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Abstract

Both anti-viral and anti-bacterial host defense mechanisms involve TRIF signaling. TRIF provides
early clearance of pathogens and coordination of a local inflammatory ensemble through an
interferon cascade, while it may trigger organ damage. The multipotentiality of TRIF-mediated
immune machinery may direct the fate of our continuous battle with microbes.
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1. Introduction

One aspect of human life is fighting against infectious diseases. In spite of the successful
development of current antibiotics and vaccination strategies, infectious diseases are still
rated as a major cause of human mortality at the present day. Disruptions of microbial
ecology may result in selection of certain microbes or evolve new pathogens that can adapt
to environmental changes. Previous establishment of the antibiotics with broad-spectrum
bactericidal effect has been overcome by many pathogens that have acquired resistance to
those drugs. Advanced globalization, food supply and human travels increase the risk of
epidemic outbreaks. Pathogen transmission from animals to humans or occurrence of the
hybrid vectors may emerge new infectious diseases that had not been previously
experienced in humans [1, 2]. These emerging and re-emerging infectious diseases have
been identified as important public health problems worldwide. In addition, epidemic
potential of some microbes may be misused for bioterrorism purposes, which has become a
new threat to our lives. In order to achieve the major improvements in this continuous battle
with infectious diseases, it would be required for us to advance our understanding of the
pathology and defense mechanisms in our body in a face of pathogenic microbes.

The discovery of pattern recognition receptors (PRRs) has lead to a major paradigm shift in
infectious diseases over the last two decades. PRRs are the class of germ line-encoded
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receptors that trigger innate immune responses by recognizing pathogen-associated
molecular patterns (PAMP)s that are conserved molecular structures of microbial
components. Upon pathogen recognition, PRRs initiate several intracellular signaling
pathways that lead to multiple gene induction required for activation of host defense
programs in both arms of innate and adaptive immunity. Innate immunity provides the first
line of defense consisting of immediate microbial killing, initiation of local inflammation,
and direction and activation of adaptive immunity. Adaptive immunity in turn provides
antigen-specific microbial killing and regulation of inflammation through gene
rearrangement of T cells and B cells. These antigen non-specific responses in innate
immunity do not require the gene rearrangement process that allows immediate defense to
variety of microbes. This indicates that PRRs are evolutionally conserved receptors that
have been positively selected to sense only molecular structures that are highly conserved in
microbes. Although PRRs may inherent risks to be evaded by pathogens carrying mutations
in genes encoding their PAMPs, those pathogens can still be recognized by other PRRs
because most microbes carry multiple PAMPs. Therefore, recognition of pathogens by PRRs
is the essential element of our innate immune system, which has been shaped through long
time interaction with microbes to form full defense programs against invading pathogens.

Increased understanding of innate immunity has given rise to a new concept that “we live in
host-microbial interactions”. This idea led us to realize that infectious diseases result from
disruption of host-microbial interactions, thus microbes are one component of our defense
mechanism against pathogenic microbial infection. In addition, substantial parts of the organ
pathology in infectious diseases are caused by host immune responses to responsible
pathogens. For example, exterior interface of our body such as skin or mucosal surfaces
carry diverse but certain groups of microorganisms. These microorganisms seem to be co-
evolved with our innate immunity and have established commensal flora, which composes
an integrated defense system known as colonization resistance. In fact, germ-free animals
have multiple defects in the development of mucosal immune system [3, 4]. In addition,
innate immune signaling in epithelial cells leads to the production of antimicrobial peptides
in response to commensal bacteria, which contribute to the regulation of commensal
composition and protection from harmful foreign pathogens [4, 5]. Therefore, the interplay
between host immune system and commensal microorganisms formulates a mutually
beneficial symbiotic state in our body. In this review, we discuss a unique aspect of host
defense mechanism against microbial pathogens through the viewpoint of TIR-domain-
containing adapter-inducing interferon-p (TRIF)-mediated innate immune responses.

