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Abstract

Treatment with a small dose of lipopolysaccharide (LPS) prior to stroke, called LPS
preconditioning, provides robust neuroprotection against the damage caused by a
subsequent stroke. The molecular processes involved in the neuroprotective effects of
LPS preconditioning are poorly understood. These processes likely involve signaling
downstream of the cellular receptor for LPS, Toll-like receptor 4 (TLR4), as the TLR4-
induced cytokine TNFa appears to play a critical role in protection. Recent findings have
demonstrated that TLR family members also play a role in the endogenous response to
stroke. Stroke causes cell injury and tissue damage, leading to the release of endogenous
TLR ligands. In response to stroke, stimulation of some TLRs has been shown to
exacerbate tissue damage and worsen neurological outcome. Conversely, stimulation of
other TLRs appears to protect brain tissue from injury. This dual nature of TLR signaling

in the context of stroke led me to hypothesize that preconditioning with TLR ligands

redirects damaging TLR signaling following cerebral ischemia toward a neuroprotective

pathway.

To investigate this hypothesis, other TLR ligands were assessed for their neuroprotective
potential. ~ Systemic  administration ~ of  non-methylated  guanine-cytosine
oligodeoxynucleotides (CpG), synthetic ligands for TLR9, in advance of brain ischemia
(middle cerebral artery occlusion; MCAOQ) significantly reduced ischemic damage in a
dose and time dependent manner. CpG ODN preconditioning also provided marked

neuroprotection in modeled ischemia in vitro. Finally, CpG pretreatment significantly

Xiii



increased serum TNFa levels prior to MCAO and required TNFa for its protective
effects, as mice lacking TNFoa were not protected against ischemic injury by
preconditioning. These findings demonstrate that the systemic administration of multiple
TLR ligands can protect the brain against subsequent ischemic injury. The shared
requirement for TNFa indicates that TLR ligands may employ common mechanisms that

protect the brain from stroke.

Neuroprotection afforded by LPS or CpG preconditioning occurs following their systemic
administration, suggesting that peripheral and central components may be involved in
protection. Examination of these responses on a genomic level has the potential to reveal
molecular mechanisms of neuroprotection. Assessment of the genomic response of
leukocytes and brain cells 24 hours following ischemia revealed subsets of genes uniquely
up-regulated in CpG pretreated mice. CpG preconditioning induced a novel response to
MCAO within circulating leukocytes that was dominated by NK cell- associated genes.
Further, the NK cell-associated transcriptional regulatory element (TRE) GATA-3 was
over-represented in the up-regulated gene set. Preconditioning also caused a novel brain
response to stroke that was dominated by Type | interferon (IFN)- associated genes and
TREs. These studies indicate that CpG preconditioning invokes novel genomic responses
to stroke in both blood leukocytes and brain cells. Each of these responses has the
potential to profoundly protect the brain against injury, and there is evidence to suggest
they may be generated downstream of TLR signaling. These findings support the
hypothesis that TLR preconditioning redirects stroke-induced TLR signaling towards

neuroprotective pathways.

Xiv



Further genomic analysis of brains collected 24 hours following stroke in LPS pretreated
animals revealed a similar set of up-regulated genes. Literature review determined that a
majority of these transcripts were associated with Type | IFNs. Promoter analysis
confirmed this observation, as 5 of the 14 over-represented TRESs in this group were
involved in Type | IFN signaling. This finding suggested the presence of Type | IFNs or
interferon regulatory factors (IRFs), which up-regulate interferon-stimulated genes. Up-
regulation of IFNP was confirmed by real-time RT-PCR. Direct administration of IFNf
i.c.v at the time of stroke was sufficient for neuroprotection. However, mice lacking
IFNB were protected by LPS pretreatment, indicating that IFNf is not necessary for LPS-
induced neuroprotection. The IRF3 transcription factor, activated downstream of TLR4,
induces both IFNP and interferon-stimulated genes. Mice lacking IRF3 were not
protected by LPS pretreatment. These studies constitute the first demonstration of the
neuroprotective capacity of IRF3 and suggest that interferon stimulated genes, whether
induced by IFN or by enhanced TLR signaling to IRF3, are a potent means of protecting
the brain against ischemic damage. The requirement for IRF3 supports the hypothesis
that TLR signaling following stroke is redirected towards a neuroprotective pathway in

the context of TLR preconditioning

TLR activation by endogenous ligands following ischemia worsens stroke damage.
Paradoxically, prior stimulation of TLR4 with bacterial lipopolysaccharide (LPS)
provides neuroprotection against subsequent cerebral ischemic injury. The pathway by

which initial TLR4 signaling occurs following stimulation with either endogenous
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ligands after stroke or by LPS prior to stroke may be very similar—indicating that the
timing of TLR4 stimulation is critical in determining its destructive or protective effects.
Examination of mice lacking components of TLR signaling revealed that TLR4
contributed to brain injury during short durations of ischemia, but MyD88 did not.
Conversely, TLR3 alleviated injury, but TRIF did not, indicating that TRIF may be
responsible for the dichotomous effects of both TLR3 and TLR4 during stroke. NFxB
activity was significantly increased in the brain 24 hours following stroke. At this time,
IRAK-M was increased and MyD88 was decreased, suggesting an endogenous effort to
suppress NFxB. LPS preconditioning causes an increase in NFkB activity within the
brain prior to stroke followed by the up-regulation of the NF«xB pathway inhibitors Ship-
1, Tollip, and p105 either at the time of stroke or shortly thereafter, and the suppression
of stroke-initiated NFxB activity. The neuroprotective effects of LPS preconditioning
were independent of MyD88 but required TLR4 and TRIF. These results indicate that
LPS preconditioning mirrors the endogenous response to stroke by signaling through
TLR4 and TRIF to up-regulate inhibitors of the TLR-to-NF«B signaling axis. The early
regulation of these inhibitors may result in the suppression of stroke-initiated NFxB

activity and contribute to the protective effect of LPS preconditioning.

These studies reveal multiple functions for TLRs in ischemia and in neuroprotection. In
the endogenous response to stroke, TLR signaling to NFxB, either via the MyD88 adaptor
or via the Trif adaptor, is associated with worsened outcome. On the other had, TLR
signaling to IRF3 is associated with neuroprotection. Preconditioning with TLR ligands

tips the balance between these signaling axis following stroke, suppressing signaling to

XVi



NF«B by up-regulating inhibitors of NFkB-inducing pathways, and increasing signaling
to IRF3, as evidenced by the Type I IFN genomic “fingerprint” within the brain. These
findings advance the hypothesis that TLR preconditioning confers neuroprotection by
redirecting stroke-initiated TLR activity, suppressing signaling to the damage-inducing
transcription factor NFkB and increasing signaling to the pro-survival transcription factor

IRF3.
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Chapter 1

Introduction



Preface

Toll-like receptors (TLRs) are a class of evolutionarily conserved innate immune
receptors that are expressed among species as diverse as sea urchins, fruit flies, and
humans. In recent years, explosive progress in deciphering the physiological role of TLRs
has revealed that their immunological functions have context-dependent effects. TLRs
play an essential role in initiating and coordinating an effective immune response to
pathogen invasion. As mediators of protection, TLRs are being explored therapeutically
as vaccine and chemotherapeutic adjuvants. Conversely, in the context of aseptic tissue
injury, TLRs exacerbate tissue damage—although they do so by initiating the same
inflammatory response. As mediators of disease, TLRs are being examined as therapeutic
targets. Until now, it has been suggested that the pharmacologic goal in such diseases
should be inhibition of TLR signaling, thereby preventing the inflammatory response and
minimizing subsequent damage. In my thesis work, | explored a new approach to
modifying TLR signaling in aseptic disease that takes advantage of the ability of TLRs to
coordinate immune responses. With this approach, the goal is not to block TLR signaling,
but to transform it. The new response redirects TLR signaling following injury from one
that causes cell death to one that actively protects cells from further damage. This
approach represents a novel therapeutic paradigm that has the potential to inform new

medical strategies for combating stroke and related diseases.



1. Significance and Rationale

Ischemia occurs when blood flow to an organ is blocked, resulting in a lack of oxygen
and nutrient delivery to that organ and a decrease in the clearance of toxic metabolic
byproducts. The brain is particularly sensitive to ischemia as its energy demands rely on
glucose delivered from the blood rather than from stored glycogen. While early
restoration of blood flow to ischemic tissues is a primary goal following stroke, it has the
potential to worsen injury by generating oxygen-derived free radicals, which often cause
more cell death than ischemia itself. Since neurons produce relatively low levels of anti-
oxidants, they are especially susceptible to free-radical damage. Hence therapeutics that

target both ischemia and reperfusion injury are required to protect the brain from injury.

Brain ischemia and reperfusion is one of the leading causes of morbidity and mortality in
the United States. Each year, more than 780,000 individuals suffer from a stroke %, 87%
of which are ischemic in nature (Incidence and Prevalence: 2006 Chart Book on
Cardiovascular and Lung Diseases. Bethesda, Md: National Heart, Lung, and Blood
Institute; 2006). Approximately 15% of these strokes will be heralded by a transient
ischemic attack (TIA), a brain ischemic event that causes minor, short-lived effects °. It
has been found that 3-17% of all patients with a TIA will develop a frank stroke within
90 days . Though reliable methods exist to predict which TIA patients will suffer from
a subsequent stroke 2, these high-risk patients are only prescribed anticoagulants or lipid-

lowering drugs to reduce their lifetime risk®.



A large number of brain ischemic events also occur secondary to surgical interventions.
As many as 0.7% of all surgery patients will suffer from surgery-associated brain
ischemia '°. At highest risk are patients undergoing cardiac or vascular surgeries, 10% of
whom will suffer from a frank stroke during or after surgery '®*°. Surgery-associated
stroke can be insidious; recent advances in neuroimaging techniques have uncovered a
previously underappreciated incidence of surgery related ischemic events. These
clinically silent strokes do not cause obvious neurological deficits, but may initiate an
extended period of neuropsychological decline ***. Because no prophylactic therapies
exist, patients are administered only acute thrombolytic therapy after the fact to reduce
the extent of damage. Prophylactic neuroprotection of each of these high-risk populations
has the potential to protect thousands of patients each year from adverse neurological

complications and even death.

Current research into the development of stroke prophylaxis is focused on generating
therapies and pharmaceuticals that work in multiple ways to achieve synergistic goals.
The goal of some, such as heparin and warfarin, is the prevention of ischemic stroke.
While their anticoagulant property make these drugs attractive candidates for stroke
prevention in some high-risk patient populations, it makes them a poor choice for
prophylaxis of surgical candidates. The goal of other antecedent strategies is to
reprogram the brain such that, should a stroke occur, it employs its own endogenous
mechanisms of protection. This latter strategy is known as “preconditioning”.
Preconditioning is defined as a small exposure to an otherwise harmful stimulus that

protects the brain against subsequent injurious ischemic challenge. It is thought that mild



preconditioning exposures herald impending danger and, as such, induce endogenous
protective strategies in anticipation of injury. Preconditioning allows the brain to tolerate
an ischemic event, and to thus incur less damage than a brain not so preconditioned.
Tolerance to ischemia in the brain can be induced by various preconditioning stimuli
including brief ischemia, brief episodes of seizure, excitotoxic glutamate, exposure to

inhaled anesthetics and stimulation of TLR4 %22,

| have undertaken my thesis work with the goal of clarifying the molecular mechanisms

by which antecedent stimulation of TLRs induces endogenous strategies that protect the

brain from subsequent ischemic injury. The ultimate aim of this work is to produce safe,

reliable, and effective prophylactic therapies with which to combat the devastating effects

of cerebral ischemia.

TLRs are a family of pattern recognition receptors that detect host-endogenous molecules
associated with dead or damaged cells and tissues and initiate inflammatory processes in
response. TLRs also detect pathogen-associated molecular motifs such as those found in
bacterial cell walls or viral DNA. | hypothesized that it is through this dual detection

ability that TLRs offer promise as targets of stroke prophylactic strategies.

The endogenous activation of two TLRs in particular, TLR2 and TLR4, has been shown
to exacerbate cerebral ischemic injury. It is thought that these two TLRs are activated by
damage-associated molecules generated from ischemic brain tissue and that the resultant

inflammatory response increases cell death within the brain. Other TLRs, such as TLR3



and TLR7, can be activated by damage associated-molecules and thus may also have a
role in ischemic damage. Interestingly, stimulation of TLR4 prior to ischemia, through
the systemic administration of low-dose lipopolysaccharide (LPS—a TLR4 ligand of
bacterial origin) protects the brain against injury. | hypothesized that stimulation of TLRs
prior to ischemia changes TLR activity following ischemia. | considered a similar model
of protection in which a low dose of LPS renders animals tolerant to a subsequent toxic
dose of LPS. Unlike naive cells, tolerant cells exposed to LPS (or other TLR4 ligands)
generate very little of the proinflammatory cytokine Tumor Necrosis Factor o (TNFo)
and instead release the immunomodulatory cytokine Interferon 3 (IFNB). I thus reasoned
that LPS preconditioning protects the brain from ischemic injury by establishing a state
of tolerance to ischemia-induced TLR signaling. In this tolerant state, the balance of all
TLR activation in response to stroke tips toward the generation of IFN{, a molecule
known to be neuroprotective, rather than the damaging proinflammatory cytokine TNFa.
Notably, tolerance to LPS can also be induced by prior exposure to other TLR ligands,
such as the TLR9 ligand non-methylated cytosine-guanine oligodeoxynucleotides (CpG
ODNs). | thus hypothesized that preconditioning with other TLR ligands will also induce
a state of protective tolerance to stroke-induced TLR signaling. In this manner,
preconditioning with multiple TLR ligands may not simply suppress TLR signaling in
response to ischemia, but instead shift it towards a neuroprotective pathway. Such an

effect would demonstrate a completely novel therapeutic approach to stroke.



1.1 Guiding hypothesis

The hypothesis that underlies this thesis is that preconditioning with TLR ligands

redirects TLR signaling following cerebral ischemia towards a neuroprotective pathway.

Based on this hypothesis, | postulated that multiple TLR ligands redirect TLR signaling
after stroke and that this redirected response is required for neuroprotection. Specifically,

| postulated that:

1. Multiple TLR ligands can precondition the brain and protect it from ischemic
damage. Activation of multiple TLRs results in tolerance to subsequent TLR stimulation.
Cells pretreated with flagellin (TLR5), loxoribine (TLR7), or CpG (TLR9) do not
produce TNFo upon subsequent LPS or poly(l:C) exposure (TLR4 and TLR3,
respectively), but instead produce large amounts of IFNp. If my hypothesis is correct,
then preconditioning with one such molecule, CpG, will result in tolerance to subsequent

cerebral ischemic injury.

2. TLR preconditioning reprograms the endogenous response to stroke. Upon
primary exposure to TLR ligands, cells produce minimal amounts of IFNJ. However,
upon secondary exposure, cells produce up to ten times more. If my hypothesis is correct
and preconditioning similarly redirects subsequent TLR signaling, then stroke-induced
TLR signaling will cause an increase in IFNB and in a unique set of Type | IFN-

associated gene transcripts.



3.  TRIF-dependent signaling is required for TLR preconditioning. IFNp is
increasingly appreciated as a neuroprotective cytokine. The protective effects of IFNJ are
likely to be generated by the Type | IFN-associated genes that it regulates. IFNf has been
shown to help maintain the integrity of the blood brain barrier (BBB) and to reduce
cellular infiltration into damaged brain regions 2. Systemic administration of IFNJ
protects animals from ischemic damage in several models of cerebral ischemia ** .
IRF3, a transcription factor activated downstream of TLR3 and TLR4 via the TIR-
domain containing adaptor Inducing IFNP (TRIF), can also generate Type | IFN-
associated genes. IRF3 is also required for TLR-induced IFNB production. If my

hypothesis is correct and redirected TLR signaling is neuroprotective, then TRIF, IRF3,

and IFNB will be required for the protective effects of TLR preconditioning.

4.  The MyD88-dependent signaling axis is suppressed after stroke following TLR
preconditioning. Upon primary exposure to TLR4 ligands, cells activate the
transcription factor Nuclear Factor kB (NFxB) and produce copious amounts of TNFa.
However, upon secondary exposure, cells fail to activate NFkB and hence fail to generate
TNFa. Inhibition of NFkB occurs through the up-regulation of inhibitors of the TLR-to-
NF«B signaling axis. If my hypothesis is correct and preconditioning similarly redirects
subsequent TLR signaling, then pretreatment with TLR ligands will up-regulate
inhibitors of the TLR4-to-NF«B signaling axis and result in suppressed NFxB activity

following stroke.



2. Toll-like Receptors

The Toll-like receptors, so-called because of their homology to the Drosophila Toll
receptor, were first characterized in mammals by their ability to recognize pathogen-
associated molecular patterns such as those found in the bacterial cell wall components
peptidoglycan (TLR2) and LPS (TLR4), as well as viral dsSRNA (TLR3), ssRNA (TLR7),
and CpG (TLR9). Recently it has been found that in addition to their role in pathogen
detection and defense, TLRs act as sentinels of tissue damage and mediate inflammatory
responses to aseptic tissue injury. Host-endogenous molecules associated with damaged
cells and tissues activate various TLRs (Table 1.1). Surfactant, HSP60, components of
the extracellular matrix, and fibrinogen have all been shown to activate TLR4, while host
HMGB1, as well as host mMRNA and DNA are endogenous ligands of TLR2 (and TLR4),
TLR3 and TLRY, respectively. TLRs, upon activation by either pathogen- or host-
derived ligands, induce downstream signals that lead to cytokine and chemokine
production and thereby initiate inflammatory responses. TLRs are primarily located on
antigen presenting cells such as B cells, dendritic cells, monocytes, macrophages and
microglia. In the brain, these receptors are also expressed by the cerebral endothelium

and by parenchymal cells such as astrocytes, oligodendrocytes, and neurons 2.

2.1. Toll-like receptor signaling

TLR family members signal through common intracellular pathways that lead to

transcription factor activation and the production of cytokines such as TNFa, IL-1f and



IL-6, and chemokines such as Rantes and Mip-1o (Figure 1) ** 3L Each TLR family
member, with the exception of TLR3, initiates intracellular signaling via recruitment of
the intracellular Toll-interleukin 1 receptor (TIR)-domain-containing adaptor Myeloid
Differentiation factor 88 (MyD88). When recruited to plasma membrane-associated
TLRs, either directly (TLRs 5 and 11) or via the TIR domain-containing Adaptor Protein
(TIRAP) (TLRs 1, 2, 4, 6), MyD88 enlists members of the IL-1 Receptor Associated
Kinase (IRAK) family, including IRAK1, IRAK2, and IRAK4, to begin a process of
auto- and cross-phosphorylation. Once phosphorylated, IRAKs dissociate from MyD88
and bind TNF Receptor Associated Factor 6 (TRAF6), an E3 ligase. TRAF6 in turn
activates TGFp-Activated Kinase (TAK1) which itself activates the Inhibitor of NF«xB
Kinase (IKK) complex and Mitogen Activated Protein Kinase Kinase (MAPKK). The
IKK complex, composed of IKKa, IKKB and the regulatory subunit IKKy,
phosphorylates Inhibitor of Nuclear Factor kB (IkB). This leads to the ubiquitination and
proteosomal degradation of [kB and the resultant release and nuclear translocation of the
transcription factor NFkB. Members of the MAPK family phosphorylate and activate
components of the transcription factor AP-1. Together, these transcription factors induce

inflammatory cytokine production (e.g. TNFa, IL1).

MyD88 is also recruited to the endosomal receptors TLR7 and TLR9 again enlisting
members of the IRAK family. Due to the endosomal location of the complex, the
phosphorylated IRAKSs are able to bind TRAF3 and IRF7 in addition to TRAF6 % %,

This leads to the activation and nuclear localization of IRF7 with resultant Type | IFN

10



production. Hence these endosomal TLRs are capable of signaling to NFxB, AP-1 and

IRFs, resulting in a diverse genomic response.

Endosomal TLR3 is unique among the TLRs because it does not signal through MyD88
but signals instead via recruitment of TRIF. TRIF enlists the non-canonical IKKs, TANK
Binding Kinase (TBK1) and IKKeg, which activate IRF3. Further, TRIF recruits TRAF6
and Receptor (TNFRSF)-Interacting serine-threonine Protein kinase 1 (RIP-1), which
results in activation of MAPK and IKKa/f. Hence TLRS3, like the other endosomal

receptors, is capable of activating NFxB, AP-1 and IRFs.

Of all the TLRs, only TLR4 can recruit either MyD88 at the plasma membrane (via
TIRAP) or TRIF at the endosomal membrane after endocytosis (via the TRIF-related
adaptor molecule TRAM) . TLR4 can thus induce either the pro-inflammatory cytokine
TNFa via NFkB or the anti-viral cytokine IFNf via IRF3. It is because of this dual nature

that | choose to explore TLR4 as a novel therapeutic target in disease.

2.2 Toll-like receptor expression within the brain

The array of TLR family members expressed by a cell depends upon the cell’s identity
and activation status. Constitutive expression of TLRs within the brain occurs in
microglia and astrocytes and is largely restricted to the circumventricular organs and
meninges—areas with direct access to the circulation **’. Human and murine microglia

express TLRs 1-9 and generate cytokine profiles specifically tailored by the TLR
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stimulated %> % *, Similarly, human and murine astrocytes express multiple TLRs, with
particularly prominent TLR3 expression %% 3% %0 Microglia and astrocytes respond
differently to specific TLR engagement, reflecting their distinct roles in the brain.
Microglia initiate robust cytokine and chemokine responses to stimulation of TLR2
(TNFa, IL-6, IL-10), TLR3 (TNFa, IL-6, IL-10, 1L-12, CXCL-10, IFNB), and TLR4
(TNFa, IL-6, IL-10, CXCL-10, IFNB), yet astrocytes initiate only minor IL-6 responses
to all but TLR3 stimulation ®. These differences may be explained by the finding that
microglia express TLR3 and TLR4 at the cell surface while astrocytes express these
receptors intracellularly 2%, and by studies demonstrating that the cellular location of
TLRs influences their downstream signaling cascades **. The inflammatory milieu also
plays a critical role in regulating TLR expression. Microglia stimulated with CpG
specifically up-regulate TLR9, whereas those stimulated with a synthetic TLR3 ligand
suppress all TLRs except TLR3 *. Similarly, astrocytes stimulated with LPS up-regulate
TLRs 2 and 3 but suppress TLR4, while astrocytes exposed to RNA viruses up-regulate
TLR3 and TLR9 *. Thus microglia and astrocytes initiate a layered and multifaceted

response to TLR engagement.

Oligodendrocytes and endothelial cells express a relatively limited repertoire of TLRs.
Oligodendrocytes express TLRs 2 and 3 %2, while cerebral endothelial cells constitutively
express TLRs 2, 4, and 9 * and increase the expression of these TLRs in response to
stressful stimuli, including systemic LPS and cerebral ischemia 2> ** 4. In response to

LPS, endothelial cells up-regulate E-selectin, an NFxB-dependent molecule, and IFNp,
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an IRF3-dependent molecule, indicating that these cells utilize the TLR4-NF«xB and the

TLR4-IRF3 signaling axes .

Neurons express TLR3 and generate inflammatory cytokines (TNFa., IL-6), chemokines
(CCL5, CXCL10) and antiviral molecules (IFNp) in response to dsRNA “°. Neurons also
employ TLRs in their development and differentiation. TLRs 3 and 8 are expressed on
murine neurons early in development and inhibit neurite outgrowth in an NFxB-
independent manner *’. TLR2 and TLR4 have been found on adult neural progenitor cells
where they appear to elicit opposing effects. While TLR2 activation stimulates neuronal
differentiation of these cells, TLR4 activation decreases proliferation and neuronal
differentiation, driving these cells toward an astrocytic fate “®. Curiously, both TLRs
exert their endogenous effects in a MyD88-dependent manner, suggesting that these
receptors utilize MyD88 in distinct ways. Hence even minor alterations of these fine-
tuned endogenous pathways can have profound effects on cellular responses to TLR

engagement.

2.3 Toll-like receptors in brain disease

The inflammatory responses initiated by TLRs in the brain have both beneficial and
detrimental effects. Activated TLRs help clear pathogenic organisms from the brain,
thereby aiding in tissue recovery and damage resolution. TLR2 has been shown to play a
critical role in protection against Streptococcus pneumoniae meningitis “°, Toxoplasma

50

gondii *°, and tuberculosis meningitis >*. TLR2 and TLR4 are required for effective
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murine immune responses to Staphylococcus aureaus-induced brain lesions °2. These
studies demonstrate that animals lacking TLRs suffer from decreased pathogen clearance
despite increased recruitment and activation of macrophages, granulocytes and T cells.
Without TLR signaling to shape the inflammatory process, these animals display
dysregulated cellular and cytokine responses that are ineffective at ridding the body of
invasive pathogens. This results in persistent infection and increased mortality. TLR2 and
TLR4 may also help prevent the progression of Alzheimer’s disease by aiding in
microglial clearance of amyloid beta protein deposits >* ** *°. Hence, the ability of TLRs
to initiate and coordinate inflammatory responses is critical for health maintenance. In
other contexts, however, TLR- initiated inflammatory responses contribute to tissue
damage and increase morbidity and mortality. TLR2 contributes to neuroinflammation
and mortality in HSV-1 infection *° and TLR3 contributes to mortality in West Nile
virus-induced encephalitis °” in mouse models of these diseases. In these examples, it is
not the pathogens per se that cause mortality, but rather the inflammatory process
initiated in response to pathogen invasion that results in death. TLR2, TLR3, and TLR4,
have all been implicated in either the initiation or progression of experimental
autoimmune encephalitis (a mouse model of multiple sclerosis) and other demyelinating
diseases >, by activating microglia and other antigen-presenting cells to present self-
derived antigen. TLR2 and TLR4 have further been shown to play a role in ethanol- and
ganglioside- mediated neuroinflammation ®®®, Hence, within the brain, the consequence

of TLR-induced inflammation depends upon the circumstance in which it is initiated.
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The overwhelming and generally damaging inflammatory response of TLRs to aseptic
tissue injury within the brain may be a consequence of TLR evolution in response to
pathogens. In the setting of pathogen invasion, an inflammatory deluge may be the most
effective means to clear microorganisms. The activation and influx of leukocytes, with
the concomitant release of free radicals and tissue-destroying enzymes, assails not only
the invading pathogen but also any host cells that harbor the pathogen. However, when
this same powerful response is co-opted by the host to clear and resolve tissue damage, it
can destroy the very cells it is meant to save. This damage-promoting characteristic is
prominently observed following brain ischemia, where inflammation plays a critical role

in both injury progression and resolution.

3. Cerebral ischemia

Cerebral ischemia occurs when blood flow to the brain is inhibited. Inhibition can occur
locally, resulting from a thrombotic or embolic clot, or globally, resulting from systemic
hypoperfusion following cardiac arrest or septic shock. In the absence of normal blood
flow, oxygen and glucose delivery to the ischemic region is decreased, often to a level at
which cellular energy needs cannot be met. Hence energy-dependent processes are
compromised, initiating a cascade of events that culminate in cell death. Many plasma
membrane ion channels depend on energy, in the form of ATP, for proper functioning. In
the absence of adequate ATP levels, these channels cannot maintain ionic gradients
across the plasma membrane and membrane depolarization ensues. This results in a

prolonged increase in intracellular calcium that initiates several cytotoxic events. The
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accumulation of intracellular calcium triggers calcium-activated proteases, lipases, and
DNAses that cause cell death by simple catabolism. Additionally, calcium overload
depolarizes the mitochondrial membrane, resulting in the release of reactive oxygen
species, which further damage proteins and DNA, and apoptotic proteins such as
cytochrome C, which activates caspase cascades that mediate cell death. Finally,
intracellular calcium causes the release of the neurotransmitter glutamate. Excessive
amounts of extracellular glutamate can depolarize neighboring cells for prolonged
periods of time, increasing the concentration of intracellular calcium within these cells to
toxic levels. In this manner, the damage cascade can be passed from cell to cell into brain

regions surrounding the infarcted tissue.

Cell death within the ischemic core occurs within hours of vessel occlusion. Outside the
core, where collateral blood flow attenuates cellular stress, death occurs over several
days. This delayed cell death results from endogenous processes triggered in response to
the ischemic injury, such as inflammation and apoptosis. Thus, therapeutically targeting
the inflammatory response has the potential to salvage viable tissue and to protect

neurological function.

