including Gram-negative and Gram-
positive bacteria, mycobacteria, fungi, viruses, and parasites (Table 2, Akira et al. 
2006, Miyake 2007). Studies with TLR2-deficient mice have provided strong in 
vivo evidence of the involvement of TLR2 in the recognition of these different 
pathogenic microbes (Kirschning & Schumann 2002).  

The capability of TLR2 to recognize a vast array of different ligands is based 
on the ability of TLR2 to form heterodimers with either TLR1 or TLR6. In 
addition, co-activating molecules CD14 and CD36 are involved in TLR2-
mediated recognition of PAMPs (Hoebe et al. 2005, Kusunoki et al. 1995, Pugin 
et al. 1994, Schroder et al. 2003). The number of acyl chains present in TLR2 
agonists is the main determinant in the selection of the specific TLR2 recognition 
complex (Buwitt-Beckmann et al. 2005, Ozinsky et al. 2000, Takeuchi et al. 
2002). In the innate immune responses against LTA and diacylated lipoproteins, 
TLR2 functions together with CD14, CD36, and TLR6; however, when triacyl 
lipoproteins are sensed by TLR2, the presence of CD14 and TLR1 is required, but 
CD36 is not needed (Triantafilou et al. 2006). 

2.4 TLR signaling 

The intracellular TLR signaling cascades are initiated by the homodimeric 
interaction of TLRs with the TIR-domain-containing adapter proteins. The 
differential utilization of these adapter proteins largely defines the activation of 
the downstream signaling mediators (O'Neill & Bowie 2007). 
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2.4.1 Adapter proteins 

In the IL-1R superfamily, there are five TIR-domain-containing adapter proteins: 
myeloid differentiation factor 88 (MyD88), MyD88 adapter-like (Mal or Tirap), 
Toll/IL-1R domain-containing adapter inducing IFN-β (TRIF or TICAM-1), 
TRIF-related adapter molecule (TRAM), and Sterile-alpha and Armadillo motif-
containing protein (SARM). Currently, the four first-mentioned adapter proteins 
are considered to have crucial roles in TLR-mediated signaling pathways (O'Neill 
& Bowie 2007).  

MyD88 

MyD88 was the first discovered IL-1R and TLR adapter protein (Hultmark 1994, 
Medzhitov et al. 1998, Wesche et al. 1997). Structurally MyD88 is organized into 
two major domains; MyD88 has a C-terminal TIR-domain, characteristic of 
members of the IL-1R superfamily, and an N-terminal death domain for 
downstream signaling. Studies with MyD88-deficient mice have shown that 
MyD88 is a crucial adapter for all TLRs except TLR3 (Kawai et al. 1999, 
Takeuchi et al. 2000). As an exception to TLRs that are using MyD88 in their 
signal transduction, TLR4 is also shown to mediate signaling in the absence of 
MyD88. In addition to the direct role of MyD88 in IL-1R and TLR signaling, 
MyD88 functions in other signaling pathways such as interferon (IFN)-γ signaling 
(Sun & Ding 2006). MyD88-deficient mice have been shown to have defects in 
responses against a range of pathogens such as Staphylococcus aureus, 
Toxoplasma gondii, and Leishmania major (Muraille et al. 2003, Scanga et al. 
2002, Takeuchi et al. 2000). 

Mal 

Mal was the second TIR-domain-containing adapter protein discovered 
(Fitzgerald et al. 2001, Horng et al. 2002). The important structural components 
present in Mal are a C-terminal TIR-domain and an N-terminal 
phosphatidylinositol-4,5-biphosphate (PIP2) binding motif (Kagan & Medzhitov 
2006). Mal is used by TLR2 and TLR4 in their signaling, where Mal serves as a 
bridge to recruit MyD88 to the TLR signaling complex (Horng et al. 2002, Kagan 
& Medzhitov 2006, Yamamoto et al. 2002a). The specificity of Mal to TLR2 and 
TLR4 signaling has been confirmed with Mal-deficient mice (Horng et al. 2002, 



 28 

Yamamoto et al. 2002a). Mal is recruited to the plasma membrane via its 
N-terminal phosphatidylinositol-4,5-biphosphate (PIP2) binding domain, where it 
associates with TLR2 or TLR4, and subsequently recruits MyD88 to this receptor 
complex (Kagan & Medzhitov 2006). Mal itself is regulated by Bruton’s tyrosine 
kinase (Btk)-mediated tyrosine phosphorylation. This phosphorylation is required 
for Mal to signal, but it also directs Mal to suppressor of cytokine signaling 1 
(SOCS1)-mediated degradation (Gray et al. 2006). In humans, a variant of Mal 
has been found, where serine 180 is substituted by leucine. This variant has been 
shown to confer resistance to invasive pneumococcal disease, bacteremia, malaria, 
and tuberculosis due to attenuated TLR2 signaling (Khor et al. 2007).  

2.4.2 MyD88-dependent and -independent TLR signaling pathways 

The TLR signaling pathways are divided into two major pathways, the MyD88-
dependent and MyD88-independent pathway (Fig. 3.), which lead to activation of 
nuclear factor-κB (NF-κB) and interferon response factor 3 (IRF3), respectively 
(Fitzgerald et al. 2003, Nunez et al. 2007). In TLR4- or TLR2-activated MyD88-
dependent pathways, Mal adapter protein recruits MyD88 to the plasma 
membrane (Kagan & Medzhitov 2006). In the plasma membrane, MyD88 
interacts with the TLR-Mal complex leading to phosphorylation-dependent 
activation of the serine/threonine kinases, interleukin-1 receptor-activated kinase 
4 (IRAK4), and IRAK1 (Li et al. 2002, Suzuki et al. 2002). Phosphorylated 
IRAK1 then activates tumor necrosis factor receptor-associated factor 6 (TRAF6), 
which interacts with and activates TGF-β-activated kinase 1 (TAK1) (Cao et al. 
1996, Jiang et al. 2002, Qian et al. 2001, Wang et al. 2001). Activation of TAK1 
leads to phosphorylation of the IκB kinases (IKKs) (Regnier et al. 1997). The 
IKK complex induces phosphorylation and degradation of IκB, which results in 
nuclear translocation of the NF-κB transcription factor and expression of NF-κB 
regulated pro-inflammatory cytokines (Karin & Ben-Neriah 2000, Mercurio et al. 
1997, Woronicz et al. 1997, Zandi et al. 1997).  

TLR4 is also capable of activating the MyD88-independent pathway that 
leads to production of type I IFN, IFN-β, as well as delayed NF-κB activation 
(Covert et al. 2005, Werner et al. 2005, Yamamoto et al. 2002b, Yamamoto et al. 
2003). In this pathway, TRAM is targeted to the plasma membrane by its 
N-terminal myristoylation site (Rowe et al. 2006). In the plasma membrane, 
TRAM colocalizes with TLR4 and recruits and activates TRIF, which is critical 
adapter protein for MyD88-independent responses (Yamamoto et al. 2002b). 
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TANK-binding kinase-1 (TBK1) then interacts with TRIF and TRAM, thereby 
activating IRF3 and inducing IFN gene transcription (Yamamoto et al. 2002b). 
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Fig. 3. Two major intracellular signaling pathways activated by TLRs. 
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2.5 Protein kinases 

Protein kinases are enzymes that modify other proteins by phosphorylating them, 
which results in the functional change of a target protein. This protein 
modification, including change in enzyme activity or in localization or association 
with other proteins, is a very important way to regulate signal 
transduction.Protein kinases are classified into two main sub-groups, tyrosine or 
serine/threonine kinases, based on the target amino acid in their substrates. As PI 
3-kinase and Bruton’s tyrosine kinase were studied during this research project, 
they will be discussed in more detail. 

2.5.1 PI 3-kinases 

Phosphatidyl inositol (PI) 3-kinases are lipid kinases that catalyze the 
phosphorylation of phosphoinositides on the 3-position of the inositol ring. These 
kinases are expressed universally and are involved in multiple cell processes such 
as cellular activation, inflammatory responses, chemotaxis, and apoptosis. PI 3-
kinases are divided into classes IA, IB, II, or III based on their subunit structure, 
regulation, and substrate selectivity. Class IA PI 3-kinases are especially involved 
in inflammatory responses (Deane & Fruman 2004, Fruman et al. 1998, 
Vanhaesebroeck et al. 2001).  

Class IA PI 3-kinases are heterodimers composed of catalytic subunit p110 
and regulatory subunit p85. The catalytic subunit exists as multiple isoforms 
(p110α, p110β and p110δ) encoded by three different genes. Class IA PI 3-kinases 
also have five regulatory subunits (p85α, p85β, p55γ, p55α, and p50α) encoded 
by three genes (Fruman et al. 1998, Vanhaesebroeck et al. 2001). 

Class IA PI 3-kinases are activated by signaling pathways involving tyrosine 
kinase activation. The two Src-homology (SH)-2 domains present in the 
regulatory subunit of PI 3-kinase bind to phosphorylated tyrosine (pTyr) 
sequences (pTyr-X-X-Met, where X is any amino acid). Several receptors such as 
cytokine receptors and small G-proteins, having either intrinsic or associated 
tyrosine kinase activity, are mediating this SH2-pTyr interaction (Deane & 
Fruman 2004, Harada et al. 2001, Jimenez et al. 2002, Jones et al. 2002). The 
downstream targets of PI 3-kinases are, for example, G proteins and members of 
the protein kinase C family. Protein kinase B (PKB or Akt), phosphoinositide-
dependent kinase 1 (PDK1), Vav, and phospholipase C-γ (PLC-γ) are considered 
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to be direct PI 3-kinase substrates, since they bind to PI(3,4)P2 or PI(3,4,5)P3 with 
their plextrin homology (PH)-domain (Franke et al. 1997, Songyang et al. 1994).  

PI 3-kinase has been shown to have both negative and positive regulatory 
roles in innate immune responses. In addition, PI 3-kinase has been shown to 
have a crucial role in balancing the Th1 versus Th2 response (Fukao & Koyasu 
2003, Fukao et al. 2002). Furthermore, many TLRs have been shown to activate 
PI 3-kinase (Fukao & Koyasu 2003). 

 

Fig. 4. The domain structure of the p85α subunit of PI 3-kinase.  

2.5.2 Bruton’s tyrosine kinase (Btk) 

Bruton’s tyrosine kinase (Btk) is a member of the Tec-family of non-receptor 
tyrosine kinases. Btk is expressed in all hematopoetic cells, except in plasma cells 
and T-cells (Brunner et al. 2005, Smith et al. 1994). Btk consists of five domains, 
the N-terminal PH-domain being characteristic for Tec-family kinases. Next to the 
PH-domain is the Tec homology (TH)-domain followed by SH3, SH2, and the c-
terminal kinase (SH1)-domain. As Btk has many lipid and protein binding 
domains, it is involved in multiple signal transduction pathways such as B cell 
receptor signaling, the Ca2+ release pathway, activation of MAP kinases, and the 
NF-κB pathway (Brunner et al. 2005). Btk is activated by recruitment to the 
plasma membrane, where it becomes tyrosine-phosphorylated (Mahajan et al. 
1995, Wahl et al. 1997). 