2. Infectious disease: an evolutionary arms race

Infectious diseases are the state of illnesses that are caused by invasion of a host by
pathogenic microbes, such as viruses, bacteria, fungi and parasites. It is normally triggered
by transmission of virulent microbes directly or indirectly from one host to another. Direct
transmission includes physical contact of mucosa or wounds to pathogens, mother to fetus or
breastfeeding. Indirect transmission can be airborne, food or water borne, blood transfusion,
or through vectors such as mosquitoes. Infections may also be triggered by contaminated
medical devices e.g., used needles and syringes. The symptoms of an infectious disease are
caused by both pathogens and host immune responses. Pathogens produce toxins or utilize
virulence factors to invade the host and disrupt structure or function of the organs. By
contrast, host immune responses to invading pathogens lead to the production of peroxidase,
cytokines, eicosanoids, and bradykinin, resulting in local tissue damage, pyrexia, dilatation
of blood vessels, and alteration of clotting, which ultimately can induce SIRS (systemic
inflammatory response syndrome) and multiple organ failure. Therefore, most devastating
symptoms in infectious diseases are associated with host humoral substances rather than the
direct damage caused by pathogens or their toxins.
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During our long history of fighting with infectious diseases, host genetic alterations have
evolved to minimize the morbidity and mortality from the infections. By contrast, microbes
may evolve more rapidly than vertebrates and achieve ways to colonize efficiently and
evade host immune defenses. For example, enterohemorrhagic Escherichia coli O157:H7
has emerged in 1982 as a causal pathogen for foodborne illness and has become a major
threat to global public health because of its lethal potential by inducing hemolytic uremic
syndrome [6]. Recent genetic and evolutionary studies have identified that £. coli O157:H7
is evolved from an enteropathogenic O55:H7 strain, which does not carry several virulence-
associated genes in O157:H7 [7]. Bacteria can gain new genetic materials not only by
acquiring a natural mutation but also by their competency to uptake DNA from other
microbes, which helps them adapt host environment [1]. Specifically in the gastrointestinal
tract, the interactions with commensal microorganisms may provide foreign pathogens the
chance to acquire an ability to colonize the host through horizontal gene transfer [8].
Therefore, the mutual evolution among host immunity, pathogenic, and non-pathogenic
microbes forms a unique ecosystem, which decides the course of our future battle with
infectious diseases.

Proper initiation of host immune response is crucial to efficiently defend against pathogenic
infections, which largely depends on local innate immunity. The most important task of
innate immunity is identification of the pathogenic invasion by PRRs. Although PRRs are
thought to be highly conserved in general, recent identification of PRR polymorphisms
suggests that the genes encoding PRRs in current generation may have resulted from
positive selection through survival from infectious diseases. Furthermore, recent genetic
studies have outlined that the intracellular toll-like receptors (TLR)s, especially nucleotide
sensing TLRs (TLR3, TLR7, TLR8 and TLR9), have been under stronger selection than
have membrane bound TLRs [9]. This biased selection may result from the availability of
the PAMPs per pathogen and the location of TLRs. Nucleotide sensing TLRs are mainly
responsible for the detection of viral pathogens which carry fewer PAMPs than other types
of pathogens, and allowing insertion of foreign nucleotides within the cell is more dangerous
than handling pathogens outside of the plasma membrane. Therefore, adaptive evolution by
historical constrains including infections and non-adaptive genetic drift shape our innate
immune responses in order to survive the evolutionary arms race of humans and microbes.
This interaction between host immunity and microbes would be crucial to the understanding
of the host defense mechanisms and the pathogenesis of individual infectious diseases.

3. Innate immunity

Innate immunity is the primary host defense program against microbes and tissue damage. It
induces generic immune responses to pathogens by recognizing microbial molecular
patterns i.e., PAMPs. This response is normally established within hours and continued until
the antigen-specific adaptive immune responses are mounted. While the individual arms of
these immune pathways play distinct roles to form an organized immune response against
invading pathogens, the precise interplay between these two arms of immunity relies on
innate immunity. In order to customize host immune response to individual pathogens,
innate immunity uses several types of PRRs, which are distributed in the plasma membrane
or cytosol of the cells. By sensing each PAMP through a PRR, host antigen-presenting cells
(APC)s induce a cascade of cytokines and chemokines to mobilize other types of immune
cells to the infection site. The location of individual PRRs in the cell also associates with
other cell functions including phagocytosis, intracellular vesicle trafficking, and the
expression of cell surface markers. The combination of the types of cells involved and
signaling pathways from responsible PRRs shape an innate immune response to infection.
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4. TRIF and its signaling

TRIF was discovered as a toll/interleukin-1 receptor-like (TIR) domain-containing adaptor
protein of TLR3 and TLR4 as a strong inducer of type | IFNs [10, 11]. Not only type I IFNSs,
TRIF signaling has been shown to regulate the gene expression of RANTES, IP-10, MCP-1
and IL-12p40 in response to the upstream TLRs [10, 11]. Activation of TRIF signaling also
results in cell apoptosis and generation of reactive oxygen species (ROS). Recently,
cytosolic DDX1, DDX21, and DHX36 helicases were found as another TRIF interacting
PRRs in myeloid DCs that forms a complex in response to dsSRNA [12](Figure 1).