Ischemia activates resident inflammatory cells within the brain, namely microglia and
astrocytes. Once activated, these cells produce TNFa and FasL, which cause apoptotic
cell death by the caspase-activating death domain in their receptors (TNFR1 and TNFR2,
Fas). Microglia additionally produce reactive oxygen and nitrogen species that are toxic

to neurons. Activated microglia and astrocytes release cytokines and chemokines that
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activate the cerebral endothelium and aid in leukocyte accumulation and transmigration
into ischemic brain tissue. One such cytokine, IL-1p, up-regulates the adhesion molecules
E-selectin, intercellular adhesion molecules 1 and 2 (ICAM-1 and ICAM-2) and vascular
adhesion molecule 1 (VCAM-1) on cerebral endothelial cells, thereby aiding neutrophil
infiltration ®* ®. The chemokines MCP-1 and MIP-1c aid in macrophage and monocyte
accumulation in the ischemic region. Consistent with a deleterious role for these

cytokines and chemokines, inhibition of any one of them reduces cerebral ischemic injury

66, 67

Neutrophils are generally the first leukocyte subtype to penetrate into the ischemic brain,
followed by macrophages and lymphocytes ®. Neutrophils potentiate tissue damage and
cell death by releasing oxygen free-radicals and proteolytic enzymes. Lymphocytes, too,
have strong proinflammatory and tissue-damaging properties. Together, infiltrating
inflammatory cells cause secondary damage to potentially salvageable tissue surrounding

the ischemic core.

It is still unclear how resident inflammatory cells discern the presence of ischemia-
damaged tissue. However, TLRs have been implicated in this process. TLRs detect
dangerous extra-cellular conditions, such as those induced by local cell stress, and initiate
inflammatory processes in response. Hence TLRs may play a critical role in initiating

damaging inflammatory responses to stroke.
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4. Toll-like receptors and ischemic damage

In the mouse, microglia and astrocytes express TLRs ** ® and it may be through TLR
activation that these cells initiate the inflammatory response to stroke. Ischemia causes an
early increase of TLR2 and TLR4 on neurons (0.5-6 hrs) and a delayed increase on
microglia, astrocytes, and endothelial cells (24-72 hrs) ** 7" Studies using knockout
mice indicate that these receptors have detrimental effects in the context of stroke (Table
1.2). Mice lacking functional TLR2 incur significantly smaller infarcts and demonstrate
better functional outcomes than wild-type controls ** ™ "2 Similarly, mice lacking
functional TLR4 are less susceptible to transient and permanent MCAO and to global
cerebral ischemia (inhibition of the common carotid, and left and right subclavian
arteries) and demonstrate better functional outcomes than wild-type controls ™ ™ 77>,
Unlike wild-type mice, TLR4 deficient mice do not up-regulate Cox-2, MMP9, iNOS, or
IRF1 within the brain and do not increase circulating levels of TNFa or IL-6, indicating
suppressed inflammatory responses following stroke “* 7>. TLR4 deficient mice increase
the phosphorylation of Akt and GSK3B, indicating an increase in pro-survival pathways
following stroke "°. Neurons appear to be particularly sensitive to TLR stimulation. In
primary cortical cultures, neurons from mice lacking TLR2 or TLR4 are resistant to cell

death from glucose deprivation (a cell culture model of energy deprivation), potentially

by suppressing JNK-AP-1 signaling and caspase 3 activation’.

The endogenous TLR4 ligands HSP60, HSP70 and HMGB1 (which also binds TLR2)

have been detected in the brain following injury 8. Activation of either receptor by
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these ligands results in the production of known mediators of ischemic injury such as
TNFo and IL1pB. Thus, cell death within the ischemic core leads to the release of damage-
associated molecules, which, by activation of TLRs on resident brain cells, may initiate

the deleterious inflammatory response to stroke (Figure 2).

5. Toll-like receptors and neuroprotection

In contrast to the detrimental role of TLRs in response to ischemia, stimulation of these
receptors prior to ischemia provides robust neuroprotection. TLR4-induced tolerance to
cerebral ischemia was first demonstrated with low-dose systemic administration of LPS,
which protected spontaneously hypertensive rats from subsequent ischemic brain injury
caused by transient MCAO ™. Since then, LPS-induced tolerance to brain ischemia has
been demonstrated in a murine model of stroke and in a porcine model of deep

hypothermic circulatory arrest 28 (Table 1.3).

The neuroprotective program elicited by LPS preconditioning occurs in three distinct
phases. The phase between LPS administration and MCAO is termed the “initiation”
stage. The phase following MCAO is termed the “effector” stage. The bridge between

these two phases is termed the “reprogramming” stage.

The initiation phase of LPS preconditioning is time and dose dependent. Tolerance is

achieved if LPS is administered between 1 and 7 days prior to MCAO, but no

neuroprotection is observed if LPS treatment occurs 14 days before MCAO . Protective
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doses of LPS appear to depend on the animal model and the route of systemic
administration. Protective doses range from 0.02 to 1mg/kg and have been administered
via intravenous (i.v.), intraperitoneal (i.p.) and subcutaneous (s.c.) routes "% 818
Tolerance induction has been shown to require de novo protein synthesis and a modest
inflammatory response, as it can be blocked when LPS is administered simultaneous with
cyclohexamide, an inhibitor of protein translation, or with the corticosteroid
dexamethasone ®. TNFa has been specifically implicated as a critical mediator in the
establishment of LPS-induced ischemic tolerance. Preconditioning doses of LPS
significantly increase circulating levels of TNFa and inhibition of this pro-inflammatory
cytokine, either systemically or within the brain, at the time of LPS administration blocks

neuroprotection %%,

Further, mice lacking TNFo fail to be protected by LPS
preconditioning ®2. LPS-induced reactive oxygen and nitrogen species also play a role in
the establishment of tolerance. Reactive oxygen species and peroxynitrite, formed by
cerebral vessels in response to LPS, are both required for ischemic tolerance 2. Hence,

LPS-induced inflammatory reactions are integral components in the initiation of ischemic

tolerance.

LPS-induced ischemic protection requires an inflammatory response in the initiation
phase prior to the ischemic event, yet protection occurs in the effector phase through
modulation of the inflammatory response following ischemia. One hallmark of LPS
preconditioning is the suppression of cytotoxic TNFo signaling following stroke. Mice
that have been preconditioned with LPS prior to ischemia display a pronounced

suppression of the TNFa pathway following stroke, as evidenced by reduced TNFa in
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the serum, and decreased levels of cellular TNFR1, but increased levels of neutralizing
soluble-TNFR1, in the brain. Further, preconditioned mice express significantly lower
levels of TNFR-associated death domain (TRADD), an intracellular molecule involved in
TNFa-induced signaling. Preconditioned mice are thus protected from the cytotoxic
effects of TNFa after cerebral ischemia 2. Collectively, these molecular mechanisms

result in dampened TNFa responses to ischemia and increased cell survival.

Modulation of the inflammatory response to stroke in preconditioned mice is also
observed on the cellular level. LPS preconditioning attenuates microglial activation after
stroke and reduces neutrophil infiltration into the ischemic hemisphere . In addition,
preconditioning changes the response of circulating leukocytes, attenuating stroke-

induced neutrophilia, lymphopenia, and monocyte activation & .

Perhaps most prominently, LPS preconditioning modifies endothelial cell function
following stroke. Preconditioning has been shown to prevent post-ischemic endothelial
cell dysfunction and to thereby decrease BBB permeability following MCAO .
Maintenance of cerebrovascular function preserves cerebral blood flow in the peri-infarct
region for at least 24 hours after MCAO ® #” and may increase collateral blood flow to
compromised brain regions during the ischemic event ®. LPS pretreatment has been
shown to prevent the impairment of endothelial and smooth muscle relaxation that is
normally induced by ischemia/reperfusion injury. The vasoprotective effect of LPS may
be due to increases in nitric oxide. Mice lacking Inducible Nitric Oxide Synthase (iNOS)

expression fail to be protected by LPS pretreatment *, and Endothelial Nitric Oxide
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Synthase (eNOS) expression within the brain is directly correlated to the time window of
LPS-induced neuroprotection ®. LPS-induced preservation of microvascular function
following MCAO may be due to suppressed lymphocyte adhesion to activated
endothelium. It has been suggested that this may occur by TNFa-induced suppression of

86, 88

endothelial activation and adhesion molecule expression or by prevention of cellular

inflammatory responses to ischemia .

The mechanisms that convert the small inflammatory response in the initiation phase into
the suppressed inflammatory response in the neuroprotective effector phase are largely
unknown. The goal of my thesis work is to clarify the molecular underpinnings of the
reprogramming phase in which this conversion occurs. Understanding the transition
between initiation and effect will provide insight into the brain’s endogenous protective

processes and may uncover a rich source of therapeutic targets.

6. Mechanisms of neuroprotection—redirecting TLR signaling

The dual nature of TLR4 signaling in ischemic injury and neuroprotection provides
insight into the mechanisms of LPS-induced neuroprotection. Studies with knockout
animals have shown that TLR4 stimulation in response to ischemia exacerbates stroke
injury. However, studies on LPS preconditioning have indicated that TLR4 stimulation
prior to ischemia protects against cerebral ischemic injury. Together, these findings have
led me to hypothesize that LPS-induced tolerance to subsequent ischemia occurs by the

same molecular mechanisms that govern the similar phenomenon of LPS-induced
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tolerance to subsequent LPS. Known as “endotoxin tolerance”, this phenomenon occurs
when pretreatment of cells or animals with a low dose of LPS renders them tolerant to the
normally toxic effects of a second, higher dose of LPS. It is believed that endotoxin
tolerance represents an evolutionarily conserved protective mechanism against the
deleterious effects of sepsis. Cells that are tolerant to LPS are defined by their inability to
generate TNFa in response to TLR4 activation. LPS tolerant cells, unlike naive cells, do
not recruit MyD88 to TLR4, and fail to activate IRAK- 1 and NFxB upon TLR4 ligation
8 The TLR4-NFkB signaling axis becomes decommissioned following a primary
exposure to LPS via an elaborate negative feedback loop that involves known inhibitors
of TLR signaling. Among those inhibitors are Ship-1, which prevents TLR4-MyD88
interaction, IRAK-M, a non-functional IRAK decoy, and TRIM30a, which destabilizes
the TAK1 complex *2 each of which is up-regulated following initial exposure to LPS.
Because of these inhibitors, subsequent signaling of TLR4 to NFxB is blocked and
inflammatory cytokine production is suppressed. Conversely, LPS-tolerant cells produce
higher levels of IFNP upon TLR4 ligation, suggesting increased signaling via the TLR4-
IRF3 axis *. Thus, pretreatment with LPS causes cells to switch their transcriptional
response to TLR4 stimulation by up-regulating the IRF3- induced cytokine IFNJ and

suppressing the NFxB-induced cytokine TNFa.

Similar to endotoxin tolerance, priming TLR9 with its ligand, CpG, induces a state of
hypo-responsiveness to subsequent challenge with CpGs *. Interestingly, cross-tolerance
between the two receptors has also been reported, as ligands for TLR9 induce tolerance

against a subsequent challenge with a TLR4 ligand by down regulating IRAK-1 and up-
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regulating IRAK-M % % % Hence, CpG-pretreated cells not only produce less TNFo.
when secondarily challenged with LPS, they also produce significantly higher levels of

IFNB .

Together, these studies led me to hypothesize that TLR stimulation prior to stroke
reprograms ischemia-induced TLR activation. | postulated that administration of LPS or
CpG activates TLR4 or TLRY, respectively, causing a small inflammatory response, with
an initial rise in TNFo. In an effort to control that inflammatory response, cells
subsequently up-regulate negative feedback inhibitors of the TLR-NF«kB signaling axis
(Figure 3). These inhibitors remain present when cells are subsequently exposed to
endogenous TLR ligands generated from ischemia-injured brain tissue. Within this new
cellular environment, TLRs are unable to activate NFkB-inducing pathways. Because of
this, TLR4 signaling shifts from NFxB induction to IRF3 induction, with a resultant

increase in IFNP (Figure 4).

The IRF3 transcription factor is required for LPS-induced production of IFNp .
Structural information gathered from the crystallized IRF3-bound IFNB promoter
indicates that IRF3 dimers bind to each of 4 IRF transcriptional regulator elements
(TREs) within the PRDIII domain of the promoter %, In addition to enhancing
transcription by binding IRF TREs, IRF3 also enhances transcription by binding
interferon-stimulated response element (ISRE) TREs. ISREs are found in the promoter
regions of many interferon-stimulated genes (ISGs), and activated IRF3 has been shown

to up-regulate transcription of a number of 1SGs *°. Interestingly, IFN itself causes the
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up-regulation of many ISGs. Upon binding to the Type | IFN receptor complex, IFNf
induces JAK/STAT signaling, which activates the ISGF3 transcription factor, composed
of Stat 1, Stat 2, and IRF9. ISGF3 binds to ISRE motifs within the promoters of ISGs,
increasing their expression. Hence IRF3 induction of IFNB may act to amplify ISRE-

regulated gene expression, causing a feed forward loop of ISG production.

IFN, best known for its anti-viral effects, also has potent anti-inflammatory activities.
These anti-inflammatory activities have been particularly well characterized in the brain
where microglia/macrophages, astrocytes, neurons, and endothelial cells all produce
IFNp 1% 191 Several studies have shown that IFNp can stabilize the blood-brain barrier,
potentially by reducing matrix metalloprotease production by activated glia 2> %% 1%,
Similarly, it has been shown to inhibit monocyte migration across human brain-derived
endothelial cells ** and reduce cellular infiltration into damaged brain regions . On a

105-107

cellular level, IFNB can reduce reactive oxygen species , suppress inflammatory

108, 109

cytokine production and increase levels of IL-1Ra , promote nerve growth factor

production by astrocytes *°

and protect neurons from toxicity induced by activated
microglia . In addition, systemic administration of IFNB has been shown to reduce
infarct damage in rat and rabbit models of ischemic stroke ?* . The neuroprotective
effects of IFNPB are likely mediated by the genes it up-regulates, that is, by ISGs.
Therefore, in the setting of LPS preconditioning, up-regulation of IFNp, or of IRF3,

which also up-regulates 1SGs, would be expected to contribute to neuroprotection.
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The studies performed in this thesis were designed to test a molecular model of TLR-
induced protection from ischemic injury wherein systemic administration of TLR ligands
reprograms TLR signaling in response to brain ischemia, directing it towards a
neuroprotective pathway. I propose that TLR preconditioning fundamentally changes the
brain’s response to stroke and suggest that such reprogramming events exemplify

endogenous processes that protect the brain against further injury.
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Table 1.1 Endogenous Toll-like receptor ligands

TLR |Endogenous Ligand Source | Response Citation
Ligand
TLRs |Hsp60 Necrotic cells | TNF-alpha and NO |Ohashi K, et al. 2000;
2and 4 in macrophages Vabulas RM, et al. 2001,
Lenhardt S. et. al. 2008.
Hsp70 Necrotic cells [IL-12 and ELAM-1 [Asea A, et al.. 2002;
in macrophages Vabulas RM, et al. 2002.
gp96 Necrotic cells  |IL-12 in DCs Vabulas RM, et al. 2002.
High mobility group |Released from |Lethality in sepsis  |Parks JS, et al. 2004.
box 1 (HMGB1) nucleus in reperfusion injury
inflammation
Urate crystal Depositionin | TNFa, IL-1B, Liu-Bryan R, et al. 2005.
joints and TGFB1in
bursal tissues in macrophages
gout
Biglycan Released from | TNFa, MIP in Schaefer L, et al. 2005.
ECM macrophages/DCs
Hyaluronan Degraded from |Chemokine Jiang D, et al. 2005;
larger species in | production in Termeer C, et al. 2002.
ECM macrophages,
activation of DCs
via TLR4
TLR 3 |mRNA when Necrotic cells |DC activation and Kariko K, et al. 2004.
complexed with TNFo production
lipofectin
TLR 4 |Hsp22 (HspB8) Synovial fluid |IL-6, TNFa., up- Roelofs MF, et al. 2006.
in rheumatoid | regulation of co-
arthritis stimulatory

molecules in DCs

Fibronectin Tissue damage |MMP-9 in human Okamura Y, et al. 2001.
extradomain A macrophages
Surfactant protein-A | Lung surfactant | TNFo and IL-10 in | Guillot L, et al. 2002.
macrophages
Figrinogen Extravated from | Chemokine Smiley ST, et al. 2001.
vasculature production in
after endothelial | macrophages

cell retraction

Heparin sulfate

Released from

Maturation and up-

Johnson GB, et al. J 2002.

ECM, cell regulation of co-
membranes stimulator molecules
in DCs

Beta-defensin 2- Epithelial DC maturation and |Birgyn A, et al. 2002.
fusion protein antibacterial up-regulation of co-
(rmDF-2/rfv) peptides stimulator molecules
Minimally modified |Pro- Actin Miller Y1, et al. 2003.
(oxidized) low inflammatory | polymerization and
density lipoprotein |and pro- spreading of
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atherogenic

macrophages

protein
Pancreatic elastase | Pancreatic TNFa secretion in  |Hietaranta A, et al. 2004.
elastase THP-1 cells

Alpha-A crystallin

Necrotic cells

Activation of DCs

Roelofs MF, et al. 2006.

TLR 7 |RNA immune Necrotic cells | IFNa production by |Barrat FJ, et al. 2005.
complex PDCs

TLRs |[siRNAs when Necrotic cells  |Induction of TNFa | Sioud M. 2005.

7 and 8|encapsulated into and IL-6 in PBMCs
liposomes

TLR 9 [Chromatin immune |Necrotic cells |DC activation Boule MW, et al. 2004.
complex
DNA immune Necrotic cells | IFNo production by |Barrat FJ, et al. 2005.
complex pDCs
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Table 1.2 The endogenous role of Toll-like receptors in cerebral ischemia

TLR |Stroke model Animal model |Outcome Proposed Citation
knock- mechanism
out
TLR 2 |[MCAO via filament, | mouse, decreased infarct |TLR 2 Ziegler G, et
60 min, 48h C57BL/6J, in TLR2 -/- signaling al. 2007.
reperfusion male, 10-12
week, TLR 2 -/-
MCADO via filament, | mouse, decreased infarct |TLR 2 in Lehnardt S,
60min, 24 and 72h |C57BL/6J, in TLR2 -/- microglia et al. 2007.
reperfusion male, 13-15
week, TLR 2 -/-
MCADO via filament, |mouse, TLR 2 |decreased infarct Tang SC, et
60 min, 72h -/- in TLR2 -/- al.. 2007.
reperfusion
TLR 4 |permanent MCAO |mouse, male, |decreased infarct |decreased Caso JR, et
via adult, TLR 4 -/- |in TLR4 -/- inflammatory |al. 2007.
electrocoagulation, |(C3H/Hel and response, l.e.
24h and 7d C57BL/10ScCr) MMP9
reperfusion
MCAO, 6h, mouse, decreased infarct |decreased Cao CX, et
embolism, 24h C3H/HeJ, in TLR4 -/- inflammatory |al. 2007.
reperfusion female, 8 week, cytokines l.e.
TLR 4 -/- TNF-alpha,
IL-6
MCAO via filament, |mouse, TLR 4 |decreased infarct Tang SC, et
60 min, 72h -I- in TLR4 -/- al. 2007.
reperfusion
Global cerebral mouse, decreased infarct |decrease Hua F, et al.
ischemia/reperfusion | C57BL/10ScCr, |in TLR4 -/- phospho-IkB  |2007.
via occlusion of male, 8-12 and NFxB
CCA, LSA and week, TLR 4-/-
RSA, 12 min, 6h
reperfusion
permanent MCAO | mouse, male, decreased infarct |decreased Caso JR, et
via cauterization, adult, TLR 4 -/- |in TLR4 -/-, iNOS and al. 2008.
24h reperfusion (C3H/HeJ and | decreased COX-2in
C57BL/HeN) |subacute stress response to
response immobilization

stress
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Table 1.3 LPS, a TLR4 ligand, preconditions against cerebral ischemia

Ligand | Treatment| Stroke model Animal Outcome Proposed Citation
(TLR) model mechanism
0.9 mg/kg, |permanent MCAO |Rat, adult, Reduced IL-1, TNFo | Tasaki K, et
IV, 1-7d |via male, infarct in LPS al.. 1997.
prior electrocoagulation, | spontaneously | preconditioned
24h reperfusion hypertensive
0.9 mg/kg, |permanent MCAO |Rat, adult, Reduced Maintenance |Dawson
IV, 72h via male, infarct in LPS |of DA, etal.
prior electrocoagulation, | spontaneously | preconditioned | microvascular | 1999.
24h reperfusion hypertensive patency
0.05 transient MCAO, |Rat, adult, Reduced Protection Ahmed SH,
mg/kg, SC, |6 and 24h male infarct in LPS |despite et.al. 2000.
24h prior  |reperfusion preconditioned | increased
PMN
infiltration
0.5 mg/kg, |transient MCAO, |Rat, adult, Reduced Protein Bordet R,
IP, 72h 24h reperfusion |male infarct in LPS |synthesis and |et.al. 2000.
prior preconditioned | inflammation
dependent
0.3 mg/kg, |transient MCAO, |Rat, adult, Reduced Maintenance |Bastide M,
IP, 72h 24h reperfusion |male infarct in LPS |of endothelial |et.al. 2003.
LPS prior preconditioned |and smooth
(TLR4) muscle_
relaxation
0.2 mg/kg, |[MCAO via C57BL/6 Reduced Suppression | Rosenzweig
IP, 48h filament, 60 min, |male mice infarct in LPS |of cellular HL, et al.
prior 48h reperfusion preconditioned | inflammation |2004.
0.9 mg/kg, |focal cerebral Rat, Reduced Preservation |Furuya K,
IV, 72h ischemia, 6h, 24h, |spontaneously |infarct in LPS |of local et al. 2005.
prior 7d and 14d hypertensive |preconditioned |cerebral
reperfusion blood flow,
up-regulation
of eNOS
0.2 mg/kg, |[MCAO via C57BL/6 Reduced Suppression |Rosenzweig
IP, 72h filament, 60 min, |male mice infarct in LPS |of TNFa HL, et al.
prior 24h reperfusion preconditioned | signaling 2007.
0.02 mg/kg, | Deep hypothermic neonatal piglets |Reduced infarct | Up-regulation of |Hickey EJ
IV, 72h prior | circulatory arrest in LPS inflammation et.al. 2007.
preconditioned inhibitors
0.5 mg/kg, MCAQO via filament, |C57BL/6 male |Reduced infarct |iNOS-induced |Kunz A, etal.
IP, 24h prior |25min, 72h mice in LPS preservation of  |2007.

reperfusion

preconditioned

neurovascular
function and
CBF
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Figure 1.1. Schematic of Toll-like receptor signaling
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Figure 1.2. Schematic of Toll-like receptor signaling following cerebral ischemia
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Figure 1.3. Schematic of Toll-like receptor signaling in response to preconditioning

stimulation with TLR ligands
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Figure 1.4. Schematic of Toll-like receptor signaling following cerebral ischemia in

the context of LPS preconditioning
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Materials and Methods

Mice: C57BI/6 mice (male, 8 to 10 weeks approximately 25 grams) were obtained from
Jackson Laboratories (West Sacramento, California, USA) and from the National Cancer
Institute (Frederick, MD). IFN knockout mice were kindly provided by Dr. Leanderson
of Lund University. IRF3 knockout mice were procured from RIKEN BioResource
Center, Tsukuba, Japan. Both strains were backcrossed onto the C57BI/6 background for
at least 8 generations. TLR4 knockout mice (C57BI/10ScSn) and their wild-type
counterparts (C57BI/10ScN), TLR3 knockout mice (B6;129S1-T1r3"™FV/J) and their wild
type counterparts (B6;129SF1/J) and TRIF knockout mice (C57BI/6J-Ticam1-"5%/J) were
obtained from Jackson Laboratories. TNFo knock-out mice (B6.129S-Tnf™¢ /), were
also obtained from Jackson Laboratories. This strain is backcrossed at least 5 generations
to C57BI/6 at Jackson Laboratories. MyD88 knockout mice (C57BI/6 background) were
a kind gift of Dr. Shizuo Akira (Osaka University, Osaka Japan) and were bred in our
facility. All mice are housed in a facility approved by the Association for Assessment and
Accreditation of Laboratory Animal Care International. The animal protocols met
National Institutes of Health guidelines with the approval of the Oregon Health and

Science University Institutional Animal Care and Use Committee.
Drug Treatment: Mice were given a 200 ul intraperitoneal injection of saline, LPS (0.2 -

1.0 mg/kg; Escherichia coli serotype 055:B5; Sigma) or CpG ODN (0.5 - 1.6mg/kg; tcc

atg acg ttc ctg acg tt; Invivogen). For all studies except those that determined the time
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window of protection, mice were injected 72 hr prior to MCAOQO. For the time window of

protection, mice were treated from 1-14 days prior to MCAO.

Reagents: ODN2088 (tcc tgg cgg gga agt), a mouse-specific TLR9 signaling inhibitor **#
113 were obtained from Invivogen. In addition, endotoxin levels were determined to be
negligible (<0.125EU/mg). A control ODN (Invivogen; tcc atg agc ttc ctg agc tt) was
used which contained the same sequence as 1826 but the CpG dinucleotides have been
replaced by GpC dinucleotides. Western blots were performed using antibodies against
IRAK-M (ProSci, 2355), MyD88 (R&D, AF3109), Ship-1 (Santa Cruz, sc8425), Tollip

(AbCam, Ab37155), and Actin beta (Santa Cruz, sc1616R).

Oxygen glucose deprivation in vitro: Primary mouse mixed cortical cultures were
prepared from E15-E17 mouse fetuses. Cortices were dissected and dissociated with
Trypsin-EDTA (Gibco) and plated at a density of 1 x 10° cells/ml onto coverslips coated
with poly-L-Ornithine (15mg/L). Cells were cultured in Neurobasal media (containing
4.5g/L glucose; supplemented with Glutamax and B27-A0O; Gibco) for 5 days prior to
each experiment. Cultures consisted of ~60% neurons (range 53-66%) as determined by
staining for NeuN (Chemicon), with less than 5% astrocytes (GFAP™; Sigma) and less
than 5% microglia (tomato lectin®™; Vector Labs). Oxygen-glucose-deprivation (OGD)
was performed by removal of the culture medium and replacement with D-PBS (Gibco)
followed by incubation in an anaerobic atmosphere of 85% N,, 10% CO,, 5% H, at 37°C
for 3 h. The anaerobic conditions within the chamber were monitored using an electronic
oxygen/hydrogen analyzer (Coy Laboratories). OGD was terminated by replacement of

the exposure medium with Neurobasal medium (containing 4.5g/L glucose;
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supplemented with Glutamax and B27-AQ0) and return of the cells to a normoxic

incubator. Control plates were kept in the normoxic incubator during the OGD interval.

Cell Death Evaluation in vitro: Cell death in vitro was examined 24 hr following OGD
by means of fluorescent, cell-permeable, DNA-binding dyes: propidium iodide (Pl), as
an indicator of cell death, and 4’,6-diamidino-2-phenylindole (DAPI), as an indicator of
the total number of cells. Coverslips were incubated with P1 (1.5ug/ml, Sigma) for 2 min,
washed with PBS and fixed for 30 min in 10% formalin. Coverslips are mounted on
slides with Vectashield mounting medium containing DAPI (Vector labs). Stained cells
were visualized with a fluorescent microscope (Leica GMBH) and analyzed using
Metmorph7 software (Molecular Devices Corp., Downington, PA). The number of PI
and DAPI stained cells were counted in two random fields of view on each coverslip, and
percent death was calculated as mean (PI)/(DAPI) x 100 per field of view. Each
treatment was performed with triplicate coverslips within an experiment and the entire

experiment was repeated three or more times.

Surgery: Cerebral focal ischemia was induced by MCAO as published previously **.
Mice were briefly induced with 3% isoflurane and maintained with 1.5-2% throughout
the surgery. The middle cerebral artery (MCA) was blocked by threading silicone-coated
8-0 monofilament nylon surgical suture through the external carotid to the internal
carotid, and finally blocking its bifurcation into the MCA and anterior cerebral artery.
The filament was maintained for 60 min (unless otherwise noted) while the mice were
maintained under anesthesia. The filament was removed, and blood flow restored.

