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Abstract

Alzheimer’s disease (AD) is characterized by exlatar deposition of amyloi® peptide
(AB) in the brain and intracellular accumulation ofi thlaments (Liu Y et al, 2005).
Microglial activation, triggered by By acts as a double-edged sword in the pathogeatsis
AD: on the one hand it damages neurons by releasgugotoxic inflammatory mediators
while on the other hand it reduceg-Mduced neuronal injury by internalizingBA\Walter
Lisa et al, 2009; Haoet al, 2011). The innate immune receptoesy. Toll-like receptors
(TLRs), have been shown to be associated wifirilluced microglial inflammatory
activation and g internalization (Fassbendet al, 2004; Liu Y et al, 2005; Taharaet al,
2006; Janat al, 2008; Richarcet al, 2008; Reed-Geaghant al, 2009; Reed-Geaghat al,
2010; Haoet al, 2011), but the mechanisms of how TLRs recognieaAd initiate cellular
responses remain unclear.

In this thesis study, it was shown thaB-fduced inflammatory cytokine secretion in
primary culturedtlr2-deficient microglia and bone marrow derived mabiages (BMDMS)
was much less than that in wild type (WT) cellsrtker, the co-localization of TLR2 and
AB42 in microglia was demonstrated through confocarascopy. Additionally, by utilizing
real-time surface plasmon resonance spectroscoghycamventional biochemical pull-down
assay, this study showed direct binding between ZI'laRd aggregated (&¥2. Finally,
expression of TLR2 in endogeneously TLR2-deficianman embryo kidney (HEK-293)
cells conferred their inflammatory response to ghchallenge. Combined, these data show
that TLR2 is a primary receptor of342 in microglial and macrophage inflammation.

TLR2 is known to co-operate with TLR1 and TLR6 igaind recognition (Medzhitoet
al., 1997a; Farhagt al, 2008; Jinet al, 2008a). In this study, in order to tell wheth&s/RIL
or TLRG6 is the selective co-receptor for TLR2 ie #4342 response, TLR2 was co-expressed
with TLR1 or TLR6 in HEK-293 cells. It was foundahTLR1 co-expression enhances, while
TLR6 co-expression decreases the inflammatory respapon £42 triggering. Meanwhile,
in TLRs endogenously expressing RAW264.7 macrophagecking down TLR1 via RNA
interference was observed to decrease, while kngatown TLR6 was observed to increase
AB-induced inflammatory response. These data sudigasfTLR1 is a selective co-receptor
of TLR2 for AB42 recognition.

Furthermore, in order to uncover the detailed TORR1 signaling mechanisms,
genetically mutated TLR2 and TLR1 were generatatithay were either expressed alone or
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co-expressed in HEK-293 cells. An EKKA (741-744)thin TLR2 was identified as a
critical cytoplasmic region to transduce inflammmgit@ignals. Interestingly, the signaling
dysfunction of TLR2 due to EKKA (741-744)PQNS motif mutation can be restored by co-
expressing WT TLR1 in a TLR1 tyrosifié dependent way. The key amino acid residue in
the TLR2EKKA motif was localized to the lysine hetposition of 742.

More interestingly, even though TLR2-deficiency ueds the A42-induced
inflammation, the internalization of (2 in tlr2-deficient primary macrophages was
observed to be increased, which suggests tfdRAriggered inflammation and phagocytosis
are mediated through relatively independent patisway

By constructing bone marrow chimeric Alzheimer'seatise amyloid precursor protein
transgenic mice, it was confirmed thair2-deficiency in microglia attenuated
neuroinflammationin vivo, and that the attenuated neuroinflammation wascesed with
improved neuronal function. This study demonstr#tes TLR2 is a primary receptor for3A
to trigger neuroinflammatory activation and suggésiat inhibition of TLR2 in microglia
could be beneficial in AD pathogenesis.

There are epidemiological studies that suggest thiats enriched with omega-3
polyunsaturated fatty acids (PUFAg)g. docosahexaenoic acid (DHA), reduce risk for AD
(Barberger-Gateaet al, 2002; Morriset al, 2003; Schaefeet al, 2006). However, the
underlying mechanism remains unclear. In anothdrgddhis thesis study, the role of PUFAs
in AB-triggered macrophage-dominated inflammation anagpbytosis was investigated. It
was found that, in cultured BMDMs, DHA inhibitspA2 aggregate-induced production of
pro- (€.g. TNF-a and IL-6) but not of anti-g(g. IL-10) inflammatory cytokines. In order to
elucidate the mechanisms mediating the anti-inflatony effects of omega-3 PUFASs, the
effect of DHA on TLR2, TLR3, TLR4 and TLR9 ligandas well as interferog-induced
inflammatory activation was investigated and it visnd that DHA supresses all of these
ligands triggered inflammation in protein level.tdrestingly, DHA does not reduce the
uptake of A8 aggregates by macrophages.

In summary, thhis study demonstrates that TLR2 psimary receptor in B42-triggered
inflammation. TLR1 enhances, while TLR6 suppressg®i2-induced TLR2 activation. An
intracellular EKKA motif, especially lysif& of TLR2, is essential for TLR2 signaling; the
dysfunction of which can be restored by TLR1. Mglral tir2-deficiency decreases theg3A
pathology and improves cognitive function in AD mid hese findings provide new insight
into the regulation of B-triggered activation of TLR2 signaling and provitismdamental

knowledge about AD pathogenesis. Furthermore, ithdinfy that Omega-3 PUFAs reduce
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ApB-initiated inflammation (but not reducing phagosmoin macrophages) provides new

evidence on the beneficial role of omega-3 PUFAtierprevention of AD.
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Zusammenfassung

Die Alzheimer-Krankheit (AK, latMorbus Alzheimgrwird durch extrazellulare Ablagerung
des Amyloid-beta-Peptids (A im Gehirn sowie intrazellulare Akkumulation voradr
Filamenten charakterisiert (Liu ¥t al, 2005). Die durch B-eingeleitete Aktivierung von
Mikroglia fungiert als ein zweischneidiges Schwarter Pathogenese von AK: auf der einen
Seite schadigt sie Neuronen, indem neurotoxischdidftren der Inflammation freigesetzt
werden, wéahrend sie auf der anderen Seite dienduzierten neuronalen Schaden durch
Internalisierung des (A vermindert (Walter Lisaet al, 2009; Haoet al, 2011). Die
Rezeptoren der angeborenen Immunitat, z.B. Todl-liRezeptoren (TLRs), wurden in
Verbindung mit der durch Bxeingeleitete inflammatorische Aktivierung der Migtia und
Ap-Internalisierung gebracht (Fassbendeal, 2004; Liu Yet al, 2005; Taharat al, 2006;
Janaet al, 2008; Richarckt al, 2008; Reed-Geaghant al, 2009; Reed-Geaghaat al, 2010;
Haoet al, 2011), wobei die Mechanismen, auf welche Art Wheise TLRs 4 erkennen und
entsprechende zellulare Antworten einleiten, naaleldart bleiben.

In dieser Studie wurde festgestellt, dass die3-imduzierte Sekretion von
inflammatorischen  Zytokinen in Priméarkulturen vdir2-defizienten Mikroglia und
Makrophagen aus dem Knochenmark (BMDMs, dmgne marrow derived macrophages
gegenuber Wildtyp (WT)-Zellen deutlich reduziert i/eiterhin konnte die Ko-lokalisation
von TLR2 und A in Mikroglia mittels konfokaler Mikroskopie gezeéigrerden. Zusatzlich
wurde die direkte Bindung zwischen TLR2 undp4R-Aggregaten mit Hilfe der
Oberflachenplasmonresonanzspektroskopie und dessektianellen pull-down Assays
nachgewiesen. Schliel3lich verleiht die Expression WLR2 menschlichen embryonalen
Nierenzellen (HEK-293, endiuman embryonic kidngydie endogen TLR2-defizient sind,
die Fahigkeit, eine inflammatorische Antwort nach -3timulation einzuleiten.
Zusammengefasst zeigen diese Ergebnisse, dass dibR#imérer Rezeptor vonpAin der
Immunantwort von Mikroglia und Makrophagen ist.

Bekannte Interaktionspartner von TLR2 in der Erkemgvon Liganden sind TLR1 und
TLR6 (Medzhitovet al, 1997a; Farhaet al, 2008; Jinet al, 2008a). Um nachzuweisen,
welcher der beiden der selektive Ko-Rezeptor fURZLn der A-induzierten Immunantwort
ist, wurde TLR2 zusammen mit TLR1 oder TLR6 in HE83 exprimiert. Es wurde
festgestellt, dass die Ko-Expression von TLR1 dienunantwort auf A verstarkt wahrend
die Ko-Expression von TLR6 sie abschwacht. Aufl3erdeorde mit Hilfe von RNA-

Interferenz-Experimenten beobachtet, dass ein Kibmnkn von TLR1 die A-induzierte
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Immunantwort in RAW264.7-Makrophagen vermindert, hveidd ein Knock-Down von
TLR6 zu einer Erhohung fuhrt. Diese Daten deuterawfahin, dass TLR1 der ausgewahlte
Co-Rezeptor fur TLR2 in der Erkennung vofi it.

Zur Entschlisselung des detaillierten Mechanismes 8ignalweges von TLR2/TLR1,
wurden genetisch mutierte TLR2/TLR1 generiert untiveder TLRs alleine oder gemeinsam
in HEK-293-Zellen exprimiert. Die EKKA (741-744)-B®n des TLR2 wurde als eine
kritische cytoplasmatische Domane fir die Transduktles Signals in der Immunantwort
identifiziert. Interessanterweise wurde herausgagdan dass eine durch EKKA (741-744)
PQNS Mutation bedingte Fehlfunktion des TLR2 dukaitExpression von WT-TLR1 auf
einer TLR1 Tyrosif®’ abhangige Art und Weise wiederhergestellt werdemnk Die
Schlusselaminosaure in der TLR2EKKA Domaéne ist deifin Lysin an der Position 742
lokalisiert.

Noch interessanter war die Beobachtung, dass dernkdisierung von A in TLR2-
defizienten primaren Makrophagen erhoht ist, obw®hR2-Defizienz die A-induzierte
Immunantwort reduziert ist. Dies deutet darauf diass die A-induzierte Immunantwort und
Phagozytose Uber unterschiedliche Signalwege vigltniterden.

Mit APP-transgenen Knochenmarkchimaren konnte hgst&erden, dass eine TLR2-
Defizienz in murinen Mikroglia die Neuroinflammation vivo vermindert und dass diese
Reduktion der Neuroinflammation von verbesserteromaler Funktion begleitet wird. Diese
Studie weist nach, dass TLR2 ein primarer Rezepfor AP ist, wodurch
neuroinflammatorische Aktivierung eingeleitet wdd legt nahe, dass eine Inhibition von
TLR2 in Mikroglia sich positiv auf den Krankheitsieuf der AK auswirken kann.

Epidemiologische Studien weisen darauf hin, dasse eDidt reich an Omega-3-
ungesattigten Fettsauren (PUFAs, gmmyunsaturated fatty acifisz. B. Docosahexaensaure
(DHA), das Risiko fir AK vermindert (Barberger-Gateet al, 2002; Morriset al, 2003;
Schaeferet al, 2006). Jedoch ist der grundlegende pathophysgibg Mechanismus
weiterhin unklar. In einem anderen Teil diese Stusdlurde die Rolle von PUFAs in deBA
induzierten Immunantwort von Makrophagen und Phgigsze untersucht. Es wurde
herausgefunden, dass DHA dig-Aduzierte Produktion von pro- (z. B. TNFund IL-6),
jedoch nicht anti-inflammatorischen Zytokinen (z. IB-10) in BMDMSs inhibiert. Um den
Mechanismus der anti-inflammatorischen Effekte du@enega-3-PUFAs aufzukléaren, wurde
nachgewiesen, dass DHA eine durch TLR2, TLR3, TLR4R9 sowie Interferon-
eingeleitete Immunantwort unterdrtickt. Interessavaese reduziert DHA die Aufnahme von

AB-Aggregaten in Makrophagen nicht.
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Zusammengefasst wurde gezeigt, dass TLR2 ein pmiRezeptor in der induzierten
Immunantwort ist. TLR1 verstarkt und TLR6 vermindedie AB-induzierte TLR2-
Aktivierung. Eine intrazellulare EKKA Doméne, besens das Lysiff’ des TLR2, ist
essentiell fur die Signallibertragung von TLR2; leedlfunktion von TLR2 kann durch TLR1
wiederhergestellt werden. Mikrogliale Defizienz vihR2 schwécht die B-Pathologie ab
und verbessert die kognitive Funktion in AK-Modeflusen. Diese Ergebnisse liefern neue
Einblicke in die Regulation der fAeingeleitete Aktivierung des TLR2-Signalweges und
bieten fundamentale Erkenntnisse Uber die AK-Pahege. Weiterhin zeigten die
Ergebnisse, dass Omega-3-PUFAs dieidduzierte Immunantwort vermindern und stellen
einen neuen Anhaltspunkt fur die glnstige Rolle@erega-3-PUFAs bei der Pravention von
AK dar.

(Thank Mr. Kan Xie and Miss Manuela Gries for tiatiag the English abstract to German)
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Part I. Toll-Like Receptor 2 is a primary receptor for A3 to trigger

Alzheimer’s inflammatory pathology
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1 Introduction

1.1 Alzheimer’s disease: overview

Alzheimer's disease (AD) is an irreversible, pragiee, brain degenerative disease
characterized by the insidious onset of dementmpairment of memory, judgement,
attention span and problem solving skills is folkmivby severe apraxias and a global loss of
cognitive abilities (Adamet al, 1997). AD primarily occurs after age 60, and iarked
pathologically by severe cortical atrophy and theadt of senile plaques, neurofibrillary
tangles and neuropil threads (Adams al, 1997). This disease is named after German
psychiatrist and neuropathologist Dr. Alois Alzheimwho for the first time on November
3rd, 1906 reported in his lecture “Uber eine eigéga Erkrankung der Hirnrinde (A peculiar
disease of the cerebral cortex)” at a meeting g€lpatrists in Tubingen (O'Brien, 1996). In
that lecture, Alzheimer reported the histopathalabifindings of many abnormal clumps
(amyloid plaques) and tangled bundles of fibersi(oibrillary tangles) in the brain of one of
his female patients named Auguste Deter, who hedl ali an unusual mental illness (O'Brien,
1996; Maureret al, 1997; Goedertt al, 2006) (Figure 1.1).
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Figure 1.1. Alzheimer’s disease historyUpper left, a portrait of Dr. Alois Alzheimer (188415) (Goederet

al., 2006); upper right, A 1902 photograph shows Drtwimer’s patient Auguste D’s helplessness (O'Brien
1996; Maureret al, 1997); middle right, Auguste D’s handwriting. Skias attempting to write her own name,
showing “amnestic writing disorder” (Mauret al, 1997); lower left, extracts from Alzheimer’'s nstfle of
Auguste Deter on Nov 29, 1901. When she was chewiegt and was asked what she was doing, she amkwere
“potatoes and horseradish”, suggesting loss ofgmition (Maureret al, 1997); lower right, neurofibrillary
tangles drawn by Alzheimer (Alzheimer, 1911; Mawtal, 1997).
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More than a century has passed since Alzheimers fieport of AD. Currently,
approximately 10% of people over 65 years old asenehted, and about 70% of the
demented patients suffer from AD. It is estimateat tL.3.5 million US citizens and 80 million
people worldwide older than 65 years will develop & 2050 (about 4% of the whole
population) (Szekelet al, 2007; The Lancet, 2010). The rate of AD in thaged 85 and
older might reach 50% (Evaes al, 1989; Szekelet al, 2007).

The mortality rate due to AD is also increasingiabp The recent WHO data show that
AD is the 6 leading cause of death in high-income countriégguge 1.2.) (Table 1.1).
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\ (3) Cerebrovascular diseases
100.0 | -

9:) Nephritis, nephrotic syndrome and nephrosis

Rate per 100,000 U.S. standard population

.
10.0 | \\\\ e —— e -
E o — E Hypertension E
1.0 -
- () Alzheimer's disease E
0.1 T TN T T T T T T I N N T A N N N T N T N T N Y N U N N N N N N T A T N T N A
1958 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2007

Figure 1.2. Age-adjusted death rates for selecteddding causes of death: United States, 1958-20071(3Q
et al, 2010). Notes: ICD is the International Classification ofs@ases. Circled numbers indicate ranking of
conditions as leading causes of death in 2007.ceo@DC/NCHS, National Vital Statistics System, kadity.

Table 1.1. The 10 leading causes of death in highebme countries (2004)

High-income countries Deaths in millions % of deaths
Coronary heart disease 1.33 16.3
Stroke and other cerebrovascular diseases 0.76 9.3
Trachea, bronchus, lung cancers 0.48 5.9
Lower respiratory infections 0.31 3.8
Chronic obstructive pulmonary disease 0.29 3.5
Alzheimer and other dementias 0.28 3.4
Colon and rectum cancers 0.27 3.3
Diabetes mellitus 0.22 2.8
Breast cancer 0.16 2.0
Stomach cancer 0.14 1.8

(Source: World Health Organization (WHO) http://mwwho.int/mediacentre/factsheets/fs310/en/indexhtml
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However, as yet, no single “magic bullet” is abteprevent or cure AD. On average,
patients survive from 8 to 10 years after diagndSigrent AD medications primarily aim to
support mental functions, to improve behavioral ggoms and to delay the disease
progression. Moreover, the cost of health careAldrpatients is huge and will only continue
to increase (Table 1.2) (Alzheimer's-associatiofl1d. Thus, strategies for effective
prevention and treatment of AD are urgently needed.

Table 1.2. Average per person payments for healthoa and long-term care services, medicare

beneficiaries aged=65 years, with and without Alzheimer’s disease orther dementia, 2004 medicare

current beneficiary survey, 2010 dollars (Alzheimes-association, 2011).

Average Per Person Beneficiaries with no Algheimer‘s or Beneficiaries with Alzheimer‘s or
Other Dementias Other Dementias

Payments

Total payments* $13,515 $42,072

Payments from Specified Sources

Medicare 6720 19,304

Medicaid 915 8419

Private insurance 1869 2354

Other payer 629 662

HMO 897 523

Out-of-pocket 2442 3141

Uncompensated 256 333

*Payments by source do not equal total paymerastBxdue to the effect of population weighting.

1.2  Pathology

The pathologic hallmarks of AD are extracellulanite plaques composed of deposits of ~4
kDa amyloidf (AB) and intracellular neurofibrillary tangles formbg the accumulation of
abnormally phosphorylated tau filaments in therbragions that serve memory and cognitive
function. A prominent neuroinflammatory activatiprocess has also been observed (Citron,
2010).

1.2.1 Amyloid B

There are two major forms of pA 40 or 42 amino acids (aa) long 40 and 4342
respectively), which are generated by sequentiaiepiytic cleavage of the transmembrane
amyloid precursor protein (APP) Ifyandy secretases (Figure 1.3). The N terminus pfiA
located in the extracellular domain of APP, 28amamfrthe transmembrane region, and its C
terminus is in the transmembrane region. A thirdugr of enzymesg-secretases, cleave
between residues 16 and 17, precluding fArmation (Goederet al, 2006). In neurons,
besides generation on the cell surface, the ensimpdareticulum (ER) was found to be the
site for A342 and the trans-Golgi network (TGN) was found ® the site for A40

generation (Hartmanat al, 1997). A342 is the more amyloidogenic form because of it tw

10
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additional hydrophobic amino acids that is thoumghbe the real culprit for AD (Iwatsubet
al., 1994; Younkin, 1995; Goedegt al, 2006). In the three-dimensional structure of Afe
fibril, residues 1 to 17 are disordered, and ressdli8 to 42 form §-strand-turng-strand
motif that contains two parall@lsheets formed by residues 18 to 26 and 31 to i@ 1.3
and 1.4) (Goedest al, 2006; Ahmeckt al, 2010).

A KPI ax2 Boy
1 l l 770
APP
o-secretase B-S?BCAI:SE?e
The a-pathway The B-pathway

APPso o-stub APPsp B-stub

y-secretase l

AB

B Allele 1 Allele 2
Gene
dosage — = — = p—
Missense - - -
mutation

c B-secretase a-secretase y-secretase

668 | ! Apao) |Apaz 726

AEFRHDSGYEVHHQKLV/FF}EI{GSNKGAI IGLMVGGVVIA f'aRisgyiiif ¢4

KM670/671NL D678N A692G E693Q D694N L705V A713T T714I V715M 1716V V717I L723P
E693K T714A V715A 1716T V717F
E693G V717G
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Figure 1.3. Amyloid$ generation (Goedertet al, 2006).(A) Generation of A from the amyloid precursor
protein (APP). Cleavage Iftsecretase generates the N terminus and intramenmisaleavage by-secretase
gives rise to the C terminus offACleavage byi-secretase precludegAormation. (B) Duplication of the APP
gene and missense mutations (black box) in the g€ cause inherited forms of AD and cerebral aithylo
angiopathy. (C) Twenty missense mutations in AP® strown. Single-letter abbreviations for amino acid
residues: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe;@y; H, His; I, lle; K, Lys; L, Leu; M, Met; N, &n; P, Pro;
Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; Yyr (modified from (Goedergt al, 2006) ).

Many factors may influence fAgeneration including the most commonly investidate
cholesterol (Pugliellet al, 2003) and cholesterol metabolism-related facsoish asAPOE
g4 (Tanziet al, 2001) and statins (Jiakt al, 2000; Fassbendet al, 2001). These studies
suggest that cholesterol is involved ifs 4eneration; high serum cholesterol level is a risk
factor for AD. Hartmann and colleagues establishegll model to elucidate the relationship
betweeny-secretase and lipid metabolism. In this modelledterol upregulateg-secretase
activity, Ap42 decreases the level of sphingomyelin (SM) hywaiing the SM degrading

enzyme, neutral sphingomyelinase (nSMase), apdl0OAdownregulates cholesterdé novo

11
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synthesis by inhibiting hydroxymethylglutaryl-Co&ductase (HMGR) activity (Grimnet
al., 2005; Grosgeret al, 2010). Such a model implies the physiologicaésabf A3 in lipid
metabolism, in addition to its role in copper hostasis. APP might work as a Cu (1)-binding
neuronal metallochaperone due to its primary N-teamCu-binding domain (CuBD) (Bayer
et al, 2003).

Enhanced production and/or reduced clearance neasatel the level of B which, as it
accumulates, tends to aggregate. Based on assstatdg (Figure 1.4 (Ahme=t al, 2010) ),
AP aggregates contain monomers, oligomexg.(dimers, trimers, tetramers, pentamers),
protofibrils and fibrils (Sandbergt al, 2010). However, not all f42 conformations are
equally toxic and it is still under debate whictesigs are the most toxic. To date, tetramer
(Bernsteinet al, 2009), dodecamer (Bernsteat al, 2009), protofibril, annular assemblies,
Ap-derived diffusible ligands (ADDLS), 56, secreted soluble fAdimers and trimers that
are formed by 2-50 monomers are considered to édakic species in AD (Haast al,
2007; Demurcet al, 2010); whereas the maturg-/amyloid fibers are largely inert (Martins
et al, 2008).

Gly38 C
Gly37 " ;i A
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Val3é Leu34 "932Ly523 b g Y
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Glnis Leul7 Phe19 Ala21
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Figure 1.4. Models of the 42 oligomers and fibrils (Ahmedet al, 2010).(a) Schematic of monomer: Solid-
state NMR measurements show that Phel9 is in dontdcLeu34, and amide exchange measurementsaitedic
solvent-accessible turns at His13-GIn15, Gly25-Glghd Gly37-Gly38. (b) Schematic of thg42 pentamer.
The orientation of the C terminus toward the ceofathe pentamer is based on solvent accessibflityimilar
orientation for the hexamer was proposed previo(BbBrnsteinet al, 2009). (c) Three-dimensional image of
single-touch AFM measurements of42 oligomers. (d-e) Schematic of the monomer withp#2 fibrils (d)
and the parallel and in-register packing and stagg®f the individuaB-strands within 842 fibrils (e) (Ahmed
et al, 2010).

The AB-aggregates damage neuron or synaptic integritywbrk) both directly and
indirectly thereby impairing memory.

12
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AB alters neuronal G& homeostasis via disruption of the membrané® @armeability.
Three major mechanisms are proposed (Deratied, 2010): i. A3 interacts with endogenous
plasmalemmal C&permeable ion channels, such as voltage-gatét ddannels (N, P, and
Q-VGCC), nicotinic acetylcholine channels7( and a4f2 nAChRS), glutamate receptors
(AMPA and NMDA), dopamine receptors, serotonin poes (5-hydroxytryptamine type 3),
and intracellular inositol trisphosphate recepi®PSRs), ii. A3 disrupts membrane integrity
through the interaction with membrane lipids sustphosphoinositides (Decoet al, 1998),
phosphatidylglycerol (Terzet al, 1995), phosphatidylcholine (Avdulost al, 1997), and
gangliosides (McLauriret al, 1998), and iii. the formation of a Egermeable A pore
(Arispe et al, 1993; Quistet al, 2005; Inoue, 2008; Demuret al, 2010). In synaptic
plasticity, A3-aggregates alter &aconcentration in dendrites, either by binding o®
nAChRs, or by interacting with L-type VGCC. Incredsintracellular C4 could influence
long-term potentiation (LTP) or long-term depressi®.TD) directly or, alternatively, by
activating extracellular-signal-regulated kinasedgen-activated protein kinase (ERK/MAP
kinase), which subsequently affects LTP and LTDJ atiers dendritic architecture through
cytoskeletal remodelling (Smadt al, 2001).

AP is known to activate glial cells in the brain gdease neurotoxic mediators such as pro-
inflammatory mediators, Tumor Necrosis Faatoff NF-a), Interleukin-B (IL-1p), IL-6, IL-

8, prostaglandin E2 (PGE2), reactive oxygen spe@3S), nitric oxide (NO), Cox-2 and
chemokines. These mediators trigger neuronal apigptwy necrosis (Akiyamat al, 2000;
Glasset al, 2010; Zotoveet al, 2010), as well as synaptic deficits (Medeigtsal, 2007).
Although astrocytes were reported to release GNH-1p, ROS and NO (Hwet al, 1998;
Schubertet al, 2009), microglia are considered to be the mdianmmatory effector cells in

the central nervous system (CNS).

1.2.2 Microglia

Microglia are the resident macrophages in the CAI&cent study shows that there are 86.1
+ 8.1 x 10° NeuN-positive cells (“neurons”) and 84.6 + 928 10° NeuN-negative
(“nonneuronal”) cells in the adult human brain (#edoet al, 2009). The non-neuronal cells
in the CNS include astrocytes, microglia and olgyudiocytes, approximately 20% of which
are microglia (Lawsoeet al, 1990; Santambrogiet al, 2001).

Microglia are non-uniformly distributed in all majoegions of the brain, varying in
density between different areas (from 5% in théesoand corpus callosum, to 12% in the

substantia nigra). Generally, more microglia arenfb in the gray matter than in the white
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matter. Densely-populated areas include the hipppoa, olfactory telencephalon, basal
ganglia and substantia nigra (Walter Liskal, 2009). The less densely-populated areas
include fibre tracts, cerebellum and most of tha&iretem. The cerebral cortex, thalamus and
hypothalamus contain average cell-densities (Laves@h, 1990).