Upon activation of upstream PRRs, TRIF serves as a molecular platform for signal
transmission and forms physical interactions with several adaptor molecules. The initial step
of TRIF signaling is intracellular trafficking to endosomes. This process is mediated through
an adaptor TRAM (TRIF-related adaptor molecule) in case of TLR4 stimulation [13]. After
receiving upstream inputs by interacting individual Toll/interleukin-1 receptor-like (TIR)
domains, TRIF undergoes conformation changes and recruits the downstream TNF receptor-
associated factor (TRAF)3 and TRAF6 [14]. TRAF6 facilitates the recruitment and
ubiquitination of Receptor-interacting protein (RIP)1, which leads to a complex formation
with TAK1 (Transforming growth factor-p-activated kinase 1) and MAPKs (mitogen-
activated protein kinase) resulting in nuclear translocation of NF-xB and AP-1, respectively.
By contrast, polyubiquitylation of TRAF3 triggers the activation of TANK-binding kinase 1
(TBKZ1) leading to nuclear translocation of IFN regulatory factor 3 (IRF3).

In addition to the role of TRIF as a signaling adaptor, a recent report has described that
TRIF induces mRNA stabilization of IFN-p through MAPK-activated protein 2 [14]. TRIF
is also known to mediate apoptotic cell death upon TLR3 and TLR4 stimulation. TRIF-
induced cell apoptosis is induced by RIP-mediated caspase-3 activation through caspase-8
but not the mitochondrial pathway [15].

Lastly, the essential roles of TRIF signaling in T cell activation have been reported. TRIF is
known to regulate surface expression of costimulatory molecules, CD80 (B7-1), CD86
(B7-2), and CD40 in professional APCs, as well as CTLA-4 in CD4+ T cells [11, 16]. TRIF
has also been shown to induce MHCII surface expression in bone marrow derived DCs by
interacting with RhoB GTPase after TLR4 stimulation [17]. In addition, TRIF signaling
preferentially supports effector T cell accumulation through induction of CXCR3 in vivo
[18]. Therefore, TRIF signaling in both APCs and T cells contributes to proper induction of
T cell-mediated adaptive immune responses, highlighting TRIF as an important matchmaker
between innate and adaptive immunity.

5. TRIF in anti-viral immunity
5.1 Overview

The basic instinct of viruses is passing their genome to the host in order to replicate
themselves within the host cells. Major viral pathogens gain access to the host through
mucosa and use local cells for viral replication niches. The respiratory tract may be the most
prevalent infection site for the viral pathogens such as influenza virus, respiratory synctial
virus (RSV), vesicular stomatitis virus and rhinovirus, which cause respiratory and systemic
symptoms. The gastrointestinal tract is another major route of occasional viral infection and
also involved in the vertical transmission of viruses through breastfeeding. The viruses
associated with the vertical transmission include retrovirus HIV, HTLV, Hepatitis A/B, and
Herpes simplex viruses (HSV) [19]. Furthermore, many viruses use the gastrointestinal tract
as a primary replication site or as a reservoir prior to spreading systemically. The
immunomodulatory nature of intestinal mucosa provides a unique environment for
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pathogenic viruses that is favorable for viral replication. In this regard, symbiotic gut
microbiota may contribute to viral colonization and replication as has been shown in mouse
infection with retrovirus, mammary tumor virus, and poliovirus [20].

TRIF is an adaptor component of TLR3 that is known to recognize dsRNA viruses, but it
plays important roles in infection with other types of viruses, such as HSV (DNA virus) and
West Nile virus (SSRNA virus). This is because most viruses form a dsSRNA intermediate
during replication process in the cytosol. Therefore, TRIF may have multiple roles in anti-
viral host defense mechanism.

5.2 Key programs

There are several key programs in the host defense mechanism against viral infection. First,
cells nonpermissive to viruses are equipped with intrinsic restriction factors that limit viral
replication immediately upon infection. Intrinsic restriction factors include cytosolic
enzymes, proteins, and RNA interference that directly inhibit viral fusion, virion release, and
viral transcription or translation [21]. For example, APOBEC3G inhibits HIV viral reverse
transcription by altering C to U of HIV negative stand, and interferon-inducible
transmembrane proteins block entry of the virus, including influenza virus or flaviviruses
[21]. These intrinsic factors are unable to control viral infection by themselves but are
enough to buy time until the interferon (IFN) system becomes ready.