Naturally occurring mutations in the Btk gene cause X-linked 
agammaglobulinemia (XLA) in humans. XLA disease is characterized by a B-cell 
development defect and reduced serum immunoglobulin levels. XLA-patients 
suffer from recurrent bacterial and viral infections (Vihinen et al. 2000). In mice, 
mutations in the Btk gene cause a similar, but less severe phenotype, X-linked 
immunodeficiency (Xid) (Rawlings et al. 1993). Due to these naturally occuring 
diseases, Btk has mainly been studied in B-cells. However, Btk appears to have a 
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large role in the function of the innate immune system. For instance, Btk has been 
shown to regulate LPS-induced TLR4-mediated production of inflammatory 
cytokines (Horwood et al. 2003, Jefferies et al. 2003). In addition, Btk activity 
has been linked to several other TLRs, and further, a specific role for Btk as a 
regulator of the Mal adapter protein has been described (Doyle et al. 2005, Doyle 
et al. 2007, Gray et al. 2006, Hasan et al. 2008, Piao et al. 2008, Schmidt et al. 
2006). However, as Mal adapter protein is used solely by TLR2 and TLR4 in their 
signal transduction, Btk still have yet undetermined functions in other TLR 
signaling pathways.  

 

Fig. 5. The domain structure and important phosphorylation sites of Btk. 

2.6 Transcription factors 

The innate immune responses to pathogens by activated TLR signaling pathways 
culminate in the controlled transcription of inflammatory-related genes, wherein 
transcription factors have a crucial role. As the NF-κB, IRF, and Stat transcription 
factors were identified as TLR-regulated factors in the current research project, 
they will be discussed in more detail. 

2.6.1 Nuclear factor-κB (NF-κB) 

The family of NF-κB proteins is comprised of structurally related transcription 
factors that regulate many cellular processes such as inflammatory responses, 
development, cell growth, and apoptosis. The NF-κB family is subdivided into 
two families: the NF-κB proteins (p50/p105, p52/p100, Relish) and the Rel 
proteins (RelA/p65, RelB, c-Rel, Dorsal, Dif). All the members of the NF-κB 
family share a conserved N-terminal Rel homology domain (RDH) that regulates 
DNA-binding, dimerization, inhibitor binding, and nuclear localization of NF-κBs 
(Gilmore 2006). 

Active NF-κB transcription factors exist as homo- or heterodimers, of which 
the most common heterodimer is p50/p65. The activity of NF-κBs is regulated at 
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many levels, but in TLR- or cytokine-induced signaling, the best understood 
regulatory mechanism is serine phosphorylation of the p65 subunit of NF-κB 
(Doyle et al. 2005, Naumann & Scheidereit 1994, Wang & Baldwin 1998). The 
signaling pathways leading to the activation of NF-κB are comprised of two 
major pathways: the classical (or canonical) and alternative (or non-cononical) 
pathways. The activation of the prevalent heterodimer in TLR signaling, p50/p65, 
follows the classical pathway, in which p50/p65 is first maintained in the 
cytoplasm by interaction with inhibitory IκB protein (e.g. IκBα). The ligand 
binding to TLR leads to activation of an IκB kinase (IKK) complex that 
phosphorylates the IκB inhibitor, resulting in translocation of the NF-κB dimer 
into the nucleus and NF-κB-mediated activation of target gene expression 
(Gilmore 2006).  

2.6.2 Interferon regulatory factor (IRF) family 

The interferon regulatory family (IRF) consists of nine mammalian IRFs, named 
IRF1-IRF9, and their virus-encoded analogues (vIRFs). These transcription 
factors mediate virus-, bacteria-, and IFN-induced signaling pathways, thus 
playing a role in antiviral defense, immune response, cell growth regulation, and 
apoptosis (Paun & Pitha 2007). All the members of the IRF family share 
homology in their N-terminal DNA-binding domain (Escalante et al. 1998). The 
specificity of individual IRFs is defined by cell-type specific expression and by 
their ability to interact with each other or with other trancripiton factors and co-
factors (Paun & Pitha 2007). 

IRF1 and IRF2 

IRF1 and IRF2 were first characterized by their ability to bind to the same region 
in the human IFN-β gene, where IRF1 was assumed to function as an activator 
and IRF2 as a repressor of IFN-β expression (Fujita et al. 1989, Harada et al. 
1990, Leblanc et al. 1990, Tanaka et al. 1993, Yamamoto et al. 1994). However, 
IRF1 and IRF2 also cooperatively induce certain genes such as IL-7 in human 
intestinal epithelial cells or the MHC class II transactivator type IV promoter 
(Oshima et al. 2004, Xi & Blanck 2003).  

The role of IRF1 and IRF2 in the development of many inflammatory 
diseases has been suggested (Paun & Pitha 2007). IRF1 gene knockout studies 
have shown the importance of IRF1 in the development and activation of various 
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immune cells. IRF1 is involved for instance in the production of IL-12 in 
macrophages, maturation of CD8+ T cells, Th1 responses, NK cell development, 
and MHC class I function (Brucet et al. 2004, Duncan et al. 1996, Liu et al. 2004, 
Lohoff et al. 1997). Importantly, IRF1 has been shown to be one of the factors 
mediating the induction of IFN-α (Matsuyama et al. 1993, Reis et al. 1994, 
Ruffner et al. 1993). IRF2 has been shown to play a role in the regulation of 
Th1/Th2 balance, NK cell and DC development, and LPS sensitivity (Cuesta et al. 
2003, Hida et al. 2005, Honda et al. 2004, Lohoff et al. 2000, Taki et al. 2005), 
however, its role in innate immune responses is currently poorly understood.  

2.6.3 Signal transducers and activators of transcription (Stats) 

Signal transducers and activators of transcription (Stats) are a group of 
transcription factors that are involved in diverse biological events such as 
embryonic development, programmed cell death, organogenesis, immune 
regulation, and cell growth (Lim & Cao 2006). There are seven members in this 
family: Stat1, Stat2, Stat3, Stat4, Stat5a, Stat5b, and Stat6. Structurally Stat 
proteins are composed of an N-terminal domain that mediates the Stat 
dimerization, a domain for protein interactions, a DNA-binding domain, a linker 
binding domain participating in transcription, an SH2-domain, and a C-terminal 
transactivation domain (Horvath 2000). In the absence of stimulation, these 
transcription factors reside in the cytoplasm in an inactive form (Lim & Cao 
2006). 

Stats are activated by cytokines such as interferons and interleukins, growth 
factors or hormones, resulting in homo- or heterodimerization of Stats and nuclear 
relocalization (Lim & Cao 2006, Murray 2007). The phosphorylation of specific 
tyrosine and serine residues in Stats is an important means of regulating their 
activity (Schindler et al. 1992b, Wen & Darnell 1997). In addition to 
phosphorylation, several other post-translational modifications for Stats have 
been shown to affect their activity (Lim & Cao 2006).  

Stat1 and Stat3 

Stat1 was the first Stat gene identified by searching for factors involved in IFN-
regulated gene expression (Fu et al. 1992, Schindler et al. 1992a). Stat1 and Stat3 
are activated by the classical Janus kinase (Jak) -Stat pathway, wherein Jaks 
phosphorylate intracellular domains of signaling receptors, resulting in 
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interactions between activated receptors and Stat proteins via their SH2 domains 
(Heim et al. 1995). The use of Stat knockout mice has provided important 
information about specific functions of Stats. Particularly, Stat1-deficient mice are 
highly sensitive to infection by microbial pathogens and viruses due to the 
absence of IFN-associated functions (Durbin et al. 1996, Meraz et al. 1996). Stat3 
is a multifunctional transcription factor that plays a role in multiple biological 
systems, including the immune system. Interestingly, Stat3 have been shown to 
have an essential role in the regulation of anti-inflammatory cytokine IL-10, and 
thus, Stat3 functions as a negative regulator of inflammatory responses (Lang 
2005, Riley et al. 1999). Importantly, the conditional Stat3 knockout mice are 
highly susceptible to endotoxemia, and they present with increased production of 
inflammatory cytokines, including TNF-α, IL-1β, and IFN-γ (Takeda et al. 1999). 

2.7 Cytokines 

Cytokines are a heterogeneous group of secreted proteins involved in the 
regulation of growth, differentation, and immune responses. Cytokines are 
characterized by their low molecular weight and inducible expression. They are 
produced in all tissues and by most cells. One cytokine can exhibit many 
biological activities, and several cytokines may share similar activities that are 
mediated through specific cytokine receptors. Most cytokines act locally, whereas 
cytokines that enter the circulation, such as TNF-α and IL-6, have systemic 
functions. Cytokines can be classified in many ways, but based on their principal 
function as an inducer or a suppressor of inflammation they are divided into 
proinflammatory and anti-inflammatory cytokines, respectively. However, some 
cytokines have both pro- and anti-inflammatory functions (Dinarello 2007). 

2.7.1 Tumor necrosis factor-α (TNF-α) 

TNF-α, a protein that exists as a 26 kDa precursor form and a cleaved 17 kDa 
mature form, is produced rapidly and abundantly by many cell types, including 
macrophages, monocytes, lymphocytes, keratinocytes, and fibroblasts (Muller et 
al. 1986, Pennica et al. 1984). Its production is triggered by several 
environmental challenges, including inflammation, infection, and injury. 
Therefore, TNF-α has variable biological functions such as leukocyte activation 
and migration, fever, acute phase responses, cell proliferation, differentation, and 
apoptosis (Baud & Karin 2001).  
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The effects of TNF-α are mediated through its trimeric binding to specific 
receptors TNFR1 or TNFR2, leading to activation of intracellular signaling 
cascades (Idriss & Naismith 2000). Binding of TNF-α to its receptor activates 
many proteins, including caspases, phospholipases, and protein kinases. TNF-α 
activates several transcription factors, including NF-κB and AP-1, which are 
involved in the activation of other inflammatory-related genes. Interestingly, the 
TNF-α promoter itself contains binding sites for NF-κB and AP-1 and hence, 
TNF-α is targeted to positive autoregulation that is crucial in the regulation of the 
magnitude of inflammatory responses (Baud & Karin 2001, Idriss & Naismith 
2000). 