Microglial cells are the first line of defense ihet CNS. They serve as sensors and
executers of innate immunity within the CNS (Wallesa et al, 2009); their morphology
varies depending on location and activation stétesvsonet al, 1990). Their activation is
non-specific. Even in the healthy condition, midi@gare constantly scanning the CNS
microenvironment. The wide range of microglial resge patterns and the great malleability
of the microglial phenotype appear to be the resiulhe cells’ ability to respond in a graded
manner to changes around them. Therefore, "restimgtoglia are actually constitutively
active cells (Nimmerjahet al, 2005; Wakeet al, 2009; Graeber, 2010). Pathogenic stimuli
drive the cells to differentiate into active immugemplement cells, during which the
morphology of microglia transforms from a ramifistlucture to a hyperramified and finally
to an amoeboid morphology (Walter Lisaal, 2009). They migrate toward the site of injury
and release various neuroactive compounds whidmatkly result in neuronal injury or
neuroprotection (Bibeet al, 2007; Wakeet al, 2009). Furthermore, microglial cells are
capable of proliferating in response to severahgli. Most immune receptors including the
pattern recognition receptors, major histocompltfbcomplex molecules, and chemokine
receptors, which are essential to the initiationl @nopagation of immune responses, are
constitutively expressed at low levels in microgli@uring microglial activation, the
immunologically relevant molecules are upregulataad inflammatory mediators are
produced (Walter Lisat al, 2009). Microglia express several phagocytic remspe.g.
scavenger receptor A (SR-A), CD36, receptor foraaded glycation endproducts (RAGE),
and CD47) and serve as the professional phagooytdsee CNS (Bambergest al, 2003).
Microglia are actively repressed by signals comiingm electrically active neurons
(Neumann, 2001; Walter Liset al, 2009); the removal of this tonic inhibition witad to
microglial activation (Walter Lisaet al, 2009). Microglial responses in the CNS are
summarized in Figure 1.5 (Morg al, 2006).

14
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Figure 1.5. Microglia respond to immunological alam signals in the CNS (Monket al, 2006).In response
to factors including cytokines, material from apuijat cells, viral envelope glycoproteins and aggted

proteins €.gAB), microglia can undergo several different levefsagtivation, finally resulting in a fully
functioning phagocytic cell. Activated microgliarche friends or foes to neighboring neurons. Aanfils, they
can clear toxic material (apoptotic neurons, protaigregates), secrete neurotrophic factors sug&bai- and
protective factors such as glutathione and incretessrance of excitotoxic glutamate by astrocyiMgroglia

can also secrete potentially neurotoxic moleculeh @s proinflammatory cytokines (TNF4L-1p), glutamate,
free radical species and NO (Moekal, 2006).

There are some cellular markers to identify midedglells. Allograft inflammatory factor-
1 (AIF1) or ionized calcium-binding adaptor molexdl (Iba-1) is expressed specifically in
microglia/macrophages (Imaat al, 1996; Itoet al, 1998). CD11b is commonly used as
another microglial marker in nervous tissue anithiglicated in various adhesive interactions
of monocytes, macrophages and granulocytes as aglin mediating the uptake of
complement coated particles (Relyal, 2006). CD11b is the receptor for the fragmenthef
third complement component (CR3) (Cagtoal, 2003) and also for fibrinogen, factor X and
ICAM1 (Fenget al, 1998).

The origin and renewal of microglial cells is stithder discussion (Davoust al, 2008). It
is believed that microglia are derived from myelpigcursors in the neuroepithelium at an
early stage of embryonic development and invadeQN& from the yolk sac during a late
stage of embryogenesis (Walter Lisa al, 2009). It is also demonstrated that ramified
microglia are replenished by bone marrow precucstis, even in adults (Rittat al, 2006).
There is evidence from both patients and animal wbdels that bone marrow-derived
microglia can be recruited to lesion sites in trarb(Malmet al, 2005; Cartieet al, 2009).
It has even been suggested that the bone marrawedeanicroglia have a higher capacity to

restrict senile plaque formation than their resideounterpartners in AD (Simaret al,
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2006b). Thus, microglial phenotypes can be modifigethanging genetic expression in bone
marrow cells, although there are still a numbeteshnical issues needing to be addressed
(Graeber, 2010). Recently, adult microglia werevaihao be an ontogenically distinct
population of mononuclear phagocytes derived frammitive myeloid progenitors that arise
before embryonic day 8 (Ginhowt al, 2010), however, this report does not exclude the

possibility of renewal of microglial cells by penigral precursor cells in pathogenic states.

1.2.3 Microglia and Ap pathogenesis

Microglial activity is a double-edged sword in Aldthogenesis. On one hand they clefir A
aggregates via phagocytosis and support neuronalival by releasing neurotrophic
molecules; on the other hand, they can be ovestetivand release cytotoxic substances
including NO or superoxide and pro-inflammatoryakyhes,e.qg. interleukin-B (IL-1p) and
tumor necrosis factax- (TNF-o), thereby killing nearby neurons (Walter Lisa al, 2009;
Fuhrmannret al, 2010; Henekat al, 2010) (Figure. 1.6 (Monsonegt al, 2003)).
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Figure 1.6. Pathways of microglia activation in Alheimer's diseases (Monsoneget al, 2003).Microglia are
ramified morphology in the intact CNS. In respotsedB deposition in AD, microglial cells are activateda
differentiate into phagocytic cells (CD11b+) (lefjhich induce a proinflammatory environment ancrse IL-

1B, TNF+, NO, free radicals, chemokines, and activate cempht. The NO secreted by CD11b+ cells may
enhance T cell apoptosis in the CNS. A second pattar microglial cells is to differentiate into AR (right),
which are induced in the presence of GM-CSF anid/Nry secreted by microglia, astrocytes, or other immune
cells (T cells, macrophages) that infiltrate the SCM\s a result, microglia cells differentiate tondatic-like
cells that then may function as APCs for both TiH# @aH2 cells (Monsoneget al, 2003).

The AB-initiated microglial phagocytosis and inflammatagtivation are reported to be
mediated through different but related receptossagnaling pathways.

Schenk and colleagues (Scheek al, 1999) reported that either active or passive
immunization of mice with anti-B antibodies results in the prevention of amyloigaigtion
as well as the removal of pre-existing plaquessT$ithe result of immunoglobulin receptor

(FcR)-mediated stimulation of phagocytosis of tle@asited fibrillar A by microglial cells.
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These data clearly demonstrate that microglia laavimtrinsic capacity to mount an effective
phagocytic response.

To date, RAGE (Yaret al, 1996), SR-A (El Khouryet al, 1996; Parescet al, 1996),
scavenger receptors class B, CD36 (Paresad, 1996; El Khouryet al, 2003), scavenger
receptors class B1 (SR-BI) (Thanopouleual, 2010), CD14 (Liu Yet al, 2005), 06p1-
integrin (Bambergeet al, 2003), and the integrin associated protein CB&fr(bergeet al,
2003) have been reported to mediapephagocytosis (Figure 1.7).

TLR2 (Fassbendest al, 2004; Janat al, 2008; Udaret al, 2008; Reed-Geaghaat al,
2009) and TLR4 (Walter 8t al, 2007; Udaret al, 2008; Reed-Geaghaat al, 2009) have
been associated with thefAriggered microglial inflammatory activation. CD1@dReed-
Geagharet al, 2009; Reed-Geaghaat al, 2010) and CD36 (Coraat al, 2002) mediate
both inflammation and B phagocytosis (Figure 1.7). The vivo findings in those studies
were based on either introducing Alirectly through micro-injection into the cortekwild-
type andtlr2-deficient mice (Jan&t al, 2008); or by cross-breeding the receptor deficien
mouse with APP transgenic mice (Richatdal, 2008; Reed-Geaghast al, 2009; Reed-
Geagharet al, 2010). However, such models were not feasiblaigihdo address microglia
study, because TLR2 itself reduces injury; for egkan by injection-induced
neuroinflammation (Babcocgt al, 2006). Furthermore, TLR2 is expressed in neu(Badls
et al, 2007), which makes it impossible to distinguidhether the outcome was due to TLR2
deficiency in microglia or non-microglial cells the cross-breeding model. Moore’s group
proposed a CD36-TLR4-TLR6 receptor complex f@-tAiggered inflammation (Stewast
al., 2010) based on their in vitro work; however irsthtudy | observed an opposite role of

TLR6 when it comes to TLR2, which will be addressethe following sections.

17



Dissertation: Toll-Like Receptor 2 and Partner Ratoes in Alzheimer’'s Disease

K 5% ‘s*‘

- ,~p

-~

W‘H’ﬂgﬂw

AB plaques

0014
] a6pl-integrin RACGE SR-BI cpss '-R? TLR4
\\ //
e —— Signals, === —=——__ -
Y
/
//l
<7
P |
7 ' TNF
Adhesion & | o
Phagocytosis <€ = F-actin Polymerization | :::éB
Motility ¢ IKK P
IL-8
IKB/ NF-kB iNOS
/ Oxidase
7 COX-2
= Chemokines
// e
. . NF-kB IL-4
Microglia g;>—<:>)<><>< IL-10

TGF-B

Figure 1.7. Schematic diagram of receptors involvedinh Ap phagocytosis and inflammation triggering.
Microglia-mediated 8 clearance (phagocytosis) and pro-/anti-inflammatmtivation play important roles in
AD pathogenesis. Upon interacting with3 Ahrough receptors such as CD4iBB1-integrin, receptor for
advanced glycation end products (RAGE), scavengeeptor (SR) and CD14, signals were triggered to
polymerize actin, which is essential for cell adbes migration and phagocytosis; CD36, CD14, TLR®2l a
TLR4 were reported to be associated wif-thiggered microglial inflammatory activation, whicesults in the
activation of NFKB and the pro-inflammatory cytokines and/or anfiammatory cytokines production.

Despite the known knowledge of microglial inflammat and phagocytosis in the
pathogenesis of AD, a major unresolved questiavhisther inhibition of these responses will
be a safe and efficient way to reverse or slow disease progression. To address this
question, it will be necessary to learn the detail@olecular mechanisms by which
inflammatory responses are induced within the CM8 how these responses ultimately
contribute to pathology.

1.3  Toll-like receptor 2 and other Toll-like receptors

Toll-like receptors (TLRs) are a family of typerbbsmembrane pattern recognition receptors
(PRR) with leucine-rich repeat (LRR)-contained doimains. TLRs mediate the recognition
of pathogen-associated molecular patterns (PAMRd) iaduce innate immune activation
(Takedaet al, 2003).
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1.3.1 History

“Das war ja toll”

Although toll-like receptors have only been fourtd 17 years, they have attrached great
study interests. The history of TLR study is weticdmented in a review by Medzhitov
(Medzhitov, 2009); here only summarize some ofrtilestones in the research.

Between 1983-1986, Christiane Nusslein-Volhard frime Max Planck Institute of
Developmental Biology in Tidbingen observed a wdéimking mutated fruit fly larva in
which the ventral portion of the body was underdgyed. She commented “Das war ja
toll!”, which means “That was weird!” or “that's otigreat!”, and named the mutated gene
responsible Toll”. The normal function of Toll protein is essentiat dorso-ventral polarity
in the fly. Thetoll gene was one of the serially discovered genesrabng early
embryogenesis for which Nusslein-Volhard won theb&ldPrize in 1995 (Andersoet al,
1984; Andersoret al, 1985a; Andersost al, 1985b; Hashimotet al, 1988; Hanssoet al,
2005).

At the annual Cold Spring Harbor Symposium on Qiteainte Biology in 1989, Dr.
Charles A. Janeway Jr. first presented his ideatherfirst line of defense in the host: that
pattern recognition receptors on immune cells @igghe response against pathogens
(Janeway Jr, 1989; Medzhitov, 2003). This idea v@®wed by his ground breaking
research on the identification of toll-like recegstowhich are so named due to their genetic
similarity to Toll (Medzhitovet al, 1997b). The first toll-like receptor reportedhioman is
TIL (now known as toll-like receptor 1), which waescribed as a product of “randomly
sequenced cDNA 786" (rsc786) by Nomura and colleagn 1994 (Nomurat al, 1994).
Unfortunately, TIL was not found to activate MB- (Mitcham et al, 1996). At the same
time, Hoffmann’s group observed that the drosophdd have an essential role in drosophila
immunity against fungal infection by activating iamtrobial gene expression (Lemaite
al., 1996). In 1997, Janeway and Medzhitov showed thatuman homologue of the
drosophila Toll protein, hToll (now known as TLR4)ould activate NFB and induce
expression of IL-1, IL-8, IL-6 and CD80 (Medzhitet al, 1997b). Because the mammalian
immune molecule IL-1 receptor and a tobacco resis$taprotein had homology to drosophila
Toll, the intracellular domain of Toll-like receptowas named TIR (Toll-IL-1R-Resistance
protein) (Gayet al, 1991; Whithamet al, 1994). TLR4, as a LPS sensing receptor, was
discovered one year later by Bruce A. Beutler arsddolleagues (Poltorakt al, 1998)
through positional cloning. Subsequent studies byzu® Akira and many others have

continuously elucidated the specificities of otfi@Rs for various microbial ligands (Takeda
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et al, 2003; Medzhitov, 2009). So far, 12 murine (TLRURIL3, with TLR10 being a pseudo
gene because of a retrovirus insertion) and 10 hyfieR1-TLR10. The TLR11, TLR12 and
TLR13 have been lost from the human genome) todl-lfeceptors (TLR1-TLR9 being
conserved in both species) have been characte(@eidZ. et al, 2011). TLR signaling
pathways were elucidated in detail after numerouse nwith different toll-like receptor

knock-outs were generated by Akira and his colleagiviedzhitov, 2009).

1.3.2 Structure

TLRs are expressed not only in innate immune celtsmicroglia and macrophages, but also
in T and B-lymphocytes. They are also expressedastular endothelial cells, adipocytes,
cardiac myocytes and intestinal epithelial ced$;: (Vandevenneet al, 2010). Human
microglial cells were reported to express all & TLRs (TLR1-TLR9) (Olsoret al, 2004).

Each TLR has distinct domains responsible for PAMdEbgnition and immune signaling
transduction. As shown in the table 1.3., TLR1, PLRLR4, TLR5, TLR6, TLR11 and
TLR13 are present on the plasma membrane (Takeatchl, 2010; Shi Z.et al, 2011),
whereas TLR3, TLR7, and TLR9 are compartmentalinefiR. Those TLRs found in the ER
could avoid unwanted activation of Toll-like receqst by self-nucleotides acting as potent
TLR ligands (Bartoret al, 2009; Takeuchet al, 2010; Shi Zet al, 2011).

Table 1.3. Description of the Toll-like receptors dmily (Summarized from references (Takeuchiet al,
2010; Vandevenneet al, 2010; Shi Z.et al, 2011))

TLR Localization Ligand Origin of the Ligand Adaptor

TLR1 Plasma Triacyl lipoprotein Bacteria MyD88, TIRAP

(withTLR2) membrane

TLR2 Plasma Lipoprotein Bacteria, viruses,MyD88, TIRAP
membrane parasites, self

TLR3 Endolysosome dsRNA Virus TRIF

TLR4 Plasma LPS Bacteria, viruses, self MyD88, TIRAP,
membrane TRAM and TRIF

TLR5 Plasma Flagellin Bacteria MyD88
membrane

TLR6 Plasma Diacyl lipoprotein Bacteria, viruses MyD88, TIRAP

(with TLR2) membrane

TLR7 Endolysosome ssRNA Virus, bacteria, self MyD88

(human TLR8)

TLR9 Endolysosome CpG-DNA Virus, bacteriaMyD88

protozoa, self

TLR10 Endolysosome  Unknown Unknown Unknown

TLR11 Plasma Uropathogenic bacteria, Protozoa MyD88
membrane Profilin-like molecule

TLR13 Endolysosome  Unknown vesicular  stomatitlelyD88, TAK1

virus

TLRs are type | transmembrane proteins. All TLRarelsome common structural features

(Figure 1.8): they are composed of a variable iireal extracellular ectodomain containing
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16-28 leucine-rich repeats (LRRs) with horseshke-khapes that are responsible for the
detection and interaction with PAMPs. The individuRR module is 20-30aas long and is
composed of a conserved “LxxLxLxxN” motif and a iadnle part (Kobeet al, 2001). The
hydrophobic core, formed by the conserved leucameshydrophobic residues in the variable
regions, extends throughout the entire protein. ORBNT and LRRCT modules in the N and
C termini do not have LRR motifs but frequently tan clustered cysteines forming disulfide
bridges. These modules stabilize the protein byeptmng its hydrophobic core from being
exposed to solvent. The unique horseshoe-like sisaghee to conserved sequence patterns in
the LRR modules. The “LxxLxLxxN” motifs are locat&u the inner concave surfaces of the
horseshoe-like structure formed from paraflestrands. The variable parts of the modules
form the convex surface generated by heliBesrns, and/or loops (Jiet al, 2008a).

N
|

=

LRR ]
S
TIR
1 | I
C c c
Human TLR Drosophila Toll Human IL-1R

Figure 1.8. Schematic representation of the proteistructure of Toll-Like Receptors (Vandevenneet al,
2010).The ectodomain consists in 16—28 leucine-rich repieat are variable among human TLRs and among
different species, indicated as grey circle, anglved in the recognition of PAMPs. A cystein-ridomain
(depicted as two white circles) is present in Dasla Toll but missing in human TLRs. The ectodomei the
IL-1R consists in three immunoglobulin-like domai#dl TLRs share an intracellular domain that igicated

as a dark grey ellipse. This TIR domain is involiedhe signal transduction and is highly conseraetbng
human TLRs and among different species (Vandevehag 2010).

The binding of ligands to the extracellular domaiisTLRs causes a dimerization of the
receptors (Heterodimerization: TLR2-TLR1, TLR2-TLR®LR7-TLR8, TLR8-TLR9 and
TLR7-TLR9 (Wanget al, 2006); Homodimerization: TLR2 (Strominger, 2007)L.R3,
TLR4, TLR5, TLR9 and TLR13 (Ozinskgt al, 2000; O'Neillet al, 2007; Shi Z.et al,
2011) ) and triggers the recruitment of specifia@or proteins including MyD88, MAL
(also known as TIRAP), TRIF, and TRAM to the ingHlalar TIR domain, thus initiating
signaling (Kim et al, 2007). These adaptor proteins also contain TIRalos. TIR-TIR
interactions between receptor-receptor, receptaptad, and adaptor-adaptor are critical for

activating signaling (O'Neikt al, 2007).
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The crystal structures of TLR3-double-stranded RN&RNA) (Bellet al, 2005; Choeet
al., 2005), TLR4-MD-2-endotoxin antagonist EritoranirtKet al, 2007), TLR1-TLR2-tri-
acylated lipopeptide (Jiet al, 2007) and TLR2-TLR6-diacylated lipopeptide (Kagigal,
2009) have been determined. A typical ligand-indudemerization is shown in Figure 1.9
(Jin et al, 2007). In these “m”-shaped complexes, the C tarofi the extracellular domains
of the TLRs converge in the middle. This observatisuggests the hypothesis that
dimerization of the extracellular domains forcee thtracellular TIR domains to dimerize,
and this initiates signaling by recruiting intrdaédr adaptor proteins. Three kinds of ligand-
TLR “m”-shape binding examples are shown in FigleE0 (Jinet al, 2008a). Hydrophobic
ligands of TLR1, TLR2 and TLR4 interact with intatnprotein pockets of receptors. In
contrast, dsRNA, a hydrophilic ligand, interactshithe solvent-exposed surface of TLR3.

[ | binding

4 D

Pre-existing dimer Ligand induced dimer

Figure 1.9. Model of Ligand-Induced Heterodimer ofFull-Length TLR1 and TLR2 (Jin et al, 2007).The
cell membrane is shown schematically in orange amhecting linker regions are represented by brdikexs.
The structure of the heterodimeric TIR domain iavelr as proposed by Gautam et al. using PDB codedina
1FYV and 1FYW (Gautanet al, 2006) and (Xu Yingwtet al, 2000). Distance between the C termini of the
TLR1 and 2 ectodomains is approximately 40A. Diamnetf the TIR dimer is estimated to be 50A (éinal,
2007).
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Figure 1.10. The ‘m’ shaped TLR dimers induced by imding of agonistic ligands (Jinet al, 2008b).
Dimerization may bring the intracellular TIR domaiolose together to initiate signaling. (a) Struetaf the
TLR1-TLR2-Pam3CSK4 complex (PDB entry 2Z7X). (byusture of the TLR3-dsRNA complex (PDB entry
3CIY). (c) The model of the TLR4-MD-2-LPS complesoposed by Kim (Kinet al, 2007; Jiret al, 2008b).

Contrary to the extracellular LRR, the intraceltu@terminal domain of the TLRs (TIR
domain) is highly conserved; the intracellular dom@onducts the transduction signal to the
nucleus (Vandevennet al, 2010). The X-ray crystallographic structure afacellular TIR
domains of TLR1, TLR2 (Xu Yingweet al, 2000) and TLR10 (Nymast al, 2008) have
been determined, revealing the TIR domains to lsas@mmon fold containing a 5-stranded
sheet surrounded by b helices. Mutational and modeling studies indidate the BB loop
connecting the seconfl sheet and the secondhelix plays an important role in TIR
dimerization and/or adaptor recruitment. Mutatioro@81His, in the TLR2 BB loop,
abolished signal transduction in response to sttian by yeast and Gram-positive bacteria
(Underhill et al, 1999). The Pro681His mutation did not cause patite structural changes
but disrupted the physical interaction betweenThHe domains of TLR2 and MyD88 (Xu
Yingwu et al, 2000). Modeling and docking analyses predict theéctrostatic
complementarity plays the main role in the intamacbetween TIR domains (Gautaghal,
2006). Interestingly, a recent crystal structunedgtshowed that the BB loop of the TIR
domain of TLR10 was involved in the homodimericenatction with a neighboring TIR
domain in the crystal (Nymaret al, 2008). However, it is not certain whether the
homodimeric structure seen in the crystal corredpdn a physiologically relevant dimer of
the TLR10 TIR domains because the TIR domain of TlLRxists as a monomer in solution.
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Due to a low affinity between isolated TIR domains solution, the experimental
determination of TIR multimer structure was sevwefghmpered (Xu Yingwtet al, 2000).
Several modeling studies have been performed thigirthe structures of TIR multimers. The
DD loop of TLR2 connecting the fourfhsheet and the fourtirhelix is proposed to be in a
position in close contact with the BB loop of TLRGautamet al, 2006; Jiret al, 2008a).

1.3.3 Toll-like receptor signaling

Currently, two main toll-like receptor signalingtpaays have been described: the MyD88-
dependent signaling pathway and the TRIF-dependantaling pathway (Figure 1.11)
(Kawai et al, 2010; Vandevennet al, 2010). The signaling pathways are cell type-dpeci
thus define different immunological properties. Fostance, plasmacytoid dendritic cells
(pDC) and inflammatory monocytes have unique siggapathways that govern antiviral
responses that are probably absent in other gadistyguch as conventional dendritic cells
(cDC) and macrophages (Kawatial, 2006; Barbalaét al, 2009; Kawaiet al, 2010).

1.3.3.1 MyD88-dependent signaling pathway

Upon ligand recognition, TLR-1, -2, -4, -5, -6, aid -9 recruit the adaptor protein MyD88
via their respective TIR domains (Figure 1.11) (Yewenneet al, 2010). Once activated by
the receptor recruition, MyD88 binds the death dong@D) of the downstream molecule IL-
1 Receptor-Associated Kinase 4 (IRAK4) through htypie interactions, which results in
the activation of the other following IRAKs, suck #RAK1 and IRAK2. Phosphorylated
IRAKs are released from MyD88 and can activatedbenstream TNF receptor-associated
factor 6 (TRAF6), an E3 ligase that catalyzes §mhesis of polyubiquitin linked to Lys63
(K63) on target proteins, including TRAF6 itselfdaliRAK1, in conjunction with the dimeric
E2 ubiquitin-conjugating enzymes Ubc13 and UevlAdget al, 2009; Kawaiet al, 2010).
The K63-linked polyubiquitin chains then bind t@thovel zinc finger-type ubiquitin-binding
domain of TAB2 and TAB3, the regulatory componeotshe kinase TAK1 complex, to
activate TAK1 (Kawaiet al, 2010). The K63-linked polyubiquitin chains alsmd to a
regulatory component of the IKK complex, NEMO. Angolex of TAK1 and IKK forms; this
allows TAK1 to phosphorylate IKKthrough its close proximity to the IKK complex, ieh
leads to NF<B nuclear translocation and activation via phosplation, polyubiquitination
and degradation okBa (Bhoj et al, 2009; Kawaiet al, 2010; Vandevennet al, 2010). In
the MyD88-dependent pathway, TAK1 simultaneoustwates the mitogen-activated protein
kinases (MAPKSs) such as the extracellular signgis#i@ed kinase (ERK), the c-jun N-
terminal kinase (JNK) and p38 by inducing the plasplation (rather than ubiquitination) of
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MAPK kinases, which then activate various trang@ipfactors including activating protein
(AP)-1 that controls pro-inflammatory gene expresgiVandevennet al, 2010). In the case
of the TLR-1, -2, -4 and -6 activation, besides N8 another TIR-containing adaptor, the
TIR-associated protein (TIRAP) (also known as MyEgptor-like (MAL)), serves as a
linker adaptor to recruit MyD88 to the TLRs (Sheeety al, 2007; Lin et al, 2010;
Vandevenneet al, 2010).

The activation of the MyD88-dependent pathway afshices the transcription of some
NF-xB modulating molecules as feedback. These molecubbsde the #B protein kB( that
functions as an inducible coactivator for the "Fp50 subunit to facilitate IL-6 and IL-
12p40 production (Yamamotet al, 2004); C/EBB that can maximize IL-6 production
together with NFR<B (Litvak et al, 2009); kB-NS that through modulating the DNA-binding
capability of the NReB p65 subunit suppresses the induction of both lar@l TNFe
(Kuwata et al, 2006); and ATF3 that by recruiting histone degese restricts NkB
activity (Gilchristet al, 2006; Kawaket al, 2010).

1.3.3.2 TRIF-dependent signaling pathway

The TIR-domain-containing adaptor inducing IBN-TRIF) mediated signaling pathway is
important in TLR3 and TLR4 signaling (Figure 1l.1Mjandevenneet al, 2010). TRIF
recruits TRAF6 and activates TAK1 for NdB activation, probably through ubiquitination-
dependent mechanisms similar to those of the My@&&ndent pathway (Kawait al,
2010). In addition, the TRIF-dependent pathway detu the activation of the interferon
regulatory factor 3 (IRF3). TRIF-dependent actiovatof NF«xB, AP-1 and IRF3 triggers the
formation of an enhanceosome that permits the egme of IFNS (Sheedyet al, 2007;
Vandevenneet al, 2010). Upon LPS stimulation, in addition to TIRARd MyD88, the
TLR4 binds to the TRIF-related adaptor molecule AM3 which allows the recruitment of
the TRIF and leads to the activation of the IRFBe@lyet al, 2007). In response to dsRNA
challenge, TLR3 recruits the adaptor TRIF thatrentés with a complex composed of the
receptor-interacting protein kinase 1 (RIP1), thendr necrosis factor receptor type 1-
associated death domain protein (TRADD) and the-PaSociated death domain-containing
protein (FADD). RIP1 undergoes K63-linked polyubtmation that permits the activation of
TAK1, which in turn activates NkB and AP-1 (Chen Nien-Jureg al, 2008; Vandevennet
al.,, 2010). TRIF was also reported to recruit a lagmnplex that is comprised of
TRAF6/TAB2/TAB3/TAK1. As mentioned above, the aeigd TAK1 induces the activation
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of the downstream IKK complex and MAP kinases legdb nuclear translocation of the NF-
kB and AP-1 respectively (Kawat al, 2010; Vandevennet al, 2010).
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Figure 1.11. TLR signaling pathways (Kawaiet al, 2010; Vandevenneet al, 2010).TLR-mediated responses
are controlled mainly by the MyD88-dependent pathwehich is used by all TLRs except TLR3, and th&H-
dependent pathway, which is used by TLR3 and TIRRAM and TIRAP are sorting adaptors used by TLR4
and TLR2-TLR4, respectively. In conventional derdrcell (cDC) and macrophage, MyD88 recruits IRAK4
IRAK1, IRAK2 and TRAF6 and induces inflammatory pesses by activating NkB, MAPK and IRF5.
TRAF6 activates TAK1 in complex with TAB2 and TAB®d activates the IKK complex consisting of NEMO
and IKKaof, which catalyzedB proteins for phosphorylation. NEB induces C/EBP, I1kB(, IkB-NS, Zc3h12a,
ATF3 and tristeraprolin (TTP), which influence tgenes encoding IL-6, IL-12p40 or TNF. TRIF recruits
TRAF6, TRADD and TRAF3. TRADD interacts with Pelliri and RIP1. RIP1 and TRAF6 cooperatively
activate TAK1, which leads to activation of MAPKdhF«B. TRAF3 activates the kinases TBK1 and KK
which phosphorylate and activate IRF3, the latfewbich controls transcription of type | interferoNrdpl is
involved in TBK1-IKKe activation. The TRIF-dependent pathway leads faimmasome activation during
TLR4 signaling. In plasmacytoid dendritic cell (pRTLR7 and TLR9 recruit MyD88 along with IRAK4 and
TRAF6, which activate IRF5 and N&B for inflammatory cytokine induction and IRF7 ftype | interferon
induction. For IRF7 activation, IRAK1- and Ikikdependent phosphorylation is required, and TRAH8dated
upstream of these kinases. OPN-i is involved in7REtivation, and IRF8 facilitates NéB activation. The PI
(3) K-mTOR-p70S6K axis enhances the TLR7 and TLRAaing pathways. IRF1 is involved in the inductio
of type | interferon by TLR7 and TLR9 in cDCs ratlilean pDCs. Among the many negative regulatofBL&Rs
that have been identified, TANK (which suppressd®AF6), A20 (which suppresses TRAF6 and RIP1),
ATG16A (which suppresses inflammasome activatioy 8HP-1 (which suppresses IRAK1 and IRAK2) are
reported to be indispensable for preventing inflatory diseases caused by enhanced or prolonged TLR
signaling. Pink, TLRs; green, stimulators; yellowggative regulators; blue, target genes (Kagtaal, 2010;
Vandevennet al, 2010).