Cerebral blood flow was monitored with Laser Doppler Flowmetry (Transonic System
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Inc.). Temperature was maintained at 37°C+0.5°C with a rectal thermometer-controlled
heating pad and lamp (Harvard Apparatus). All surgical procedures were performed
under an operating stereomicroscope. After surgery mice were kept alive for 24 hr on a
heating pad with access to soft food and water and were then sacrificed. We consistently

have a survival rate for the MCAO procedure that exceeds 85%.

Infarct Measurement: Mice were deeply anesthetized with isoflurane, then perfused with
ice-cold saline containing 2U/mL heparin. Brains were removed rapidly, placed on a
tissue slicer and covered with agarose (1.5%). The olfactory bulbs were removed and the
remainder of the brain was sectioned into 1-mm slices beginning from the rostral end, for
a total of 7 slices. The area of infarction was visualized by incubating the sections in
1.5% 2,3,5-triphenyltetrazolium chloride (TTC; Sigma Aldrich) in PBS for 15 min at
37°C. The sections were then transferred to 10% formalin (Sigma Aldrich). Images of the
sections were scanned, and the hemispheres and areas of infarct were measured using
ImageJ software '*°. The measurements were multiplied by the section thickness and
summed over the entire brain to yield volume measurements. Ischemic damage data was
calculated using the indirect method to minimize error introduced from edema. % Infarct
= (contralateral hemisphere volume — volume of non-infarcted tissue of the ipsilateral

hemisphere)/(contralateral hemisphere volume) x 100 **°.

Quantification of Serum TNFe«: Blood was taken from mice (cardiac puncture) and

allowed to clot for 2 hr at room temperature. The blood was centrifuged (2000 rpm, 20

min) and the clear serum was removed and stored at —80°C until analyzed. Serum TNFa
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was measured using an ELISA available commercially from R&D Systems (Minneapolis,

MN, USA). The assay sensitivity is ~5.1 pg/ml. All samples were run in duplicate.

RNA isolation: Mice were anesthetized and blood was obtained via retro-orbital puncture.
Animals were perfused with saline and, under RNase-free conditions, a 1 mm section was
removed for infarct area analysis. The ipsilateral cortex region from the frontal 4 mm was
snap frozen. Total RNA was isolated from the blood using the Qiagen PAXgene Blood
RNA Kit and from the brain using the Qiagen RNeasy Lipid Mini Kit (Qiagen Inc.). RNA

from individual animals was hybridized to single arrays.

Experimental Design for Gene Expression Studies: C57/BL6 mice were divided into 6
groups with 4 animals per group: Groups 1 and 2 received a saline injection followed 72
hr later with a 45 min MCAOQO. Group 3, and 4 received an LPS injection followed 72 hr
later with a 45 min MCAO. Groups 5 and 6 received CpG injection followed 72 hr later
with a 45 min MCAO. Groups 1, 3, and 5 were sacrificed 3 hr following start of
occlusion. Groups 2, 4, and 6 were sacrificed 24 hr following start of occlusion. At time
of sacrifice mice were anesthetized, then perfused with heparinized saline. A group of 6
mice were included as unhandled controls. Under RNase-free conditions, a 1 mm section
was removed (4 mm from rostral end) for infarct area analysis by TTC staining. The
ipsilateral cortex region from the frontal 4 mm was isolated and snap frozen in liquid

nitrogen.

GeneChip Expression Analyses: Microarray assays were performed in the Affymetrix

Microarray Core of the Oregon Health & Sciences University Gene Microarray Shared
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Resource. RNA samples were labeled using the NuGEN Ovation Biotin RNA
Amplification and Labeling System_V1. Hybridization was performed as described in the
Affymetrix technical manual (Affymetrix, Santa Clara, CA). Labeled RNA was
hybridized to test arrays containing control probe sets and samples that did not meet
empirically defined cutoffs within the core facility were remade. Quality-tested samples
were hybridized to the MOE430 2.0 array. The array image was processed with
Affymetrix GeneChip Operating Software (GCOS). Data was normalized using the
Robust Multichip Average method ™. The normalized data was then analyzed using a
two-way ANOVA model for each gene, using conditions and time as groups. Post hoc
comparisons were made using the unhandled mice as a control group. P-values were
adjusted for multiple comparisons using the method of Hochberg and Benjamini 2.

Genes were considered significantly regulated if the adjusted p value was less than 0.05

and the fold change in regulation was greater than or equal to 2.

Transcriptional regulatory network analysis. Using the web based program: Promoter

Analysis and Interaction Network Toolset (PAINT) version 3.5 **°

, we examined the
predicted regulatory elements associated with the unique gene regulation identified by
microarray. In brief, using PAINT we obtained the 5000 bp upstream sequence for the
transcripts represented on the MOE430 Affymetrix gene chip (33,635 transcripts were
identified with 5000 bp of upstream sequence). PAINT identified putative transcription
factor binding sequences (TRES) in these upstream sequences using the TRANSFAC

PRO database version 10.4. This pool of genes and identified TREs was used as our

reference comparison group. The statistical component of PAINT (FDR adjusted p value
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set at <0.2) was used to determine the over represented TREs in individual gene clusters
compared to the reference comparison group (i.e. uniquely expressed genes in LPS

preconditioned mice compared to 33,635 member reference group).

Intracerebral Ventricular Injection of IFNf during MCAO. rmIFNf (Cell Sciences,
Canton, MA) or vehicle (saline) was injected into the left lateral ventricle as previously

described %

. Injections (lul) of either rmIFNfB (200U) or saline were administered
immediately before and after surgery (60 min MCAQ). Infarct volume was measured 24

hr following stroke.

Quantitative Real-time PCR for IFN-b. RNA was treated with DNase and transcribed into
cDNA using the Omniscript RT Kit (Qiagen). Real-time PCR (RT-PCR) reactions were
performed in a volume of 25 ul using TagMan PCR Master Mix (Applied Biosystems).
For IFNB TagMan Gene Expression Assay Mix for mouse IFNB was used (ABI #
MmO00439546_S1). Primers and probe for f-Actin were obtained from Integrated DNA
Technologies:  forward: 5’-AGAGGGAAATCGTGCGTGAC-3’;  reverse:  5’-
CAATAGTGATGACCTGGCCGT-3’; probe: CACTGCCGCATCCTCTTCCTCCC.
Samples were run on an ABI-prism 7700 (Applied Biosystems, Foster City, CA). Results
were analyzed using ABI sequence detection software. The relative quantification of
IFNB was determined using the comparative CT method (2°°%;) described in ABI User
Bulletin #2. Results were normalized to b-actin and presented relative to unhandled mice.

All reactions were performed in triplicate.

41



Electrophoretic Mobility Shift Assay: Nuclear protein extracts were prepared from tissue
dissected from the ipsilateral cortex. Homogenized tissue was incubated in Buffer A
(10mM Hepes-KOH pH7.9, 60mM KCI, 1ImM EDTA, 1mM DTT, 1mM PMSF) for 5
minutes on ice, centrifuged at 3000 rpm for 5 minutes at 4°C, and the supernatant saved
as cytoplasmic extract. Pellets were washed once in Buffer B (10mM Hepes-KOH pH7.9,
60mM KCI, 1ImM EDTA, 0.5%NP-40, 1mM Dtt, 1ImM PMSF), then resuspended in
Buffer C(250mM Tris pH7.8, 60mM KCI, ImM DTT, 1mM PMSF), and freeze-thawed 3
times in liquid nitrogen. All buffers contained a protease inhibitor cocktail (Roche). After
cenTRIFuging at 10,000 rpm for 10 min at 4°C, supernatant was saved as nuclear extract.
Nuclear protein concentrations were determined using the BCA method (Pierce-
Endogen). Electrophoretic mobility shift assays were performed using the Promega Gel
Shift Assay System according to the manufacturer’s instructions. Briefly, 15ug of nuclear
protein was incubated with *’P-labeled NFxB consensus oligonucleotide (Promega),
either with or without unlabeled competitor oligonucleotide, unlabeled non-competitor
oligonucleotide, or anti-p65 antibody (Santa Cruz). Samples were electrophoresed on a
4% acrylamide gel, dried and exposed to phosphorimager overnight. The densitometry of

the gel bands was analyzed using scanning integrated optical density software (ImageJ).

Western Blotting: Protein extraction was performed as described previously *?° with some
modifications. Briefly, tissue samples were dissected from the ipsilateral cortex and lysed
in a buffer containing a protease inhibitor cocktail (Roche). Protein concentration were
determined using the BCA method (Pierce-Endogen). Protein samples (50ug) were

denatured in a gel-loading buffer (Bio-Rad Laboratories) at 100°C for 5 min and then
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loaded onto 12% Bis-Tris polyacrylamide gels (Bio-Rad Laboratories). Following
electrophoresis, proteins were transferred to polyvinylodene difluoride membranes (Bio-
Rad Laboratories) and incubated with primary antibodies at 4°C overnight. Membranes
were then incubated with anti-rabbit, anti-goat, or anti-mouse IgG antibody conjugated to
horseradish peroxidase (Santa Cruz Biotechnology) and detected by chemiluminescence
(NEN Life Science Products) and exposure to Kodak film (Biomax). Images were
captured using an Epson scanner and the densitometry of the gel bands, including actin-

beta as a loading control, was analyzed using ImageJ.

Statistical Analysis: All statistical analyses were performed using Prism (Graphpad).
Mean differences were analyzed using Students T test, or one-way or two-way ANOVA
with Bonferroni’s post hoc test. Data are represented as mean + standard error of the

mean (SEM) and differences were considered statistically significant when p<0.05.
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Abstract

Preconditioning with the toll-like receptor 4 (TLR4) ligand, lipopolysaccharide, provides
neuroprotection against subsequent cerebral ischemic brain injury, through a TNFa
dependent process. Here we report the first evidence that another TLR, TLR9, can induce
neuroprotection. We show that the TLR9 ligand (CpG ODN) can serve as a potent
preconditioning stimulus and provide protection against ischemic brain injury. Our
studies show that systemic administration of CpG ODN 1826 in advance of brain
ischemia (middle cerebral artery occlusion; MCAO) reduces ischemic damage up to 60%
in a dose and time dependent manner. We also offer evidence that CpG ODN
preconditioning can provide direct protection to CNS cells as we have found marked
neuroprotection in modeled ischemia in vitro. Finally, we show that CpG preconditioning
significantly increases serum TNFa levels prior to MCAO and show that TNFa is
required for subsequent reduction in damage, as mice lacking TNFa are not protected
against ischemic injury by CpG preconditioning. Our studies demonstrate that
preconditioning with a TLR9 ligand, induces neuroprotection against ischemic injury

through a mechanism that shares common elements with LPS preconditioning via TLR4.
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Introduction

Toll-like receptors (TLRs) are a family of pattern recognition receptors involved in the
identification of, and response to foreign pathogens. To date at least 11 TLRs have been
identified in mammals, and each recognize different pathogen-associated molecular
patterns (PAMPSs). Although the stimuli are different, the resultant signaling cascades are
all mediated through toll/interleukin-1 receptor (TIR) domain containing adapters, the
most prominent being MyD88, with subsequent activation of NFkB. TLRs are broadly
distributed on immune cells and thus play an important role in initiation of innate and

adaptive immune responses.

TLR4 was the first TLR identified in mammals and is the most widely studied of the
TLRs. Endotoxin (lipopolysaccharide; LPS), a cell surface component of gram-negative
bacteria, binds to TLR4 and at high levels can cause death through septic shock. An
interesting counter-point is that low concentrations of LPS actually induce a protective
state against a subsequent lethal dose of LPS reviewed in ***. This phenomenon, referred
to as endotoxin tolerance, has been studied for over 50 years, yet the molecular
mechanisms are incompletely understood. It is known, however, that many pro-
inflammatory cytokines and cytotoxic mediators that are normally elicited by LPS, fail to
be induced by a second exposure to LPS. Instead, new signaling proteins and anti-

inflammatory pathways are increased in the setting of endotoxin tolerance reviewed in **

122
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More recently other TLRs have been shown to induce protection against a subsequent
challenge with the same ligand, a state commonly referred to as self-tolerance. Priming of
TLR2, TLR5 or TLR9 with their respective ligands induces a state of hypo-
responsiveness to a subsequent challenge with their corresponding ligands ** *231%_ This
shared phenomenon is expected given the similarities in signaling pathways of the TLR
family members. Interestingly, cross-tolerance (or hetero-tolerance) between two

differing receptors has also been reported, as ligands for TLR2 and TLR9 induce

tolerance against a subsequent challenge with LPS % 12412

However, hetero-tolerance is not induced with all combinations of TLRs and differences
in ability to induce hetero-tolerance have been reported depending on the model % %',
For example, Dalpke and colleagues, although able to show hetero-tolerance between
TLR2, TLR4 and TLR9 in a macrophage cell line, and a similar hetero-tolerance with
TLR2 and TLR4 in an in vivo paradigm, failed to induce hetero-tolerance with TLR9 in
vivo. In fact, pretreatment with unmethylated CpG oligodeoxyneucleotides (ODNs), the
ligand for TLRY, actually enhanced TNFa production in vivo in response to LPS and

LTA, making the system hyper-responsive .

These inconsistencies suggest a
complicated interplay between the varying TLR signaling pathways that is more complex

than a simple feedback suppression of inflammatory signals within a cell.

In addition to the phenomenon of cross-tolerance that exists among the different TLRs,

tolerance against ischemic injury can be induced by LPS in various organs such as heart,

brain and kidney "* 2% 12 Although the mechanism of protection in these models is even
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less well understood, the paradigm appears similar in that a small inflammatory response
is initiated that mitigates the subsequent damaging inflammatory response associated
with the secondary stimuli. In the case of brain ischemia, a systemic low dose of LPS
delivered, at least 1day but not longer than 7 days, prior to stroke reduces the ischemic
injury " 885130 A critical role for TNFa has been shown by us ® and others "® wherein

LPS-induced tolerance to ischemia fails to occur in the absence of TNFa.

Similarities among the known TLR signaling pathways and their shared ability to induce
hetero-tolerance between certain members of the TLR family has lead us to hypothesize
that other TLR ligands may also provide neuroprotection against ischemic brain injury.
Further, we postulated that TNFa may play a central role in conferring protection. To test
our hypothesis we examined the protective potential of CoG ODN 1826, a mouse specific
TLR9 ligand. We chose to examine TLR9 because, similar to TLR4, it is coupled to the
signaling adapter, MyD88. In addition, activation of TLR9 by CpG ODNSs increases
serum TNFa levels in mice within 6 hrs of administration *"**2, TLR4 and TLR9 display
a similar cell type distribution as both are expressed by multiple systemic immune cell

%133 ‘and on cells of the central nervous system **** ™. CpG ODNs are currently

types
approved for human trials as vaccines and cancer therapies reviewed in ***, which makes
them particularly well-suited for therapeutic development for use in stroke
neuroprotection. Here we report that ligand activation of TLR9 induces neuronal
protection against brain ischemia. We show that neuroprotection is time and dose

dependent. In addition, we report that TNFa plays an essential role in CpG ODN-induced

ischemic tolerance, just as it does in LPS-induced tolerance to ischemic brain injury.
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These data are the first to indicate that TLR9 is a target for the induction of tolerance

against ischemic injury in the brain.

Materials and Methods

Mice: C57BI/6 mice (male, 8 to 10 weeks) were obtained from Jackson Laboratories
(West Sacramento, California, USA). TNFa knock-out mice (B6.129S-Tnf™ /), were
also obtained from Jackson Laboratories. This strain is backcrossed at least 5 generations
to C57BI/6 at Jackson Laboratories. All mice are housed in a facility approved by the
Association for Assessment and Accreditation of Laboratory Animal Care
International. The animal protocols met National Institutes of Health guidelines with the
approval of the Oregon Health and Science University Institutional Animal Care and Use

Committee.

Reagents: ODN1826 (tcc atg acg ttc ctg acg tt), a mouse-specific phosphothioate CpG-
ODN ligand for TLR9, and ODN2088 (tcc tgg cgg gga agt), a mouse-specific TLR9

signaling inhibitor % 113

, Were obtained from Invivogen. Invivogen has confirmed the
specificity of ODN1826 for mouse TLR9 by testing against cells transfected with the
other TLR family members (personal communication). In addition, endotoxin levels were
determined to be negligible (<0.125EU/mg). A control ODN (Invivogen; tcc atg agc ttc
ctg agc tt) was used which contained the same sequence as 1826 but the CpG

dinucleotides have been replaced by GpC dinucleotides (shown in bold). Therefore, it

does not stimulate TLRO.
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Oxygen glucose deprivation in vitro: Primary mouse mixed cortical cultures were
prepared from E15-E17 mouse fetuses. Cortices were dissected and dissociated with
Trypsin-EDTA (Gibco) and plated at a density of 1 x 10° cells/ml onto coverslips coated
with poly-L-Ornithine (15mg/L). Cells were cultured in Neurobasal media (containing
4.5g/L glucose; supplemented with Glutamax and B27-A0; Gibco) for 5 days prior to
each experiment. Cultures consisted of ~60% neurons (range 53-66%) as determined by
staining for NeuN (Chemicon), with less than 5% astrocytes (GFAP™; Sigma) and less
than 5% microglia (tomato lectin®; Vector Labs). Oxygen-glucose-deprivation (OGD)
was performed by removal of the culture medium and replacement with D-PBS (Gibco)
followed by incubation in an anaerobic atmosphere of 85% N, 10% CO,, 5% H, at 37°C
for 3 h. The anaerobic conditions within the chamber were monitored using an electronic
oxygen/hydrogen analyzer (Coy Laboratories). OGD was terminated by replacement of
the exposure medium with Neurobasal medium (containing 4.5¢g/L glucose;
supplemented with Glutamax and B27-A0) and return of the cells to a normoxic

incubator. Control plates were kept in the normoxic incubator during the OGD interval.

Cell Death Evaluation in vitro: Cell death in vitro was examined 24 hr following OGD
by means of fluorescent, cell-permeable, DNA-binding dyes: propidium iodide (Pl), as
an indicator of cell death, and 4’,6-diamidino-2-phenylindole (DAPI), as an indicator of
the total number of cells. Coverslips were incubated with P1 (1.5ug/ml, Sigma) for 2 min,
washed with PBS and fixed for 30 min in 10% formalin. Coverslips are mounted on

slides with Vectashield mounting medium containing DAPI (Vector labs). Stained cells
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were visualized with a fluorescent microscope (Leica GMBH) and analyzed using
Metmorph7 software (Molecular Devices Corp., Downington, PA). The number of PI
and DAPI stained cells were counted in two random fields of view on each coverslip, and
percent death was calculated as mean (PI)/(DAPI) x 100 per field of view. Each
treatment was performed with triplicate coverslips within an experiment and the entire

experiment was repeated three or more times.

Drug treatments: CpG ODN 1826 and the saline vehicle were administered by
intraperitoneal (i.p.) injection in a volume of 200ul. For the dose response studies mice
were injected 72 hr prior middle cerebral artery occlusion (MCAO). For the time window

of protection mice were treated from 1-14 days prior to MCAO.

Surgery: Cerebral focal ischemia was induced by MCAO as published previously ***.
Mice were briefly induced with 3% isoflurane and maintained with 1.5-2% throughout
the surgery. The middle cerebral artery (MCA) was blocked by threading silicone-coated
8-0 monofilament nylon surgical suture through the external carotid to the internal
carotid, and finally blocking its bifurcation into the MCA and anterior cerebral artery.
The filament was maintained for 60 min (unless otherwise noted) while the mice were
maintained under anesthesia. The filament was removed, and blood flow restored.
Cerebral blood flow was monitored with Laser Doppler Flowmetry (Transonic System
Inc.). Temperature was maintained at 37°C+0.5°C with a rectal thermometer-controlled
heating pad and lamp (Harvard Apparatus). All surgical procedures were performed

under an operating stereomicroscope. After surgery mice were kept alive for 24 hr on a
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heating pad with access to soft food and water and were then sacrificed. We consistently

have a survival rate for the MCAO procedure that exceeds 85%.

Infarct Measurement: Mice were deeply anesthetized with isoflurane, then perfused with
ice-cold saline containing 2U/mL heparin. Brains were removed rapidly, placed on a
tissue slicer and covered with agarose (1.5%). The olfactory bulbs were removed and the
remainder of the brain was sectioned into 1-mm slices beginning from the rostral end, for
a total of 7 slices. The area of infarction was visualized by incubating the sections in
1.5% 2,3,5-triphenyltetrazolium chloride (TTC; Sigma Aldrich) in PBS for 15 min at
37°C. The sections were then transferred to 10% formalin (Sigma Aldrich). Images of the
sections were scanned, and the hemispheres and areas of infarct were measured using
ImageJ software '*°. The measurements were multiplied by the section thickness and
summed over the entire brain to yield volume measurements. Ischemic damage data was
calculated using the indirect method to minimize error introduced from edema. % Infarct
= (contralateral hemisphere volume — volume of non-infarcted tissue of the ipsilateral

hemisphere)/(contralateral hemisphere volume) x 100 **°.

Quantification of Serum TNFe«: Blood was taken from mice (cardiac puncture) and
allowed to clot for 2 hr at room temperature. The blood was centrifuged (2000 rpm, 20
min) and the clear serum was removed and stored at —80°C until analyzed. Serum TNFa
was measured using an ELISA available commercially from R&D Systems (Minneapolis,

MN, USA). The assay sensitivity is ~5.1 pg/ml. All samples were run in duplicate.
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Statistical Analysis: All statistical analyses were performed using Prism (Graphpad).
Mean differences were analyzed using one-way ANOVA with Bonferroni’s post hoc
test. Data are represented as mean + standard error of the mean (SEM) and differences

were considered statistically significant when p<0.05.

Results

CpG ODN preconditions against ischemia-induced neuronal cell death in vitro.

We tested whether the TLR9 ligand, CpG ODN, would induce tolerance to ischemic cell
death in an in vitro model of ischemia, oxygen-glucose-deprivation (OGD). Mouse mixed
cortical cultures subjected to 3 hr of OGD showed 56% cell death compared to untreated
control cultures. Cultures preconditioned by exposure to CpG ODN 1826 (0.5-5.0 ug/ml)
for 24 hr prior to OGD showed a dose-dependent reduction in cell death (Figure 2.1A). A
dose of lug/ml CpG ODN produced maximal protection, which resulted in a 60%
reduction in cell death following exposure to OGD. No significant cell death was
detected in cultures treated with CpG ODN alone (Figure 2.1A). Our findings show that
pretreatment with CpG ODN provides significant protection from cell death induced by
exposure to modeled ischemia (OGD) and suggests that TLR9 is a new target for

preconditioning against ischemic neuronal injury.
We used a TLR9 specific antagonist (ODN 2088), to confirm that protection was induced

specifically via TLR9 signaling > 3. Mixed cortical cultures were preconditioned with

CpG ODN 1826 (1ug/ml) in the presence or absence of the TLR9 antagonist, ODN 2088
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(2 or 5 ug/ml) for 24 hr prior to OGD (3 hr). ODN 2088 abolished the protective effect of
CpG 1826 at both doses, but failed to inhibit the protective effect of LPS (1ug/ml; Sigma
L-2880), a TLR4 agonist that we have shown induces tolerance to ischemia in vitro %
(Figure 2.1B). These data, suggest that CpG 1826 signals through TLR9 to induce

protection against OGD.

Preconditioning with CpG reduces ischemic damage in an in vivo model of stroke.

We next examined the protective potential of CpG ODN treatment in a mouse model of
stroke. Mice were preconditioned with varying doses of CpG ODN 1826 (5-40 ug; i.p.)
72 hr prior to MCAO. Twenty-four hours following MCAO mice were sacrificed and
infarct damage was determined. Pretreatment with CpG ODN reduced the infarct size
significantly at doses of 20 and 40ug (56.5 and 57.5% reduction respectively; Figure 2.2).
Thus, CpG ODN delivered systemically to mice preconditions the brain in a dose-
dependent manner leading to marked tolerance to ischemic brain injury. To confirm that
the protection was specific to the CpG ODN, we tested a control ODN that contained the
same sequence as 1826 but the CpG dinucleotides were replaced by GpC dinucleotides.
No significant protection was observed in mice preconditioned with 20 ug of the control
ODN (data not shown). The reduction in infarct size reported here at 24 hr post MCAO

remains evident in mice sacrificed 72 hr post MCAO (unpublished observation).

Preconditioning time window of CpG induced neuroprotection.

LPS preconditioning induces ischemic neuroprotection in the brain by 1 day—an effect that last

for at least 7 days but is lost by 14 days following treatment 2. To determine the time window of
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neuroprotection induced by CpG ODN 1826, we administered CpG ODNs (20 ug; i.p.) 1, 3, 7
and 14 days prior to MCAO. We found pretreatment with CpG ODNs induced significant
neuroprotection within 1 day (46% reduction in infarct volume)— a neuroprotective effect that
remains evident at 3 days (61% reduction) but diminished by 7 days. By 14 days post
administration, the protective effect is completely abolished in the CpG treated mice (Figure
2.3). Thus, CpG preconditioning provides a time window of neuroprotection that lasts ~ 1 week
and is lost by 2 weeks following administration. This time window of protection mirrors that

seen with systemic administration of LPS.

TNFa is required for CpG induced neuroprotection.

Previous work in the model of LPS preconditioning against brain ischemia has
demonstrated that the presence of TNFa plays an essential role in conferring
neuroprotection "* 8. We postulated the CpG ODN preconditioning via TLR9 may have
a similar requirement for the presence of TNFa. We first tested whether CpG ODN
administration increased serum levels of TNFa. We found significant increases in TNFa
levels in the serum as early as 1 hr post-injection (400 pg/ml compared to vehicle treated
mice which were below the level of detection; Figure 2.4). The timing of the increase in
TNFo was similar to what we have previously reported with LPS preconditioning 82
however the magnitude is significantly less than that observed for preconditioning levels
of LPS (3092 pg/ml). As with LPS, the response diminishes quickly and returns to

baseline by 72 hr.
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We investigated whether TNFa is required for CpG preconditioning by testing the
neuroprotective effect of CpG ODN treatment in TNFo knock-out mice (B6.129S-
Tnf™CK/3: TNFo™). We administered CpG ODN 1826 to TNFo™ and control mice
(C57BI/6; TNFo’*) 72 hr prior to 40 min MCAO. Control mice pretreated with CpG
showed a significant reduction in ischemic injury (46% reduction) as expected. In

contrast, TNFo.”

" mice pretreated with CpG did not demonstrate any reduction in infarct
size (saline treated = 31.9+7.7% vs. CpG treated = 29.3+6.8%; Figure 2.5). These data
suggest that TNFa plays an essential role in mediating CpG-induced neuroprotection

against ischemic injury.

Discussion

We report the first evidence that a TLR9 ligand (CpG ODN) can serve as a potent
preconditioning stimulus and provide protection against ischemic brain injury. This
finding indicates that TLR9, in addition to TLR4, can induce preconditioning in the brain.
Our studies show that systemic administration of CpG ODN 1826 in advance of brain
ischemia reduces ischemic damage in a dose and time dependent manner. We offer
evidence that CpG ODN preconditioning can provide direct protection to CNS cells as
we have found marked neuroprotection in modeled ischemia in vitro. In addition, using
our in vitro model we show that CpG ODN specifically acts through TLR9 to induce
neuroprotection. Finally, our studies support a critical role for TNFa in CpG-induced
neuroprotection. This latter observation suggests that the mechanism of neuroprotection

between LPS and CpG preconditioning share common elements.

56



Previous studies have demonstrated that LPS, acting through TLR4 can induce cross-
tolerance and provide neuroprotection against ischemic injury in the brain. We have
posited that heterologous tolerance induction against brain ischemia extends beyond
TLRA4 to other TLRs. We demonstrate here that cross-tolerance by TLR4 is not unique to
this particular TLR as we show that a TLR9 agonist, CpG ODN, also induces cross-

tolerance against an ischemic insult.