Dysregulation of TNF-α is connected to the pathology of many diseases, 
including rheumatoid arthritis, Crohn’s disease, multiple sclerosis, and 
Alzheimer’s disease (Baud & Karin 2001). In addition, mutation in the gene 
encoding TNFR1 has been linked to TNF-receptor-associated periodic sydrome 
(TRAPS) (McDermott et al. 1999). Antagonists for TNF-α and its receptor have 
been developed. The use of anti-TNF-α therapy has been found to be most 
effective in the treatment of rheumatoid arthritis and Crohn’s disease (Chang & 
Girgis 2007). 

2.7.2 Interleukin-1β (IL-1β) 

IL-1β, a proinflammatory cytokine that exists as an inactive precursor form and 
inflammasome-processed/caspase-1-spliced active secreted form, is produced by 
many cell types, including phagocytic innate immune cells, endothelial cells, 
keratinocytes, osteoblasts, neutrophils, and glial cells. IL-1 exists as two isoforms: 
IL-1α and IL-1β. Both IL-1α and IL-1β bind to the same IL-1 receptor, therefore, 
their biological activities are indistinguishable. In addition, the effects of IL-1β 
are very similar to the actions of TNF-α. Moreover, these two proinflammatory 
cytokines are shown to promote inflammatory reactions synergistically (Dinarello 
2000). Dysregulation of IL-1β has been connected to several systemic 
inflammatory diseases, and anti-IL-1 therapy has been used in the treatment of 
these diseases (Tincani et al. 2007). 

2.7.3 Interferon-α (IFN-α) 

IFN-α is a generic term for a family of multiple IFN-α species (Pestka 2007). 
IFN-α belongs to type I IFNs that are produced in response to viruses and bacteria 
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by many cell types, including immune cells, epithelial cells, and fibroblasts. Thus, 
IFN-α has well-characterized anti-viral activities, but it is also involved in 
antiproliferative and other immunomodulatory responses. The induction of IFN-α 
is mainly regulated at the gene transcriptional level, where IRFs, especially IRF3 
and IRF7, have a central role (Honda et al. 2006). The cellular responses of IFN-α 
are mediated via the IFN-α/β receptor complex through direct cytokine-receptor 
interaction, resulting in the activation of downstream signaling cascades. The 
classical signaling pathway activated by type I IFNs is the Jak1/Tyk2 and 
Stat1/Stat2 pathway (Borden et al. 2007). However, type I IFNs are capable of 
activating other Stat homo- or heterodimers and this signaling network is further 
extended by crosstalk with other signal transducers (Pfeffer et al. 1997). 
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3 Outlines of the present study 

The aim of the present study was to profile and dissect the signal transduction 
pathways and the responses of TLR4 and TLR2, which can be considered the 
main receptors in Gram-negative and Gram-positive bacterial recognition, 
respectively. Specifically, the aims were: 

1. To study the similarities and differences of the inflammatory responses 
activated by Gram-negative (LPS) and Gram-positive (LTA) bacterial 
components in mouse macrophages. 

2. To study the roles of intracellular signaling molecules in the LPS- and LTA-
induced inflammatory responses. 

3. To study the regulation of the LPS- and LTA-induced inflammatory responses 
by modulating the activity of intracellular signaling mediators.  
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4 Materials and methods 

Detailed descriptions of the materials and methods have been given in the original 
articles I–IV. 

4.1 Cell cultures and mice (I–IV) 

The mouse macrophage cell line RAW 264.7 was used in in vitro experiments. 
The cells were grown in Dulbecco’s modified Eagles’s medium (DMEM) 
supplemented with fetal bovine serum, penicillin, and streptomycin. The cells 
were stimulated either with LPS (1 μg/ml) or LTA (2.5 μg/ml) in the presence or 
absence of inhibitors for NF-κB (PDTC 100 μM), Btk (LFM-A13 100 μM), or PI 
3-kinase (LY294002 50 μM or wortmannin 50 nM). The inhibitions were started 
1 hour before stimulations. Polymyxin B sulfate was used in all LTA stimulated 
experiments to prevent the possible LPS contamination. 

All the following animal experiments were conducted in accordance with the 
European Communities Council Directive 86/609/EEC and the Swedish Animal 
Protection Legislation. Bone marrow-derived macrophages (BMDMs) were 
prepared from femurs and tibias of C57BL/6, TLR2-/-, and MyD88-/- mice. The 
bone marrows were flushed with cold PBS and filtered through a cell strainer. The 
collected cells were grown in DMEM supplemented with L929-conditioned 
medium, FBS, HEPES, penicillin-streptomycin, and L-glutamine. Before the 
experiments, adherent cells were washed, and the L929-conditioned medium was 
replaced with DMEM supplemented with FBS, HEPES, penicillin-streptomycin, 
and L-glutamine. The BMDMs were stimulated with LTA in the presence or 
absence of the Btk inhibitor LFM-A13. Polymyxin B sulfate was used in all 
experiments to prevent possible LPS contamination. 

All the following in vivo experiments were approved by the Animal 
Experimentation Board of the University of Oulu and the Regional Civil Board 
Authority. DBA/2, C57BL/6, and TLR4-/- mice at the age of 2–3 months were 
injected intraperitoneally with different concentrations of Escherichia coli (E. coli) 
LPS, Staphylococcus aureus (S. aureus) LTA, or recombinant IL-1 in sterile 
phosphate-buffered saline (PBS), or with PBS alone as indicated. In some 
experiments, the mice were injected with anti-mouse TNFRI or anti-mouse IL-
1RI antibodies before the inflammatory challenge. Peripheral blood was collected 
for cytokine measurements and the mice were killed 2, 5, or 24 hours after the 
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injections. The collected tissues were frozen in liquid nitrogen or fixed in 4% 
formaldehyde for further studies.  

4.2 RNA analyses (I–II, IV) 

Total cellular RNAs from mouse tissues and cultured cells were extracted using 
Tri-reagent (Sigma) according to the manufacturer’s instructions. Extracted RNAs 
were used either in Northern analysis or in ribonuclease protection assays. 

4.2.1 Northern analysis (II, IV) 

RNA samples (10 μg) were resolved on agarose-formaldehyde gels and 
transferred onto nylon membranes. The membranes were hybridized with 
radiolabeled probes of mouse TLR4 and TLR2 cDNAs. To confirm equal loading 
of the samples on the gel, the membranes were reprobed with a 28S RNA-specific 
cDNA clone. The probed membranes were exposed to imaging plates, scanned 
with a PhosphorImager (BioRad), and the intensities of the RNAs were 
quantitated using Quantity one software (BioRad). 

4.2.2 Ribonuclease protection assay (I–II, IV) 

Custom-designed mouse multiprobe sets were used in Ribonuclease Protection 
Assays (BD Biosciences, San Diego) according to the manufacturer’s instructions 
to determine the expressions of various inflammatory mediators and TLRs. 
Briefly, the custom-made multi-probe set was radiolabeled and hybridized in 
excess with RNA samples. Free probe and other single-stranded RNAs were 
digested and the hybridized RNAs were separated on a denaturating 
polyacrylamide gel. The gels were scanned using a PhosphorImager (BioRad). 
The expression levels of the inflammatory mediators were normalized to the 
expression levels of the housekeeping genes L32 or GAPDH. 

4.3 Protein analyses (I–IV) 

For protein analysis cell lysates were prepared and total proteins were isolated 
from RAW 264.7 cells or BMDMs isolated from C57BL/6, TLR2-/-, and MyD88-/- 
mice. The cells were lysed with modified radioimmune precipitation buffer, the 
lysates were centrifuged, and the protein concentration was determined by Bio-
Rad DC Protein Assay.  
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4.3.1 Western analysis (I–IV) 

Total protein samples were separated on SDS-polyacrylamide gels. The separated 
proteins were transferred onto polyvinylidene difluoride membranes (PVDF) or 
nitrocellulose membranes. After blocking and washes, the membranes were 
incubated with the indicated antibodies. The bound antibodies were detected 
using the ECL-Plus Detection kit (Amersham Biosciences, Buckinghamshire, UK) 
according to the manufacturer’s instructions. 

4.3.2 Immunoprecipitation (I–III) 

Total proteins samples (600 μg) were incubated with certain antibodies on ice for 
1 hour. The antibody-antigen complexes were coupled to Gammabind-sepharose 
at +4 °C for 2 hours or overnight depending on the antibody used in the 
experiment. The immunoprecipitates were separated by SDS-PAGE and further 
treated in the same way as in Western analysis or used for activity assays. 

4.3.3 Affinity association using GST fusion proteins (I–II) 

GST fusion proteins containing the SH2- or SH3-domains of PI 3-kinase were 
expressed in E. coli and purified as described (Jhun et al. 1994, Vuori et al. 1996). 
Total proteins samples (600 μg) were incubated with 10 μg of GST alone or GST 
fusion proteins coupled with glutathione-sepharose beads at +4 °C, followed by 
centrifugation and washes with protein lysis buffer. Bound proteins were 
separated by SDS-PAGE and analyzed by immunoblotting.  

4.3.4 Immunohistochemistry (I, IV) 

RAW 264.7 cells cultured overnight on glass coverslips were fixed with acetone 
and treated with H2O2 to remove endogenous peroxidase activity. After washes 
and blocking, the cells were incubated with the NF-κB p65 antibody. Biotinylated 
donkey anti-goat immunoglobulins were used as secondary antibodies, and the 
bound antibody was detected by liquid 3,3’-diaminobenzidine substrate. The cells 
were counterstained with hematoxylin. 

Mouse tissue sections were embedded in paraffin and cut into 5 μm sections. 
The deparaffinized sections were treated with H2O2 to block the endogenous 
peroxidase activity. The sections were blocked with the appropriate serum 
followed by incubation with TLR2 or NF-κB p65 antibodies. Biotinylated 
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secondary antibodies were detected by liquid AEC or DAB substrate. The 
sections were counterstained with hematoxylin. 

4.3.5 Immunoelectron microscopy (IV) 

The procedure of immunoelectron microscopy was modified from the method 
described by Paananen and coworkers (Paananen et al. 2001). Liver and lung 
tissues were fixed in paraformaldehyde, immersed in sucrose, and frozen in liquid 
nitrogen. Cryosections were incubated with the TLR2 antibody, and with rabbit 
anti-goat IgG followed by a protein A-gold complex, as described (Slot & Geuze 
1985). The controls were prepared without the primary antibody. The sections 
were examined under a transmission electron microscope and images were 
captured by CCD camera. 

4.3.6 Detection of cytokine secretion (III) 

IFN-α was quantified using the Mouse Interferon Alpha ELISA kit (PBL 
Biomedical Laboratories) according to the manufacturer’s instructions. IL-12p70, 
TNF-α, IFN-γ, MCP-1, IL-10, and IL-6 were quantified using the Mouse 
Inflammation Kit (BD™ Cytometric Bead Array; CBA, BD Biosciences, San 
Diego, CA) according to the manufacturer’s instructions.  

