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ABSTRACT
DAVID G. STERKA JR. Intracellular pattern recognition receptors ungerli
inflammatory responses of glial cells to central nervous system paghd@mnder the
direction of DR. IAN MARRIOTT)

There is growing appreciation that the resident glial cells of the, @Nfarticular
microglia and astrocytes, are important participants in the generatiofhaofimation
during brain infection. However, the mechanisms by which these cell types/paandi
respond to microbial pathogens is only recently becoming apparent with the disafovery
highly conserved families of pattern recognition receptors. In the curoelyt\se
demonstrate that microglia and astrocytes express members of thake¢Qamily of
intracellular receptors. We demonstrate that the NOD2 pathway repragantgional
mechanism by which these cells can augment the responses mediated fanutiesrof
pattern recognition receptors, specifically members of the Toll-likeptec family.
Furthermore, we show that the NOD2 pathway contributes to the generation of
potentially damaging inflammation in respons&teneningitidis andB. burgdorferi,
both in vitro and in vivo, and that the elimination of this pathway results in a decrease in
the production of important inflammatory mediators. Our additional studies involving
viral infection of microglia and astrocytes highlight the potential of the$éypels to
respond to a variety of microbial types. Additionally, this work also demonsttrated
replication-dependent nature of glial responses to vesicular stomatiss aimodel of
rabies, which points to the use of replication-dependent intracellular receptbra Rig-
|. Taken as a whole, this study implicates intracellular pattern recmgngtceptors as

potentially important contributors to the glial immune responses within the CNS.
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CHAPTER 1: INTRODUCTION
Bacterial infection can cause damaging inflammation within the central nervous
system (CNS)

Traditionally the central nervous system is considered an area of the body that
largely devoid of immune response, a state referred to as “immune privilegechi.an
outlook is supported by observations of poor immune response generation in allograft
tissue implantation experiments as compared to other possible sitesai@s&mopf
1992). This concept is further supported by the presence of the selective blood-brai
barrier, relatively low expression of immune molecules, and absence of comaénti
lymphatic drainage (Barker and Billingham 1977; Nathanson and Chun 1989). The
benefits of immune privilege within the CNS are quite obvious in that an immunological
response in this area has the potential to be more devastating than the agemtloausi
response (Brent 1990). As such, it was classically believed that the CNBtsdgrom
the immune system. In this model, innate immune responses are severalgdrapdhe
afferent arm of the adaptive immune response is disrupted by the lack of conakenti
lymph drainage, preventing the movement of antigens to the lymph nodes, while the
efferent arm is disrupted by the blood-brain barrier which prevents the movement of
effector cells into the CNS (Barker and Billingham 1977; Leibowitz and HujB83).

Recent studies suggest that previous assumptions concerning CNS immune

responses were not entirely accurate. While the CNS can be considered immune



privileged, it is still under constant immune surveillance (Hickey 2001). Imnuiivitya
observed in resident cells provides strong evidence that innate immune respenses ar
generated with the CNS. Indeed, studies have demonstrated that some re$iyppesce
can be induced to express important inflammatory mediators (Dong and Benveniste
2001; Kielian 2004b). Rapid responses by these cells may set the stage for potent
adaptive immune response (Schwartz et al. 1999). While the blood-brain barrier does
present a formidable obstacle to effector cell migration into the CNSait fiofm
impenetrable. Indeed, very low levels of adhesion molecules are constitetyegssed
by the endothelial cells of the blood-brain barrier and leukocytes are abikz®tbhese
molecules to traverse the barrier (Bart et al. 2000). Likewise thareinherent level of
immunoglobulin G (IgG) present in cerebrospinal fluid as a result of molecutatraig
(Bart et al. 2000). During a disease state the blood-brain barrier changeslisna

These changes are believed to be a result, in part, of rising levels of torasiséctor
alpha (TNFe), an important pro-inflammatory cytokine. Following exposure to BINF-
the permeability of the blood-brain barrier increases dramatically, resuitincreased
leukocyte migration as well as movement of molecules into and out of the CNS.
Interestingly, the source of TNécheed not be local, as rising levels within systemic
circulation produce similar effects (Fabry et al. 1995; Mark and Miller 198%sEin et

al. 2000). As such, the blood-brain barrier does not impede the efferent arm of the
immune response, but instead closely regulates the movement of effectortodhe i
CNS. Likewise, the afferent arm of the immune response is not impeded as much as
previously supposed. While the CNS does lack conventional lymphatics, the role of

these passages is accomplished via other means. Specifically, the mavement



cerebrospinal fluid in the brain and the Virchow-Robins spaces allows for the drainage
into typical lymphatics, which are located along the cranial and spinal n€ses et al.
1992; Kida et al. 1995). Therefore, these observations of cell traffickiggyatiike
system, and immune activity in endogenous glial cells have provided evidenttethat
CNS is more immunocompetent than originally believed.

Interestingly, the immunocompetent nature of the CNS is not as beneficial in
some disease states as one would suppose. The immune response, while at times
protective, can also cause collateral damage in areas of infection. lisehaf ca
inflammation in the CNS, it has been documented that the inflammatory response
mediates damage in a variety of disease states. The initiating afjgnssinflammation
are variable and can be of both bacterial, such as brain abscess, Lyme distase
bacterial meningitis, or non-bacterial in origin as observed in Alzhesndeséase,
multiple sclerosis, allergic encephalomyelitis, and HIV-associate@wulign However,
in all of these situations the major source of CNS damage is more likely to be the
inflammatory response than the source of antigen directly (Benveniste 199v4g|€z-
Scarano and Baltuch 1999; Stoll and Jander 1999; Kielian 2004b; Kielian 2004a; Streit
2004). The presence of bacteria within the CNS is especially problematic and in mos
cases, if left untreated, results in the death of the host (Rajnik and Ottolini 2000).
Luckily, the blood brain barrier provides protection against most bacterial types
(Nathanson and Chun 1989). However, some neurotropic bacteria are specially adapted
to cross this barrier and establish infection (Kim 2006). The nutrient-rich ospatual
fluid provides an ideal growth medium for bacterial proliferation. The detection of

bacterial antigens by resident cells causes the generation of an mmatea response.



This results in the production of pro-inflammatory molecules including cytokimgs a
chemokines which serve to both amplify the immune response and draw in additional
immune cells from the periphery (Van Wagoner and Benveniste 1999; Ambrosini and
Aloisi 2004; John et al. 2005). While these responses serve to help control the magnitude
of infection, there is also collateral damage to the delicate cell tyifaa tihe CNS

directly through the production of cytotoxic effects by immune cells #sawendirectly

through pressure caused by brain swelling (Gasque et al. 1995; Medana et al.a&2000; N
and Bruck 2002). This, coupled with the limited regeneration of CNS cells, can result in
permanent neurologic deficit (Bailey et al. 2006).

Borrelia burgdorferi and Neisseria meningitidis are important Gram-negative
bacterial pathogens of the CNS

Borrelia burgdorferi, the causative agent of Lyme disease, is a Gram-negative
spirochetal bacterium transmitted by Ixodes ticks (Magnarelli and Aoder988).
Infection with this bacterium is the most recognizable arthropod-borne infectiba i
United States (Kaiser 1998). Approximately 15% of untreated exposures mesult i
crossing of the blood-brain barrier leading to neuroborreliosis, a degene@inidon
of the central nervous system (Steere 2001). This infiltration, along with etisoe
strategies such as antigenic variation, regulation of antigen expressionpgnession
of immune action, provides a means by which to circumvent the immune responses of the
infected host (Embers et al. 2004). FurthermBréurgdorferi can associate and invade
neuronal and glial cells which further contributes to the survival of thisrimotahe
CNS (Livengood and Gilmore 2006). Neuroborreliosis manifests itself dlintbaough
encephalitis, cranial neuropathy, and meningitis. Although the neurologicpi@ys

are variable, patients commonly develop cognitive and memory impairment cheing t



course of infection, which may or may not resolve with clearance of the bacteria
(Halperin 1997). This is because the inflammation associated with this condgidtsr
in debilitating effects including cell damage and death of neurons within thelcamdr
peripheral nervous systems (Steere 2001). Studies have shoBnhiwagdorferi can
cause robust innate immune responses within the CNS as evidenced by rapid local
increases in important pro-inflammatory mediators such as IL-1, IL-6;c, MRd nitric
oxide (NO) and chemokines such as MCP-1, MiRP&hd MIP-PB (Habicht et al. 1985;
Defosse et al. 1992; Tatro et al. 1994, Isogai et al. 1996). Additionally, incregties in
fibrilliary acidic protein and TNFe in cerebral spinal fluid are observed during infection
(Dotevall et al., 1996; Widhe et al., 2002). These important innate immune responses
serve to direct adaptive immunity as well as amplify the overall inflatom response
through the migration, proliferation, and maturation of innate immune cells.

Neisseria meningitidis, another bacterial pathogen of the CNS, is one of the three
most common causes of bacterial meningitis which, despite antimicn@aahent, is
one of the top 10 infectious causes of death worldwide (Scheld et al. 2002). This Gram-
negative diplococcal bacterium exists within the nasopharynx of close to 40% of the adul
population as a member of the normal flora and is spread via respiratory secritions
order to cause disease this bacterium must colonize the nasopharynx, traverse into the
bloodstream, evade the host immune mechanisms of the intravascular space, cross the
blood-brain barrier, and replicate in the subarachnoid space (Tzeng and Stephens 2000).
N. meningitidis is able to cross the epithelial barrier in the nasopharynx as well as the
blood-brain barrier through pili-mediated adhesion to CD46 molecules (Johansson et

2003). After penetration this pathogen has been shown to proliferate both exadgellul



as well as within resident cells of the CNS (Nikulin et al. 2006). This infectidreof t

CNS can result in the impairment of cerebrospinal fluid dynamics, faxmatibrain

edema, increased intracranial pressure, arterial and venous cerehrendeect,

seizure activity, other neurologic sequelae, and death (Nathan and Scheld 2000).
Damage to the CNS is manifested predominantly as necrotic cortical amdrgpoptotic
hippocampal injury (Pfister et al. 1994; Braun et al. 1999; Nau et al. 1999). In spite of
bacterial clearance, 30-50% of survivors will retain some type neuralefat

(Grimwood et al. 2000). Obviously, the host immune response is not able to control the
infection within the CNS and it is believed that the immune response is responsible for
many of the damaging events during this disease state (Tunkel and Scheld E885; Pf
and Scheld 1997). Indeed, as wBthburgdorferi, robust innate immune responses are
generated within the CNS. Copious amounts of pro-inflammatory mediators, dueh as
1, IL-6, TNF-, and NO, and chemokines, such as IL-8, MCP-1, MIPMIP-2, and

MIP-1p are produced by resident cell types (Leib et al. 1996; Spanaus et al. 1997; Lahrt
et al. 1998; Winkler et al. 2001). The chemokines serve to stimulate the immigration of
leukocytes to the location of CNS infection while the cytokines amplify themnflatory
responses of both resident and infiltrating cells. The effector functions ofcislése

such as the production of reactive oxygen species, have been implicated as a major
source of damage during bacterial meningitis (Tunkel and Scheld 1995; Leibh¥96&
Pfister and Scheld 1997). However, these responses lack the ability to cleahdigepat
from the CNS. This is likely due to the immune evasion mechanisms of this pathogen
including immunomodulation, resistance to phagocytosis, antibody cleavage, and

intracellular invasion (Dehio et al. 2000).



While Borrelia burgdorferi andNeisseria meningitidis are highly disparate
organisms, they are both significant pathogens of the CNS which result in high risk of
morbidity and mortality regardless of the available treatment optionp€kial1997;

Scheld et al. 2002). The damage resulting from infection by these organisms iedhedia

in large part, by the host immune responses. Indeed, while the immune responses serve
to limit bacterial proliferation they also result in damage to the deloedtéypes of the

CNS (Tunkel and Scheld 1995; Pfister and Scheld 1997; Steere 2001). As such, the
study of these pathogens and the immune responses generated against them is an
important undertaking. Beyond this, both of these pathogens have the unique ability to
invade and survive within the resident cells of the CNS, including microglia and
astrocytes. This behavior is particularly interesting in that it lithigsperception of these
pathogens by immune cells as well as limits their exposure to mechanisnmuwfem

mediated clearance (Dehio et al. 2000; Livengood and Gilmore 2006).



Resident CNS cells contribute to the generation of potentially damaging
inflammation

Microglia are considered to be the facultative macrophages of the ceriralis
system (Jordan and Thomas 1988; Aloisi 2001). The specific phenotype of these resident
cells is indicative of specialized adaptation to the neural environment, as thiey ax
“down-regulated” phenotype in their normal state unlike that of other macrophage
populations, this phenotype is characterized by low expression of CD45 and other surface
molecules coupled with lack of phagocytic and endocytic properties (Per@a@don
1988; Kreutzberg 1996). The role of this cell type in the normal brain is largely unknown
although evidence suggests that they may have homeostatic and reparativesunct
(Kreutzberg 1996; Batchelor et al. 1999). In response to trauma or infection, IMicrog
quickly activate and undergo rapid cell proliferation known as reactive micnsglios
(Streit et al. 1999; Wirenfeldt et al. 2005). This rapid proliferation is in starkasbritr
the normal slow turnover of microglia usually occurring in the CNS (Lawson E9@2).

In addition, microglia become activated at the site of challenge, enlajasaume

many of the immune effector functions typically associated with macrophalgethis

respect, they are able to contribute to the establishment of non-specifitniaieon as

well as adaptive immune responses. Microglia gain endocytic and phagotyttg,ac
facilitated by expression of Fc receptors, and the ability to presegéanti the context

of MHC class Il molecules (Hickey and Kimura 1988; Ulvestad et al. 1994t Strai

1999). This latter function is supported by the expression of other molecules important in
antigen presentation, namely CD11a, CD40, CD54, CD58, CD80 (B7-1), and CD86 (B7-
2), which are expressed upon microglia activation (Williams et al. 1994; Caanel

Raine 1995; De Simone et al. 1995; Satoh et al. 1995; Gerritse et al. 1996; Tran et al.



1998). These molecules, in combination with MHC class I, allow microglianidiin
as professional antigen presenting cells for both naive and memory Tiodked,
although inferior to other types of macrophages, microglia can be consideredth¢o be t
most effective antigen presenting cells within the brain parenchym&#8hand
Benveniste 1996). Microglia can be also induced to produce a variety of cytokines and
chemokines including key pro-inflammatory molecules such as d,NIE-6, IL-12, IL-
13, MIP-1a, MCP-1, and IL-8 (Kiefer et al. 1993; Meda et al. 1995; Walker et al. 1995;
Lorton et al. 1996; Meda et al. 1996; Liu et al. 1998; Aloisi et al. 1999; Meda et al. 1999;
Prinz et al. 1999; Streit et al. 1999; Gregersen et al. 2000; Nadeau and Rivest 2000;
Owens et al. 2005). This is of particular importance because chemokineatéattie
recruitment of leukocytes into the CNS and cytokines contribute to their subsequent
activation. This further highlights the importance of microglia in immespaonse
generation since these events are integral to the development and angpli€aost
immune responses. Additionally, microglia can directly mediate damage taGitise
cells though production of reactive oxygen species as well as complement components
(Ulvestad et al. 1994; Akundi et al. 2005).

Astrocytes, the major glial cell type in the central nervous systenmaortant
cells in CNS homeostasis. These cells influence neuronal function througleése ref
neurotropic factors, assist synaptic formation and maintenance, help guideaheur
development, contribute to neurotransmitter metabolism, regulate the Bulaace
environment, and contribute to the integrity of the blood-brain barrier (Bush et al. 1999;
Rubin and Staddon 1999; Sofroniew et al. 1999; Haydon 2000; Dong and Benveniste

2001; Ullian et al. 2001). Astrocytes have also been recognized as potentiallyaimhport
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contributors to inflammatory immune responses within the brain. Upon activation
astrocytes undergo astrogliosis; a rapid proliferation followed by morphdiab@ages

and increased expression of glial fibrilliary acidic protein (GFAR)is event can be
beneficial through the production of neuronal growth factors or it can be damaging,
resulting in the production of glial scarring and functional impairment éHagt al.

1991). As with microglia, astrocytes can be induced to express MHC class Iufaslec
and can, importantly, process and present antigen in its context (Soos et al. 1998).
However, the role of astrocytes as a professional antigen presentingsti#lins

guestion. Some studies have reported that astrocytes can be induced to express B7-1
(CD80), B7-2 (CD86), and CD40 (Nikcevich et al. 1997; Issazadeh et al. 1998; Tan et al.
1998; Abdel-Haqg et al. 1999; Soos et al. 1999). In contrast, others have reported that
these cells lack expression of these molecules both constitutivelylasv@lowing
activation (Williams et al. 1994; Satoh et al. 1995; Windhagen et al. 1995; Aloisi et al.
1998; Cross and Ku 2000; Nguyen and Benveniste 2000; Togo et al. 2000). As such, itis
possible that these cells may act as nonprofessional antigen presdigjrggicrilating
memory T-cells, but not naive T-cells. Obviously additional research would beadquir
in order to better describe the role of astrocytes as antigen presmitsngThe role of
astrocytes in the production of inflammatory mediators, however, is well ssizdbli
Astrocytes have been shown to produce a variety of pro and anti-inflammatanegt
including IL-1, IL-6, IL-10, GM-CSF, G-CSF, M-CSF, TNk-and TGFB, and

important chemokines, such as RANTES, IL-8, MCP-1, and IP-10 (Benveniste 1997a;

Owens et al. 2005). As a potent source of both of these molecule classes, which are
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important mediators of the inflammatory process, astrocytes are integtabutors to
the development of CNS immune responses.

These resident glial cells have been implicated as major contributormagela
causing inflammation in disease states including, but not limited to, lahatéeiction
(Boje and Arora 1992; Ulvestad et al. 1994). They have the capacity to detect and
respond to pathogens in circumstances lacking infiltrating immune cells tabtisted
inflammation. The innate immune actions of these cells represent some aflitst e
responses to CNS infection and help set the stage for subsequent inflammatory and
immune responses (Schwartz et al. 1999; Owens et al. 2005). These responses, while at
times protective, can also be damaging to the delicate cells of the CNSbilitheht
these two cell types to contribute in damaging inflammation is well ditestrin studies
of CNS disease. Indeed, studies in HIV-1-associated dementia, Alzledrsmase, and
Multiple Sclerosis highlight the potential of microglia and astrocytefdib @amage to
the nervous system (Minagar et al. 2002). As part of these disease statagljaracd
astrocytes become activated, proliferate, and assume their effeattiohs including
antigen presentation, cytokine and chemokine excretion, and the production of cytotoxic
molecules (Wisniewski et al. 1989; Tyor et al. 1992; Wesselingh et al. 1993; Giulian e
al. 1995; Conant et al. 1998). These actions lead to changes in blood-brain barrier
permeability as well as the recruitment and activation of peripheral imoalise
ultimately amplifying the immune response and causing increased infitmmvithin
the CNS (Minagar et al. 2002; Bailey et al. 2006). This inflammation, although réquire

for pathogen/antigen clearance and damage repair, can also resultteralaliamage to
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the delicate cells present in the CNS such as neurons. Damage to thase cells
particularly devastating due to limited regenerative abilities.
Resident CNS cells perceive bacterial and viral pathogens

Recent studies by our group, as well as others, have demonstrated thatanicrog|
and astrocytes have the ability to perceive and respond to microbial pathogens. These
resident glial cells have been shown to respond to a variety of bacterialsspilsoth
Gram-negative and Gram-positive types includdogrelia burgdorferi, Neisseria
meningitidis, andStaphyl ococcus aureus (Kielian et al. 2002; Rasley et al. 2002a; Esen et
al. 2004; Kielian et al. 2004; Rasley et al. 2006; Chauhan et al. 2008). The activation of
microglia and astrocytes, however, is not limited to bacterial infectiondieSthave
demonstrated the ability of these cells to respond to multiple viral speciepasd ty
including Borna virus, West Nile virus, vesicular stomatitis virus, Japanesplaiitis
virus, HIV, Theiler's, Measles, and rabies (Christian et al. 1996; Marqueitel&96;
Noe et al. 1999; D'Aversa et al. 2004, Cheeran et al. 2005; Ovanesov et al. 2006; So et al.
2006; Jin et al. 2007; Alvarez et al. 2008; Das et al. 2008; Kang et al. 2008; Lehrmann et
al. 2008; Ovanesov et al. 2008). Interestingly, bacterial and viral components have been
shown to be a sufficient stimulus to result in the activation of microglia and ygssoc
Investigations of this phenomenon have demonstrated that lipopolysaccharidesnflagelli
unmethylated CPG motifs, synthetic SSRNA, synthetic dSRNA, and lipoteiatidgare
able to elicit the effector responses of these cells, notably cytokine pmd(Rtlpke et
al. 2002; Jack et al. 2005; Kinsner et al. 2006; Lund et al. 2006; Suuronen et al. 2006;
Gurley et al. 2008). However, the mechanisms by which these cell types pénesipe

pathogens and pathogen associated molecules are not fully understood.
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I nnate immune cells utilize pattern recognition receptorsto perceive microbial
pathogens

The function of the innate immune response is to identify and respond to invading
pathogens in an effort to limit proliferation, control their spread, and assistiiobiail
clearance. These responses are rapid and not specific to particulgepath®he
mechanisms by which immune cells perceive a pathogen and subsequentliegenera
inflammation have long been unknown. However, the recent discovery of receptors for
molecules produced by microorganisms has shed light on how this occurs. These
receptors, known as pattern recognition receptors (PRRS), interact wilyd¢dogkerved
microbial structures known as pathogen-associated molecular patterns GPAWHe
result is the initiation of the innate immune system leading, ultimately, to the
development of an adaptive immune response. The presence of these receptors on many
cell types confers a selective advantage by allowing for rapid developmntéstiotal
immune response to pathogens, a fact demonstrated by the highly conserved nature of
these receptors (Medzhitov and Janeway 1997; Beutler 2004; Beutler et al. 2004;
Lemaitre 2004).