1.3.4 Toll-like receptor 2: a special TLR

Of all known TLRs, TLR2 is a special member. Unlidgher TLRs, which are functionally
active as homomers, TLR2 is evolutionary develdpeidrm heteromers with TLR1 or TLR6
to broaden specificity for the diverse ligand répiee or to induce different immune

responses. Comparison of the amino acid sequenealsethat TLR2, TLR1, and TLR6 form
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a TLR subfamily, which presumably diverged from @oenmon ancestral gene (Farkaal,
2008). Among all TLRs, TLR1 and TLR6 have the msstjuence identity (66%) of overall
amino acid sequence and they are both located ronmsome 4. As described in section
1.3.2 Structure and Figure 1.10., upon ligand ligdunlike other TLRs that typically bind to
their ligands on the concave surfaces of horseBkeextracellular LRR domain, TLR2, as
well as TLR1/TLR6, binds to ligands in the intermmicket and the outside region at the
convex region of their horseshoe-like extracelladlamain (Brodskyet al, 2007).
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2 Aim of this work

Microglial activation triggered by extracellulartieposited £ acts as a double-edged sword

in the pathogenesis of AD: on one side, it damagesrons by releasing neurotoxic

inflammatory mediators, while on the other sideeitluces g-induced neuronal injury by

internalizing A3 (Walter Lisaet al, 2009; Fuhrmanet al, 2010; Henekat al, 2010). Toll-

like receptors are associated witl3-Aaduced microglial inflammatory activation and3A

internalization (Fassbendet al, 2004; Taharat al, 2006; Walter St al, 2007; Janat al,

2008; Udaret al, 2008; Reed-Geaghaat al, 2009) but the mechanisms remain unclear. The

aim of this study is to investigate the pathogewie of TLR2 in AD and to identify the

detailed molecular mechanisms mediating TLR2-medigiathology. In detail, this stuy aims

to answer the following questions:

1. How does TLR2 interact with (2?

2. How does TLR2 mediate the cellular responses, upprchallenge, by inflammatory
activation and phagocytosis?

3. How does TLR2 transduce signals followin@ ghallenge?

4. What are the effects of microglial TLR2 on neur@nimation, cerebral A load and
neuronal function in AD animal model?

The figure 2.1 shows the work flow of the project.

Furthermore, epidemiological studies suggest tha&tsdenriched with omega-3
polyunsaturated fatty acids (PUFAg)g. docosahexaenoic acid (DHA), reduce risk for AD
(Barberger-Gateaat al, 2002). Therefore, as a supplemental study, tfextsfof omega-3
PUFAs, mainly DHA, on the Bctriggered inflammatory and phagocytic responsesewe
investigated. This data will be presented in a s®pasection (Part Il. Omega-3 Fatty Acids
Reduce Alzheimer's Amyloid Peptide-induced Proimflaatory Activities in Bone Marrow

Derived Macrophages).
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In vitro In vivo In vivo In vitro

| Bone marrow transplantation

Immunohistochemistry:
Iba-1, NeuN
Western blot: PSD-95

Cognitive test

LRRs deleion
LR27- ameliorates
AD

Figure 2.1. Schematic diagram of the structure of he project (predominantly work Part 1). The
pathogenesis role of TLR2 in AD was investigateatighin vivo andin vitro work, from both inflammation
and pagocytosis triggered byBAIn vitro, about inflammation, (1) i. Through testing thep@sse of primary
cultured tlr2-deficient microglia to (A challenge to tell whether tlr2-deficiency wouldsué in inflammation
decrease; ii. Through confocal, Biacore and PullvBassays to investigate whether TLR2 colocalizes a
directly interacts with f; iii. Through expressing of TLR2 in endogenouslyRR-deficient HEK-293 cells to
investigate whether TLR2 expression can confrtdggered inflammatory response; these data asnswer
whether TLR2 is a primary receptor opAo trigger inflammation. (2) Mechanismly, i. Thigluover-expressing
TLR2/1 and TLR2/6 in HEK-293 cells, and knockingndo TLR2, TLR1, and TLR6 via RNA interfering in
RAW264.7 cells to determine which one of TLR1 arldR6 might be co-receptor of TLR2 in mediatin@-A
triggered inflammation; ii. Through testing the peases of domain deleted or motif/point mutated LR
HEK-293 cells to identify the critical region/siten TLR2 mediating inflammatory response. About
phagocytosis, in a TLR2-deficient/wt cell culturegstems, investigated the effect of TLR2-deficiency A3
phagocytosis through FACS and G-actin/F-actin wovassay, after co-cultured the cells wit.Aln vivo,
through bone marrow transplantation, a tlr2-defictemicroglia chimeric AD transgenic mouse modelswa
generated. On these mice, inflammatory cytokinell@vthe brain was determined via real-time PCiRyraoglia
amount in the brain (hippocampus) was quantifiedugh Iba-1 immunohistochemistry staining, thesi dell
whether TLR2-deficiency changes the inflammatorthpbpgy in vivo; A3 load in the brain was determined via
ELISA to tell the effect of TLR2-deficiency on ti# load in vivo, which reflect the change of phagosis.
Finally, NeuN immunohistochemistry staining, PSDW®&stern blot and cognitive test were applied tal@ate
the outcome of TLR2-deficiency in AD.

29



Dissertation: Toll-Like Receptor 2 and Partner Ratoes in Alzheimer’'s Disease

3 Materials and Methods

3.1 Materials

3.1.1 Instruments

Accu-Jet Pipette Controller (BrandTech Scientiissex, USA)

Autoclave V-150, V-2540EL (Systec, Wettenberg, Gamg)

Axiovert 25 inverted microscope (Carl Zeiss Microgg, Jena, Germany)

Barnes maze and Ethovision XT, v7.0 system (Noldtemation Technology, Wageningen,
The Netherlands)

Biacore] J system (Biacore AB, Uppsala, Sweden)

Biofuge 13 Centrifuge (Heraeus, Hanau, Germany)

Consort E122 Electrophoresis Power supply (Cle&eantific Ltd, Warwickshire, UK)
DNA Engindl Thermal Cycler PTC-200 (Bio-Rad Laboratories, dégs, USA)

Eclipse TS100 Inverted Microscope (Nikon Instrunsdnt., Melville, USA)

Electric Heatable, Forceps for Safer Transfer afstlie Specimens Leica EG F (Leica
Microsystems Nussloch GmbH, Nussloch, Germany)

Eclipse E600 fluorescence microscope (Nikon, Alzeizermany)

Epson perfection V700 photo scanner (Epson, Murégrmany)

FACSCanto™ Il Flow Cytometer (BD Biosciences, Sase] USA)

Fixed-angle rotor for Optima MAX series ultracefuige MLA-130, TLA-100.3, TLA-100
(Beckman Coulter, Fullerton, USA)

Forced-air laboratory freezer (Liebherr, Ochsenbau&ermany)

Forced-air laboratory refrigerator (Liebherr, Oaffsausen, Germany)

General Rotator, STR4 (Stuart Scientific, Staffords UK)

HERAcell CQ incubator (Heraeus, Hanau, Germany)

HERAcell 150i CQ Incubator (Thermo Scientific, Langenselbold, Gamga

Heraeus HERAsafe HS 12 biological safety cabin&q€1l) (Heraeus, Hanau, Germany)
Heraeus function line heating and drying ovens @des, Hanau, Germany)

HERAfreeze -86C freezer (Heraeus, Hanau, Germany)

Ice machine (Eurfrigor Ice Makers Srl, Lainate|yifa

Incubation hood TH30 and Universal shaker SM30I(Rath GmbH, Karlsruhe, Germany)
Laboratory balance ALS120-4, EW4200, EW420 (KerB&hn, Balingen, Germany)
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Laboratory centrifuge SIGMA 4K15C (Sigma Laborzéotten GmbH, Osterode am Harz,
Germany)

Laboratory pH meter InoLab pH 720 (WTW, Weilheingr@any)

Leica SM 2000 R Sliding Microtome (Leica Microsysi® Nussloch GmbH, Nussloch,
Germany)

Leica TP1020 Tissue Processor (Leica Microsysteossch GmbH, Nussloch, Germany)
Leica EG1150C Cold plate (Leica Microsystems Nudsi@8mbH, Nussloch, Germany)
Leica EG1150 H Heated Paraffin Embedding Modulegg&icrosystems Nussloch GmbH,
Nussloch, Germany)

Leica TCS SP5 Confocal microscope (Leica MicrosysteNussloch GmbH, Nussloch,
Germany)

Micro-plate reader (TECAN, Sunrise Remote, Manngdwitzerland)

Magnetic stirrer (Ika-Combimag RCO, Namur, Belgium)

Microscope Zeiss Axio Scope (Carl Zeiss, Gottingeermany)

Midi agarose chamber, horizontal for gel (Neolabidélberg, Germany)

Mini-PROTEAN® 3 Cell electrophoresis system (BioeRaaboratories, Hercules, USA)
Mini Trans-Blot cell (Bio-Rad Laboratories, HercsJ@JSA)

MLA-130 Rotor, Fixed Angle, Titanium for Ultraceiftrge (Beckman Coulter, Brea, USA)
Multiband UV table (Peqglab, Karlsruhe, Germany)

Multipette® plus (Eppendorf, Hamburg, Germany)

Nanodrop ND-1000 spectrophotometer (Peglab, KadrsrGermany)

Nuaire IR AutoFlow NU-2700E Water-Jacketed Q@cubator (Plymouth, MN)

Pipette PIPETMAN P2, P20, P200, P1000 (Gilson,i&fdl le Bel, France)

Pipette Single-Channel @l-20 pl, 10 pl-100 pl, 100 ul-1000 pl (Eppendorf, Hamburg,
Germany)

Pipette Pipetus (Hirschmann, Eberstadt, Germany)

Platform shaker Duomax 1030 (Heidolph, Schwabadmtany)

Power supply for electrophoresis system PowerP&c (Bio-Rad Laboratories, Hercules,
USA)

Precision Balance scale (Sartorius, Goettingenm@sy)

7500 Fast Real-time PCR System (Applied Biosystébasisbad, USA )

Savant DNA 110 SpeedVac System for vacuum cengifu@hermo Scientific,
Langenselbold, Germany)

Schott KL 750 llluminator (Schott, Mainz, Germany)
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Sigma 4K10 bench top centrifuge (Sigma Laborzergeh GmbH, Osterode am Harz,
Germany)

SmartSpeld 3000 Spectrophotometer (Bio-Rad Laboratories, Hes¢cUWSA)

Stretching Table OTS 40(MEDITE GmbH, Burgdorf, Garmy)

Super High pressure Mercury Lamp Power supply (Njk&dzenau, Germany)

Thermoblock TDB-120 (BioSan, Riga, Latvia)

Thermomixer Comfort (Eppendorf, Hamburg, Germany)

Ultra-pure water purification system PURELAB UI(EBLGA, Celle, Germany)
Ultracentrifuge Optima MAX 130,000 rpm (Beckman @er Fullerton, USA)

Ultrasonic bath (Transsonic T780, Elma, Singenntery)

Ultrasonic processor UP400S (Hielscher, Teltow,ntzary)

UV/visible spectrophotometer Ultrospec3100pro (Ash@m Biosciences, Munich, Germany)
Vortex Genie 2 (Scientific Industries, Bohemia, USA

Vortex-Shaker Reax 2000 (Heidolph, Schwabach, Geyjna

Water bath (Kéttermann GmbH & Co KG, Hanigsen, Gary)

Wild M3 Stereomikroskop (Wild Heerbrugg, Gais, Seitand)

XCell SureLock™ Mini-Cell for blotting use Electrbpresis (Invitrogen GmbH, Darmstadt,

Germany)

3.1.2 Experimental materials

Amersham Hyperfilm ECL chemiluminescence film (GEakthcare, Buckinghamshire, UK)
Assistent® 12mmg Microscope cover glasses (Glasviaek Karl Hecht KG, Sondheim,
Germany),

BD Falcon™ FACS tubes (Becton, Dickinson and Compaieidelberg, Germany)

BD Falcon™ Serological pipet, 5 ml, 10 ml, 25 mle(®on, Dickinson and Company,
Heidelberg, Germany)

BD Plastipak] syringe, 1 ml (Becton, Dickinson and Company, ldéadrg, Germany)
Biospherél filter tips 10ul, 200 pl, 1000l (Sarstedt, NUrnbrecht, Germany)

Bottle Top Filter 500 ml, 0.2@m (Sarstedt, NUrnbrecht, Germany)

Cell Scraper 24 cm, sterile (TPP, Trasadingen, Zandnd)

Cell strainer with 70 um nylon mesh, Sterile (Bo&iences, San Jose, USA)

Combitips (plus) 5 ml, 10 ml, 12.5 ml (Eppendorgriburg, Germany)

Cover glasses (Assistant, Sondheim, Germany)

Cover slips 1< 10 mm (Marienfeld, Lauda-Kdnigshofen, Germany)
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Cryopure tubes for cell freezing (Sarstedt, NiumbteGermany)

Falcon round-bottom tubes 14 ml (BD Biosciences, Bmse, USA)

15 ml, 50 ml, round bottom 50 ml conical centrifugbes (Sarstedt, Nurnbrecht, Germany)
Immersion Oil "Immersol” 518 F fluorescence frealZeiss, Gottingen, Germany)
Isoflurane (Baxter, Unterschleil3heim, Germany)

Laboratory glassware (Schott, Mainz, Germany)

Microscope slides 78 26 mm (Gerhard Menzel, Braunschweig, Germany)

MultiwellO cell culture plate, 6 well, 12 well, 24 well, 4&ly 96 well (Falcofl, Becton
Dickinson labware, Franklin Lakes, NJ)

Needle microlance 21 G, 24 G, 25 G (B.Braun, Mel&imAG)

96-well microtest plates (Sarstedt, Nurnbrecht,n@zery)

NI-NTA Spin Columns (Qiagen, Hilden, Germany)

Nundl Black microwell (Thermo Fisher Scientific, Roskild@enmark)

NuPAGE® Novex 4-12% Bis-Tris Gel 1.0 mm, 15 weli\itrogen, Karlsruhe, Germany)
Pageruler prestained / unstained protein ladden(&eatas, St. Leon-Rot, Germany)
Parafilm M all-purpose laboratory film (Pechinewsgtic Packaging, Chicago, USA)
Pasteur pipettes plain glass (VWR Internationaicéstershire, UK)

PCR SoftTube, 0.2 ml (Biozym Scientific, Oldendd@skgrmany)

PH-indicator Strips pH 0 - 14 universal indicatbtefck, Darmstadt, Germany)

Petri Dish Polystyrene 92 x 16 mm with Ventilat@ams (Sarstedt, Nirnbrecht, Germany)
Pipette tip 10 ul, 200 ul, 1000 pl (Sarstedt, Niecht, Germany)

ProGel-P Tris.Tricine 10-20% gel(Anamed elektrogser GmbH, Gross-Bieberau, Germany)
Protrari] Nitrocellulose transfer membrane Protran BA83, @& (Whatman, Dassel,
Germany)

Safe-Lock micro test tube 2.0 ml (Eppendorf, Hamgb@ermany)

SafeSeal micro tube 1.5 ml (Sarstedt, NUrnbrecétnfany)

Sensor chip NTA (Biacore AB, Uppsala, Sweden)

Sterile insulin syringe 1ml (Becton, Dickinson abdmpany, Heidelberg, Germany)
Surgical Blades, sterile (B Braun, Tuttlingen, Gany)

Syringe filter 0.22 um Rotilabo (Carl Roth, Karlsey Germany)

Syringe, 2 ml, 5 ml, 10 ml, 20 ml (B Braun, Tutten, Germany)

Thickwall Polycarbonate 1ml 11 x 34 mm Tubes forratlentrifuge (Beckman Coulter, Brea,
CA)

Tissue culture flask, PE Phenolie style cap, 75 @18 cm? (Sarstedt, Nurnbrecht, Germany)
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Tissue culture dish 100 x 20 mm (Sarstedt, Nurriirggermany)

Tissue culture dish 60 x 15 mm (BD FaleonBD Biosciences, Durham, USA)
Tube 13 ml for bacteria culture (Sarstedt, NurnbteGermany)

UV quartz cuvette 10 mm (Hellma, Mullheim, Germany)

3.1.3 Experimental kits and systems

BD OptEIA™ TMB Substrate Reagent Set (BD Bioscien&an Diego, USA)
BlAmaintenance kit (Biacore AB, Uppsala, Sweden)

DyNAmo™Flash probe gPCR kit (FINNZYMES, Espoo, laimdl)

DyNAmoO colorflash SYBRI Green gPCR kit (FINNZYMES, Espoo, Finland)
Endo Free Plasmid Maxi Kit (Qiagen, Hilden, Germany

G-actin/F-actin in Vivo Assay Kit (CytoskeletonclnDenver, USA)

High pure plasmid isolation kit (Roche, Mannheingr@any)

Humanp Amyloid 1-40 Colorimetric immunoassay kit (Invigen, Camarillo, USA)
Humanp Amyloid 1-42 Colorimetric immunoassay kit (Invigen, Camarillo, USA)
IL-6 DuoSet® ELISA kit (R&D Systems, MinneapolisS4)

Limulus Amebocyte Lysate (LAL) QCL-1000® kit (CAMBEX Bio Science, Walkersuville,
USA)

OptEIA Human IL-8 ELISA Set (BD Biosciences, Sare@o, USA)

Protein Assay Reagent (Bio-Rad Laboratories, Hes;WSA)

PureLink™ HiPure plasmid maxiprep kit (Invitrogdbarmstadt, Germany)
QIAprep spin miniprep kit (Qiagen, Hilden, Germany)

QIAquick PCR purification kit (Qiagen, Hilden, Geamy)

QIAquick gel extraction kit (Qiagen, Hilden, Gernyan

QuantiTect® SYBR®Green PCR Kit (Qiagen, Hilden, @any)

Rneasy Plus Mini Kit (Qiagen, Hilden, Germany)

RQ1 RNase-Free DNase Kit (Promega, Madison, WI)

SuperScript® Il Reverse Transcriptase (Invitrogearmstadt, Germany)

SYBR® Advantage® gPCR Premix (Clontech, Mountaiew, USA)

TaKaRa LA Tagq™ Hot Start Version (TAKARA BIO INCh#a. Japan)

Tetra-His HRP conjugate Kit (Qiagen, Hilden, Gergjan

TNF-o/ TNFSF1A DuoSet® ELISA kit (R&D Systems, MinneaigoIMN)
VectaStain Elite ABC kit (Vector Laboratories InafBngame, USA)
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3.1.4 Chemicals, reagents and customized services

Alexis Biochemicals, Lausen, SwitzerlandPam3CSK4

Bachem, Heidelberg, GermanyFITC-conjugated 842, AB42-1, Ac-DEVD-AMC

Biozym Scientific, Oldendorf, Germany:Biozym LE Agarose

Carl Roth, Karlsruhe, Germany: 2-Propanol, Acrylamide/Bisacrylamide Rotiphoresd Ge
30, Agar, Agarose, Ammonium chloride, Ampicillinnfpain, Bis-Tris, Bromophenol blue,
Calcium chloride, Chloramphenicol, Coomassie hiillalue G 250, Coomassie brillant blue
R 250, Di-potassium hydrogen phosphate, Di-sodiwdrdgen phosphate, Dithiothreitol
(DTT), EDTA, EGTA, Ethanol, Ethidium bromide 1%, y@Erol, Hydrochloric acid, HEPES,
Imidazole, Lactose, Magnesium chloride, Methandhog$phoric acid, PIPES, Potassium
acetate, Potassium chloride, Potassium di-hydrogansphate, Potassium hydroxide,
Powdered milk, Sodium acetate, Sodium chloride,ilBoddi-hydrogen phosphate, Sodium
dodecyl sulfate(SDS), Sucrose, Sodium hydroxide,diBo sulfate, Sulfuric acid,
Trichloroacetic acid, Tris, Triton X-100, TWEEN 20

Fermentas, St. Leon-Rot, Germany:IPTG, PageRulét Prestained Protein Ladder,
MassRuler™ Express HR Reverse DNA Ladder, O'GereeRUExpress DNA Ladder,

GE Healthcare, Freiburg, Germany: Amersham ECL Plus Western blot detection reagents,
Surfactant P20 (10%v/v, 0.22n filtered for biacore use) (Uppsala, Sweden), Gl@.0(10
mM Glycine-HCI, pH2.0)

Hedinger, Stuttgart, Germany: Aceton, Isopropanol, Xylol

Invitrogen, Darmstadt, Germany: Antibiotic-Antimycotic (100X) liquid, Dulbecco’s
Modified Eagle Medium (DMEM) (High Glucose), Geruti(G418), Lipofectamine™ LTX
Transfection Reagent, Lipofectamine™ 2000 TrangfacReagent, Opti-MEM | Reduced
Serum Medium, ProLong® Gold antifade reagent withP) RPMI 1640 Medium, Stealth
RNAI™ synthesizing service, 0.05% Trypsin-EDTA, Zioi

InvivoGen, San DiegoJUSA: Pam2CSK4

Kodak, Rochester,USA: GBX Developer and Replenisher, GBX Fixer and Reigleer

Merck, Darmstadt, Germany: 2-Mercaptoethanol, Ammonium acetate, Ammonium
persulfate, Chloroform, Citric acid monohydrate, télan® Neu, Magnesium acetate,
Magnesium sulfate, Potassium chloride, Sodium caate Sodium cyanoborohydride,
Sucrose

New England Biolabs, Ipswich,USA: ColorPlus Prestained Protein Marker, Broad Range
(7-175 kDa)

Otto Fishar GmBH, Saarbrueken, Germany:H,0O, (30%)
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PAN Biotech GmbH, Aidenbach, Germany:Fetal bovine serum-South America, Ham'’s
F12 Medium (with L-Glutamine, without phenol redjttw25 mM Hepes, with 1.176 g/l
NaHCG;), Hygromycin B

Perkin Elmer: Western lightnin@ plus-ECL: Oxidizing reagent plus and Enhanced hahi
reagent plus

Qiagen, Hilden, Germany:Ni-NTA agarose

R&D systems, Minneapolis, USARecombinant human IGF-I R, recombinant mouse TLR1
, recombinant human TLR2, recombinant human TLR&I (10 x Histidine-tagged at C-
terminus)

Roche, Mannheim, Germany:dNTP mix (10 mM each), Protease inhibitor cockiiailets
Seqglab, Gottingen, Germany:DNA sequencing service

Sigma-Aldrich Chemie, Steinheim, Germany:Albumin from bovine serum (Bovine serum
albumin, BSA), bromophenol blue, Dimethyl sulfoxid@MSO), Ethanol, Formamide,
Glutathione, LB Broth, LB Agar, Methyi-cyclodextrin, Mowiol, N,N-Dimethylformamide,
N,N,N’,N’-Tetramethylethylenediamine (TEMED), Kangain, Oligonucleotides
synthesizing service, 1,1,1,3,3,3-Hexafluoro-2-progd (Hexafluoroisopropanol,HFIP),
Paraformaldehyde (PFA), Phenylmethanesulphonyitieo(PMSF), Poly-L-lysine (PLL),
Polyethylene glycol 8000 (PEG8000), Sodium citr&@edium carbonate, TWEEN 20, 2-
Mercaptoethanol, (3-Aminopropyl) triethoxysilangitdn X-100, HEPES

3.1.5 Media

3.1.5.1 Bacterial media and antibiotics

LB-Broth medium LB Broth 20g

Dissolve in 1 | diHO, autoclave.

LB-Broth-Agar plates LB Agar 35¢
Dissolve in 1 | diHO, autoclave. Cool the agar to 50°C. Add 1
ml antibiotic (1:1,000) if applicable and pour inpetri dishes.
Store at 4°C.