4.4 Activity assays (I–IV) 

Kinase activation assays and transcriptional assays are described. In addition, in 
this section the methods where the activities of certain signaling mediators were 
abolished to dissect their effects on the TLR signaling pathways are also 
presented. 

4.4.1 PI 3-kinase assay (I–II) 

The RAW 264.7 cells were lysed in Nonidet-P40/Triton x-100 buffer and 600 μg 
of total proteins were immunoprecipitated with the indicated antibodies. PI 
3-kinase activities of the immunoprecipitates were measured as described earlier 
(Whitman et al. 1988). In brief, the samples were resuspended in Tris-NaCl-
EDTA -buffer, the PI 3-kinase substrate, phosphatidyl inositol (PI), and the 
labeled ATP were added, and the kinase reaction was allowed to proceed for 20 
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minutes. The organic phases were dried, resuspended in a chloroform-methanol 
solution, and separated on TLC-plates. The activity of PI 3-kinase of the samples 
was visualized by autoradiography. 

4.4.2 Bruton’s tyrosine kinase activity assay (II) 

The RAW 264.7 cells were lysed in buffer containing NaCl, EDTA, Nonidet P-40, 
glycerol, and phosphatase and protease inhibitors. Total protein (600 μg) samples 
were immunoprecipitated with Btk antibody. Btk immunoprecipitations were used 
in Western analysis to detect tyrosine phosphorylation of Btk using a p-Tyr 
antibody, or used for analysis of autokinase activity as described (Jefferies et al. 
2003). Briefly, the Btk immunoprecipitates were incubated with labeled ATP in 
kinase buffer, and samples were separated by SDS-PAGE. Gels were blotted onto 
PVDF membranes and visualized by autoradiography. Equal loading was 
confirmed by reblotting the membranes with Btk antibody. 

4.4.3 Transfection and luciferase assays (I, II) 

RAW 264.7 cells were transfected by FuGENE6 reagent (Roche Molecular 
Biochemicals, Germany) according to the manufacturer’s instructions. The pNF-
κB-luciferase construct was transiently transfected either with the pSV-β-
galactosidase control plasmid or with pRL-TK vector containing the Renilla 
luciferase gene for internal transfection control. After 24 hours, the cells were 
treated with LPS or LTA with or without kinase inhibitors. The cells were lysed 
and luciferase activity was measured and normalized to β-galactosidase activity or 
to Renilla luciferase activity according to the manufacturer’s instructions 
(Promega). 

4.4.4 Transcription factor array (III) 

The screening of transcription factors was done using a TranSignal Protein/DNA 
combo array (Panomics, Fremont, CA) according to the manufacturer’s 
instructions. For the array, nuclear extracts from RAW 264.7 cells were prepared 
according to Schreiber and coworkers (Schreiber et al. 1989). In brief, a mix of 
biotin-labeled DNA-binding oligonucleotides was preincubated with nuclear 
extracts to allow the formation of protein/DNA complexes. The protein/DNA 
complexes were separated from the free probes and hybridized to the 
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protein/DNA combo array. The detection method was HRP-based 
chemiluminescence provided with the manufacturer’s kit. Quantity one software 
(BioRad, Hercules, CA) was used for quantitative analysis. Changes in binding 
activity that were over 2-fold were considered significant.  

4.4.5 Nuclear extraction and electrophoretic mobility shift assay (I–IV) 

Nuclear extracts from RAW 264.7 cells were prepared according to Schreiber and 
coworkers (Schreiber et al. 1989). For the electrophoretic mobility shift assay 
(EMSA), the radiolabelled NF-kB and IRF1/2 oligonucleotides were incubated 
with 5 μg of nuclear protein in binding reaction buffer. The specificity of DNA-
protein binding was determined by competition with a 50-fold molar excess of the 
unlabeled oligonucleotide. For supershift analysis, the nuclear extracts of RAW 
264.7 cells were incubated with 2 μg of antibody specific for the p50 or p65 
subunit of NF-κB, IRF1, or IRF2. The samples were electrophoresed, and the gels 
were scanned using a PhosphorImager (BioRad).  

4.4.6 IRF2 siRNA delivery and gene silencing (III) 

A mixture of four siRNAs targeting the mouse IRF2 gene (NM_008391, Ambion, 
Austin, TX) was double-transfected into RAW 264.7 cells using lipofectamine 
2000 reagent. In brief, RAW 264.7 cells were plated onto a 6-well plate at a 
density of 5x105 cells / well. The cells were incubated with the siRNA 
transfection mixture for four hours in the final concentration (240 nM) followed 
by addition of fresh medium. After 24 hours of incubation, the cells were 
transfected again. After double transfection for a total of 48 hours, the 
experiments were done as described. Transfection efficiency was tested by non-
silencing Alexa-labeled siRNA. To exclude the non-specific effects of the 
transfection protocol, control experiments were done including the transfection 
reagent or the siRNA mixture only with or without stimulations or inhibitions. 
The silencing of IRF2 was confirmed by detecting the IRF2 protein from 
untreated and IRF2-silenced protein samples by using two different IRF2-specific 
antibodies. 
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4.4.7 IFN-α neutralization (III) 

IFN-α was blocked by using 2000 neutralization units of IFN-α antibody (PBL 
InterferonSource) for 30 minutes per sample. The cells were stimulated with LTA 
for 3 hours followed by protein sample collection as described above.  

4.5 Statistical analysis (I–IV) 

Statistical comparisons between the experimental and control groups were made 
using one-way ANOVA followed by Dunnett’s post-hoc test. P < 0.05 was 
considered significant. 
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5 Results 

5.1 Characterization of the TLR4- and TLR2-mediated inflammatory 
responses (I–III) 

TLR-induced cellular responses are regulated at many levels, including the 
surface expression of TLRs, the regulation of intracellular signaling cascades, and 
finally, by changes in cellular function, such as the secretion of different 
inflammatory mediators (Chuang & Ulevitch 2004, Lang & Mansell 2007, 
Mantovani et al. 2007). Therefore, to evaluate the LPS- and LTA-induced innate 
immune signaling and inflammatory responses in mouse macrophages, studies 
characterizing TLR4 and TLR2 expression and TLR4- and TLR2-mediated 
cytokine expression were performed.  

5.1.1 TLR2 and TLR4 expression in response to LTA (II) 

The dose- and time-dependence of TLR2 and TLR4 expression in response to 
LTA were studied in vitro in mouse macrophages using various concentrations  
(1–10 μg/ml) of LTA for different times (1–24 hours). The maximal TLR2 mRNA 
expression was observed when the cells were stimulated with 2.5 μg/ml of LTA. 
The expression of TLR2 increased up to 3 hours following LTA stimulation, and 
then gradually decreased to the basal level by 12 hours, the maximal expression 
occurring between 3 to 6 hours. LTA failed to induce measurable changes in the 
expression levels of TLR4 mRNA. The maximal induction of the TLR2 protein 
by LTA was detected at six hours. As the aim was to study the acute inflammatory 
responses, the time points of one to six hours, and the LTA concentration of 2.5 
μg/ml was chosen to further study the LTA-induced inflammatory responses.  

5.1.2 Cytokine induction in response to LPS (I) 

To measure the LPS-induced cytokine responses in vitro, the expression levels of 
ten inflammatory mediators present in a custom-made RPA template set were 
quantified. Of these mediators, the expressions of IL-1α, IL-1β, TNF-α, and MIP-
2 were induced by LPS at four hours (Table 3). 
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Table 3. Cytokines induced in vitro by LPS stimulation. 

Cytokines 

(induced) 

The effect of LPS stimulation 

mRNA expression  

IL-1α ++ 

IL-1β ++ 

TNF-α ++ 

Mip-2 ++ 

Marks: ++ indicates over 5-fold increase in cytokines 

5.1.3 Cytokine induction and regulation in response to LTA (II–III) 

To evaluate LTA-induced inflammatory responses, the mRNA and protein levels 
for specific cytokines and chemokines were analyzed. In addition, cytokine 
secretions were measured from the cell growth media of RAW 264.7 cells. The 
mRNA expression of several proinflammatory cytokines and chemokines such as 
iNOS, Rantes, TNF-α, IL-1α, IL-1β, and MIP-2 were induced in one to six hours 
after LTA stimulation. The secretions of IFN-α, TNF-α, IL-10, and MCP-1 
proteins were increased by LTA. In contrast, LTA failed to induce secretions of 
IFN-β, IFN-γ, IL-12, and IL-6 within the time points studied. The cytokines 
induced by LTA are summarized in Table 4. 

Of the LTA-induced cytokines, the IFN-α and TNF-α proteins were secreted 
with rapid kinetics, suggesting an important role for these cytokines as initiators 
of further inflammatory responses. Interestingly, LPS-induced TNF-α secretion 
has been shown to be IFN-α-dependent (Mancuso et al. 2007). Therefore, the 
possibility that IFN-α has a similar role in LTA-induced inflammatory responses 
was studied by neutralizing IFN-α. The LTA-induced secretions of TNF-α, IL-10, 
and MCP-1 were significantly reduced by IFN-α blocking, showing that IFN-α 
secretion precedes several other innate immune responses initiated by LTA. As 
TNF-α is a central proinflammatory cytokine, its intracellular processing was 
further studied. Both the pro- and mature TNF-α protein levels were increased by 
LTA. The maximal secretion of TNF-α occurred at a later time point compared to 
IFN-α.  

The TLR2-dependency of LTA-induced cytokines was confirmed by studying 
the secretions of LTA-induced cytokines in BMDMs of C57BL/6, TLR2-/-, and 
MyD88-/- mice. As expected, LTA did not induce cytokine secretion in TLR2-/- 
and MyD88-/- mice.  
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Table 4. Cytokines induced in vitro by LTA stimulation. 

Cytokines 

(induced) 

The effect of LTA stimulation 

mRNA expression  

IL-1α ++ 

IL-1β ++ 

TNF-α ++ 

Mip-2 ++ 

iNOS ++ 

Rantes + 

IL-6 + 

Protein production  

TNF-α ++ 

Secretion  

IFN-α ++ 

IL-10 ++ 

MCP-1 ++ 

TNF-α ++ 

Marks: + indicates under 5-fold increase in cytokines, ++ indicates over 5-fold increase in cytokines. 

5.2 TLR-mediated kinase activation in mouse macrophages (I–III) 

TLRs mediate their inflammatory signaling cascades through various kinases. Of 
these kinases, PI 3-kinase and Btk in particular have been shown to regulate the 
inflammatory responses (Arbibe et al. 2000, Jefferies et al. 2003, Monick et al. 
2001, Ozes et al. 1999, Reddy et al. 1997). Therefore, in the current study, the the 
roles of PI 3-kinase and Btk in TLR4 and TLR2 signaling were evaluated. 