The Toll family of PRRs was originally identified in Drosophila, but stsidiave
demonstrated that humans and other organisms express receptors of a similar nature
termed the Toll-like family of PRRs (Anderson et al. 1985; Lemaitre et al. 1996;
Lemaitre et al. 1997; Rock et al. 1998; Lemaitre 2004). To date, the Toll-like receptor
family is the most highly studied of all PRRs and consist of receptors thghieeo
specific PAMPs of microbial pathogens. Currently 10 Toll-like receptdtR$Y (TLR1-

10) in humans and 12 TLRs (TLR 1-9 and 10-13) in mice have been identified

(Medzhitov and Janeway 1997; Akira 2003). Structurally, these are type 1
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transmembrane glycoprotein receptors which consist of an intracelaax#racellular
domain. The intracellular domain, consisting of a highly conserved Toll-interi¢ukin
receptor (TIR) domain, mediates the interaction between the receptor andrdamns
effector molecules. The extracellular domain, consisting of a leucimeapeat region,

is responsible for ligand binding (Beutler 2004; Beutler et al. 2004; Hoebe and Beutler
2004). These molecules can be located on the cell surface, such as TLRs 1, 2, 4, 5, 6, and
10, or intracellularly, such as TLRs 3, 7, 8, and 9 (Bowie and O'Neill 2000; Ozindky et a
2000; Hornef et al. 2003; Latz et al. 2004). TLRs are expressed on many immune cell
types including macrophages, B cells, dendritic cells, and even specifscafypecells.

Aside from this, there is also expression on nonimmune cells including epithelial,
endothelial, and smooth muscle cell types. Expression of these molecules can be
constitutive or modulated by the activation, maturation, or differentiation of tiedispe

cell types (Visintin et al. 2001; Rehli 2002; Heinz et al. 2003).

There are many PAMPs which are recognized by members of the TR fam
including lipopeptides (TLR2), double stranded RNA (TLR3), Lipopolysaccharides
(TLR4), bacterial flagellin (TLRS5), single stranded RNA (TLR7 and TLR8Y a
unmethylated DNA CPG motifs (TLR9) (Poltorak et al. 1998; Qureshi et al. 1999;
Hemmi et al. 2000; Alexopoulou et al. 2001; Hayashi et al. 2001; Barton and Medzhitov
2002; Akira 2003; Barton and Medzhitov 2003; Girardin et al. 2003d; Takeda et al. 2003,
Underhill 2003; Travassos et al. 2004). It is important to note that there may be other
PAMPs recognized by TLRs that have not yet been described (Akira 2003; Kalvai a
Akira 2006). Upon binding of the ligand to the extracellular domain, TLRs dimerize and

undergo conformational changes to associate with important downstreanr adapte
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molecules (Visintin et al. 2003; Akira and Takeda 2004; Hoebe and Beutler 2004). There
are a variety of possible adapters including myeloid differentiationapyim@sponse gene
88 (MyD88), MyD88-adapter-like (Mal), (Toll-interleukin 1 receptor (TIR) doma
containing adapter protein) TIRAP, Toll-receptor-associated activatotesferon
(TRIF), Toll-receptor-associated-molecule (TRAM), and Sterilealuid Armadillo
motif containing protein (SARM) (O'Neill et al. 2003). The varying respoeskbited
by the different TLRs are dependent upon the combination of adapters recruited upon
ligation which allows for a tailored response by the cell through the aotivatti
specialized inflammatory genes including those controlling theBNEhd MAP kinase
pathways (Hirschfeld et al. 2001; Gao et al. 2002; Doyle et al. 2003; Nau et al. 2003).
Microglia and astrocytes express pattern recognition receptors

Studies have shown that microglia and astrocytes, resident glial cdits NS,
express pattern recognition receptors, namely members of the Toll-likg édm
receptors. Indeed, recent studies conducted by our group as well as others have
demonstrated that microglia and astrocytes express TLR2, TLR3, TLR4, TLR3, TLR
TLR8, and TLR9, receptors for lipoproteins, double stranded RNA, lipopolysaccharide,
bacterial flagellin, single stranded RNA, and unmethylated DNA CpG motifs
respectively (Laflamme and Rivest 2001; Bsibsi et al. 2002; Rasley et al. 2002a;
Bowman et al. 2003; Esen et al. 2004; Olson and Miller 2004; Carpentier et al. 2005;
Esen and Kielian 2005; Jack et al. 2005; Kielian et al. 2005a). These receptor types are
constitutively expressed by microglia and astrocytes, which wadidate their use as a
constant mechanism for immune surveillance. Importantly, the levels of duegsars

are increased upon activation of microglia and astrocytes. The induction of hatfieen p
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recognition receptor levels has been shown to occur following exposure to thdicspeci
ligands, as well as the ligands associated with other pattern recognitiptorec&his

effect also occurs in response to more complex stimuli including the dyniebdvant
bacteriaN. meningitidis andB. burgdorferi. The presence of these receptor types within
these resident glial cells is consistent with the profile of microbial conmpo@gponses
observed in these cell types, which provides an important explanation for the machanis
of how these responses are mediated. Evidence suggests that these moéecules ar
important in the immune activation of these cells types and generation ofjsebse
effector functions, in particular by the induction of cytokine and chemokine production
(Jack et al. 2005).

Member s of the NOD-like receptor family of cytosolic proteinsfunction as
intracellular pattern recognition receptors

Recent studies have identified a new family of novel intracellular patter
recognition receptions. Nucleotide binding and oligerimization domain receptors
NODs are part of a family of cytosolic protein receptors known as NKEDrdiceptors
(NLRS). This family of receptors contains some members that appdayta mle in
the recognition of bacteria and induction of inflammatory responses (Giram@lir€01;
Carneiro et al. 2004). The members of this family possess what are known as amino-
terminal effector binding domains, which include caspase recruitment domaARDE],
pyrin domains (PYD), or baculovirus inhibitor of apoptosis domains (BIR). They also
contain a central nucleotide-binding oligomerization domain (NOD) and a carboxyl-
terminal ligand sensing domain containing leucine-rich repeats or WD40g€¢pantbe
et al. 2004). These proteins are structurally related to the nucleotide binding site

leucine-rich repeat class of plant R gene products that mediate pathsigeanoe in
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plants. The plant proteins both recognize and elicit a defensive responsenipllowi
exposure to molecules from pathogenic bacteria (Girardin et al. 2002; Chamai#lard e
2003a; Athman and Philpott 2004) Intracellular signaling is accomplished bycirdesa
between the effector binding domains and signaling molecules after the aigioa

of NOD proteins. To date ligands consisting of components of peptidoglycan have been
identified for several of the members of the NOD family, including NODROA,
NOD2/CARD15, and Cryopyrin (Chamaillard et al. 2003b; Girardin et al. 2003a;

Girardin et al. 2003b; Inohara et al. 2003). NOD1, also known as CARD4, has been
shown to be an important intracellular receptor of bacterial peptidoglycan congponent

specific subsets of bacteria (Girardin et al. 2003a; McDonald et al. 2005).

NOD
OOO000—=_>

Leucine Rich Nucleotide CARD
Repeat Binding Domain
Domain

Figure 1: Schematic representation of NOD1 protein structure

As shown in Figure 1, NOD1 contains a single amino-terminal CARD domain, a
nucleotide binding site, and a leucine-rich carboxyterminal region (Inohardl86€8).
Lipopolysaccharide was originally thought to be the ligand for NOD1, but fusthdy
revealed that this finding could be attributed to peptidoglycan contamination of the
lipopolysaccharide preparation (Inohara and Nunez 2001; Inohara et al. 2001; Yoo et al.
2002). Additional studies have also demonstrated the actual ligand to be peptidoglycan

fragments that contain a specific dipeptide. This dipeptide is trglDramyl-meso-
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DAP (iE-DAP) motif of GM-Tri-DAP and is generated by either degtiadeof
peptidoglycan or secretion by the bacteria itself during the procegslicaten. The
IE-DAP dipeptide is found in Gram-negative bacteria and select subsets o{pGsédive
bacteria (Chamaillard et al. 2003b; Girardin et al. 2003a; Girardin and Philpott 2004,
Girardin et al. 2005). This would suggest that the presence of the NOD1 receptbr woul
confer an advantage to the host in areas of high exposure to Gram-nkgetére, such

as the lining of the intestinal mucosa (Chamaillard et al. 2003b; Girdrdin2903a;

Carneiro et al. 2004; Travassos et al. 2005).

NOD2
oooooo—..

Leucine Rich Nucleotide CARD
Repeat Binding Domain Domaln
Domain

Figure 2: Schematic representation of the NOD2 protein structure
NOD2/CARD15 is also an intracellular receptor, but for a range of bacterial
peptidoglycan types (Girardin et al. 2003b; Inohara et al. 2003). As shown in Figure 2,
there are slight differences in the structural composition between N@DN@D2, as
NOD2 has two CARD domains (Ogura et al. 2001b; Carneiro et al. 2004). Deftdus i
gene coding for NOD2 have been implicated in Crohn’s disease, Blau syndmuime, a
sarcoidosis (Hugot et al. 2001; Miceli-Richard et al. 2001; Ogura et al. 2001a). The
mutation associated with Crohn’s disease is a result of a frame shift mutédizimg
the terminal leucine rich repeats and manifests itself as an inabittéct

peptidoglycan (Ogura et al. 2001a; Girardin and Philpott 2004). This lack of sensing may
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result in the lack of a local response to infection leading to systemic respems
inflammation (Girardin et al. 2003c; Carneiro et al. 2004). NOD2 expression has been
shown to be present in a wide range of cell types including granulocytes, nestrophil
dendritic cells, epithelial cells, and myofibroblasts (Gutierrez et al. 28@83matsu et al.
2003; Otte et al. 2003). Like in the studies of NOD1, the stimulation of NOD2 was also
found to be due to exposure to lipopolysaccharide. Yet, also as with NOD1, the observed
stimulation was a result of peptidoglycan persisting through the purificaticess.
The actual ligand that initiates activation through NOD2 is muramy! dipefdiDé), a
minimal motif of the peptidoglycan found in both Gram-negative and Gram-positive
bacteria (Girardin et al. 2003b; Girardin et al. 2003e; Inohara et al. 2003; Taehsd.
2004). In addition studies have shown NOD?2 receptors can respond to other structural
components of peptidoglycan such as muramyl-tri-lys. However it cannot respond to the
similar muramyl-tri-DAP (Girardin et al. 2003e; Girardin and Philpott 2004)ceSi
MDP is found in the peptidoglycan expressed on almost all bacterial types it can be
suggested that this molecule serves as a more general receptor thafidiOD1
peptidoglycan and confers a selective advantage to a host against all b&atardan et
al. 2003b; Girardin et al. 2003d; Inohara et al. 2003).

Since both NOD1 and NOD?2 are intracellular receptors, the highly conserved
peptidoglycan structures in the cell bacterial walls that they revegmist be
internalized. It is possible that the phagocytic mechanisms of some cesll $yjol as
macrophages, are involved. Within the phagosome, bacteria and bacterial struetures ar
degraded using a number of lysosomal enzymes. Following degradation, the bacterial

products, including those recognized by NOD1 and NOD2, may be allowed to come into
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contact with the cytoplasmic environment of the cell and stimulate these patlSoays
of the cell types expressing NOD1 and NOD?2, including, but not limited to, intestinal
epithelial cells, do not undergo active phagocytosis. In such cell types it iblpdlat
active invasion of the cell by intracellular pathogens which enter thealyresults in the
exposure to the required bacterial products. Another possibility could be traefits
of peptidoglycan, released from the replication of extracellular backeeiaaken up by
host cells. While these are all viable options for entry of NOD-spe@gntis into
intracellular space, recent studies propose another mechanism. Indeed hstuglies
demonstrated that the molecule hPepT1 has the ability to specificallpdranmsiramyl
dipeptide (Ismair et al. 2006). While the exact mechanisms of NOD ligantbtratisn
are poorly understood, this opens the possibility that there may be other specific
transporters to fulfill this role.
NOD-like receptors can mediate inflammatory responses

Members of the NOD-like family of pattern recognition receptors can boiteri
to the generation of inflammatory responses, in particular those involved with the
production of inflammatory cytokines. Studies have demonstrated that the ligands f
NOD1 and NOD2 can elicit, independently of other stimuli, the production of the
inflammatory cytokines IL-6, TNF IL-1B, and 1I-12 (Adam et al. 1978; Heinzelmann
et al. 2000; Nau et al. 2002). Beyond this, NOD ligands have been used as adjuvants for
antigen-specific T-cell mediated responses and antibody production in thaathey
influence the expression of membrane-bound co-stimulatory molecules importtdoa for
activation of T-cells (Heinzelmann et al. 2000; Nau et al. 2002). Regardless of their

differences, both NOD1 and NOD?2 utilize the same adapter protein resaoltadentical
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downstream signaling as well as immune response. Yet this does not elimenate t
possibility that there may be additional specific responses for each recefgature
which occurs in the members of the Toll-like receptor family. Both NOD1 and2NOD
interact with Rip2 kinase, which is also known as RICK (Rip-like CARD-coimgi
kinase) or CARDIAK (CARD-containing interleukinddconverting enzyme-associated

kinase) (Inohara et al. 1999; Ogura et al. 2001b).
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Figure 3: Schematic representation of the NOD1 and NOD2 signaling pathway

As shown in Figure 3, in the resting state the NOD1 and NOD?2 proteins are
negatively regulated by their leucine-rich regions. While in this stategtiene-rich
region is folded to prevent the oligomerization and activation of the receptor gathwa
However, once a ligand is recognized by the receptor the NOD proteins undergo
conformational change and become unfolded. This allows the receptors to become
oligomerized, which results in the recruitment of Rip2 kinase. Rip2 kinase contains a
CARD domain which enables it to physically associate with the oligonteNZD
proteins through homophilic CARD-CARD interaction and Rip2 kinase is then able to

interact with IKKy, which is a regulatory subunit of the IKK complex, linking these
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proteins to the IKK complex ultimately results in the activation okBIEnohara et al.
1999; Ogura et al. 2001b; Kobayashi et al. 2002). The regulationkd NMFeontrolled
by the binding of inhibitory proteins known adBlproteins. The phosphorylation of the
IKK complex results in the activation of that complex. This causes the degradattien of
IxB proteins and results in transcription of thexdBFene products. The activation of
IKK in response to NOD1 or NOD2 activation is best explained by an induced proximity
model in which the oligomer interacts with the 1Klkind IKKB dimer, thereby increasing
their proximity and resulting in mutual trans-autophosphorylation (Ali and Mann 2004).
After activation the IKK complex subunits phosphorylate &t proteins. This
phosphorylation tags theB proteins for ubiquitination and subsequent degradation, thus
freeing NB dimers. These dimers translocate to the nucleus where they regulate the
expression of a wide variety of genes, and hence their gene products (Lucas et al. 2004).
This activation of NkB is independent of MyD88, which is the key adapter molecule
involved in signaling via Toll-like receptors (Kobayashi et al. 2002). Thereosdalta
to suggest that NODs can activate c-JUN N-terminal kinase in respobaetéria,
however the mechanism is not fully understood (Girardin et al. 2001). It is impaortant t
note that there may be other, alternative, adaptor molecules for the NOD2ayathw
including the recently described GRIM-19. The pathway for the action of thisutelec
has not been described to date. However, evidence suggests that this adapter may also
lead to the activation of the KB pathway (Barnich et al. 2005).

Studies have shown that the induced expression eBNFoducts is a critical
component in the control of microbial infection and the lack of proper activation results

in host susceptibility to infection (Ali and Mann 2004). Liberation and nuclear
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translocation of the N€B genes results in the production of important cellular signaling
proteins. Important pro-inflammatory cytokines such asa,ME1, IL-2, IL-6, IL-12,
TNFa, TNF3, and GM-CSF are all controlled by NB expression. In addition NB
controls production of chemokines (IL-8, RANTES, MI&-MCP1, and eotoxin) and
adhesion molecules (ICAM-1, VCAM, E-selectin) (Ali and Mann 2004) xBI5
essential for the production of effector molecules which directly affebbgans and the
enzymes which generate reactive intermediates. AlsoBNi&s a role in the
upregulation of MHC molecules and CD80/86 receptors on the surface of antigen-
presenting cells. This provides a link between the innate and adaptive immune responses
facilitating the activation of the adaptive immune response (Lucds2204).
Hypothesisand Present Study

In the present study we have tested the hypothesis that the immune activation of
microglia and astrocytes is mediated, at least in part, by novel ihttac@attern
recognition receptors of the NOD-like and Rig-like helicase families dourse of
study is based upon previous observations that microglia and astrocytes, as gkaldent
cells of the CNS, are immunocompetent and the activation of these cell typdsutesitr
to the potentially damaging inflammation associated with microbial infedtven.
demonstrate that microglia and astrocytes constitutively expresbaneof the NOD-
like family of intracellular pattern recognition receptors, namely NOLNMOD?2, and
that the expression of these molecules is increased at both the mRNA and evetein |
following exposure of these cells b meningitidis andB. burgdorferi, two disparate and
clinically relevant pathogens of the CNS. Likewise, this expression isralsased

following exposure to known Toll-like receptor ligands. However, the expression of
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NOD1 was markedly lower than that of the NOD2 receptor. This led us to the conclusion
that NOD?2 is potentially a more important receptor in the identification bbgans by
glial cells and we focused further studies exclusively on the NOD2 reckppmrtantly,
both microglia and astrocytes express critical downstream effectocufedeor the

NOD pathways, including RIP2-kinase in astrocytes as well as both RiB2ekand
GRIM19 in microglia. In order to begin to address the functional contributions of this
pathway in these resident glial cells we demonstrated the ability of NQ&tibh with
MDP to significantly augment the production of important pro-inflammatgigkines,
namely IL-6, TNFe, and IL-13 in microglia and IL-6 and TNIl-in astrocytes, following
Toll-like receptor stimulation. The investigations up to this point provided ex@atidg
compelling circumstantial evidence that there is functional expression ofab& N
pathway in microglia and astrocytes.

In order to confirm our hypothesis and definitively show functional NOD2
expression, we conducted additional studies. First we demonstrated that thereaisad
association between NOD2 and the downstream effector molecule RIP2-kinaseousing
immunoprecipitation. Following this we performed additional studies utilizingdeams
mice deficient in the NOD2 receptor. Experiments mirroring our previous work
confirmed that wild-type microglia and astrocytes have augmenteeniedrated
cytokine production, namely IL-6 and TNF4n the presence of MDP. This effect is
eliminated in cells derived from NOD2-deficient mice. This phenomenon was als
observed in experiments involviligy meningitidis andB. burgdorferi in which microglia
and astrocytes derived from NOD2-deficient had significantly lowed dnd TNFe

production than that observed in wild-type. In-vivo infection studies resulted ilarsim
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observations in which the production of pro-inflammatory cytokines was attennated i
NOD2-deficent mice. These data provide strong evidence that there is fuhctiona
expression of the NOD2 pathway in microglia and astrocytes and that thisagatiay

be an important contributor to the generation of inflammatory responses by theésetresi

glial cells.
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Figure 4: Proposed pathway of TLR and NOD2 cooperation in microglia and astrocytes
Taken as a whole, our data proposes the pathway shown in Figure 4 for glial cells

In this model TLR ligands interact with their receptors on microglia amdcyses

resulting in the activation of NdB and the MAP kinase pathways which, in turn, result

in the production of inflammatory mediators and the upregulation of NOD2 and Rip2
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kinase expression. The upregulation of members of the NOD2 pathway makedianicrog
and astrocytes more sensitive to levels of MDP and, as the pathway is actixased, c
further activation of the NEB and MAP kinase pathways. This ultimately leads to
augmentation of inflammatory mediator production beyond that observed with TLR
ligands alone.

Our additional studies concerning viral pathogens in microglia and astracgtes
based upon research conducted by other members of our group and published in Furr et
al., 2008. Those studies demonstrated that microglia and astrocytes expresssrmémber
the RIG-like helicase family of pattern recognition receptors. Qiqodatr interest is the
constitutive expression of RIG-I by these resident glial cells whiaprisgulated
following exposure vesicular stomatitis virus (VSV), which is commonly usednasdel
for rabies infection. However, the ability of VSV to infect and replicatbiwithese glial
cells has not been established. In the present study, we demonstrate thgtmcinres
microglia and astrocytes are permissive for VSV infection both in vitro andan vi
Furthermore, we show that active replication of this virus appears to be defpuire
robust inflammatory mediator production by these resident CNS cell typese Tata
suggest that viral replication within resident glial cells plays a keyinathe
development of lethal CNS inflammation following neurotropic Mononegavirus
infection. Since the RIG-I pathway is only activated during the replication af thes
viruses, this provides evidence that stimulation of this pathway may contribbte to t
generation of inflammation by microglia and astrocytes during virattidn.