It is known that TLR4 couples to both MyD88 and TRIF dependent pathways and that
the MyD88 cascade culminates in NFxB-mediated induction of pro-inflammatory
cytokines (i.e. TNFa, IL6, IL1b). TNFa, which is required for TLR4 induced tolerance

against ischemic injury " &

, may be induced via the MyD88 cascade. We hypothesize
that signaling through TLR9 would also induce tolerance via a MyD88 dependent
mechanism as TLR9 signals exclusively through MyD88 with no evidence for TRIF
dependent signaling **> ***. Studies to explore this possibility are in progress in our

laboratory and should provide important information broadly regarding the molecular

mechanisms underlying tolerance to injury.

Thus far, the known ligands for TLR9 include bacterial DNA containing unmethylated
CpG motifs, certain double-stranded DNA viruses and synthetic CpG ODNs such as
CpG-ODN 1826 used in the studies described here *¥"*% Synthetic CpG ODNs have
been shown to confer protection to mice against subsequent challenge from a variety of
bacteria, viruses, parasites and prions **°. Protection against pathogen challenge typically

141, 142

occurred within 48 hr and lasted for several weeks —such a time window is similar
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to our findings with CpG-ODN induced ischemic tolerance shown here and our recent

report of LPS-induced ischemic tolerance to stroke injury %.

The data presented here provides the first evidence that in addition to tolerance
(protection) against foreign pathogens, CpG ODN administration protects against a
stimulus that is unrelated to a foreign pathogen, namely ischemic injury. CpG ODN-
induced neuroprotection occurs following systemic administration in a mouse model of
stroke. TNFa appears to be critical to the induction of ischemic tolerance by CpG
preconditioning as we show here that CpG ODN administration fails to protect TNFa
deficient mice against ischemic brain injury. In wild type mice, systemic administration
of CpG increased TNFa in the plasma, which suggests that the actions of TNF may occur
in the periphery. Further support for this lies in the observation by Nawashiro et al that
systemic administration of TNFa itself preconditions against stroke injury **3. In addition,
LPS preconditioning against ischemic brain injury is abolished by systemic blockade of
TNFo using TNF-binding protein "°. Thus, CpG ODN preconditioning in vivo very likely
provides neuroprotection through a TNFa dependent mechanism similar to that seen with

LPS preconditioning.

We also report that CpG induces neuroprotection when directly applied to mixed cortical
cultures in vitro which are subsequently subjected to oxygen-glucose deprivation. The
mechanism of this more direct route of CpG interaction in the CNS is still unclear. These
cultures contain neurons, astrocytes and microglia. Until very recently, astrocytes and

microglia, but not neurons were known to express TLRs, including TLR9 * ** Neurons
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have also been reported to express TLRs, although the extent to which they are targets of
cell signaling is not yet clear. *. Thus, CpG treatment may modulate the cytokine
response to injury in glial cells which in turn may have a protective effect on neurons
indirectly or through more direct modulation by activation of TLR9 on neurons leading to
altered neuronal signaling in the setting of injury. Whether TNFa has a critical role in
CpG-induced tolerance in vitro is of interest and as such, the subject of future studies in

our laboratory.

We have recently reported genomic evidence that preconditioning via LPS activation of
TLR4 produces a tolerant state in the brain via inflammatory mediators that are
neuroprotective (e.g. Type | interferons) *°. In addition, in the setting of LPS-induced
tolerance, there is a marked absence of deleterious inflammatory mediators (IL-6, MIP1a,
TRAF6) generally found in ischemic brain injury. It is possible that these particular
features of neuroprotection (suppressed proinflammatory  mediators/increased

neuroprotective cytokines) are common to preconditioning stimuli that act through TLRs.

The demonstration that ischemic tolerance in the brain occurs through TLR9, in addition
to TLR4, raises the possibility that this is a conserved feature of all TLRs. Recognition
that TLR9 is a new target for preconditioning broadens the range of potential antecedent
therapies for brain ischemia, such as in the setting of coronary artery bypass grafting
(~300,000 procedures annually) where patients are at risk of cerebral morbidity reviewed
in 1. Phase Il clinical trials are already in progress with CpG ODNSs for use in adjuvant
and anti-cancer therapies reviewed in **. Thus, CpG ODNSs may offer great translational

promise as a prophylactic treatment against cerebral morbidity for ‘at risk’ patients.
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Figure 2.1. CpG protects primary mixed cortical cultures from OGD-induced cell
death through TLR9. A) Mixed cortical cultures were stimulated with increasing doses
of CpG 1826 (0.5-5 ug/ml) 24 hr prior to 3 hr OGD. Cell death was assessed 24 hr
following OGD by propidium iodide (PI) staining. For all experiments, values are mean +
SEM, **p<0.01, ***p<0.001 versus media-treated OGD controls, n=5 individually
repeated experiments. CpG 1826 treatment alone at the highest dose (5ug/ml) did not
result in increased cell death over media alone (grey bar). B) Mixed cortical cultures were
stimulated with either CpG or the TLR4 agonist LPS (1ug/ml) in the presence or absence
of the TLR9 antagonist ODN 2088 (2 or 5 ug/ml) 24 hr prior to 3 hr OGD. Cell death was
assessed 24 hr following OGD by PI staining. Values are mean + SEM, *p<0.05 vs.
media-treated OGD controls, #p<0.05 vs. CpG-treated OGD; n=2-4 individually repeated

experiments, except for LPS +5ug/ml ODN 2088 which represents a single experiment.
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Figure 2.2. Preconditioning with CpG reduces infarct size in a mouse model of focal
ischemia. C57BL/6 (males, 6-10/dose) received various doses of CpG 1826 (5-40ug; i.p.)
72 hr prior to ischemic challenge (60 min MCAO). Infarct volume was determined 24 hrs
following MCAOQO by TTC staining. Values are group means + SEM; *p<0.05 comparison
to saline controls by one way ANOVA followed by Bonferroni’s multiple comparison

test.
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Figure 2.3. Time window of CpG preconditioning. C57BI/6 mice received an
injection of saline (4 mice/time point) or CpG (20ug; i.p.) 1, 3, 7 or 14 days (6 mice/time
point) prior to 60 min MCAOQ. Infarct volume was determined 24 hr following MCAO by
TTC staining. No statistical difference was observed between the saline groups, thus they
were combined for analysis. Values are group means + SEM; ***p<0.001 comparison to

saline controls by one way ANOVA followed by Bonferroni’s multiple comparison test.
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Figure 2.4. Serum TNF-a levels significantly increased 1-hour post CpG treatment.
Mice (n=4/time point) were administered CpG 1826 (20 ug; i.p.) and blood was collected
at 1, 3, 24 or 72 hrs post injection. Blood was allowed to clot for 2 hr at room temperature
and the serum collected. TNFa levels (pg/ml of blood) were measured with a TNFa
ELISA (R&D Systems). Values are group means + SEM; ***p < 0.001 by two way
ANOVA followed by Bonferroni’s multiple comparison test. LPS (5 ug; i.p.) treated

mice were included in the same experiment for comparison.

63



§ 40+
E 304 T

T
1

Saline CpG Saline CpG
TNFor TNFo*

Figure 2.5. TNFa induction is required for CpG preconditioning. Control (C57BI/6;
TNFa"™*) or TNFa knockout (B6.129S-Tnf™ € /3; TNFo) mice were treated with CpG

1826 (20 ug; i.p.) at 72 hr prior to 40 min MCAO and infarcts were assessed 24 hr post

MCAO. Values are mean + SEM, *p<0.05 versus saline treatment, n = 4-6 mice/group.
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Abstract

BACKGROUND AND PURPOSE: Systemic administration of cytosine-guanine
oligodeoxynucleotides (CpG ODNS) provides neuroprotection against subsequent cerebral
ischemic injury. We examined the genomic response of leukocytes and brain cells

following ischemia in the context of CpG preconditioning.

METHODS: RNA was isolated from circulating leukocytes and ischemic cortex 3 and 24
hours after middle cerebral artery occlusion (MCAO) following CpG or saline
pretreatment and subjected to microarray analysis. Genes uniquely up-regulated in CpG
pretreated mice were examined for over-represented transcriptional regulatory elements

(TRES).

RESULTS: CpG preconditioning induced a novel response to MCAO within circulating
leukocytes that was dominated by NK cell- associated genes and the GATA-3 TRE.
Preconditioning also caused a novel brain response to stroke that was dominated by Type |

interferon- associated genes and TREs.

CONCLUSION: CpG preconditioning invokes novel leukocyte and brain responses to

stroke. In this, CpG may be a unique preconditioning agent, coordinating peripheral and

brain responses to protect against ischemic injury.
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Introduction

Bacterial non-methylated cytosine-guanine oligodeoxynucleotide motifs (CpG ODNS)
alert the body to infection through activation of Toll-like receptor 9 (TLR9). In mice,
TLR9 is expressed by B cells, plasmacytoid dendritic cells (pDCs), macrophages,
microglia, and astrocytes. TLR9-activated cells produce the pro-inflammatory cytokines
TNFa, IFNa, and IL-12. These cytokines further activate monocytes, neutrophils, natural
killer cells (NK cells), and T cells, facilitating a coordinated inflammatory response to

pathogen invasion.

Pre-exposure to CpG reprograms the cellular response to subsequent TLR stimulation.
Unlike naive cells, macrophages pre-treated with CpG do not generate TNFo in response
to TLR4 stimulation, instead generating IFNB %. Furthermore, systemic administration of
CpG increases resistance to polymicrobial sepsis **’. Hence pre-exposure to CpG redirects

both cellular and systemic responses to subsequent TLR stimulation.

Systemic administration of CpG also protects the brain from subsequent ischemic
damage’. Such ‘CpG preconditioning’ is time and dose dependent and requires TNFaL.
The precise mechanisms responsible for CpG preconditioning are not well understood, but
likely involve both direct cellular processes and coordinated systemic responses that

minimize ischemic damage.
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We hypothesize that CpG preconditioning reprograms the response of the brain and the
peripheral immune system to subsequent stroke. Here we provide evidence for such

reprogramming and consider its potential neuroprotective consequences.

Results

CpG preconditioning induces a NK cell-associated peripheral response to stroke

We evaluated RNA from blood leukocytes 24 hours following MCAO using Affymetrix
oligonucleotide microarrays. We found 422 genes to be differentially regulated in CpG
pretreated animals relative to saline. We next identified over-represented transcriptional
regulatory elements (TREs) in the genes uniquely increased in CpG preconditioned
animals. In those genes for which upstream sequence was available for analysis (234) a
single TRE, GATA-3, was over-represented with an adjusted p value = 0.118. A network
depiction of interactions between GATA-3 and genes in the CpG preconditioned cluster is
displayed in Figure 3.1. GATA-3 is linked to 53% of the genes within this up-regulated
cluster (124 of 234). GATA-3 plays a critical role in the development of NK cells.
Literature review identified 24 of the up-regulated genes as NK cell-associated: Klra5,
Klra7, Klra8, Klral0, Klral8, Klra22, Kirbla, Kirblc, Kirblf, Kircl, Klrc2, Klrel, Kirgl,
Klrkl, Rantes, Cmal, Eomes, Fasl, Gzmb, II2rb, Ncrl, Ndgl, Prfl, and T-bet. CpG
activates NK cells indirectly via IL-12 released from activated dendritic cells (DCs).
Serum IL-12 levels were significantly increased 24 hours after MCAO in preconditioned
animals (data not shown). Together, our data demonstrate that CpG preconditioning

induces a novel, systemic NK cell response to stroke.
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CpG preconditioning induces a Type | IFN-associated brain response to stroke

We evaluated RNA from ischemic cortex 24 hours following MCAO using Affymetrix
oligonucleotide microarrays. We found 223 genes to be differentially regulated in CpG
pretreated animals relative to saline. We next identified over-represented TREs in the
genes uniquely up-regulated in CpG preconditioned animals. In those genes for which
upstream sequence was available for analysis (136) we identified 4 over-represented TRES
with an adjusted p value < 0.1. Notably, each TRE was Type I interferon (IFN) -associated
(IRF, IRF8, ISRE, HMG-1Y). A network depiction of interactions between the identified
TREs and the genes in the CpG preconditioned cluster is displayed in Figure 3.2. The
IFN-associated TREs are linked to 64% of the genes within this up-regulated cluster (88
of 136). Literature review identified 12 of the up-regulated genes as Type | IFN-
associated: Oasla, MHC class | (H2-D1, H2-K1, H2-L, H2-Q6), Ifi203, 1fi204, Ifi205,
Ifi27, 1sg2011, Lmp7, and Psmb9. Thus an altered signaling cascade involving Type |

IFNs exists in the brain following stroke in CpG preconditioned mice.

Discussion

We report the first evidence that CpG preconditioning alters the genomic response to
stroke in circulating leukocytes and in the brain. We demonstrate a distinct pattern of NK
cell activity in the blood and a clear enhancement of Type | IFN signaling in the brain
following MCAO. This pattern of up-regulated gene expression underscores a unique

response to brain ischemia that may actively protect the brain from injury.
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CpG preconditioning induced a novel genomic response in blood leukocytes that was
evident 24 hours after stroke. Of those genes uniquely up-regulated in preconditioned
animals, a majority contained the GATA-3 TRE, which is required for NK cell
development. Additionally, 24 of the up-regulated genes were NK cell-related and serum

IL-12 was increased at this time, supporting the notion of increased NK cell activity.

This unique systemic response may play a role in neuroprotection as NK cells have been
shown to limit damaging neuroinflammation in experimental autoimmune
encephalomyelitis (EAE) '*®. Interestingly, administration of CpG ODNSs prior to EAE
induction also reduces disease severity **°. Furthermore, treatment with CpG inhibits
inflammatory arthritis in an 1L-12- and NK cell- dependent manner **°. Hence, CpG may

also initiate a protective NK cell response to cerebral ischemia.

CpG preconditioning induced a novel genomic response in the brain that was evident 24
hours after stroke. Of those genes uniquely up-regulated in preconditioned animals, a
majority contained one or more Type | IFN-associated TREs. Moreover, 12 of the up-
regulated genes were associated with Type | IFN signaling, further supporting a role for

IFNs following stroke in preconditioned animals.

Microglial, astrocytes, endothelial cells and neurons all produce the Type | IFN IFNf.
IFNB can stabilize the blood-brain barrier 2, suppress inflammatory cytokines ¢, and

protect neurons from cytotoxic microglia **. Systemic administration of IFNp reduces
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infarct damage in several models of ischemic stroke % %. Hence an increase in Type | IFN

signaling within the brain has the potential to be neuroprotective.

Our data supports a shift toward Type I IFN signaling following stroke in CpG pretreated
animals. How might this shift occur? Mice lacking TLR4 incur significantly less damage
from MCAO than wild-type controls ", indicating a damaging role for this receptor in
ischemic injury. Pretreatment with CpG shifts the cellular response to subsequent
stimulation of TLR4, leading to a suppression of TNFa and an increase in IFNf. A similar
series of events might occur following CpG preconditioning wherein pretreatment with
CpG shifts the response of TLR4 to subsequent stimulation with endogenous ligands, such
as HSP60, released after stroke, and potentially leads to suppressed cytotoxic TNFa and

enhanced neuroprotective IFN.

Alternatively, the systemic increase in NK cell activity may explain the Type | IFN shift
in the brain. NK cells promote the release of IFNa from pDCs in a CpG- or IL-12-
dependent manner ** 2. Hence pretreatment with CpG may activate DCs to produce IL-

12, thereby activating NK cells which, in turn, induce pDCs to produce IFNa.

We have shown that CpG preconditioning reprograms the peripheral and central responses
to stroke. The appearance of novel NK cell and interferon genomic “fingerprints” after
ischemia indicates that CpG preconditioning fundamentally changes the body’s
inflammatory response to stroke. This is consistent with our previous reports of

reprogramming in which ischemic and LPS preconditioning induce novel, protective sets
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of gene transcripts following stroke **> '3, CpG appears to be a unique preconditioning
agent, coordinating both systemic and central immune components to actively protect the

body from ischemic injury.

Materials and Methods

Mice: C57BI/6 mice (male, 8-10 weeks) were obtained from Jackson Laboratories (West
Sacramento, CA, USA). All mice were housed in a facility approved by the Association
for Assessment and Accreditation of Laboratory Animal Care International. The animal
protocols met National Institutes of Health guidelines with the approval of the Oregon

Health and Science University Institutional Animal Care and Use Committee.

Drug Treatments: CpG ODN 1826 (20-40ug; 200ul; Invivogen, San Diego, CA, USA) or

saline was administered by intraperitoneal injection 72 hours before MCAO.

Surgery: Mice were anesthetized with isoflurane and ischemia was induced by MCAO as

114

published previously . Cerebral blood flow was monitored with laser Doppler flowmetry
and temperature was maintained at 37°C. After surgery, mice were kept for 24 hours on a

heating pad with access to soft food and water.

RNA isolation: Mice were anesthetized and blood was obtained via retro-orbital puncture.

Animals were perfused with saline and, under RNase-free conditions, a 1 mm section was

removed for infarct area analysis. The ipsilateral cortex region from the frontal 4 mm was
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snap frozen. Total RNA was isolated from the blood using the Qiagen PAXgene Blood
RNA Kit and from the brain using the Qiagen RNeasy Lipid Mini Kit (Qiagen Inc.). RNA

from individual animals was hybridized to single arrays.

GeneChip Expression Analyses: Microarray assays were performed in the Affymetrix
Microarray Core of the Oregon Health & Sciences University Gene Microarray Shared
Resource. RNA samples were labeled using the NuGEN Ovation Biotin RNA
Amplification and Labeling System V1. Quality-tested samples were hybridized to the
MOE430 2.0 array and processed with Affymetrix GeneChip Operating Software
(GCOS). Data was normalized using the Robust Multichip Average method. Normalized
data was analyzed by multivariate ANOVA for each gene. P-values were adjusted for
multiple comparisons using the Hochberg and Benjamini method. Significance was
determined by p < 0.05 and fold change > 2 for blood analyses and >1.5 for brain

analyses.

Transcriptional regulatory network analysis: For our reference comparison group, we
identified putative TREs in the upstream sequence of transcripts represented on the
MOE430 Affymetrix gene chip using TRANSFAC PRO database version 10.4. We then
determined the over-represented TREs in the uniquely up-regulated gene cluster compared
to the reference group using Promoter Analysis and Interaction Network Toolset (PAINT)

version 3.5.
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Figure 3.1. The GATA-3 TRE is over-represented in blood leukocytes 24 hours
following stroke in CpG preconditioned mice. A PAINT- generated Hypothesis Gene-
TRE Network depicting the genes uniquely up-regulated by CpG preconditioning 24
hours after MCAO that contain the GATA-3 TRE. Genes are depicted as ovals. P value

threshold set at 0.2
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Figure 3.2. Type | interferon-associated TREs are over-represented in the brain 24
hours following stroke in CpG preconditioned mice. A PAINT- generated Hypothesis
Gene-TRE Network shows the relationships between the genes uniquely up-regulated by
CpG preconditioning 24 hours after MCAQO and the TREs shared in common. Genes are

depicted as ovals. P value threshold set at 0.1.
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Abstract

Lipopolysaccharide (LPS) preconditioning provides neuroprotection against subsequent
cerebral ischemic injury through activation of its receptor, Toll-like receptor 4 (TLRA4).
Paradoxically, TLR activation by endogenous ligands following ischemia worsens stroke
damage. Here, we define a novel, protective role for TLRs following ischemia in the
context of LPS preconditioning. Microarray analysis of brains collected 24 hours
following stroke revealed a unique set of up-regulated genes in LPS pretreated animals.
Literature review determined that a majority of these transcripts are associated with Type
| interferons (IFNs). Promoter analysis confirmed this observation, as 5 of the 14 over-
represented transcriptional regulatory elements in this group were involved in Type | IFN
signaling. This finding suggested the presence of Type | IFNs or interferon regulatory
factors (IRFs), which up-regulate interferon-stimulated genes. Up-regulation of IFN{3 was
confirmed by real-time RT-PCR. Direct administration of IFNp i.c.v at the time of stroke
was sufficient for neuroprotection. However, mice lacking IFN were protected by LPS
pretreatment, indicating that IFN is not necessary for LPS-induced neuroprotection. The
IRF3 transcription factor, activated downstream of TLR4, induces both IFNB and
interferon-stimulated genes. Mice lacking IRF3 were not protected by LPS pretreatment.
Our studies constitute the first demonstration of the neuroprotective capacity of IRF3 and
suggest that interferon stimulated genes, whether induced by IFN or by enhanced TLR

signaling to IRF3, are a potent means of protecting the brain against ischemic damage.
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Introduction

It is increasingly clear that Toll-like receptor (TLR) signaling worsens stroke injury.
Mice lacking TLR2 or TLR4 are less susceptible to damage in multiple models of
cerebral ischemia ** " ™. TLRs are expressed by microglia, astrocytes and endothelial
cells and are activated by the damage-associated molecules HSP70 (TLR4) and HMGB1
(TLRs 2 and 4), present in the brain following ischemia " "® ** TLR activation induces
production of the inflammatory molecules TNFo, IL1B, and iNOS, and other cytotoxic

mediators that increase tissue damage.

Though TLR4 activation following stroke exacerbates injury, activation of TLR4 prior to
stroke protects the brain from damage. Systemic administration of lipopolysaccharide
(LPS), a potent TLR4 ligand of bacterial origin, renders animals tolerant to injury in
several models of cerebral ischemia "%

LPS-induced tolerance to ischemic injury mirrors the phenomenon of LPS-induced
tolerance to LPS. Initial exposure of macrophages to LPS induces pro-inflammatory
TNFa, but upon subsequent exposure to LPS, TNFa production is reduced markedly due
to disrupted signaling through the TLR4 adaptor molecule MyD88 2122155 Conversely,
macrophages produce little IFNB upon initial exposure to LPS, but enhance IFNp
production upon secondary exposure %, suggesting up-regulated TLR4 signaling through

the TRIF adaptor molecule. Thus, pretreatment with LPS may cause cells to switch their

dominant TLR4 signaling pathway.
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We suggest that these molecular mechanisms that modulate MyD88 and TRIF may play a
role in LPS-induced tolerance to stroke damage. We hypothesize that pretreatment with
LPS reprograms the brain’s response to stroke by redirecting stroke-induced TLR4
signaling. This redirection suppresses the inflammatory response to stroke and enhances
the Type | IFN response. We have previously demonstrated suppression of the
inflammatory response to stroke, specifically that of TNFa, following LPS

preconditioning, & &

and found such suppression to be neuroprotective. Here, we explore
the enhancement of a Type | IFN response which occurs downstream of the TRIF adaptor

molecule.

TLR4 signaling through TRIF activates the transcription factor IRF3, which is required
for IFNP production. IFNP, administered systemically, reduces ischemic brain damage 24
2% likely through activation of interferon-stimulated genes (1SGs). Thus, enhanced TLR4

signaling to TRIF-IRF3-IFNf would be expected to contribute to neuroprotection.

IRF3 itself may have similar neuroprotective effects. IRF3 binds to interferon stimulated
response elements (ISREs) within gene promoters, increasing the expression of many
ISGs to the same extent that Type | IFNs do '*°. Hence activation of IRF3 may

independently result in protection from ischemic stroke.

Pretreatment or preconditioning with LPS changes the cellular environment such that

subsequent activation of TLR4 increases signaling to IRF3 and up-regulates the
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neuroprotective cytokine IFNB. We propose that LPS preconditioning reprograms
subsequent activation of TLR4 during ischemia, which leads to an increase in
neuroprotective Type I IFN signaling. Here we provide evidence for such reprogramming

and its neuroprotective consequences.

Results

LPS preconditioning induces a novel genomic response to stroke.

We have reported previously that systemic administration of LPS (0.2 mg/kg) 3 days
prior to MCAO reduces damage due to ischemia in the brain ® ®. To identify potential
mechanisms of protection, we examined the transcriptional profile of neuroprotection.
RNA was isolated from the cortex of LPS and saline treated mice 24 hours following
MCAO. RNA isolated from unhandled mice was used as a baseline control group (see
Methods). Using Affymetrix oligonucleotide microarrays we found that the majority of
genes regulated 24 hours after MCAOQO (~60%) did not depend on the preconditioning
stimulus (Figure 4.1; red region), and were regulated as a general response to stroke.
However, a significant number of genes were regulated only in preconditioned animals,
with 23% (176 out of 755) specific to LPS preconditioned mice (Figure 4.1; green
region). Hence, following stroke, LPS preconditioning induces the regulation of a unique
set of genes not evident in saline pretreated mice. These findings suggest a distinct

reprogrammed response is initiated following stroke in LPS preconditioned mice.
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LPS preconditioning induces a Type | interferon-associated response to stroke.

To characterize the protective response to stroke injury in LPS-preconditioned mice we
determined the functional profile of the genes regulated 24 hrs following stroke. Based on
the Affymetrix Netaffx website

(https://www.affymetrix.com/analysis/netaffx/index.affx), the Stanford-Online Universal

Resource for Clones and ESTs website (http://genome-www5.stanford.edu/cgi-
bin/source/sourceSearch) and literature review we determined putative functions for the
modulated genes. Figure 4.2 shows the functional categories of genes expressed in
response to stroke common to saline and LPS treated animals (far left), and those genes
unique to saline pretreatment (middle) and LPS pretreatment (far right). Of those genes
uniquely regulated after stroke in LPS preconditioned animals, 38% (47 out of 123 genes
of known function) are involved in defense/inflammation (Figure 4.2 far right, green
wedge), and constitute a novel inflammatory signature in these animals. Further literature
analysis of these defense/inflammation genes revealed that 53% (25 out of 47) are
associated with type | interferon signaling (Table 4.1), all of which are up-regulated at

this time point.

Interferon transcriptional regulatory elements are associated with LPS
preconditioning.

We identified transcriptional regulatory elements (TRES) associated with the unique gene
regulation detected in the LPS and saline preconditioned animals using the web-based
program: Promoter Analysis and Interaction Network Toolset (PAINT) version 3.5. We

compared the TREs identified in the cluster of genes uniquely increased in LPS
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preconditioned mice 24 hrs following stroke (158 genes, Figure 4.1) to a reference cluster
consisting of ~33,000 transcripts from the MOE430 gene chip to determine over-
represented TRES associated with the genes in the preconditioned cluster. We performed
the same comparison using the cluster of genes uniquely increased in the saline pretreated
mice 24 hrs following stroke (128 genes, Figure 4.1). Analysis of the LPS preconditioned
group identified 14 TREs with an adjusted p value of less than 0.2 while the saline
pretreated cluster revealed only 5 over-represented TREs (Table 4.2). Five of the 14
identified TREs in the LPS preconditioned cluster are interferon-associated (IRF
[VSIRF_Q6 and V$IRF_Q6_01], IRF8, ISRE, IRF7). A network depiction of interactions
between the identified TREs and the genes in the LPS preconditioned cluster is displayed
in Figure 4.3. The interferon-associated TREs (in red) are linked to a substantial number
of the genes shown (60%; 76 of 127). This interferon-dominated response implies that an
altered signaling cascade that involves an interferon-defined pathway may exist following

stroke in LPS preconditioned mice.

Increased levels of IFNf following stroke in LPS preconditioned mice.

The increase in interferon inducible genes and over-representation of interferon-
associated TREs suggested that IFN3 may be present in the brain cortex following stroke
in LPS preconditioned mice. Using real time PCR we examined the levels of IFNf
transcript in the brain following stroke in LPS preconditioned and saline treated mice.
IFNB levels were increased following stroke in the preconditioned and non-
preconditioned mice compared to unhandled controls (Figure 4.4A). However, levels in

LPS preconditioned mice were 9x higher at 3 hr (LPS treated 59.4 + 22 vs. saline treated
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6.7 + 3; p<0.0001) and 3.5x higher at 24 hr (LPS treated 45.3 + 23 vs. saline treated 11.7
+ 6; p<0.0001) post stroke. We examined levels of IFNP just prior to MCAO (72hrs post
injection) to confirm that the increase in IFNP following stroke was independent of any
residual increase of IFNP resultant from the preconditioning LPS injection. Levels of
IFNB in LPS and saline treated mice were statistically equivalent to unhandled controls
(1.49 + 1.4 and 0.74 + 0.6 respectively; data not shown). Thus, following stroke, mice

preconditioned with LPS mount a more robust IFNf response to ischemic injury.

IFNP protects against ischemic injury.