5.2.1 PI 3-kinase activation in the TLR4 and TLR2 signaling pathways 
(I–II) 

To study the putative role of PI 3-kinase in the TLR4 and TLR2 signaling 
pathways, the effect of LPS and LTA on its kinase activity was studied. PI 
3-kinase was rapidly activated by LPS stimulation (unpublished data). Similarly, 
LTA activated PI 3-kinase in 15 minutes and maximal activity was seen in 30 
minutes after LTA stimulation. The activity of PI 3-kinase was further confirmed 
by measuring the serine 473 phosphorylation of Akt. A maximal increase in serine 
473 phosphorylation was detected 1 hour after LPS stimulation and 30 minutes 
after LTA stimulation. Inhibition of PI 3-kinase with LY294002 abolished the 
LPS- and LTA-induced Akt phosphorylations. 
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5.2.2 Btk activation in the TLR2 signaling pathway (II–III) 

The possible activation of Btk by LTA was evaluated by measuring the tyrosine 
phosphorylation of Btk, and by performing an in vitro autokinase assay. LTA 
stimulation resulted in increased tyrosine phosphorylation of Btk in 5 minutes. In 
addition, a rapid and transient increase in autophosphorylation of Btk was 
detected, as the maximal activity was observed 15 minutes after LTA stimulation, 
and the baseline was reached 30 minutes from LTA stimulation. The use of Btk 
inhibitor (LFM-A13) abolished the LTA-induced Btk activation. 

5.3 Modulation of LPS- and LTA-induced cytokine patterns by PI 
3-kinase and Btk in mouse macrophages (I–III) 

As PI 3-kinase and Btk were found to be activated by both LPS and LTA, the 
effect of these two kinases on LPS- and LTA-induced cytokine responses was 
studied.  

5.3.1 The role of PI 3-kinase in the LPS-induced responses (I) 

Of the cytokines induced by LPS, PI 3 kinase was necessary for the expression of 
IL-1β, as PI 3-kinase inhibition blocked LPS-induced IL-1β mRNA expression 
almost completely (Table 5.). Instead, PI 3-kinase had no effect on the expression 
of LPS-induced IL-1α, TNF-α, and MIP-2, suggesting that it is not essential for 
their production. In previous studies, PI 3-kinase/Akt has been shown to both 
positively and negatively regulate the expression of several inflammatory genes 
(Liew et al. 2005); however, the effect on IL-1β has not been examined. 
Therefore, the effect of PI 3-kinase activity on the LPS-induced intracellular IL-
1β protein levels was studied. The inhibition of PI 3-kinase immediately 
abolished the LPS-induced protein production of IL-1β. 
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Table 5. The induction of cytokines in PI 3-kinase inhibited macrophages stimulated 
with LPS. 

Cytokines LPS stimulation PI 3-kinase inhibition on LPS-induced cytokines 

mRNA expression   

IL-1α ++ ↔ 

IL-1β ++ ↓↓ 

TNF-α ++ ↔ 

Mip-2 ++ ↔ 

Protein production   

IL-1β ++ ↓↓ 

Marks: ++ indicates over 5-fold increase in cytokines, ↔ indicates no change in LPS-induced cytokines, 

↓↓ indicates immediate decrease in LPS-induced cytokines 

5.3.2 The role of PI 3-kinase and Btk in the LTA-induced responses 
(II–III) 

To evaluate the effect of PI 3-kinase and Btk activity on the LTA-induced 
inflammatory responses, the expression levels of iNOS, Rantes, TNF-α, IL-1α, 
IL-1β, and MIP-2 were studied in macrophages with blocked PI 3-kinase or Btk 
activity. Inhibition of Btk or PI 3-kinase activity resulted in a decrease in the 
LTA-induced mRNA expression of MIP-2, IL-1β, iNOS, and TNF-α; however, 
there was a significant time lag in the effect of PI 3-kinase compared to Btk. The 
effect of PI 3-kinase was more pronounced at later time points.  

To clarify the role of PI 3-kinase and Btk in the production of the above-
mentioned cytokines, the intracellular processing of TNF-α protein by PI 3-kinase 
and Btk was analyzed. Inhibition of PI 3-kinase or Btk caused a remarkable 
reduction in LTA-induced pro- and mature TNF-α protein. In addition, the 
secretion of TNF-α was reduced by inhibition of these kinases. Interestingly, Btk 
activity was necessary only for the secretion of TNF-α and IFN-α, despite its 
importance in the mRNA expression of other LTA-induced cytokines. The effects 
of kinase inhibitions in the LTA-induced cytokine responses are shown in Table 6. 
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Table 6. The induction of cytokines in PI 3-kinase- or Btk-inhibited macrophages 
stimulated with LTA. 

Cytokines LTA stimulation PI 3-kinase inhibition on  

LTA-induced cytokines 

Btk inhibition on  

LTA-induced cytokines 

mRNA expression    

IL-1α ++ ↔ ↔ 

IL-1β ++ →↓ →↓ 

TNF-α ++ →↓ →↓ 

Mip-2 ++ →↓ ↓↓ 

iNOS ++ →↓ ↓↓ 

Rantes + ↔ ↔ 

IL-6 + ↔ ↔ 

Protein production    

TNF-α ++ →↓ →↓ 

Secretion    

IFN-α ++  ↓↓ 

IL-10 ++  ↔ 

MCP-1 ++  ↔ 

TNF-α ++  ↔ 

Marks: + indicates under 5-fold increase in cytokines, ++ indicates over 5-fold increase in cytokines, ↔ 

indicates no change in LTA-induced cytokines, ↓↓ indicates immediate decrease in LTA-induced 

cytokines, →↓ indicates delayed decrease in LTA-induced cytokines, blank indicates not determined 

5.4 PI 3-kinase and Btk as parts of TLR multiprotein complexes  
(I–III) 

TLRs are known to induce inflammatory signals via multiprotein complexes, 
which have not been thoroughly characterized. As PI 3-kinase and Btk were 
found to be activated by TLR stimulation and to modulate cytokine secretion, 
their interactions in TLR signaling were studied. 

5.4.1 Protein complexes in TLR4 signaling (I) 

As PI 3-kinase is known to translocate to the cell membrane when activated, its 
putative interaction with TLR4 was investigated. In addition, the TLR adapter 
molecule, MyD88, possesses a putative binding site for PI 3-kinase, therefore, the 
possible interaction between PI 3-kinase and MyD88 in response to LPS was 
studied. Rapid and transient interaction between MyD88 and PI 3-kinase during 
LPS challenge was detected. Further characterization of the interaction between 
PI 3-kinase and MyD88 showed that MyD88 binds to the SH2-domain of PI 
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3-kinase, and this interaction was increased by LPS stimulation of the RAW 264.7 
cells. Moreover, LPS induced rapid tyrosine phosphorylation of MyD88, which is 
important for SH2 interactions. In addition, LPS induced a transient complex 
between PI 3-kinase and TLR4, when immunoprecipitations were done with a 
TLR4 antibody. The possible inducibility of PI 3-kinase enzymatic activity in this 
complex was studied from the MyD88 immunoprecipitates. PI 3-kinase activity 
was low in MyD88 immunoprecipitates from untreated cells, but it was clearly 
increased by LPS stimulation, suggesting that PI 3-kinase is active in the LPS-
induced MyD88 signaling pathway. 

5.4.2 Protein complexes in TLR2 signaling (II–III) 

Intracellular protein complex formation during LTA stimulation in macrophages is 
not completely understood, therefore, the interactions between TLR2, PI 3-kinase, 
and Btk were studied. Immunocomplexes between these proteins were detected 
already in unstimulated cells; however, the interaction between TLR2 and Btk 
was increased by LTA. In contrast, the interaction between Btk and PI 3-kinase 
was constitutive. Further characterization of these interactions showed that the 
SH3-domain of PI 3-kinase mediated the constitutive interactions with both TLR2 
and Btk. 

5.5 Identification and characterization of TLR-activated 
transcription factors in mouse macrophages (I–III) 

The transcription factors involved in TLR responses are partially characterized. 
Therefore, novel TLR2 regulated transcription factors were searched, and 
furthermore, the regulation and function of TLR2- and TLR4-activated 
transcription factors was studied. The primary focus was to study NF-κB, a major 
transcription factor activated by MyD88-dependent TLR signaling pathways; 
however, the studies were extended to other signaling cascades as well.  

5.5.1 Transcription factor activation in response to LPS (I) 

The role of NF-κB in the LPS-induced TLR4 signaling pathway was studied by 
measuring its DNA-binding activity, localization, and transcriptional activity. The 
low DNA-binding activity of NF-κB observed in nuclear extracts of unstimulated 
cells was robustly enhanced by LPS stimulation. The LPS-induced DNA-binding 
of NF-κB was reduced to the level of untreated cells by 
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pyrrolidinedithiocarbamate (PDTC), which prevents nuclear translocation of NF-
κB. The binding activity of both the p50 and p65 subunits of NF-κB were induced 
by LPS. In addition, nuclear localization of the NF-κB p65 subunit was increased 
by LPS stimulation, and the transcriptional activity of NF-κB was increased over 
3-fold by LPS stimulation compared to unstimulated cells. 

5.5.2 Transcription factor activation in response to LTA (II–III) 

To characterize the LTA-induced inflammatory responses, transcription factor 
activations by LTA were profiled using a DNA-binding screen. Several 
transcription factors were affected by LTA, of which the ones putatively important 
for innate immune responses were studied further. A selected set of transcription 
factors having either increased or decreased DNA-binding in response to LTA 
stimulation is shown in Table 7. 

Table 7. Selected set of inflammation-related transcription factors affected by LTA 
stimulation. 

DNA-binding reduced DNA-binding unchanged DNA-binding induced 

ATF/CRE Stat6 IRF1/2 

CREB-BP PU.1 GAS/ISRE 

NF-1 c/EBPα Stat1/3 

NFATc Elk1 NF-κB 

Smad3/4 κBF-a c/EBPγ 

N-ras BD HIF-1 Ets1/PEA3 

LF-A1 Ikaros GATA-6 

Activation of NF-κB 

The activation of NF-κB by LTA was studied by measuring the phosphorylation 
of the NF-κB p65 subunit, DNA-binding, and the transcriptional activity of NF-
κB. LTA showed a clear, time-dependent induction of serine 536 phosphorylation 
of NF-κB p65, indicating protein activation by LTA stimulation. The low DNA-
binding activity of NF-κB present in unstimulated cells was robustly enhanced by 
LTA stimulation, where the binding activity of both the p50 and p65 subunits of 
NF-κB were induced. Interestingly, the LTA-induced DNA-binding of the 
p50/p50 complex of NF-κB was reduced to the level of untreated cells by PDTC 
treatment, whereas the effect of PDTC on the LTA-induced p65/p50 complex of 
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NF-κB was weaker. The transcriptional activity of NF-κB was enhanced over 2-
fold by LTA stimulation. 