Taken in concert, the demonstration of functional NOD2 expression along with

evidence supporting RIG-1 as a mechanism for viral detection provide for a comgpelli



argument that intracellular pattern recognition receptors such as thegdéaman

important role in the generation of immune responses by microglia and ass$rocyt
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CHAPTER 2: MATERIALS AND METHODS

Wild-Type and NOD2-Deficient Mice

B6.129S1-Nod2tm1FIv/J mice that are NOD2-deficient (NOD2-/-) and bred for
>10 generations onto a C57BL/6 background, as well as wild-type C57BL/6j mice, were
purchased from Jackson Laboratory (Bar Harbour, Maine). All studies weoenpedf
in accordance with relevant federal guidelines and institutional potegsding the use
of animals for research purposes
Reagents and Solutions

Lipolysaccharide (LPS; fror&. coli, 0.5 and 5 EU/mI) and the muramyl
dipeptide, MurNAc-L-Ala-D-isoGIn (MDP), were purchased from Sigma Chalmi
Company (St. Louis, MO). The TLR2 ligand, S-(2,3-bis(palmitoyloxy)-(2-R8pyd)-
N-palmitoyl-(R)-Cys(S)-Ser-(S)-LysOH, trihydrochloride (Pam(3)Cys), was purchased
from Calbiochem (San Diego, CA). An activating oligonucleotide,
GCTCATGACGTTCCTGATGCTG, previously described as a specific agamsilfR9
(Sweet et al. 2002), was synthesized by Integrated DNA Technologie$v{iBoriN).
Endotoxin-free flagellin protein preparations were isolated fsalmonella typhimurium
serotype 12023 as previously described (Ibrahim et al. 1985; Bowman et al. 2003).
Briefly, Salmonella typhimurium serotype 12023 were cultured in a modified medium as
previously described (lbrahim et al. 1985). Salmonella were cultured at 37°C in an

orbital shaker for 24 h at 200 rpm. Flagellins were isolated according to the method of
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Bowman et al. (2003). Briefly, 500 ml of bacterial culture was centrifuged at 5,{200 g
30 min and resuspended in 50 ml phosphate-buffered saline. The suspension was then
adjusted with 1 M HCI to pH 2.0 and incubated at room temperature with constant
stirring for 30 min in order to detach flagella. Bacterial cells wepaated from free
flagella by centrifugation at 5,000 g for 30 min. Flagellin-containing superinates

then further centrifuged at 100,000 g for 90 min at 4°C to remove pH 2.0 insoluble
components. The supernatant was adjusted with 1 M NaOH to pH 7.2 and flagellins
were precipitated through slow addition of ammonium sulfate to 2/3 saturation (2.67 M)
with vigorous stirring. Precipitated flagellins were collected byragation at 15,000

g at 4°C for 60 min. Pelleted flagellins were resuspended in 5 ml distilled avate
dialyzed against running tap water for 2 h and then against 1 L distilled water with 10 g
of activated charcoal for 24 h in Spectrapor dialysis tubing with a moleculantweig
cutoff of 50,000 (Spectrum Medical Industries, Los Angeles, CA). Flagellinipsote

were analyzed by 0.1% sodium dodecylsulfate (SDS)-polyacrylamide gebplearesis

and protein visualized by Coomassie blue staining. The flagellin isolation procedure
yielded a single major product with a molecular weight of approximately 438&«Biae

that is within the previously described size range for flagellins from @sdha serotypes
(Ibrahim et al., 1985). Endotoxin was removed from flagellin preparations using a
Detoxi- Gel endotoxin removing gel column (Pierce, Rockford, IL) according to the
manufacturer’s instructions. Residual endotoxin content was determined toigéleegl
according to the Pyrogent Limulus amoebocyte lysate assay (BioWhittdk#éersville,
MD). Doses selected represent those that were empirically deéertai elicit optimal

responses.
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I solation of Primary Murine Microglia

Murine neonatal brain microglia were isolated and cultured ostensibly as
described previously (Harry et al. 1998; Rasley et al. 2002a; Rasley et al. 2002b).
Briefly, six to eight neonatal C57BL/6 mouse brains per preparation weretdis$eee
of meninges and large blood vessels and finely minced with sterile surgicalsciSker
minced tissue was then forced through a wire screen and briefly incubdtdal 3%
trypsin—0.005% EDTA for 5 min. The cell suspension was then washed and this mixed
glial culture was maintained in RPMI 1640 containing 10% FBS and gentamicin for 2
weeks. A microglia culture was obtained from this mixed glial cultyrehlaking flasks
for 2 h at 200 rpm in an orbital shaker and allowing the transferred dislodged cells to
adhere to new tissue culture vessels for 1 h. The media were then removed and fresh
RPMI 1640 with 10% FBS and 20% conditioned medium from LADMAC (ATCC
number CRL-2420) cells as a source of CSF-1 was added to maintain microgliasculture
for 1 week, as described previously (O'Keefe et al. 2001). Cells isolated iratim&m
were >95% authentic microglia as assessed by their characterspbology and by the
expression of CD11b and F4/80 as determined by immunofluorescent microscopy

(Rasley et al. 2002a).
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| solation of Primary Murine Astrocytes

Brain astrocytes were isolated and cultured as described previously @Bostm
al. 2003; Rasley et al. 2004a; Rasley et al. 2006). Briefly, six to eight neG5JL/6
mouse brains per preparation were dissected free of meninges and large bldecmdsse
finely minced with sterile surgical scissors. The minced tissueheasforced through a
wire screen and briefly incubated with 0.01% trypsin—0.005% EDTA for 5 min. The cell
suspension was then washed and this mixed glial culture was maintained in RPMI 1640
containing 10% FBS and gentamicin for 2 weeks. Astrocyte culture was obtaimed f
the mixed glial culture by shaking flasks for 1 h at 210 rpm in an orbital shaker to
dislodge weakly adherent microglia and these cells were cultured te#pasadescribed
above. The remaining astrocytes were mechanically dissociated, trashstenew
tissue culture vessels, and cultured for 1 week prior to use. Cells isolatedbotke a
manner were demonstrated to be greater than 97% authentic astrocytesdine to t
characteristic morphology and the presence of the astrocyte mdiddibgllary acidic
protein (GFAP), and the absence of the microglia cell surface markef,bCGi31
determined by confocal microscopy (Bowman et al. 2003).

Cultureof Borrelia burgdorferi and Neisseria meningitidis and Preparation of
Antigen Lysates

We have utilized. burgdorferi strain N40 andN. meningitidis strain MC58 in
these studies. While these organisms are not associated with CNS disease bothi
represent clinically relevant gram-negative bacteria responsiblg/foe
neuroborreliosis and bacterial meningitis, respectively. We have previously
demonstrated that antigens from these organisms elicit robust inflamnegponses by

both murine microglia and astrocytes (Rasley et al. 2002a; Rasley604b; Rasley et
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al. 2006). Importantly, both of these organisms express peptidoglycan motifathat ca
recognized by NOD2, b@. burgdorferi lacks the expression of the TLR4 ligand, LPS,
and has been shown to initiate TLR2- and TLR5-mediated innate immune responses
(Shin et al. 2008) where&s meningitidis expresses LPS and can elicit TLR2- and
TLR4-mediated responses (Zughaier et al. 2005; Hellerud et al. 2008).

A clonal low passage &. burgdorferi strain N40 was used throughout these
studies (Barthold et al. 1993). Spirochetes were grown for a period of two weeks in
Barbour-Stoenner-Kelly (BSK) Il medium at 34°C (Barbour et al., 19984).

meningitidis strain MC58 was grown overnight (16 hours) in 5 ml of GC medium plus

hemoglobin with Isovitalex enrichment solution in a shaking water batHgt 37
Bacteria were harvested by centrifugation and washed twice in PBSu&urdell
layers of microglia or astrocytes were washed 3 times with 4 ml of PE&twve
growth media and then infected with log growthmeningitidis or B. burgdorferi at

multiplicities of infection (m.o.i) of between 3:1 and 30:1 bacteria to cells in media

without antibiotics for 60 min at . Following the infection period, cell cultures were
washed and incubated in media with 10% fetal bovine serum (FBS) supplemented with
25 pg/ml gentamicin to kill remaining extracellular bacteria. At 4-24 housafolg
this procedure, RNA, protein isolates, or culture supernatants were collected.

To prepare lysates, log growBaburgdorferi, N. meningitidis, or S. aureus
UAMS-1 (ATCC 49230) bacterial cultures were centrifuged at 10,09@¥Xd washed
three times with PBS. Bacteria were then resuspended in PBS and pulsed #see tim
with a cell sonicator for 20 seconds at 25 second intervals. Levels of endotBxin in

burgdorferi antigen isolates were below detectable levels as determined by Limulus
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amebocyte lysate assay (Cambrex Bio Science, Walkersville, MD) worisigth
previous reports (Anguita et al., 2002). The maximum concentratidnmnéningitidis
antigens used (pg/ml) contained 1 EU/ml endotoxin as determined by Limulus
amebocyte lysate assay (Cambrex Bio Science, Walkersville, MDatddahicroglia
and astrocytes were exposed to 1-5 pdnfurgdorferi, N. meningitidis, or S. aureus
cell lysate as indicated. Dose ranges used represent those previouslyneetésnour
laboratory to elicit low to maximal glial responses (Rasley et al. 2Bi2aman et al.
2003; Rasley et al. 2006). At 4-24 hours following this procedure, RNA, protein isolates,
or culture supernatants were collected.
I ntracer ebral Administration of Bacteria

Viable N. meningitidis or B. burgdorferi (1x1& bacteria) were administered via
intracerebral (i.c.) injection as previously described by our laboratorjefRetsal. 2006)
into NOD2-/- or wild-type mice. Anesthetized animals were securedtereosaxic
platform and stand and received an i.c. injection containing pathogens
resuspended in Ringer’s solution (final volume k)l or vehicle only, 1 mm lateral and
1 mm posterior to the bregma using a Hamilton positive displacement syfife (
series) with a 25-gauge needle and a tubing guard to ensure constant depth of
administration (3—3.5 mm). Five animals per group were used and animals displaying
signs such as seizures, abnormal gait/ataxia, failure to open eyes, or osthealphy
disabilities were euthanized immediately. At 3 days post infection, Ewmeae
euthanized and all brain tissue removed and weighed. The brain tissue was raéghanic
disrupted in a glass homogenizer in 3 mL PBS and then centrifuged. Supernatants were

analyzed for cytokine content by specific capture ELISA.
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I solation of RNA and PCR

Poly(A)+ RNA was isolated from microglia and reverse transcribgueasously
described (Bowman et al. 2003; Rasley et al. 2004a). Real-time PCR was pdréorm
the reverse transcribed cDNA product to determine the expression of mMRNA encoding
NOD1, NOD2, Rip2 kinase, and glyceraldehyde 3-phosphate dehydrogena&H)G3P
essentially as described previously (Marriott et al. 2005). Positive antiveesjaand
PCR primers used, respectively, were GTCCTCAACGAGCATGGCGAGAQT a
AGCTCATCCAGGCCGTCAA to amplify mRNA encoding murine NOD1 (299 bp
fragment), GCTGCCAATCTTCACGTCGTC and
TAAGTACTGAGGAAGCGAGACTGA to amplify mRNA encoding murine NOD2
(273 bp fragment), CTGCACCCGAAGGAGGAACAATCA and
GCGCCCATCCACTCTGTATTAGA to amplify mRNA encoding murine Rip2 ki@as
(276 bp fragment), and CCATCACCATCTTCCAGGAGCGAG and
CACAGTCTTCTGGGTGGCAGTGAT to amplify mRNA encoding G3PDH (340 bp
fragment). PCR primers were derived from the published sequences of NOD1
(Strausberg et al. 2002), NOD2 (lwanaga et al. 2003), Rip2 kinase (Inohara et al. 1998),
and G3PDH (Tso et al. 1985). All primers were designed by using Oligo 4.0 primer
analysis software (National Biosciences Inc., Plymouth, MA) based orldbaiion in
different exons of the genomic sequences in addition to their lack of significant
homology to sequences present in GenBank (MacVector Sequence analysiestiiya
New Haven, CT). The identity of the PCR amplified fragments were verijisizb
comparison with DNA standards (Promega) and by direct DNA sequencing of

representative fragments (Davis Sequencing, Davis, CA).
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Co-immunopr ecipitation of NOD2 with Rip2 kinase

Co-immunoprecipitation was performed essentially as described previpusly
(Clark et al. 2001). Briefly, cells (1x3)0stimulated with bacterial lysates were washed
with ice-cold PBS and lysed at 4°C for 2 h in Tris-buffered saline with EDTA (150 mM
NaCl, 5 mM EDTA, 20 mM Tris, pH 7.5) plus 1% Brij-97 (Sigma-Aldrich) and 10
units/mL aprotinin (Calbiochem, San Diego, CA), 1 mM PMSF, apd/thL pepstatin
A. The lysates were incubated with protein A agarose beads (Pierce Endogen)
conjugated with antibodies directed against NOD2 or Rip2 kinase for 18 h at 4°C. The
immunoprecipitated material was subsequently subjected to immunoblot arfiaiytkie
presence of NOD2 or Rip2 kinase.
Western blot analysisfor NOD1, NOD2, and Rip2-kinase

Western blot analyses for the presence of NOD1, NOD2, or Rip2 kinase in
astrocytes and microglia were performed as described previously tabouatory
(Marriott et al. 2005). Whole protein samples were obtained from microglia, @espc
and brain tissue in a buffer containing 125 mM Tris base, 20% glycerol, 2% SDS, 1%
bromophenol blue and 2% 2-mercaptoethanol. Samples were separated using 10% SDS
PAGE and transferred to Immobilon-P membranes (Millipore, Bedford, MA).
Membranes were blocked for 18 hours with 5% skimmed milk at 4°C. After incubation
with a rabbit primary antibodies againstNOD1, NODZ2, or Rip2-kinase for 24 hours at
4°C, blots were washed and incubated in the presence of an HRP-conjugated donkey
anti-rabbit antibody (Cell Signaling, Danvers, MA) or an HRP-conjugatedagiat
mouse IgG antibody (Sigma-Aldrich, St. Louis, MO). Bound enzyme was detecked wit

the Super Signal system (Thermo Scientific, Rockford, IL). The primaityoaits used
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were an affinity purified rabbit polyclonal antibody directed against humadINO
(Alpha Diagnostics International Inc., San Antonio, TX), mouse monoclonal antibody
reactive against mouse NOD2 (Clone 2D9; Novus Biologicals, Littleton, C@pat r
polyclonal antiserum against human NOD2 (Cayman Chemical, Ann Harbor, Ml), and a
mouse reactive affinity purified rabbit polyclonal antibody directed agaip&t Iknase
(Cell Sciences Inc., Canton, MA).
Quantification of IL-6, TNF-a., IL1B, and IL-10 secretion

Specific capture ELISAs were performed to quantify I1L-6, T&RL1B, and IL-
10 secretion by glial cells as described previously by our laboratory{taret al. 2001;
Rasley et al. 2004b; Rasley et al. 2006). T&FL1p, and IL-10 secretion were
measured using commercially available ELISA kits (R&D Systems, Mionoles, MN
and BD Pharmingen, San Diego, CA). IL-6 secretion was measured using a rat anti-
mouse IL-6 capture antibody (Clone MP5-20F3) and a biotinylated rat anti-nie@se |
detection antibody (Clone MP5-C2311) (BD Pharmingen, San Diego, CA). Briefly, 96-
well ELISA plates (ICN Pharmaceuticals, Costa Mesa, CA) wer@dagth the capture
antibody (2ug/ml) overnight at 4°C. After blocking with PBS plus 10% FBS for 2 h at
room temperature, samples were applied and incubated for 1 hour at 37°C. The
biotinylated detection antibody (ig/ml) was added after washing the plates with PBS
plus 0.5% v/v Tween 20 (PBS/Tween 20). HRP-conjugated streptavidin was then added
prior to addition of tetramethylbenzidine substrate (Kirkegaard & Perry htir@s,
Gaithersburg, MD) and stop solution (25% v/v sulfuric acid in distilled water).
Quantification of cytokine levels was achieved by comparison with standard

concentrations of recombinant mouse IL-6,ALIL-10, and TNFe (R&D Systems,
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Minneapolis, MN). Cytokine levels in brain homogenates were normalized tdtatal
weight and reported as pg/g of brain tissue.
Viral Strains

Figure 23 shows viral maps of the three recombinant viruses used in this study.
Recombinant VSV wt (Indiana serotype) and its derivative VSV rHR1-1 withgéesaa
substitution D1671V in the L protein have been previously described (Grdzeletradil
2005; Grdzelishvili et al. 2006). To generate heat-inactivated wt-VSV, live virsis wa
heated in a water bath at 65°C for 15 minutes. This procedure was determined
empirically to eliminate virus replication as determined by plaque a3say-GFP is a
VSV wt (Indiana serotype) encoding GFP as an extra gene between G ands.(Das
et al. 2006) and was kindly provided by Dr. Asit K. Pattnaik (University of Nebraska).
Recombinant wt SeV (Fushimi strain) (Leyrer et al. 1998) and SeV-GFP-Beit (
GFP) with an enhanced green fluorescent protein (GFP) upstream of the NP gene
(Wiegand et al. 2007) were kindly provided by Dr. Wolfgang J. Neubert (Max-Rlanck
Institute of Biochemistry, Germany). Monolayer cultures of Vero or BHKellllines
were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Celigro)
supplemented with 9% fetal bovine serum (FBS, Gibco). To produce VSV or SeV, BHK
or Vero cells, respectively, were infected with wt or mutant virusesratl@plicity of
infection (MOI) of 0.05 plaque-forming units (PFU) per cell in MegaVir HFE
serum-free medium (Hyclone) and incubated for 24-48 hr at 34°C. SeV-GFP virus was
grown without acetylated trypsin in the medium as they have a wt monobasio-tryps
dependent cleavage site in the F protein mutated to an oligobasic cleavaljevsitg &

activation in any cell type through a ubiquitous furin-like protease (Wiedgaad2007).
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It should be noted that the MOI values are relative and calculated based on theWSV t
determined on BHK cells or SeV titer on Vero cells supporting robust virus tegpiica
It is therefore likely that the actual MOI values for microglia and/opagtes were
actually lower than indicated.
In vitroviral infection

Isolated primary microglia and astrocytes were infected with VSV gres&10I
of 0.001, 0.01, 0.1, 1, and 10 PFU per cell and the virus was allowed to adsorb for 1 hour.
Non-adherent viral particles were removed by washing with PBS followéueby
addition of RPMI 1640 media supplemented with 10% FBS (for astrocytes) or 10% FBS
and 20% LADMAC (for microglia). Cultures were maintained for 12 and 24 hours prior
to collection of culture supernatants and preparation of whole cell proteiressolat
Immunoblot analysesfor GFP and VSV products

Immunoblot analyses for the presence of GFP and VSV proteins in microglia,
astrocytes, and whole brain samples were performed as described prewously b
laboratory (Bowman et al. 2003; Rasley et al. 2006). Whole protein samples were
obtained from microglia, astrocytes, and brain tissue in a buffer containingM Z&im
base, 20% glycerol, 2% SDS, 1% bromophenol blue and 2% 2-mercaptoethanol.
Samples were separated using 10% SDS PAGE and transferred to Immobilon-P
membranes (Millipore, Bedford, MA). Membranes were blocked for 18 hours with 5%
skimmed milk at 4°C. After incubation with a rabbit polyclonal antibodies against VSV
or GFP (Thermo Scientific Affinity BioReagents) for 24 hours at 4°C, blots washed
and incubated in the presence of an HRP-conjugated donkey anti-rabbit antibody (Cell

Signaling, Danvers, MA) or an HRP-conjugated goat anti-mouse 1gG antibaphygSi
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Aldrich, St. Louis, MO). Bound enzyme was detected with the Super Signal system
(Thermo Scientific, Rockford, IL).
In-vivo viral infection

VSV wt or VSV-GFP were administered to 3-4 week old male wt C57BL/6 mice
(Jackson Laboratories) via intranasal (i.n.) infection essentiaflyeasously described
by our laboratory (Gasper-Smith et al. 2006). Anesthetized animals weratedtoe
received i.n. administration of VSV (1 X 1PFU) in PBS (final volume of 20 ul). At5
days post infection (d.p.i.), protein isolates were prepared from whole bram tiss
homogenates or mixed glial cells acutely isolated from infected and uethf@ctmals
using a modified protocol (Campanella et al. 2002). All studies were pedomme
accordance with relevant federal guidelines and institutional poligaesdiag the use of
animals for research purposes. Infected and uninfected animals were sdqreddb
disease severity using protocols previously described by our group (Retle@0813.
A score of 1 was given to mice with percolated fur but no detectable behavioral
differences compared to untreated mice, a score of 2 was given to nigeevaolated
fur and a huddle reflex but were still active, a score of 3 was given to mice tedes®
active and were relatively passive when handled, a score 4 was assigresdive imice
that exhibited only limited response when handled, and a score of 5 was applied to
moribund mice. Severity was scored from 1 (no detectable behavioral diffgrembes
(moribund). Animals were then euthanized and protein isolates were prepared from
whole brain tissue homogenates or mixed glial cells acutely isolatedrifeatad and

uninfected animals as described above. All studies were performed idatm®vith
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relevant federal guidelines and institutional policies regarding the usenwdlarior
research purposes.
Acuteisolation and cytometric analysis of CNS cells

Mixed CNS cells were acutely isolated from infected and uninfected animals
using a modified protocol (Campanella et al. 2002). Briefly, brains were yapidbved
and mechanically disrupted in a glass homogenizer, washed, and resuspended in
PBS/30% Percoll (Fluka, Sigma Aldrich, St Louis, MO) solution. This was oderfaa
gradient containing 37% and 70% Percoll solutions and centrifuged at 600 X G for 20
min at room temperature. Glial cells were then collected from the inteafact washed
with PBS. For VSV-wt infected animals, protein isolates were prepeoedthe purified
cells and analyzed for the presence of VSV products by immunoblotting using a
polyclonal antibody directed against this virus. For VSV-GFP infected &iosdls
were stained with an R-phycoerythrin conjugated monoclonal anti-mous&btCD
antibody (BD Pharmingen clone #M1-70). These cells were analyzed using a
FACSCalibur flow cytometer (Becton Dickson, San Jose, CA) to determine the
percentage of GFP and CD11b dual positive cells. A minimum of 50,000 cells were
counted and data are reported as the percentage of the cell population.
Fluor escence micr oscopy

Fluorescence microscopy pictures were taken using an Olympus DP70 digital
camera on an Olympus IX71 inverted fluorescent microscope under 10X objective using

Olympus DP Controller software.
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Densitometric analyses

Densitometric analyses of Western blots were performed using Nigkima
(obtained from the NIH Web site: http://rsb.info.nih.gov/nih-image). Results are
presented as mean values of arbitrary densitometric units correctedkgrdusl
intensity or as fold increases over levels in unstimulated cells.
Statistical Analyses

All results are presented as the mean +/- SEM and were testedcsiltibty
Student’s t test, one-way analysis of variance (ANOVA) with Tukey’s Ipastest, or
repeated measures ANOVA with Tukey’s post hoc test, as appropriate, using
commercially available software (Sigma Stat; Systat Softvgane Jose, CA). Results

were considered to be statistically significant at a probability of <0.05.