The IFN system is one of the indispensable host anti-viral programs, which inhibits viral
replication and activates several key functions of innate and adaptive anti-viral immunity.
IFNSs are a prominent cytokine family as it provides early anti-viral response and interactive
network through induction of IFN-stimulated genes. Upon viral infection, host cells sense
viruses or viral products mainly via nucleotide sensing TLRs, RLRs, or cytosolic DNA
sensors resulting in induction of primary responding cytokine, type | IFNs. Secreted type |
IFNs bind to cell surface type | IFN receptors (IFNAR1 and IFNAR2) and lead to
expression of a variety of genes in an autocrine and paracrine manner. In addition, IFN-
stimulated genes inhibit viral replication by degrading viral RNA using 2"-5" oligoadeylase
and RNase L, and shutting down host protein translation through PKR activation [22].

The third anti-viral program is the expression of other cytokines and chemokines by virally
infected cells. Secreted cytokines and chemokines help recruit other types of immune cells
such as monocytes and NK cells to the infected local area, which processes dead cells and
formulate integrated immune responses. Depending on the type of viral antigens, activated
NK cells or NKT cells remove the infected cells by releasing Granzymes and IFN-y. CD8+
cytotoxic T cells also directly kill the infected cells after receiving antigen cross-
presentation from APCs. The combination of these anti-viral programs finally reaches to the
establishment of antigen-specific adaptive immunity that terminates the infection and
memorizes the viral pathogen, which allows the host to rapidly clear a second infection by
the same viruses.

5.3 The role of TRIF signaling in antiviral immunity

As one of the major innate immune signaling pathways, the demand of TRIF signaling in
host defense against viral infection is greater in mucosal organs including the respiratory or
gastrointestinal tract. Airway epithelial cells have been shown to express high levels of
TLR3, which is further enhanced during infection with dsRNA viruses [23]. TRIF-mediated
induction of an intrinsic factor Mx-GTPase has been associated with host defense against
influenza A virus (IVA) infection [24]). However, the TRIF pathway also contributes to the
pathogenesis of IVVA-associated pneumonia as TRIF-induced inflammatory mediators causes
the destruction of airway mucosa [25]. Similarly, TLR3 is the most abundantly expressed
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TLR in human intestine and can be found in surface epithelial cells and lamina propria
mononuclear cells [26, 27]. TLR3-mediated TRIF signaling has been implicated in host
defense against rotavirus infection that causes gastroenteritis typically in children under 6
years old. A part of the age specificity may be explained by the fact that the expression
levels of TLR3 in intestinal epithelial cells increase along with aging. TLR3 mRNA
expression in endoscopically sampled duodenal mucosa was greater in 5 to 20 years old
individuals compared to children under 5 years old, which correlates with their resistance to
rotavirus infection [28]. In addition to TRIF, other cytosolic viral sensors like retinoic acid-
inducible gene I (RIG-I) or melanoma differentiation-associated gene 5 (MDADS) have
shown to induce type | IFNs in response to rotavirus infection, suggesting the cooperative or
redundant roles of these PRRs in IFN responses to rotavirus infection [29]. In addition,
absence of TRIF signaling results in increased mortality in a mouse model of myocarditis
caused by coxsackievirus group B [30]. Furthermore, hepatitis A virus blocks interferon
signaling through degrading TRIF by viral protease 3CD during infection [31]. A similar
strategy is used by hepatitis C virus that nullifies IFN signaling by cleaving TRIF and RIG-I
during infection [32]. Therefore, TRIF-mediated IFN signaling is crucial in host defense
against infection with these viruses.

In addition to the mucosal organs, TRIF has been shown to play a unique role in host
response to viral infection in the central nervous system (CNS). The importance of TRIF in
anti-viral defense in the CNS has been highlighted in genetic association studies, which
demonstrate strong association of TRIF polymorphism to pediatric herpes simplex virus
(HSV) encephalitis [33]. Poliovirus, a causal viral pathogen of poliomyelitis, is a single-
stranded RNA virus but forms dsRNA intermediate in the cytosol during viral replication
[34]. In animal studies, deficiency of TRIF increased mortality in response to poliovirus
infection due to impaired type | IFN expression, indicating an importance of TRIF signaling
in protection against poliovirus infection [35]. It has been shown that TLR3-mediated TRIF
signaling is required for clearance of West Nile virus from the CNS [36, 37], while others
have reported that TRIF signaling is involved in development of encephalitis [38]. These
results indicate that TRIF signaling is required for the control of viral load but strong
induction of TRIF-mediated pro-inflammatory response may be detrimental in local tissue
especially in the CNS.