Activation of IRFs 

According to the results from the transcription factor screen, IRF1/2 DNA-
binding was induced over 2-fold by LTA, and this finding was confirmd by 
EMSA. Activities of IRF proteins are putatively regulated by their cellular levels, 
therefore their protein levels were studied. Both IRF1 and IRF2 cellular proteins 
were induced rapidly and constantly by LTA. Further characterization of the 
specificity of IRF1 and IRF2 in TLR2 signaling showed the DNA-binding 
activity of IRF2 was predominated.  

Activation of Stats 

Increased DNA-bindings of Stat1 and Stat3, which are both involved in IFN 
signaling, were observed in the transcription factor screen. Stat1 and Stat3 
activations by LTA were confirmed by measuring their specific phosphorylations. 
Stat1 tyrosine 701 phosphorylation was already measurable in unstimulated RAW 
264.7 cells. A rapid increase in Stat1 tyrosine 701 phosphorylation was detected 
following LTA stimulation, whereas Stat3 tyrosine 705 phosphorylation was 
increased significantly later. Serine 727 phosphorylation of both Stat1 and Stat3 
was induced rapidly and constantly by LTA. 

Both IRFs and Stats are known to regulate type I IFN responses and 
production, therefore their interdependence was studied. As IRF2 DNA-binding 
predominated in LTA-stimulated mouse macrophages, its role in the regulation of 
IRF1 and Stat functions was characterized. Silencing of IRF2 did not affect the 
baseline levels of IRF1; however, it abolished the induction of IRF1 protein by 
LTA, showing that IRF2 is needed for the induction of IRF1 protein. In addition, 
IRF2 was found to be important for the LTA-induced activations of Stat1 and 
Stat3, since their tyrosine phosphorylations were abolished in IRF2-silenced 
macrophages. 
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5.5.3 Regulation of LPS- and LTA -induced transcription factors by 
PI 3-kinase and Btk (I–III) 

As PI 3-kinase and Btk were shown to be active in TLR signaling, the possibility 
that they regulate the activity, localization, and transcriptional activation of LTA- 
and LPS-induced transcription factors was studied. In LPS-stimulated cells, PI 
3-kinase activity was not necessary for the increased DNA-binding activity of 
NF-κB. Despite the inhibition of PI 3-kinase, the nuclear staining of NF-κB p65 
was also increased by LPS. However, the inhibition of PI 3-kinase resulted in 
decreased transactivation of NF-κB. These results show that PI 3-kinase regulates 
the transactivation of NF-κB without affecting its nuclear translocation or DNA-
binding.  

PI 3-kinase activity was not necessary for the LTA-induced DNA-binding 
activity or the serine 536 phosphorylation of NF-κB p65. However, inhibition of 
PI 3-kinase caused ~30% decrease in the transcriptional activity of NF-κB. The 
inhibition of Btk activity decreased the serine 536 phosphorylation of LTA-
induced NF-κB p65. Moreover, Btk activity was necessary for LTA-induced 
DNA-binding of the NF-κB p50/p50 complex and transcriptional activity of NF-
κB. These results suggest that PI 3-kinase regulates the LTA-induced 
transactivation of NF-κB without affecting its DNA-binding activity, whereas Btk 
regulates transactivation of NF-κB via changes in the phosphorylation and DNA-
binding activity of NF-κB. However, neither PI3-kinase nor Btk had a significant 
regulatory role in the activity of IRF1/2 and Stat1/3 transcription factors.  

5.5.4 Regulation of LPS- and LTA-induced inflammatory responses 
by NF-κB and IRF2 (I–III) 

As NF-κB was activated by LPS, its role in LPS-induced inflammatory responses 
was studied. Inhibition of NF-κB blocked the LPS-induced mRNA expression of 
IL-1β and TNF-α, whereas other LPS-induced cytokine expressions remained 
unchanged (Table 8).  
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Table 8. Summary of LPS-induced cytokines affected by NF-κB inhibition. 

Cytokines LPS stimulation Inhibition of NF-κB on LPS-induced cytokines 

mRNA expression   

IL-1α ++ ↔ 

IL-1β ++ ↓↓ 

TNF-α ++ ↓↓ 

Mip-2 ++ ↔ 

Marks: ++ indicates over 5-fold increase in cytokines, ↔ indicates no change in LPS-induced cytokines, 

↓↓ indicates immediate decrease in LPS-induced cytokines 

The effect of the IRF2 transcription factor on LTA-induced inflammatory 
responses was studied. Silencing of IRF2 resulted in reduced IFN-α secretion in 
response to LTA stimulation (Table 9). In addition, IRF2 silencing decreased the 
effect of LTA on the secretion of TNF-α and IL-10 by 3 hours after LTA 
stimulation, suggesting that IRF2 is necessary for the LTA-induced secretion of 
TNF-α and IL-10. 

Table 9. Summary of LTA-induced cytokines affected by IRF2 gene silencing. 

Cytokines LTA stimulation IRF2 inhibition on LTA-induced cytokines 

Secretion   

IFN-α ++ ↓↓ 
IL-10 ++ →↓ 

MCP-1 ++ ↔ 

TNF-α ++ →↓ 

Marks: ++ indicates over 5-fold increase in cytokines, ↔ indicates no change in LTA-induced cytokines, 

↓↓ indicates immediate decrease in LTA-induced cytokines, →↓ indicates delayed decrease in LTA-

induced cytokines 

As the secretion of LTA-induced cytokines was decreased in IRF2-silenced cells, 
the possibility that IRF2 regulates this effect via TLR2 adapter proteins was 
studied. The amount of MyD88 protein was not changed in IRF2-silenced cells 
when compared to untreated cells. However, silencing of IRF2 resulted in an 
increase in the Mal adapter protein level, showing dysregulation of Mal in the 
absence of IRF2. As Btk regulates the Mal adapter protein in TLR signaling, the 
effect of simultaneous inhibition of Btk and IRF2 on cytokine secretion was 
studied. Interestingly, the inhibition of Btk and blocking of IRF2 caused hyper-
induced secretion of IFN-α. 
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5.6 Characterization of LPS-induced inflammatory responses in 
vivo (IV) 

About 80–90% of tissue macrophages reside in the liver, therefore, liver is 
considered important in the first-line defense against bacterial infections (Gao et 
al. 2008). Liver is known to express low levels of several TLRs (Zarember & 
Godowski 2002), but little is known of the in vivo interplay of TLRs and their 
subcellular localization during inflammation. Therefore, the expression and 
localization of TLRs was studied in liver using lung tissue in comparison. 
Furthermore, the in vivo cytokine events after the LPS challenge and the role of 
NF-κB were evaluated. 

5.6.1 TLR4 and TLR2 expressions in LPS-induced mice (IV) 

The in vivo inducibility of TLR4 and TLR2 in mouse liver and lung by LPS was 
studied. TLR2 mRNA expression in mouse liver and lung was robustly induced 
by LPS, whereas TLR4 expression was increased only in lung. Instead, the 
expression of TLR4 was very low in the liver, and even showed a tendency to 
decrease in response to LPS. In the livers and lungs of TLR4-/- mice, LPS did not 
induce TLR2 mRNA, showing that TLR4 is necessary for the LPS-induced 
upregulation of TLR2. The changes in TLR4 and TLR2 protein levels after LPS 
challenge were studied. The induction of TLR2 protein by LPS stimulation was 
detected already at two hours in both lung and liver. Since all the tested TLR4 
antibodies gave significant background in Western analysis and 
immunohistochemistry, the regulation of TLR4 protein could not be measured 
reliably.  

5.6.2  Localization of TLR2 protein in LPS-induced mice (IV) 

As it is not known which cells in liver and lung express TLR2 protein during 
endotoxemia in vivo, the localization of TLR2 protein after LPS challenge was 
studied by immunohistochemistry and immunoelectronmicroscopy. Faint TLR2 
staining was detected in the Kupffer cells of the liver and the interstitial and 
alveolar macrophages of the lung after PBS treatment. The intensity of TLR2 
staining and the number of inflammatory cells were increased by LPS challenge 
in the liver and lung. In immunoelectronmicroscopy studies, weak and diffuse 
expression of cytoplasmic TLR2 was seen in the Kupffer cells of the liver without 
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LPS challenge. LPS administration caused accumulation of TLR2 in the plasma 
membrane and in vesicles near the plasma membrane of Kupffer cells. TLR2 was 
also detected in hepatocyte plasma membrane in the space of Disse and the 
cytoplasmic vesicles of hepatocytes after LPS treatment. In the lung, TLR2 
localized both to the surface and in the cytoplasmic granules of interstitial and 
alveolar macrophages. LPS caused no change in TLR2 protein localization. 

5.6.3 Transcription factor activation and cytokine induction in LPS-
challenged mice (IV) 

The activity of NF-κB in the livers and lungs of PBS- and LPS-challenged mice 
was studied. In PBS-treated mice, NF-κB resided mainly in the cytoplasm; 
however, NF-κB translocated to the nuclei of sinusoid endothelial cells, Kupffer 
cells, and hepatocytes after LPS challenge. Low levels of NF-κB DNA-binding 
activity were observed in the livers and lungs of the PBS-treated mice. After LPS 
challenge, DNA-binding activity of NF-κB was enhanced both in liver and in 
lung.  

NF-κB DNA-binding during the LPS challenge was associated with an 
induction of cytokine expression. The expressions of IL-1α, IL-1β, TNF-α, and 
MIP-2 in liver were remarkably increased two hours after LPS challenge, whereas 
in the lung an increase of IL-1β, TNF-α, and MIP-2 was detected only after five 
hours. Interestingly, anti-inflammatory cytokine IL-10 was upregulated only in 
the liver after LPS challenge. Expression levels of all the cytokines returned to the 
baseline by 24 hours in both the liver and lung. 

5.6.4 The effect of LPS-induced inflammatory mediators on TLR2 
expression in vivo (IV) 

To study the role of LPS-induced cytokines in the elevated TLR2 expression in 
liver after LPS challenge, wild-type mice were challenged with recombinant 
IL-1α or antibodies against IL-1R1 or TNFR1 before LPS injection. IL-1α 
administration caused an evident upregulation of TLR2 in two hours, with the 
levels remaining elevated at five hours. LPS-induced TLR2 mRNA expression 
was attenuated by 60% with prior IL-1R1 antibody treatment and by 49% with 
TNFR1 antibody treatment, showing that in addition to TLR4, increased cytokine 
levels also affect LPS-induced TLR2 expression.  
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6 Discussion 

Regulation of the innate immune response is a complex biological process 
involving the combined synergistic and antagonistic effects of distinct signaling 
mediators. To avoid detrimental and inappropriate inflammatory responses, there 
must be a carefully regulated balance between these activities. The present study 
evaluated the activation and regulation of TLR4 and TLR2 signaling with the aim 
of better understanding the molecular mechanisms that control these 
inflammatory events. 