Systemic administration of IFNB improves stroke outcome in rodents % and rabbits 2.
Here we tested whether IFNf administration in the brain provides protection against
stroke. We injected C57BL/6 mice i.c.v. with recombinant mouse IFNf immediately
prior to and following MCAO and measured infarct size 24 hrs later. Animals treated
with IFNf showed a significant reduction in infarct volume versus vehicle treated mice
(31.9 + 4% vs. 49.4 + 2%; p<0.001; Figure 4.4B). This result supports the notion that
increased expression of IFNP within the brain would confer protection from ischemic

injury.

IFNB is not required for LPS-induced protection from brain ischemia.

Given that LPS preconditioning leads to increased IFNP within the brain, and that
exogenous administration of IFNJ protects the brain against ischemic damage, we tested
whether IFNP is a critical effector of LPS-induced ischemic protection. We first

determined whether IFN is involved in the brain’s endogenous response to stroke. IFNf3
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knockout mice were subjected to 40° MCAO followed by 72 hrs of reperfusion. Wild
type and IFNpB knockout mice displayed infarcts of similar size (38.5 + 2% vs. 39.5 +
1%; p=0.7; Figure 4.5A). Thus IFN{ does not play a critical role in the brain’s usual
response to ischemia. We then determined whether IFNp is a required effector of LPS-
induced ischemic tolerance. IFNB knockout mice were pretreated with LPS (1mg/kg) 72
hours prior to 40 min MCAO, and sacrificed 24 hrs later. Figure 4.5B shows that LPS
preconditioning protects IFNPB knockout mice from ischemic damage (47% infarct
reduction). Thus, although IFN is sufficient for neuroprotection, is in not required for

LPS-induced ischemic tolerance.

IRF3 is required for LPS-induced protection from brain ischemia.

LPS preconditioning up-regulates interferon-associated transcripts following MCAQO but
does not require IFNB. This suggests the involvement of an alternative interferon-
associated pathway that relies on the transcription factor IRF3 that binds to ISRE and IRF
TREs. Therefore we tested whether IRF3 is a critical effector of LPS-induced ischemic
protection. First we determined whether IRF3 is involved in the brain’s endogenous
response to stroke. IRF3 knockout mice were subjected to 40 min MCAO followed by 72
hrs of reperfusion. IRF3 knockout mice displayed infarcts of similar size to wild type
mice (42.2 + 5% vs. 43.8 + 4%; p=0.8; Figure 4.6A). Thus IRF3 does not play a critical
role in the brain’s usual response to ischemia. Next we determined whether IRF3 is a
required effector of LPS-induced ischemic tolerance. IRF3 knockout mice were
pretreated with LPS (1mg/kg) 72 hours prior to 40 min MCAO, and sacrificed 24 hrs

later. Figure 4.6B shows that IRF3 knockout mice fail to be preconditioned with LPS
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(17.3% vs. 53.2% reduction). Hence, IRF3 is required for the protective effects of LPS

pretreatment.

Discussion

We propose a molecular model of LPS-induced neuroprotection from ischemic injury
wherein systemic LPS preconditioning reprograms TLR4 signaling in response to stroke,
directing it towards a neuroprotective pathway. Administration of LPS prior to brain
ischemia alters the brain’s transcriptional response to stroke, eliciting a new pattern of
gene regulation 24 hours after ischemia. Of the 176 genes differentially regulated by LPS
pretreatment, 90% are up-regulated, suggesting that LPS pretreatment may induce
actively protective processes following cerebral ischemia. Thirty-eight percent of the
genes in this group are involved in defense and inflammation, and of those, ~60% are
related to Type | interferon signaling. Promoter analysis of this group identified 5 of the
14 over-represented TREs as IFN-associated. IRF3 and IFNf, two molecules downstream
of TLR4 signaling, have the capacity to elicit such a transcriptional response. We found
that LPS preconditioning increases IFN within the brain 3 and 24 hours after stroke. We
then tested whether the increase in IFNJ within the brain might confer neuroprotection.
Mice lacking IFNB incurred infarcts of similar size to wild type mice, suggesting that
endogenous IFNJ does not protect the brain from ischemic injury. However, exogenous
administration of IFN i.c.v. at the time of stroke conferred significant protection against
ischemic damage, indicating that local up-regulation of this cytokine may be

neuroprotective. Nevertheless, IFN3 was not required for LPS-induced protection, as
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preconditioning protected IFNpB-deficient mice from stroke damage. We concluded that
IFNB is sufficient but not necessary for LPS-induced ischemic tolerance. This finding
indicated that a different IFN-associated factor might be involved in effecting LPS-
induced neuroprotection. Thus we postulated that IRF3 might be a critical mediator of
LPS preconditioning. We tested whether IRF3 is involved in the brain’s natural response
to stroke. Mice lacking IRF3 incurred infarcts of similar size to wild type mice,
suggesting that IRF3 is not part of the brain’s endogenous response to ischemia.
However, LPS preconditioning failed to protect IRF3-deficient mice from ischemic
damage. Therefore, we conclude that IRF3 is necessary for the neuroprotective effects of
LPS preconditioning and present the first evidence of a protective role for this

transcription factor.

We have previously reported that LPS preconditioning suppresses stroke-induced
inflammation, cellular infiltration and pro-inflammatory cytokine production. Here we
show that LPS preconditioning enhances the production of Type | IFN-associated genes
following stroke and protects the brain via IRF3. Together our data support a model of
redirected TLR4 signaling that resembles endotoxin tolerance. Cells made tolerant to
endotoxin (lipopolysaccharide, LPS) are known to suppress the pro-inflammatory
MyD88-TNFa pathway by up-regulating pathway inhibitors, namely IRAK-M, Tollip,

Shipl and Trim30c, among others ** **’

, Which results in decreased inflammatory
cytokine responses upon secondary exposure to TLR4 ligands. Inhibition of these
pathways shunts subsequent TLR4 signaling down the TRAM-IRF3-IFN{ pathway and

results in enhanced production of IFNB . Similarly, LPS preconditioning may up-
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regulate inflammatory pathway inhibitors that shunt subsequent TLR signaling down the
TRAM-IRF3-IFN pathway. Thus, in the setting of ischemia, release of endogenous TLR
ligands would be expected to lead to TLR signaling that is shunted down the TRAM-

IRF3-IFNp pathway and results in up-regulation of IFNf.

Our data support a model of redirected TLR4 signaling following stroke in
preconditioned animals. Unlike control animals, LPS preconditioned animals demonstrate
a significant up-regulation of IFN-associated genes following stroke which, based our
microarray data, is likely to be produced via the TLR4-TRIF-IRF3 pathway. At 24 hrs
following stroke, we detected several interferon-associated genes previously shown to be
induced by TLR4-to-TRIF signaling, including Ifitl, Ifit3, and Oasl2. Ifitl and Ifit3 are
up-regulated following LPS treatment of peritoneal macrophages from MyD88-deficient
mice 8. Similarly, Ifit2 and Oasl1, close family members of the genes found on our
array, are also up-regulated in these cells, suggesting that these genes are all products of
TRIF-dependent signaling. Together, this data suggests that the Type I IFN “fingerprint”
is generated downstream of TLR4-TRIF-IRF3 and supports the concept of TLR4

reprogramming.

IRF3 is required for TLR4-induced production of IFNf. Structural information gathered
from the crystallized IRF3-bound IFN{ promoter indicates that IRF3 dimers bind to each
of 4 IRF TREs within the promoter region. In addition to enhancing transcription by
binding IRF TREs, IRF3 enhances transcription by binding ISRE TREs. ISREs are found

in the promoter regions of many ISGs and activated IRF3 has been shown to up-regulate
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transcription of a number of these genes. Our microarray data demonstrate an up-
regulation of ISGs following ischemia in preconditioned animals, and an over-
representation of both IRF and ISRE TREs within this group of genes. Furthermore, we
have shown that IRF3 is required for LPS-induced neuroprotection. Hence LPS
preconditioning may redirect stroke-induced TLR4 signaling towards activation of IRF3,

resulting in up-regulation of neuroprotective 1SGs.

The potential for ISGs to confer neuroprotection is evinced by the protective actions of
IFNB. Upon binding to the Type | IFN receptor complex, IFNB induces JAK/STAT
signaling, which activates the ISGF3 transcription factor, comprised of Statl, Stat2 and
IRF9. ISGF3 binds to ISRE motifs within the promoters of ISGs, increasing their
expression. Presumably, it is the ISGs that render the neuroprotective effects of IFN We
have shown that direct administration of IFN protects the brain against ischemic injury.

23, 102

IFNB may confer protection by stabilizing the blood-brain barrier (BBB) , or by

reducing cellular infiltration into damaged brain regions %°. IFNB has been shown to

105-107

reduce reactive oxygen species , suppress inflammatory cytokine production %,

110 and protect neurons from

promote nerve growth factor production by astrocytes
toxicity induced by activated microglia **. In addition, systemic administration of IFNp
reduces tissue damage in rat and rabbit models of ischemic stroke % %. It should be noted
that Maier and colleagues were unable to attenuate ischemic brain injury following
systemic administration of IFNP in a rat model of focal ischemia (Maier CM 2006). The

authors propose that their occlusion model caused less disruption of the BBB and thus

IFNp was not able to reach the affected brain. In our model, IFNf is administered i.c.v.,
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hence disruption of the BBB is likely not a factor. We speculate that the neuroprotective
actions of IFNf occur through the actions of the ISGs induced. As IRF3 can regulate
transcription of the same ISGs, we suggest that the neuroprotective function of IRF3 in
the context of LPS preconditioning lies in its ability to up-regulate these genes. In this
context, IRF3 induction of IFNB may act to amplify ISRE-regulated gene expression,

causing a feed forward loop of ISG production.

Our data suggest that systemic administration of LPS reprograms TLR4-expressing cells

37, 38, 159

within the brain. TLR4 is widely expressed in the brain and many studies have

shown that peripheral LPS induces a pro-inflammatory response within the brain %% ¢!
However, it is unclear whether LPS crosses the BBB and/or whether it induces peripheral
cytokines which, in turn, cross into the brain. Recent evidence suggests that systemic LPS
elicits TLR4 signaling in the brain independent of peripheral cytokine responses " 1%,
However, other researchers have failed to find LPS within the brain parenchyma
following systemic administration ?°. It is clear that LPS binds to cerebral endothelial
cells ® '3 As these cells are an interface between the systemic circulation and the brain

parenchyma, they may help integrate information from both compartments. Hence,

reprogramming of TLR4 may occur within the cerebral endothelium.

In summary, we have shown that LPS preconditioning reprograms the brain’s response to
stroke and causes a Type | IFN response, with a critical and protective role for IRF3.
These reprogramming events may exemplify endogenous processes that protect the brain

against further injury and suggests that that LPS preconditioning fundamentally changes
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the brain’s response to stroke. This is the first demonstration that a preconditioning
stimulus results in an interferon “fingerprint” after the ischemic event and the first report
of a neuroprotective role for IRF3. LPS appears to be a unique preconditioning agent, as
it does not simply suppress ischemia-induced damaging pathways, but confers active

protection to the brain in conditions of ischemia.

Materials and Methods

LPS Treatment: Mice were given a 200 ul intraperitoneal injection of saline or LPS (0.2 -

1.0 mg/kg; Escherichia coli serotype 055:B5; Sigma).

Mice: C57BL/6 mice (male, 8-12 weeks, approximately 25 grams) were purchased from
the National Cancer Institute (Frederick, MD). IFNB knockout mice were kindly
provided by Dr. Leanderson of Lund University. IRF3 knockout mice were procured
from RIKEN BioResource Center, Tsukuba, Japan. Both strains were backcrossed onto
the C57BI/6 background for at least 8 generations. All mice were housed in an American
Association for Laboratory Animal Care-approved facility. Procedures were conducted
according to Oregon Health and Science University, Institutional Animal Care and Use

Committee, and National Institutes of Health guidelines.

Middle Cerebral Artery Occlusion (MCAQ): Mice were anesthetized with 4% halothane

and subjected to MCAO using the monofilament suture method described previously .

Briefly, a silicone-coated 8-0 monofilament nylon surgical suture was threaded through
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the external carotid artery to the internal carotid artery to block the middle cerebral
artery, and maintained intraluminally for 40, 45, or 60 min. The suture was then removed
to restore blood flow. Cerebral blood flow was monitored throughout surgery by laser
Doppler flowmetry. Body temperature was maintained at 37°C with a thermostat-

controlled heating pad.

Infarct evaluation: To visualize the region of infarction, 6 x 1 mm coronal midsections
were placed in 1.5% 2,3,5 triphenyltetrazolium chloride (TTC) in 0.9% phosphate
buffered saline and stained at 37°C for 15 min ***. The infarct size was determined from
computer-scanned images of the hemispheres using NIH images analyses. To account for
edema within the infarct region, infarct area for each section was computed indirectly as:
100 x (contralateral hemisphere area - area of live tissue on ipsilateral

hemisphere)/(contralateral hemisphere area) **°.

Experimental Design for Gene Expression Studies: C57/BL6 mice were divided into 2
groups with 4 animals per group: Group 1 received a saline injection followed 72 hr later
with a 45 min MCAO. Group 2 received an LPS injection followed 72 hr later with a 45
min MCAO. Both groups were sacrificed 24 hr following start of occlusion. At time of
sacrifice mice were anesthetized, then perfused with heparinized saline. A group of 6
mice were included as unhandled controls. Under RNase-free conditions, a 1 mm section
was removed (4 mm from rostral end) for infarct area analysis by TTC staining. The
ipsilateral cortex region from the frontal 4 mm was isolated and snap frozen in liquid

nitrogen.
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RNA isolation: Total RNA was isolated using the Qiagen RNeasy Lipid Mini Kit (Qiagen

Inc.). RNA from individual animals was hybridized to single arrays as described below.

GeneChip Expression Analyses: Microarray assays were performed in the Affymetrix
Microarray Core of the Oregon Health & Sciences University Gene Microarray Shared
Resource. RNA samples were labeled using the NuGEN Ovation Biotin RNA
Amplification and Labeling System_ V1. Hybridization was performed as described in the
Affymetrix technical manual (Affymetrix, Santa Clara, CA). Labeled RNA was
hybridized to test arrays containing control probe sets and samples that did not meet
empirically defined cutoffs within the core facility were remade. Quality-tested samples
were hybridized to the MOE430 2.0 array. The array image was processed with
Affymetrix GeneChip Operating Software (GCOS). Data was normalized using the
Robust Multichip Average method *'”. The normalized data was then analyzed using a
two-way ANOVA model for each gene, using conditions and time as groups. Post hoc
comparisons were made using the unhandled mice as a control group. P-values were
adjusted for multiple comparisons using the method of Hochberg and Benjamini 2.

Genes were considered significantly regulated if the adjusted p value was less than 0.05

and the fold change in regulation was greater than or equal to 2.

Transcriptional regulatory network analysis. Using the web based program: Promoter

Analysis and Interaction Network Toolset (PAINT) version 3.5 *°, we examined the
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predicted regulatory elements associated with the unique gene regulation identified by
microarray. In brief, using PAINT we obtained the 5000 bp upstream sequence for the
transcripts represented on the MOE430 Affymetrix gene chip (33,635 transcripts were
identified with 5000 bp of upstream sequence). PAINT identified putative transcription
factor binding sequences (TRES) in these upstream sequences using the TRANSFAC
PRO database version 10.4. This pool of genes and identified TREs was used as our
reference comparison group. The statistical component of PAINT (FDR adjusted p value
set at <0.2) was used to determined the over represented TREs in individual gene clusters
compared to the reference comparison group (i.e. uniquely expressed genes in LPS

preconditioned mice compared to 33,635 member reference group).

Intracerebral Ventricular Injection of IFNS during MCAO. rmIFNB (Cell Sciences,
Canton, MA) or vehicle (saline) was injected into the left lateral ventricle as previously
described '?°. Injections (lul) of either rmIFNB (200U) or saline were administered
immediately before and after surgery (60 min MCAO). Infarct volume was measured 24

hr following stroke.

Quantitative Real-time PCR for IFN-b. RNA was treated with DNase and transcribed into
cDNA using the Omniscript RT Kit (Qiagen). Real-time PCR (RT-PCR) reactions were
performed in a volume of 25 ul using TagMan PCR Master Mix (Applied Biosystems).
For IFNB TagMan Gene Expression Assay Mix for mouse IFNP was used (ABI #
MmO00439546_S1). Primers and probe for p-Actin were obtained from Integrated DNA

Technologies:  forward:  5’-AGAGGGAAATCGTGCGTGAC-3’;  reverse:  5°-
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CAATAGTGATGACCTGGCCGT-3’; probe: CACTGCCGCATCCTCTTCCTCCC.
Samples were run on an ABI-prism 7700 (Applied Biosystems, Foster City, CA). Results
were analyzed using ABI sequence detection software. The relative quantification of
IFNP was determined using the comparative CT method (2°°°7) described in ABI User
Bulletin #2. Results were normalized to b-actin and presented relative to unhandled mice.

All reactions were performed in triplicate.
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Figure 4.1. LPS preconditioning induces a unique set of genes in response to
MCAOQO. C57BI/6 mice were preconditioned with LPS (5ug) or saline 72 hr prior to
MCAO (45 min). At 24 hr post MCAO mice (n=8/timepoint) were sacrificed and the
ipsilateral cortical brain tissue was collected. RNA was isolated and hybridized to
Affymetrix gene chips (MOE430). Venn diagram showing the number of genes
differentially regulated in each condition compared to unhandled controls. Arrows

indicate increased or decreased regulation.
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Figure 4.2. LPS preconditioning induces a unique defense/inflammatory response 24
hrs following stroke. Putative biological functions were assigned to the regulated genes
using available public databases and literature review. Data is depicted as pie charts of
genes regulated 24 hrs following MCAO that are shared in common between saline and
LPS preconditioning (left panel), unique to saline (center panel) and unique to LPS (right

panel). Only genes in which putative functions were available are graphed.
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Figure 4.3. Interferon related TREs identified in the majority of genes increased
following stroke in LPS preconditioned mice. Hypothesis Gene-TRE network showing
the relationship of the identified TREs to the genes increased following stroke in LPS
preconditioned mice. Genes are depicted in blue, interferon associated TRES represented

in red and non-interferon TREs in black. P-value threshold set at 0.2.
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Figure 4.4. Increased levels of IFNp following MCAO in LPS preconditioned mice
may contribute to neuroprotection. A) Real-time PCR analysis was performed on RNA
derived from the cortices following MCAO (3 and 24hr) of mice either preconditioned
with LPS or saline. B-actin was used as a loading control. Results are presented as fold
increase relative to unhandled controls. N= 3-4 mice/group; data are group means +
SEM; an overall effect of treatment was observed by two way ANOVA p=0.01. B)
C57BL/6 mice were administered rmIFNB (2x200U; i.c.v.) or artificial spinal fluid
(aCSF) immediately prior to and following 60 min MCAO. Infarct volume was measured
24 hrs following surgery using TTC staining (n=9 and 10 respectively). Data shown are

group means + SEM; *** p<0.001 by Students T-Test.
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Figure 4.5. IFNB is not required for LPS preconditioning. A) IFNB knockout mice
and their wild type counterparts were subjected to 40 min MCAO. Infarct volume was
measured 72 hrs following surgery using TTC staining. Data shown are group means +
SEM; p = 0.7 by Students T-Test. B) IFNB knockout and wild type mice were pretreated
with LPS (1mg/kg) or saline 72 hours prior to 40 min MCAO. Infarct volume was

measured 24 hrs following surgery using TTC staining. Data shown are group means +
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SEM; ** p<0.01, * p<0.05 by Two way ANOVA with Bonferroni post test, n = 6-11 per

group.
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Figure 4.6 IRF3 is an essential mediator of LPS preconditioning. A) IRF3 knockout
mice and their wild type counterparts were subjected to 40 min MCAO. Infarct volume
was measured 72 hrs following surgery using TTC staining. Data shown are group means
+ SEM; p = 0.8 by Students T-Test. B) IRF3 knockout and wild type mice were

pretreated with LPS (1mg/kg) or saline 72 hours prior to 40 min MCAO. Infarct volume
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was measured 24 hrs following surgery using TTC staining. Data shown are group means

+ SEM; * p<0.05 by Two way ANOVA with Bonferroni post test, n = 7-10 per group.

Table 4.1 Defense response genes increased 24 hr following stroke exclusively in

LPS preconditioned mice which are associated with type I interferon signaling

Gene Name Symbol Reference
2'-5' oligoadenylate synthetase-like 2 Oasl2 165,266
Complement component 1, q subcomponent, beta polypeptide | Clgb 1e7
Fc receptor, IgE, high affinity I, gamma polypeptide Fcerlg |™
Fc receptor, 1gG, high affinity | Fcgrl 166
guanylate nucleotide binding protein 3 Gbp3 169
histocompatibility 2, D region H2-L 170,171
histocompatibility 2, D region locus 1 H2-D1 |['°1
histocompatibility 2, K1, K region H2-k1 |17
histocompatibility 2, Q region locus 1 H2-Q1 [
interferon gamma induced GTPase lgtp 165
interferon inducible GTPase 1 ligpl 17z
interferon-induced protein 35 Ifi35 17
interferon-induced protein with tetratricopeptide repeats 1 Ifit1 173
interferon-induced protein with tetratricopeptide repeats 3 Ifit3 165
Interleukin 1 beta T 168
myxovirus (influenza virus) resistance 1 Mx1 1o
) ) Ptpn6, 17
protein tyrosine phosphatase, non-receptor type 6
SHP1
) ) Psmb8, 166
proteasome (prosome, macropain) subunit, beta type 8
Lmp7
. - . o Rsad2, 165, 166
radical S-adenosyl methionine domain containing 2 '
VIPERIN
- _ RIG-L, |,
retinoic acid-inducible protein |
Ddx58
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schlafen 2 Slfn2 1re
transporter 1, ATP-binding cassette, sub-family B (MDR/TAP) | Tapl 1
ubiquitin specific peptidase 18 Usp18 166
Zbpl,
Z-DNA binding protein 1 P 166
DLM-1
_ _ ) Ifitm6, Possibly regulated
interferon induced transmembrane protein 6 N 177
fragilis5 | by IFN

a. Identified by literature review.
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Table 4.2 TREs identified as significantly over represented in genes induced

24 hrs following stroke in LPS preconditioned mice

Adjusted p values for over-representation

Transcriptional Regulatory Element LPS group saline group
c-Rel/V$CREL_01 0.00 >1.00
IRF/VSIRF_Q6 0.00 >1.00
IRF/VSIRF_Q6_01 0.01 >1.00
NF-kappaB (p65)/VSNFKAPPABG5 01 | 0.01 0.86
RREB-1/V$RREB1_01 0.01 >1.00
IRF-8/V$ICSBP_Q6 0.03 0.99
NF-Y/VS$NFY_Q6 0.03 >1.00
ISRE/V$ISRE_01 0.07 >1.00
STAT5B (homodimer)/V$STAT5B_01 0.07 >1.00
IRF-7/V$IRF7_01 0.15 >1.00
COMP1/V$COMP1_01 0.17 0.37
Freac-3/V$FREAC3 01 0.17 >1.00
Muscle TATA box/VSMTATA B 0.17 >1.00
Ik1/V$IK1 01 0.199 0.64
S8/V$S8_01 >1.00 0.00
E2/V$E2_01 0.69 0.0024
C/EBPbeta/V$CEBPB_02 >1.00 0.13
HNF-1/V$HNF1_C >1.00 0.13
Myogenin/NF-1/MYOGNF1_01 0.94 0.19
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Chapter 5 contains data for a paper in preparation for The Journal of Cerebral Blood
Flow and Metabolism.

Abstract

TLR activation by endogenous ligands following ischemia worsens stroke damage.
Paradoxically, prior stimulation of TLR4 with bacterial lipopolysaccharide (LPS)
provides neuroprotection against subsequent cerebral ischemic injury. Here, we
demonstrate that LPS preconditioning, through activation of TLR4 and the TRIF adaptor
molecule, leads to the inhibition of the TLR-to-NF«B signaling axis following stroke and
results in the suppression of stroke-induced NFxB activity. Examination of mice lacking
components of TLR signaling revealed that TLR4 contributes to brain injury during short
durations of ischemia, but MyD88 does not. Conversely, TLR3 alleviates injury, but
TRIF does not, indicating that TRIF may be responsible for the effects of both TLR3 and
TLR4 during stroke. NFxB activity is significantly increased in the brain 24 hours
following stroke. At this time, IRAK-M is increased and MyD88 is decreased, suggesting
an endogenous attempt to suppress NFkB. LPS preconditioning causes an increase in
NF«B activity within the brain prior to stroke followed by the up-regulation of the NFxB
pathway inhibitors Ship-1, Tollip, and pl105 either at the time of stroke or shortly
thereafter, and the suppression of stroke-initiated NFxB activity. The neuroprotective
effects of LPS preconditioning are independent of MyD88 but require TLR4 and TRIF.
Our results indicate that LPS preconditioning mirrors the endogenous response to stroke
by signaling through TLR4 and TRIF to up-regulate inhibitors of the TLR-to-NFxB

signaling axis. The early regulation of these inhibitors may result in the suppression of
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stroke-initiated NFxB activity and contribute to the protective effect of LPS
preconditioning.

Introduction

The inflammatory response that is initiated after stroke can cause further tissue damage
and cell death in the brain. Toll-like receptors (TLRs) are part of the inflammatory
response. TLR2 and TLR4 have been shown to worsen tissue damage in several models
of cerebral ischemia “* » ™. TLRs are expressed by microglia, astrocytes, endothelial
cells, and neurons and are activated by damage-associated molecules such as HSP70
(TLR4) and HMGBL1 (TLRs 2 and 4), found in the brain following ischemia " & 4.
Activation of these receptors causes the release of the pro-inflammatory molecules TNFa

and iNOS, and other cytotoxic mediators.

TLRs are pattern recognition receptors that signal through common intracellular
pathways and cause transcription factor activation and the production of cytokines and
chemokines. Each TLR family member, with the exception of TLR3, initiates signaling
via recruitment of the intracellular MyD88 adaptor. When recruited to plasma membrane-
associated TLRs such as TLR2 and TLR4, MyD88 activates IRAK molecules that bind
TRAF6. This leads to the activation of the IKK complex and MAPKKSs and results in the
nuclear translocation of the transcription factors NFkB and AP-1. Together, these
transcription factors induce inflammatory cytokine production. Endosomal TLR3 is
uniqgue among the TLRs because it does not signal through MyD88 but signals

exclusively through the TRIF adaptor. TRIF enlists the non-canonical IKKs, TBK1 and
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IKKe, which activate the transcription factor IRF3 leading to transcription of the anti-
viral cytokine IFNB. TRIF also recruits RIP-1 and TRAF6, resulting in activation of
MAPK and IKKa/p. Hence TLR3 is capable of activating NFxB, AP-1 and IRFs. Of all
the TLRs, only TLR4 can recruit either MyD88 at the plasma membrane or, after being
endocytosed, TRIF at the endosomal membrane **. TLR4 can thus induce TNFa via
NF«B or IFN via IRF3. It is not known which pathway is responsible for the damaging

effects of TLR4 activation following stroke.

In addition to binding damage-associated ligands, TLRs also detect pathogen-associated
molecules. Primary exposure of macrophages to lipopolysaccharide (LPS), a potent
TLR4 ligand of bacterial origin, activates NFkB and generates pro-inflammatory TNFao..
Subsequently, macrophages suppress NFxB-inducing pathways by up-regulating pathway
inhibitors, such that these cells generate markedly less TNFa upon secondary exposure to
LPS 21122155 1n this manner, robust inflammatory responses to pathogen invasion can

be controlled and extinguished.

A similar scenario may occur during the inflammatory response to stroke; one aspect of
the brain’s endogenous response to stroke may be to regulate stroke-induced TLR-to-
NFkB signaling pathway. We hypothesize that TLR signaling in response to stroke
initiates the production of damaging pro-inflammatory mediators, then dampens

subsequent production of these mediators by blocking NFkB-inducing pathways.
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Though TLR4 activation following stroke exacerbates injury, activation of TLR4 prior to
stroke protects the brain from damage. LPS, administered systemically, renders animals

79 80 8 The molecular

tolerant to injury in several models of cerebral ischemia
mechanisms by which LPS confers tolerance to subsequent ischemia may be similar to
the mechanisms by which LPS confers tolerance to subsequent LPS. We hypothesize that
LPS preconditioning leads to the early regulation of NF«xB-inducing pathways, thereby
suppressing stroke-induced NFxB activity. NFkB has been shown to exacerbate stroke
178-181

injury , thus suppression of its activity would be expected to protect brain tissue

from further damage.