CHAPTER 3: EXPRESSION OF NOD2 IN PRIMARY MURINE
ASTROCYTES
3.1 Rationale

Bacterial invasion of the CNS is well known to result in devastating disease,
associated with high rates of mortality and morbidity, despite marked advance
antimicrobial treatments. Evidence suggests that the often irreveraikge associated
with CNS infection is mediated in large part not by the pathogen itself, but by the
immune responses initiated in response to the foreign antigens (Boje and 29@ra
Ulvestad et al. 1994). While the inflammation generated may be protectiveitiydim
bacterial proliferation and assisting with pathogen clearance, italses collateral
damage to the delicate cell types within the CNS (Benveniste 1997b; Gonzatanesc
and Baltuch 1999; Stoll and Jander 1999; Kielian 2004b; Kielian 2004a; Streit 2004).
This, coupled with limited generation potential, can lead to permanent neurological
(Gasque et al. 1995; Medana et al. 2000; Nau and Bruck 2002).

There is growing appreciation that astrocytes, the major glialypalib the CNS,
are important contributors to the inflammatory immune responses in the brain. Upon
exposure to inflammatory mediators, bacteria, or bacterial componerésctilssassume
effector functions such as the production of cytokines and expression of MHC class Il
molecules which contribute to the recruitment and activation of leukocytesr{leaté
1991; Benveniste 1997a; Soos et al. 1998; Owens et al. 2005). The mechanisms by which

these cells perceive and subsequently respond to these stimuli are only tesetiing
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apparent with the demonstration of pattern recognition receptor expressioty traose
of the Toll-like family of pattern recognition receptors. Indeed, a numbeffefaht
receptors in this family have been shown in astrocytes (Laflamme and BRd@dst
Rasley et al. 2002a; Bowman et al. 2003; Esen et al. 2004; Carpentier et al. 2005).
However, the presence of these molecules does not preclude the possibility of other
pathways for the identification of pathogens.

The recent discovery of members of the NOD-like family of cytosoliepatt
recognition receptors may provide another means by which effector resmdnse
astrocytes are generated against bacterial infection. Studies hawestiated that
members of this family, in particular NOD1 and NOD2, have the ability to intestct
minimal motifs of peptidoglycan and, using the adapter molecule Rip2 kinasejmesult
the activation of the NéB (Chamaillard et al. 2003b; Girardin et al. 2003a; Girardin et
al. 2003b; Girardin and Philpott 2004). 8B as a pivotal transcription factor in the
production of pro-inflammatory molecules, can contribute to the generation dbeffec
functions in astrocytes. Additionally, astrocytes have been shown to respondrfathct
to commercial preparations of peptidoglycan with cytokine and chemokine production,
which lends support to this possibility (Esen et al. 2004).

In the present study, we demonstrate that isolated murine astrocyttsitoely
express robust levels of NOD2 and that such expression is significantlylapeeg
following exposure to two disparate and clinically relevant bacterial pathod¢ms
CNS,Borrélia burgdorferi andNeisseria meningitidis. Similarly, NOD2 protein
expression is elevated following exposure to specific bacterial ligands fa. TLR

Importantly, astrocytes express Rip2 kinase, an essential downstreator effelecule
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for NOD-mediated cell responses, and this expression is upregulated followghodpiad
challenge. Furthermore, we provide strong evidence for the functionad iwatNOD?2

in astrocytes by demonstrating that a specific ligand for this cytosdlerpaecognition
receptor can induce significant inflammatory cytokine production and can augment
immune responses induced by TLR ligation. The demonstration that astrocytes expre
functional NOD2 proteins may represent a potentially important mechanism tly whi

this glial cell type can respond to bacterial infections of the CNS.
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3.2 Results

Induction of MRNA encoding NOD1 and NOD2 in murine astrocytes following
bacterial exposure

To begin to determine whether astrocytes express these novel patteniti@tog
receptors, we have determined the level of expression of mMRNA encoding NOD1 and
NOD?2 in isolated cultures of murine astrocytes either at rest or folloshiallenge with
clinically relevant gram-negative bacterial pathogens of the CNS. Musirocges
were untreated or exposed to INemeningitidis or bacterial lysates. At 4 and 8 hours
post-infection, RNA was isolated and real time PCR was performed forabenae of
MRNA encoding NOD1 or NOD2. As shown in Figure 5, there is very low constitutive
expression of MRNA encoding NODL1 in resting cultures of astrocytes. Hgwever
exposure of cells to either vialdie meningitidis or N. meningitidis antigens elicits
modest but significant (p < 0.05) increases in the level of expression of mMRNA ancodin
NODL1 (Figure 5). The high level of variability in the data obtained at!S0:1
meningitidis to each glial cell is most likely due to astrocyte cell death at thispiicitty
of infection (data not shown). In addition, we have also exposed primary astrodytes to
burgdorferi antigens, a preparation that has previously been shown to be free of LPS
(Anguita et al. 2002). Challenge with this disparate gram-negative hmeteimilarly
elicited modest but significant elevations in NOD1 mRNA expression (Figure

In contrast, resting astrocytes constitutively express mRNA encodNat
levels that are approximately three orders of magnitude greater thae¢ndor NOD1
(Figure 6). Furthermore, botth meningitidis andB. burgdorferi antigens elicit
significant increases in NOD2 mRNA expression in astrocytes (Figure I6Agddition,

cells were exposed to LPS, flagellin, or an activating oligonucleotide tovhesher
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bacterial stimuli for TLR4, TLRS5, or TLR9, respectively, can induce NOD protein
expression in astrocytes. As shown in Figure 6B, purified bacterial TLRIBgelicited
significant increases in NOD2 mRNA levels and these increases occuredapidly
than that seen for bacterial lysates.

Induction of NOD1 and NOD?2 protein expression in astrocytes following bacterial
challenge

To determine whether the expression of mMRNA encoding NOD1 or NOD2 in
resting or bacterially challenged astrocytes results in the expressimsefprotein
products, immunoblot analyses were performed. Reagents for murine NOD proteins
were not currently available and so polyclonal antibodies directed against huribdn NO
and NOD?2 proteins were utilized due to their 89% and 78% homology to murine NOD1
and NOD2, respectively (Girardin et al, 2003a; Strausberg et al, 2002). Murine
astrocytes were exposedNomeningitidis or B. burgdorferi antigens at the indicated
concentrations and whole cell protein isolates were obtained at 12 or 24 hours prior to
immunoblot analysis for NOD1 or NOD2. As shown in the representative experiment
Figure 7A, resting cultures of astrocytes showed very low levels of eilptoat
migrated close to the predicted size of the NOD1 protein (~130 kDa) and exposure to
either bacterial species elicited only modest elevations in such expressieteanined
by densitometric analysis. These findings are in agreement with the déveRNA
encoding NOD1 shown in Figure 5. In addition, cells were exposed to LPS, flagellin, or
an activating oligonucleotide to test whether bacterial stimuli for TddRsinduce NOD
protein expression in astrocytes. However, these purified bacterial compelieted
only modest elevations in NODL1 protein expression even at relatively high

concentrations (Figure 7B).
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In contrast, murine astrocytes constitutively expressed robust levelsaitanp
that migrated close to the predicted size of NOD2 proteins (~115 kDa) (Figure 8A)
Furthermore, NOD2 protein expression demonstrated a 2-fold induction following
exposure to eitheéd. meningitidis or B. burgdorferi antigens as determined by
densitometric analysis (Figure 8A). Again, these data are in agreentethevievels of
MRNA encoding NOD2 observed in astrocytes constitutively and the upregulation
observed following bacterial challenge (Figure 6). In addition, level<QdNprotein
expression were markedly increased following exposure to even low concastiati
TLR ligands (Figure 8B). Interestingly, muramyl dipeptide (MDP pecdic ligand for
NOD2, failed to elicit significant elevations in NOD2 protein expression latreit2
hours (19.0 +/- 4.2 versus 18.4 +/- 4.9 arbitrary densitometric units for resting and MDP-
stimulated astrocytes, respectively) or 24 hours (29.0 +/- 5.0 versus 33.6 +/- 6.7yarbitra
densitometric units for resting and MDP-stimulated astrocytes, respgctalowing
challenge.

Astrocytes express, Rip2 kinase, a pivotal downstream effector molecule for NOD
signaling

To begin to determine whether astrocytes can express functional NOD pattern
recognition receptors, we have investigated whether these cells exp2dsiase, a
critical effector molecule in both NOD1 and NOD2-mediated cellular daiivaCells
were untreated or exposedNomeningitidis or B. burgdorferi antigens for 4 or 12 hours.
As shown in the representative experiment in Figure 9A, mRNA encoding Rip2 ksnas
expressed in murine astrocytes, constitutively. Importantly, exposure toMither
meningitidis or B. burgdorferi antigens elicit marked increases in levels of Rip2 kinase

MRNA as rapidly as 4 hours post-treatment, with maximal increases of 4.6 anti4.8-f



48

respectively, over constitutive levels as determined by densitiomethsean@igure

9A). Furthermore, these increases were maintained up to 12 hours followingabacteri
exposure (Figure 9A). On average, levels of mMRNA encoding Rip2 kinase were
significantly increased (p < 0.05) from 35 +/- 13 arbitrary densitometric umits i
unstimulated cells to 128 +/- 10 and 131 +/- 7 arbitrary densitometric units following
exposure td3. burgdorferi andN. meningitidis, respectively.

To determine whether mRNA levels are representative of Rip2 kinase protein
expression, immunoblot analyses were performed. Murine astrocytes wesgeohbr
exposed tdN. meningitidis or B. burgdorferi antigens for 24 hours. As shown in the
representative experiment in Figure 9B, unstimulated astrocytes eefRgR kinase
constitutively (60 kDa). Importantly, the level of expression of this protein was
increased by approximately 2- and 3-fold at 24 hours following challengéNwith
meningitidis or B. burgdorferi antigens, respectively, as determined by densitometric
analysis (Figure 9B). On average, Rip2 kinase protein levels were signyficantl
increased (p < 0.05) from 18 +/- 4 arbitrary densitometric units in unstimulatedccell
70 +/- 10 and 42 +/- 7 arbitrary densitometric units following exposugeliargdorferi
andN. meningitidis, respectively. As such, the constitutive expression of this critical
downstream effector molecule and its sensitivity to bacterial challengé@des

circumstantial evidence for the functionality of NOD proteins in astrocytes.
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Astrocyte immuneresponses ar e augmented by a specific NOD2 agonist

To test whether astrocytes express functional NOD molecules we have
investigated the ability of MDP, a well characterized and specific ligand@@2
(Girardin et al. 2003b; Girardin et al. 2003c; Inohara et al. 2003), to induce cytokine
production by these cells or augment immune responses induced by specifiabacteri
ligands for other pattern recognition receptors. Astrocytes were untreaeposed to
MDP (1 and fug/ml), in the presence or absence of LPS, flagellin, or an activating
oligonucleotide at concentrations that elicit suboptimal cytokine responsessaydells.
At 12 or 24 hours following treatment, culture supernatants were isolated andddssaye
IL-1, IL-6, and TNFer content by specific capture ELISAs. As shown in Figure 10,
MDP elicited modest but significant elevations in both IL-6 and BiN#toduction by
astrocytes. Importantly, MDP significantly increased (p < 0.05) IL-6 and-d'N
secretion by cells stimulated with LPS, flagellin or CpG (Figure Itierestingly,
combined exposure of cells tau§/ml MDP and flagellin or LPS elicited significantly
greater than additive (p < 0.05) elevations in Téproduction at 24 hours post-
treatment (Figure 10B). In contrast, MDP failed to augmenfliprbduction by
astrocytes either when used alone or in combination with TLR ligands (data not shown).
Taken together, these data suggest that astrocytes express functionaldé€id@rs and
that such molecules can act in a cooperative manner with TLRs to augment production of

specific inflammatory cytokines.
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3.3 Conclusions

Astrocytes are well known to play essential roles in the development, survival and
functioning of CNS neurons. However, it has become increasingly apparent that
astrocytes may also be important contributors to inflammatory immune respotises
the brain. Stimulated astrocytes have been demonstrated to express ah array
inflammatory cytokines and chemokines (Dong and Benveniste 2001) that coutd initia
leukocyte migration through the blood brain barrier (Persidsky 1999). Furthermore, it
has been suggested that astrocytes express, or may be induced to express, antigen
presenting class Il MHC molecules and co-stimulatory molecules (Bothd@enveniste
2001). Importantly, astrocytes have been shown to mount such responses following
exposure to microbial challenges (Krueger et al. 1995; Wesselingh and Thompson 2001).
To date, the mechanisms by which these resident CNS cells perceiveabpatbpogens
remain unclear. While our group (Bowman et al. 2003), as well as others (Bsibsi et al.
2002; Esen et al. 2004; Carpentier et al. 2005), have recently described the presence of
members of the Toll-like family of receptors on murine astrocytes, sucbhsskpn does
not prevent the possible involvement of other pattern recognition receptorooytestr
activation. Indeed, recent studies have suggested that disparate patteriioacog
receptor types may act in a synergistic manner to promote inflammitonyrie
responses (Uehara et al. 2005).

NOD1 and NOD2 are members of a family of proteins whose members appear to
serve as pattern recognition receptors (Ting and Davis 2005). In the pradgniva
provide evidence for the expression of these novel pathogen-associated molé¢mirtar pa

recognition receptors in murine astrocytes. We demonstrate that thes®ustitutively
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express robust levels of NOD2 mRNA and show that expression is elevated following
challenge with two clinically relevant bacterial pathogens of the GN®eningitidis

andB. burgdorferi. In addition, NOD2 mRNA levels are rapidly upregulated following
exposure to bacterial ligands for TLRs. Such a finding is consistent with theysigvi
documented ability of LPS to induce NOD2 mRNA expression in a monocytic cell line
(lwanaga et al. 2003). Our current experiments have enabled us to confirm Htatlisol
astrocytes express NOD2 protein constitutively and have elevated lel@ligrig

bacterial challenge. In contrast, resting astrocytes exprés®fitto NOD1 and only
modest expression was observed following bacterial challenge.

While both NOD1 and NOD2 detect bacterial peptidoglycans, differencgs exi
between the specific motifs recognized by each in that NOD1 interabtdhwinaturally
occurring peptidoglycan degradation product, GIcCNAc-MurNAC-L-Ala-gar¥alu-
meso-DAP, that is found in peptidoglycans from gram-negative bacteria while2NOD
recognizes a minimal muramyl dipeptide motif, MurNAC-L-Ala-D-1soGUDP),
present in all peptidoglycans (Chamaillard et al. 2003b; Girardin et al. 2003&]iG et
al. 2003b; Girardin et al. 2003c; Inohara et al. 2003; Girardin et al. 2005). As such, it has
been suggested that NOD1 represents a specific receptor for granvenbgateria while
NOD2 is a more general sensor of bacteria (Girardin et al. 2003a; Giraedir2@03b).

Borrelia burgdorferi is the causative agent of Lyme neuroborreliosis and can
elicit astrocyte immune responses (Ramesh et al. 2003) Mégseria meningitidis is an
important cause of bacterial meningitis (Kolb-Maurer et al. 2003) and indievetesl
levels of inflammatory cytokine production in the cerebral spinal fluid of indecte

patients (Waage et al. 1989; Sharief et al. 1992; Kornelisse et al. 1997). More
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importantly, these organisms are gram-negative bacterial speciesgogs

peptidoglycan motifs that can be recognized by both NOD homologues. In the present
study we show that exposure of astrocytes to eBhburgdorferi or N. meningitidis
elevates the expression of both NOD1 and NOD?2 in astrocytes (Figures ih@JQiD2
being the predominant homologue as assessed at both the level of mMRNA and protein
expression. However, it is possible that induction of NOD molecules occurs sgctandar
signaling via other pattern recognition receptors, rather than a direct aensef
bacterial ligands interacting with NOD receptors. Support for this notion coomeshe
finding that ligands for TLRs can elicit elevations in NOD expression in@g#&s

(Figures 6 and 8B) and a monocytic cell line (lwanaga et al. 2003). Furtleetimr
NOD2 specific ligand, MDP, fails to augment NOD2 expression. It is, therefedy li
thatB. burgdorferi andN. meningitidis indirectly induce NOD expression following
engagement of other pattern recognition receptors.

Both NOD1 and NOD2 have been reported to associate with Rip2 kinase (Ogura
et al. 2001b; Chin et al. 2002; Kobayashi et al. 2002; Yoo et al. 2002) and the present
demonstration of the inducible expression of Rip2 kinase in astrocytes lends crtedence
the notion that NOD proteins are functional in this cell type. Activation of thist@ada
molecule results in the activation of NF-kB, a pivotal transcription factor in the
production of cytokines such as IL-6 and TMFand the induction of co-stimulatory
molecules. Hence, activation of astrocytes via NOD receptors could undddastan
part, the bacterially-induced immune molecule production previously reported ielthis c

type (Dong and Benveniste 2001).
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More direct evidence for the functional presence of NOD molecules in asgocy
comes from the demonstration that extracellular application of MDP, an apligaent
for NOD2, can elicit modest but significant production of IL-6 and Td\N@~igure 10).
These findings are consistent with previous studies employing MDP that shdhighat
molecule is a relatively poor stimulus in macrophages (Pauleau and Murray 2003).
Importantly, we demonstrate that this NOD2 ligand can significantly augryierkirce
production elicited by TLR agonists. Furthermore, the presence of this NOid kga
elicit inflammatory mediator production that is greater than the sum of eauliusi
alone. Such afinding is in agreement with previous studies in other cell types
demonstrating that MDP can act in a synergistic manner with LPS toidl@mmatory
cytokines production. It must be noted that extracellular application of spkgainds
for NOD proteins can initiate cellular responses (Pauleau and Murray, 2003rt\&blfe
al, 2002; Yang et al, 2001) despite the predicted inability of these molecules tdeross t
plasma membrane. To date, the precise mechanisms responsible for this uptglké have
to be determined, although it is possible that phagocytosis and/or
pinocytosis/macropinocytosis underlie such uptake.

While it is presently unclear why MDP alone elicits only modest cytokine
production by astrocytes, it is possible an initial stimulus is required to ilNIDB2
expression, thereby rendering astrocytes more sensitive to the presktizie.o
Alternatively, these findings may indicate that multiple signals, via dilssipattern
recognition receptors, act in a synergistic manner to promote inflammatoog\de
responses. Regardless of which scenario is correct, the present study déssahsira

disparate bacterial pattern recognition receptors can act in a coroperanhner to
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initiate immune responses in astrocytes. As such, the functional presence of NOD
proteins in primary astrocytes may represent an important mechanishidbythis cell

type responds to bacterial CNS pathogens.
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Figure 5: Expression of mRNA encoding NODL1 in isolated murine astrocytds.(Ze

X 10°%) were untreated (0) or exposed to whole vidbleeningitidis (Nm Live) (10 and
30 bacteria to each astrocyte)Nmeningitidis antigens (Nm) (1 and fg/ml) orB.
burgdorferi antigens (Bb) (1 and sg/ml). At 4 and 8 hours post-treatment, RNA was
isolated and real time PCR performed to determine the level of expression ¢ mRN
encoding NOD1. Data are presented as the mean +/- SEM of four experiments
normalized to the expression of G3PDH. Asterisk indicates a statissaatificant
difference from untreated astrocytes.
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Figure 6: Expression of mRNA encoding NOD?2 in isolated murine astrocytes! Ra

Cells (2 X 18) were untreated (0) or exposed\tomeningitidis antigens (Nm) (1 and 5
ug/ml) orB. burgdorferi antigens (Bb) (1 andfg/ml) for 4 and 8 hours. Panel B: Cells
were untreated (0) or exposed to lipopolysaccharide (LPS) (0.1 and 1 ng/migdpurifi
flagellin (FIg) (1 and 5 ng/ml), or an activating oligonucleotide (CpG) (0.1 argirl)

for 4 hours. At the indicated times RNA was isolated and real time PCR performed to
determine the level of expression of mMRNA encoding NOD2. Data are pikssritee
mean +/- SEM of four experiments normalized to the expression of G3PDH. Rsteris
indicates a statistically significant difference from untreatedeaytes.
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Figure 7: Astrocytes express only low levels of NOD1 protein followingebiatt

challenge. Panel A: Isolated murine astrocytes (2‘)<were untreated (0) or exposed
to N. meningitidis antigens (Nm) (1, 2.5, andug/ml) orB. burgdorferi antigens (Bb) (1,
2.5, and fug/ml) for 12 hours. Panel B: Cells were untreated (0) or treated with
lipopolysaccharide (LPS) (10 and 100 ng/ml), purified flagellin (FIg) (10 and 100)ag/ml
or an activating oligonucleotide (CpG) (100 and 1000 ng/ml) for 24 hours. After
treatment, whole cell protein isolates were prepared and NOD1 protein éxprgas
determined by immunoblot and quantified by densitometric analysis. Representative
results are shown for one of three separate experiments with densit@nalyses
normalized tg3-actin expression. For comparison purposes, immunoblots and
densitometric analyses for NOD1 expression in the same number of LP&eatti
murine peritoneal macrophages is show)(m
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Figure 8: Astrocytes constitutively express NOD2 protein and levelarated
following challenge with bacterial pathogens or known ligands for Toll-likiepa
recognition receptors. Panel A: Astrocytes (2 ﬁ)mare untreated (0) or exposed\o
meningitidis antigens (Nm) (1, 2.5, andug/ml) orB. burgdorferi antigens (Bb) (1, 2.5,
and 5ug/ml) antigens for 24 hours. Panel B: Cells were untreated (0) or exposed to

lipopolysaccharide (LPS) (10 and 100 ng/ml), purified flagellin (FIg) (10 and 100)ag/ml

or an activating oligonucleotide (CpG) (0.1 anglgIml) for 24 hours. After treatment,
whole cell protein isolates were prepared and NOD2 protein expression wasikstier
by immunoblot and quantified by densitometric analysis. Representatives r@sult
shown of one of three separate experiments with densitometric analyseszsal nags-

actin expression.
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Figure 9: Astrocytes express Rip2 kinase, a critical downstreamagffeotecule of

NOD signaling. Panel A: Cells (2 X ?D()Nere untreated (0) or exposed\io
meningitidis antigens (Nm) (1 and5g/ml) orB. burgdorferi antigens (Bb) (1 and 5
ug/ml). At 4 and 12 hours post-treatment, RNA was isolated and semi-quantitative RT-
PCR performed to determine expression of mRNA encoding Rip2 kinase. PCR
amplification of G3PDH was performed to ensure similar amounts of input RNA and
similar efficiencies of reverse transcription. These studies were pedad times with
similar results. Panel B: Cells were untreated (0) or expodedhteningitidis antigens
(Nm) (1, 2.5, and fg/ml) orB. burgdorferi antigens (Bb) (1, 2.5, anduf/ml) antigens
for 24 hours. After treatment, whole cell protein isolates were prepared and rRag2 ki
protein expression was determined by immunoblot and quantified by densitometric
analysis. Representative results from one of three separate expgiamgeshown with
densitometric analyses normalized3tactin expression.
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Figure 10: A NOD2 specific ligand, MDP, augments inflammatory cytokine ptiotiuc

by murine astrocytes. Cells (2 X®@vere untreated (0) or exposed to muramyl
dipeptide (MDP) (1 and pg/ml) in the presence or absence of lipopolysaccharide (LPS)
(2 ng/ml), purified flagellin (FIg) (1 ng/ml), or an activating oligonucleeti€pG) (100
ng/ml). At 24 hours post treatment, culture supernatants were assayed foréheguods
IL-6 (Panel A) or TNFe. (Panel B) by specific capture ELISAs. Data are presented as
the mean of triplicate determinations +/- SEM. Asterisks indicateststatly significant
difference between cytokine levels detected in the absence and presktizié within

each bacterial stimuli group.