6.1 Methodological aspects 

To evaluate the signaling cascades and responses of TLR4 and TLR2, a 
continuous cell line of macrophages, RAW 264.7, was selected, since 
macrophages are versatile innate immune cells. They are involved in the 
recognition and phagocytosis of pathogens, initiation and regulation of 
inflammatory responses, and antigen presentation to lymphocytes. As these cells 
are professional innate immune cells, they endogenously express the signaling 
mediators of TLR pathways.  

In the preliminary studies, the dose-dependency of LTA responses were 
evaluated as the dose of infective agent can affect the course of the inflammatory 
response, and little is known of the effects of butanol-purified LTA in the TLR-
induced cellular responses. For the same reasons, the inflammatory responses 
induced by LTA were studied more extensively than the ones started with LPS. 
The effects of LPS have been widely explored; thus, the used dose of LPS was 
selected from the previous literature. As the focus of this study was to evaluate 
the activation and function of signaling molecules in TLR pathways and the acute 
inflammatory responses, the timepoints were selected accordingly.  
To achieve the selected goals, various methods were used to study the inductions, 
interactions, and activations of the signaling molecules and mediators in the TLR 
pathways. In addition, to gain physiological insight, certain experiments were 
performed in a mouse model. As with any model, there are weaknesses in the 
study settings. For instance, there is always the problem of specificity with the 
use of pharmacological inhibitors. In addition, the inhibition of signaling 
mediators can lead to the activation of many compensatory mechanisms. The 
interactions or signaling pathways detected in cell models are not necessarily 
similar in the physiological context. However, basic research in both cell and 
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animal models is needed before the results can be translated into effective 
therapies for humans. 

6.2 Modulation of LPS- and LTA-induced inflammatory responses 
by PI 3-kinase and Btk 

In the studies on mouse macrophages, LPS and LTA were shown to induce the 
expression of several inflammatory mediators important in bacterial infections, 
including TNF-α and IL-1β. Previously, both PI 3-kinase and Btk have been 
shown to play central roles in the signal transduction pathways of acute 
inflammation; however, their involvement in TLR pathways is only partially 
characterized (Brunner et al. 2005, Monick et al. 2001). In this study, PI 3-kinase 
was found to be important in TLR4 and TLR2 signaling as it selectively modified 
the LPS- and LTA-induced cytokines.  

Interestingly, a difference in the initiation of the inflammatory response was 
detected between Gram-positive and Gram-negative signaling. For instance, the 
effect of PI 3-kinase on LTA-stimulated cytokines was more delayed compared to 
the LPS-induced cytokines. It has been proposed in several studies that PI 
3-kinase functions in the early phase of TLR signaling and modulates the 
magnitude of the primary activation (Fukao & Koyasu 2003). According to the 
current results, this seems to be true in the LPS-induced macrophage model as 
well. However, the delayed effects of PI 3-kinase in the LTA-induced cytokine 
responses suggest that PI 3-kinase signals via distinct pathways after LTA- and 
LPS-induced TLR2 and TLR4 activation, and that PI 3-kinase is involved in the 
regulation of the secondary inflammatory cascade in LTA-induced macrophages. 

In addition to PI 3-kinase, Btk was found to be an essential signaling 
mediator in the LTA-induced TLR2 pathway. In this study, Btk had a 
proinflammatory role in the induction of specific LTA-induced cytokines, 
including TNF-α and IL-1β. This result is supported by the study of Horwood and 
co-workers, who reported that human monocytes, stimulated with TLR2 and 
TLR4 ligands, produce significantly less TNF-α and IL-1β in the absence of Btk 
(Horwood et al. 2006). Similar findings have been shown in the peritoneal 
macrophages of Xid mice (Mukhopadhyay et al. 2002). However, the function of 
Btk in immune signaling is more complex. For instance, the proinflammatory 
responses against CpG-DNA are enhanced in Btk-deficient B cells. These cells 
also produce lower levels of the anti-inflammatory cytokine IL-10 (Hasan et al. 
2008). In contrast, the induction of proinflammatory IL-6 by CpG-DNA is 
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impaired in monocytes from XLA-patients (Doyle et al. 2007). Taken together, 
these studies show both the cell- and ligand-dependent influence of Btk on 
immune signaling. Based on the present and earlier studies, we have suggested 
that Btk is a common signaling molecule for the innate immune system, activated 
by various pathogens. Nowadays, Btk seems to have a growing role in the 
signaling of several TLRs (Doyle et al. 2005, Doyle et al. 2007, Gray et al. 2006, 
Hasan et al. 2008, Piao et al. 2008, Schmidt et al. 2006). 

6.3 Integration of PI 3-kinase and Btk in TLR4 and TLR2 signaling 

Previously, stimulation of TLR4 or TLR2 has been shown to activate PI 3-kinase 
(Arbibe et al. 2000, Guha & Mackman 2002). This finding was confirmed in this 
study. In addition, most of the TLRs have now been shown to activate PI 3-kinase 
in their signaling, suggesting a central role for PI 3-kinase in inflammatory 
responses induced by TLRs (Hazeki et al. 2007).  

The interaction domains of signaling proteins have an essential role in the 
assembly of multiprotein complexes; consequently, these interactions often 
determine the specific outcome of the signal transduction (Li 2005). In the current 
study, PI 3-kinase was shown to interact with TLR2 through its SH3-domain, 
which binds proline-rich regions (Yu et al. 1994). Previously, tyrosine 
phosphorylation has been shown to be an important means of regulating the 
activity of several TLRs (Arbibe et al. 2000, Ivison et al. 2007, Medvedev et al. 
2007, Sarkar et al. 2004, Sarkar et al. 2007). More precisely, Arbibe and 
coworkers (Arbibe et al. 2000) have shown that tyrosine-phosphorylation of the 
YXXM motif of TLR2 is necessary for its interaction with PI 3-kinase in cells 
stimulated with heat-killed Staphylococcus aureus. Despite several attempts, we 
could not confirm this in mouse macrophages stimulated with Staphylococcus 
aureus LTA. It is possible that the conflicting results are caused by different 
experimental settings; here, we studied endogenous proteins in mouse 
macrophages, whereas Arbibe and coworkers used TLR2-transfected HEK293 
cells (Arbibe et al. 2000). 

Activation of PI 3-kinase is mediated by the binding of the SH2-domain to 
tyrosine-phosphorylated proteins containing YXXM motifs (Fruman et al. 1998). 
As MyD88 was found to be tyrosine-phosphorylated in response to LPS and as it 
possesses a putative binding site for PI 3-kinase in its C-terminal domain, it was 
hypothesized that these two signaling molecules could interact. Indeed, PI 
3-kinase was found to form an LPS-induced complex with MyD88 via its SH2-
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domain, showing that PI 3-kinase is an active part of the TLR4 signaling pathway. 
Later, it has been shown that MyD88 associates with the PI 3-kinase p85 subunit 
in response to flagellin, which activates the TLR5 signaling pathway (Rhee et al. 
2006). In addition, in a recent study, MyD88 with a point mutation in the YKAM 
motif failed to interact with the p85 subunit of PI 3-kinase in CpG DNA-
stimulated cells (Gelman et al. 2006). Moreover, this study showed that PI 
3-kinase activation by CpG DNA is dependent on this specific interaction 
(Gelman et al. 2006). These studies support our finding and confirm the 
significance of this site in MyD88-PI 3-kinase complex formation and signaling.  

The interaction between MyD88 and the SH2-domain of PI 3-kinase, shown 
in the LPS-stimulation model, was faintly detected in unstimulated mouse 
macrophages. However, whether this interaction would have increased with LTA 
was not evaluated. Instead, Btk was found to be activated by LTA with similar 
kinetics as has been reported in LPS-induced TLR4 signaling (Jefferies et al. 
2003). At the same time as the current study, evidence of the activation of Btk by 
synthetic TLR2 ligands was shown, further confirming the importance of Btk in 
TLR signaling (Horwood et al. 2006). In addition, Btk was associated with the 
activity of PI 3-kinase in the present study. The interplay between PI 3-kinase and 
Btk is well documented in B-cells; these factors have been shown to regulate an 
overlapping set of genes, and the phenotype of the p85α knockout is similar to the 
Xid phenotype (Donahue et al. 2004, Fruman et al. 2002). Furthermore, Btk has 
been shown to be a downstream signaling molecule of PI 3-kinase (Li et al. 1997). 
However, the activation of Btk detected in this study occurred before the maximal 
activation of PI 3-kinase, suggesting that in LTA-induced TLR2 signaling, Btk 
activation precedes the activation of PI 3-kinase. Although in many studies PI 
3-kinase inositol lipid products are considered necessary for the activation of Btk, 
PI 3-kinase-independent activation of Btk has been described (Suzuki et al. 2003). 
Further evaluation of Btk in LTA-induced TLR2 signaling showed that Btk was in 
the same complex with PI 3-kinase and TLR2 via the SH3-domain of PI 3-kinase. 
Markedly, Btk has a proline-rich region (PXXP) in its TH-domain that may serve 
as a putative binding site for the SH3-domain of PI 3-kinase (Okoh & Vihinen 
2002). Thus, it is possible that Btk functions as a bridging protein between PI 3-
kinase and TLR2. It is also possible that the SH2-domain of Btk mediates the 
interactions with tyrosine-phosphorylated motifs present in TLR2 and its 
heterodimer partners, TLR1 and TLR6 (Akira 2003). 
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6.4 Modulation of NF-κB activity in TLR4 and TLR2 signaling 

In response to LPS, NF-κB is regulated via two main pathways; controlled release 
of NF-κB from the cytosol to the nucleus (IκB-mediated pathway) and by post-
translational modifications (Doyle et al. 2005). In the current study, activation of 
NF-κB was detected by increased DNA-binding activity, translocation to the 
nucleus, and transactivation of NF-κB in mouse macrophages stimulated with 
LPS or LTA, and in the livers and lungs of LPS-challenged mice. Furthermore, 
the serine phosphorylation of NF-κB p65, which has been shown to be an 
important regulatory mechanism for the transactivation of NF-κB by LPS (Doyle 
et al. 2005, Yang et al. 2003), was detected in response to LTA stimulation.  