We suggest that LPS preconditioning enlists endogenous strategies of neuroprotection.
Without preconditioning, these strategies are belatedly induced and may provide some
measure of protection from further damage. Preconditioning with LPS, we hypothesize,
enlists these strategies early, thereby preventing much of the damaging inflammatory

response to stroke and protecting brain tissue from injury.

Results

TLR4 knockout mice display reduced damage to focal ischemia in a dose-dependent
manner

TLR4 is activated by a variety of host- endogenous molecules generated from damaged
tissue such as HSP60 and HMGB1 ™ ¥ Stimulation of TLR4 by such molecules

subsequent to ischemia might exacerbate the inflammatory response and thus contribute
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to damage. Other researchers have assigned a detrimental role to TLR4 by examining
infarct damage following a single duration of MCAQO™ ™ 7" \We asked whether this
role is dependent on the duration of MCAO. To determine the effects of endogenous
TLR4 signaling in response to various lengths of ischemia, TLR4 knockout mice
(C57BL/10ScNJ) and wild-type controls (C57BL/10ScSnJ) were subjected to MCAO
lasting 40, 50, or 60 minutes. Infarct volume was assessed via TTC staining 24 hours
after reperfusion. Mice deficient in TLR4 suffered from significantly smaller infarcts than
their wild-type counterparts when MCAO lasted 40 minutes (28.8% + 5.0 versus 43.7% =+
3.8, respectively) or 50 minutes (34.8% + 4 versus 48.3% =+ 4, respectively), but incurred
infarcts of similar size to wild-type mice when MCAO lasted 60 minutes (42% + 2.8 vs.
44.7% + 3.3, respectively) (Figure 5.1). These data indicate that endogenous TLR4
activity significantly contributes to cerebral ischemic damage following short durations

of ischemia, but has negligible effects following long durations of ischemia.

TLR3 knockout mice incur significantly larger infarcts than wild-type mice
Signaling through TLR3 has been shown to sustain neuronal survival by the production

of neuroprotective molecules ?

’. Endogenous ligands of TLR3, such as mRNA, are
released from necrotic cells and might be present in the brain following ischemia. We
thus asked whether endogenous TLR3 activity protects against cerebral ischemic injury.
TLR3 knockout mice and wild-type controls were subjected to 40 minutes of MCAO and

infarct volume was assessed via TTC staining 24 hours after reperfusion. Mice deficient

in TLR3 incurred significantly larger infarcts than wild-type mice (24.4% + 4.3 versus
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37.3% * 4.2, respectively, Figure 5.2). These results indicate that TLR3 signaling

following cerebral ischemia protects brain tissue from damage.

TRIF knockout mice incur infarcts of similar size to wild-type mice

Both TLR3 and TLR4 signal through the TRIF adaptor molecule, yet these receptors
have opposite effects on stroke outcome. We postulated that removal of TRIF would
reveal which of these two receptors contributes more to ischemic outcome. We therefore
asked whether signaling through TRIF contributes to or protects from cerebral ischemic
injury. TRIF knockout mice and wild-type controls were subjected to 40 minutes of
MCAO and infarct volume was assessed via TTC staining 24 hours after reperfusion.
Mice deficient in TRIF incurred infarcts of similar sizes to those of wild-type mice
(32.0% + 3 versus 29.2% + 5.5, respectively, Figure 5.3). These data suggest that, on

balance, TRIF signaling neither worsens nor protects against ischemic injury.

MyD88 knockout mice incur infarcts of similar size to wild-type mice

TLRA4 also signals through the MyD88 adaptor molecule. We next asked whether MyD88
contributes to ischemic injury. MyD88 knockout mice and wild-type controls were
subjected to 40 minutes of MCAO and infarct volume was assessed via TTC staining 24
hours after reperfusion. Forty minutes of MCAO was chosen because it is at this duration
that TLR4 knockout mice incur significantly less damage than wild-type mice. However,
mice deficient in MyD88 incurred infarcts of similar sizes to those of wild-type mice

(40.4% + 3.3 versus 36.0% =+ 3, respectively, Figure 5.4). These data indicate that

110



MyD88 does not contribute to ischemic injury, hence the damage initiated by TLR

signaling following stroke may not occur through MyD88.

Stroke increases NFkBp65 DNA binding activity in the brain

TLR4 contributes to ischemic injury. One transcription factor activated downstream of
TLR4 is NFkB. We thus hypothesized that stroke would lead to an increase in the DNA
binding activity of NF«kB. Ipsilateral cortex was collected 1, 3, and 24 hours following
stroke. Electrophoretic mobility shift assays were performed to assess the DNA binding
activity of NF«kB in the brain at these time points. We detected a significant increase in
NF«B activity in the brain 24 hours following stroke (Figure 5.5A). Supershift assays
confirmed the identity of the DNA-bound transcription factor as the p65 subunit of NFkB
(Figure 5.5B). Hence stroke causes an increase the DNA binding activity of the TLR4-

induced transcription factor NFxB.

Stroke causes the late regulation of NFkB-inducing pathways

We have shown an increase in NFkB activity within the brain 24 hours after cerebral
ischemia. NFkB has been show to worsen ischemic damage, hence we postulated that
endogenous mechanisms might be employed to suppress stroke-induced NFxB activity,
thereby preventing further damage. Western blot analysis revealed the up-regulation of

IRAK-M, a non-functional IRAK decoy, and the down-regulation of MyD88 24 hours
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after stroke in control animals (Figure 5.6). Hence one endogenous response to stroke-

induced NF«B activity appears to be the regulation of NFkB-inducing pathways.

LPS preconditioning increases NFkB activity in the brain before ischemia and
suppresses ischemia-induced NFkB activity

Although endogenous stimulation of TLR4 following stroke worsens ischemic injury,
stimulation of this receptor prior to stroke alleviates subsequent damage. TLR4 and
stroke both activate NFkB. We hypothesized that, like LPS-induced tolerance to
subsequent LPS, LPS-induced ischemic tolerance entails the suppression of insult-
induced NFxB activity. Mice were injected with either LPS (Img/kg) or saline and
nuclear protein from the ipsilateral cortex was collected either following injection or
following subsequent stroke. Electrophoretic mobility shift assays were performed to
assess the DNA binding activity of NFkB in the brain at these time points. LPS caused a
significant decrease in NFkB DNA binding activity 3 hours after administration followed
by a significant increase 24 and 72 hours after administration (Figure 5.7A). Following
stroke, LPS preconditioning prevented the increase in stroke-induced NF«xB activity
(Figure 5.7B). Supershift assays confirmed the identity of the DNA-bound transcription

factor as the p65 subunit of NF«xB (data not shown). These results indicate that systemic
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LPS administration increases NFkB activity within the brain following administration

and prevents stroke-induced NF«B activity.

LPS preconditioning causes the early regulation of NFkB-inducing pathways

Cells that are exposed to LPS signal through pro-inflammatory pathways to initiate
inflammatory responses. Cells then up-regulate inhibitors of inflammatory pathways that
dampen and control this response. We postulated that, in a similar manner, LPS
preconditioning would cause the up-regulation of inhibitory molecules that could act to
dampen and control the subsequent inflammatory response to stroke. Western blot
analysis revealed that LPS preconditioning caused the up-regulation of Ship-1, a
phosphatase that inhibits TLR-MyD88 interactions, at the time of stroke and 24 hours
after MCAO (Figure 5.8A), Tollip, a molecule that binds IRAK-1 and suppresses its
activity, 3 and 24 hours after MCAO (Figure 5.8B), and p105, a non-canonical IxB, 24
hours after MCAQO (data not shown). Interestingly, unlike control animals, LPS
preconditioned mice displayed no regulation of IRAK-M or MyD88 following stroke.
Hence, LPS preconditioning caused the early regulation of NFxB-inducing pathways that
differs from the regulation endogenously induced later following stroke in control

animals.

TLR4 signaling is required for LPS-induced neuroprotection
We next examined the role of TLR4 in LPS preconditioning. TLR4 deficient mice
(C57BL/10ScNJ) and their wild-type counterparts (C57BL/10ScSnJ) were subjected to

40 min of MCAO followed by 24 hrs of reperfusion. Animals were either pretreated with
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LPS (i.p.; 1mg/kg) or saline 72 hrs prior to ischemia. Following reperfusion, infarct
volume was assessed via TTC staining. LPS preconditioning significantly reduced infarct
volume in wild-type mice (percent reduction from saline 46.2% =+ 7.1, p<0.01, Figure
5.9). However, preconditioning had no effect on infarct volume in mice deficient for
TLR4 (p = 0.3). Hence the neuroprotective effects of LPS preconditioning are mediated

through TLR4.

MyD88 is not required for LPS-induced neuroprotection

We next asked if the TLR4 adaptor molecule MyD88 is required for LPS-induced
neuroprotection. MyD88-deficient and wild-type mice were subjected to 40 min of
MCAO followed by 24 hrs of reperfusion. Animals were either pretreated with LPS (i.p.;
1mg/kg) or saline 72 hrs prior to ischemia. Following reperfusion, infarct volume was
assessed via TTC staining. Both wild-type and knockout mice were significantly
protected by LPS pretreatment (percent reduction from saline 44.4% + 13.6, p<0.05, and
44.7% + 6.1, p<0.01, respectively, Figure 5.10) Hence the neuroprotective effects of LPS

preconditioning are not mediated through MyD88.

TRIF is required for LPS-induced neuroprotection

We next examined the role of the TRIF adaptor in LPS preconditioning. TRIF-deficient
and wild-type mice were subjected to 40 min of MCAO followed by 24 hrs of
reperfusion. Animals were either pretreated with LPS (i.p.; 1mg/kg) or saline 72 hrs prior
to ischemia. Following reperfusion, infarct volume was assessed via TTC staining. LPS

preconditioning reduced infarct volume in wild-type mice (percent reduction from saline
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27.6% =+ 17.9, p<0.05, Figure 5.11). However, preconditioning had no effect on infarct
volume in TRIF knockout mice (p = 0.3). Hence the neuroprotective effects of LPS

preconditioning are mediated by TRIF.

Discussion

We propose a molecular model of LPS preconditioning wherein stimulation of TLR4
prior to ischemia signals through TRIF to activate NFxB in the brain. This leads to a
small inflammatory response and the subsequent up-regulation of inflammatory
inhibitors, including inhibitors of NFkB-inducing pathways. These inhibitors are present
at the time of stroke, and prevent activated TLRs from signaling to NFxB. Hence, stroke-
induced NF«kB activity in the brain is suppressed. In this manner, LPS preconditioning
induces endogenous mechanisms of neuroprotection early after the ischemic event,

thereby preventing damaging inflammatory sequella.

The TRIF adaptor molecule is emerging as the primary adaptor through which TLR4
signals. A recent study demonstrated that TRIF-dependent signaling causes 75% of the
transcriptional response to LPS in macrophage '®%. We suggest that TRIF-dependent
signaling is responsible for the deleterious effects of TLR4 activation following stroke.
We found that while TLR4 activity worsens ischemic damage, TLR3 activity alleviates

injury. TLR3 signals exclusively through TRIF, yet TRIF itself does not appear to
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alleviate injury. We suggest that TRIF is used by both TLR3 and TLR4 and that it has
opposing functions downstream of these two receptors. In the brain, TLR3 is primarily
expressed by astrocytes and stimulation of TLR3 on these cells causes the generation of
several factors that support neuronal survival *’. Neurons have also been shown to
express TLR3 and to produce the neuroprotective cytokine IFNB when stimulated
withTLR3 lignads *®. This suggests that TRIF signaling downstream of TLR3 activates
neuroprotective pathways in these cells. On the other hand, TLR4 is primarily expressed
by microglia and TLR4-induced activation of microglial leads to oligodendrocyte injury
159 and neurodegeneration '*°. This suggests that TRIF signaling downstream of TLR4
may activate damaging pathways in microglia. Thus, it appears that TLR3 and TLR4 are
preferentially expressed by different cell types in the brain and may initiate different

actions through TRIF-dependent signaling.

One potential outcome of TLR4 stimulation following stroke is the activation of NFkB.
We found a significant increase in NFkB DNA binding activity in the brain 24 hours after
stroke. NFkB is known to worsen ischemic injury, hence it may be through activation of
this transcription factor that TLR4 exerts its deleterious effects. One endogenous
mechanism employed by activated cells to keep inflammatory responses in check is the
regulation of inflammatory signaling pathways. We found evidence for such regulation
24 hours after stroke when MyD88 expression was decreased and IRAK-M was
increased. IRAK-M has not been shown to be expressed in brain parechymal tissue,
indicating that infiltrating cells such as macrophage and neutrophils may be regulating

these molecules. Hence, one mechanism of endogenous protection from stroke-initiated
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inflammatory damage may be a belated suppression of NFkB-inducing pathways in

infiltrating cells.

LPS preconditioning causes the up-regulation of inflammation inhibitors prior to, or just
after, the ischemic event. In this manner, LPS pretreatment may shift stroke-induced
TLRA4 signaling toward a neuroprotective pathway similar to that initiated by TLR3. LPS-
induced tolerance to ischemic injury mirrors the phenomenon of LPS-induced tolerance
to LPS. Initial exposure of macrophages to LPS causes the production of pro-
inflammatory TNFa., but upon subsequent exposure to LPS, TNFa production is reduced

121,122,155 This suppression is

markedly due to suppressed NFkB-inducing pathways
achieved by the up-regulation of pathway inhibitors, namely IRAK-M, Tollip, Shipl and
Trim30a ¥ 7 following the initial LPS exposure. Conversely, macrophages produce
little IFNP upon initial exposure to LPS, but enhance IFNf production upon secondary
exposure %, suggesting up-regulated TLR4 signaling through IRF3-inducing pathways.
Our data support a similar model of redirected TLR4 signaling following stroke. We have
shown that LPS preconditioning up-regulates the inflammatory pathway inhibitors Ship-
1, Tollip, and p105, which may block TLR4 signaling from TRIF to NFkB. Tollip and

p105 have been shown to be expressed within the brain parenchyma 86188

, indicating that
microglial may be regulating these molecules. LPS pretreatment led to a significant
reduction in stroke-induced NFkB activity. Because this pathway is blocked, subsequent
TLR4 signaling may be shunted down the IRF3-inducing pathway. We have previously

shown that LPS preconditioning enhances the production of Type | IFN-associated genes

following stroke and protects the brain via IRF3. Together, these data support a model of
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redirected stroke-induced TLR4 signaling. This redirection is initiated by LPS

preconditioning and contributes to its neuroprotective effects.

The finding that LPS preconditioning requires TRIF, and not MyD88, supports the idea
that TLR4 signals primarily through the TRIF adaptor molecule. We first confirmed that
TLR4 mediates the protective effects of LPS preconditioning by demonstrating that mice
lacking TLR4 are not protected by LPS pretreatment. We then found that, of the two
adaptor molecules utilized by TLR4, only TRIF was required for LPS-induced
neuroprotection. This demonstrates for the first time that TRIF-mediated signaling prior

to stroke protects against ischemic injury.

In summary, we have shown that LPS preconditioning utilizes TLR4-TRIF pathways to
up-regulate inhibitors of NFkB-inducing pathways that are present in the brain early after
stroke. We suggest that this mirrors the endogenous response to stroke, but differs in the
timing of induction. Preconditioning activates the endogenous response earlier,
redirecting TLR4 signaling at the time of stroke. Redirected TLR4 signaling results in
suppressed pro-inflammatory signaling to NFkB and enhanced pro-survival signaling to
IRF3. Together, these responses transform TLR4 signaling following stroke from one

that increases cell death to one that actively protects the brain from further injury.

Materials and Methods
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Mice: C57BI/6 mice (male, 8 to 10 weeks) were obtained from Jackson Laboratories
(West Sacramento, California, USA). TLR4 knockout mice (C57BI/10ScSn) and their
wild-type counterparts (C57BI/10ScN), TLR3 knockout mice (B6;129S1-TIr3™/J) and
their wild type counterparts (B6;129SF1/J) and TRIF knockout mice (C57BI/6J-
Ticam1-"°%/J) were also obtained from Jackson Laboratories. MyD88 knockout mice
(C57BI/6 background) were a kind gift of Dr. Shizuo Akira (Osaka University, Osaka
Japan) and were bred in our facility. All mice are housed in a facility approved by the
Association for Assessment and Accreditation of Laboratory Animal Care
International. The animal protocols met National Institutes of Health guidelines with the
approval of the Oregon Health and Science University Institutional Animal Care and Use

Committee.

LPS Treatment: Mice were given a 200 ul intraperitoneal injection of saline or LPS (1.0

mg/kg; Escherichia coli serotype 055:B5; Sigma).

Reagents: Western blots were performed using antibodies against IRAK-M (ProSci,
2355), MyD88 (R&D, AF3109), Ship-1 (Santa Cruz, sc8425), Tollip (AbCam,

ADb37155), and Actin beta (Santa Cruz, sc1616R).

Middle Cerebral Artery Occlusion (MCAO): Mice were anesthetized with 4% halothane
and subjected to MCAO using the monofilament suture method described previously .
Briefly, a silicone-coated 8-0 monofilament nylon surgical suture was threaded through

the external carotid artery to the internal carotid artery to block the middle cerebral
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artery, and maintained intraluminally for between 40 and 60 min. The suture was then
removed to restore blood flow. Cerebral blood flow was monitored throughout surgery by
laser Doppler flowmetry. Body temperature was maintained at 37°C with a thermostat-

controlled heating pad.

Infarct evaluation: To visualize the region of infarction, 6 x 1 mm coronal midsections
were placed in 1.5% 2,3,5 triphenyltetrazolium chloride (TTC) in 0.9% phosphate
buffered saline and stained at 37°C for 15 min ***. The infarct size was determined from
computer-scanned images of the hemispheres using NIH images analyses. To account for
edema within the infarct region, infarct area for each section was computed indirectly as:
100 x (contralateral hemisphere area - area of live tissue on ipsilateral

hemisphere)/(contralateral hemisphere area) *°.

Electrophoretic Mobility Shift Assay: Nuclear protein extracts were prepared from tissue
dissected from the ipsilateral cortex. Homogenized tissue was incubated in Buffer A
(10mM Hepes-KOH pH7.9, 60mM KCI, ImM EDTA, 1mM DTT, 1mM PMSF) for 5
minutes on ice, centrifuged at 3000 rpm for 5 minutes at 4°C, and the supernatant saved
as cytoplasmic extract. Pellets were washed once in Buffer B (10mM Hepes-KOH pH7.9,
60mM KCI, ImM EDTA, 0.5%NP-40, 1ImM Dtt, ImM PMSF), then resuspended in
Buffer C(250mM Tris pH7.8, 60mM KCI, ImM DTT, 1mM PMSF), and freeze-thawed 3
times in liquid nitrogen. All buffers contained a protease inhibitor cocktail (Roche). After
cenTRIFuging at 10,000 rpm for 10 min at 4°C, supernatant was saved as nuclear extract.

Nuclear protein concentrations were determined using the BCA method (Pierce-
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Endogen). Electrophoretic mobility shift assays were performed using the Promega Gel
Shift Assay System according to the manufacturer’s instructions. Briefly, 15ug of nuclear
protein was incubated with *’P-labeled NFxB consensus oligonucleotide (Promega),
either with or without unlabeled competitor oligonucleotide, unlabeled non-competitor
oligonucleotide, or anti-p65 antibody (Santa Cruz). Samples were electrophoresed on a
4% acrylamide gel, dried and exposed to phosphorimager overnight. The densitometry of

the gel bands was analyzed using scanning integrated optical density software (ImageJ).

Western Blotting: Protein extraction was performed as described previously *2° with some
modifications. Briefly, tissue samples were dissected from the ipsilateral cortex and lysed
in a buffer containing a protease inhibitor cocktail (Roche). Protein concentration were
determined using the BCA method (Pierce-Endogen). Protein samples (50ug) were
denatured in a gel-loading buffer (Bio-Rad Laboratories) at 100°C for 5 min and then
loaded onto 12% Bis-Tris polyacrylamide gels (Bio-Rad Laboratories). Following
electrophoresis, proteins were transferred to polyvinylodene difluoride membranes (Bio-
Rad Laboratories) and incubated with primary antibodies at 4°C overnight. Membranes
were then incubated with anti-rabbit, anti-goat, or anti-mouse IgG antibody conjugated to
horseradish peroxidase (Santa Cruz Biotechnology) and detected by chemiluminescence
(NEN Life Science Products) and exposure to Kodak film (Biomax). Images were
captured using an Epson scanner and the densitometry of the gel bands, including actin-

beta as a loading control, was analyzed using ImageJ.
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Figure 5.1. TLR4 knockout mice incur significantly smaller infarcts than wild-type

mice in a dose dependent manner. TLR4 knockout mice and wild-type counterparts
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were subjected to MCAO of 40, 50, or 60 min duration. Infarct volume was determined
24 hrs following MCAO by TTC staining. Values are group means + SEM; an overall

effect of genotype was detected by two way ANOVA; *p<0.05 comparison to wild-type

controls by Students T test
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Figure 5.2. TLR3 knockout mice incur significantly larger infarcts than wild-type
mice. TLR3 knockout mice and wild-type controls were subjected to 40 min MCAO.
Infarct volume was determined 24 hrs following MCAO by TTC staining. Values are

group means + SEM; *p<0.05 comparison to wild-type controls by Students T test.
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Figure 5.3. TRIF knockout mice incur infarcts of similar size to wild-type mice.
MyD88 knockout mice and wild-type controls were subjected to 40 min MCAQO. Infarct

volume was determined 24 hrs following MCAOQO by TTC staining. Values are group

means + SEM.
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Figure 5.4. MyD88 knockout mice incur infarcts of similar size to wild-type mice.
MyD88 knockout mice and wild-type controls were subjected to 40 min MCAO. Infarct

volume was determined 24 hrs following MCAO by TTC staining. Values are group

means + SEM.
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Figure 5.5. Stroke increases the DNA-binding activity of NFkBp65 in the brain. Gel

shift assays were performed on nuclear protein isolated from ipsilateral cortex at various
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times following stroke. Stroke significantly increased the binding activity of NF«xB within

the brain after 24 hours. B. Representative image of a supershift assay revealing the

activity of the NF«kBp65 subunit following LPS administration and following MCAO.

DNA binding activities were assessed by phosphorimage intensity and are reported here

as fold change over saline; n=3-4 / treatment / time; *p<0.05 by Students T test.
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Figure 5.6. The endogenous response to stroke includes inhibition of NFkB-inducing
pathway 24 hours after ischemia. A. Western blot analysis of total protein isolated from
ipsilateral cortices following MCAO indicates the up-regulation of IRAK-M 24 hours
after stroke in control animals. B. MyD88 protein is suppressed 24 hrs after stroke in
control animals. N=3-4 /treatment /time; data shown are average band intensities relative
to unhandled control; * = difference from unhandled control, **p<0.001.
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Figure 5.7. Systemic LPS administration increases NFkB activity in the brain prior

to stroke, and decreases NFkB activity following stroke. A. Gel shift assays were
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performed on nuclear protein isolated from ipsilateral cortex at various times following
LPS or saline administration. LPS significantly increased the binding activity of NFkB 24
and 72 hours after administration. B. LPS preconditioning inhibited stroke-induced NFxB
DNA binding activity 24 hours after MCAQO. DNA binding activities were assessed by
phosphorimage intensity and are reported here as fold change over saline; n=3-4 /

treatment / time; *p<0.05 by Students T test.
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Figure 5.8. LPS preconditioning causes an early up-regulation of MyD88 pathway
inhibitors. A. Western blot analysis of total protein isolated from ipsilateral cortices
following MCAO indicates the up-regulation of Ship-1 3 and 24 hours after stroke in LPS
pretreated animals. B. LPS preconditioning causes the early up-regulation of Tollip
following MCAOQO. N=3-4 /treatment /time; data shown are average band intensities
relative to unhandled control; * = difference from saline, * = difference from unhandled

control, *p<0.05, ***p<0.01, *****p<0.00
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Figure 5.9. LPS preconditioning does not protect TLR4 knockout mice from
cerebral ischemic injury. TLR4 knockout mice and wild-type controls were
administered LPS (1mg/km) or saline, i.p., 72 hours prior to 40 minute MCAO. Infarct
volume was determined 24 hrs following MCAOQO by TTC staining. Values are group

means + SEM. *p<0.05 by two way ANOVA.
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Figure 5.10. LPS preconditioning protects MyD88 knockout mice from stroke
injury. MyD88 knockout mice and wild-type controls were administered LPS (1mg/km)
or saline, i.p., 72 hours prior to 40 minute MCAO. Infarct volume was determined 24 hrs
following MCAO by TTC staining. Values are group means + SEM. An overall effect of

treatment was assessed by two way ANOVA, *p<0.05 by Students T test.
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Figure 5.11. LPS preconditioning does not protect TRIF knockout mice from
cerebral ischemic injury. TRIF knockout mice and wild-type controls were
administered LPS (1mg/km) or saline, i.p., 72 hours prior to 40 minute MCAO. Infarct
volume was determined 24 hrs following MCAO by TTC staining. Values are group

means + SEM. *p<0.05 by Students T test.

Chapter 6

Summary, Conclusions and Prospectives
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Summary and conclusions

The studies presented in this thesis demonstrate that preconditioning the brain with TLR
ligands reprograms the endogenous response to stroke. Such reprogramming entails a
redirection of stroke-induced TLR signaling that transforms the response of these
receptors from one that increases cell death to one that actively protects the brain from
further injury. Although TLR4 and TLR9 are expressed by different sets of cells,
stimulation of these receptors with LPS and CpG, respectively, appears to reprogram the
brain in parallel ways. Each ligand protects the brain for a similar time interval following
administration and each requires the proinflammatory cytokine TNFo for its protective
effects. Intriguingly, both LPS and CpG preconditioning induce I1SG expression in the
brain following the ischemic event. IFNp is the most well characterized inducer of I1SGs.
The neuroprotective potential of ISG activation is demonstrated by the fact that i.c.v.
administration of IFNf protects the brain from stroke injury. Hence, the final effectors of

TLR-induced neuroprotection are likely ISGs within the brain. However, the molecular
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mechanisms by which these ISGs are induced may depend upon the TLR involved in

preconditioning.

LPS preconditioning mirrors the brain’s endogenous response to stroke, but it induces
this response early after stroke, thereby preventing much of the damaging early
inflammatory response. Ischemic stroke, without preconditioning, causes the release of
molecules that stimulate TLR4, which signals through TRIF to activate NFxB. Activation
of NFkB following stroke worsens ischemic damage by producing inflammatory
mediators and initiating early inflammatory responses. Subsequently, anti-inflammatory
molecules are produced to control the inflammatory response. These molecules dampen
further TLR signaling to NF«xB and increase TLR signaling to IRF3. LPS preconditioning
induces the same sequence of events, but is timed such that the anti-inflammatory
molecules are present at the time of stroke. In this manner, TLR signaling to NF«B at the
time of stroke is blocked, and signaling to IRF3 is increased, constituting a redirection of
stroke-induced TLR signaling. The redirected response is evidenced by a suppression of
stroke-induced NFkB activity and an increase in IRF3-mediated transcription. Both

aspects of redirected signaling have neuroprotective potential.

CpG preconditioning may induce a different series of events that also lead to a redirection
of stroke-induced TLR signaling and an increase in Type | IFN gene expression in the
brain. Systemic CpG administration stimulates TLR9 on natural killer (NK) cells. NK
cells then redirect subsequent TLR signaling and respond to stroke-induced TLR ligands

by increasing signaling to IRF3. IRF3 activity increases NK cell responsiveness to 1L-12,
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thereby increasing NK cell feedback to pDCs. Activated pDCs are potent producers of
IFNa, which can cross the compromised BBB after stroke and affect a Type | IFN
transcriptional response. It thus appears that LPS and CpG cause a redirection in stroke-
induced TLR signaling, in the brain and in the periphery, respectively. This new
response leads to the generation of a protective Type | IFN transcriptional profile in the

brain following stroke which constitutes a reprogrammed response to cerebral ischemia.