CHAPTER 4: EXPRESSION OF NOD2 IN PRIMARY MURINE
MICROGLIA

4.1 Rationale

Microglia are resident immune cells of the CNS and, like macrophages and
dendritic cells, are of myeloid lineage. This important glial cell type refspto
traumatic injury or the presence of infectious organisms by migrating satéhef injury
and undergoing rapid proliferation. These cells then become activatedsaeé thie
challenge, assuming many of the immune effector functions typicatceated with
macrophages. Microglia are capable of serving as facultative phaga@rnd express
antigen presenting MHC class Il molecules. These effector functionshined with the
expression of co-stimulatory molecules, allow microglia to act as professntigen
presenting cells (Hickey and Kimura 1988). Additionally, microglia can be @utitec
produce key pro-inflammatory molecules such as ti\#Rd IL-6 (Kiefer et al. 1993;
Streit et al. 1999). As such, these cells are ideally suited to detect and respond to
pathogens that infiltrate the CNS. Our group has recently demonstrated thatienicrogl
can respond tBorrelia burgdorferi andNeisseria meningitidis, two clinically relevant
Gram-negative bacterial pathogens of the CNS (Rasley et al. 2002a; Rad|3066).
Other groups have demonstrated that the Gram-positive orgehiaaneus, similarly
elicits pro-inflammatory responses by purified cultures of micrdglialian et al. 2002;

Kielian et al. 2004).



62

However, the mechanisms by which these cells identify bacterial pathagens
poorly understood. Recent studies have demonstrated that microglia expresssnaémber
the Toll-like family of receptors (TLR) that recognize conserved battaotifs.

Microglia express TLR2, TLR4, TLR5, and TLR9, which are known receptors for
lipoproteins/peptidoglycan, lipopolysaccharide (LPS), bacterial flagetioh, a
unmethylated CpG motifs, respectively (Bsibsi et al. 2002; Rasley et al.;ZDi32a

and Miller 2004; Esen and Kielian 2005; Kielian et al. 2005a). However, the expression
of these molecules does not eliminate the possible involvement of other pattern
recognition receptors in the perception of bacterial pathogens by these cells.

A recent study has suggested that peptidoglycan perception is mediated by
members of the novel nucleotide-binding oligomerization domain (NOD) family of
proteins rather than by TLR2 (Travassos et al. 2004). NOD proteins have bediedlenti
in both immune and non-immune cell types and at least two members of this family of
proteins appear to serve as cytosolic pattern recognition receptors (Tingae@Q05;
Strober et al. 2006). NOD1 (also designated CARD4) appears to interact with motifs
found in peptidoglycans from Gram-negative bacteria (Chamaillard 20@8b; Girardin
et al. 2003a; Girardin et al. 2003e). In contrast, NOD2 (also designated CARD15) has
been suggested to be a more general sensor of bacterial peptidoglycansogsites a
minimal motif present in all peptidoglycans (Girardin et al. 2003b; Girardih 20@3c;
Girardin et al. 2003e; Inohara and Nunez 2003). Both NOD1 and NOD2 have been
reported to associate with Rip2 kinase (also designated RICK and CARDIAK)g @t
al. 2001b; Chin et al. 2002; Kobayashi et al. 2002; Yoo et al. 2002), the activation of

which ultimately results in the activation of NF-kB, a pivotal transcriptiotofan the
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production of pro-inflammatory mediators. As such, NOD molecules could play an
important role in the detection of bacterial CNS pathogens and the initiation of
inflammation within the brain. To date, the expression of these novel bacteriat patte
recognition receptors has not been investigated in microglia.

In the present study, we demonstrate that isolated murine microglié&uoredy
express robust levels of NOD2 and show that such expression is upregulated following
exposure to two disparate bacterial pathogens of the Bdi&slia burgdorferi, and
Neisseria meningitidis. Similarly, NOD2 protein expression is elevated following
exposure to specific bacterial ligands for TLRs. The notion that NOD?2 is functional in
these cells is supported by the observation that muramyl dipeptide (MOfegifcs
ligand for NOD2, can also elevate levels of this receptor and by the deatimmsthat
microglia express Rip2 kinase, an essential downstream effector mdtachNi@D-
mediated cell responses. Finally, compelling evidence for the functionaé mdtNOD?2
expression in microglia is provided by the demonstration that MDP can augment
inflammatory cytokine production induced by TLR ligation in a synergistic/militige
manner. Taken as a whole, the demonstration that microglia express fungial
proteins may represent a potentially important mechanism by which thiselitype

can respond to bacterial infections of the CNS.
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4.2 Results
Microglia express mRNA encoding NOD molecules

To begin to determine whether microglia express these novel pattern tecogni
receptors we have assessed the level of mMRNA expression encoding NOD1RAdhNO
isolated cultures of murine microglia either at rest or following ehgk with clinically
relevant Gram-negative bacterial pathogens of the CNS. Murine micragia w
untreated or exposed to lie meningitidis. At 4 hours post infection, RNA was isolated
and real time PCR was performed for the presence of mMRNA encoding NOD1ID&. NO
As shown in Figure 11A, microglia constitutively express very low levelsRifiA
encoding NOD1. Exposure of microglia to viablemeningitidis fails to elicit
significant increases in such expression (Figure 11A). In contrast, restraglia
constitutively express mRNA encoding NOD?2 at levels that are apprtetintavo orders
of magnitude greater than those seen for NOD1 (Figure 11B). Furthermorejrexgos
microglia to viableN. meningitidis significantly increases NOD2 mRNA expression
(Figure 11B). Similarly, mixe®\. meningitidis antigen isolates elicit marked elevations
in expression of MRNA encoding NOD2, but not NOD1 (Figures 11B and 11A,
respectively). Finally, we have investigated the effects of a disgzaeaterial pathogen,
B. burgdorferi, on NOD mRNA expression. As shown in Figure BIhurgdorferi
antigens also significantly elevate NOD2 mRNA expression.

The ability of whole cell bacterial lysates to induce NOD2 mRNA exmBssi
indicates that a dynamic interaction between viable bacteria and murses celt
required for this effect. Rather, it suggests that bacterial motits fatband sufficient

stimulus to induce NOD2 mRNA expression in microglia. To further investigate thi
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possibility, we have assessed the ability of purified microbial components t@induc
NOD2 mRNA expression. Microglia were exposed to the minimal peptidoglycaf) moti
muramyl dipeptide (MDP), a known ligand for NOD2 (Girardin et al. 2003b; Girardin et
al. 2003e; Inohara et al. 2003). As shown in Figure 12A, MDP elicits modest but
significant increases in levels of MRNA encoding NOD2. This effect wasisder
NOD2, as MDP failed to elicit significant increases in the expression dfArgdcoding
NODL1 (Figure 12A). Furthermore, we have investigated the effect of knoweriahct
ligands for members of the Toll-like family of pattern recognition reecspin NOD2
MRNA expression. As shown in Figure 12B, bacterial LPS and flagellimdisgir
TLR4 and TLR5, respectively, elicit marked and rapid increases in NOD2 mRiK le
In contrast, specific ligands for TLR2 and TLR9 (Pam(3)Cys and an activating
oligonucleotide, respectively) fail to significantly alter NOD2 mRbbkpression (Figure
12B).
Microglia express elevated levels of NOD proteinsfollowing bacterial challenge

To determine whether expression of mMRNA encoding NOD molecules in
microglia translates into expression of these proteins, immunoblot analyges wer
performed. Reagents for murine NOD proteins were not currently available s
employed polyclonal antibodies directed against human NOD molecules tottetect
presence of murine NOD1 and NOD2 due to their 89% and 78% homology to human
NOD1 and NODZ2, respectively (Strausberg et al. 2002; Girardin et al. 2003ahowks s
in Figure 13, murine microglia constitutively express low levels of NODZprot
Importantly, exposure of these cellsNomeningitidis or B. burgdorferi antigens results

in marked increases in NOD2 protein expression of approximately 8- and 5-fold,
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respectively. However, antigens derived from the Gram-positive bactattalgenS.
aureus, previously shown to elicit microglial responses in part via TLR2 (Kielia. et
2005b), fail to elicit significant increases in such expression (Figure 1343.filiding
is consistent with the ability of LPS and flagellin to markedly elevate Ritein
expression while the TLR2 ligand, Pam(3)Cys, does not (Figure 13B).

In contrast, microglia constitutively express little or no NOD1 prdtéigure 14).
Exposure of microglia to bacteria or bacterial components elicited only treldeations
in NOD1 expression (Figure 14). It is noteworthy that such expression was
inconsistently observed and was only detectable on immunoblots loaded with tlege tim
the input protein used for NOD2 assays.

Microglia express Rip2 kinase, a pivotal downstream effector molecule for NOD
signaling

To begin to determine if NOD proteins are functional in microglia, we have
investigated whether these cells express Rip2 kinase, a critical daammstfiector
molecule in both NOD1 and NOD2-mediated cellular activation. As shown in Figure
15A, microglia constitutively express low levels of mMRNA encoding Rip2 kinase.
However, such expression is rapidly and markedly upregulated following exposure to
eitherN. meningitidis or B. burgdorferi antigens (Figure 15A). Interestingly, bacterial
ligands for TLR2, TLR4, and TLRS5 similarly elevate Rip2 kinase mRNA levéidew
ligands for TLR9 and NOD2 do not. This indicates a measure of specificity in the
regulation of this important signaling component.

To confirm that microglia express Rip2 kinase, whole cell protein isolates w
probed for the presence of this molecule by immunoblot analysis. As shown in Figures

15B and C, resting microglia express robust levels of this protein. While niécrog|
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exposed tdN. meningitidis or B. burgdorferi antigens tended to have higher Rip2 kinase
protein levels, these differences were not statistically signifiéagtife 15B). However,
purified bacterial components elicited an approximately 2-fold induction in Rip&e&ina
protein expression (Figure 15C). Curiously, the ligand for TLR9 significaleWyated
levels of Rip2 kinase protein despite failing to elicit demonstrable changesNkmR
levels. Taken together, the constitutive expression of this critical dowmsgféactor
molecule and its sensitivity to bacterial challenge provide circumaktavidence for the
functionality of NOD proteins in microglia.

MDP augments TLR ligand-induced inflammatory cytokine production by
microglia

To more directly assess the functionality of NOD2 protein expression in
microglia, we have investigated the effects of MDP on production of key inflasnynat
mediators by these cells. As shown in Figure 16, MDP treatment alonedetimtiest
but significant increases in ILBlat the highest dose used (Figure 16B). In contrast,
MDP failed to induce significant secretion of IL-6 (Figure 16A) or TdNB~igure 16C).
However, this NOD2 ligand markedly augmented the expression of all of these importa
inflammatory cytokines when used in combination with specific bacteraidig for
TLRs. MDP significantly increased the production of Ik-1L-6 and TNFe. following
exposure to LPS or flagellin. Interestingly, increases were gribateadditive for
flagellin-induced IL-B, IL-6 and TNFe, and LPS-induced IL-6 and TNd- The ability
of this NOD2 ligand to augment TLR-mediated immune responses appears to show
specificity as MDP increased Pam(3)Cys-induced IL-6 and &Nbat not IL-13.
Furthermore, MDP fails to significantly elevate cytokine production by miierog

exposed to activating oligonucleotides (CpG). Taken together, these data demonstrate
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that microglia express functional NOD2 receptors and suggest that thesalasotan
act in a cooperative manner with specific TLRs to augment production of pivotal

inflammatory cytokines.
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4.3 Conclusions

Traumatic injury and infectious agents can elicit marked inflammatepprees
within the CNS. While such responses may represent protective immunity against
certain pathogens, inflammation elicited by infectious agents often resultgegsive
damage to the CNS. An accumulating body of evidence suggests that residieptiglia
play a major role in host responses to microbial infection. Microglia ahedame
cellular lineage as macrophages and are, therefore, likely to play a keyhokt
defense against invading pathogens (Benveniste 1997b; Benveniste 1997a; Gonzalez-
Scarano and Baltuch 1999; Stoll and Jander 1999). Our group has previously
demonstrated that microglia can responB.tburgdorferi and N. meningitidis through
the production of key inflammatory mediators, namely IL-6 and tRasley et al.
2002a; Rasley et al. 2006[B. burgdorferi is the causative agent of Lyme
neuroborreliosis whil&l. meningitidis is an important cause of bacterial meningitis
making them clinically relevant pathogens of the CNS (Kolb-Maurer 208B). To
date, the mechanisms by which these resident CNS cells perceivedbati@tenges
remain unclear. Our groups, as well as others, have recently describeddne @i
members of the Toll-like family of receptors on murine microglia. Howeueh s
expression does not preclude the involvement of other pattern recognition receptors in
microglial activation (Bsibsi et al. 2002; Rasley et al. 2002a; Olson and 20(4;
Esen and Kielian 2005). Indeed, there is a growing perception that disparate patter
recognition receptor types act in a synergistic manner to promote manffaaimatory

immune responses (Uehara et al. 2005).
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NOD1 and NOD2 are members of a family of proteins whose members are
thought to serve as pattern recognition receptors for bacterial peptidoglyaamnand
Davis 2005; Strober et al. 2006). In the present study, we provide evidence for the
expression of such novel pathogen-associated molecular pattern receptorsig prim
microglia. We demonstrate that these cells constitutively express roleistdé mRNA
encoding NOD2 and detectable amounts of this cytosolic protein. NOD2 mRNA
expression is markedly elevated following exposure to the Gram-negatnogpatof
the CNSN. meningitidis. Interestingly, this effect appears to be independent of bacterial
viability, as whole cell lysates are at least as effective abéeteria in augmenting
NOD2 expression. Mixed antigen preparations from a disparate Gram-negateaba
CNS pathogerB. burgdorferi, similarly induced NOD2 levels in microglia. However,
this effect shows pathogen specificity as lysates of Gram-poSitargeus fail to induce
increases in NOD2 protein levels. These data suggest that certain becteganents
are a full and sufficient stimulus for NOD2 expression. Surprisingly, a gpkg#nd for
NOD?2 induced relatively modest increases in NOD2 expression. In contrasstadoni
TLR4 and TLR5 proved to be potent stimuli for NOD2 levels suggesting that cross-
regulation may occur between disparate pattern recognition receptors. Swih@if
consistent with the previously documented ability of LPS to induce NOD2 mRNA
expression in a monocytic cell line (lwanaga et al. 2003). It is noteworthy $patdic
ligand for TLR2 does not augment NOD2 expression in microglia. This observation is
consistent with the inability d& aureus antigens to induce NOD?2 protein levels (Figure
13) because microglial responses to this pathogen appear to be mediated, in part, by

TLR2 (Kielian et al. 2005a).
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In contrast to NOD2, our data indicated that resting microglia exptés®fino
NOD1 and only modest expression was observed following bacterial challenge. While
this finding might be considered surprising because NOD1 has been reportechtd inte
with the naturally occurring peptidoglycan degradation product GIcNAc-M@MA
Ala-gamma-D-Glu-meso-DAP that is found in peptidoglycans from Gram-negati
bacteria (Chamaillard et al. 2003b; Girardin et al. 2003a; Girardin et al. 2003dataur
is consistent with previous studies showing that other myeloid cell types imgludi
macrophages preferentially express NOD2 (Strober et al. 2006). In contestinait
epithelial cells have been demonstrated to express NOD1 almost excl¢Siveber et
al. 2006), as evidenced by the robust NOD1 protein levels in protein isolates frdm smal
intestine tissue (Figure 14).

Both NOD1 and NOD2 have been reported to associate with Rip2 kinase (Ogura
et al. 2001b; Chin et al. 2002; Kobayashi et al. 2002; Yoo et al. 2002) and the present
demonstration of inducible Rip2 kinase expression in microglia lends credence to the
notion that NOD proteins are functional in this cell type. Activation of this adaptor
molecule results in the activation of NF-kB, a pivotal transcription factdrein t
production of cytokines including ILAL IL-6, and TNFe., and the induction of co-
stimulatory molecules. Hence, activation of microglia via NOD receptarl underlie,
at least in part, the bacterially-induced immune molecule production previousliecepor
in this cell type.

More direct evidence for the functional presence of NOD molecules in mérog|
comes from the observation that extracellular application of MDP, an apparentfiga

NOD?2, can elicit modest but significant production of [L{Figure 16). These findings
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are consistent with previous studies employing MDP showing that this molecule is a
relatively poor stimulus in macrophages (Pauleau and Murray 2003). However, we
demonstrate that this NOD2 ligand can significantly augment cytokine giraaduc
elicited by TLR agonists. Importantly, co-treatment of microgi WIDP and TLR
ligands elicits inflammatory mediator production that is greater tharutheogeach
stimulus alone. This finding is in agreement with studies in other cell thpasrg that
MDP can act in synergy with LPS to elicit inflammatory cytokine prodactRibi et al.
1979; Yang et al. 2001; Wolfert et al. 2002; Li et al. 2004). It must be noted that
extracellular application of specific ligands for NOD proteins can teitallular
responses despite the predicted inability of these molecules to cross the plasm
membrane (Yang et al. 2001; Wolfert et al. 2002; Pauleau and Murray 2003). To date,
the precise mechanisms responsible for this uptake have yet to be deterntioedhatt
is possible that phagocytosis and/or pinocytosis/macropinocytosis underlie sueh upta
While it is presently unclear why MDP alone elicits only modest cytokine
production by microglia, it is possible an initial stimulus is required to indud@2NO
expression, thereby rendering microglia more sensitive to the prese&dof
Alternatively, these findings may indicate that multiple signals, via dilssipattern
recognition receptors, act in a synergistic manner to promote inflammaitoggtial
responses. Regardless of which scenario is correct, the present study déssahsira
disparate bacterial pattern recognition receptors can act in a coropearanner to
initiate immune responses in this resident CNS cell type. As such, the functional
presence of NOD proteins in primary microglia may represent an imporéshamism

by which this cell type responds to bacterial CNS pathogens.
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4.4 Figures
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Figure 11: Primary murine microglia constitutively express mRNeodimg members
of the NOD family of cytosolic pattern recognition receptors and such expnds
elevated following bacterial challenge. Cells (2 )?)Were untreated (0) or exposed to
live N. meningitidis (Nm) (3:1, 10:1, and 30:1 ratios of bacteria to ceNs)neningitidis
antigens (Nm Ag) (1, 2.5, andug/ml), orB. burgdorferi antigens (Bb Ag) (1, 2.5, 5
ug/ml). At 4 hours following treatment, mRNA was isolated and real time PCR
performed to determine the level of expression of mMRNA encoding NOD1 (Paael A)
NOD2 (Panel B). Data are presented as the mean +/- SEM of five expsriment
normalized to the expression of G3PDH. Asterisk indicates a statissaatificant
difference from untreated microglia.
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Figure 12: Expression of mRNA encoding NOD?2 is elevated following exposure to t
NOD?2 specific ligand, MDP, or known ligands for Toll-like pattern recognition
receptors. Panel A: Cells (2 X%(Were untreated (0) or exposed to MDP (1 and 5

ug/ml) for 4 and 8 hours prior to mMRNA isolation and real time PCR for NOD1 or NOD2

expression. Panel B: Cells (2 X®L@ere untreated (0) or exposed to Pam(3)Cys (PAM)
(12 and 5 ng/ml), lipopolysaccharide (LPS) (1 and 10 ng/ml), purified flagelliG)FL

and 5 ng/ml), or an activating oligonucleotide (CpG) (0.1 apg/thl) for 4 and 8 hours
prior to mMRNA isolation and real time PCR for NOD2 expression. Data are presante
the mean +/- SEM of three experiments normalized to the expression of G3PDH.
Asterisk indicates a statistically significant difference from watée microglia.
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Figure 13: Microglia constitutively express low levels of NOD2 progid such
expression is elevated following bacterial challenge or exposure to Totkbketor
ligands. Panel A: Cells (2 X iX)Nere untreated (0) or exposed\iomeningitidis

antigens (Nm Ag) (1 and jmg/ml), B. burgdorferi antigens (Bb Ag) (1 and@/ml), orS
aureus antigens (1 and pg/ml). Panel B: Cells (2 X waere untreated (0) or exposed
to Pam(3)Cys (PAM) (10 ng/ml), lipopolysaccharide (LPS) (100 ng/ml),ipdrif