Ampicillin Ampicillin 100 mg
100 mg/ml (1,000x ) Dissolve in 1 ml dig, filter-sterilize. Store at —20°C.
Kanamycin Kanamycin 25 mg
25 mg/ml (1,000x ) Dissolve in 1 ml diB, filter-sterilize. Store at —20°C.
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3.1.5.2 Media for cell culture

DMEM

RPMI

3.1.6 Enzymes

Dulbecco’s
Medium(DMEM)(High Glucose)

Modified

Eagle

445 ml

Fetal bovine serum(8€ water bath, 30

min inactivated)

Antibiotic-antimycotic (100x )

50 ml

5ml

Filter with 0.22um bottle Top Filter. Store af@

RPMI 1640 Medium

445 mi

Fetal bovine serum(8€ water bath, 30

min inactivated)

Antibiotic-antimycotic (100x )

50 ml

5ml

Filter with 0.22um bottle Top Filter. Store atf@

Klenow enzyme (Roche, Mannheim, Germany)

Restriction enzymes (Fermentas, St. Leon-Rot, Geym&lEB, Frankfurt, Germany and

Roche, Mannheim, Germany)

T4 DNA ligase (Roche, Mannheim, Germany)

3.1.7 Antibodies

Table 3.1. Antibodies used in this work

in

Antigen Usage (Dilution) Species | Type Source
Alpha Tubulin 1:10,000 for WB Mouse Monoclonal AlbbcaCambridge, UK
1:500 for confocal; Millipore, Schwalbach/Ts,

Human A3 1:2500 for WB Mouse Monoclonal WO-2 Germany
:;r;lz;?dbeta 1:50 for IHC Mouse Monoclonal clone 6F/3p  Dako, Hamg, Germany
Human TLR2 1:1000 for WB Goat Polyclonal R&D systeTJsé Minneapolis

. . Wako pure Chemical
Mouse-lba-1 1:500 FOR IHC Rabbit Polyclonal Industries Ltd, Osaka, Japd
Mouse TLR2 1:500 for confocal Rabbit Polyclonal bcam, Cambridge, UK
NeuN 1:50 for IHC Mouse Monoclonal Millipore. Temsea, CA
PSD-95 1:2000 for WB Mouse Monoclonal Abcam, Cauhipei UK

. Peroxidase-conjugated Sigma-Aldrich
Mouse IgG 1:1000 Goat antibody Munich, Germany
Rabbit IgG 1:1000 Goat Peroxidase-conjugated Sigma-Aldrich

antibody

Munich, Germany

3.1.8 Oligonucleotides

Table 3.2. Oligonucleotides used for RNAI silence

Target gene |

Stealth RNAIi sequences
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Sense Anti-sense
Mouse TIrl GAC AUC CUC UCA UUG UCC AAG CUG UCA GCU UGG ACA AUG AGA GGA UGU
Mouse TIr2 CCG CUC CAG GUAC UUU CAC CUC UAU AAU AGA GGU GAACAGA CCU GGA GCG
Mouse TIr6 CCA AUA CCA CCg UUC UCC AUU UGG ACC AAA UGG AGAGACG GUG GUA UUG
RNAI | CCG GAC CcUC UGX CUU CUC CUU CAU AAU GAA GGA GAAzGUC AGA GGU CCG
contro U

Table 3.3. Primers for human TLRs / mouse CD44 anthutants expression constructs in pIRES vector

Constr | Forward primer for 5' | Reverse primer for | Forward primer Reverse primer for 3'
uct segment amplification 5' segment for 3' segment segment amplification
name amplification amplification
TLR1 CTAGCTAGCTAGCC CCCGACGCGTCGGCTA
ACCATGACTAGCAT TTTCTTTGCTTGCTCTG
CTTCCATTT TCAGCTT
TLR2 CTAGTCTAGACTAG ATAGTTTAGCGGCCGC
GCCACCATGCCACA ATTCTTATCTAGGACTT
TACTTTGTGGATG TATCGCAGCTCTCAG
TLR6 CTAGCTAGCTAGCC CCCGACGCGTCGGTTA
ACCATGACCAAAG AGATTTCACATCATTG
ACAAAGAACC TTTTCAG
mCD44 | CTAGTCTAGACTAG ATAGTTTAGCGGCCGC
GCCACCATGGACAA ATTCTTATCTACACCCC
GTTTTGGTGGCA AATCTTCATGTCCAC
TLR2L | CTAGTCTAGACTAG | ATTTGTGAGATG | GATTCTTTTTCTC | ATAGTTTAGCGGCCGC
RR3- GCCACCATGCCACA | AGAAAAAGAAT | ATCTCACAAAAT | ATTCTTATCTAGGACTT
4de TACTTTGTGGATG CTTCCTCTAT TGCAAATCC TATCGCAGCTCTCAG
TLR1L | CTAGCTAGCTAGCC | TTGAGACATATT | AGTGTTTTCAAA | CCCGACGCGTCGGCTA
RR3- ACCATGACTAGCAT | TTTGAAAACACT | AATATGTCTCAA | TTTCTTTGCTTGCTCTG
4de CTTCCATTT GATATC CTAAAAT TCAGCTT
TLR6L | CTAGCTAGCTAGCC | TTGTGATAAGTT | AGTGTTTTCAAG | CCCGACGCGTCGGTTA
RR3- ACCATGACCAAAG | CTTGAAAACACT | AACTTATCACAA | AGATTTCACATCATTG
4de ACAAAGAACC TAAATCA CTGAATT TTTTCAG
TLR2L | CTAGTCTAGACTAG | TCCAGAAATCTG | AAAAGTTTGAAG | ATAGTTTAGCGGCCGC
RR7- GCCACCATGCCACA | CTTCAAACTTTT | CAGATTTCTGGA | ATTCTTATCTAGGACTT
9de TACTTTGTGGATG TGGCTCAT TTGTTAG TATCGCAGCTCTCAG
TLR1L | CTAGCTAGCTAGCC | AGTTGTATGCCA | CCTGAGGGCCTT| CCCGACGCGTCGGCTA
RR7- ACCATGACTAGCAT | AAGGCCCTCAG | TGGCATACAACT | TTTCTTTGCTTGCTCTG
9de CTTCCATTT GGTCTTCT GTATGGT TCAGCTT
TLR6L | CTAGCTAGCTAGCC | AGGTTTGGGCCA| ACAGAAAGTCTA | CCCGACGCGTCGGTTA
RR7- ACCATGACCAAAG | TAGACTTTCTGT | TGGCCCAAACCT | AGATTTCACATCATTG
9de ACAAAGAACC CTCATTT GTGGAAT TTTTCAG
TLR2L | CTAGTCTAGACTAG | TCTTTCTGTAAG | AAACTTTTGAAT | ATAGTTTAGCGGCCGC
RR10- | GCCACCATGCCACA | ATTCAAAAGTTT | CTTACAGAAAGA | ATTCTTATCTAGGACTT
11lde TACTTTGTGGATG CATAACCT GTTAAAA TATCGCAGCTCTCAG
TLR1L | CTAGCTAGCTAGCC | GTTCATATTCGA | CTCCAGCTGGTT | CCCGACGCGTCGGCTA
RR10- | ACCATGACTAGCAT | AACCAGCTGGA | TCGAATATGAAC | TTTCTTTGCTTGCTCTG
11lde CTTCCATTT GGATCCTA ATCAAAA TCAGCTT
TLR6L | CTAGCTAGCTAGCC | GTTCATCTCAGA | TTCAATTTCTTTC | CCCGACGCGTCGGTTA
RR10- | ACCATGACCAAAG | AAGAAATTGAA | TGAGATGAACAT | AGATTTCACATCATTG
11lde ACAAAGAACC AGACTCTG TATGAT TTTTCAG
TLR2L | CTAGTCTAGACTAG | GTTTTTCAGAGT | ACTTTATATTCA | ATAGTTTAGCGGCCGC
RR12- | GCCACCATGCCACA | TGAATATAAAGT | ACTCTGAAAAAC | ATTCTTATCTAGGACTT
l4de TACTTTGTGGATG GCTCAGA TTGACTA TATCGCAGCTCTCAG
TLR1L | CTAGCTAGCTAGCC | AGACTTCATCTG | TATGAAATCTTT | CCCGACGCGTCGGCTA
RR12- | ACCATGACTAGCAT | AAAGATTTCATA | CAGATGAAGTCT | TTTCTTTGCTTGCTCTG
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1l4de CTTCCATTT GATATAAC CTGCAAC TCAGCTT
TLR6L | CTAGCTAGCTAGCC | AGAAGGCATAT | TACACCGTGTTT | CCCGACGCGTCGGTTA
RR12- | ACCATGACCAAAG | CAAACACGGTGT | GATATGCCTTCT | AGATTTCACATCATTG
1l4de ACAAAGAACC ACAAAGCT TTGGAAA TTTTCAG
TLR2L | CTAGTCTAGACTAG | AGACACCAGTG | AATAACTTCATT | ATAGTTTAGCGGCCGC
RRCTd | GCCACCATGCCACA | CAATGAAGTTAT | GCACTGGTGTCT | ATTCTTATCTAGGACTT
e TACTTTGTGGATG TGCCACCAG GGCATGTG TATCGCAGCTCTCAG
TLR1L | CTAGCTAGCTAGCC | GACGATCAGCA | AATCCATTCCAA | CCCGACGCGTCGGCTA
RRCTd | ACCATGACTAGCAT | GTTGGAATGGAT | CTGCTGATCGTC | TTTCTTTGCTTGCTCTG
e CTTCCATTT TGTCCCCTG ACCATCG TCAGCTT
TLR6L | CTAGCTAGCTAGCC | GACGATCAGCA | AATCCATTCCAA | CCCGACGCGTCGGTTA
RRCTd | ACCATGACCAAAG | GTTGGAATGGAT | CTGCTGATCGTC | AGATTTCACATCATTG
e ACAAAGAACC TGTCCCCT ACCATCG TTTTCAG
TLR1Y | CTAGCTAGCTAGCC | CTAGGAATGGA | CCATTCCGCAGA | CCCGACGCGTCGGCTA
737N ACCATGACTAGCAT | GTTCTGCGGAAT | ACTCCATTCCTA | TTTCTTTGCTTGCTCTG
CTTCCATTT GG G TCAGCTT
TLR1S | CTAGCTAGCTAGCC | TGAGCTTGTGAT | TACTCCATTCCT | CCCGACGCGTCGGCTA
S741N | ACCATGACTAGCAT | ACTTGTTAGGAA | AACAAGTATCAC | TTTCTTTGCTTGCTCTG
K CTTCCATTT TGGAGT AAGCTCA TCAGCTT
TLR6N | CTAGCTAGCTAGCC | GGAATGCTGTAC | CCCATTCCACAG | CCCGACGCGTCGGTTA
742Y ACCATGACCAAAG | TGTGGAATGGGT | TACAGCATTCCC | AGATTTCACATCATTG
ACAAAGAACC TCC AAC TTTTCAG
TLR2E | CTAGTCTAGACTAG | CTGGGGAATGG | GAGCCCATTCCG | ATAGTTTAGCGGCCGC
KKA74 | GCCACCATGCCACA | AATTTTGCGGAA | CAAAATTCCATT | ATTCTTATCTAGGACTT
4PONS | TACTTTGTGGATG TGGGCTCC CCCCAGC TATCGCAGCTCTCAG
TLR2P | CTAGTCTAGACTAG | GGAGCTTTCCTG| GCCAAAGGAAG | ATAGTTTAGCGGCCGC
631A GCCACCATGCCACA | GCCTTCCTTTGG | GCCAGGAAAGCT | ATTCTTATCTAGGACTT
TACTTTGTGGATG C CC TATCGCAGCTCTCAG
TLR2S | CTAGTCTAGACTAG | TGCATCAAAGCA | GGAAAGCTCCCC | ATAGTTTAGCGGCCGC
636QY | GCCACCATGCCACA| GATGTTCCTCTG | AGAGGAACATCT | ATTCTTATCTAGGACTT
641F TACTTTGTGGATG GGGAGCTTTCC | GCTTTGATGCA TATCGCAGCTCTCAG
TLR6Y | CTAGCTAGCTAGCC | CTTTTTCTAGGT | GAATTGGTACCT | CCCGACGCGTCGGTTA
663N ACCATGACCAAAG | TAGGTACCAATT | AACCTAGAAAA AGATTTCACATCATTG
ACAAAGAACC CAC AGAAG TTTTCAG
TLR2S | CTAGTCTAGACTAG | GGCTCTTTTCAA | CAATATCATTGA | ATAGTTTAGCGGCCGC
692C GCCACCATGCCACA | TGCAGTCAATGA | CTGCATTGAAAA | ATTCTTATCTAGGACTT
TACTTTGTGGATG TATTG GAGCC TATCGCAGCTCTCAG
TLR2E | CTAGTCTAGACTAG | AATGGCTTTTTT | CTGGAGCCCATT | ATAGTTTAGCGGCCGC
741P GCCACCATGCCACA | CGGAATGGGCTC| CCGAAAAAAGC | ATTCTTATCTAGGACTT
TACTTTGTGGATG CAG CATT TATCGCAGCTCTCAG
TLR2K | CTAGTCTAGACTAG | GGGAATGGCTTT | GAGCCCATTGAG | ATAGTTTAGCGGCCGC
742Q GCCACCATGCCACA | TTGCTCAATGGG | CAAAAAGCCATT | ATTCTTATCTAGGACTT
TACTTTGTGGATG CTC CCC TATCGCAGCTCTCAG
TLR2K | CTAGTCTAGACTAG | CTGGGGAATGG | CATTGAGAAAAA | ATAGTTTAGCGGCCGC
743N GCCACCATGCCACA| CATTTTTCTCAA | TGCCATTCCCCA | ATTCTTATCTAGGACTT
TACTTTGTGGATG TG G TATCGCAGCTCTCAG
TLR2A | CTAGTCTAGACTAG | GCGCTGGGGAA | ATTGAGAAAAA ATAGTTTAGCGGCCGC
744S GCCACCATGCCACA| TGGATTTTTTCT | ATCCATTCCCCA | ATTCTTATCTAGGACTT
TACTTTGTGGATG CAAT GCGC TATCGCAGCTCTCAG

Table 3.4. Primers for plasmid constructs sequenc

Primer name Detect target Primer sequence 5'to 3'
IRESMCSAforseq| PpIRES MCSA insert b' AGGTGTCCACTCCGRTCA
IRESMCSArevseq plRES MCSA insert3' GGGGGAGAGGGGRRETGG
IRESMCSBforseq| pIRES MCSB insertb' CCGAACCACGGGGAGGT
IRESMCSBrevseq PpIRES MCSB insert|3' AGCATTAACCCTCRMSAAGGGAA

Table 3.5. Primers for Realtime PCR detection (SYBRyreen method)
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Detector Primer forward Primer reverse
mbetaActin GCAAGCAGGAGTACGATGAG TAACAGTCCGCCTAGAAGE
mTNF-alpha ATGAGAAGTTCCCAAATGGC CTCCACTTGGTGGTTTG@T
miL-1beta GAAGAAGAGCCCATCCTCTG TCATCTCGGAGCCTGTAGTG
miL-6 AGTCCGGAGAGGAGACTTCA ATTTCCACGATTTCCCAGAG
miL-10 AGGGGCTGTCATCGATTTCTC TGCTCCACTGCCTTGCTCTTA
mPtgesl GAGTTTTCACGTTCCGGTGT GGTAGGCTGTCAGCTCAAGG
mIFN-y AGCTCTTCCTCATGGCTGTT TTTGCCAGTTCCTCCAGATA
mMCP-1 GAAGGAATGGGTCCAGACAT ACGGGTCAACTTCACATTCA
mTLR1 CAACAGTCAGCCTCAAGCAT AACTTTGTACCCGAGAACCG
mTLR2 GTCAGCTCACCGATGAAGAA GAGCCCATTGAGGGTACAGT
MTLR6 GAGCCTGAGGCATCTAGACC AGATGCAAGTGAGCAACTGG

Table 3.6. Primers for mutant confirmation via RT-PCR product sequencing

Primer name Detect target Primer sequence 5'to 3'
hTLR2mutseqconfPCRfo Human tlr2 ACT TCATTC CTG GCA AGT GG
hTLR2mutseqconfPCRrey CGC AGC TCT CAG ATT TAC CC
hTLR1mut737seqconfor Human tirl GTT CCT GGC AAG AGC ATT GT
hTLR1mut737seqconrev TGC CCT TAAGTT AGC CCA AA

3.1.9 Organisms

3.1.9.1 Escherichia coli strains

Table 3.7. E. coli strains used in this work

Strain Genotype Source
. . Clontech
Fusion- -~ endAl, hsdR17 (ki Mkiot), SUE44,thi-1, recAl, Lo
Blue™ E.ColiK-12 gyrA96, relAl, lac F* [proA'B*, lacl'Z4M15:: Tn10(tef?)] Mountg: View,
3.1.9.2 Cell lines
Table 3.8. Cell lines used in this study
Designations Growth Properties Organism Cell Type Qurce
Primary embryonal
HEK-293 Adherent Human kidney fibroblastoid| DSMZ
cells
Mus musculus Subcutaneous
L-929 Adherent connective  tissue, ATCC
(mouse) .
areolar and adipose
Macrophage;
RAW 264.7 Adherent Mus ~  musculug Abelson — murine| o
(mouse) leukemia virus
transformed
THP-1 Suspension Human Human . acuj[e DSMZz
monocytic leukemia|
Note:

ATCC: American Type Culture Collection (ATCC), Masas, USA,
DSMZ: Deutsche Sammlung von Mikroorganismen undkaélren GmbH, Braunschweig, Germany

Culture: HEK-293, L-929, and RAW264.7 cells werdtated in DMEM medium supplemented with 10% fe
bovine serum (FBS) and g Antibiotic-Antimycotic (Invitrogen); THP-1 cells ere cultured in RPMI164

medium supplemented with 10% FBS anel Antibiotic-Antimycotic

tal
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3.1.9.3 Plasmids

Table 3.9. Vector plasmids used in this work

P

Plasmid | Marker Resistence Source

pCEP4 AMP | Hygromycin-B | Invitrogen, Carlsbad, US
pcDNA3 | AMF Neomycin Invitrogen, Carlsbad, US
pIRES AMP Neomycin Clontech, Palo Alto, US/
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Table 3.10. Plasmids used in this study

Vect

Insert and restriction enzyme sites

Plasmid Source
or MCSA MCSB
i ) pcD i Addgene, Cambridge,
PcDNAS-TLR1-YFP | (97 Kpnl/hTLR1-YFP/Xbal USA
i ) pcD i Addgene, Cambridge,
PcDNAS-TLR6-YFP | (07 BamHI/hTLR6-YFP/Xbal USA
R i pcD i Addgene, Cambridge,
PCDNAS-TLR2-CFP | 20 BamHI/hTLR2-CFP/Xbal USA
pCEP4-TLR2 p§4E Kpnl/hTLR2/Notl This work
pCEP4-mCD44 pPC4E Kpnl/mCD44/Notl This work
pIRES-TLR1 p'gE Nhel/hTLR1/MIul This work
PIRES-TLR2 PIRE Xbal/hTLR2/Notl This work
pIRES-TLR6 p'gE Nhel/hTLR6/Mlul This work
pIRES-TLR1-TLR2 p'gE Nhel/hTLR1L/MIul |  Xbal/hTLR2/Notl This work
PIRES-TLRE-TLR2 | PIT | NhelhTLR6/MIUI | Xbal/hTLR2/Not This work
] ) pIRE Xbal/hTLR2LRR3- .
pIRES-TLR2LRR3-4de s ade/Notl This work
DIRES-TLR1LRR3-4de | P'RE | NNVNTLRILRRS-| o\ or) RoiNot This work
S 4de/Mlul
DIRES-TLR6LRR3-4de | P'RE | NNeVNTLROLRRS-| o\ r) Ro/Not This work
S 4de/Mlul
] ) pIRE Xbal/hTLR2LRR7- .
pIRES-TLR2LRR7-9de s 9de/Notl This work
DIRES-TLR1LRR7-9de | P'RE | NNeVNTLRILRRT-| o\ ort Ro/Not This work
S 9de/Mlul
DIRES-TLR6LRR7-9de | P'RE | NNeVNTLROLRRT-| o\ it Ro/Not This work
S 9de/Mlul
] ) pIRE Xbal/hTLR2LRR10- .
PIRES-TLR2LRR10-11de| P'g 1 1de/Notl This work
] ) PIRE | Nhel/hTLRILRR1 .
PIRES-TLRILRR10-11de| P'g o1 oMot Xbal/hTLR2/Notl This work
] ) PIRE | Nhel/hTLR6LRR1 .
PIRES-TLR6LRR10-11de| P'g 01 1o/l Xbal/hTLR2/Notl This work
] ) pIRE Xbal/hTLR2LRR12- .
PIRES-TLR2LRR12-14de| P'g Lade/Notl This work
] ) PIRE | Nhel/hTLRILRR1 .
PIRES-TLRILRR12-14de| P' o1 4de Ml Xbal/hTLR2/Notl This work
] ) PIRE | Nhel/hTLR6LRR1 .
PIRES-TLR6LRR12-14de| P' o1 ado/MIn Xbal/hTLR2/Notl This work
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pIRES-TLR2LRRCTde p'gE Xbalf hTebﬁgtLlRRCTd This work
pIRES-TLR1LRRCTde | P'RE | NNEVNTLRILRRC | o\ iTi R2/No This work
S Tde/Mlul
PIRES-TLR6LRRCTde | P'RE | NNEVNTLRELRRC | o\ T R2/No This work
S Tde/Mlul
pIRES-TLR1Y737N p'gE Nhe'/,[l‘lTl\'/ﬂ'zllww Xbal/hTLR2/Notl This work
PIRES-TLR1SS741NK p'gE Nhe'ﬁ‘; /';\A'TjISSMl Xbal/hTLR2/Notl This work
pIRES-TLR6N742Y p'gE Nhe'/\r(‘/TN'l‘lEFNMZ Xbal/hTLR2/Notl This work
pIRES- pIRE Xbal/hTLR2EKKA7 This work
TLR2EKKA744PQNS s 44PQNS/Notl
pIRES-
TLR2EKKA744PONS- | P'RE | NhelhTLR1/MIul | XPaVNTLRZEKKAY This work
LRI s 44PQNS/Notl
TLRzEE}I&EZPQNS- PIRE | Nhel/hTLR1Y737 | Xbal/lhTLR2EKKA7 This work
TLRIY737N s N/Miul 44PQNS/Notl
pIRES-TLR2P631A p'gE Xbalf hT[\h'fﬂZPGB’lA/ This work
] pIRE Xbal/hTLR2S636QY .
PIRES-TLR2S636QY641F P'c BATE /ol This work
pIRES-TLR6Y663N p'gE Nhe'/,[l‘lTl\'/ﬂE?Y%?’ Xbal/hTLR2/Notl This work
pIRES-TLR2S692C p'gE Xbalf hTL(iIZSGQZC/ N This work
This work;
pIRE Xbal/hTLR2E741P/N :
PIRES-TLR2E741P S ol Made by Lisa Wolf undef
my supervision
This work;
pIRE Xbal/hTLR2K742Q/ :
PIRES-TLR2K742Q s Notl Made by Lisa Wolf undef
my supervision
This work;
IRE Xbal/hTLR2K743N/ ’
PIRES-TLR2K743N P S Notl Made by Lisa Wolf under
my supervision
IRE Xbal/hTLR2A744S/ This work;
PIRES-TLR2A744S P S Notl Made by Lisa Wolf unde

my supervision

3.1.10 Mice

APPswe/PS1dE9 mice: Originally generated by D. Beltc (Johns Hopkins University)
(Jankowskyet al, 2001) were bred on C57BL6/J background and ggeotyoy A. Kiliaan

(Radboud University Nijmegen Medical Center). APEAS1dE9 Double transgenic mice

express a chimeric mutant mouse/human amyloid pecyrotein (Mo/HUAPP695swe:
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KM594/5NL) and a mutant human presenilin 1 (PS1l:d&8etion of exon 9) under the
control of the mouse prion protein (PrP) promovtenjch make the expression of transgene
predominantly to CNS neurons (Jankowstyal, 2001). Both mutations are associated with
early-onset Alzheimer's disease. The "humanized/HUAPP695swe transgene allows the
mice to secrete humanfBApeptide (Garcia-Allozat al, 2006). The transgenic mice start to
develop 3-amyloid plagues at 4 months of age and by 6 mopthgues will be easily
detectable (Garcia-Allozet al, 2006).

TLR2 knockout (TLR2") mice in a C57BL6/N background were kindly providey S.
Akira (Osaka University, Osaka, Japan).

Wild-type C57BL6/N mice were purchased from ChaReger (Sulzfeld, Germany).

All mice were locally housed in the animal facédimanaged by Prof. Dr. M. Freichel and
Prof. Dr. M. Menger.

All animal experiments were approved by the ethocahmittee of the regional council in
Saarland, Germany (Versuch Nr. 27/2007).

3.2 Methods

3.2.1 Primary cell culture

Bone marrow (BM) cells were isolated from 8-weel-8LRZ7-, C57BL/6 mice as described
previously (Haoet al, 2011). Briefly, Cells were derived from the mavr@f medullar
cavities of the tibia and femur of the hind limSythrocytes were removed by lysis with
hypotonic erythrocyte lysing solution (EL buffer:166 M ammonium chloride, 0.01 M
potassium hydrogen carbonate and 0.1 mM EDTA). Bbr transplantation, cells were
washed twice with ice-cold phosphate buffered salPBS) and suspended in PBS. For BM-
derived macrophage (BMDM) culture, cells were adtlin DMEM medium supplemented
with 10% FBS, 1x Antibiotic-Antimycotic (Invitrogen) and 20% L929eli-conditioned
medium in 75crh flasks. Non-adherent cells were collected 24 htsrland re-seeded in a
new flask. Medium was changed every 3 days untidrohages were used for experiments
after 14 days.

Primary microglial cells were isolated from braio$ neonatal mice as previously
described (Liu Yet al, 2005). Briefly, the meninges from the forebragisnewborn mice
were mechanically removed. The cells were seededli®0 ng/ml poly-lysine-coated flasks
and cultured in DMEM medium supplemented with 108S and 1x Antibiotic-
Antimycotic under a humidified atmosphere of 10%,@D37°C for at least 14 days (Ishii K,
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2000). Microglial cells were then collected frometmicroglia-astrocyte co-cultures by

shaking with a rotary shaker (220 rpm, 2 hrs).

3.2.2 Preparation of AB peptides and quality control

Human A342 synthesized and provided by B. Penke (AlbertnSz8yorgyi Medical
University, Hungary) (Zarandet al, 2007). The aggregation offAwas sterile prepared
according to published protocol (Dahlgreinal, 2002):

1. Deaggregate by pipetting 1 mg lyophilize@1A42 in 0.5 ml 1,1,1,3,3,3-Hexafluoro-

2-propanol (HFIP, Fluka) until complete dissolved,
2. Lyophilize the dissolved B1-42 by vacuum centrifugation (by Savant DNA 110
SpeedVac System, Thermo Fisher Scientific), RTh2sb

3. Completely dissolve the lyophilizedpA-42 into 4@l DMSO. Then dilute to a stock
concentration of 10@M in Ham’s F12 Medium (with L-Glutamine, without g@hol
red, with 25 mM Hepes, with 1.176 g/l NaHCO3) (PBiMtech GmbH), incubate at
37 °C, 72 hrs.

All AB used in this study, for all the assays includiath stimulation, Biacore, Pull-down
assay, G-actin/ F-actin assay and confocal aséagtispecifically noted, was aggregated
AB42 prepared as described here. In some circumstaihee term fg1-42 was used to
differentiate the f42 from A342-1 control peptide.

The fluorescent A used for FACS analysis of phagocytosis was prepanre mixing
FITC-conjugated f42 (Bachem, Heidelberg, Germany) and unlabelpd®the ratio of 1:4,
and incubated the same as with the unlabe[@PAlescribed above.

The AB42-1(Bachem, Heidelberg, Germany), which has theesamino acids components
but a reverse sequence g81A42, was treated in a way the same as f6t-A2 and used as
AB42 control peptide.

To exclude the possibility of endotoxin contamioatiin the A, Limulus Amebocyte
Lysate (LAL) assay was run with the LAL QCL-1000G6t KCAMBREX Bio Science
Walkersville), which is a quantitative test for granegative bacterial endotoxin. In LAL test,
the test sample is mixed with the LAL (containsgmmoyme) and incubated at°87 for 10
min. A substrate (Ac-lle-Glu-Ala-Arg-pNA) (pNA: p#moaniline) solution is then mixed with
the LAL-sample and incubated at°87for an addditonal 6 min. During this time theizated
enzyme catalyzes the splitting of pNA from the clalss substrate. The reaction is stopped

with stop reagent:
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Endotoxin
1 Proenzyme » Enzyme

Enzyme .
2 Substrate +H20 » Peptide +pNA

If endotoxin is present in the sample, the releagBd produces yellow color. The
absobance of the sample can be determined spectoopétrically at 405-410 nm. The
endotoxin concentration can be calculated fronaadsrd curve.

In the case of this study, results show that tfi@d2Ahere used contains no detectable

endotoxin:
Standard con (EU/ml) 1 0.5 0.25 0.125 0.0625
Standard delta O.D.405 0.169 0.083  0.049 0.044 90.03

AR sample delta O.D.405: lot#1:0.034, lot#2: 0.03@hbHower than detection limjt

The FITC-conjugated B42 fluorescent f mixture used for FACS and ordinanpAised
for other experiments were characterized by Wedikrnto have a similar oligomeric profile
(Figure 3.1):

FITC-AB AB

Figure 3.1. The oligomeric profile of 342 and FITC-labled AB42. The FITC-conjugated B42 fluorescent

AB mixture used for FACS and ordinan42 used for other experiment were characterize@bgtern blot to
have a similar oligomeric profile.

3.2.3 AP42 challenge and sample collection

Microglia, BMDM, RAW264.7 and HEK-293 cells plat@&d 48-well plates (BD, Heidelberg,
Germany) at % 10°/well (HEK-293 at 1x 10°/well) were treated with aggregate@4® at 5
MM and 10uM in 200 ul DMEM + 10% FBS medium for 24 hrs. For microgli) ng/ml
Pam3CSK4 (ALEXIS Biochemicals, Loerrach, Germangswsed as a positive control. For
BMDM and HEK-293 cells, a concentration of 100 ngbhPam3CSK4 was used. In some
experiments on HEK-293 cells, 100 ng/ml Pam2CSKdviybGen) was used. The

supernatants were collected, stored atC2for detection of TNF, IL-1[3 and IL-8 level.
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3.2.4 TNF-a, IL-1pB and IL-8 level detection with ELISA kits

The TNF«, IL-1B and IL-8 level in the cell supernatants was deiech with commercial

ELISA kits (obtained from R&D Systems, Wiesbademrr@any and from eBioscience, San

Diego, USA), according to the manufacturer’'s protscBasic steps are:

1.

One day before measurement, dilute the Capture bdayi to the working
concentration in PBS without carrier protein. Imnagely coat a 96-well microplate
with 100 ul per well of the diluted Capture Antibody. Seaek tplate and incubate
overnight at room temperature.

Aspirate each well and wash with Wash Buffer (0.0b%een 20 in PBS), repeating
the process two times for a total of three wasiéash by filling each well with 400
pl Wash Buffer. Complete removal of liquid at eachsh. After the last wash, remove
any remaining Wash Buffer by inverting the platel dohotting it against clean paper
towels.