These results advance the hypothesis that redirection of stroke-induced TLR signaling
plays an important role in driving the reprogrammed response to stroke following TLR
preconditioning. The reprogrammed response may be responsible for the neuroprotective
effects of TLR preconditioning. These findings provide a strong foundation for future

investigation of TLR ligands as stroke prophylactics.
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Figure 6.1 LPS preconditioning
redirects stroke-induced TLR
signaling. A. Systemic administration

of LPS induces TNFa, which is

required for neuroprotection. TNFao.

may allow LPS to bind to endothelial
cells. B. Stimulation of TLR4 on endothelial cells causes the up-regulation of inhibitors
of NFxB-inducing pathways at the time of stroke or early thereafter. C. NFkB-inducing
pathways are inhibited following stroke and IRF3-inducing pathways are enhanced,

leading to an up-regulation of Type | IFN-associated genes.
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Figure 6.2 CpG preconditioning redirects stroke-induced TLR signaling. A.
Systemic administration of CpG induces TNFa, which is required for neuroprotection.
TNFa may allow CpG to bind to or activate effector cells. B. Stimulation of TLR4 on
NK cells causes the up-regulation of inhibitors of NFkB-inducing pathways at the time of
stroke or early thereafter. C. NFxB-inducing pathways are inhibited following stroke and
IRF3-inducing pathways are enhanced, leading to the up-regulation of IL-12R and the
enhancement of NK cell activity. D. Activated NK cells prompt IFNo production by
pDCs. Following stroke, IFNo may be able to cross the BBB and induce the production
of Type | IFN-associated genes from astrocytes and microglia.

1. Multiple TLR ligands can precondition the brain and protect it from ischemic

injury

An effective response to pathogen invasion requires the detection of microbes and the
coordination of an appropriate inflammatory response. TLRs perform both of these

functions. The extracellular domain of plasma membrane TLRs and the intraluminal
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domain of endocytic TLRs detect pathogen-associated molecules and the cytoplasmic
domains of these receptors react by initiating intracellular signaling pathways. The
cytoplasmic structures of these molecules are very similar in that each contains the
Toll/IL-1 Receptor (TIR) domain. It appears that, evolutionarily, TLR extracellular and
intraluminal domains have differentiated to detect multiple pathogens while the
cytoplasmic domains have remained largely identical. This allows each TLR to signal
through a similar intracellular pathway. In this manner the TLR family is able to detect a
wide range of pathogenic molecules and launch similar, though not identical,

inflammatory responses.

Similarities among TLR signaling pathways are evidenced by the fact that primary
stimulation of many TLRs results in an inflammatory state, characterized by the
production of cytokines and chemokines, followed by a state of tolerance to subsequent
activation. For example, priming of TLR2, TLR4, TLRS5, or TLR9 with their respective
ligands causes macrophages to produce TNFa, IL-13 and CXCLS8. For a short time
thereafter, macrophages then become hypo-responsive to subsequent stimulation of these
receptors. In this state of self-tolerance, many of the pro-inflammatory cytokines and
cytotoxic mediators that are normally elicited by TLR activation fail to be induced by a
second exposure to the TLR ligand °* '*'%°  Cross-tolerance between two different
receptors has also been reported, as ligands for TLR2, TLR5 and TLR9 induce tolerance

against a subsequent exposure to LPS®3 94 123125,
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Similarities in the signaling pathways initiated by TLRs and in their ability to induce self-
and cross-tolerance suggested that TLRs other than TLR4 may also induce tolerance to
brain ischemia. Activation of TLR9 by CpG ODNs increases serum levels of TNFa, an
essential mediator of LPS-induced neuroprotection ** '8 CpG ODNs are currently
approved for human trials as vaccines and cancer immunotherapies, which makes them
particularly well suited for development as stroke prophylactics. For these reasons, CpG

was the next TLR ligand to be examined for its preconditioning potential.

Assessment of the neuroprotective potential of CpG ODNs began by determining if
pretreatment of primary murine cortical cell cultures would protect them from a transient
exposure to oxygen and glucose deprivation (OGD). OGD is a cell culture model of
cerebral ischemia that allowed us to decipher the direct effects of CpG on brain cells
without in vivo factors such as the BBB or systemic cytokines that could potentially
confound our results. Pretreatment with CpG significantly protected cortical cells from
OGD-induced cell death (Figure 2.1A). Concurrent administration of the TLR9 specific
antagonist ODN2088 blocked this protection, verifying the requirement for TLR9 in
CpG-induced neuroprotection (Figure 2.1B). TLR9 is expressed by murine microglia and
astrocytes %22 hence it is likely these cells that mediate the protective effects of CpG

preconditioning in vitro.

One advantage of LPS preconditioning over other preconditioning strategies is that LPS

can be administered systemically, providing a more convenient therapeutic option for

patients. It was therefore determined whether systemically administered CpG might also
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confer protection against cerebral ischemia in a mouse model of stroke. CpG conferred
protection when administered through several different systemic routes, including
intraperitoneal, subcutaneous, and intranasal routes (Figure Al). Our LPS studies have
taken advantage of intraperitoneal administration, thus this route of administration was
used to further characterize CpG-induced protection. Intraperitoneal injection of CpG
protected animals against subsequent stroke injury in a dose- and time- dependent
manner. Twenty and forty micrograms (0.8-1.6mg/kg) of CpG conferred significant
protection when MCAQ was performed within 1 day of CpG administration (Figure 2.2).
The neuroprotective effect remained evident when MCAO was performed within 3 days
but diminished by 7 days. Fourteen days after administration, the protective effect of
CpG administration was completely gone (Figure 2.3). Notably, this is a similar time
window to that in which LPS administration confers protection. Together, these studies
demonstrate that CpG ODNs have substantial potential for translational development as

stroke prophylactic therapy.

The observation that CpG and LPS provide robust neuroprotection over similar time
windows supports the notion that the two TLR agonists confer protection through similar
mechanisms. | therefore postulated that, as for LPS, protection afforded by CpG
preconditioning requires the activation of TNFa. Serum levels of TNFo were
significantly increased 1 hour after i.p. administration of CpG or LPS, but CpG induced
substantially less TNFa than LPS (Figure 2.5). Nevertheless, animals lacking TNFo were
not protected by CpG preconditioning. Hence, neuroprotection conferred by CpG

preconditioning requires TNFa. The required role for TNFo in the context of LPS
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preconditioning has been shown to occur between the time of LPS administration and the
time of MCAO. Inhibition of TNFa either systemically or within the brain during this
time interval abolishes the protective effects of LPS pretreatment " ®. It is not clear why
TNFa is required during this time window, but several possibilities exist and each may
provide insight into the required role of TNFa in CpG-induced protection. One reason
why TNFo might be required is that it helps endothelial cells detect and respond to LPS
in the plasma. Systemic TNFo induces an “acute phase response” from the liver, during
which time anti-pathogenic proteins are released into the plasma. Two such proteins are
LPS binding protein (LBP) and soluble CD14 (sCD14). LBP binds to LPS in the plasma
and delivers it to the TLR4 receptor complex, which, on endothelial cells, requires
sCD14. In this manner, TNFa allows endothelial cells to detect and respond to LPS. As
cerebral endothelial cells lie at the interface between the blood and the brain parenchyma,
it may be these cells that transmit the neuroprotective effects of LPS preconditioning.
CpG may have a similar need for acute phase proteins to deliver it to the cerebral
endothelium. Another potential reason for the requirement of TNFa is that it may allow
LPS and CpG to cross the BBB. TNFa has been shown to disrupt the BBB through
activation of TNFR1 *’. TNFR1 causes endothelial cells to constrict thereby disrupting
the tight junctions between them. This would give both LPS and CpG direct access to
cells within the brain itself. Finally, TNFa might be required as a preconditioning agent
in its own right. TNFa pretreatment has been shown to provide significant protection
against subsequent stroke **. Therefore, the possibility exists that LPS and CpG act as

TNFa-inducing agents, and that TNFa itself is the neuroprotective mediator.
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My primary hypothesis is that prior treatment with TLR agonists confers ischemic
tolerance in the same manner that they confer endotoxin tolerance, by redirecting

subsequent TLR signaling. | thus postulated that CpG pretreatment would not protect
mice lacking TLRA4. | found, however, that these mice display significant protection when
preconditioned with CpG (Figure A2). This critical observation reveals two key pieces of
information regarding CpG preconditioning. The first is that the effects of CpG
preconditioning are not due to endotoxin contamination of CpG ODNs. Endotoxin
contamination has been suggested to be a confounding factor in several studies of

endogenous TLR4 ligands **

, and our finding refutes this possibility in our system. The
second key point is that CpG —induced ischemic tolerance does not require the activity of
TLRA4. 1t is clear that, in the context of endotoxin tolerance, CpG pretreatment redirects
TLR4 such that subsequent signaling through the TLR4-NFxB pathway is suppressed
and signaling through the TLR4-IRF3 pathway is enhanced. While this same redirection
may occur in the context of cerebral ischemia, it is not required for protection. MyD88-
NFxB signaling occurs downstream of TLR2 and the IL-1 receptor by way of these
receptors’ cytoplasmic TIR domains. TLR2 exacerbates ischemic injury, as TLR2
knockout mice demonstrate smaller infarcts than wild-type controls. Similarly, IL-1R
worsens ischemic injury. IL-13, which activates this receptor, has been shown to play a
detrimental role in cerebral ischemia; mice lacking IL-1B have smaller infarcts than wild-
type mice and inhibition of the receptor through administration of IL-1 Receptor

Antagonist (IL1Ra) reduces infarct size. Hence CpG may afford protection by

suppressing MyD88- NFkB signaling downstream of TLR2 and IL-1R. Notably, this
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possibility does not negate a role for TLR4 in CpG-induced neuroprotection, but suggests

that such a role may be minor in comparison.

In addition to CpG, other TLR ligands offer promise as agents of stroke prophylaxis.
Poly(I:C) mimics dsRNA and is a synthetic ligand of TLR3. Among the TLR family,
TLR3 is the only member that does not signal through MyD88 but instead signals
exclusively through TRIF. It follows that pretreatment of macrophage with poly(l:C)
does not induce cross-tolerance to LPS %, presumably because it does not up-regulate
negative feedback inhibitors of NFxB-inducing pathways (notably, pretreatment with
poly(l:C) causes an increase in 1L-12 production upon subsequent TLR4 stimulation®).
However, stimulation of TLR3 with poly(l:C) results, through TRIF-dependent signaling,
in a significant up-regulation of the neuroprotective cytokine IFN. | therefore postulated
that pre-exposure to poly(l:C) would protect animals against cerebral ischemic injury.
Indeed, systemic administration of poly(l:C) up-regulated serum levels of IFNf and

protected the brain against stroke damage in a dose-dependent manner when administered

72 hours prior to MCAO (Figure A3).

Of all of the TLRs, TLR3 has the most promise as a mediator of acute neuroprotection.
Stimulation of astrocytes with poly(I:C) causes these cells to express multiple
neuroprotective factors, including brain-derived neurotrophic factor, neurotrophin 4,
pleiotrophin, ephrin type B receptor and TGFp2. Poly(l:C)-conditioned media from these
cultures increases neuronal survival and suppresses astrocyte growth in human brain slice

cultures®”, further supporting a neuroprotective role for TLR3-mediated TRIF signaling
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in the brain. | therefore postulated that acute administration of poly(l:C), by inducing the
immediate production of neuroprotective factors by astrocytes, would also protect against
cerebral ischemic damage. However, i.p. administration of poly(1:C) 30 minutes before or
after MCAO failed to protect animals from injury (Figure A4). Systemically administered
poly(1:C) may not cross the BBB, hence it may not have direct access to astrocytes within
the brain parenchyma. My data indicate that systemic administration of poly(l:C) may be
another powerful means of preconditioning the brain from subsequent ischemic injury
and not a means of acutely providing protection. The possibility exists, however, that
administration of poly(l:C) i.c.v. at the time of stroke would, by bypassing the BBB,
directly stimulate astrocytes to produce the aforementioned neuroprotective molecules.
This route may afford immediate protection that systemic administration does not. This
highlights the importance of examining the timing and route of administration in both the
development of therapeutics and in deciphering the mechanisms of TLR-induced

ischemic tolerance.

In conclusion, | have shown that preconditioning with a number of TLR ligands can
protect the brain from ischemic injury. As such, TLRs are proving to be a rich source of
therapeutic targets in the search for stroke prophylactics. However, the mechanisms by
which these diverse receptors provide protection remain unclear. Stimulation of both
MyD88-dependent (TLR9) and MyD88-independent (TLR3) receptors precondition the
brain to tolerate ischemic injury, as does stimulation of plasma membrane receptors
(TLR4) and endocytic receptors (TLR3 and TLR9). These receptors are expressed by

multiple cell types and respond to stimulation by generating a diverse cytokine response
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dominated by TNFo (TLR4), IFNB (TLR3) and IFNa (TLR9). Despite these differences,
one characteristic common to these three receptors is the ability to change the cellular
response to subsequent TLR stimulation. This powerful ability may form the basis of a
common mechanism by which TLR ligands induce ischemic tolerance. Pretreatment of
macrophages with TLR ligands decreases TNFo generation upon subsequent stimulation
of TLR2 or TLR4 % and increases IFNB generation upon subsequent stimulation of
TLR3 or TLR4 . Similarly, preconditioning with TLR ligands may decrease TNFo
generation upon subsequent stimulation of TLR2 or TLR4 and increase IFN[} generation
upon subsequent stimulation of TLR3 or TLR4 with stroke-induced ligands. Either of
these cytokine changes would be expected to protect the brain from damage. | have
shown that CpG does not require TLR4 for its protective effects although LPS does
(Figures 5.9 and A2). This finding, and the studies described above, suggest that stroke-
induced signaling from other TLRs may be altered by CpG preconditioning. For
example, redirected TLR signaling may change the brain’s transcriptional response to
stroke by suppressing NFkB activity downstream of TLR2 and increasing IRF3 activity
downstream of TLR3. Hence, preconditioning with LPS, CpG, or poly(l:C) may all lead
to neuroprotection by redirecting TLR signaling thereby reprogramming the

transcriptional response to stroke.
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A. Initiation phase

TNFa

Allows LPS, CpG,
and Poly(l:C) access
to effector cells

B. Reprogramming phase

C. Effector phase
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Figure 6.3 Multiple TLR ligands
may protect the brain by
redirecting stroke-induced TLR
signaling. A. LPS and CpG (and
potentially poly(1:C)) require TNFa
for their neuroprotective effect.
TNFo may give these molecules
access to effector cells. B. TLR
ligands induce self- and cross-
tolerance to subsequent TLR
stimulation. C. Tolerant cells
suppress subsequent signaling to
NFxB and increase signaling to

IRF3.

2. TLR preconditioning reprograms the endogenous response to stroke
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Reprogramming is defined as a change in the cellular environment that results in a novel
genomic response to a known stimulus. In the context of preconditioning, reprogramming
has been described as up-regulation of distinct gene sets by ischemia following
preconditioning. Genomic reprogramming may be a common strategy by which all
preconditioning stimuli confer neuroprotection. It has been postulated that, although each
preconditioning stimulus leads to gene up-regulation following stroke, the identities of
the up-regulated genes differ from one stimulus to another. As such, the phenotype of
neuroprotection may be expressly tailored by the nature of the preconditioning stimulus
%5 For example, preconditioning events that deprive the brain of oxygen or glucose for a
short time lead to the up-regulation of gene sets associated with energy conservation and
mitochondrial integrity following the injurious ischemic episode *** ***. Preconditioning
with TLR ligands induces a small inflammatory response prior to the ischemic event "%
82.83 pretreatment with these ligands would thus be expected to cause an up-regulation of

genes involved in inflammation and defense, evincing a reprogrammed response to

stroke.

CpG and LPS have both been shown to reprogram the cellular response to subsequent
TLR stimulation. In this context, CpG and LPS alter the genomic response to subsequent
TLR3 and TLR4 stimulation, causing an up-regulation of Type | IFN-associated
molecules *. As CpG and LPS are administered systemically and have neuroprotective

effects on the brain, I hypothesized that systemic TLR preconditioning would reprogram
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both brain cells and blood leukocytes, resulting in an up-regulation of Type | IFN-

associated signaling following stroke.

2.1 TLR preconditioning reprograms the brain’s endogenous response to stroke

Comparison of the brain’s transcriptional response to stroke in the context of either CpG
or LPS preconditioning revealed that each induced a similar pattern of gene regulation
following stroke. Microarray analysis of ischemic brain tissue demonstrated that 223
genes differed between CpG pretreated animals and saline controls 24 hours after MCAO
(Figure A5). Of these genes, greater than 60% were up-regulated. Similarly, 176 genes
differed between LPS pretreated animals and saline controls at this time, and 90% of
these genes were up-regulated (Figures 4.1, 4.2). Systemic administration of these TLR
ligands induces novel responses to stroke that are characterized by up-regulated gene
expression 24 hours following the ischemic event. Hence TLR preconditioning

reprograms the brain’s endogenous response to stroke.

Analysis of the reprogrammed response indicated that, in both CpG and LPS
preconditioned animals, many of the genes uniquely up-regulated in the brain 24 hours
after stroke were associated with Type | IFN signaling. Literature review revealed that
greater than 5% of the genes up-regulated by CpG preconditioning and greater than 20%
of the genes up-regulated by LPS preconditioning were associated with Type I IFNs. This
pattern suggested the presence of Type | IFNs within the brain following stroke.
Examination of the transcriptional regulatory elements (TREsS) within the promoter

regions of the up-regulated genes provided further evidence of IFN-associated
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transcription. Using the web-based PAINT program, over-represented TRES within the 2
clusters of up-regulated genes were identified. In those genes up-regulated by CpG
preconditioning, four TREs were identified as over-represented—IRF, IRF8, ISRE, and
HMG 1Y (Figure 3.2). Each of these TREs is associated with Type | IFN-related
transcription. The IRF identifier encompasses regulatory sequences associated with the
transcription factors IRF 1-8. ISRE denotes the regulatory element recognized by the
transcriptional regulators IRF3 and ISGF3. The IRF8 TRE is recognized by the
transcription factor IRF8, which has been reported to magnify IFN transcription in
dendritic cells **. Finally, HMG 1Y is the DNA binding site of a high mobility group
protein that stabilized the IFNB enhanceosome resulting in increased transcription *%.
These regulatory elements were found in 80% of the genes for which 5’-sequence was
available for analysis. In those genes up-regulated by LPS preconditioning, 5 of the 14
over-represented TREs were IFN-associated—IRF8, ISRE, 2 versions of IRF, and IRF7
(Figure 4.3). IRF7 denotes the DNA cis-element to which the IRF7 transcription factor
binds. These regulatory elements were found in 50% of the genes for which 5’ sequence
was available for analysis. Hence, TLR preconditioning reprograms the brain’s response
to stroke by causing the up-regulation of Type | IFN-associated genes after the ischemic

event.

2.2 TLR preconditioning reprograms the endogenous systemic response to stroke
Systemic administration of TLR ligands not only has the potential to reprogram the
brain’s response to stroke, but also has the potential to reprogram the peripheral response

to stroke. The endogenous peripheral response to stroke is a profound
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immunosuppression that puts patients at risk for post-stroke infection. Stroke-induced
immune dysfunction has been recognized in clinical settings for over 30 years—
infectious complications are reported in 12-24% of patients within the first days after

stroke 197200,

Experimental stroke models have revealed the cause of this
immunosuppression to be a profound lymphopenia that occurs as early as 12 hours
following ischemia and persists for at least 5 days “**. T cells, B cells, and NK cells all
undergo extensive apoptosis within lymphatic organs, resulting in diminished cell
numbers both in the spleen and in the blood . Replenishment of T and NK cells
provides protection against post-MCAO infection, emphasizing the importance of
normalized immune responses in the post stroke habitus. Intriguingly, CpG has been
shown to activate both T cells and NK cells via IL-12 and Type | IFNs secreted from

TLR9-expressing cells 2% 203

. This observation invites the possibility that CpG
preconditioning may act to counter stroke-induced immunosuppression and maintain
systemic immune integrity following stroke. Thus, CpG preconditioning may change the
systemic response to stroke by reprogramming peripheral leukocytes. Such a

reprogramming would be expected to mitigate stroke-induced immunosuppression.

The potential for TLR preconditioning to reprogram the systemic response to stroke was
assessed by analyzing the transcriptional profile of peripheral leukocytes following
stroke. Microarray analysis detected 422 gene differentially expressed between CpG and
saline pretreated mice 24 hours after MCAO (Figure A6). Of these genes, greater than
60% were up-regulated. Hence CpG pretreatment induces a novel systemic response to

stroke characterized by a pattern of uniquely up-regulated gene expression 24 hours
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following the ischemic event. To better understand the distinctive components of this
unique systemic genomic response, those genes up-regulated 24 hours following
ischemia in CpG pretreated animals were analyzed. Literature review revealed that
approximately 10% of the up-regulated genes were associated with NK cells. This
observation was supported by analysis of over-represented TREs in this gene cluster. Via
PAINT analysis, a single TRE, GATA-3, was identified as over-represented within this
cluster (Figure 3.2). GATA-3 denotes the DNA cis-element to which the GATA-3
transcription factor binds. This transcription factor is required for NK cell development
and was found in 50% of the genes for which 5’ sequence was available for analysis.
Moreover, serum levels of the NK cell stimulatory factor IL-12 were up-regulated
following stroke in preconditioned animals, further supporting the notion of enhanced
NK cell activity (Figure A7). Together, this data indicates that TLR preconditioning
reprograms the systemic response to stroke by leading to a relative increase in the

expression of NK-cell associated genes.

In addition to their known role in protecting against post-MCAO infection, NK cells may
also play a role in CpG-induced neuroprotection. NK cells are evolutionarily primitive
lymphocytes that distinguish self from non-self through the detection of MHC class |
receptors ubiquitously expressed on healthy cells. Cells that do not express MHC class |
receptors are killed by NK cells via contact-dependent pathways involving
perforin/granzyme, Fas/FasL, and TRAIL/TRAIL-ligand interactions. NK cells also

produce proinflammatory cytokines such as IFNy thereby activating other immune cells.
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In seeming contrast to their pro-inflammatory cytotoxic profile, NK cells play a major
role in restraining neuroinflammation. A number of researchers have demonstrated that
NK cells limit the severity of experimental autoimmune encephalomyelitis (EAE), an
animal model of multiple sclerosis (MS) ** 2% 2% The authors suggest that this
protective effect is due to both NK cell regulation of autoreactive T-cells and to the
directly neuroprotective actions of brain-infiltrating NK cells, which have been shown to
express brain derived neurotrophic factor, NT-2, and glial cell derived neurotrophic
factor *®. Notably, administration of CpG prior to EAE induction significantly reduces
disease severity ***?®. Hence, in EAE, and potentially in stroke, CpG-activated NK cells
limit neuroinflammation and protect neurons. CpG administration has also been shown to
inhibit inflammatory arthritis by stimulating NK cells, via IL-12 released from activated
DCs, to produce IFNy. Serum IFNy suppresses neutrophil infiltration into the inflamed
joint *°. Similarly, CpG may cause NK cells to produce IFNy and thereby prevent
neutrophil infiltration into the ischemic brain. Together, these data suggest that a CpG-
induced increase in NK cell activity may be neuroprotective in the context of cerebral

ischemia.

2.3 TLR preconditioning reprograms the brain and the blood by redirecting TLR
signaling

Preconditioning-induced reprogramming of brain cells and peripheral leukocytes may
occur by redirected TLR signaling both in the brain and the blood. In the brain, LPS
preconditioned animals demonstrate a significant up-regulation of IFN-associated genes

following stroke which, based our microarray data, is likely to be produced via the TLR-
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TRIF-IRF3 pathway. Several interferon-associated genes previously shown to be induced
by TRIF signaling, including Ifitl, Ifit3, and Oasl2, were found to be up-regulated 24
hours following stroke. Ifitl and Ifit3 are up-regulated following LPS treatment of
peritoneal macrophages from MyD88-deficient mice **. Similarly, Ifit2 and Oasl1, close
family members of the genes found on our array, are also up-regulated in these cells,
suggesting that these genes are all products of TRIF-dependent signaling. Together, this
data indicates that the LPS-induced Type I IFN “fingerprint” is generated downstream of
the TLR-TRIF-IRF3 signaling axis. This supports the concept of TLR reprogramming
within the brain and implicates increased TRIF-IRF3 signaling from TLR4 and/or TLR3,

the only two TLRs that utilize TRIF.

CpG preconditioning may reprogram the systemic response to stroke by redirecting
stroke-induced TLR signaling in leukocytes. NK cells express TLR2, TLR3, TLR4, and
TLR9, 2 2% and become hyporesponsive following exposure to LPS in vitro and in vivo
209. 210 "Hence, these cells can be directly stimulated by poly(I:C), LPS, and CpG, and
they can become tolerant to TLR stimulation. Tolerant cells respond to TLR4 stimulation
by signaling through the TRIF-IRF3 axis. IRF3 has been shown to increase IL-12
Receptor B1 (IL-12RB1) expression by NK cells. Redirected TLR signaling would
therefore cause NK cells to respond to stroke-induced TLR ligands by up-regulating IL-
12RB1. This would increase NK cell response to IL-12, amplifying it’s stimulating effect
and increasing the expression of the NK cell transcription factor GATA-3. Furthermore,
TNFa has been shown to be a significant contributor to NK cell activation by CpG,

which may explain its requirement for CpG-induced neuroprotection. These findings are
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consistent with the idea that, both within the brain and throughout the periphery, TLR
preconditioning reprograms the response to stroke by redirecting stroke-induced TLR

signaling toward the TRIF-IRF3 axis.
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LPS-induced effector phase- Reprogramming TLRs
in the brain leads to the up-regulation of Type |
IFN-associated genes following stoke

ISRE-, IRF-, IRF7-, IRF8-
regulated genes

Figure 6.4. LPS preconditioning reprograms cells within the brain. Reprogrammed
brain cells redirect stroke-induced TLR signaling towards an up-regulation of Type |

IFN-associated genes.
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Figure 6.5. CpG preconditioning reprograms cells within the periphery. A.
Reprogrammed NK cells may redirect stroke-induced TLR signaling towards an up-
regulation of IL-12. B. IL-12-activated NK cells prompt pDCs to produce IFNa, which
may cross the compromised BBB and initiate the production of Type | IFN-associated

genes.

159



3. TRIF and IRF3, but not IEN, are required for TLR-induced neuroprotection

Our microarray data contain compelling evidence of a preconditioning-induced switch in
TLR signaling following stroke that results in the up-regulation of Type | IFN-associated
genes. Both CpG and LPS preconditioning elicit this genomic response within the brain,
and these up-regulated transcripts compose a large portion of the genes differentially
regulated between preconditioned and control mice. This suggests that the switch toward
IFN-associated signaling may be neuroprotective and that 1SGs themselves may have a

role in protecting the brain from ischemic injury.

The potential for ISGs to confer neuroprotection is evidenced by the protective actions of
IFNB. In the context of cerebral ischemia, IFNB has been shown to stabilize the BBB **
192 “and to reduce cellular infiltration into brain regions damaged by stroke %. Systemic
administration of IFNf reduces tissue damage in rat and rabbit models of ischemic stroke
2425 It should be noted that systemic administration of IFNp failed to confer protection
in one model of cerebral ischemia ?**. The authors propose that their occlusion model
caused less disruption of the BBB and thus IFNJ was not able to reach the affected brain.
Hence, the presence of IFNP within the brain appears to be critical for its neuroprotection
functions. IFNp activates the ISGF3 transcription factor. ISGF3 binds to ISRE motifs
within the promoters of I1SGs, increasing their expression. It is reasonable to predict that

the protection afforded by IFNp is mediated by the ISGs it induces.
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The TLR-induced transcription factor IRF3 can also induce ISG expression. IRF3 binds
to several IFN-associated TREs, including ISRE and IRF. IRF3 binds to ISRE motifs
within the promoters of 1SGs, increasing their expression. Hence, similar to IFN(, IRF3
may afford neuroprotection by up-regulating ISGs within the brain. IRF3 also promotes
transcription by binding to IRF motifs. Importantly, IRF3 binds to several IRF motifs
within the IFNP promoter and is required for TLR-induced production of IFN. It thus
appears that IRF3 acts to kindle a Type | IFN genomic response by inducing transcription
of ISGs. IRF3 also up-regulates IFN{, which acts in an autocrine and paracrine manner to

amplify and spread the IFN response.