flagellin (FLG) (10 ng/ml), or an activating oligonucleotide (CpGpugiml). At 24

hours post-treatment, whole cell protein isolates were prepared and NOD2 protein
expression was determined by immunoblot. Bands were quantified by densitometri
analyses normalized fi3actin expression. Bar graph in panel A depicts average values
+/- SD for three experiments. Bar graph in Panel B depicts normalizedodesisit

values for immunoblot shown which is representative of four separate experiments. F
comparison purposes NOD2 protein expression in a similar number of LPS apd IFN-
stimulated macrophages is shownpjm
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Figure 14: Microglia express little or no NOD1 protein constitutively,arig modest

levels following bacterial antigen challenge. Cells (2 )Q)Wbre untreated (0) or
exposed tdN. meningitidis antigens (Nm Ag) (mg/ml), B. burgdorferi antigens (Bb Ag)
(5 ng/ml), Pam(3)Cys (PAM) (10 ng/ml), lipopolysaccharide (LPS) (100 ng/ml){ig@diri
flagellin (FLG) (10 ng/ml), or an activating oligonucleotide (CpGpugiml). At 24

hours post-treatment, whole cell protein isolates were prepared and NOD# protei
expression was determined by immunoblot. Bar graph depicts results of dengitomet
analyses normalized f3actin expression for immunoblot shown, and this experiment
was performed twice with similar results. For comparison purposes NOD ksixjoré
protein samples from small intestine tissue is also shown (INT).
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Figure 15: Microglia constitutively express Rip2 kinase, a critical doreas effector
molecule of NOD signaling, and such expression is elevated following b&cteria
challenge. Panel A: Cells (2 Xe_mvere untreated (0) or exposed\tomeningitidis
antigens (Nm Ag) (1 and jsg/ml), B. burgdorferi antigens (Bb Ag) (1 and fug/ml),
muramyl dipeptide (MDP) (1 and®/ml), Pam(3)Cys (PAM) (1 and 10 ng/ml),
lipopolysaccharide (LPS) (10 and 100 ng/ml), purified flagellin (FLG) (1 and I0Ing/
or an activating oligonucleotide (CpG) (0.1 angigIml). At 4 hours post treatment,
RNA was isolated and real time RT-PCR performed to determine expressiorN#& mR
encoding Rip2 kinase. Data are presented as the mean +/- SEM of three experiment
normalized to the expression of G3PDH. Asterisk indicates a statissaaiificant
difference from untreated microglia. Panels B and C: Cells (26)(vﬂe}e untreated (0)
or exposed t&N. meningitidis antigens (Nm Ag) (1 and&g/ml), B. burgdorferi antigens
(Bb Ag) (1 and fug/ml) (Panel B), or Pam(3)Cys (PAM) (10 ng/ml), lipopolysaccharide
(LPS) (100 ng/ml), purified flagellin (FLG) (10 ng/ml), or an activating oligdeiide
(CpG) (1ug/ml) (Panel C). At 24 hours post-treatment, whole cell protein isolates wer
prepared and Rip2 kinase protein expression was determined by immunoblot. Bands
were quantified by densitometric analyses normalizgddotin expression and bar
graphs depict average values +/- SD for three experiments. For comparison purposes
Rip2 kinase protein expression in a similar number of LPS and istaulated
macrophages is shown ¢in
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Figure 16: MDP, a NOD2 specific ligand, augments inflammatory cytokine pioduct

by murine microglia. Cells (2 X f))were untreated (0) or exposed to muramyl dipeptide
(MDP) (1 and 5ug/ml) in the presence or absence of Pam(3)Cys (PAM) (10 ng/ml),
lipopolysaccharide (LPS) (10 ng/ml), purified flagellin (FLG) (1 ng/ml)aoractivating
oligonucleotide (CpG) (Lg/ml). At 12 and/or 24 hours post treatment, culture
supernatants were assayed for the presence of IL-6 (Panel A),(Rahel B), or TNFa
(Panel C) by specific capture ELISAs. Data are presented as the meguhicHtd
measurements of samples from three separate experiments +/- SEMskAstelicate
statistically significant difference between cytokine levels detein the absence and
presence of MDP within each stimuli group.




CHAPTER 5: FUNCTIONAL ROLE OF NOD2 IN MICROGLIA
AND ASTROCYTES

5.1 Rationale

Microglia and astrocytes are major glial cell types within thNSCStudies
conducted by our group, as well as others, have highlighted these cell types ésnimpor
contributors to the generation of inflammation during infection of the brain. It has been
demonstrated that these resident glial cells, upon exposure to pathogens of theeCNS, a
able to assume effector functions such as cytokine production and the expression of MHC
class Il molecules. The production of inflammatory mediators may sereertotr
leukocytes to the site of challenge and, in combination with antigen presentation in the
context of MHC class Il molecules, activate those cells upon their afdicdgy and
Kimura 1988; Hatten et al. 1991; Kiefer et al. 1993; Benveniste 1997a; Soos et al. 1998;
Streit et al. 1999; Owens et al. 2005). Our group has already demonstrated thdtamicrog
and astrocytes have the ability to detect and respond to clinically relecsatidda
pathogens of the CNS, includiBgrrelia burgdorferi andNeisseria meningitidis (Rasley
et al. 2002a; Bowman et al. 2003; Rasley et al. 2004b; Rasley et al. 2006). However, the
mechanisms by which these important resident glial cells perceiveribhpathogens are
only recently being described.

Studies have demonstrated that microglia and astrocytes utilizenpatter

recognition receptors as a means by which to identify and respond to microbial
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pathogens. Studies conducted by our group as well have others have reported the
expression of Toll-likereceptor family members known to be important in the percept
of extracellular bacterial pathogens (Laflamme and Rivest 2001; BsilhsR602;

Rasley et al. 2002a; Bowman et al. 2003; Esen et al. 2004; Olson and Miller 2004;
Carpentier et al. 2005; Esen and Kielian 2005; Kielian et al. 2005a). HovBevesiia
burgdorferi andNeisseria meningitidis are known to be internalized by eukaryotic cells
and the mechanisms by which intracellular bacteria are identified nogtiecand
astrocytes have not yet been established (Dehio et al. 2000; Livengood and&Gilmor
2006).

We have already demonstrated that microglia and astrocytes covediytuti
express NOD2, a member of the novel neucleotide-binding domain leucine-rich repeat
region containing family of proteins (NLR) (See Chapter 3 and 4). This molecule
functions as an intracellular receptor for a minimal motif present ingdbktpf bacterial
peptidoglycans. Those studies have provided circumstantial evidence thattéhis pat
recognition receptor is functional within microglia and astrocytes. Indeediidnality
can be inferred from the ability of TLR ligands aBafrelia burgdorferi andNeisseria
meningitidis antigens to significantly upregulate expression of NOD2 within these cell
types. Further evidence exists in the inducibility of Rip2 kinase, a critical d@ans
effector molecule of this pathway. Finally, we have also demonstrated uhatniyi
dipeptide, a known ligand for NODZ2, can significantly augment TLR-mediated
inflammatory cytokine production in both microglia and astrocytes.

In the current study, we have confirmed the functional nature of NOD2 pathway

expression in microglia and astrocytes. Additionally, we have taken steps tigatees
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the relative contribution of this pathway in the generation of inflammatory resptms
clinically relevant bacterial CNS pathogens. We demonstrate incrassedation of

NOD2 with its downstream adaptor molecule Rip2 kinase in primary cultures of murine
microglia and astrocytes following exposure to bacterial antigens. Fudhe we
demonstrate that NOD2 underlies the ability of muramyl dipeptide to augnednt gl

immune responses. Finally, we also show that NOD2 represents an important component
in the generation of inflammatory immune responses of resident @@ teia

burgdorferi andNeisseria meningitidis.
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5.2 Results

I ncreased association of NOD2 with Rip2 kinasein murine microglia and astrocytes
following bacterial challenge

To establish the functional relevance of NOD2 expression in resident CNS cel
we investigated the ability of NOD2 to associate with its downstrearct@ffemolecule,
Rip2 kinase, in isolated cultures of primary murine microglia and astroggtes co-
immunoprecipitation techniques. As shown in Figure 17, protein isolates from resting
cultures of microglia and astrocytes exhibit constitutive associatisrebatNOD2 with
Rip2 kinase. Importantly, the level of association between NOD2 and Rip2 kinase is
elevated in both microglia and astrocytes following exposure to lysaparpd from\.
meningitidis or B. burgdorferi, two clinically relevant bacterial pathogens of the CNS that
have been demonstrated to be internalized by glial cells (Livengood and Gid06&3
As such, the increased association of these molecules provides circumstaméiate
supporting a functional role for NOD2 in the immune responses of resident CNS cells
types following bacterial challenge.

MDP augmentation of inflammatory cytokine production by stimulated microglia
and astrocytesis mediated by NOD2

In this study we have confirmed our previous findings in microglia and attsocy
derived from BALB/c mice using those derived from C57BL/6 mice. As shown urd-ig
18A, C, MDP alone fails to elicit significant production of IL-6 or TMFA-lowever, this
NOD?2 ligand significantly augments the production of both of these inflammatory
cytokines by microglia following exposure to the TLR4 and TLR5 specifintlgaLPS
and flagellin, respectively. Similarly, MDP augments LPS and flegeltiuced 1L-6 and

TNF-a production by isolated astrocytes (Fig. 19A, C). Importantly, we have cwadir
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that the effects of MDP are mediated by NOD2 by performing paralleliexgais using
microglia and astrocytes derived from animals genetically defimehe expression of
NOD2 (NOD2-/-). As shown in Figure, 18B, D, MDP fails to augment inflaronyat
cytokine production by NOD2-/- derived microglia challenged with LP3ageflin.
Similarly, MDP does not elevate TLR-induced IL-6 or Thproduction by astrocytes
derived from NOD2-/- mice (Fig. 19B, D). These data confirm that MDPvaetdOD2
and can augment TLR-induced inflammatory cytokine production by both miceoglia
astrocytes.

NOD2 isrequired for maximal in vitro responses of microglia and astrocytesto N.
meningitidis and B. burgdorferi

To begin to determine the relative importance of the NOD2 receptor in
inflammatory glial responses to bacterial pathogens, we have comparesbibreses of
N. meningitidis andB. burgdorferi challenged cells derived from wild-type animals
(NOD2+/+) with those of cells derived from NOD2-/- animals. As shown in Eig0r
microglia produce IL-6 and TNE-in response to exposureNomeningitidis or B.
burgdorferi antigens. Importantly, cells derived from NOD2-/- mice exhibited
significantly lower responses than their NOD2+/+ derived counterpartfigee 20).
Similarly, NOD2-/- derived astrocytes produce significantly loweoamts of IL-6 and
TNF-a than wild-type derived cells following bacterial challenge (see Figureraken
together, these data indicate that NOD?2 is an important contributor to the in vitro
inflammatory immune responses of resident CNS cell types to these moalbyi

relevant bacterial pathogens.
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CNS Inflammation Following In Vivo Bacterial Administration arereduced in the
Absence of NOD2

To establish the in vivo role of NOD2 in bacterially induced inflammatory glial
responses, we have investigated the generation of inflammation assaaitedvivo
administration ofN. meningitidisin the presence or absence of NOD2. As shown in
Figure 22, the infection of the CNS with meningitidis results in the production of
statistically significant levels of the pro-inflammatory cytokinéFFa. This significant
increase was not apparent in NOD2-/- mice. We extended our in vivo studies to include
the disparate CNS pathogd,burgdorferi. As shown in Figure 22, i.c. administration of
B. burgdorferi (1x1@ organisms) is associated with a significant increase in T N#els
in whole brain homogenates. Importanyburgdorferi administration failed to elicit
significant elevations in TNk-levels in NOD2-/- animals. These results indicate that
NOD?2 plays an important role in the generation of in vivo inflammatory responses to

these bacterial pathogens.
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5.3 Conclusions

A number of studies, conducted by our group as well as others, suggest that
resident glial cells play an important role in the initiation and progression of
inflammation following infection or trauma. Microglia and astrocyteswaagr glial cell
types present within the CNS and, upon exposure to microbial pathogens, assume
important effector functions. Studies have demonstrated that both microglia and
astrocytes have the ability to produce key inflammatory cytokines inclddNfigo. and
IL-6 (Kiefer et al. 1993; Streit et al. 1999; Kielian et al. 2002; Rasley 20aPa,;

Kielian 2004b; Rasley et al. 2004b). In order to accomplish this role, microglia and
astrocytes utilize microbial pattern recognition receptors to perbaicterial pathogens
and to initiate protective, as well as damaging, CNS inflammation. Indesse, ¢ell

types have been shown to functionally express members of the Toll-like fdrpdjtern
recognition receptors (Lieberman et al. 1989; Dong and Benveniste 2001; Bsibsi et a
2002; Bowman et al. 2003; Esen et al. 2004; Olson and Miller 2004; Carpentier et al.
2005; Esen and Kielian 2005; Kielian et al. 2005a; Oh et al. 2005). Additionally, we
have demonstrated that microglia and astrocytes express members GDH&

family of pattern recognition receptors (see Chapter 3 and 4).

NLR proteins such as NOD2 have been identified as cytosolic pattern recognition
receptors that play a role in the initiation of inflammatory host immune resptms
bacterial challenge (Girardin et al. 2003a; Girardin et al. 2003b; Girardln2003e;

Ting and Davis 2005; Strober et al. 2006). NOD2 appears to function as an intracellular
receptor for a minimal motif common to all bacterial peptidoglycans (@irat al.

2003Db; Girardin et al. 2003e; Takada and Uehara 2006). We have characterized the
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expression of NOD2 in primary cultures of murine glial cells and demorctrae
microglia and astrocytes not only express NOD2 and its downstream effestemule

Rip2 kinase constitutively, but that expression of these molecules is upregulgbed i
cells following bacterial challenge (See Chapter 3 and 4). However, thetamg®of

NLR proteins in the generation of inflammatory host responses to bacterial pathogens
within the brain has not been established.

In this study, we demonstrate that exposure of microglia and astrocytes to
bacterial lysates increases the association between NOD2 and Rip2 lkirai#tion,
we have confirmed our previous findings using BALB/c derived cells, by de¢rating
that MDP augments the TLR-induced inflammatory responses of microglia and
astrocytes derived from C57BL/6 mice. Importantly, we have confirmednibse effects
are mediated by NOD?2, rather than other putative receptors for MDP suchiR&3NL
(Martinon et al., 2004), by demonstrating that the ability of MDP to exacerispienses
to TLR ligands is abolished in cells derived from NOD2-/- animals (Martinah et
2004). Perhaps more importantly, we have assessed the relative importanceZ2ofiNOD
the immune responses of isolated cultures of primary glia cells to lahetatigens from
two disparate and clinically relevant bacterial pathogens of the RNfEningitidis and
B. burgdorferi. We show that the inflammatory responses of both astrocytes and
microglia are significantly reduced in the absence of NOD2 expressmatly-we have
established the in vivo relevancy of our in vitro studies by studying the CNS
inflammation associated with direct i.c. bacterial administration in-type animals and
mice genetically deficient in the expression of NOD2. Our data indicate theases in

inflammatory cytokine levels within the CNS associated with bacterfiattion are
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reduced in the absence of NOD2 expression. These studies indicate that NOEéhtepre
an important component in the generation of damaging CNS inflammation following
bacterial infection.

Interestingly, there does not appear to be marked differences between th
responses of microglia td. meningitidis or B. burgdorferi antigens in the presence or
absence of NOD2. However, astrocytes challengedBvitlurgdorferi exhibit more
NOD2/Rip2 kinase association and higher production of both IL-6 andaliN&n cells
exposed tdN. meningitidis. As B. burgdorferi has been shown to initiate TLR2- and
TLR5-mediated innate immune responses (Shin et al. 2008), M:mbeningitidis can
elicit TLR2 and TLR4-mediated responses (Zughaier et al. 2005; Hellerud et al, i2008)
is tempting to suggest that the TLR5/NOD2 interaction might elicit a moretrobus
response in astrocytes than that associated with TLR4/NOD2 signaling Whil
verification of such a hypothesis will require further study, it is interg@$o note that the
TLR5 ligand, flagellin, elicits higher inflammatory cytokine production by agtesc
when co-administered with MDP than a combination of LPS and MDP (see Figure 19).

To date, the mechanisms underlying TLR and NOD2 interaction/synergy have ye
to be determined, but it is probable that crosstalk exists between these dispgrate pa
recognition receptors and recent studies have focused on this issue (Kig0é8a We
have demonstrated that ligands such as Pam3Cys (TLR2), LPS (TLR4)|rfl&beR5),
and a TLR9-activating CpG oligonucleotide can all augment NOD2 and Rip2 kinase
protein expression in both microglia (Chapter 4) and astrocytes (Chaptee&)yChe

interaction between these pattern recognition receptor families regda®nal study
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and experiments to determine the mechanisms underlying TLR and NODZtintgra
synergy in glial cells are ongoing in our laboratory.

While it is readily apparent that the MDP-associated exacerbatiorabf gl
responses to TLR ligands are absent in NOD2-/- derived cells and the respdhsss of
cells to bacterial lysates are lower than those seen in wild-type-diestils, it is
interesting to note that NOD2-/- glial cells demonstrated gregtekine responses to
TLR ligands than wild-type—derived cells. Similarly, we observed that unadfé¢©D2-
/- mice exhibited higher basal cytokine levels than their wild-type coumterpa
present we cannot explain these findings, but it is conceivable that an endogenous ligand
for NOD2 might exist that serves to limit TLR-mediated inflammatospoases rather
than exacerbate them. Further studies will be required to resolve this idseie. Ta
together, the present studies indicate that NOD2 acts in a co-operative ménner w
disparate TLR homologues in the induction of inflammatory cytokine responses of
primary microglia and astrocytes. In addition, we have shown that NOD2 iseedoiir
maximal in vitro inflammatory responses of resident CNS cells to baldisates. As
such, we have identified NOD2 as an important component in the generation of damaging

CNS inflammation following bacterial infection.
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5.4 Figures
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Figure 17: Association of NOD2 with Rip2 kinase in murine microglia and ast®cyt
increases following challenge with bacterial antigens. Primary muricrghia and
astrocytes (2x10per well) were untreated (0) or exposeditaneningitidis (Nm: 1 and 5
ug/mL) orB. burgdorferi (Bb: 1, 5, and 1@g/mL) antigens. At 2 h following bacterial
challenge, protein isolates were immunoprecipitated with antibodies direatiedta
Rip2 kinase or NOD2 and subsequently analyzed by denaturing immunoblot for the
presence of NOD2 (upper panel) or Rip2 kinase (lower panel), respectively. These
experiments were performed three times with similar results.
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Figure 18: MDP augmentation of inflammatory cytokine production by stiedilat
microglia is mediated by NOD2. Cells (2¥)@rom wild-type (NOD2+/+) and NOD2-
knockout (NOD2-/-) animals were untreated (0) or exposed to bacterialifigédd) or
LPS (1, 5, and 10 ng/mL in the presence or absence of MR@'r(d.). At 12 h
following bacterial challenge, culture supernatants were assayttfpresence of IL-6
(A and B) and TNFe (C and D) by specific capture ELISA. Data are presented as the
mean of triplicate determinations of samples from three sepamate@ents +/- SEM.
Asterisks indicate statistically significant differences betwggokine levels in the
absence or presence of MDP.
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Figure 19: MDP augmentation of inflammatory cytokine production by stiedilat
astrocytes is mediated by NOD2. Cells (Zfom wild-type (NOD2+/+) and NOD2-
knockout (NOD2-/-) animals were untreated (0) or exposed to bacterialifig@dd) or
LPS (1, 5, and 10 ng/mL in the presence or absence of MR@'r(d.). At 12 h
following bacterial challenge, culture supernatants were assaytufpresence of IL-6
(A and B) and TNFe (C and D) by specific capture ELISA. Data are presented as the
mean of triplicate determinations of samples from three separatenegpts +/- SEM.
Asterisks indicate statistically significant differences betwggokine levels in the
absence or presence of MDP.
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Figure 20: Inflammatory cytokine responses of microglibl.tomeningitidis andB.
burgdorferi are significantly lower in the absence of NOD2 expression. Cells {2x10
from wild-type (NOD2+/+) and NOD2- knockout (NODZ2-/-) animals wereeattd or
exposed to eithds. burgdorferi antigens (Bb: 1, 5, and 1@/mL) orN. meningitidis
antigens (Nm: 1, 5, and 1@/mL). At 12 h following bacterial challenge culture
supernatants were isolated and assayed for the presence of IL-6 (A and\B}o T
and D) by specific capture ELISA. Data are presented as the mean odtieiplic
determinations of samples from three separate experiments +/- SEMskssiedicate
statistically significant differences in cytokine production betwesis derived from
wild-type and NOD2-deficient animals.
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Figure 21: Inflammatory cytokine responses of astrocyt®s meeningitidis andB.

burgdorferi are significantly lower in the absence of NOD2 expression. Cells ‘i)leO
from wild-type (NOD2+/+) and NOD2- knockout (NOD2-/-) animals wereeatt¥d or

exposed to eithe®. burgdorferi antigens (Bb: 1, 5, and 1@/mL) orN. meningitidis
antigens (Nm: 1, 5, and 1@/mL). At 12 h following bacterial challenge culture
supernatants were isolated and assayed for the presence of IL-6 (Pan&N&)wo
(Panel B) by specific capture ELISA. Data are presented as the meigticzte

determinations of samples from three separate experiments +/- SEMslksstedicate

statistically significant differences in cytokine production betwesis derived from

wild-type and NOD2-deficient animals.
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Figure 22: Inflammatory cytokine production is markedly reduced in thened s
NOD2. Panel A: Wild-type C57BL/6 mice were given vehicle (0) or were tiedewith

N. meningitidis (Nm) orB. burgdorferi (Bb) (1x16) via intracerebral injection. Panel B:
NOD2-/- C57BL/6 mice were given vehicle (0) or were infected Withmeningitidis
(Nm) orB. burgdorferi (Bb) (1x10) via intracerebral injection. At 72 h post infection
tissue homogenates were isolated for measurement otilpMétein expression by
specific capture ELISA. Asterisk indicates significant differenoenfuninfected
animals.