6. Antibacterial immunity

6.1 Overview

Establishment of infection by bacterial pathogens has several steps. The first step is bacterial
colonization of the host tissue. Most of the bacterial pathogens target mucosal organs or
dermal wounds where the pathogens can enter our body. Therefore, interfering colonization
of pathogenic bacteria in the external and internal interfaces is our primary protection
against bacterial infections. Since the mucosal organs normally carry commensal flora,
disruption of microbial ecology in mucosal interface may results in increased susceptibility
to bacterial infection. For example, germ-free mice showed less capacity to limit the
colonization of pathogenic bacteria, relative to conventional mice, suggesting the
importance of commensal bacteria for space occupancy. In addition, secreted components of
commensal bacteria inhibit pathogenic bacterial growth thus participate in the restriction of
pathogenic colonization.

In addition to the territorial competition between commensals and pathogens, host factors
also contribute to the colonization resistance that include mucus secretion, peristaltic
movement, antimicrobial peptides and secretory IgA (slgA). The homeostasis of these host
factors is regulated by host-commensal interactions and thus involves innate immunity.
Once colonization is established, bacterial pathogens locally grow and are eventually
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recognized by host APCs via PRRs. Therefore, the second step of bacterial infection is to
overwhelm local innate immune defense through the pathogen-specific strategies including
physical invasion to deeper tissue, toxin secretion, or evasion of host immune responses. In
the final step, pathogens that overcame local immune defenses disseminate and colonize
other organs. Since bacterial infection bases colonization of the host organs, the major
symptom of bacterial infection is mediated by local inflammation of the infected organs,
which largely depends on innate immune responses. Therefore, effective suppression of
local pathogenic growth by host immunity is the key for successful defense against bacterial
infection.

elimination strategy

Prior to identifying pathogens, secretion of antimicrobial peptides and sIgA by host cells
prevent local bacterial growth and contact to the mucosal surface. The antimicrobial
peptides are secreted from epithelial cells or neutrophils in response to PRR signaling [39].
These peptides are classified by the net change or structure [39]. Generally, these peptides
have broad-spectrum bactericidal activity, which is composed of rupturing bacterial cell wall
by inhibiting cell wall synthesis through sequestration of membrane component lipid 11 or
inducing the ion channel formation in bacterial cell wall [39].

In addition to the antimicrobial peptide, slgA confers more specific defense. The antigen
information of invading pathogens is transferred from local APCs to T cells in regional
lymph nodes. Those T cells are differentiated and activate B cells in the lymphoid organs.
The activated B cells then undergo terminal differentiation to plasma cells and are recruited
to the infection site by the guide of chemokines induced by local APCs, where plasma cells
secrete IgA. This T cell-dependent IgA secretion takes five to seven days. However, B cells
can rapidly undergo class switch recombination in a T cell-independent manner in response
to B cell-activating factors induced by APCs and epithelial cells and secrete antigen-
nonspecific slgA [40]. This antigen-nonspecific sIgA has multiple cross-reactions and
contributes to host defense against a variety of pathogens. Importantly, many aspects of
sIgA secretion are regulated by TLR signaling [41, 42].

Once bacterial pathogens invade host tissue, pathogens are trapped by regional phagocytes,
which is an important process of antibacterial host defense as it provides direct killing of the
pathogen and induces cytokines and chemokines to form a localized inflammation. Bacterial
pathogens normally carry multiple PAMPs that are sequentially exposed to PRRs within
APCs (Figure 2). Because many bacterial pathogens have evolutionally acquired the skills to
escape phagocytosis and following endosomal degradation, this redundancy of bacterial
recognition systems increase the host capacity to establish the directed immune responses to
a variety of pathogens. For example, Yersiniatype Il secretion system (T3SS) nullifies the
phagocytic entrapment by GTPase-activating protein Yops [43]. Shigella escapes from the
phagosomes into the cytoplasm and adjacent cells using its T3SS [43]. Salmonella can also
interfere with endosomal fusion with lysosomes by modulating vesicle trafficking and
creating replication vacuoles through T3SS effector SopB [44]. Pathogens that evade
phagocytic elimination by APCs establish an infection and colonize in local tissue, which
induces localized inflammation leading to the organ symptoms.