We hypothesized that the genomic IFN “fingerprint” was evidence of a protective Type |
IFN response within the brain following stroke in the context of preconditioning. IRF3
and IFNp, molecules downstream of redirected TLR signaling, both have the capacity to
elicit such a transcriptional response. As IFNB has known neuroprotective effects, we
began to test our hypothesis by examining the ability of IFN( to mediated TLR-induced
ischemic tolerance. We found that LPS preconditioning did not increase IFNf transcripts
within the brain following injection, but significantly increased transcript levels after
stroke (Figure 4.4A). This pattern is consistent with the idea that LPS pretreatment,
which itself does not induce IFNp, reprograms subsequent TLR signaling such that
stroke-induced ligands initiate signaling through TRIF-IRF3 and generate IFNB. We
found a different pattern of IFNP induction within the brains of CpG preconditioned
mice. Unlike LPS pretreated mice, CpG pretreated mice demonstrated an increase in

IFNp following injection, and no increase following stoke (Figure A8). The difference in
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IFNP induction between the two TLR ligands may be due to differences in the cell types
that express each TLR. Alternatively, it may be due to differences in the signaling
pathways initiated by each TLR. Nonetheless, both LPS and CpG preconditioning
induced IFN transcripts within the brain. We then tested whether this increase in IFN

might confer neuroprotection.

Mice lacking IFNJ incurred infarcts of similar size to wild type mice, suggesting that
endogenous IFNB does not protect the brain from ischemic injury (Figure 4.5A).
However, exogenous administration of IFNP i.c.v. at the time of stroke conferred
significant protection against ischemic damage, indicating that local up-regulation of this
cytokine may be neuroprotective (Figure 4.4B). Nevertheless, IFN was not required for
either LPS- or CpG-induced protection, as preconditioning with either TLR ligand
protected IFNB-deficient mice from stroke damage (Figures 4.5B and A9, respectively).
We concluded that IFNp is sufficient but not necessary for LPS- and CpG-induced

ischemic tolerance.

The above findings indicated that a Type | IFN-associated factor other than IFN3 might
be involved in effecting TLR-induced neuroprotection. | thus postulated that IRF3 might
be a critical mediator of preconditioning. | first tested whether IRF3 is involved in the
brain’s natural response to stroke. Mice lacking IRF3 incurred infarcts of similar size to
wild type mice, suggesting that IRF3 is not part of the brain’s endogenous response to

ischemia (Figure 4.6A). However, LPS preconditioning failed to protect IRF3-deficient
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mice from ischemic damage (Figure 4.6B). Hence IRF3 is necessary for the

neuroprotective effects of LPS preconditioning.

The neuroprotective function of IRF3 in the context of LPS preconditioning may lie in its
ability to up-regulate I1SGs. In this context, IRF3 induction of IFNf may act to amplify
ISRE-regulated gene expression, causing a feed-forward loop of ISG production. IRF3
alone is required for LPS-induced neuroprotection, suggesting that post-stroke activation
of IRF3 is sufficient to induce a protective response and does not require amplification
via IFNB. The up-regulation of IFNB we observed following stroke in LPS-
preconditioned animals may be an indicator of enhanced IRF3 activity and may afford an

ancillary means of neuroprotection.

CpG preconditioning did not up-regulate IFNp transcripts following stroke. As IRF3 is
required for IFNB transcription, this finding suggests that IRF3 activity may not be
increased following stroke in these animals. CpG may therefore utilize a different means
of generating protective 1SGs. We have shown that CpG preconditioning increases NK
cell-associated gene expression in blood leukocytes following stroke. The intricate
relationship between NK cells and IFN-producing plasmacytoid DCs (pDCs) has yet to
be worked out in detail, but recent studies suggest that cross-talk between these two cell
types plays a major role is shaping immune responses. Importantly, it has recently been
shown that NK cells promote the release of IFNa from pDCs in a CpG- or IL-12-
dependent manner *** %2, These studies indicate that pretreatment with CpG may activate

pDCs to produce IL-12, which activates NK cells that, in the continued presence of IL-
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12, feedback to induce IFNo generation from pDCs. Serum IFNa does not normally
cross the BBB. However, cerebral ischemia causes a transient loss of BBB function,
allowing molecules and cells into the brain that would otherwise not pass through. In this
manner, a systemic increase in IFNa following stroke could lead to an increase in this
cytokine within the brain and thus induce the brain-specific interferon “fingerprint”. IRF3
does not appear to be critical for the production of IFNa. However, as described earlier,
IRF3 activity may be required for full activation of NK cells by IL-12. | would thus posit

that CpG also requires IRF3 for its neuroprotective effects.

After establishing the requirement for IRF3 in LPS-induced ischemic tolerance, |
considered the pathways by which IRF3 might be activated following stroke in the
context of preconditioning. Several TLRs and other pattern-recognition receptors activate
IRF3, but only TLR3 and TLR4 activate this transcription factor through recruitment of
the TRIF adaptor molecule. | reasoned that, if redirected TLR4 signaling is responsible
for TLR-induced ischemic tolerance, mice lacking TRIF would not be protected by TLR
preconditioning. Mice lacking TRIF incurred infarcts of similar size to wild-type mice,
suggesting that endogenous TRIF-dependent signaling does not protect the brain from
ischemic injury (Figure 5.3). However, TRIF was required for LPS-induced
neuroprotection, as preconditioning with LPS did not protect TRIF-deficient mice from
stroke damage (Figure 5.11). As a counterpoint, MyD88 is not required for LPS-induced
neuroprotection, as preconditioning with LPS protects MyD88-deficient mice from
ischemic injury (Figure 5.10). | thus concluded that TRIF, but not MyD88, is necessary

for LPS-induced ischemic tolerance.

164



The induction of the interferon “fingerprint” following stroke in CpG preconditioned
animals may occur through the actions of IFNa, which does not appear to be generated
downstream of TRIF-IRF3 signaling. Instead, IFNa is primarily produced via MyD88-
IRF7 signaling. However, as described earlier, a switch in systemic TLR signaling may
be the basis of CpG-induced neuroprotection. | would thus posit that MyD88 and TRIF

are both required for CpG-induced ischemic tolerance.

The up-regulation of IFN and the generation of the interferon “fingerprint” in the brain
following stroke suggests that systemic administration of LPS reprograms cells within the
brain. TLR4 is widely expressed in the CNS *" 3 19 and many studies have shown that
peripheral LPS induces a pro-inflammatory response within the brain %% ¢* However, it
is unclear whether LPS crosses the BBB and/or if it induces peripheral cytokines which,
in turn, cross into the brain. Recent evidence suggests that systemic LPS elicits TLR4
signaling in the brain independent of peripheral cytokine responses 3" %2, However, other
researchers have failed to find LPS within the brain parenchyma following systemic

administration %

. Hence, LPS may or may not have direct access to the brain
parenchyma. What is clear is that LPS binds to cerebral endothelial cells 2* %, As these
cells form the border between the systemic circulation and the brain parenchyma, they are

in a position to integrate information from both compartments. Hence, LPS-induced

reprogramming of TLR signaling may occur within the cerebral endothelium.
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These studies constitute the first demonstration that direct, i.c.v. administration of IFN(
at the time of stroke confers ischemic protection and the first report of the
neuroprotective actions of IRF3 and TRIF. Based on the data presented within this thesis,
it is attractive to speculate that LPS preconditioning reprograms TLR signaling in the
brain and CpG preconditioning reprograms TLR signaling in systemic leukocytes.
Preconditioning with either TLR ligand leads to the up-regulation of ISGs within the
brain, and these ISGs appear to be effectors of neuroprotection. TLR ligands may thus
initiate different processes that have the same result—reprogramming of stroke-induced
TLR signaling that leads to neuroprotection. Such reprogramming events may exemplify
endogenous processes that protect the brain against further injury. By preconditioning
with TLR ligands, we may therapeutically induce these endogenous protective processes

early after ischemia, thereby preventing damage in the first place.
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Figure 6.6. Redirected TLR signaling. 1. TR3 and TLR4 signal through TRIF to the
non-canonical IKKs, IKK1 and TBK. 2. IKK activation leads to the nuclear translocation
of the IRF transcription factors. 3. IRF3 up-regulates transcription of Type | IFN-
associated genes, including IFNP by binding to the ISRE and IRF elements in their
promoters. 4. IFNJ binds to the IFNa3R in an autocrine and paracrine manner to activate
the transcription factor ISGF3. 5. ISGF3 binds to ISRE elements in gene promoters,

amplifying the production of Type | IFN-associated genes.
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4. The MyD88 signaling axis is suppressed early after stroke following LPS

preconditioning

Several pieces of evidence suggest that the detrimental effects of TLR4 signaling
following stroke occur through the TLR4-TRIF-NF«kB axis. First, signaling from TLR4
to NFxB exacerbates ischemic damage. C57BI/10ScN mice, which carry a large genomic
deletion encompassing the TLR4 gene, have significantly smaller infarcts than their wild-
type counterparts (Figure 5.1). This difference is “dose” dependent, as the TLR4
knockout mice have significantly smaller infarcts when MCAO lasts for 40 or 50 minutes
but have infarcts of similar size to wild-type mice when MCAO lasts for 60 minutes.
Conversely, mice lacking TLR3 incur significantly larger infarcts than wild-type mice.
TLR4 signals through two adaptor molecules—TRIF and MyD88—that result in the
activation of the transcription factors IRF3 and NFxB. TLR3 signals exclusively through
TRIF. Notably, mice lacking the TRIF adaptor molecule have infarcts of similar size to
wild-type mice, suggesting that the beneficial effects of TLR3-TRIF signaling following
stroke may be counterbalanced by the deleterious effect of TLR4-TRIF signaling. Mice
lacking IRF3 have infarcts of similar size to wild-type mice, suggesting that beneficial
TLR3-TRIF signaling following stroke may result in IRF7 activation rather than IRF3
activation. Similarly, that the detrimental effects of TLR4-TRIF signaling following
stroke may be due to NF«xB activity. It is known that mice lacking the p50 subunit of the
NF«B transcription factor suffer significantly smaller infarcts than wild-type mice and
that inhibition of NF«B at the time of stroke protects animals from injury %8, Thus,

TLRA4 signaling in response to stroke may occur either through the TRIF - NFkB axis.
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Part of the brain’s delayed response to stroke appears to be a redirection of TLR signaling
in an endogenous attempt to prevent further injury. 1 have shown that part of the
endogenous response to stroke is a suppression of the MyD88 protein within the brain 24
hours after ischemia and an increase in IRAK-M, a non-functional IRAK decoy, at the
same time (Figure 5.6). It is also at this time that a small increase in IFNf transcription
was detected in non-preconditioned brains. Together, these data indicate that part of the
endogenous response to stroke within the brain is a delayed attempt to suppress signaling

through the TLR-NF«B axis and to switch signaling toward the TLR-IRF3 axis.

Preconditioning with LPS elicited an early increase in IFNf (3 hours post MCAO) that
suggests preconditioning initiates this endogenous redirection early and thereby prevents
injury. In the context of endotoxin tolerance, the priming dose of LPS causes the up-
regulation of inhibitors of the MyD88-NF«B signaling axis. Those inhibitors are present
upon subsequent exposure to LPS, blocking signaling through this pathway. | postulated
that preconditioning with LPS similarly up-regulates inhibitors of the MyD88-NF«B
signaling axis within the brain that are present at the time of stroke. | further posited that
this early inhibitor induction, relative to the brain’s endogenous induction of inhibitors 24
hours after stroke, contributes to neuroprotection by blocking the deleterious arm of

TLR4 signaling following stroke.

To begin to examine the potential for LPS preconditioning to up-regulate inhibitors of

TLR-MyD88-NF«B signaling in the brain, | first determined if systemic administration
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of LPS could induce transcriptional changes within the brain, and during what time
window these changes might occur. | therefore assessed the activity of NFxB in the brain
after i.p. LPS administration. Systemic LPS injection significantly increased the DNA-
binding capacity of cortical NFkB as early as 24 hours after administration, and this
increase lasted out to 72 hours (Figure 5.7). Curiously, | found a significant decrease in
NF«B activity early (3 hours) after LPS administration. NFxB is a unique transcription
factor in that it up-regulates transcription of its own inhibitor, IxBo. Because of this,
NF«kB is known to have an oscillating pattern of activation, which may explain the
decreased activity observed at 3 hours. Although | examined NF«kB activity as early as 1
hour after LPS administration, | was unable to find an earlier increase in DNA binding
capacity that could cause an increase in IkBo and explain the 3-hour results. Hence LPS
may induce a very early increase in NFxB activity that initiates the observed oscillation

pattern.

Having determined that systemic LPS administration increased NF«kB activity within the
brain, | postulated that NFxB-induced inhibitors of the TLR-MyD88-NF«B signaling
axis might also be increased within the brain following LPS administration. Indeed, I
found that several such inhibitors were increased 72 hours after injection, that is, at the
time of MCAO (Figure 5.8). Among the up-regulated molecules were Ship-1, a
phosphatase that inhibits TLR4-MyD88 interaction %, Tollip, a kinase that binds MyD88
and the IRAK complex and inhibits NFkB activation **3, Socs-1, a suppressor of LPS-
induced NF«B activity 4, and p105, a non-canonical IxB protein. Ship-1, Tollip and

pl05 were also significantly up-regulated 24 hours after MCAO in preconditioned
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animals. Interestingly, MyD88 and IRAK-M, the two inhibitors endogenously regulated
following stroke in control animals, were not regulated following stroke in
preconditioned animals. Collectively these findings suggest that part of the brain’s
endogenous response to stroke is to suppress damaging TLR-MyD88-NF«B signaling 24
hours after ischemia by decreasing MyD88 and increasing IRAK-M. LPS
preconditioning causes an earlier up-regulation of a different set of inhibitors, namely
Ship-1, Tollip, Socs-1, and pl05 which may act to suppress TLR-MyD88-NF«xB
signaling at the time of stroke or early thereafter, thereby negating the need for

subsequent regulation of MyD88 and IRAK-M.

The effect of suppressing TLR-MyD88-NF«B signaling in the brain would be a decrease
in damaging NF«B activity following stroke. | first determined that stroke itself caused a
significant increase in NFkB DNA-binding activity 24 hours after the ischemic event. |
then found that LPS preconditioning significantly suppressed stroke-induced NFxB
activity (Figure 5.7). Together, these experiments indicate that LPS preconditioning
activates NFkB within the brain, causing the up-regulation of inhibitors of TLR-MyD88-
NF«xB signaling. These inhibitors are present at the time of the subsequent stroke, such
that stroke-induced NF«xB activity is suppressed. Given that suppression of NFkB during
cerebral ischemia has been shown to protect the brain from damage, it is reasonable to
posit that suppression of stoke-induced NFkB activity is one mechanism by which LPS

preconditioning confers neuroprotection.
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Suppression of MyD88-dependent pathways appears to be a theme in both the delayed
endogenous response to stroke and the early reprogrammed response to stroke. This
suggests that MyD88 may play a deleterious role in cerebral ischemic damage. | thus
postulated that mice lacking MyD88 would incur less damage following MCAO than
wild-type mice. | found, however, that MyD88 knockout mice incurred infarcts of similar
size to wild-type mice (Figure 5.4). This finding indicates that MyD88 either plays no
part in the endogenous response to stroke or that it has multiple functions that counteract

each other in this setting.

The results of this experiment are confounded by the fact that MyD88-dependent TLRs
are active within the developing brain and influence neurogenic stem cell development.
TLR2 and TLR4 are both expressed by these cells. Endogenous stimulation of TLR2 has
been shown to guide neurogenic stem cells toward a neuronal cell fate while endogenous
stimulation of TLR4 guides them towards an astrocytic cell fate *®. Deletion of MyD88
would abolish signaling from TLR2 completely, but might allow TLR4 signaling to
remain intact. In this scenario, neurogenic cells would be preferentially guided toward an
astrocytic fate. Hence, developmental MyD88 deficiency may lead to an over-abundance
of astrocytes within the brain. Astrocytes play a dual role in cerebral ischemia, clearing
extracellular glutamate when their ATP stores are high, and releasing glutamate into the
extracellular space when their ATP stores are low. During severe ischemia, a substantial
decrease in energy stores in the presence of increased astrocyte numbers may increase

excitotoxic cell death and worsen injury. This exacerbation of excitotoxic injury would
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be expected to counter the beneficial effects of MyD88 deficiency on stroke-induced

NF«B activity and may explain the above results.

CpG has been shown to induce tolerance to subsequent LPS by down-regulating IRAK-1
and up-regulating IRAK-M. Similarly, CpG preconditioning may cause an early up-
regulation of MyD88-NF«xB inhibitors. However, data presented earlier in this thesis
indicate that CpG pretreatment may redirect stroke-induced TLR signaling in blood
leukocytes rather that in brain cells. Hence, inhibitors of the TLR-MyD88-NF«xB
signaling axis would be expected to be up-regulated systemically following CpG

administration.

These studies constitute the first demonstration that the preconditioned brain induces
some of the same protective mechanisms that the non-preconditioned brain does, but
induces them at a critical, early time point. Together, these studies support a model in

! which is

which TLR preconditioning causes a small initial inflammatory response
followed by the up-regulation of inhibitors of that response, namely inhibitors of NF«kB-
inducing pathways. These inhibitors change the intracellular milieu such that
subsequently activated TLRs are unable to signal to NF«B. Instead, signaling is shunted
towards IRFs. Either of these changes has the potential to confer neuroprotection.
Suppression of NFkB activity has been shown to protect the brain from ischemic damage.
Similarly, activation of IRFs, and the subsequent generation of 1SGs, has the potential to

protect the brain in the same way that i.c.v. administration of IFN does. TLRs appear to

be unique preconditioning agents in that they not only suppress damage-inducing
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processes, but they up-regulate survival-inducing processes that actively protect the brain

following stroke.
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5. Reprogramming TLRs as a common neuroprotective mechanism

The brain has evolved numerous mechanisms that allow it to withstand the shortage of
energy and the oxidative stress caused by ischemia. This tolerant state can be induced
therapeutically by prior exposure to LPS or CpG, or by prior exposure to other non-
damaging (i.e., sub-threshold) noxious stimuli. For example, mild exposure to ischemia,
excitotoxic stimuli, or inflammatory mediators can precondition the brain to better
tolerate a subsequent injurious ischemic event. These mild preconditioning exposures
herald impending danger and, as such, induce endogenous protective strategies in

anticipation of injury.

Though the final outcome of tolerance induction is the same--protection of brain tissue
from ischemic injury—the effector mechanisms employed by the brain are as diverse as
the preconditioning stimuli that induce them. In fact, the phenotype of neuroprotection
may be specifically tailored by the nature of the preconditioning stimulus **. However,
there is evidence to suggest that reprogrammed TLR signaling may be involved in

shaping each of these distinct responses.

The first demonstration that a short period of oxygen deprivation could protect the brain
from a subsequent extended period of hypoxia occurred in 1943 #°. Since then, hundreds
of studies have been undertaken to better understand the underlying mechanisms of
“ischemic preconditioning.” Though several endogenously protective pathways are

induced by the initiating ischemic event, one particular theme is emerging—that of
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mitochondrial maintenance and energy conservation .

The priming ischemic episode
induces cellular pathways that protect mitochondria against stroke-induced deficits in the
electron transport chain #’. These pathways protect mitochondrial membrane potential
218 preserve mitochondrial cytochrome ¢ %, increase mitochondrial sequestration of Ca*
and increase Ca’-ATPase activity. The priming event also suppresses molecules that
regulate ion channels, leading to channel arrest—i.e. reduction in ion permeability
through the plasma membrane—that has been shown to reduce the amount of ATP
required to maintain ionic homeostasis *** #°. Finally, the preconditioning stimulus
suppresses the expression of genes involved in protein turnover, proteasomal

degradation, and energy metabolism ***. This decrease in the overall cellular metabolic

rate further limits the stressful effects of oxygen deprivation.

Several studies have shown that the priming ischemic event induces HSP70 within the

brain 2%

. In addition to its role in stabilizing protein structure, HSP70 acts as an
endogenous ligand of TLR4. In fact, extracellular HSP70 can induce tolerance to
endotoxin %2, Hence TLRs may be stimulated in the course of ischemic preconditioning,
resulting in a reprogrammed TLR response to subsequent injurious ischemia. One of the
molecular consequences of reprogrammed TLR signaling is an increase in IFNp.

Notably, IFN{ has been shown to aid in the maintenance of mitochondrial integrity. For

example, treatment of astrocytes with IFNP prevents neuronal mitochondrial respiratory

106 and mitigates IFNy induced nitric oxide synthase °%. Thus

chain damage
reprogrammed TLR signaling may help shape the phenotype of energy conservation in

ischemia-induced tolerance.
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The observation that a small inflammatory reaction could induce tolerance to brain
ischemia was first made by Nawashiro and colleagues (1997). The authors found that
intracisternal administration of TNFo protects the brain from subsequent ischemic
challenge '*%. This protection is correlated to a decrease in CD11b immunoreactivity,
suggesting a decrease in the inflammatory response to ischemia in the setting of
preconditioning. Consistent with this observation, TNFa pretreatment of astrocytes and
endothelial cells, through its signaling intermediate ceramide, produces a state of hypo-
responsiveness as pretreated cells fail to up-regulate ICAM-1 during subsequent hypoxia
224 The decrease in ICAM-1 does not reflect global transcriptional suppression, but is
instead evidence of a reprogrammed genomic response to stroke, as the hypoxia-induced
expression of cytoprotective MnSOD is not affected by preconditioning. This evidence
is supported by the observation that TNFo preconditioning prevents hypoxia-induced
phosphorylation of NFkBp65, thereby preventing its interaction with, and activation by,
p300. Taken together, these data indicate that pretreatment with TNFa reprograms the

cellular environment and hence alters inflammatory reactions in response to ischemia.

Just as TNFa can induce tolerance to subsequent ischemic exposure, it can induce

tolerance to subsequent LPS exposure %

. Hence TNFa preconditioning has the
potential to induce a state of cross-tolerance to TLR ligands, and thereby reprogram the
TLR response to stroke. IFNpB has been shown to cause many of the effects observed in

TNFa-induced ischemic tolerance, such as suppression of inflammatory cytokine

production, including TNFa itself, and reduction of cellular infiltration into ischemic
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brain regions #. Thus reprogrammed TLR signaling may help alter the inflammatory

response to stroke following TNFo preconditioning.

Together, these studies suggest that multiple preconditioning stimuli may cause a
reprogrammed TLR response to stroke. IFNp, produced secondary to this reprogrammed
response, may aid in maintaining energy stores and in dampening the inflammatory
responses to injurious ischemia. Assuming the protective effects IFN( are mediated by
the I1SGs it induces, then other ISG-inducing molecules, such as IRF3 and IFNa, may
also play critical roles in effecting neuroprotection in multiple models of

preconditioning.
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Prospective

The studies described within this thesis demonstrate an emerging role for TLRs in both
ischemic damage and ischemic prophylaxis. Clarification of the molecular mechanisms
that underlie TLR-induced neuroprotection has provided a powerful new paradigm for
stroke therapeutics. Within this paradigm, preconditioning causes the early induction of
endogenous protective mechanisms following stroke. These protective mechanisms
include a transformation of TLR signaling from one that worsens injury to one that

protects against it.

There is considerable potential for prophylactic ischemic treatment. Approximately 30%
of first-time stroke survivors will suffer from another stroke within their lifetime, and up
to 1% of all surgical patients will suffer from peri-operative strokes (reviewed in

reference 2%

). Systemic pretreatment of these patients, be it by repeated administration in
anticipation of an impending stroke or by a single acute treatment in preparation for
surgery, has the potential to improve the quality of life of thousands of high-risk patients

each year. By setting the stage for improved outcome, should an ischemic event occur,

TLR pretreatment offers a low-risk, high-benefit opportunity to combat cerebral ischemia.
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Additional Data Figures
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Figure Al. CpG conditions against ischemic injury via multiple routes of
administration. C57BI/6 mice received CpG or vehicle via either an i.p. injection,
subcutaneous injection (0.8mg/kg) or intranasal administration (3.2mg/kg) 72hr prior to
60min MCAO. Infarct volume was determined 24hr following MCAO by TTC staining.
Values are group means+SEM;*p<0.05,**p<0.005,***p<0.001 comparison to vehicle

controls
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Figure A2. CpG protects TLR4 knockout mice from ischemic damage.
C57BI/10ScSn (TLR4 wild-type) mice received CpG (1.6mg/kg) or vehicle 72hr prior to
40min MCAO. C57BI/10ScN (TLR4 knockout) mice received CpG (1.6mg/kg) or
vehicle 72hr prior to 50min MCAO. Infarct volume was determined 24hr following
MCAO by TTC staining. Values are group means+=SEM;*p<0.05 comparison to vehicle

controls.
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Figure A3. Poly (I:C) increases serum IFN in the blood and preconditions against
cerebral ischemic damage. A. IFNP ELISA analysis was performed on serum collected
2 hours following administration of either Poly(l:C) or saline. Results are presented as
pg/ml. N= 6-8 mice/group; data are group means + SEM. B. C57BI/6 mice received
Poly(l:C) or saline 72hr prior to 40min MCAO. Infarct volume was determined 72hr
following MCAOQO by TTC staining. N= 8-10 mice/group; data are group means+SEM,;

*p<0.05, **p<0.01, comparison to saline controls.

184



50+

40+ T

30+

20+

Percent infarct

10+

Saline 25ug Poly(I:C)

50+

40+

30+

20+

Percent infarct

104

Saline 25ug Poly(l:C)

Figure A4. Acute, systemic administration of Poly(l:C) does not protect against
cerebral ischemic damage. A. C57BI/6 mice received Poly(l:C) (1mg/kg) or saline
immediately prior to 45min MCAO. Infarct volume was determined 72hr following
MCAO by TTC staining. N= 8 mice/group; data are group means+SEM. B. C57BI/6
mice received Poly(I:C) (1mg/kg) or saline immediately after 45Smin MCAO. Infarct
volume was determined 72hr following MCAO by TTC staining. N= 9-10 mice/group;

data are group means=SEM.
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Figure A5. Microarray analysis of ipsilateral cortex reveals a unique, increasingly diverse,

transcriptional profile in CpG preconditioned mice following stroke. A. At 3 hours following

MCAO, 11 genes are differentially regulated in the cortices of animals pretreated with CpG

relative to those pretreated with saline. B. By 24 hours, the number of genes differentially

regulated in CpG pretreated animals has risen to 223, over 95% of which are uniquely regulated

at this time point C. Approximately 95% of the genes differentially regulated in the cortices of

CpG pretreated animals following stroke are uniquely regulated at these time points- only 5% are

also regulated at the time of stroke (72 hours after injection).
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Figure A6. Microarray analysis of leukocytes reveals a unique, increasingly diverse,
transcriptional profile in CpG preconditioned mice following stroke. A. At 3 hours
following MCAO, 375 genes are differentially regulated in leukocytes from animals
pretreated with CpG relative to those pretreated with saline. B. By 24 hours, the number
of genes differentially regulated in CpG pretreated animals has risen to 422, 80% of
which are uniquely regulated at this time point. C. Approximately 75% of the genes
differentially regulated in CpG pretreated animals following stroke are uniquely regulated
at these time points- only 25% are also regulated at the time of stroke (72 hours after

injection).
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Figure A7. CpG preconditioned mice up-regulate 1L-12 following MCAO. Graph is
representative of 2 replicate experiments. Data shown are mean cytokine levels + SEM.
N = 3-4 / treatment group. Significance was determined by Multivariant ANOVA with
Bonferonni post hoc analysis. * significant difference from saline, ***p<0.001, #

significant difference from unhandled control, ###p<0.001.
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Figure A8. Increased levels of IFNJ prior to, but not after, MCAO in CpG
preconditioned mice. Real-time PCR analysis was performed on RNA derived from the
cortices at the time of MCAO (72 hrs post injection) or following MCAO (3 and 24hr) of
mice either preconditioned with CpG or saline. -actin was used as a loading control.
Results are presented as fold increase relative to unhandled controls. N= 3-4 mice/group;

data are group means + SEM; ***p<0.001.
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Figure A9. CpG preconditioning protects IFN knockout mice against cerebral
ischemic injury. IFN wild-type and knockout mice received CpG (1.6mg/kg) or vehicle
72hr prior to 40min MCAO.. Infarct volume was determined 24hr following MCAOQO by

TTC staining. Values are group means+SEM; *p<0.05 comparison to vehicle controls.
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