CHAPTER 6: REPLICATION-DEPENDENT IMMUNE RESPONSE OF MICROIA
AND ASTROCYTES TO VESICULAR STOMATITIS VIRUS

6.1 Rationale

Vesicular stomatitis virus (VSV) is a nonsegmented negative-strand RdN#\ofi
the familyRhabdoviridae, orderMononegavirales. Members of this order include many
medically important pathogens including the lethal rabies, Ebola, Marbyrgh ldnd
Hendra viruses. VSV has limited human pathogenicity, despite similaritielseo ot
Mononegavirales, making it an attractive model for the study of other viruses in this
order. As described in work by Dr. Carol Reiss and others (Miyoshi et al. 1971; Lundh et
al. 1987; Lundh 1990; Bi et al. 1995), intranasal inoculation of VSV leads to infection of
the olfactory bulb via the olfactory neurons and subsequently leads to infection
throughout the central nervous system (CNS). This infection is associdteatwtie
encephalitis, breakdown of the blood-brain barrier, and a high degree of montali&y si
to that seen with rabies infections (Huneycutt et al. 1993). Interestingif-agSociated
encephalitis appears to be T-cell independent (Frei et al. 1989). This observatio& and t
rapidity of the response suggest a role for resident CNS cells in theaniaad/or
progression of this deadly CNS inflammation. While previous studies have demahstrate
that neurons are readily infected by VSV (Bi et al. 1995), the susceptibibihef glial
cell types to infection with this virus remains unclear.

Microglia and astrocytes are resident glial cells of the CNS anidl@ally

situated to detect and respond to viral pathogens. Upon activation, these cells assume
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immune effector functions that include inflammatory mediator production and MHC
class Il molecule expression (Hickey and Kimura 1988; Hatten et al. 199&r Kieal.
1993; Benveniste 1997a; Soos et al. 1998; Streit et al. 1999; Owens et al. 2005).
Importantly, microglia and astrocytes appear to respond to VSV as the erntcephali
caused by this virus is associated with proliferation of these cell types apasiad
MHC class Il molecule expression on their surfaces (Bi et al. 1995). Rstadids from
our laboratory have shown that microglia and astrocytes express retimbindgtible
gene-l (RIG-I) and melanoma differentiation-associated gene-5A@IFurr et al.
2008), two members of the (RIG-I)-like receptor (RLR) family of cytosolatgins that
can serve as intracellular pattern recognition receptors for reypdidaNA virus motifs
(Meylan and Tschopp 2006; Takeuchi and Akira 2007). Interestingly, the level of
expression of these receptors was upregulated in microglia and astfoligteisig
exposure to VSV, consistent with a functional role for RLRs in virally-induced immune
responses by these resident CNS cells (Furr et al. 2008). However, theo&MY to
infect and replicate within these glial cells has not been established.

In the present study, we demonstrate that primary murine microglia andysessr
are permissive for VSV infection both in vitro and in vivo. Furthermore, we show that
active replication of this virus appears to be required for robust inflammataiigtore
production by these resident CNS cell types. These data suggest thaplication
within resident glial cells plays a key role in the development of lethal GfBnimation

following neurotropidviononegavirales infection.
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6.2 Results

Mononegaviralesinfect and replicate within primary murine microglia and
astrocytes

To directly examine the ability of VSV to infect and replicate in agtescand
microglia, we isolated primary glial cells from neonatal C57BL/6 mgieg protocols
established in our laboratory (Harry et al. 1998; Rasley et al. 2002a; Radle3082).
After two weeks in culture, astrocytes and microglia were isolated fresetmixed glial
preparations and the purity of the cell populations were confirmed by
immunofluorescence microscopy as described in the Materials and Methods.s@d!i
directly assess the ability of VSV to infect and replicate within tisedated glial cells
we have employed a recombinant VSV containing the GFP gene (VSV-GFP)
incorporated between the viral G and L genes (Figure 23B). Due to the negatige-se
polarity of the VSV RNA genome and the distant position of the GFP gene from the 3'-
end of the genomic RNA, GFP expression is only detectable following sudcéSsf-

GFP replication within target cells. As shown in the fluorescence micrograpigure

24A, GFP-associated fluorescence attributable to VSV-GFP rephoats readily

detectable in both astrocyte and microglia cultures at 24 hours followingaiéenge.

The maximal GFP-associated fluorescence intensity was observeduoytestinfected

with VSV-GFP at an MOI of 10 (Figure 24A). Interestingly, maximal GSBeciated
fluorescence intensity was observed in microglia at an MOI of only 1. Whileadbkerre

for this difference is unclear, it is most likely attributable to decreasechgfia viability

as evidenced by morphological changes (data not shown) and our previous demonstration
that cellular protein expression is decreased when these cells are expaugbdiSV

titers (Furr et al. 2008). We have verified these findings by immunoblot analysiefor
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presence of GFP in infected glial cells. As shown in Figure 24B, the EWBV-
directed GFP expression in both astrocytes and microglia mirrored the oégalted
using fluorescence microscopy with maximal expression of GFP in astsaojected
with an MOI of 10 and a maximal expression of GFP in microglia infected at droMO
1. In addition, we performed parallel studies utilizing wild type VSV in whicloegtes
and microglia were infected in vitro and the presence of viral products were idetdrm
in whole cell protein isolates by immunoblot analysis. We report that both macergli
astrocytes demonstrated cellular accumulation of VSV N and P-proteins at 24liour
(data not shown).

To determine whether the ability of VSV to replicate within resident GNIS is
specific for this neurotropic RNA virus, microglia and astrocytes wquesed to the
paramyxovirus, Sendai virus (SeV)Mmnonegavirales that is distantly related to VSV
and lacks the ability to cross the blood-brain barrier (Lundh et al. 1987). Primary murine
glial cells were exposed to recombinant SeV containing the GFP gene (SeVFHGFP
23D) and viral infection and replication was again assessed by fluorescenacscopy
and immunoblot analysis. As shown in Figure 24C, SeV-associated GFP fluorescence
was readily detectable in both astrocytes and microglia at 24 hours posbmf{gati).
Fluorescence intensity increased according to the initial number of infesfial
particles introduced (Figure 24C) and this observation was confirmed by immunoblot
analysis for cellular GFP expression (Figure 24D). These data deaterike ability of
SeV to infect murine glial cells and suggest that astrocytes and micaoglBermissive

for infection by both neurotropic and non-neurotrddianonegavirales.
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Primary murine microglia and astrocytes respond to Mononegaviralesinfection by
secreting key inflammatory mediators

Previous studies have indicated that resident CNS cell types respond to the
presence of VSV by the expression of MHC class Il molecules and production &iNO (
et al. 1995). However, it is not clear whether these effects occur as a consequence of
viral recognition by glial cells or as a secondary response to inflamnratatiators
and/or damage-associated molecules released by infected neurons. Toalissd$/the
ability of glial cells to respond to VSV we have utilized specific captur&BElto
guantify the production of key inflammatory cytokines by isolated culturesroapy
murine microglia and astrocytes following infection with VSV. As shown infeéi@5A,
microglia produce significant levels of both IL-6 and TNFeytokines known to be
produced at high levels during viral encephalitis (Nuovo et al. 2005; Rempel et al. 2005),
in response to wild type VSV at 12 and 24 hours p.i.. Maximal cytokine responses in
microglia were observed at viral MOl of 0.1 and 1 at 12 and 24 hours p.i., respectively
(Figure 25A), with higher viral titers resulting in lower production consistetht cell
death at these MOIs. Similarly, astrocytes also produced significafs leviL-6 and
TNF-a at 12 and 24 h following infection with VSV (Figure 25B).

To determine whether these responses were specific for the neurotropic virus
VSV, we have performed similar experiments to determine the cytoldpenses of
microglia and astrocytes to SeV infection. As shown in Figure 26, both maeogli
astrocytes produced significant levels of IL-6 and TdNif-response to SeV-GFP at both
12 and 24 hours p.i.. These responses increased according to the numbers of infectious
viral particles introduced to the glial cultures (Figure 26). Intergstimvhile SeV also

elicited significant cytokine responses, the levels of IL-6 and @iFeduced by SeV-
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infected glial cells were substantially lower than those observed forazabip numbers
of infectious VSV patrticles (Figure 25).

Viral replication isrequired for robust microglia and astrocyte immune responses
toVSV

While it is apparent that glial cells can directly respond to VSV infectias, i
unclear whether these cells respond to external/internalized viralgmudrdf viral
replication is a prerequisite for microglia and astrocyte immune respoi® begin to
address this question, we have performed experiments employing heat-ied Vi8M.
While exposure of microglia or astrocytes to heat-inactivated wild tyg)é Msulted in
production of detectable levels of both IL-6 and T&E-igure 27), it is important to
note that such inflammatory cytokine production was approximately 10-fold toewer
that observed following infection with viable VSV (Figure 25).

To further address the question of whether viral replication is required for robust
inflammatory mediator production by infected glial cells we have peridipaeallel
experiments utilizing a host-range VSV mutant, HR1-1 (Figure 23C), developmd by
laboratory (Grdzelishvili et al. 2005; Grdzelishvili et al. 2006) that can icfdts but
demonstrates severely impaired replication in most cell types. The VSV HiRtant
has a single nucleotide substitution resulting in a mutant L protein with a D to V
substitution at position 1671. We have shown that the D1671V L mutation completely
eliminates viral mMRNA cap methylation at both the guamiexnd 2’O-adenosine
positions (Grdzelishvili et al. 2005; Grdzelishvili et al. 2006) and results in subsequent
non-translatability of primary VSV transcripts (Horikami and Moyer 1983¢hkk et al.
1988; Horikami et al. 1992; Grdzelishvili et al. 2005; Grdzelishvili et al. 2006). As a

result, VSV HR1-1 displays a host-range (hr) phenotype characterized bgigever
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restricted growth in most cell types lines but normal replication in a weitgdl number
of “permissive” cells including BHK-21 cell line, which was used to producerthitant
virus (Grdzelishvili et al. 2005; Grdzelishvili et al. 2006). As shown in Figure 28,
exposure of microglia or astrocytes to VSV HR1-1 results in detectaldeqgiron of
inflammatory cytokines but such production was again 10-fold lower than that observed
following exposure to comparable numbers of infectious wild type VSV parti€iggre
25). Taken together, these data demonstrate that active viral replicatiquiieddor
robust immune responses of infected glial cells.
Intranasal administration of VSV resultsin murineglial cell infection in situ

To confirm the ability of VSV to infect glial cells in situ we have emptbgea
established murine model of virally-induced encephalitis (Bi et al. 1995). Vigigd ty
VSV was introduced via intranasal administration to 3-4 week old male C57BL#6 mic
As shown in Figure 29A, VSV inoculated animals rapidly developed symptoms
associated with CNS infection as assessed by disease severity stcoongast to mice
that received inoculation with vehicle alone. Animals were sacrificed ats4pdiaand
whole brains were isolated in such a way as to avoid possible contamination with any
residual viral particles that might be present in the olfactory canal. Bsiretwas
homogenized and viral product expression and infectious viral particle content was
guantified by immunoblot analysis and plaque assay, respectively. As shownrm Figu
29B, the N, P, M and G proteins of VSV were detectable in whole brain protein isolates
as determined by immunoblot analysis using a polyclonal antibody directedtagay .
In addition, we have performed plaque assays using BHK cells to confirm theqarese

infectious patrticles in the CNS at 4 days p.i. (data not shown). Finally, we have
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confirmed the development of infection within the CNS following intranasal VSV
administration by direct quantification of pro- and anti-inflammatory ateds in whole
brain homogenates by specific capture ELISAs. As shown in Figure 29C, VStfanfec
resulted in marked increases in levels of the pro-inflammatory cytokire, 1L
Interestingly, this elevation was associated with a concomitant deandasels of the
immunosuppressive cytokine, IL-10, in infected brain tissue (Figure 29C). hBoget
these data confirm that intranasal VSV administration leads to estabiisbfieain
tissue infection and results in CNS inflammation.

Importantly, we have performed experiments to determine whether residént gl
cells are infected in situ following intranasal VSV administration. To aptismthis
goal, glial cells were purified from infected whole brain tissue homogebgtercoll
gradient and the presence of VSV structural proteins was determined by immunoblot
analysis. As shown in Figure 29B, N, P, M and G proteins of VSV were readily
detectable in glial cell protein isolates. To independently confirm thi# vesunave
again utilized our recombinant VSV-GFP virus (Figure 23). Mice receivechassh
viral inoculations and at 5 days p.i. enriched microglia cell populations wereguidpa
density gradient purification. The identity of these myeloid cells waseefy the cell
surface expression of CD11b by flow cytometry. Importantly, we have beetoable
simultaneously analyze these cells for the presence of GFP fluoresssociat@d with
replicating VSV. As shown in Figure 29D, we have determined that 12% of thedtbtal
population was dual positive for the microglia marker CD11b and viral GFP, and this
corresponds to 20% of the total CD11b-positive population. Taken together, these in

vivo studies support the results obtained in isolated glial cultures and indicate that
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resident non-neuronal CNS cells can be infected by VSV in situ following isabna

infection and, importantly, can support viral replication.
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6.3 Conclusions

The ordefMononegavirales consists of viruses containing a non-segmented,
negative-sense RNA genome and includes the causative agents for a number of
established (rabies, measles, mumps) and emerging (Ebola, Borna, Hendra, Nipah)
human diseases (Pringle 1997). Some members of this order, such as rabies and
Newcastle disease virus, have the ability to circumvent the blood-brain barrier
establish CNS infection resulting in a severe and often fatal inflammatibrain tissue
(Seal et al. 2000; Leung et al. 2007). VSV has the ability to infect neurons and generate
acute encephalitis in mice in a manner that closely resembles (idhresycutt et al.
1993) and has therefore proved to be a useful mod®ldoonegavirales that cause
lethal human CNS infections. Like rabies virus, VSV-associated CNS infiéionms
rapid, occurring within days of intranasal inoculation (Huneycutt et al. 1993). afh r
onset is indicative of an innate immune response and is likely to involve the activation of
resident CNS cells that have immune functions. Such a hypothesis is supported by the
observation that VSV-associated encephalitis is unaltered in athymisuggesting that
this inflammatory immune response is T-cell independent (Frei et al. 1989).
Furthermore, several studies have indicated that resident CNS celig ewhiune
functions in situ following VSV infection (Huneycutt et al. 1993; Bi et al. 1995; Gdunist
et al. 1996).

There is growing appreciation that microglia and astrocytes play antanpoole
in the generation of protective immune responses or progressive inflammiaboage
following CNS infection. These cells are activated by a variety ofamial pathogens

including viruses and assume immune effector functions such as the production of
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inflammatory mediators and the expression of MHC class Il moleculext @i 1995;
Taylor et al. 2003; Rasley et al. 2004a). Studies conducted in the laboratory ef@r. C
Reiss (Bi et al. 1995) have demonstrated that microglia and astrogjtesddo VSV
infection by proliferation, production of INOS, and the induction of cell surface MHC
class Il molecule expression. Such responses are likely to set the stagedquenbs
inflammatory damage (Schwartz et al. 1999). While it is possible thatghaiseells
can directly recognize viral motifs via cell surface pattern retiognieceptors or may
respond to inflammatory mediators or other "danger signals” releasethfexted
neurons following lytic damage, the mechanisms underlylogonegavirales activation
of resident CNS cells have not been determined.

In the present study, we demonstrate that VSV replication products can be
detected in isolated cultures of primary murine microglia and astsofmjtewing in
vitro viral challenge. In addition, we have shown that these products can be detected i
glial cells isolated from the brains of mice inoculated with VSV intralhasWe have
utilized recombinant GFP gene containing VSV to establish that the presencd of vi
products within glia is not attributable to adhesion of viral particles to the plasma
membrane or their internalization by phagocytosis. Finally, we haverdgratd that
VSV replication in microglia or astrocytes precipitates inflammgatgtokine production
by these resident CNS cell types. These findings are consistent wittetheusly
documented in situ activation of glial cell following in vivo VSV infection (Bilet a
1995; Christian et al. 1996). The relevancy of these findings to hivioaonegavirales
CNS infections is supported by the ability of rabies virus to infect culturesbgtia and

astrocytes (Ray et al. 1997). In addition, we have shown that the suscetibiiyine
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microglia and astrocytes to infection is not restricted to rhabdoviruskesesdells can

be infected with and support the replication of SeV, a paramyxovirus, (Lundh et al.

1987). Furthermore, we show that glial cells respond to SeV infection by inflamymat
cytokine production, albeit with smaller responses to those seen with VSV. As such,
these data suggest that glial cells have a broad susceptibMiyntmegavirales and can
respond to members of this order by changes in the production of immune molecules that
can promote damaging CNS inflammation.

Interestingly, we have also demonstrated that viral replication is eguairelicit
robust immune responses by microglia and astrocytes. We show that heattetactiva
wild type VSV elicits glial immune responses that are an order of magriuetr than
that induced by infectious viral particles. These results suggest that 358\¢tated
inflammatory responses are not predominantly mediated by cell surface and/
endosomal microbial pattern recognition receptors such as TLR3 or TLR7. Such a
hypothesis is further supported by our experiments employing the hostM&NgeR 1-

1 mutant which is replication impaired in glial cells (Grdzelishvili et al. 2005;
Grdzelishvili et al. 2006) and fails to elicit marked inflammatory cytokimelpetion by
microglia or astrocytes. This result indicates that active viralaamn is a critical
requirement for the generation of glial immune responses tttinenegavirales.
While this effect cannot be adequately explained by the perception of vilalgsabty
TLRs present on glial cells (Konat et al. 2006), the recent demonstration thadlnai
and astrocytes express members of the newly described RLR family avigepa
mechanism underlying the replication-dependent nature of these respousest &F

2008). RLRs are present in the cytosol of many cell types and have been shown to
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function as intracellular sensors for replicative viral RNA motifs (Mewad Tschopp

2006; Takeuchi and Akira 2007). Interestingly, recent studies suggest that the RLR,
RIG-I, demonstrates specificity for VSV and SeV RNA (Yoneyama et al. 2004;
Yoneyama et al. 2005; Kato et al. 2006; Hiscott 2007) and we have demonstrated that
both microglia and astrocytes constitutively express this intracelkdaptor (Furr et al.
2008). Furthermore, we have shown that such expression is rapidly elevated in murine
glial cells following infection with either VSV or SeV (Furr et al. 2008). Ashs the
replication-dependent nature of microglia and astrocyte responses to SNelbn

the present study provides circumstantial evidence for the importance of Rl in t
generation of inflammatory cytokine production by glial cells.

Taken in concert, these studies support a scenario in which neurotropic
Mononegavirales can invade the CNS and infect both neuronal and non-neuronal cell
types. While neurons are well known to support viral replication, our data indicates that
microglia and astrocytes are also permissivéMfononegavirales replication.

Importantly, the generation of replicative viral RNA can subsequently beiysidey
intracellular pattern recognition receptors such as RIG-I, known to be esghi®sboth
astrocytes and microglia. The resulting activation of RIG-I-depersigmaling
pathways could then initiate glial cell immune functions, precipitating thalle

inflammation associated wittiononegavirales CNS infections.
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6.4 Figures
A. VSV wt genomic RNA
34 N H P fmHGH L | 5°
B. VSV-GFP genomic RNA
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VSV HR1-1 genomic RNA
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D. SeV-GFP genomic RNA
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Figure 23: The organization of negative-sense RNA genomes of the recombins@s vir
used in the present study. The viral RNA dependent RNA polymerase (considting of
and P proteins) sequentially synthesizes mRNAs in the order that they appetrd 3’
end of the genome. Initiation of each downstream gene occurs sequentially as the
polymerase pauses at the intergenic junction and then reinitiates synthesisexttthe
gene. Panel A: Recombinant wt VSV (Indiana serotype) genomic RNA. Panel B:
Recombinant wt VSV (Indiana serotype) encoding GFP as an extra generbéhaad

L genes Panel C: Recombinant VSV (Indiana serotype) HR1-1 mutant with ttomuta
resulting in an L protein with a single substitution D to V at L amino acid posi®71.
Panel D: Recombinant SeV (Fushimi strain) with GFP as an extra geneaapsfrthe

NP gene. SeV-GFP does not require trypsin in the medium as it has a wt monobasic
trypsin-dependent cleavage site in the F protein mutated to an oligobasapelsie,
allowing F activation in any cell type through a ubiquitous furin-like protease
(Designed by Dr. Valery Grdzelishvili)
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Figure 24: VSV and SeV infect and replicate within primary murine microgtla a
astrocytes. Cells (1 X $pwere untreated or infected with VSV-GFP (Panels A and B) or
SeV-GFP (Panels C and D) and cultured for a period of 24 hours. Panels A and C: Cells
were imaged for the expression of GFP by fluorescence microscopy. Pandl$B a

Whole cell protein lysates were prepared and GFP expression determinexsteyriVv

blot analysis. One representative blot from three separate experimédma/ins s
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Figure 25: Primary murine microglia and astrocytes produce inflammatedjators
following infection with wt VSV. Microglia (Panel A) and astrocytes (@d) were
uninfected or exposed to wt VSV. At 12 and 24 hours p.i., culture supernatants were
assayed for the presence of IL-6 or TPy specific capture ELISA. Data are
presented as the mean of duplicate measurements of samples fromthtdeastparate
experiments + SEM. Asterisks indicate a statistically significdferénce from
uninfected cells.
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Figure 26: Primary murine microglia and astrocytes produce inflamynatediators

following exposure to SeV-GFP. Microglia (Panel A) and astrocytese(B) were

uninfected or exposed to SeV-GFP. At 12 and 24 hours p.i. culture supernatants were

assayed for the presence of IL-6 or TNBy specific capture ELISA. Data are

presented as the mean of duplicate measurements of samples fromthtdeastparate

experiments + SEM. Asterisks indicate a statistically significdferénce from

uninfected cells.
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Figure 27: Heat inactivation attenuates VSV-induced inflammatory megiatduction
by primary murine microglia and astrocytes. Microglia (Panel A)aatibcytes (Panel
B) were untreated or exposed to heat-inactivated wt VSV. At 12 and 24 hours p.i.,
culture supernatants were assayed for the presence of IL-6 oo DyiSpecific capture
ELISA. Data are presented as the mean of duplicate measurements lesSaonp at
least three separate experiments + SEM. Asterisks indicate cathyisignificant
difference from uninfected cells.
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Figure 28: Exposure of primary murine microglia and astrocytes to aaeph-

impaired VSV HR1-1 mutant elicits only modest inflammatory mediator pramiucti
Microglia (Panel A) and astrocytes (Panel B) were uninfectedfected with VSV

HR1-1 mutant. At 12 and 24 hours p.i. culture supernatants were assayed for the
presence of IL-6 or TNIe: by specific capture ELISA. Data are presented as the mean of
duplicate measurements of samples from at least three separatmerpeti SEM.