The induction of local inflammation helps avoid bacterial overgrowth and prevents systemic
dissemination. During this process, neutrophils and macrophages are recruited by PRR-
induced chemokines. PRRs signaling also accelerate phagocytosis and granular enzyme
release of neutrophils. After phagocytosis, the pathogen-carrying APCs move to the regional
lymph nodes in order to formulate an organized immune response and activate adoptive
immunity. Pathogens, especially intracellular pathogens, in turn may utilize the APCs as a
carrier to transport them to other organs [45]. On the other hand, PRR-induced apoptosis has
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been implicated in host defense against bacterial dissemination. Apoptotic death of the
infected cells restricts the pathogenic spreading by conferring enforced death of the
cytosolic pathogens. In addition, bacterial PAMPs can be recognized by other APCs through
phagocytosing the apoptotic cells, which facilitates induction of adaptive immune responses.
It has been shown that TRIF signaling promotes apoptosis via FADD and caspase 8
activation upon Yersinia enterocolitica infection [46]. Therefore, the course of bacterial
infections depends on the host phagocytosis and virulence of the pathogens, which relies on
PRR signaling.

6.3 The role of TRIF signaling in antibacterial immunity

TRIF-dependent protective immunity is initiated by recognition of invading Gram-negative
bacteria by TLR4, which mainly provides the induction of acute inflammatory cell influx to
infection sites. Although it is associated with organ pathology, adequate inflammation is
necessary to prevent systemic dissemination of pathogens. There are several differences
between TRIF-mediated antivirus and antibacterial immunity (Table 1). During infection
with Gram-negative bacteria, bacterial PAMPs are recognized by TLR4 that triggers two
signaling pathways of MyD88 and TRIF. These two pathways induce distinct cytokines and
chemokines that are important for the clearance of pathogens. It has been shown that the
TRIF pathway contributes to bacterial elimination during systemic infection with
Salmonella typhimurium [47]. Mice deficient in TRIF showed increased bacterial burden
and greater mortality than WT mice in a lung infection with K/lebsiella pneumoniae due to
impaired neutrophil influx and local cytokine responses [48]. Similarly, requirement of
TRIF signaling in host resistance to infection was shown in other Gram-negative pathogens
such as Pseudomonas aeruginosa, Campylobacter jejuni, and Escherichia coli [49-51].
These results suggest that not only MyD88 but also TRIF signaling are crucial for recruiting
neutrophil influx and thus contribute to host defense against infection with Gram-negative
pathogens. Selection of the dominant pathway of TLR4 to induce local inflammation during
Gram-negative pathogens may be depending on the structure of their lipopolysaccharide
(LPS) [52]. In a human study, the TRIF polymorphisms did not show disease preference in
selected patients with urinary tract infections [53]. Therefore, weight of the individual
pathways in host defense mechanism may differ depending on pathogens or organs.

Recently, we have found an important aspect of TRIF signaling in intestinal host resistance
to infection with Y. enterocolitica [54]. After oral infection, TRIF deficient mice succumb to
massive bacterial dissemination within the initial three days. Greater susceptibility is
associated with impaired phagocytosis and intracellular bacterial killing in regional
macrophages and defective induction of chemokine CXCL10 in Peyer’s patches. We found
this local immune defect is further associated with the lack of IFN-p induction from infected
macrophages. TRIF-induced macrophage IFN-B is required for IFN-y production from NK
cells in the mesenteric lymph nodes, which contributes to the prevention of bacterial
dissemination by enhancing local bacterial killing. Therefore, TRIF-dependent intestinal
defense against Gram-negative Y. enterocolitica infection comprises of macrophage
activation and induction of local inflammation in Peyer’s patches, and sequential production
of IFNs in the mesenteric lymph nodes.

TRIF-mediated host defense mechanisms against Gram-negative bacterial infection differ
between intestinal and systemic infection, as TRIF deficient mice show different
susceptibility to intestinal vs. systemic infection with Y. enterocolitica [55]. During systemic
infection, it is likely that there are multiple compensatory mechanisms that can replace the
TRIF dependent protective immunity. In fact, survived TRIF deficient mice show increased
production of TNF-a in the spleen during systemic dissemination of Y. enterocolitica [54,
55]. Similarly, others have shown that splenocytes in TRIF deficient mice produce more
IFN-y than WT mice after intravenous infection with S. fyphimurium [47]. Therefore,
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TRIF-dependent protective immunity may be specific for mucosal defense against selected
Gram-negative pathogens.