Block plates by adding 30QlI of Reagent Diluent to each well. Incubate at room
temperature for a minimum of 1 hour.

Repeat the aspiration /wash as in step 2.

Add 100ul of sample or standard in Reagent Diluent, or ppr@priate diluent, per
well. Cover with an adhesive strip and incubate2at room temperature.

Repeat the aspiration /wash 3 times as in step 2.

Add 100ul of the Detection Antibody, diluted in Reagentu®iht, to each well. Cover
with a new adhesive strip and incubate 2 hrs anrt@mperature.

Repeat the aspiration /wash 8 times as in step 2.

Add 100ul of the working dilution of Streptavidin-HRP toaawell. Cover the plate

and incubate for 20 min at room temperature, afroich direct light.

10. Repeat the aspiration /wash 8 times as in step 2.

11.Add 100 pl of Substrate Solution to each well. Incubate & min at room

temperature, avoid the plate from direct light.

12.Add 50 ul of Stop Solution to each well. Gently tap thetel#o ensure thorough

mixing.

13. Determine the optical density of each well immeel\atising a microplate reader; set

to 450 nm and wavelength correction to 570 nm. ti@abreadings at 570 nm from

the readings at 450 nm.
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14.Make standard curve according to standard readscatwllate the sample value

according to standard equation.

3.2.5 Confocal microscopy analysis of TLR2-842 co-localization

Unlike conventional microscopy, laser scanning ooaf microscopy aquires signals point by
point from the whole specimen by an arrangementdiaphragms which, at optically
conjugated points of the path of rays, act as atpaiht source and as a point detector
respectively, all structures out of focus are sapped at image formation by the detection
pinhole. The emitted/reflected light passing thitotlge detector pinhole is transformed into
electrical signals by a photomultiplier and disgldyon a computer monitor screen. Images
are reconstructed by computational software. Tissialization deep within living and fixed
cells and tissues and three-dimensional imagesbheacreated. For cell biological use, the
high resolution of confocal microscopy is ablegliffer unrelated molecules.

In this study, to localize @ and TLR2 in cells, 5 10" primary microglia plated on 12
mmg Assistent® microscope cover glasses ( Glasvabyek) in a 24-well cell culture plate
(Falcon) were treated with M aggregated B42 in culture for 30 min and terminated by
putting on ice. The cells were immediately washdti vee cold PBS and fixed with 4% PFA.
After increasing permeability with 0.1% Triton X-A@nd blocking in 1% BSA over 30 min,
cells were stained with rabbit anti-mouse TLR2 QD.5Abcam, Cambridge, UK) and mouse
anti-AB (1:500, clone WO-2, Millipore, Schwalbach/Ts, Gamy), 2 hrs. Cy3-conjugated
goat anti-rabbit IgG and Alexa488-conjugated donaei-mouse IgG were used as relevant
second antibodies. The slides were gently mounteduiting on an object glass with
ProLong®Gold antifade reagent with DAPI (Invitrogea stain the cell nucleus and imaged
under Leica TCS SP2 AOBS laser scanning confocatastope (performed by using the
confocal machine in the laboratory of Prof. Dr.Lipp, kindly instructed by Mr. Q Tian).

Different channels were merged with Image J asrdest (Haoet al, 2011).

3.2.6 Biacore analysis of TLR2-A3 direct interaction

Surface Plasmon Resonance (SPR) is a physicalgzrdleat can occur when plane-polarized
light hits a metal film under total internal reftem (TIR) conditions. In this condition,

although no light is coming out of the prism in TkRe electrical field of the photons extends
about a quarter of a wavelength beyond the refigcsurface. In SPR, the prism is coated
with a thin film of gold on the reflection site, wh gives a SPR signal at convenient

combinations of reflectance angle and wavelengtte Binding of biomolecules occurred at
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the site results in the change of the refractiviexnon the sensor surface, which is measured
as a change in resonance angle or resonance wagtrel&uch signals can be converted to an
arbitrary measured value (angle or wavelength). biaeore machine uses the Resonance
Unit (RU), which is exactly converted from the adtangle shift in reflected light (Figure
3.2).

Optical
detection

Light- unit Intensity

source
| n
Polarized e Angle
light . feht
Prism Resenance
1| signal
Sensor chnr with S .
gold film Time

M "
Flow channel

Gold-Dextran

Figure 3.2. Biacore principle. Surface Plasmon Resonance (SPR) is a powerful itpghrto measure
biomolecular interactions in real-time in a labelef environment. In this experiment, one of therattants is

immobilized to the sensor surface (there are tow ftells on the NTA sensor chip used this workg, dkher are

free in solution and passed over the surfdt® binding of the interactants occurred at the séinsor surface is
converted to resonance signal and is real-timealgnak

In this study, a Biacore® J system (Biacore AB, &dp, Sweden) and NTA sensor chips
(Biacore AB) was used to investigate whether TLRéh directly interact with B. In
according to the manufecturer’'s instruction, thde@ninal 10 His-tagged human TLR2
(Glu21-Leu590), or control receptor TLR1 (Ser25-B8p) and TLR3 (Lys27-Ser711) (all
from R&D Systems) was immobilized in the flow cgl(FC1) of the NTA chips; insulin-like
growth factor-1 receptor (IGF-1R) (Glu31-Asn932) exference receptor (from R&D
Systems) was immobilized in flow cell 2 (FC2) of &le NTA chips. All flow cells were
immobilized with an amount to yield 20,000 to 3M@U and the basal resonance difference
between FC1 and FC2 (FC1-FC2) was around O RU. dggged A1-42 or A342-1, used as
a control peptide in the running buffer (0.01 M HES? 0.15 M NaCl, 5¢M EDTA, 0.005%
Surfactant P20, pH=7.4) at the concentration jgd/Bl, was injected into both flow cells at
the rate of 1Qul/min for 1 min, followed by another 5 min of rumg buffer flow at the rate
of 10 pl/min. The whole binding assay was performed at°@5 The difference of basal
response between FC1 and FC2 was set to 0 RU. i§esnss of FC1-FC2 representing the
interactions between ligands and receptors wasrdedoand analyzed using BlAviewer

software (Biacore AB) (The Biacore experiments weegformed by using the Biacore® J
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system in the laboratory of Prof. Dr. E. Meese #rallaboratory of Prof. Dr. J Hemberger
(Institut fur Biochemische Verfahren und Analyséhef3en). The laboratory of Prof. Dr. R.
Zimmermann kindly provided pre-training).

3.2.7 Pull-down analysis of TLR2-AB42 direct interaction

The pull-down assay is another in vitro method determination of physical interaction
between two or more proteins. It is a form of affipurification and is useful in confirming
the existence of a protein-protein interactionalpull-down assay, a bait protein is tagged
and captured on an immobilized affinity ligand sfiedfor the tag, thereby generating a
“secondary affinity support” for purifying other gieins that interact with the bait protein.
The secondary affinity support of immobilized baitthen incubated with a protein source
that contains putative “prey” proteins. The potahtprey” would bind to the “bait” and could
be eluted together with the bait and be detectél fwrther tools such as Western blot.

Here the pull-down assay was applied to confirmtimaling of TLR2 with 3. Human
TLR2 (Glu21-Leu590) and IGF-1R (Glu31-Asn932) (batte tagged with 10 His on C-
terminal) at 50ug/ml, and blank control (PBS without receptor) wereubated with 5uM
AB42 aggregates in PBS for 20 hrs and loaded to N&Npin columns (Qiagen, Hilden,
Germany), respectively. After thoughly washing wattbuffer containing 50 mM NaRO;,
300 mM NacCl, 10 mM Imidazole and 0.01% TritonX-1@@ columns were eluted with the
buffer (50 mM NaHPQ,, 300 mM NaCl, 500 mM Imidazole and 0.01% Triton801 pH
8.0). The A and His-tagged receptors in the eluted buffer detected by Western blot.
Basic procedure was similar to conventrional Weshdot as will be described below, except
using a ProGel-P Tris.Tricine 10-20% (Anamed elgktiorese GmbH, Germany) gel for
electrophoresis (Schagger, 2006]3 was detected with WO-2 antibody (i&y/ml, Millipore).
The TLR2 or IGF-1R on the same blot membrane wdectkl with a Tetra-His HRP
Conjugate Kit (Qiagen) according to the manufactanerotocol.

3.2.8 Construction of plasmids and establishment of TLRsnutated cell lines

In general, molecular cloning includes the makirfgirserts through polymerase chain
reaction (PCR), restriction enzyme digestion, lmatand transformation. In addition, to
establish protein stable expressing cell linesthirr steps of transfection and selection are

required (Figure 3.3).
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Figure 3.3. Workflow of molecular cloning. Molecular cloning includes the making of insertsioterest,
restriction enzyme digestion of inserts and vedigation and transformation. In addition, to const protein-
of-interest expressing cell line, further stepsrahsfection and selection are required.

In this study, the templates used for amplifyinddwype human TLR2, human TLR1,
human TLR6 and mouse CD44 were wild-type hTLR2 mids(a gift of Ruslan M.
Medzhitov, Yale University) and cDNA derived fronurhan acute monocytic leukemia cell
line THP-1 or mouse RAW264.7 cell line. The primars listed in Table 3.3.

3.2.8.1 Total RNA isolation from THP-1 and RAW264.7 cells

Total RNA from human monocytic THP-1 cells and mousacrophage RAW264.7 cells
was isolated with RNeaSy plus kit (Qiagen), which can selectively removeille-stranded
DNA without the need for additional DNase digestitm principle, cells are first lysed and
homogenized in a highly denaturing guanidine-ismtianate-containing buffer (buffer RLT
plus), which immediately inactivates RNases to emssolation of intact RNA. The lysate is
then passed through a gDNA Eliminator spin coluifims column, in combination with the
optimized high-salt buffer, allows efficient remdwdé genomic DNA. Ethanol is added to the
flow-through to provide appropriate binding conaiits for RNA, and the sample is then
applied to an RNeasy spin column, where total RiNAl®to the membrane and contaminants

are efficiently washed away. High-quality RNA i®theluted in RNase free water:
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. The THP-1 cells or RAW264.7 cells (arounsild’ cells) were homogenized 10 min,
on ice in 60Qul buffer RLT plus (supplemented with 10 3-mercaptoethanol per ml
buffer).

. Transfer the homogenized lysate to a gDNA Eliminafmn column placed in a 2 ml
collection tube.

. Centrifuge for 30 s at 16,000g. Discard the column, and save the flow-through.
Add 1 volume (200ul) of 70% ethanol to the flow-through, and mix wély
pipetting. Proceed immediately to next step.

. Transfer the sample, including any precipitatearicRNeasy spin column placed in a
2 ml collection tube. Close the lid, and centrifige15 s at 16,008 g. Discard the
flow-through.

. Add 700 pl buffer RW1 solution to the RNeasy mini spin colur(in the 2 ml
collection tube). Close the lid, and centrifuge id&r s at 16,00 g. Discard the
flow-through.

. Add 500 pl buffer RPE to the RNeasy spin column. Close tidegently, and
centrifuge for 15 s at 16,000g. Discard the flow-through.

. Add 500 pl buffer RPE to the RNeasy spin column. Close tidegently, and
centrifuge for 2 min at 16,000g.

. Place the RNeasy spin column in a new 2 ml cobbectube. Centrifuge at full speed
for 5 min to further dry the membrane.

. Place the RNeasy spin column in a new 1.5 ml cioledube. Add 10Qul RNase-
free water directly to the spin column membran@s€lthe lid, and centrifuge for 5
min at 16,000« g to elute the RNA.

3.2.8.2 First strand cDNA synthesis

First strand cDNA from the above isolated RNA wagstlesized using SuperScript™ Il

Reverse Transcriptase (RT, Invitrogen), which iseagineered version of Moloney Murine
Leukemia Virus (MMLV) RT with reduced RNase H adtyvand increased thermal stability.

This enzyme can be used to generate cDNA up toki®.Bhe reaction is:

Random primers (250 ndj 1l
Total RNA 1 ng-5ug
dNTP mix (10 mM each) 1l
Sterile distilled HO To 12ul

Heat the mixture to 6& for 5 min and quick chill on ice. Collect the temnts of the tube by brief centrifugatiq

and add:

5x First-strand buffer

|4pl
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0.1MDTT | 2ul

Mix contents gently. Incubate at Z5for 2 min

Add 1 ul (200 units) Superscriptll RT and mix by pipetting up and down, incubat@afC for 10 min

Incubate at 42C for 50 min

Inactivate the reaction by heating at°@for 15 min

The cDNA can now be used for PCR amplification

3.2.8.3 Polymerase chain reaction (PCR) with TaKaRa LA Ta@l DNA polymerase

PCR is a widely used molecular biology method feng cloning. The TaKaRa LA Taq
DNA polymerase is a thermostable polymerase thatsgsses a 3’ to 5 exonuclease
(proofreading) activity, which detects and remothes misincorporated bases that cause slow
elongation, making the reaction proceed smootHlgwing generation of longer and more

accurate PCR product. The standard PCR reactioturaixs made as follows:

TaKaRa LA Tag™ HS (5 uniil) 0.5ul

10 x LA PCR™ Buffer II(Md" plus) Spl

dNTP mixture (2.5 mM each) i

Template <ug

Primer 1 Final conc.0.2-1M
Primer 2 Final conc.0.2-1M
Sterilized distilled water Up to 5

Thaw all reagents on ice and keep them on ice redition set up.

The standard PCR program is:

step Temprature time Note

1 94 °C 1 min Initiation

2 98 °C 10 sec Denaturation

3 52 °C 30 sec Annealing

4 72°C 4 minlmin/ kb) Elongation

5 Goto step 2 30 cycles Amplification
6 72 °C 10 min Final elongation
7 4°C For ever Storage

For mutant TLR1, TLR2 or TLR6 insert generatiornteslirected mutagenesis with an
overlap extension-PCR using the wild type recepiNA as templates strategy (Heckmain
al., 2007) was applied. That is, as shown in Figude f&r receptor mutagenesis, mutagenic
primers b, corresponding to “Reverse primer fos&ment amplification” in the table 3.3,
and c, corresponding to “Forward primer for 3' segimamplification” in the table 3.3 and
flanking primers a and d, corresponding to “Forwgairigher for 5' segment amplification” and
“Reverse primer for 3' segment amplification” ire ttable 3.3, respectively were designed and
commercially synthesized in Sigma-Aldrich. Intedize PCR products AB and CD that are
overlapping fragments of the entire product AD ith mutation of interest were first
generated. Products AB and CD were then denatundduaed as template DNA for the
second PCR, in which the flanking primers were ugedstrands of each product hybridize at

their overlapping, complementary regions that alsatain the desired mutation (indicated by
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the cross). Thus the amplification of product ADARER #2 actually created mutated final
products. For wild type receptor insert generat@mply amplifying the product between the
flanking primers using wild type plasmids or cDNA @mplates was enough. The wild type
and mutated TLR1/ TLR6 were inserted into multiplening site (MCS) A between Nhel
and Mlul sites of pIRES vector (Clontech LaboraseriPalo Alto, CA). The wild type CD44,
TLR2 and mutated TLR2 were inserted into MCS B laetw Xbal and Notl sites of pIRES
vector. In this study, wild type human TLR2 and m@W D44 were also cloned to pCEP4
vector between Kpnl and Notl in the multiple clopisites.

For receptor domain deletion inserts generatiostyategy similar to the above described
site-directed overlap extension-PCR was applied.sifown in figure 3.4, two linking primers
b (corresponding to “Reverse primer for 5° segmamiplification” in the table 3.3) and ¢
(corresponding to “Forward primer for 3' segmenphification” in the table 3.3), as well as
two flanking primers a and d (corresponding to ftard primer for 5 segment
amplification” and “Reverse primer for 3' segmennpdification” in the table 3.3,
respectively), were designed and used. The lingimger b and ¢ contain sequences on both
upstream and downstream side of intested deletinidate gene fragments. Therefore,
primers b and c generate overlapping sequencesdiyding nucleotides that span the
junction of upstream and downstream segments irfitktiePCR. A second PCR using the
hybrid gene product would generate products of fdbuence including upstream and
downstream segments without the deletion sequedicalarly, the domain deleted TLR1/
TLR6 sequences were inserted into multiple clorsitg (MCS) A between Nhel and Mlul
sites of pIRES vector. The domain deleted TLR2 inasrted into MCS B between Xbal and
Notl sites of pIRES vector.
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Figure 3.4. PCR-mediated overlap extension createspecific nucleotide mutations or chimeric domain
deletion products of TLR1, 6 or 2.(Left) Site-directed mutagenesis is accomplishedubyng mutagenic
primers (b and c) and flanking primers (a and dpé¢oerate intermediate PCR products AB and CD ahat
overlapping fragments of the entire product AD.dts AB and CD are denatured when used as template
DNA for the second PCR; strands of each productitige at their overlapping, complementary regidimast
also contain the desired mutation (indicated bydtuss). Amplification of product AD in PCR #2 iswkn by
primers a and d. Final product AD (with mutatio@ncbe inserted into the expression vector, foraimst,
pIRES, for expression. (Right) Chimeric gene witnin deletion products can be generated by twosPCR
similar to left, except that internal primers b andre not mutagenic. Instead, because the goalih¢o delete
an internal segment (shown in dashed line) frororaptete gene to get the upstream and downstreagside
segments connected, primers b and ¢ generate ppartasequences by including nucleotides that than
junction of segments AB (black line) and CD (purfie). The second PCR generates the hybrid geodupt
AD that is then ready to insert into the expressieator for expression (Adapted from reference @ean et

al., 2007)).

3.2.8.4 Enzymatic restriction digestion

Enzymatic restriction digestion is a widely appliethnique that cuts the DNA at specific
recognition nucleotide sequences. It produces reghtieky or blunt-end terminals and thus
facilitates ligating relevant nucleotides. The diggns were carried out in corresponding
buffers and incubated at the defined temperatucerdng to the manufacturer's manuals.
For analytic digestion confirmation, 0.5 pg DNA wasalyzed for each reaction, while 2 pg

DNA was used for preparative digestions. The intiobaime varied from 30 min to 4 hrs. In
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extreme conditions, the incubation time was pro&mhgp to 12 hrs. The digestion products
were analyzed by agarose gel electrophoresis.

In this study, the Kpnl, Mlul, Nhel, Notl and Xbalere used in wild type and mutated
TLR1, TLR2 and TLR6 cloning. It was achieved by imdda corresponding restriction
enzyme recognition site to the primers for ampifiocn of the inserts.

Specifically for cloning human TLR2 into the pCEWktor between Kpnl and Notl, there
exists a Kpnl restriction site within the TLR2 seque (cut position: 2682), which makes it
impossible to apply a Kpnl-cut sticky for insertids, blunt-ends after Kpnl digestion of the
pCEP4 vector and Xbal digestion of engineered pHXEBSI-TLR2-Notl plasmid was
introduced. The blunt-end was generated by uselehd& Enzyme (DNA polymerase |,
large fragment, Roche). The Klenow enzyme caries5—3’ polymerase and the 335’
exonuclease activities of intact DNA polymerasbut lacks the 553’ exonuclease activity
of the native enzyme; therefore, it catalyzes tlugliteon of mononucleotides from
deoxynucleoside-5’-triphosphates to the 3’-hydroigiminus of a primer/template DNA.
Such a property is used to synthesize DNA compléangito single-stranded DNA templates

to generate a blunt terminal for ligation. The klerreaction is:

Components Reaction

Template DNA lug DNA

Nucleotides, final concentrationl mM of desired dNTP each
10 x Filling buffer 2ul

Klenow 1U

H,0 add up to 2@

Incubation 15 min at 37 °C

Further, in order to exchange the intracellular domof TLR1 with that of TLR6, instead
of the above described PCR strategy, a directicéstr enzyme digestion strategy based on
the constructed TLR1 and TLR6 plasmids was usetesihere is but on&cml site within
the transmembrane domain-encoding nucleotide sequdas suggested by sequence

analysis).

3.2.8.5 Agarose gel electrophoresis

The agarose gel electrophoresis is a techniquegarate DNA or RNA molecules by size
difference. The separation is carried out as neglgtcharged nucleic acid molecules migrate
through an agarose matrix at different speeds, tduieir sizes, in the electric field. The
larger the molecules are, the slower they move.aaose gel used in this study is either 1%
(w/v) for DNA fragments larger than 500 bp or 2%/\(wfor smaller than 500 bp DNA

fragments.
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3.2.8.6 Extraction of DNA from agarose gels

After agarose gel electrophoresis, the DNA bandsevebecked under UV lamp with 70%
UV strength. The DNA band of interest was cut dfé tgel and extracted with the Gel
Extraction Kit (Qiagen). The DNA containing geldds were dissolved in 3 volumes of high
salt QG buffer (100 mg gel = 100 ml) by incubatairb5°C with shaking for 10 min. One gel
volume of 2-propanol is added additionally when Ei¢A fragment is <500 bp or >4 kb. The
dissolved gel was then loaded to the QIlAquick smtumn, which absorbs particular size
Nucleic acids to the silica membrane in the spidenrhigh salt condition. The spin was
centrifuged at 25,008 g for 1 min to let the column membrane bind DNA. &fivashing

away the primers, nucleotides, enzymes, mineralsailts, agarose, ethidium bromide, and
other impurities from the DNA samples with 0.75 R buffer, the pure interest DNA was

eluted with a small volume (10-20) of nucleotide free water.

3.2.8.7 DNA quantification

DNA quantification was performed by spectrometrieasurements at 260 nm because it
absorbs UV light with an absorption peak at 260 Aotording to the Beer-Lambert Law, the
absorption A is depending on the path length |,dbvecentration ¢, and the molar extinction
coefficiente: A =¢ x | x c. dSDNA has an average extinction coeffitief 0.02 (ug/ml)-1cm-

1, thus an O.D.260 of 1 corresponds to a concemtratf 50 pg/ml dsDNA. The O.D.260
value may be interfered with by contaminants sushR&A, proteins, and phenoétc.
0.D.260/0.D.280 ratio is an indicator for proteontaminations. The O.D.260/0.D.280 ratio
should be in the range between 1.8 and 2.0.

3.2.8.8 DNA ligation

Ligation is the process of linking DNA fragmentgiéher with the help of a DNA ligase. The
ligation reactions were carried out using the T4ADNjase kit (Roche) according to the
manufacturer's manuals. The relevant purified retsdn digested inserts and vectors were

added as the following ligation mixture reaction:

10 x ligation buffer 3 ul

Vector DNA 50 - 200 ng
Insert DNA 3 x excess to vector DNA
T4 DNA ligase 2U

Nuclease-free 0  Up to 30ul
16 °C, overnight (16 hrs) incubation

The ligation mixture was stored at 4 °C after ligat 5 pl from the ligation mixture was

used for the one transformation reaction.
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3.2.8.9 Preparation of Fusion-Blue competent E. coli cells

Organisms are, by nature, resistant to extracellDMA. In order to select and amplify the

ligated plasmid of interest, many techniques hagenbadapted to make the E.Coli cells
susceptible to uptake bacteriophage DNA. | usemjla éfficiency competent cell preparation

method adapted from Chung et al. (Cheal, 1989). The recipe of the transformation and
storage solution for chemical transformation (T8S)

Final concentration 10 ml

10% Polyethyleneglycol (PEG)(w/v, MW8000) 1g

5% DMSO (vol/vol) 0.5 ml

50 mM MgClL (pH6.5) MgCl,6H,0, 0.1 g
85% LB Medium LB up to 10ml

Autoclave or filter to sterilize. Store at 4 °C for2weeks

Procedure:

1. Pick a single, well isolated fusion-blue E.Colimdéoand inoculate it into LB broth for
overnight incubation at 37 °C with shaking at 2pfhrto saturation.

2. Transfer 20 ul of the saturated overnight culttwel©00 ml of LB medium, and
incubate the cells at 37 °C with the shaking at 220, until O.D.600 reach 0.5.

3. Chill the flask on the ice for 20 min and then eotl the cells by centrifugation at
5,000 rpm for 15 min at +/- 0 °C.

4. Resuspend the cells in 10 ml of ice cold TSS sohytihe competent cells are ready to
be transformed. The competent cells can be akguand stored at -70 °C for 2

months.

3.2.8.10Transformation of ligates to Fusion-Blue competenE. coli cells

For transformation, 100 ul fusion-blue competetisagere thawed on ice and incubated with
1 ug DNA €.g.2 pl of miniprep DNA, or 5 pl of ligation mix) oikce for 30 min. This was
followed by a heat shock at 42 °C water bath forséb. The heat-shocked cells were then
cooled on ice for 2 min. Transformed cells are veced by adding 500 pl LB medium and
incubated at 37 °C with 450 rpm shaking for 60 niin. plate the transformed cells, cells
were gently harvested by centrifugation at 1,659 for 5 min. Dispose of 500 pl of the
supernatant and resuspend the cell pellet in thraireng 100 pl of medium. Resuspended
cells are plated on LB plates with the correspogdamtibiotics and incubated at 37 °C

overnight.

3.2.8.11Plasmid DNA minipreparation

DNA minipreparation is a small-scale DNA preparatibat is quick and easy to handle. In

this study, a High pure plasmid isolation kit (Rerhvas used to isolate high pure plasmid
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DNA. The starter culture was inoculated with ondoog in 2 ml LB medium with
appropriate antibiotics according to the plasmitibamtic resistance. The bacterial culture
was incubated at 37 °C with rolling for more tharh@®uirs. The cells were harvested by
centrifugation at room temperature and 6,80 for 30 sec. The cell pellet was resuspended
in 250 ul suspension buffers containing RNase alttka@ in 250 ul lysis buffer for alkaline
lysis and plasmid DNA releasing at room temperatarés min. The lysis was teminated by
350 pl chilled binding buffer and incubated for tron ice and centrifuged at top speed for
10 min; then transfer the supernatant to the higie filter tube and centrifuge at top speed
for 1 min. The plasmid DNA would bind selectively glass fiber fleece. After washing the
column with 700 pl wash buffer, the DNA bound ire tlilter was eluted in 50 pl low salt
solution (neucleotidase free water).

DNA minipreparations were also made using the Q&fpspin miniprep kit (Qiagen)

according to the standard protocol.

3.2.8.12Plasmid DNA maxipreparation

PureLink™ HiPure plasmid maxiprep kit (Invitrogewpas used to maxiprep the plasmid
DNA for transfection use. Briefly, 200 ml of LB ¢uted cells were harvested by centrifuging
at 4,000x g for 10 minutes in a bucket. The cell pellet wasuspended in 10 ml
Resuspension Buffer with RNase A until homogenemdsthen added to 10 ml Lysis Buffer.
Mix gently for complete lysis, and then incubateaim temperature for 5 minutes. The lysis
process is stopped by 10 ml Precipitation Buffeit #re mixture centrifuged at >12,0803

for 10 min at room temperature. The supernatantleaged onto the column provided by the
manufacturer. Plasmid DNA would bind to the colurAfiow the solution in the column to
drain by gravity flow. After a step of washing wiB® ml Wash Buffer, the DNA component
was eluted from the column with 15 ml Elution Bufféhen 10.5 ml isopropanol was added to
the elution tube to precipitate the DNA. Centrifiage>15,000 >g for 30 min to get a plasmid
DNA pellet. The pellet was washed with 5 ml 70%saeibl and finally resuspended in 500

nuclease free water.
3.2.8.13Transfection of plasmid DNA and Stealth RNAI™ to manmalian cells using
Lipofectamine™2000

Transfection of plasmid DNA into cultured mammal@eils allows for analysis of functional
mechanisms. It can be achieved with a variety ahous,e.g, retroviruses, electroporation,
DEAE dextran, calcium phosphate- and a liposomedbasleliveries method. The
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Lipofectamine™2000 (Invitrogen) is an adapted pietpry formulation for transfection. In
this  study, Lipofectamine™2000 was wused for bothablst introducing
TLR1/TLR2/TLR6/CD44 and mutated plasmids DNA to HREB3 cells and transient
transfection of stealth RNAI™ to RAW264.7 cells fRNA silencing. Since both HEK-293
and RAW264.7 cells are adherent cells, one dayrédfansfection the cells were plated in
Opti-MEM® | + 10% FBS medium without antibiotics #4-well plate wells so that cells will
be 90-95% confluent at the time of transfection. @@ day of transfection, dilute 018
plasmid DNA (or 20 pmol stealth™RNAI) in 50l of Opti-MEM® | Reduced Serum
Medium without serum and then dilute the appropranhount (for plasmid transfectionul
for stealth™RNAI, 1ul) of Lipofectamine™2000 in 5Qu of Opti-MEM® | Medium.
Incubate for 5 minutes at room temperature, andgeintly. Then combine the diluted DNA
with diluted Lipofectamine™ 2000, mix gently andcibate at room temperature for 20
minutes. The complexes were at last added to thevells, mix gently and incubate at 37 °C
in a CQ incubator for 24-48 hrs prior to further experirteerFor HEK-293 stable cell lines
selection, selective medium (5Q@/ml G418 for plasmid engineered in pIRES vect@Q 4
pg/ml Hygromycin B for plasmid engineered in pCERttor) was supplied in the following

day for selection.