Asterisks indicate statistically significant difference from uritdd cells.
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Figure 29: VSV infects microglia and astrocytes in situ followingamdisal
administration. C57BL/6 mice were inoculated intranasally with 2 %°EUs of wt
VSV (Panels A to C) or VSV-GFP (Panel D). At 5 days post-infection, diseasaty
was assessed according to appearance and behavior and is reported as aceegdaty s
each animal (Panel A). Severity was scored from 1 (no detectable behdiferahces)
to 5 (moribund). Asterisk indicates a moribund animal that was euthanized prior to day
5. Panel B: Protein isolates from whole brain (Brain) or density gradientagugiial
cells (Glia) were analyzed for the presence of VSV products by immunoblosignaly
Plus sign represents a positive control with protein isolates prepared froradpW&V
virions. Panel C: Levels of IL-6 and IL-10 were quantified in whole brain homtegena
by specific capture ELISA. Panel D: Density gradient purified glidd eeere analyzed
for the percentage of cells co-expressing the microglia/macrophageackér CD11b
and VSV-associated GFP by flow cytometry. Asterisk indicates statigtsignificant
difference from uninfected cells (0). Non-specific staining was hted using
antibodies directed against irrelevant antigens and is indicated (Irr)
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CHAPTER 7: DISSERTATION SUMMARY

There is growing appreciation for the role of resident glial cell in therg#ion of
inflammation, both damaging and protective, during central nervous system infection.
Studies have demonstrated that microglia and astrocytes, major dltgpeslwithin the
brain, have the ability to perceive microbial pathogens and subsequently affegtoe e
functions to recruit and activate infiltrating leukocytes (Hickey and Kani988; Hatten
et al. 1991; Kiefer et al. 1993; Benveniste 1997a; Soos et al. 1998; Streit et al. 1999;
Owens et al. 2005). In order to accomplish these tasks, microglia and astratyees ut
pattern recognition receptors to identify and respond to highly conserved pathogen
associated molecular patterns. Previous studies have demonstrated thasttiese r
glial cells functionally express members of the Toll-like family digra recognition
receptors. However, the expression of these molecules does not eliminatesithiétpos
that other families of pattern recognition receptors may contribute totikiaten of
these cell types. Furthermore, the expression of TLRs fails to adeqgerghédin
responses of these cell types to intracellular pathogens within the cy&ysadie
(Laflamme and Rivest 2001; Bsibsi et al. 2002; Rasley et al. 2002a; Bowman et al. 2003;
Esen et al. 2004; Olson and Miller 2004; Carpentier et al. 2005; Esen and Kielian 2005;
Kielian et al. 2005a).

In the present study, we have employed methods to demonstrate that members of

the NLR family of pattern recognition receptors, specifically NOD1 an®R|@re
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present within murine microglia and astrocytes. The NOD1 and NOD2 molecules
are cytosolic receptors that have been shown to perceive minimal motifs ofdbacter
peptidoglycans, specifically iE-DAP and muramyl dipeptide, respectivélgr(@illard et
al. 2003b; Girardin et al. 2003a; Girardin et al. 2003b; Girardin and Philpott 2004). Our
investigations have determined that robust levels of NOD2 mRNA and protein are
expressed constitutively by both microglia (Figures 11B and 13) amtwsts (Figures
6 and 8). There is marked upregulation of NOD2 molecules following exposure to
antigen preparations df. meningitidis or B. burgdorferi, two clinically relevant
pathogens of the CNS (Figures 5, 8A, 11B, and 13A). Interestingly, viability of the
bacterium was not a requirement for the upregulation of this molecule. As sadhbi
inferred that intracellular infection of microglia and astrocytesllayeningitidis or B.
burgdorferi was also not required. This argues against the maintenance of NOD2 levels
via an autoregulatory mechanism. Such a hypothesis is supported by the obsertation tha
MDP, a known ligand for NOD2 was a relatively poor stimulus in microglia apaced
to TLR ligands for the upregulation of NOD2 molecules (Figure 12A and 12C). iCertai
TLR ligands proved to be potent inducers of NOD2 expression (Figures 8B, 12C, and
3B). There were, however, differences between microglia and astrotyted TLR9
ligation was unable to induce upregulation in microglia, yet proved to be a sufficient
stimulus in astrocytes. Since TLR receptors are found on the cell membrarieior wi
endosomal compartments the lack of intracellular bacterial infection woultceleyant
in their action. This is suggestive of TLR-mediated upregulation of the NOD2toece
an observation which is consistent with other studies highlighting possible cooperation

between different families of pattern recognition receptors. To cortfishypothesis
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additional studies examining the interactions between TLRs and NOD2 are being
undertaken by other members of our group.

Our investigations have also demonstrated constitutive expression of NOD1
MRNA as well as protein (Figures 5, 7, 11A, and 14). However, marked differn@ence
the levels of these molecules were observed when comparing NOD1 and N®D2 wit
NOD2 being expressed at multiple log scales higher than NOD1 in both rnacxad|
astrocytes. Like NOD2, NOD1 expression was increased following exposanéigen
preparations oN. meningitidis andB. burgdorferi, as well as known TLR ligands
(Figures 5, 7, 11, and 14). However, the final levels of the NOD1 expression paled in
comparison to those of NOD2. This finding is not altogether unexpected as other studies
have reported a cell-specific preference of expression for the NOD1 and NO
molecules. Indeed, studies have demonstrated that macrophages prefeexptiatiy
NOD2 while intestinal epithelial cells express NOD1 almost exclusii&iyber et al.
2006). Our finding is suggestive of NOD2 serving a potentially more importanhesie t
NOD1 in the perception of bacterial pathogens by these resident gliaipes=l t
Therefore, we elected to focus our investigation specifically on the rahe &§OD2
pathway in the generation of inflammation by microglia and astrocytdésough it is
likely that later studies by our group will investigate the possible role of N@Ehese
resident glial cells.

The activation of the NOD2 pathway begins with the interaction between
muramyl dipeptide and the leucine-rich repeat region of the NOD2 receptor. skimg re
state the protein is negatively regulated by this leucine rich region and, ugd lig

binding, undergoes a conformational change allowing oligomerization and interaction
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with the downstream effector molecule Rip2 kinase. Rip2 kinase contains a CARD
domain which allows it to physically associate with oligomerized NOD pretéirough
homophilic CARD-CARD interactions. Rip2 kinase is then able to interact withikKtde |
complex ultimately leading to the activation of thedBFcomplex. There is also

evidence to suggest that the MAP kinase cascade is activated althoughhbaismeds

not currently understood. It is obvious from a brief examination of this pathway that
Rip2 kinase is integral to the action of the NOD2 receptor and it is also emuojpdistant

in the NOD1 pathway (Inohara et al. 1999; Ogura et al. 2001b; Kobayashi et al. 2002).
Due to this fact our study has also investigated the expression of Rip2 kinase mRNA and
protein within microglia and astrocytes. We have demonstrated that tlverestgutive
expression of Rip2 kinase mRNA and protein within both glial cell types. Thess level
are markedly upregulated following exposure to antigen preparationg\from

meningitidis andB. burgdorferi (Figures 9 and 15). This indicates that microglia and
astrocytes possess, constitutively, the critical molecular participatite NOD2

pathway. It is important to note that levels of Rip2 kinase expression were rgarkedl|
higher in microglia in comparison to astrocytes, representing a celfisghfference in

the expression of this protein. The observation that Rip2 kinase is upregulated by simila
stimuli to those observed in NOD?2 is an interesting result and may constitute an
additional mechanism for signal magnification to complement increasquaoece
expression. Late in our investigation another group of researchers ideGiiI®-19 as

a possible alternative adapter molecule for the NOD2 receptor and, thenefdomk

steps to investigate this molecule as part of our microglia study. ARipihkinase,

robust GRIM-19 expression was observed in microglia and, in a similar manngepanti
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preparations were a sufficient stimulus to elicit marked upregulation of tiecute

(Figure 15). Itis possible that microglia may use this molecule during2ZN@2Ehway
activation. The identification of this molecule occurred subsequently to the conclusion of
our astrocyte study and was not included as part of that investigation.

The demonstration that the NOD2 receptor, as well as the downstream effector
molecule Rip2 kinase, is present and can be upregulated following stimulation suggests
of a functional pathway. However, this evidence is far from conclusive in thisrmatte
Additional experiments examining pathway functionality were conducted begiwin
the investigation of the influence that NOD?2 ligation has upon pro-inflammatory
cytokine production. Interestingly, exposure of microglia and astrotytd®P alone
failed to elicit statistically significant production of IL-6 and TNFimportant cytokines
that have been associated with inflammatory processes within the CNS ¢HiQuaed
16). This finding was not considered overly surprising in that previous studies have
reported that MDP is a relatively poor stimulus, even in dedicated immunepss| ty
such as macrophages (Pauleau and Murray 2003). Additional experiments were
conducted to evaluate the ability of the NOD2 pathway to augment TLR mediated
responses. Microglia and astrocytes were exposed to known ligands for HalR2:C),
TLRA4 (lipopolysaccharide), TLR5S (flagellin), and TLR9 (unmethylated CpG s)otif
alone and in combination with MDP. These ligands were chosen based upon previous
studies indicating the expression of their corresponding receptors in naaaod|
astrocytes. The results of this experiments indicated that the NOD2 pathaide to
augment TLR-mediated production of pro-inflammatory cytokines in a grbhaie

additive manner. This is indicative of a synergistic relationship betwedr_te
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receptors and the NOD2 pathway. Additionally, this finding is in agreement witiest
in other cell types (Pauleau and Murray, 2003) and is consistent with the recentsfinding
of Chen et al. showing that NOD2 functions in conjunction with TLR2 to upregulate the
expression of formyl peptide receptor 2 (MFPR2) (Chen et al. 2008), a G-pmipladc
receptor that mediates the chemotactic activity of pathogen and host-deptieege
including amyloid beta 42, the key causative factor in Alzheimer’s diseasdaryy,
another recent study has demonstrated that NOD2 acts in concert with TLRs & induc
nitric oxide and TNFet production and to upregulate the expression of P2X4R, an ATP-
regulated ion channel associated with CNS inflammation (Guo et al., 2006).
Interestingly, this relationship demonstrates a degree of cell spgcilici
astrocytes MDP was able to augment TLR4, TLR5, and TLR9-mediated production of
IL-6 and TNFe in a statistically significant manner (TLR2 was not tested). Imaglia,
MDP was able to augment TLR2, TLR4, and TLR5-mediated production of IL-6 and
TNF-o, yet failed to augment TLR9-mediated production. BLwias also examined in
microglia and displayed some surprising results. In microglia MDP alasable to
elicit cytokine production along with an ability to augment TLR4 and TLR8iated IL-
1B production. These data serve to highlight important differences between maicrog|
and astrocytes in terms of NOD2 and are consistent with some of our previous
observations. First, the augmentation of TLR-mediated responses in micsagkater
in magnitude than those observed in astrocytes. This is consistent with higb2r NO
MRNA and protein, as well as higher Rip2 kinase expression, observed in microglia
relative to astrocytes. Second, unmethylated CpG motifs were able te&\EYA2

expression in astrocytes, but not in microglia. This is consistent with thiétinaf
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NOD2 to augment TLR9-mediated cytokine production in microglia. Finally, N4DP
able to elicit a modest, yet statistically significant, production offilwhich represents a
cell-specific difference in NOD2 mediated responses between theseltiypes.

While there are marked differences between the responses in miarmdjigstrocytes,
the observation that NOD2 ligation can augment TLR-mediated cytokine production
provides important evidence of functional NOD2 expression.

Our further experiments focused on providing even more definitive evidence of
functional NOD2 pathway expression. To this end we revisited the critieabt Rip2
kinase in this pathway, in particular to examine the interaction between Rip2 &nthse
the NOD2 molecule. If activation of this pathway is occurring then there must be
interaction between the NOD2 receptor molecule and the downstream effector Rip2
kinase. We utilized co-immunoprecipitation to evaluate if, following exposuaatigen
preparations fronN. meningitidis andB. burgdorferi, there were increases in this
interaction. Our results indicated that exposure to either these bgotepatations
resulted in increased association between NOD2 and Rip2 kinase (Figure 1'8. Thes
results were independently confirmed in additional experiments conductednaytha
Furr, another member of our research group (Chauhan et al. 2009).

It has been suggested that there may be other receptors for muramyl dipeptide,
such as NLRP3 (Martinon et al. 2004). Therefore, in order to determine if thes effect
have observed can directly be attributed to the NOD2 pathway, we decided & utiliz
SsiRNA technology to knock down NOD2 protein production. This course of
experimentation also allows us to examine the relative contribution of the NODZagathw

to the generation of inflammatory cytokines by microglia and astrocitefortunately,
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this approach proved to be technically challenging and ultimately inefféotioeir
purposes and, as such, was abandoned for the use of commercially available mice
deficient in the NOD2 protein. Our initial studies examining the augmentafiTLR-
mediated responses by MDP were conducted in microglia and astrocyted fdemvehe
Balb/c mouse strain while the NOD2-deficient mice were bred onto a C57BI/6
background. Therefore, in order to insure the appropriate control groups, the initial
experiments using TLR ligands in combination with MDP were repeated using cells
derived from the new mouse strain. In these repeat experiments wealuhibziégands
for TLR4 and TLR5 due to the demonstrated cooperativity with MDP effects in both
microglia and astrocytes. At the same time parallel experimenésomaducted in the
NOD2 deficient mice. As expected, MDP significantly augmented the TLR4 [2R8-T
mediated production of IL-6 and TNk the wild-type C57BI/6 microglia and
astrocytes. The NOD2 deficient microglia and astrocytes, howevelayksl no such
augmentation (Figures 18 and 19). This piece of evidence definitively dentes strat
the MDP-mediated effects observed in combination with the TLR ligands are due to
interaction with the NOD2 pathway. Furthermore, this experiment proves thatgher
functional NOD2 pathway expression in murine microglia and astrocytes.

The demonstration of functional NOD2 pathway expression leads to the question
of to what degree that this particular pathway contributes to the generation of
inflammatory responses in microglia and astrocytes to pathogens. Thenefarélized
cells derived from NOD2-deficient mice to address this issue. Our exgesgmtilizing
antigen preparations frof. meningitidis andB. burgdorferi demonstrate that, in the

absence of NOD2 expression, the production of the pro-inflammatory cytokuteand
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TNF-o are significantly attenuated (Figures 20 and 21). This result is consisteaebe
microglia and astrocytes and indicates that the NOD2 pathway mayeeipaesl
important mechanism for the generation of inflammatory responses by thespe=ll

In order to translate these results into an in-vivo setting, experiments were
conducted using an established mode\l aeningitidis andB. burgdorferi infection.
Wild-type or NOD2 deficient mice were uninfected or injected intracalgbwith live
N. meningitidis or B. burgdorferi. After 72 hour incubation the animals were sacrificed
and levels of TNFx were quantified. The wild-type mice had statistically significant
increases in TNF+-upon infection, whereas the NOD2 deficient mice did not (Figure 21).
These results are consistent with studies conducted by Dr. Vinita Chauhan which
demonstrate that there are decreased levels of astrogliosis followingh@esitn of
NOD2 deficient mice compared to wild-type (Chauhan et al. 2009). Taken together our
studies provide strong evidence that the NOD2 pathway may be an important contributor
to the generation of inflammation during infection with these pathogens. Further work
by Dr. Chauhan and Amy Young, demonstrating decreased demyelination and
neurological deficit in NOD2-deficient mice as compared to wild-typaicates that this
attenuation in inflammation also corresponds to a similar reduction in behawidral a
pathological manifestations of CNS damage (Chauhan et al. 2009).

These findings are consistent with the known role for NOD2 in the initiation
and/or progression of bacterially induced inflammation. NOD2 mutations have been
associated with the development of chronic inflammatory bowel diseases and

monocytes/macrophages derived from humans or mice with such mutations demonstrate
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altered NF-kB activity and inflammatory cytokine production (Hugot.2@01; Ogura
et al. 2001a; Maeda et al. 2005; Beynon et al. 2008).

The final section of this study represents a departure from investigations of
bacterial infections with an examination of the interactions between glisland
viruses. Vesicular stomatitis virus is a well established model of othestraqic
viruses present in the ordglononegavirales. Infection with this virus results in acute t-
cell independent encephalitis, breakdown of the blood-brain barrier, and a high mortality
rate similar to that observed during rabies (Frei et al. 1989; Huneycutt et al. T9@3)
nature of this infection suggests a possible role for resident CNS cells mititkiéon
and/or progression of the disease state. Studies have demonstrated thaianaiedog|
astrocytes can perceive and respond to VSV of the CNS (Bi et al. 1995). Thégaesell
utilize pattern recognition receptors as a means by which to accompdistPtievious
work by members of our research group has demonstrated that microglstracgtas
constitutively express members of the Rig-like helicase receptolyfapecifically Rig-
| and MDA5. Studies have implicated Rig-I as being potentially important in the
inflammatory responses to VSV infection (Furr et al. 2008). Studies in our lab have
shown this receptor to be upregulated following exposure to VSV, suggesting that it may
play a role in the perception of this virus by microglia and astrocytes€Ealkr2008).
Rig-I serves as an intracellular receptor for replicative RNAsvmotifs and is only
activated following infection of the cell with an actively replicating viiMgylan and
Tschopp 2006; Takeuchi and Akira 2007). Therefore, in order for the Rig-I pathway to
be utilized by microglia and astrocytes during CNS infection, these cedisba actively

infected by the virus. While studies have demonstrated that neurons are readibdinf
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by VSV, the susceptibility of microglia and astrocytes has not yetdednated (Bi et
al. 1995).

In the current study we examined the permissibility of microglia amdcsés to
infection and replication by VSV. In order to do this we have employed a recombinant
strain of VSV containing the GFP gene. Due to the negative-sense polang\BY
RNA genome and the distant position of the GFP gene from the 3’-end of the genomic
RNA, GFP expression is only detectable following successful VSV-GFP agplic
within target cells. Following incubation with the VSV-GFP, GFP expyassas
readily observed in both microglia and astrocytes. This expression wasnazhiising
immunoblot analysis against GFP and VSV structural proteins. Since GFP cdeonly
produced by successful viral replication, it can be concluded that murine haicod
astrocytes are permissive to VSV infection. Additional studies were coddutdizing
a GFP expressing Sendai virus, a non-neurotropic member of theévimal@regavirales
to examine if this permissibility can be extended to other viruses of this order. Once
again GFP expression was readily observed and was confirmed using immunobldét agains
GFP. Thus we were able to conclude that not only are microglia and astrocytes
permissive to VSV infection and replication, but that this observation can be extended to
other members of this order. This is consistent with the observation that nai@odli
astrocytes are permissive to rabies virus, which is also a member of order
Mononegavirales. We also evaluated the permissibility of microglia and astrocytes using
an established in-vivo model of VSV infection. As shown in Figure 27B, VSV structural

proteins were observed both in whole brain isolates as well as purifietsgléions.
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Additional analysis of the purified glial isolation using FACS demonstrateprésence
of dual-positive CD11b/GFP cells, indicative of infected microglia.

We continued our study by characterizing the cytokine responses of mi@odlia
astrocytes to VSV infection. As expected, infection with VSV resulted in tauption
of significant levels of the pro-inflammatory cytokines Il-6 and TiNFn response to
SeV microglia and astrocytes also produced significant levels of IL-6 [dReb]
although these levels were approximately 10-fold lower than those observed in response
to VSV. This is likely due to species specific differences between VSV evigvdich
is expected due to the non-neurotropic nature of SeV. If indeed the Rig-1 pathway is
responsible, at least in part, for the inflammatory actions of microglia &nodgss
following viral infection we would expect these responses to be dependent upon the
active replication of the virus. In order to test this hypothesis we exposeagtia and
astrocytes to heat-inactivated VSV, which are unable to infect or replicgin these
cells. The result of this experiment was a 10-fold reduction in the levelsGaiid
TNF-o production. This is suggestive that active replication is required for optimal
immune response by microglia and astrocytes. In order to confirm this, wiedtr
cells with a replication impaired VSV strain (Grdzelishvili et al. 200%5iz8lishvili et al.
2006). Once again a 10-fold reduction in cytokine production was observed. This
provides important supporting evidence of possible Rig-I involvement in the anti-viral
responses of microglia and astrocytes. It is important to note that thiseviddar
from definitive and additional experimentation is required in order to demansieat

role of Rig-I in microglia and astrocytes.



127

In summary, the current study provides definitive evidence of functional NOD2
pathway expression in murine microglia and astrocytes. Additionallyseepabvide
strong evidence that this pathway may serve an important role in the gemefati
potentially damaging inflammation by resident glial cells within theS@Nresponse to
bacterial infection. Our viral study demonstrated the permissibilitgiofoglia and
astrocytes to VSV infection. Additionally, our study highlights the possibleatioin
dependent nature of glial responses to VSV, which may indicate a role folorecapth
as Rig-l. Taken as a whole, this research strongly suggests a rolgdoellular pattern
recognition receptors as an underlying mechanism for the generation winrdtary

responses by glial cells to CNS pathogens.
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