7. The TRIF pathway, a pharmacological target

Elucidation of the substantial immune regulation by TLR3 and TLR4 has shed light on the
important role played by TRIF signaling. Several agonists and antagonists for TLR3 and
TLR4 have been developed, and many of them are currently in clinical trials (Table 2).
TLR3 agonists Poly-ICLC and Ampligen (poly 1:C12U) are the stabilized poly I:C analogs,
which have shown to be well tolerated without major adverse events in phase 111 clinical
trials in recurrent pediatric glioma and chronic fatigue syndrome, respectively [56, 57].
Ampligen is also currently in phase Il clinical trials as a monotherapy for patients with
acquired immune deficiency syndrome (AIDS) [58]. Since HIV suppresses IRF3 to evade
host innate defense mechanism, and TRIF signaling directly activates IRF3, TRIF
stimulation may compete with HIV infection through restoring IRF3 activity [59]. We have
recently described that the TRIF pathway can be a novel target for the treatment and
prevention of enteric infection with Gram-negative pathogens [54]. We showed
subcutaneous application of poly I:C protected mice from dissemination of the Gram-
negative bacterial pathogens Y. enterocoliticaand S. typhimurium after orogastric
inoculation. The protective effect of poly I:C was mediated through induction of IFN-p and
activation of regional macrophages during infection. The strategy boosting anti-bacterial
innate immunity is advantageous because it provides immediate defense in an antigen-
independent manner, which provides a broader clinical applicability.

In addition to the TLR3-mediated TRIF pathway, TRIF can be induced by TLR4 activation.
It has been challenging to establish a less toxic agonist of TLR4. Since major toxicity caused
by TLR4 stimulation involves MyD88-dependent induction of multiple pro-inflammatory
cytokines, the TLR4 agonist has been specifically designed to induce TRIF signaling
(CRX-675 and CRX-547, and monohosphoryl lipid A: MPL), which has shown to induce
strong resistance against viral and bacterial infections. The TLR4 agonist CRX-675 has
shown to improve nasal symptoms in patients with asthma without major adverse effects
[60]. In addition, MPL has been widely used as a vaccine adjuvant for hepatitis B and is
currently in phase I11 clinical trial for the prevention of cervical cancer through vaccination
against papillomavirus 16 and 18 [61, 62]. On the other hand, several TLR4 antagonists
have been developed to block excessive production of pro-inflammatory cytokines and
applied to treat the patients with endotoxin shock [63]. As we discussed earlier, TLR-
mediated TRIF signaling may contribute to the organ pathology in several infectious
diseases, blocking upstream TLR signaling may be useful to control the organ symptoms if
we can simultaneously control the pathogen load.

The TRIF manipulation strategy appears to have met the safety requirements. Given type |
IFNs, a major effector of TRIF signaling, have been utilized as therapeutic means for variety
of infectious diseases as well as immune disorders, the TRIF stimulation strategy may apply
for the treatment option of these clinical settings [64, 65]. In order to maximize the effect of
TRIF stimulation strategy with reduced adverse effects, future applications would be target
stimulation of cell type specific TRIF signaling. Several delivery means have been
developed to achieve targeted stimulation of TLR signaling [66]. In addition, the TRIF
stimulation strategy can be used as a potent adjuvant for vaccines as it accelerates antigen
presentation to T cells. In fact, TRIF targeted vaccine adjuvant has already been tried against
several infectious microbes including tuberculosis, influenza viruses and HIV [67-69].
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8. Concluding remarks

Infectious diseases are a serious global threat to human survival. Effective prevention of
pandemics has become an urgent issue with the current dramatic increase of international air
travel, food trade, and tourism. Recent advancement of technology and civilization
unexpectedly brought emerging and re-emerging infectious diseases and bioterrorism threat
to our daily life. On the other hand, increased understanding of innate immunity, and
evolutionary genetic approaches to study infectious diseases have established a new concept
of host-microbial interactions. TRIF mediates both anti-viral and anti-bacterial host defense
mechanism, which consist of an immediate clearance of viral pathogens and organization of
innate as well as adaptive inflammatory cascade, respectively. Thinking of the evolutionary
arms race between humans and microbes, an interesting question is why only TRIF has been
assigned to be responsible for both bacteria and viruses. Evolutionary studies have
highlighted the significance of TRIF rather than upstream TLRs as it has been evolved under
purifying selection yet carried the greatest nucleotide diversity in humans [70]. TRIF might
be a new strategy of our immunity to overwhelm microbial infections or a compromise for
better symbiosis with them. This question may be answered in the next several centuries, but
it should be in the ecological dynamics of host-microbial interactions.
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Figure 1. TRIF-induced intracellular signaling pathways