3.2.8.14Confirm expression of TLRs in HEK-293 cell lines ad RNAi knockdown in
RAW264.7 cells

HEK-293 TLRs expression cell lines were screenetdwoth high concentration of G418 or
Hygromycin B, the surviving cells should expressesponding TLRs. In order to ensure the
findings, TLR2 expression in TLR1, TLR6, TLR2, TLR2ZR1l, TLR2-TLRS6,
TLR2EKKA741-744PQNS, TLR2E741P, TLR2K742Q, TLR2KMNI3TLR2A744S, and
TLR2EKKA741-744PQNS-TLR1Y737N co-expressed HEK-2@8 lines was confirmed by
Western blot. Briefly, 5« 16° HEK-293 cells per cell line were lysed in 2@Dlysis buffer
(10 mM Tris pH8.0, NaCl 150 mM, 1%Triton X-100, plulxprotein inhibitor cocktail
(Roche)). 20ul of the cell lysates were run in Western blot gsgoat anti-human TLR2
antibody IgG (AF2616, R&D systems, 1:1,000 in 5%n4fiat milk PBS from 0.2 mg/mi
stock).a-tubulin on the same NC membrane was detectedaaknip control witha-tubulin
antibody ( mouse monoclonal, DM1A, abcam). Meang/htbtal mMRNA from HEK-293
TLR2wt, TLR2E741P, TLR2K742Q, TLR2K743N, TLR2A7443]| R2EKKA (741-744)
PONS-TLR1Iwt and TLR2EKKA (741-744) PQNS-TLR1Y737Nlle were isolated with
TRIZOL and first strand cDNA was sythesized witmathod as will be described in the
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following sections (See section 3.2.14.1-3.2.148 drocedure). This was followed by an

ordinary PCR to generate DNA products containirgititerest mutant region for sequencing:

1. Prepare the following 50 pl reaction in a 0.5 mRP@Qbe on ice:

Component Volumegl) Final concentration
10 x PCR Buffer 2 1x

5 x Q-solution 4 1x

dNTP Mix (10 mM each) 0.4l 200puM

Forward tlrl /tlr2 / tIr6 primer (1@M) 0.5l 0.25uM

Reverse tIrl / tIr2 / tIr6 primer (34M) 0.5l 0.25uM

DNA template (i strand cDNA) 2
Tag DNA polymerase 0.4l
Nuclease free water Up to 20

0.5 units/reaction

2. Gently mix the reaction and spin down in a micrdgérge, then run PCR programm
in a DNA Enginél Thermal Cycler PTC-200 as below:

Initial denaturation 94 °C 3 min

Denaturation 94 °C1 min
Annealing 55 °C 60 sec 35 Cycles
Extension 72 °C 1 min

Final extension 72 °C10 min

Storage 4°C Forever

The PCR products were sequenced to confirm theegponding mutants (the primers for

PCR and sequencing were listed in Table 3.6).

The tlr1, tIr2 and tlr6 RNA silencing knock dowrfexft was confirmed by realtime PCR

through SYBR Green method:

1. RNA isolation with RNeasy plus kit as described in section 3.2.8.1, the Rh&s

finally eluted in 25ul RNase-free water.

2. First strand cDNA synthesis using the SuperScript™everse Transcriptase kit as

described in section 3.2.8.2.

3. The cDNAs as templates were forward to realtime RIieirmination of tirl, tlr2 and
tr6  RNA level with the DyNAmal colorflash SYBRI Green qPCR kit

(FINNZYMES):
Reaction setup:

Component Volume/reaction Final concentration
2x master mix 10 pl 1x

Primer forward (1QM) 0.5 ul 0.25uM

Primer reverse (1QM) 0.5 ul 0.25M

cDNA 1l <500 ng/reaction
RNase-free water 8 ul

Total reaction volume 20

Note: For Applied Biosystems 7500 use the>0RBOX final concentration.
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Realtime Cycler conditions:

Step time temperature
Initial Denaturation: 7 min 95 °C
Denaturation: 10 s 95 °C
Annealing/extension 30s 60 °C
Number of cycles 45

Perform melting curve (dissociation curve) analysis

3.2.9 G-actin/F-actin assay in primary macrophages duringApB42 phagocytosis

Primary BMDMs cultured in a 6-well plate (BD) atlansity oflx10° cells /well were treated
with aggregated B42 (5uM) for 0, 15, 30, and 60 min. The cells were themvhsted and
analyzed with G-actin/F-actin in Vivo Assay Kit (togkeleton, Inc., Denver, CO) according
to the manufacturer’s instructions. Briefly, thdl€evere lysed at the cell culture temperature
in a lysis and filamentous actin (F-actin) stalatian buffer, followed by a separation of the
globular-actin (G-actin) and F-actin through uleatrifuge at 100,008 g for 1 h at 37 °C.
After the G-actin in the supernatant was removdte E-actin in the pellets was
depolymerized to globular form by F-actin depolyination solution. Finally, both G-form
and F-form actin components were detected via Westiet with anti-actin antibody and the
ratio of F-actin to G-actin densitometry was deteed, which represents the phagocytosis
activity (Tuet al, 2003).

3.2.10 Flow cytometric analysis of FITC-AB42 phagocytosis in primary

macrophages

BMDM cells cultured in a 24-well plate (BD) at ardity of3 x 10° cells/well were treated
with 5 uM FITC-conjugated f42 for 0, 1, 3, 6, and 24 hrs. Thereafter, macrgphavere
washed with PBS and detached from the plate wilb%. Trypsin-EDTA (Invitrogen). The
mean fluorescence intensity (mFI) of internalized G-labeled A342 was immediately
determined by BD FACSCanto Il flow cytometry (FrankK_akes, NJ) (the use of the FACS

machine was based on training by the manufacturer).

3.2.11 Bone marrow transplantation

Bone marrow transplantation was performed as desttr{Haoet al, 2011) and finished
together with Dr.Wenlin Hao. Briefly, APPswe/PS1d8ipient mice at the age of 6 months
were exposed to a 10 Gy whole-body irradiation igjige split doses of 25 Gy with a 4 hrs
interval using a linear acceleratorgource). Donor BM cells (¥ 10’ per mouse) derived

from TLR2" or wild type (wt) C57BL6/N mice were then injecteff the tail vein, into each
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recipient. Transplanted mice were housed in awedaages and treated with antibiotics in
drinking water (0.2 mg/ml trimethoprim and 1 mg/mllfamethoxazole, both from Sigma,

Schnelldorf, Germany) for 3 weeks after irradiation

3.2.12 Tissue collection

The mice were euthanized 12 months after BM tramdption by deep anaesthesia with
inhalation of isoflurane. They were rapidly perfdseanscardially with ice cold PBS. The
brain was removed and divided sagittally (Figurg).3The left hemi-brain was immediately
fixed in 4% paraformaldehyde (PFA) and stored &C4for immunohistochemistry. A 0.5

mm-thick piece of tissue was sagittally cut frore tight hemi-brain, homogenized in Trizol
and stored at -80 °C for RNA isolation. The resthd# right hemi-brain was snap frozen in

liquid nitrogen for biochemical analysis (Figur®)3.

Immunohistochemistry
analysis |
|

—4?—-'— RNA analysis

Protein analysis

Other use

Modified from J Neurosci 2001, 21(14):5000-102

Figure 3.5. Schematic figure of brain sample sectits preparation. The brain was divided according to the
lines into 4 parts. The left hemi-brain was immésliafixed in 4% paraformaldehyde (PFA) and stoatd °C
for immunohistochemistry process. A 0.5 mm-thickga of cerebral tissue was sagittally cut from rigat
hemi-brain, homogenized in Trizol and stored at *80for RNA isolation. The rest of the right henarebral
was snap frozen in liquid nitrogen for biochemiaahlysis. The remained part was frozen in liquidogen as
well.

3.2.13 Immunohistochemistry staining of Iba-1

The PFA-fixed brain was embedded in paraffin (Ms.Sthottek helped with embedding
work) and serial 2um-thick sagittal sections were cut and mounted ¢assg slides.
Immunohistochemical staining was performed on thesstions with the VectaStaialite
ABC kit (Vector Laboratories). To demonstrate thBBammatory neuropathological changes,
the rabbit anti-Iba-1 (1:500, Wako Chemicals Gmblduss, Germany) was used as a primary
antibody, detailed procedures are as follows:

1. The slides were serially deparaffinized in the sohs below:
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10.
11.
12.
13.
14.

15.

Xylol 5 min
Xylol 5 min
Ethanol 100% 5 min
Ethanol 100% 5 min
Ethanol 96% 3 min
Ethanol 70% 3 min
Ethanol 50% 3 min
dH,O dip

Antigen retrieval by cooking the sections in 1xaté¢ buffer (10 mM pH6.0) in a
microwave oven, 560 watts, 3 min x 5 times. Reifiith buffer between each
cooking. Cool down slowly by leaving on the bench*30 min after cook.

The endogenous peroxidase of the tissue was iaéetiwia incubating the slides
in the mixture of HO,/ Methanol/dHO buffer, RT, 30min.

Wash slides with TBS, 5 min x 2 times and thermwiBS-T, 5 min, once.

Block with blocking buffer (Casein + 5% goat seryRY, 1h.

1% Antibody reaction: with 1:500 dilution of the polgnal rabbit-anti mouse-Iba-
1 (Wako) in dilution buffer, incubate at 4 °C, onmght.

Wash as step 4.

2" Antibody reaction: with the 1:500 diluted biotimbeled goat-anti-rabbit
(Vector Laboratories) in dilution buffer, RT, 1h.

Preparation of ABC reagent: Add iDreagent A, 1Qu Reagent B to 1 ml PBS/T.
Incubate in dark for at least 30 min before use.

Wash the slides as step 4.

Incubate the slides with ABC reagent, RT, 30 min

Wash as step 4

Develop with DAB, 120 sec, and then wash with@H3 times.

Counterstaining with Hematoxylin, 10 sec, forwanddtH,O wash 3 times. Then
develop in running tap water fro 5 min, and thearge back to d#D.

Dehydration: serially treat the slides in the fallog solutions:

50% Ethanol Dip

70% Ethanol Dip

96% Ethanol Dip, 2 times
100% Ethanol Dip, 2 times
Xylol 1% 2 min

Xylol 2™ 2 min

Then put in Xylol until mount in entellan
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16. Mount the slides with Entellah Neu (Merck), and then cover the tissue with
cover glass.
All slide images were acquired by Zeiss Axiophotmscope (Goéttingen, Germany). For
microglial quantification, data were reported as tlumber of Iba-1-labelled cells normalized
to the full area (mrA) in the total hippocampus. Iba-1-positive cellshadlear haematoxylin

nucleus staining were counted.
Buffers recipe:

Citrate buffer(10x )

Citric acid monohydrate 2.1014 g/I, pH=6.0
H,0,/Methanol/dHO

10 ml HO, (30%) (Otto Fishar GmbH)
17 ml methanol

73 ml dHO

Blocking buffer

0.2% Casein

0.1% Tween-20

0.1% Triton-X

5% Goat serum

In 1x PBS

Diluting buffer

0.02% Casein

0.01% Tween-20

0.01% Triton-X

1% Goat serum

In 1x PBS

DAB

1 mg/ml 3, 3Diaminobenzidine tetrahydrochloride (DAB, Sigma) ix PBS, Add 1ul H,O,/ 3 ml DAB

solution right before use (all waistes demand spelisposal)

3.2.14 Reverse transcription PCR and Real-time PCR analysi of gene

transcripts

Real-time PCR is a quantitative PCR method fordagermination of cope number of PCR
templates such as DNA or complementary DNA (cDNAai PCR reaction. There are two
types of real-time PCR: intercalator-based and gtmdsed. Both methods require a special
thermocycler equipped with a sensitive camerariatitors the fluorescence in each well of
the 96-well plate at frequent intervals during €R Reaction. Intercalator-based method
(also known as SYBR Green method) requires a destbdded DNA dye in the PCR
reaction which binds to newly synthesized doubtarsted DNA and gives fluorescence.
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Probe-based real-time PCR (also known as TagMan) P&frires a pair of PCR primers (as
regular PCR does), and an additional fluorogenabe@rwhich is an oligonucleotide of 20-26
nucleotides with both a reporter fluorescent dyd amuencher dye attached. The probe is
designed to bind only the DNA sequence betweentwlte specific PCR primers. Only a
specific PCR product can generate a fluorescentabigm TagMan PCR. Therefore, the
TagMan method is more accurate and more relialale 8iYBR green method. In this study,
the TagMan method was applied to evaluate theivelatanscript levels of TN IL-1[3,
Chemokine (C-C motif) ligand 2 / monocyte chematagrotein-1 (CCL-2 /MCP-1), and
INOS in the TLR2 knockout or wild type bone marroconstructed APP mouse brains with
the 7500 Fast Real-time PCR System (Applied Bi@gs). Ordinarily it includes the
isolation of total RNA, first strand cDNA synthesand real-time PCR detection:

3.2.14.1Brain total RNA isolation with Trizol

Homogenization: The 0.5 mm-thick piece of tissugitsaly cut from the right hemi-brain
(see above tissue collection section 3.2.12) wasodgenized in 1 ml Trizol (Invitrogen)
according to the manufacturer’'s manuals:

1. Phase separation: Incubate the homogenized safoplgsnin at room temperature to
permit complete dissociation of nucleoprotein caewpk. Then add 0.2 ml of
chloroform and shake vigorously by hand for 15 smud then incubate at room
temperature for 3 min. Centrifuge the samples a@d@®x g for 15 min at £C. The
sample mixture was separated into a lower red, ghehioroform phase, an
interphase and a colorless upper aqueous phase r&N#&ns in the aqueous phase.

2. RNA precipitation: Transfer the colorless aqueobhage to a fresh tube; precipitate
the RNA from the aqueous phase by mixing with Ol%swpropyl alcohol. Incubate at
room temperature for 10 min and then centrifuge2e®00x g for 10 min at £4C. The
precipitated RNA is the gel-like pellet on the bottside of the tube.

3. RNA wash: romove the supernatant and wash the Rho& avith 1 ml 75% ethanol.
Mix by brief vortexing and centrifuge at 7,58@ for 5 min at £C.

4. Redissolve the RNA: briefly dry the RNA pellet atigbn dissolve it in appropriate

volume of RNase-free water, incubating for 10 ntib=°C.
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3.2.14.2Genome DNA degradation prior to RT-PCR

To erase trace genomic DNA contamination in the R&&nple, RQ1 (RNA Qualified)
RNase-Free DNase (Promega), which is a DNase Idigtades both double-stranded and

single-stranded DNA endonucleolytically, was usHtk reaction was set up as following:

RNA sample in water 8l

RQ1 RNase-Free DNase «Reaction buffer 1l
RQ1 RNase-Free DNase 1 U/pug RNA

Nuclease-free water To a final volume of 1Qul

Incubate at 37C for 30 min, and then addl of RQ1 DNase Stop solution to terminate

the reaction. The DNase was then inactivated bylbatng at 65C for 10 min.

3.2.14.3First strand cDNA synthesis

First-strand cDNA was synthesized by priming td&MA with hexamer random primers
(Invitrogen) and using Superscript 1l reverse tcaipgase (Invitrogen) as described in section
3.2.8.2.

3.2.14.4Real-time quantitative PCR

For quantification ofTNF-a, IL-15, INOS, CCL-2transcription level, real-time quantitative
PCR with the Tagman® gene expression assays ofeniddB-a, IL-14, INOS,CCL-2 and
18s RNA was performed using the 7500 Fast real-B@& system with a DyNAmo™Flash
probe gPCR kit (FINNZYMES).

Reaction setup for Tagman probe:

Components (in order of Volume/20ul Final conc. Notes

addition) reaction

2 x DyNAmo™ Flash probe 10 pl 1x

Master mix

Primer mix (in HO) (including 1 pl 500 nM primer, 250 nM

probe) TagMan®probe

50x ROX reference dye (F-0.4 pl 1x

401L)

Template cDNA(in HO) 1l Max 200 ng/20 ul
reaction

H,O Up to 20 pl

Select FAM-labeled detectors and set up reactistesy cycling to run:
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step purpose temp time

1 UNG incubation 50°C 2 min
2 Initial denaturation 95°C 7 min
3 Denaturation 95°C 5s

4 Annealing+extension 60 °C 30s
5 Data acquisition

6 Number of cycles 45 cycles, step 3-5

The amount of double-stranded PCR product synteesiz each cycle was measured by
detecting the free FAM dye cleaved from the Tagman@bes. Threshold cycle (Ct) values
for each test gene from the replicate PCRs was aared to the Ct values for the 18s RNA
control from the same cDNA preparations. The ratfotranscription of each gene was
calculated as%*Y, whereACt is the difference Ct (18s RNA) — Ct (test gene).

3.2.15 Brain homogenates

The brain was homogenized according to the puldigitetocol (Figure 3.6)(Mc Donalet

al., 2010). Briefly, frozen hemisphere was bounce-hgemized in a Tris-buffered saline
(TBS) (500 ul/100 mg tissue), supplemented with Rache Complete Protease Inhibitor
Cocktail and centrifuged at 16,000g for 30 min at 4 °C. The supernatant (TBS-soluble
fraction) was collected and stored at -80 °C. Tékepwas re-suspended (the same volume as
shown above) in TBS plus 1% Triton-X 100 (TBS-TXypProtease inhibitor, ultrasonicated
for 5 min in 4 °C water bath with Transsonic T 78ad centrifuged at 16,000g for another

30 min at 4 °C. The supernatant was collected ame@d at -80 °C as the TBS-TX-soluble
fraction. The pellet was extracted for a third tiostng an above described volume of ice-cold
guanidine buffer (5 M guanidine-HCI/ 50 mM Tris, @0, hereirreferred to as guanidine-
soluble fraction) by shaking at room temperatedié and then centrifuged as before (at 16,
000 x g and 4 °C, 30 min) (Figure 3.6). The protein @rication of all samples was
measured using the Bio-Rad Protein Assag.cdncentration in three different fractions of

brain homogenates was determined p#@&42 ELISA kits (see below).
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Mouse brain tissue (e.g.100mg)

Homogenize in 1:5 (w/v) (e.g. 500ul) TBS,
Centrifuge at 4° C, 16,000 x g, 30 min

Water-soluble parenchymal

and cytosolic proteins (TBS) Pellet: membrane-associated and water-insoluble proteins

Homogenize in 1:5 (w/v) (e.9.500ul) TBS+1%TX-100 by
Ultrasonic, 5 min in ice. Centrifuge at 4° C, 16,000 x g, 30 min

Detergent-extracted proteins
(TBS-TX)

Pellet: Triton-insoluble proteins

Resuspend in 1:5 (w/v) (e.g.500pl) Guanidine-HCI,
RT, shaking, =4h.
Then, centrifuge at 4° C, 16,000 x g, 30 min

Guanidine-HCl-soluble proteins
(Gua-Cl)

Figure 3.6. Schematic figure of brain homogenatesrgparation (Modified from reference (Mc Donald et

al.,, 2010)).Serial extraction of water-soluble, detergent-siddnd Guanidine-HCI-soluble fA Human brain
tissue was homogenized in 5 volumes of Tris-buffexaine (TBS), centrifuged at 16, 08¢ for 30 min and the
supernatant was designated as the TBS extractpélet was re-homogenized in 5 volume of Tris-brefte
saline containing 1% TX-100 (TBS-TX), centrifugeddathe supernatant removed (TBS-TX extract). The
remaining pellet was then extracted in 5 volume gnidine-HCI/ 50 mM Tris, pH 8.0, centrifuged athé
supernatant removed (Gua-Cl extract).

3.2.16 Bio-Rad Protein Assay

Protein concentration Bio-Rad Assay was completégld Rrotein Assay Reagent (Bio-Rad),
based on the Bradford dye-binding procedure (Bragfd976), a simple colorimetric assay
for measuring total protein concentration. Proteancentrations between 200 pg/ml and
1,400 pg/ml (20-140 g totals) can be assayed miaioplate format. Briefly, in high-
concentration assay, 10 sample or serial diluted standards were loaded 86-well format
microplate, and then 2Q@ 1x assay reagent was added to each well. Absorgti 595 nm
was read with a Micro-plate reader and protein eatration was determined according to a

standard curve.

3.2.17 AB ELISA

AB1-40 and A1-42 concentrations in three different fractionsbodin homogenates were

determined by f42/40 ELISA kits (both from Invitrogen). Proceduseas follows:

1. Prepare samples and through serial dilution prefiegefollowing A31-40/ AB31-42
standards: 250, 125, 62.5, 31.25, 15.63, 7.810gvgim| Hu A340/ AB42.
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10.

Add 50l of AB1-40/ A31-42 peptide standards, controls, and samplesdo gate
well.

Add 50l of anti-Hu A340/ AB42 (Detection Antibody) solution to each well. Cove
plate with plate cover and incubate for 3 hrs atmdemperature with shaking.
Thoroughly aspirate solution from wells and disctiel liquid. Wash wells 4 times.
Add 100ul Anti-rabbit Ig’'s-HRP Working Solution to each weCover plate with the
plate cover and incubate for 30 min at room tentpeea

Thoroughly aspirate solution from wells and discidel liquid. Wash wells 4 times.
Add 100yl of Stabilized Chromogen to each well. The liguidhe wells will begin to
turn blue. Incubate for 30 min at room temperatme in the dark.

Add 100yl of Stop Solution to each well. Tap side of plgéntly to mix. The solution
in the wells would change from blue to yellow.

Read the absorbance of each well at 450 nm havamkéd the plate reader against a
chromogen blank composed of 1Q0 each of Stabilized Chromogen and Stop
Solution. Read the plate within 30 min after addimg Stop Solution.

Use curve fitting software to generate the standarde. Read the concentrations for
test samples and controls from the standard cuviedtiply value(s) obtained for

sample(s) by the appropriate factor to correctliersample dilution.

3.2.18 Barnes maze test

The cognitive function of recipient APPswe/PS1dE$eml year post bone marrow

transplantation was tested with Barnes Maze ugiegestablished protocol (O'Leaey al,

2009; Haoet al, 2011). The test involved 5 days of acquisiticaining with two trials per

day. For each trial, the mouse was placed at theecef the maze. After 5-10 sec, the mouse

was allowed to run on the platform freely until kg the escape hole. In order to reduce

the stress for mice, no extra aversive stimuli wgiven. For each trial, latency to enter the

escape hole and distance travelled were recordedthgVision® XT (V7.0) tracking

software. In the end, the latency and total distamnere averaged from the two trials per day

for statistical analysis.

3.2.19 Immunofluorescence staining of NeuN on paraffin bran sections

The PFA-fixed brain was embedded in paraffin (Ah&@tek helped with embedding work)

and serial 2um-thick sagittal sections were cut and mounted l@assgslides. In order to

investigate the neuronal loss, the slides weraathwith NeuN antibody, a neuron-specific
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protein resticted to nuclei in most vertebrate G PNS neuronal cell types (Mullenhal,
1992):
1. Deparaffinization:

Xylol 5 min
Xylol 5 min
Ethanol 100% 5 min
Ethanol 100% 5 min
Ethanol 96% 3 min
Ethanol 70% 3 min
Ethanol 50% 3 min
dH,O dip

2. Antigen retrieval by cooking the sections in 1xratié buffer (10 mM pH6.0) in a
microwave oven, 560 watts, 3 min x 7 times. Refith buffer between each cooking.
Cool down slowly by leaving on the bench for >3Mrafter cook

3. Wash with dHO, dip, 3 times

4. Block with blocking buffer (5% Goat serum, 0.1% Teme20, 0.1% Triton-X, in 1x
PBS), RT, 1 h

5. 1% Antibody reaction: with 1:50 dilution of mouse aNeuN monoclonal antibody
(Millipore), in dilution buffer (1% Goat serum, @d Tween-20, 0.1% Triton-X, in 1x
PBS), incubate at 4°C, overnight. Antibody: 1:5Quibn of 1 mg/ml stock, 4 °C,
overnight

6. Wash with PBS 5 min, 2 times, then with PBS/TritdbXhin, 1 time

7. 2" Antibody reaction: with the 1:150 diluted Cy3 caggted goat-anti-mouse
antibody (final concentration ,g/ml), 37 °C, 1 h

8. Wash with PBS, 5 min, 3 times

9. Counterstain with DAPI (1:1000) in PBS, RT, 5 min

10.Wash: with aqua dest, 3 times

11.Mount with Mowiol

12.Observe under Eclipse E600 fluorescence microsdopeN positive cells in the CA3

region of hippocampus were counted.

3.2.20 Western blot analysis of PSD-95

PSD-95 in the brain homogenate (TBS-TX fraction)sveketected by Western blot using
mouse anti-PSD-95 monoclonal antibody (clone 6G86;1@bcam, Cambridge, UK)
according to the established protocol (Phatnal, 2010). Mousex-tubulin was detected as a

loading control using the DM1A antibody (Abacam):
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3.2.20.1Sodium dodecyl sulfate-polyacrylamide gel electropiresis

The sodium dodecyl sulfate-polyacrylamide gel etgahoresis (SDS-PAGE) technique
separates proteins according to their mobilityettghce in an electric field. Protein samples
treated with SDS show an identical charge per omass and migrate in SDS gels only
according to their molecular masses.

The SDS-PAGE system used in this study is the MROTEAN® 3 Cell electrophoresis
system (Bio-Rad). One gel is composed of a lowpasing gel and an upper stacking gel.
The stacking gel is 4%, while the percentage ofsygarating gel varies from 8% to 15%.
Low percentage gels are used for large proteindeveimall proteins are separated in high
percentage gels. In this study, 12% separatingvgelused.

The gel and the electrodes were assembled in th8-FSAGE chamber. The brain
homogenate samples were diluted 1:1 in 2 x SDS-PA&faple loading buffer and heated at
95°C for 5min. Then, 20 pl sample per well was &whdo 12% Acrylamide gel for
electrophoresis running at 100 V until the Bromopidlue front runs out of the gel.

Proteins on the gel were transferred to NC memisrand detected by immunoblotting.