The interesting finding was the higher DNA-binding activity of the p50 
homodimer of NF-κB in LTA-stimulated cells than in LPS-stimulated cells. 
Moreover, the transactivation of NF-κB was found to be more pronounced after 
LPS stimulation than after LTA stimulation compared to the activation level in 
unstimulated cells. The p50 subunit of NF-κB lacks the transactivation domain 
present in the p65 subunit of NF-κB, and therefore, the p50 homodimer is mainly 
associated with transcriptional repression (Driessler et al. 2004, Grundstrom et al. 
2004, Udalova et al. 2000). This difference in the DNA-binding affinity of the 
NF-κB p50 homodimer can be one mechanism affecting the transactivation level 
of NF-κB, and the subsequent outcome in LPS- and LTA-stimulated cells. 

Various inflammatory agonists in diverse cellular systems have been shown 
to mediate the activation of NF-κB through the PI 3-kinase signaling pathway (Li 
et al. 2003, Monick et al. 2001, Polumuri et al. 2007). In this study, PI 3-kinase 
was found to positively regulate the transactivation of NF-κB in LPS-stimulated 
mouse macrophages, but it did not have an effect on the nuclear translocation or 
the DNA-binding of NF-κB in these cells. A similar finding came from LTA-
stimulated mouse macrophages; however, the effect of PI 3-kinase on the 
transactivation of LTA-induced NF-κB was not as substantial as in LPS-
stimulated cells. However, the role of PI 3-kinase in the regulation of NF-κB and 
subsequent proinflammatory signaling has divergent and conflicting results 
(Hazeki et al. 2007). For example, in LPS-induced THP-1 cells, PI 3-kinase has 
been shown to negatively regulate the DNA-binding and transactivation of the 
p65 subunit of NF-κB (Guha & Mackman 2002). Then again, in TLR2-stimulated 
neutrophils, PI 3-kinase did not affect the translocation of NF-κB, but its 
inhibition prevented serine 536 phosphorylation of NF-κB p65 (Strassheim et al. 
2004). The conflicting results may reflect the cell and stimulus specificity of PI 3-
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kinase in immune signaling, but as PI 3-kinase studies are mainly done with 
pharmacological inhibitors, the problem of specificity must be taken into 
consideration (Hazeki et al. 2007). Moreover, the PI 3-kinase inhibitors affect all 
PI 3-kinases, thus, the functions of distinct PI 3-kinases cannot be evaluated with 
these inhibitors. As knockout gene studies and new techniques, including gene 
silencing by siRNAs, are increasingly applied, the conclusions will be defined 
more precisely. 

In the current study, the role of Btk in the regulation of LTA-induced NF-κB 
activity was also evaluated. Btk was found to positively regulate the serine 
phosphorylation of NF-κB, but it did not affect the DNA-binding activity of the 
p65/p50 heterodimer. Similarly, Doyle and coworkers have shown that Btk is 
necessary for TLR4 signaling, resulting in serine 536 phosphorylation of NF-kB 
p65, but not IκB-mediated translocation of NF-κB (Doyle et al. 2005)(Doyle et al. 
2005). However, contradictory views of the role of Btk in the regulation of NF-κB 
exist (Shinners et al. 2007). These studies show that Btk is involved in the 
activation of NF-κB by several mechanisms depending on the cell type and 
stimulus. Interestingly, in this study Btk inhibition was found to reduce the DNA-
binding of the p50 homodimer, suggesting that Btk has a dual role in the 
regulation of NF-κB in LTA-challenged cells. The exact role of Btk in this 
phenomenon, however, remains to be defined. 

6.5 Activation of the IRF-Stat signaling pathway in response to LTA 

When the LTA-induced transcription factors were profiled, IRF1 and IRF2 were 
found to be activated by LTA. Previously, several IRFs have been linked to TLR 
signaling (Colonna 2007), but this is the first study showing that IRF2 is activated 
by a Gram-positive bacterial ligand.  

A positive correlation between TLR2, IRF1, and the levels of a 
proinflammatory stimulator oxidized low-density lipoprotein (LDL) in 
cardiovascular diseases has been detected, which supports the role of IRF1 in 
inflammatory states (Holvoet et al. 2006). In the current study, IRF2 mediated 
LTA-induced IRF1 expression. In support of this finding, Cuesta and coworkers 
have shown that IRF2-deficient mice are incapable of sustaining LPS-induced 
levels of IRF-1, and that these mice are highly susceptible to LPS-induced 
lethality (Cuesta et al. 2003). In addition, IRF1-deficient mice have been shown 
to have diminished LTA-induced cytokine responses (Albrecht et al. 2004).  
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Further evaluation of the role of IRF2 in TLR2 signaling showed that the 
LTA-induced IFN-α secretion was dependent on IRF2; further, Stat1 and Stat3 
phosphorylation was regulated by IRF2. Whether the secretion of IFN-α in LTA-
stimulated mouse macrophages was a direct effect of IRF2 or a consequence of 
the IRF2-mediated regulation of IRF1 was not evaluated. In the present study, 
however, IRF2 silencing caused a drastic decrease in these inflammatory 
responses, supporting the importance of IRF2 in LTA-induced inflammatory 
responses. It is well-documented that IRF3 and IRF7 have an essential role in the 
regulation of virus-induced type I IFNs (Paun & Pitha 2007); however, based on 
the current study, it seems type I IFNs induced by bacteria are regulated by 
IRF1/IRF2. 

In the current study, no role for PI 3-kinase or Btk was found in the regulation 
of IRF1/2 or Stat1/3, although several recent studies have shown that virus-
triggered IRF and IFN activation occurs via the PI 3-kinase-dependent pathway 
(Aksoy et al. 2005, Chang et al. 2006, Sarkar et al. 2004). One of the unexpected 
findings was the co-effect of Btk and IRF2 as the lack of these factors in LTA-
stimulated mouse macrophages resulted in a hyper-responsive state. The 
mechanism of this phenomenon remains to be elucidated. 

Interestingly, in the current study, LTA-induced inflammatory responses were 
shown to be IFN-α-dependent. In support of this, Mancuso and coworkers have 
shown that IFN-αβ signaling is crucial for host resistance against group B 
streptococci and S. pneumonia. In particular, the production of TNF-α was shown 
to be defective in IFN-αβR-deficient mice, causing increased susceptibility to 
frequent bacterial infections (Mancuso et al. 2007). Because of the potent 
antiviral activity of the type I IFNs, they have been well characterized in viral 
infections, but their role in the defense against bacteria, especially against Gram-
positive pathogens, has been far less studied. However, there is both in vitro and 
in vivo evidence that type I IFNs have an important role in infections caused by 
various bacteria, including Streptococcus pneumoniae (Bogdan et al. 2004, 
Weigent et al. 1986). Thus, based on the earlier findings and on the present study, 
the importance of type I IFNs in host responses against bacterial infections is 
evident.  
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6.6 The involvement of TLR2 in LPS-challenged TLR4 signaling 
in vivo 

When evaluating the in vivo inflammatory responses, LPS stimulation was found 
to induce upregulation of TLR2 expression, but not TLR4, in the mouse liver. The 
upregulation of TLR2 was found to be TLR4-dependent, since TLR2 mRNA was 
not induced in the livers of TLR4-deficient mice. It is most likely that this 
upregulation of TLR2 by LPS occurs through the activation of NF-κB, since the 
TLR2 promoter contains binding sites for NF-κB (Wang et al. 2001) and TLR4-
deficient mice, which do not upregulate TLR2, show reduced NF-κB activation in 
response to LPS (Liu et al. 2002). The increased cytokine levels in LPS-
challenged mice were found to affect the LPS-induced TLR2 expression. In 
support of these results, the expression of TLR2 in hepatocytes has been shown to 
be upregulated by LPS, TNF-α, bacterial lipoprotein, and IL-1β in an NF-κB-
dependent manner, whereas TLR4 expression in hepatocytes is not upregulated by 
proinflammatory mediators (Matsumura et al. 2000, Matsumura et al. 2003). In 
addition, TLR2 has been reported to be upregulated by TNF-α and IL-1 in mouse 
liver in vitro (Liu et al. 2000). The cytokine-induced regulation of TLR2 was 
confirmed in this study in vivo.  

Cellular localization of TLR2 in vivo in liver has not been previously studied, 
even though its localization in many other cell types has been elucidated 
(Droemann et al. 2003, Uronen-Hansson et al. 2004). Liver as an immunological 
organ has a central role in the removal of pathogens and antigens from the portal 
vein blood and systemic circulation (Racanelli & Rehermann 2006). Antigens 
from the blood stream first come into contact with the sinusoidal cell population 
of the liver, the sinusoidal endothelial cells and Kupffer cells. The interesting 
feature of the sinusoidal endothelial cells is that they resemble antigen-presenting 
cells by expressing molecules promoting antigen uptake and presentation (Steffan 
et al. 1986). In the current study, the LPS-induced expression of TLR2 was 
localized in cells involved in the regulation of the immune defense of the liver. 
Moreover, in response to LPS, TLR2 was relocalized to the plasma membrane 
and vesicles near the plasma membrane of these cells, suggesting that TLR2 has a 
central role in hepatic immunocontrol during LPS challenge.  
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7 Summary and conclusions 

The present study aimed to profile the signal transduction mechanisms of TLRs 
induced by Gram-negative and Gram-postive bacterial ligands in mouse 
macrophages. The macrophages were found to induce central proinflammatory 
mediators in response to E.coli LPS and S. aureus LTA stimulations. In the TLR 
signaling pathways leading to these responses, specific roles for PI 3-kinase and 
Btk were described. These kinases were found to be activated by LPS and LTA; 
moreover, PI 3-kinase and Btk were found to form specific interactions with 
TLRs and their intracellular signaling mediators. In addition, a unique IRF2 
signaling pathway for LTA-induced TLR2 was found, resulting in the activation 
of Stats and IFN-α secretion. The secreted IFN-α was shown to regulate the LTA-
induced inflammatory responses, thereby combining the LTA-activated IRFs into 
NF-κB pathway (Fig. 6). 

In human diseases, bacterial infections frequently co-occur with viral 
infections. Although the disruption of the protective barriers by viruses increase 
the risk for the secondary bacterial infections, little is known about the impact of 
antiviral immune responses on the inflammatory responses to secondary bacterial 
pathogens. The priming effect of IFN-α in augmenting the host immune response 
to viral infection has been well defined (Brassard et al. 2002). Recent studies, 
including this study, show that several TLRs are capable of inducing type I IFNs 
via IRFs. Thus, there is a possibility that IRFs and IFNs could be in the 
intersection of viral and bacterial responses in activated TLR signaling pathways. 
The understanding of the molecular mechanisms that control the activation of 
TLR signaling cascades will in the future help to predict predisposition and 
outcome in infectious diseases, and to control the course of disease at an earlier 
stage. 
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Fig. 6. A schematic representation of LPS- and LTA-induced signaling cascades. 
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