In responds to specific ligands for TLR3, TLR4, or DDX1-DDX21-DX36 (DExD/H-box
helicase) complexes, an adaptor protein TRIF activates the transcription factors, IRF3, NF-
kB and AP-1 to induce various genes. A dsRNA virus is recognized by TLR3 in endosome
or DExD/H-box helicase complex in cytosol. TRL3 is located in endoplasmic reticulum
(ER) and move to the endosome membrane through UNC93B1. On the other hand,
recognition of Gram-negative bacterial LPS induces TLR4 homodimerization, which
transmits the signal through MyD88 and TRIF. During this transmission, TLR4 interacts
with TRIF using TRAM. These interactions between TLR3 or TLR4-TRAM with TRIF are
madiated thorough TIR:TIR hemophilic interactions, which leads to the oligomerization of
TRIF. Activated TRIF then binds to TRAF3, leading to self ubiquitination, which is capable
to adapt the scaffolding proteins NAP and/or TANK. In addition, an essential IRF kinase
TBK1 is recruited to TRIF-TRAF3 complex that phosphorylate IRF3, resulting in nuclear
translocation of IRF3. On the other hand, RIP1 associates with TRIF through RHIM:RHIM
hemophilic interactions that is mediated by polyubiquitin by TRAF6. During K63 linked
ubiqutinilation, RIP1 binds to IKKy and TAKZ1, leading to phosphorylation of IKK.
Activated IKKp induces degradation of IKBa that allows translocation of NF-xB
heterodimer complex of p50 and p65 to the nucleous. Meantime, TAK1 also binds to
MAPKSs and activate AP-1 transcription. Transcriptional activation of IRF-3 together with
activated of NF-xB and AP-1 induces type | IFNs and other proinflmmatory cytokines and
chemokines. In addition to the gene expression, TRIF signaling induces cellular apoptosis
through RIP1-induced caspase-8 pathway and necrosis thrugh RIP3 by reactive oxigen
species (ROS) accumulation. TRIF also interacts with small GTPases that regulate the
surface expression of costimulatory molecues and MHC class 11 in professional APCs.
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Figure 2. Bacterial PAM Psrecognition by multiple PRRs

Extracellular bacterial PAMPs are sensed by membrane TLRs: Gram-positive bacterial —
peptidoglycan, -lipoteichoic acid and —lipoprotein, and lipopoyssacharide, and flagellin are
sensed by TLR2, TLR4, and TLR5, respectively. During phagocytosis, engulfed bacteria
undergo lysosomal degradation and degraded bacterial DNA and RNA are recognized by
TLR9 and TLR7/8 within the phagolysosomes, respectively. Some bacteria such as shigella
escape the phagosome by breaking the vesicle membrane and intracellular bacterial
components are detected by NODs and NLRs in cytoplasm. Cytosolic nucleotide sensor,
AIM2 and RLRs are involved in degraded bacteria DNA and RNA recognition which are
leaked out from the phagolysosome. Apoptotic cells carrying debris of bacterial pathogen
are engulfed through endocytosis and release DNA or RNA fragments that can be sensed by
endosomal TLR9 or TLR7/8.
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Table 1

TRIF-dependent antiviral vs. antibacterial protective immunity.

Anti-viral immunity

Anti-bacterial immunity

Activation of intrinsic factors
Type I and Il Interferon
Pro-inflammatory cytokines
Chemokines

Apoptosis

Activation of Natural Killer and Cytotoxic T cells

Secretory IgA

Type I and Il Interferon
Pro-inflammatory cytokines
Chemokines

Apoptosis

Phagocytosis

Neutrophil influx
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Current challenges in pharmacological manipulation of TRIF signaling.
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Generic Name TLR Target Pathway Status Primary Target
Poly-ICLC [58] TLR3 agonist TRIF Phase I Cancer

Ampligen poly 1:C12U [57.58] TLR3 agonist TRIF Phase 11 HIV, Chronic fatigue syndrome
CQ-07001 [63] TLR3 agonist TRIF Preclinical Under investigation
IPH-31XX (dsRNA) [63] TLR3 agonist TRIF Preclinical Lupus erythematodes
MCT-465-dsRNA [63] TLR3 agonist TRIF Preclinical | Adjuvant for virus or oncology
CRX-675 [63] TLR4 agonist TRIF Phase 11 Allergic rhinitis
CRX-547 1521 TLR4 agonist TRIF Preclinical Vaccine adjuvant
Monohosphoryl Lipid A (MPL) [6%.62] TLR4 agonist TRIF/MyD88 | Phase Il Adjuvant for virus or oncology
Aminoalkyl glucosaminide 4 -phosphate (AGP) TLR4 agonist TRIF Preclinical | Adjuvant for virus or oncology
(RC529 and RC524) [71]

Bufalin ['2 TLR 3&4 antagonist TRIF Preclinical Under investigation
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