Recipe:

Separating gel 12%
ddH,0 2 ml
Acrylamide;bisacrylamide 30% 4 ml
Tris-Cl 1 M pH9.2 3.75 ml
SDS 10% 100 pl
Ammonium persulfate (APS) 25% 15 ul

TEMED(N, N, N', N'-tetramethylethylenediamine) 15ul

Stacking gel 5%

ddH,0 35 ml
Acrylamide;bisacrylamide 30% 810 ul
Tris-Cl 1M pH6.8 625 ul
SDS 10% 50
Ammonium persulfate 25% 10 ul
TEMED 10 ul

SDS-PAGE electrophoresis buffer 10 x (1Liter):

Chemical Con. In 10 x buffer Amount
Tris-base 0.25M 30.3¢g
Glycine 1.92 M 144.1 g
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SDS 1% 10g
ddH,0 Until 1 liter

Store at 4 °C. Dilute to 1x for working solution

2x SDS-PAGE sample Loading Buffer:

1 M Tris-Cl (pH 6.8) 6.25 ml
80% Glycerol 6.25 ml
10% SDS 10 ml

2-Mercaptoethanol 2.5 mi
0.05% (w/v) bromophenol blue 2.5ml
ddH,O 22.5 ml
Total 50 ml

3.2.20.2Protein detection using immunoblotting

Proteins separated by SDS-PAGE were further tremesfdo a nitrocellulose (NC) transfer
membrane (Whatman) with a pore size of O20 via a Mini Trans-Blot cell (Bio-Rad)
system. The SDS gel was loaded into a blotting warhg which consists of, starting from
Negative charge pole to Positive charge pole: spoMyhatman paper, SDS gel, NC
membrane, Whatman paper, sponge. Sponges and Whatapers were all rinsed with
transfer buffer before assembling. Air bubbles leetwthe SDS gel and the NC membrane
were expelled before packing. Proteins were trarexieto the NC membrane by running the
system at 0.1 mA per cm? membrane for 75 min witbling. The NC membrane was
unpacked from the sandwich after running and inmdavith the blocking buffer at room
temperature for 60 min followed by washing with TBSmin x 3times. Then, the membrane
was incubated with the 1/2000 dilution from stoékahtibody mouse monoclonal [6G6-1C9]
lgG2a to PSD-95 (abcam) in blocking buffer at 4c¥@rnight. The tracing unbound antibody
was rinsed 5 min x 8 times with TBST. The membramas then incubated with the 1/2000
diluted horseradish peroxidase conjugat88 gbat anti-mouse antibody (Dako) at room
temperature for 2 hours. After washing, the samerthe f' antibody, drain washing buffer,
add western lightning solution (1:1 mixture of Qxidg reagent plus and Enhanced luminal
reagent plus, Perkin Elmer) and develop for 1 niixpose the developed NC membrane to a
high performance chemiluminescence film (GE healtb for 1-30 min. The film was
visualized by proceeding with Kodak GBX Developed d&ixer solution.

The same membrane was washed 5 x 5 min with TB&Tbbcked in 5% non-fat milk in
PBS overnight. The membrane was developedftubulin usinga-Tubulin antibody (mouse
monoclonal, DM1A) (abcam) (1:10,000 in 5% non-fatkr®BS) at RT for 2 h.
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The densitometry of the PSD-95 lanes andotttabulin lanes were quantified with Image
J software. The ratio of PSD-@5tubulin density represents the relative PSD-9%llan

original samples.

Buffer recipe:

PBST: NaCl 155 mM
NaH,PO, 2.5 mM
NaHPO, 10 mM
TWEEN 20 025 % (V/v)

Dissolve in diHO, pH 7.3, filter-sterilize.

Blocking buffer:  Milk powder 5 % (w/v)
Resuspend in PBS buffer, pH 7.3.

10x Membrane transfer buffer stock (4° C)
Tris-base 30.3 g
Glycine 1441 g
ddH,0 Until 1 liter

1x Membrane transfer buffer from 10x stock

10x transfer buffer stock 100 ml

ddH,0 500 ml
Ethanol 200 ml
ddH,0 Until 1 liter

Blocking buffer:

Nonfatty milk 5¢
PBS 100 ml

Mix until the milk dissolved

10x TBS (tris-saline) buffer:

Trisbase 6.05¢g
NacCl 439¢g
ddH,O Until 500 mi

3.2.21 Statistics

Data shown in the result figures are presented esntm SD (for in vitro data) or mear
SEM (forin vivo data). For multiple comparisons, one-way or twgrw&OVA followed by

Bonferroni’'s, Tukey's Honestly Significant Differe@ or Tamhane’'s T2 post hoc test
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(dependent on the result of Levene’s test to deteritihhe equality of variances) was applied.
Two-independent-samples t-test was used to compaans for two groups of cases. All
statistical analysis was performed on Statisticatkdge for the Social Sciences 15.0 for

Windows (SPSS, Chicago). Statistical significanee set at p<0.05.
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4 Results
4.1 TLR2 is a primary receptor for A 42 to trigger inflammatory activation

4.1.1 TIr2-deficiency reduces B42-induced inflammatory activation in microglia and

macrophages

Microglia are the resident macrophages in the CNE @lay a major role in the
neuroinflammatory activation, especially under péigical conditions (Nguyeat al, 2002).
TLR2 has been observed to be involved {B-thiggered microglial inflammatory activation
(Janaet al, 2008; Richardet al, 2008; Reed-Geaghagt al, 2009). Our previous study
showed that deficiency of MyD88, the most commanaling adaptor molecule in the toll-
like receptor-mediated innate immune response, atraphages decreased3-&iggered
inflammatory activation (Haet al, 2011). Here, in a cell culture system, whetheRZL
deficiency reduces (xtriggered inflammatory activation was first testéticroglia and bone
marrow-derived macrophages (may reflect microghedcursor cells (Prilleet al, 2001))
were cultured and stimulated with TLR2 ligand Par88@ or aggregated 2. Indeedtlr2-
deficient microglia (Figure 4.1A-B) or macrophad€éggure 4.1C) secreted significantly less
TNF-a (Figure 4.1A,C) or IL-B (Figure 4.1B) as compared to wild-type controlselfter
stimulation with 5 or 1QuM oligomeric A3 aggregates, or Pam3CSK4 positive control ligand,
suggesting that TLR2 mediates th@ Aflammatory recognition. This result correlateghw
the previous observation that TLR2 gene-silenceduced inflammatory gene transcription
in microglia upon A activation (Janat al, 2008).
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Figure 4.1. TIr2-deficiency reduces AB-induced inflammatory cytokine secretion in microgia and
macrophages.Primary cultured microglia (A-B, n=5) and bone naavrderived macrophages (BMDMs) (C,

n=7) derived from wild-type (wt) dir2-deficient (ko) mice were challenged with 5 anduM A342 aggregates
and 10 ng/ml (for microglia) or 100ng/ml (for BMDM®am3CSK4 for 24 hrs. The supernatants were then

collected for the measurements of TNKA, C) and IL-B (B) with ELISA kits (Data are the means + S25h

76



Dissertation: Toll-Like Receptor 2 and Partner Ratoes in Alzheimer’'s Disease

4.1.2 TLR2 co-localizes with A3 in AB-treated microglia

It is hypothesized in this study that TLR2 is anmary receptor of B, thus, the spatial
relationship between TLR2 and3f%n microglia was investigated under confocal nscopy.
Thirty minutes after the treatment of aggregatgi#l& TLR2 and 8 were co-stained with
corresponding antibodies. The co-localization oRRBLand A was observed as the overlap
between two different fluorophores which were cgajied to TLR2 and B, respectively
(Figure 4.2).

Figure 4.2. AB co-localizes with TLR2 in microglial cells upon icubation with AB. Primary microglia were

incubated with aggregatedBA2 for 30 min and then fixed for the immunofluorststaining with antibodies
against TLR2 (in red) and\(in green) as described in the methods sectiomletJnonfocal microscopy, co-
localization of A3 and TLR2 was shown in yellow colour.

4.1.3 TLR2 directly binds to A

In order to study the direct interaction betweefd #&hd TLR2, real-time surface plasmon
resonance spectroscopy (Biacore) was applied. Boldkdeminus 10x His-tagged TLR2,
TLR1 or TLR3 and IGF-1R, as a reference recepterewmmobilized in the two paralleled
flow cells of the NTA sensor chip. Aggregated34® or control peptide Bl-42 was
simultaneously injected into these two flow cels.clear and strong response indicating A
binding to the receptor was observed in the TLR&ohilized flow cell, but not in the TLR
control receptors, TLR1 and TLR3 immobilized flowells. The different response units
between TLR2 and IGF-1R flow cells (FC1-FC2) arevah in Figure 4.3 (Figure 4.3 B, D);
while no significant response was observed in tbRITTor TLR3 channel (Figure 4.3 A, C,
D). In the control experiment,[32-1, instead of B42 was injected to the flow phase. No
responsive difference in the two paralleled floWsceas observed (Figure 4.3 A-D).

In order to further study the binding betweef4® and TLR2, a pull-down assay was
performed. 842 aggregates were incubated with TLR2 and IGF&lfged with 10 x His on
the C-terminus. Then, the solution was loaded oiNNA spin columns. After thoroughly
washing, the complex of 42 and receptor was eluted and detected with We&tiet as

described in the method section. As shown in FiguBt and F, the P42 from the AB-
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TLR2-loaded column was significantly more than tfratn the A3-IGF-1R-loaded column
(p<0.05, Figure 4.3 E-F) or from the3A2 aggregates direct load non-receptor blank cbntro
column (Figure 4.3E). The blot with anti-His antilyoshowed that the amount of eluted
receptors is comparable. Unfortunately, this assay not able to tell which species of A
does TLR2 bind, since aggregate@ Aluted from the Ni-NTA spin columns in this assay
seems to under go a deaggregation process: theAdhlgpecies found in the elutes was
monomeric. This might be due to the NTA and higldemole level (500mM) presented in
the system, as they may affect the histidine inotlazings that are important for the

formation of A3 oligomers and fibrils (Dongt al, 2003; Sarelet al, 2009).
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Figure 4.3. TLR2 directly interacts with AB. (A-D), the interactions between TLR1/TLR2/TLR3 aA@42
aggregates were studied with Biacore J. The respdifference (Resp. Diff) between flow cell 1 (FC1)
immobilized with TLR1 (A), TLR2 (B) or TLR3 (C) anBC2 immobilized with IGF-1R (FC1-FC2) are shown
by sensorgrams (A-C) after loading342 or A342-1 in the flow phase. The “Resp. Diff” at theagtg stage is
summarized and presented in bars (D). The respduseto the interaction between TLR2 an@4® was
markedly larger than that upon interaction of TL&R® A342-1 (p<0.001, n=6) (B, D). (E-F), Direct bindin§ o
TLR2 and A342 was further proven by a pull-down assay. Aggiedy@342 was incubated with TLR2 or IGF-
1R tagged with His on C-terminal and then loadei &i-NTA spin columns. After washing,¥2 was eluted
and detected with immunoblot (E). The amount @fwas quantified using densitometric analysis (Bata are
the means + SD, n=6; A-C and E are representati/éee independent experiments).
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4.1.4 TLR2 expression enables HEK-293 cells to respond #f3 challenge

HEK-293 cells, which do not endogenously expresRa (Brightbill et al, 1999; Walter St
al., 2007), do not respond tofAWalter Set al, 2007). Interestingly, after over-expressing
TLR2 in HEK-293 cells, it was observed that IL-8ciation, which indicates a cellular
inflammatory response, was induced 24 hours peatitient with aggregated3A2. Neither
mock transfection nor control receptor CD44 ovepression caused IL-8 release<Qp001)
(Figure 4.4).

500- p<0.001
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Figure 4.4. TLR2 expression confers HEK-293 cell®tsecreate inflammatory cytokine upon f challenge.
HEK-293 cells were engineered to stably express Z'bR control receptor CD44. The cells were stimadat

with 10uM A for 24 hrs, the IL-8 level in the supernatants datermined through ELISA (Data are the means
+ SD, n=3).

However, the 842 peptides used in this study were a mixture oh@neeric, oligomeric
and fibril AB42, although enriched in oligomeric aggregates (saterial section 3.2.2 and
Figure 3.1). Due to the technical limitation, sfiecA342 species was not purified and used
in this study. Thus, it is not clear which spea¢#\[342 interacted with TLR2 and activated

the inflammatory signaling cascade.
4.2 Molecular mechanisms of TLR2 in A3-triggered inflammatory signaling

4.2.1 TLR1 enhances whereas TLR6 suppresses TLR2-mediated\p-triggered

inflammatory activation

Typical TLR2 recognition is in co-operation with RIL (for triacylated lipopeptides) or
TLR6 (for diacylated lipopeptides) (Medzhit@t al, 1997a; Jinet al, 2008a). However,
which co-receptor, TLR1 or TLR6, may co-operatehwltLR2 in A3 recognition was not
known. To address this, HEK-293 cell lines expregsiLR2 and TLR1, TLR2 and TLRS,
TLR2, TLR1 or TLR6 were established. The TLR2 espien level was comparable as
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confirmed by TLR2 immunoblot (Figure 4.5A). Thesellclines were challenged with
aggregated B42. As shown in Figure 4.5B, HEK-293 cells expnegsILR1 or TLR6 alone
did not respond to B as indicated by IL-8 release. IL-8 release in TL&® TLR1 co-
expressing cells was significantly increased (p28)Pwhereas, IL-8 production in TLR2 and
TLR6 co-expressing cells was reduced (p<0.001) eoetpto the TLR2 alone expressing
cells. In order to further confirm this finding,ethirl, tir2 or tir6 gene expression in the
macrophage cell line, RAW264.7 cells was knockedrdaising interference RNA (Figure
4.5C). Accordingly, the TN secretion was reduced in tti-silenced cells (Figure. 4.5D,
p=0.018), whereas it was increased inttte silenced macrophages (Figure 4.5D, p<0.001).
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Figure 4.5. Toll-like receptor 1 enhances whereasoll-like receptor 6 suppresses the TLR2-mediated B+
triggered inflammatory activation. (A) Western blot confirmed the TLR2 expressiontia HEK-293 cell lines
constructed to express TLR2, TLR1, or TLR6 alorec@expressing TLR2-TLR1 or TLR2-TLR6. (B) The
HEK-293 cell lines as shown in (A) were stimulateith 10 uM aggregated p42 for 24 hrs, the inflammatory
cytokine IL-8 level in the supernatants was detaadithrough ELISA. (C) In RAW264.7 cells, Tir1,2tland
tir6 expression were silenced down by introduciteakh siRNA specific for mouse tlrl, tIr2, tir6 h& knock
down effect was confirmed through realtime PCR: thé&, tlr2, and tlr6 mRNA relative level in the
corresponding silenced cells were detected. (D) RBYV7 cells knocking down of tlr1, tIr2 or tiré alsown in
(C) were stimulated with1QM Ap for 24 hrs; the inflammatory cytokine TNFlevel in the supernatants was
determined through ELISA (Data are the means +r5i2).

4.2.2 Extra cellular LRR domains on TLR2 are essential fo ligand recognition

After found that TLR2 mediated [Ainitiated inflammatory activation in co-operatiovith
TLR1, this study further investigated the detaitedchanisms mediating thg3Aecognition.
The precursor of human TLR2 contains 784aa incldinsignal sequence (aal-18), an
extracellular domain (aal9-588), a transmembragenset (aa589-609) and a cytoplasmic
TIR domain (aa610-784). In the extracellular domah TLR2, TLR1 and TLR6, as aligned
with ClustalW program (Figure 4.7) and reported (et al, 2003; Grabieet al, 2004;
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Omuetiet al, 2005; Kanget al, 2009), there are approximately 20 LRR modulesylinch
LRR7-10 in TLR2, LRR9-12 in TLR1 and LRR11-14 in R& were reported to play crucial
roles in the lipopeptide recognition (Figure 4.The crystal structures of TLR2-TLR1 and
TLR2-TLR6 heterodimers with ligands suggest thatlthopeptide-binding sites of TLR2 are
at the convex region formed at the border of cémina C-terminal domains opening into a
crevice that is connected to a large internal pbckkee heterodimeric interface of TLR1-
TLR2 is from H318 to H398 on TLR2 and P315 to Q8B83TLR1 (Figure 4.6) located in the
LRR11-14 region for both receptors (Figure 4.7)n(dt al, 2007). The heterodimeric
interface of TLR6-TLR2 is from H318 to K404 on TLR2ad H311 to K390 on TLR6 (Figure
4.6), also locate in the LRR11-14 region for theepors (Figure 4.7) (Kangt al, 2009).
Thus, potential important LRRs in TLR2, TLR1 andR@d. were screened by constructing
expression vectors with deletion of sequences engodRR3-4, LRR7-9, LRR10-11,
LRR12-14 or LRRCT in TLR2, TLR1 and TLR6. TLR2 mata were expressed alone or
with wild-type TLR1. TLR1 and TLR6 mutants were eppressed with wild-type TLR2 in
HEK-293 cells. As shown in Figure 4.8A, followinget treatment with Pam3CSK4 and
Pam2CSK4, all of the studied TLR2 LRRs are esskfutidigand recognition, as deletion of
any studied LRR in TLR2 abolished IL-8 producti@ither in TLR2-expressed cells or in
TLR2-TLR1 co-expressed cells. LRRs of TLR1 and TL®ére relatively less important.
With the exception of the deletion of LRR12-14 &®RCT on TLR1 resulting in a decreased
response upon Pam3CSK4 challenge, deletion of dtR&s in TLR1 and TLR6 did not
induce significant changes upon the ligand chabeffrggure 4.8B).

Hydrophobic interaction| Hydrogen bonding lonic interaction Hydrophobic interaction Hydrogen bonding lonic interaction
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Figure 4.6. Schematic of the TLR2 and TLR1/TLR6 inkraction interface. The interacting amino acids are
sorted according to the interacting force. IntéregcRegion where interacting residues in the TLR#l aLR2
(left), TLR6 and TLR2 (right) interface are linkbg broken lines, summarized from references éfial, 2007;
Kanget al, 2009).
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LRRNT LRR12 xLoocLxLocN
hTLR2 ~ QASLSCDRNGICKGSSGSLNSIPSG 49 hTLRZ  LTERVKRITVENSKVFLVPCLLSQ 357
hTLR1 SEFLYDRSKNGLIHVPKD 42 hTLRT  SNMNIKNFTVSGTRMVHMLCPS 345
hTLR6  RIQFSDGNEFAVDKSKRGLIHVPKD 49 hTLR6  SEMNIMMLTISDTPFIHMLCPH 350
LRRT  xbxLxxlxLxocN LRR13 xLodxLoN
hTLR2  LTEAVKSLDLSNNRITYISNSDLQ 73 hTLR2  HLKSLEYLDLSENLMVEEYLKNSACED 384
| hTLRT  LSQKTTILNISQNYISELWTSDIL 66 hTLR1  KISPFLHLDFSNNLLTDTVFENCG 369
E hTLR6  LPLKTKVLDMSQNYIAELQVSDMS 73 hTLR6  APSTFKFLNFTQNVFTDSIFEKCS 374
[=]
T | LRR2  xbodsodxboi LRR14 xLoodxLxxN
E| hTLR2  RCVNLQALVLTSNGINTIEEDSFS 97 hTLR2 AWPSLQTLILRONHLASLEKTGETLL ~ 410
E | hTLRT  SLSKLRILIISHNRIQYLDISVFK 90 hTLR1  HLTELETLILQMNQLKELSKIAEMTT 395
8| hTLR6  FLSELTVLRLSHNRIQLLDLSVFK 97 hTLR6  TLVKLETLILQKNGLKDLFKVGLMTK 400
;
Z| LRR3  xLixLxxxLyocN LRRI5  sisxixloocN
hTLR2  SLGSLEHLDLSYNYLSNLSSSWFK 121 hTLR2  TLKNLTNIDISKNSFHSMPETCQ 433
hTLR1  FNQELEYLDLSHNKLVKISCH 1 hTLR1T  OMKSLOOLDISONSVSYDEKKGDCS 420
hTLR6  FNQDLEYLDLSHNQLOKISCH 18 hTLR6  DMPSLEILDYSWNSLESGRHKENCT 425
LRR4  xLsocLxexlxbooxN LRR16
hTLR2Z  PLSSLTFLNLLGNPYKTLGETSLFS 146 hTLR2  WPEKMKYLNLSSTRIHSVTGC 454
hTLR1  PTVNLKHLDLSFNAFDALPICKEFG 136 _| hTLR1 ~ WTKSLLSLNMSSNILTDTIFRC 442
hTLR6  PIVSFRHLDLSFNDFKALPICKEFG 143 5| hTLR6  WVESIVVLNLSSNMLTDSVFRC 447
£
LRRS XLxxLxLx S|LRRI7 i ixbon
hTLR2  HLTKLQILRVGNMDTFTKIQRKDFA 171 S| hTLR2Z  IPKTLEILDVSNNNLNLFSL 474
hTLR1T  NMSQLKFLGLSTTHLEKSSVLPI 159 E hTLR1  LPPRIKVLDLHSNKIKSIPKQVV 465
hTLR6  NLSQLNFLGLSAMKLQKLDLLPI 166 & | hTLR6  LPPRIKVLDLHSNKIKSVPKQVV 470
LRRE ixxinix O
hTLRZ  GLTFLEELEIDASDLQSYEPKSLK 195 h?ﬁ:zs PO e N KLMTLPDAS -
hTLR1  AHLNISKVLLVLGETYGEKEDPEGL 184 hTLR1  KLEALQELNVAFNSLTDLPGCG 487
hTLR6  AHLHLSYILLDLRMYYIKENETESL 191 hTLR6  KLEALQELNVAFNSLTDLPGCG 492
LRR7 o LRRIO  wiaodxboN
hTLR2  SIQNVSHLILHMKQHILLLEIFVD 219 hTLRZ  LLPMLLVLKISRNAITTFSKEQLD 520
hTLR1  QDFNTESLHIVFPTNKEFHFILDY . hTLR1 ~ SFSSLSVLIDHNSVSHPSADFFQ 511
o
'g hTLRé  QILNAKTLHLVFHPTSLFAIQVNI 215 hTLR6  SFSSLSVLIDHMSVSHPSADFFQ 516
S| LRR8
S xLsodxLx LRR20 xLxLxLoaeN
| TLR2  VTSSVECLELRDTDLDTFHFSELSTGE 246 hTLR2  SFHTLKTLEAGGNNFI 536
2| hTLR1  SVKTVANLELSNIKCVLEDNKCSYFLSILAKLQ 241 hTLR1  SCQKMRSIKAGDNPFQ 527
G| hTLR6  SVNTLGCLOLTNIKLNDDNCQVFIKFLSELT 246 hTLR6  SCQKMRSIKAGDNPFQ 532
LRR9 xLoocLxlx LRRCT
hTLR2  TNSLIKKFTFRNVKITDESLFQVMKLLN 274 hTLR2 CSCEFLSFTQEQQALAKVLIDWPANY 562
hTLR1T  KNLKLSMLTLNNVETTWNSFINILQLV 268 hTLR1  CTCELGEFVKNIDOVSSEVLEGWPDSY 554
hTLR6  RGPTLLNFTLNHIETTWKCLVRVFQFL 273 hTLR6  CTCELREFVKNIDQVSSEVLEGWPDSY 559
LRRTO syt xix LRRCT
hTLR2 QISGLLELEFDDCTLNGVGNFRASDNDRVI 304 hTLR2  LCDSPSHVRGQQVQDVRLSVSECHRT 588
hTLRT  WHTTVWYFSISNVKLQGQLDFRDFDY 294 hTLR1  KCDYPESYRGTLLKDFHMSELSCNIT 580
hTLR6 ~ WPKPVEYLNIVNLTIESIREEDFTY 299 hTLR6  KCDYPESYRGSPLKDFHMSELSCNIT 585
LRR11 *LsexLxlx .
hTLR2  DPGKVETLTIRRLHIPRFYLFYDLSTLYS 333 x Dimerization
hTLR1  SGTSLKALSIHQVVSDVFGFPQSYIYEIF 323 x Ligand binding
hTLR6  SKTTLKALTIEHITNQVFLFSQTALYTVF 328 x Ligand binding & dimerization

Figure 4.7. Sequence alignment of the ectodomain$ buman TLR1, TLR2, and TLR6. Human TLR1,
TLR2, and TLR6 extracellular sequences are alignitd ClustalW program. The consensus patterns (Ketng
al., 2009) are shown above the sequences. Based stalcstructure reports (Jat al, 2007; Kanget al, 2009),
the residues for extracellular TLR2-TLR1/6 dimetiaa are in red; residues for ligand binding aregmeen;
residues for both receptor dimerization and ligaimdling are in bold italic red.
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Figure 4.8. TLR2 extracellular LRRs are essential dr ligand recognition and LRRs of TLR1, TLR6
modulate the recognition.HEK-293 cells were transfected to express TLR2@lor co-express TLR1 or TLR6
with indicated LRRs deleted. The cells were stiradawith 100 ng/ml Pam2CSK4 or Pam3CSK4 for 24 hrs,
IL-8 in the supernatants was determined via ELIG®. Any of the TLR2 LRRs deletion resulted in imped
TLR2 response upon ligand stimulation, regardlekstiaer co-expressed with TLR1 or not. (B) Co-exgires
with wild type TLR2, TLR1 or TLR6 deletion showed mesponsive change, as compared with TLR2-TLR1/6
co-expression cells for Pam2CSK4 stimulation, wialePam3CSK4 stimulation, the deletion of TLRIT&R6
LRR7-14 and extracellular C terminal LRR decreabedesponse (Data are the means + SD, n=3).

4.2.3 Intracellular domains of TLR1 and TLR6 are involved in the diverse reactions

of TLR2/1 and TLR2/6 complexes upon ligand challerg

TLR2 attains specificity for the ligands by formihgteromers with TLR1 or TLR6 (Farheit
al.,, 2008). And that TLR1 enhanced but TLR6 reducegttriggered TLR2-mediated
inflammatory activation was demonstrated, whicimisiccordance with the response profile
of TLR2/1 complex to its ligand Pam3CSK4. Althoudjifferent cellular responses might be
due to different extracellular ligand-binding irfeeres of the receptor complex, in this study,
whether the cytoplasmic domains of TLR1, TLR2 andR® also contributes to this diverse
reaction was investigated. It is notable that theteut oneXcml restriction enzyme cleavage
site in the nucleotide sequences encoding both TARd TLR6 transmembrane-domains
(Figure 4.9A), which makes it possible to exchatigeTLR1 and TLR6 intracellular domains
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following Xcml cleavage, as shown in Figure 4.9A. The chimeriRT{TLR6 receptors alone
or together with TLR2 in HEK-293 cells were ovempeassed. Following the stimulation with
the Pam3CSK4, neither TLR1 nor TLR6-expressingscedleased IL-8, whereas TLR2-
expressing cells secreted IL-8 and TLR2-TLR1 coregging cells produced the highest level
of IL-8 (Figure 4.9B). Interestingly, the IL-8 lelvevas significantly reduced in the TLR2-
TLR1 co-expressing cells after replacing the TLRiracellular domain with the TLR6
intracellular domain (Figure 4.9B). Meanwhile, TLRRR6 co-expressing cells produced the
lowest level of IL-8. The replacement of the TLR#racellular domain with the one from
TLR1 increased the release of IL-8 (Figure 4.9B)mifarly, following the Pam2CSK4
challenge, the replacement of the TLR6 intracelldamain by the TLR1 intracellular
domain reduced IL-8 secretion from TLR2-TLR6 co+@gsing cells, while the replacement
of the TLR1 intracellular domain by the TLR6 relav@omain increased IL-8 secretion from
the TLR2-TLR1 co-expressing cells (Figure 4.9C)e3énresults suggest that the intracellular
domains of TLR1 and TLR6 have divergent roles girthelationship with TLR2.
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Figure 4.9. TLR1 and TLR6 intracellular domains are involved in ligand specific signal transduction.
TLR2 and wild type or domain exchanged TLR1 and Bl/Rre engineered to be expressed on HEK-293 cells.
(A) The intracellular domains of TLR1 and TLR6 wenechanged througKcml restriction digestion based on
the restriction sites analysis. (B) Upon Pam3CSkithidation, the TLR2-TLR1 expressing cells respond
maximally. The response was minimized by repladihg TLR1 intracellular domain with that of TLR6.
Replacement of the TLR6 intracellular domain witlattof TLR1 enhanced the response level of TLR2-GLR
expressing cells (Data are the means = SD, n=3)Uffon Pam2CSK4 stimulation, the TLR2-TLR6 expregsi
cells respond maximally. The response was redugeceplacing the TLR6 intracellular domain with thait
TLR1. Replacement of the TLR1 intracellular domaith that of TLR6 enhanced the response level oRZL
TLR1 expressing cells (Data are the means + SD).n=3
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In order to determine the specific regions in thieaicellular fragments responsible for the
inflammatory signal transduction, the alignment dmndctional analysis was performed
between the intracellular sequences of TLR1, TLR@ @LR6 (Figure 4.11). The following
facts were also taken into consideration:

1. In eukaryotic cells, the phosphorylation mainly wsc on the three hydroxyl-
containing amino acids: serine, threonine, and sipme especially serine.
Phosphoserine (pSer), phosphothreonine (pThr),pliodphotyrosine (pTyr) account
for 86.4%, 11.8%, and 1.8%, respectively, of theltphosphorylated amino acids
(Olsenet al, 2006; Shi Yigong, 2009). The potential phosphatsd sites in TLR2,
TLR1 and TLR6 cytoplasmic domains predicted withtPNes 2.0 programm
(http://www.cbs.dtu.dk/services/NetPhos/) are shawiigure 4.10:

TLR2 - hTLR2 hTLRL hTLRG
4 mesenin: — | pos context score pred pos context score  prec pos context score pred
T " & 636 RKAPSRNIC 0.028 . 642 HAFISYSGH 0.524 *S* 647 HAFISYSEH 0.957 *S*
5 646 DAEVSYSER  0.877 *S* 644 FISYSGHDS 0.964 *S* 649 FISYSEHDS 0.961 *S*
648 FVSYSERDA  0.993 *S* 648 SGHDSFWVK 0.003 . 653 SEHDSAWVK 0.010 .
H , | | I ‘ 692 NIIDSIEKS ~ 0.898 *S* 658 AWVKSELVP  0.016 .
g ‘ 678 VPGKSIVEN 0.957 *S* 683 VPGKSIVEN 0.957 *S*
i 696 SIEKSHKTV 0.910 *S* 690 CIEKSYKSI 0.986 *S* 695 CIEKSYKSI 0.805 *S*
H H | ‘ | ‘ ‘ | ‘ 1 693 KSYKSIFVL 0477 . 698 KSYKSIFVL 0477 .
o 4 - 704 VFVLSENFV 0101 . 698 IFVLSPNFV 0023 . 703 IFVLSPNFV 0023 .
e = R o oo 710 NFVKSEWCK 0.079 . 704 NFVQSEWCH 0.058 . 709 NFVQSEWCH 0.058 .
Netphos 2,61 prasicte 720 ELDFSHFRL ~ 0,509 *S* 723 FHEGSNSLI 0003 . 728 FHEGSNNLI 0002 .
TRrR1I 0—n—— 784 AAIKS— 0025 .  725EGSNSLILI  0.007 .
5 [ — 738 IPQYSIPSS 0064 . 743 IPQNSIPNK 0050 .
H 741 YSIPSSYHK 0030 .
742 SIPSSYHKL 0.862 *S*
‘ ‘ 748 HKLKSLMAR  0.198 .
: ‘ 763 PKEKSKRGL 0.694 *S* 768 PKEKSKRGL 0.694 *S*
g I 796 NDVKS--- 0.078 .
I 699 KSHKTVFVL  0.450 . 617 VCQWTQTRR 0.050 . 622 VCQWTQTRR 0.050 .
s 1L ‘ ‘ h ‘ | ““ ‘ ) . Ll ! 758 KIMNTKTYL 0.032 . 619 QWTQTRRRA 0.977 *T* 624 QWTQTRRRA 0.977 *T*
e T o o 685 ENIITCIEK 0.080 . 756 KALMTQRTY 0.589 *T*
760 MNTKTYLEW 0.041 . 754 MARRTYLEW 0.435 . 759 MTQRTYLQW 0.015 .
781 NIKLTEQAK 0033 . 786 NMKLTLVTE 0255 .
TLR6 789 LTLVTENND 0,019 .
H 617 HGLWYMKMM 0.054 . 609 DLPWYLRMV 0.165 . 614 DLPWYLRMV 0.165 .
i 641 RNICYDAFV 0,084 . 643 AFISYSGHD 0046 . 648 AFISYSEHD  0.166 .
647 AFVSYSERD ~ 0.103 . 663 ELVPYLEKE  0.149 .
| | GS3ERDAYWVEN 0g21 *v: 691IEKSYKSIE 0578 *y* 696 [EKSYKSIE 0578 *y-
| 715 EWCKYELDF  0.088 . 709 EWCHYELYF 0062 . 714 ENCHYELYF 0062 .
761 NTKTYLEWP 0.224 . 712 HYELYFAHH 0081 . 717 HYELYFAHH 0081 .
737 PIPQYSIPS 0.300 .
N N ‘ 743 IPSSYHKLK ~ 0.093 . 748 IPNKYHKLK  0.154 .
100 c00 200 o 755 ARRTYLEWP 0.074 . 760 TQRTYLQWP 0.072 .

Figure 4.10. Phosphorylation site prediction for TIR2, TLR1 and TLR6. The full sequence of TLR2, TLR1
and TLR6 was predicted for potential phosphorytatirsites by online NetPhos 2.0 software
(http://lwww.cbs.dtu.dk/services/NetPhos/). Scoreghold was set to 0.500. The intracellular phosgtine (S),
phosphothreonine (T) and phosphotyrosine (Y) atedi at the right side. The predicted phosphongasites
conserved in two or more of the three receptorgwederlined.

2. Compared with TLR6, TLR1 PQYSIPSS (735-742) is atraesite that might be
recognised by GSK3 for Ser/Thr Phosphorylation elipted with the Eukaryotic
Linear Motif (ELM) resource for Functional Siteskmoteins (http://elm.eu.org).

3. The secondary structure of DD loop is critical e tTIR-TIR platform formation,
which is essential for the dimerization of TLRs (Bamet al, 2006). The sequences
of homologous DD loops of TLR1, TLR2 and TLR6 ammpared in Figure 4.11,
which shows that only EKKA (741-744) and QR (74®8y4n TLR2 are different
from the homologous regions of TLR1 and TLR6.

4. Proline (P) is a unigue amino acid residue in thatcyclic structure of its side chain

locks its ¢ backbone dihedral angle at about 75°, thus, it &asexceptional
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conformational rigidity compared to other amino daciand acts as a structural
disruptor in secondary structure elements such aglices ang3 sheets. Proline is
also commonly found in turns.

5. According to a recent scan on the mouse tissuafgppootein phosphorylation and
expression, there are more than 58% of identifiedsphorylation sites that are not
included in any existing database, such as the (Plosge database
(www.phosphosite.org) and the Phospho.ELM datal§agp://phospho.elm.eu.org/)
(Huttlin et al, 2010).

i - BA  AA aA AB
TLRZ HRFHGLWYMEKMMWAWLOAKRE] KAP———— NIC[HDAEVSYSERDAYWVENLMVOELENENPPE 670
TLR1 ---DLPWYLRMVCOWTOTRREARNIPLEELORNLOEHAFISYSGHDSFWVENELLENLE--KEGM 664
TLR6 ---DLPWYLRMVCOWTQTRRRE NIDLEEL NLQ HAFISYSEHDSAWVKSELVEY|[LE--KEDI 669

BB BB B aC D BD

TLR2 KLCLHKRDFIPGKWIIDNIIDS EKSHKTVEFVLSENFVKSEWCKYELDEFSHFRLFDENNDAATLT 735
TLR1 QICLHERNFVPGESIVENIITLCIERSYKSIFVLSPNFVOSEWCHYELYFAHHNLFHEGSNSLILT 729
TLREe QICLHERNEVPGKSIVENIINCEIERSYKSIFVLSPNFVOSEWCHYELYFAHHNLFHEGSNNLILT 734

DD aD DE BE EE ok
TLRZ LLEPIEKKA[THQ FCKLRKIMNTKTYLFWPMDEAQREGFWVNLRAAIKS 784
TLR1 LLEPIPQYSIHSSYHKLKSLMARRTYLEWPKEKSKRGLEFWANLRAATNIKLTEQAKK 786
TLR&¢ LLEPIPQNS[T ERLKALMTORTYLQWEPKEKSKRGLFWANTRAAFNMKLTLVTENNDVES 796

Figure 4.11. TLR2, TLR1 and TLR6 intracellular domain sequence alignmentThe intracellular sequences
of TLR2, TLR1 and TLR6 were aligned with ClustalWogram http://www.ebi.ac.uk/Tools/msa/clustaly2/
Identical residues are darkened and the domaiimdesEst investigated in this study are boxed.

Based on the analysis above, the following mutem@_Rs were made and HEK-293 cell
lines expressing these mutated receptors were @fedeio test the functional changes related

to these genetic mutations:

TLR1 Y737N

TLR1 SS741NK
TLR6 N742Y
TLR2EKKA744PQNS
TLR2P631A
TLR2S636QY641F
TLR6YG663N
TLR2S692C

The cell responses upon Pam3CSK4 and Pam2CSK4erballwere evaluated and
compared to the response of cells expressing TLRBea As shown in Figure 4.12,
TLR2EKKA744PQNS and TLR2P631A mutants almost cortgye abrogated the cell
response to both Pam3CSK4 and Pam2CSK4 stimulafw+0.001). In addition,
TLR1Y737N and TLR1SS741NK mutation reduced theutatl response upon Pam3CSK4

stimulation in TLR2-co-expressing cells (p<0.001).
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Figure 4.12. Screen intracellular domain of TLR2, TR1 and TLR6 for key region essential for signal
transduction. The TLR2, TLR1 and TLR6 intracellular domain as whoin Figure 4.11 were mutated and
stably expressed in HEK-293 cells. The cells wefienidated with Pam2CSK4 or Pam3CSK4 at the
concentration of 100 ng/ ml for 24 hrs. IL-8 lewelthe supernatants was determined through ELIS&gRre

the means + SD>B).

4.2.4 EKKA(741-744) motif at DD-loop of TLR2 is essential for A-triggered
inflammatory signaling; the signaling defect due tothe motif mutation is restored by
TLR1 expression in a tyrosiné®*-dependent manner

Based on the findings in the screening experimantse, this study focused on EKKA motif
in the DD-loop to investigate its role inBAriggered inflammatory signaling. HEK-293 cell
lines were established to express: i, TLR2 or itstamts TLR2EKKA741-744PQNS, ii,
TLR2EKKA741-744PQNS and TLR1, iii, TLR2ZEKKA741-74@NS and TLR6, and iiii,
TLR2EKKA741-744PQNS and TLR1Y737N. The TLR2 expressin these cell lines was
confirmed by Western blot (Figure 4.13A) and thetations were confirmed by RT-PCR
product sequencing (Figure 4.13B). The cells watevated with aggregated &2 at the
concentrations of UM and 10pM for 24 hrs. The IL-8 level in the supernatantsswa
determined. As shown in Figure 4.14, when EKKA (74%) was replaced by PQNS from
TLR6 (Figure 4.14A), the TLR2-mediated inflammateesponse was completely abolished
(Figure 4.14B, p<0.001). Interestingly, the dysfimt of TLR2 due to this mutation was
fully recovered by the co-expression of wild-typeRIL, but not TLR6 or TLR1 with the
substitution of Y737N (Figure 4.14B, p<0.001).

87



Dissertation: Toll-Like Receptor 2 and Partner Ratoes in Alzheimer’'s Disease

A 1 2 3 4 5 6 7
poitiv [ R S -~
Anti-c-Tubulin R S S S 50D

Lane Sample{cell line lysate)
1 HEK293-Ct
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4 HEK293-TLRZEKKAT44PQNS-TLR1
5 HEK283-TLRZEKKAT44PQNS-TLRE
6 HEK293-TLR2ZEKKAT44PQNS-TLR1YT3TN
7 HEK293-TLR2K742Q
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Figure 4.13 Confirmation of the expression of TLR2and mutatant in the cell lines.(A) TLR2 expression in
the selected TLR2, TLR2EKKA744PQNS, TLR2EKKA744PQbtsexpressing TLR1, TLR6 or mutated TLR1
and TLR2K742Q expressing HEK-293 cell lines wasficored by Western blot. (B) The expression and
mutation of TLR2 and TLR1 was confirmed by sequegdhe RT-PCR product derived from corresponding
cell lines.

88



Dissertation: Toll-Like Receptor 2 and Partner Ratoes in Alzheimer’'s Disease

A BA  AA oA AB
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TLR1 ---DLPWYLRMVCQWTQTRRRARNIPLEELQRNLQFHAFISYSGHDSFWVKNELLPNLE--KEGM 664
TLR6 ---DLPWYLRMVCQWTQTRRRARNIPLEELQRNLQFHAFISYSEHDSAWVKSELVPYLE--KEDI 669
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TLR1 QICLHERNFVPGKSIVENIITCIEKSYKSIFVLSPNFVQSEWCHYELYFAHHNLFHEGSNSLILI 729
TLR6 QICLHERNFVPGKSIVENIINCIEKSYKSIFVLSPNFVQSEWCHYELYFAHHNLFHEGSNNLILI 734
DD oD DE BE EE of

TLR2 ELEPIEKKjI PORFCKLRKIMNTKTYLEWPMDEAQREGEFWVNLRAATIKS 784

TLR1 LLEPIPQYSIPSSYHKLKSLMARRTYLEWPKEKSKRGLFWANLRAAINIKLTEQAKK 786
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Figure 4.14. TLR2EKKA (741-744) motif is essentiafor signaling and TLR1 works as a complementary
partner in a tyrosine”’ dependent way.(A) ClustalW alignment of the amino acid sequeotauman TLR1,
TLR6 and TLR2; secondary structure of TIR domaireslabelled (Xu Yingwiet al, 2000). TLR2EKKA (741-
744) and TLR1, TLR6 counterpart nucleotide sequengere shown with mutation indications. (B) TLR2,
TLR2EKKA744PQNS motif replacement, and TLR1, TLR&y co-expressing HEK-293 cell lines were
generated and stimulated withu or 10 uM AB for 24 hrs, inflammatory release of IL-8 in thepstnatants
was measured through ELISA (Data are the meari3, iis4).

425 Lysine’* is the key residue in TLR2EKKA (741-744) motif for Ap-triggered

inflammatory signaling

As TLR1 PQYSIPSS (735-742) was predicted to ber&T8ePhosphorylation site, and the
substitution of TLR1Y737N disabled the potentialfl&fR1 to recover the TLR2EKKA (741-
744) PQNS mutation-caused signaling dysfunctiorthis study it is asked whether lysine at
site 743, in the TLR2EKKA (741-744) region, the nterpart of TLR1 tyrosin@’, is the key
residue for signaling. Amino acid residues in theRZEKKA (741-744) region were
substituted with P, Q, N and S one by one and that®d TLR2 receptors were expressed in
HEK-293 cells (Figure 4.14A). The expression andation of the receptors was confirmed
by sequencing the RT-PCR product derived from ttwestripts of the corresponding cell line
(Figure 4.13B). Upon the activation by aggregat the mutation of lysiné® to glutamine

(Q), the homologous residue of TLR6, abolisheddbliéular response, as compared to wild-
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type TLR2 expressing cells (Figure 4.15, p<0.00he mutation of other residues in this

motif did not change the cellular response fochallenge.

250
S p<0.001

2004 g T2EKKA744PQNS |
N O T2E741P % ‘I‘%
o= B T2K742Q
%, 1504 pT2K743N b
g O T2A744S
Q0
1 100

p<0.001
50
0 T |
0 5 10
AB(UM)

Figure 4.15. TLR2 lysiné* in EKKA (741-744) motif is the key residue for sigaling. TLR2,
TLR2EKKA744PQNS motif replacement and TLR2E741PRPK742Q, TLR2K743N and TLR2A744S point
mutant stably co-expressing HEK-293 cell lines wgeaerated and stimulated withuM or 10 uM A for 24
hrs, inflammatory release of IL-8 in the supernttamas measured with ELISA (Data are the means #nS48).

4.3 Tlr2-deficiency enhances B phagocytosis in vitro

Recently it was observed that deficiency of MyD8Bhanced A& phagocytosis in
macrophages (Haet al, 2011). Here, the effect of TLR2 onpAphagocytosis was
investigated. As actin polymerization is a prersgai of phagocytosis and represents the
activity of phagocytosis (Tet al, 2003), the ratio of filamentous actin (F-actio)globular-
actin (G-actin) was measured in aggregat@d ZAtreated bone marrow-derived macrophages.
As shown in Figure 4.16A, after incubation witlu®l A, the polymerization of actin started
after 15 min. At time points of 30 min and 60 mthe actin polymerization ratios were
significantly higher intlr2-deficient macrophages than in wild-type controllscéFigure
4.16A, p=0.004 and 0.023 at 30 min and 60 min, eetypely). No difference of
polymerization between these two cell groups wasenked in the background or within 15
min after A3 incubation (Figure 4.16A, p>0.05). In a furtheraserement, B internalization
was directly quantified by measuring fluorescenoejpegated A in macrophages after
incubating cells with uM aggregated FITC-labeledpa2 for different duration. Similarly,
results showed that the internalization of Avas significantly increased itir2-deficient

macrophages over a period of 6 hours of incuba®oompared to the control cells (Figure
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4.16B, p=0.029). This difference was more pronodneaen A342 incubation duration was
prolonged (Figure 4.16B, p<0.001 at 24 hours pd&2Aincubation).

A 0 15 30 60 mn B ] VSN
W - - - — - - - 4 p<0.001
KO e = wp = w» - o> - 'E |
G FGFGF G Factin «
03"
80 - =
s -o-wt =
9;60-- -0-ko vs. wt: <
& p=0.023 B 2]
@ B
¢ 40+ vs. wt: p=0.004 o
£ 311
S 20 E
T .
0o 0+
0 15 30 60 min 0 1 3 6 24h

Figure 4.16. TIr2-deficiency enhances the phogocytosis of BA (A) Primary bone marrow-derived
macrophages from tlr2 wild type or knockout micerevéed with aggregatedpa?2 for 0, 15, 30, and 60 min.
Actin polymerization was analyzed with G-actin/ &t#a in Vivo Assay Kit, where actin was detected by
Western blot; the ratio of flamentous form (F-aftand globular form actin (G-actin) was quantifibdough
lane density analysis with ImageJ (software dowahldatp://rsbweb.nih.gov/ij/download.html) (Dataeathe
means + SD, ). (B) Primary bone marrow-derived macrophagemft2 wild type or knockout mice were
co-cultured with FITC-conjugatedp42 for 0, 1, 3, 6, and 24 hrsfAnternalization was analyzed with flow
cytometry represented in mean fluorescence inte(®iEl) (Data are the means + SEN:G).

4.4 TIr2-deficiency ameliorates AD-like pathological changein AD mouse model
Previous work shows that deficiency of MyD88 in roglia improved cognitive function in
APP transgenic mice, which is associated with desgé inflammatory activation and3A
load in the APP transgenic mouse brain (H#dal, 2011). Here goes to address whether
microglial TLR2 affects AD pathogenesis. Therefome, this study, tir2-deficient bone
marrow chimeric APP transgenic mice were constdjcie which bone marrow cells
migrated into the brain and differentiated into roglia, thereby creating #r2-deficient
microglial pool (Khouryet al, 2008). 1 year post bone marrow transplantatios récipient

mice were subjected for analysis.

4.4.1 Deficiency of microglial TLR2 decreases neuroinflammation

AB impairs neurons and causes synaptic deficits eotyr via triggering microglial
inflammatory activation (Akiyamaet al, 2000; Medeiroset al, 2007; Glasset al, 2010;
Zotova et al, 2010). Here whether thepAriggered inflammation irtlr2-deficient bone
marrow reconstructed mice altered was evaluated. niimber of microglial cells recruited
into the hippocampus was quantified after immurtoisemical staining of lba-1, a €a
binding peptide selectively expressed by microglithe brain (Leonet al, 2006; Hacet al,

2011). As shown in Figure 4.17, in non-APP recipiemce, there was no significant

91



Dissertation: Toll-Like Receptor 2 and Partner Ratoes in Alzheimer’'s Disease

difference in the number of Iba-1-positive cellseafthetlr2-deficient and wild-type bone
marrow reconstruction (58.51+5.00 cells/ mm2ln2-deficient mice and 63.74+3.39 cells/
mm? in wild-type controls, p=0.412, n=5). Interasgty, in the APP transgenic recipient mice,
the number of recruited microglia followirtf2-deficient bone marrow reconstruction was
significantly less than that following wild-type @ marrow reconstruction (123.59+11.03
cells/ mm2 versus 164.88+10.34 cells/ mm2, p=0.0£RB). However, the morphology of

microglia was not markedly different between thiege groups of mice.
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Figure 4.17. Toll-like receptor 2-deficiency reduce hippocampal microglial cells. Six-month old APP
transgenic mice and their wild-type (non-APP) fittates were transplanted withi2-deficient or wild-type
bone marrows. Microglia in the hippocampus werénsth with Iba-1 antibody (A) and were counted and
compared. No microglial cell amount difference waand between the TLR2 KO and WT bone marrow
reconstructed non-APP mice (p=0.412, n=5), butniie¥oglia in TLR2KO reconstructed APP mice were muc
more than those in WT bone marrow reconstructed miRie (=8 per group) (B, Data are the means + SEM).

The transcription levels of proinflammatory genesg. TNF-, IL-15, CCL-2andiNOSin
the brain of APP transgenic recipients were furttetermined. As shown in Figure 4.18, the
relative transcription levels ofFNF-, IL-15 and CCL-2 were significantly reduced in APP
transgenic mice aftetlr2-deficient bone marrow reconstruction compared wifitd-type

bone marrow reconstruction.
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Figure 4.18. Toll-like receptor 2-deficiency reduce pro-inflammatory gene transcription in the AD mouwse
brain. Six-month old APP transgenic mice were transptamigh tlr2-deficient or wild-type bone marrow. One
year after bone marrow reconstruction, transcriptibproinflammatory genes, TNé- IL-13, CCL-2 and iNOS
in the brain were determined via real-time PCR.n$caiption level of TNFa, IL-1p, and CCL-2 intlr2-
deficient bone marrow reconstructed mouse brairewagnificantly decreased as compared to wt boneowa
reconstructed mice (Data are the means + SEM,per group).

4.4.2 TIr2-deficiency in myeloid cells decreases thefAoad in AD mouse brain

AP has been considered a key pathogenic molecul®inAter the observe of the decreased
inflammatory activation intlr2-deficient bone marrow reconstructed mouse braihs,
guestion arise that wheth#r2-deficiency would also result in a decrease indlearance of
AB, which may increase thefAload in the brain. CerebralfAload in the APP mouse brains
was evaluated using ELISA 1 year aftdr2-deficient and wild-type bone marrow
reconstruction. The brains were homogenized andraggdl into Tris buffer (TBS), Tris plus
1% Triton buffer (TBS-TX) and guanidine chlorideftan (Gua-HCI)-soluble fractions (see
Method section 3.2.15). Interestingly, no significencrease of B level was found between
thetlr2-deficient and wild-type bone marrow chimeric ARP&nsgenic mice (Figure 4.19). On
the contrary, 8 load in the APP transgenic mice reconstructed wltA-deficient BM
showed a slight but significant reduction (arour@i®o) of AB42 in the guanidine-soluble

fraction of brain homogenate compared to wild-t{3dé reconstructed mice (Figure 4.19).
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Figure 4.19.TIr2-deficiency decreases the f\load in the brain. Six-month old APP transgenic mice were
transplanted with TLR2-deficient or wild-type bonerrow. One year after bone marrow reconstructibe,
AB40 and 4342 level in TBS, TBS-TX and Gua-HCI components (seserial and methods for detail) were
determined through ELISA. (2 level in the Guanidine fraction was slightly degsed irtlr2-deficient bone
marrow reconstructed APP mouse brains (Data armdans + SEM,>8B per group).

4.4.3TIr2-deficiency in myeloid cells attenuates neuronal adaage in the AD mouse brain

To examine the effects dif2-deficiency in myeloid cells on neuronal functionAPP mice,

one year after bone marrow transplantation, the&amaze test was performed to assess the
cognitive function of the mice. As shown in the diig 4.20,tlr2-deficient bone marrow-
reconstructed mice took significantly less timeg(fFe 4.20A) and traveled a shorter distance
(Figure 4.20B) to escape from the open field tHagirtwt bone marrow-reconstructed APP

transgenic littermates (p=0.044 and 0.040, respagtin=6 per group).
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Figure 4.20.TIr2-deficient bone marrow reconstruction improves thecognitive state of APP transgenic
mice. Six-month old APP transgenic mice were transplamigd tlr2-deficient or wild-type bone marrow. One
year post bone marrow reconstruction, the cogniiate of the APP transgenic mice was analyzed ands
maze test, in whichlr2-deficient bone marrow-reconstructed APP transgemice spent less time (A) and
traveled a shorter distance (B) to escape (A-B;way ANOVA, Data are the means + SEM, n=6 per gjoup
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After observing that myeloitdr2-deficiency ameliorated cognitive deficits in ARRansgenic
mice, pathological changes of neurons in the moien was investigated. In AD,
progressive atrophy and neuronal loss from therkimal cortex to the CAl, CA2, CA3 and
CA4 hippocampal subfields occurs with disease msgjon (Bobinskiet al, 1997;
Apostolovaet al, 2006). Hence, neuronal cells in the CA3 areahef lippocampus were
counted by staining with a neuron-specific markéeyN, neuronal nuclei) (Mulleet al,
1992). However, result showed no significant défeze in the number of NeuN-positive cells
in the CA3 region between thi2-deficient and wildtype bone marrow-reconstructeelPA

transgenic mice (Figure 4.21).
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Figure 4.21. TIr2-deficiency does not protect against neuronal loss hippocampus CA3 region of AD
mice. Six-month old APP transgenic mice were transplamtéti tlr2-deficient or wild-type bone marrow.
Neuronal cell number, stained with NeuN antibodythe hippocampal CA3 region was counted and coaapar
between these two mouse groups 1 year post bonmevnegconstruction. No difference was found betwien
wt and ko bone marrow reconstructed APP transgeite (p>0.05, Data are the means + SEM7, per group)

Decline in synaptic number and synaptic integrgyanother key change in AD patients
(Hymanet al, 1986; DeKoskyet al, 1990) with a decrease of synaptic scaffold protevel
also associated (Phaet al, 2010). Thus the protein level of post-synaptingily protein 95
(PSD-95, also known as disks large homolog 4, DI.@4pecialized post-synaptic scaffold
protein, in the brain homogenates was evaluatetyuslestern blot. Indeed, PSD-95 level in
APP-transgenic mouse brain was lower than thatan-APP mouse brain (Figure 4.22,
p<0.005). Furthermore, the relative PSD-95 levelrR+deficient bone marrow-reconstructed
APP-transgenic mouse brains was much higher that ith wild-type bone marrow
reconstructed APP-transgenic controls (Figure 4p2®8.004), suggesting less synaptic loss
after tlr2-deficient bone marrow reconstruction. Importantty,non-APP mice, no PSD-95
level difference was found between t-deficient bone marrow-reconstructed and wild-
type bone marrow-reconstructed recipients (Figu2e,4>0.05).
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Figure 4.22.TIr2-deficiency slows synaptic impairmentSix-month old APP transgenic and non-APP control
mice were transplanted withlr2-deficient or wild-type bone marrow. One year afteone marrow
reconstruction, the protein level of postsynaptmgity protein 95 (PSD-95) in the brain homogenagee
evaluated through Western blot with PSD-95 antibdidye amount of PSD-95 was normalized dsyubulin.
Relative PSD-95 level was higher in2-deficient bone marrow reconstructed mice braimttieat in wt bone
marrow reconstructed APP transgenic mice braintg2ee the means + SEMz& per group)
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5 Discussion

AD is a progressive neurodegenerative disease lpgibally characterized by extracellular
AP deposits and activated microglia (Citron, 2010tax¥a et al, 2010). Microglia may act as
a double-edged sword in AD pathogenesis (Waltea etsal, 2009; Fuhrmanet al, 2010).
On one side, they injure neurons by releasing nexioinflammatory mediators, and on the
other side, they clearf®to protect the neuron. Innate immune signalingadssge.g. TLRs-
MyD88 pathway, control the inflammatory profile, cathereby modify AD pathogenesis
(Fassbendert al, 2004; Liu Y et al, 2005; Taharaet al, 2006; Janaet al, 2008;
Koenigsknecht-Talboet al, 2008; Richarcet al, 2008; Reed-Geaghaet al, 2009; Reed-
Geagharet al, 2010; Hacet al, 2011). Here, the thesis study demonstrated thR2Tis a
primary receptor for B. Tlr2-deficiency reduces microglial inflammatory actieat but
enhances B phagocytosis, which is associated with improvearoral function in AD mice.
Further, this study also show that TLR1 and TLR&ca-receptors, play opposing roles in
modulating TLR2-mediated xtriggered responses. TLR1 enhances, while TLRpr&agses,
the inflammatory response. Furthermore, the amaid motif EKKA (741-744), especially
K742, in the TLR2 cytoplasmic domain was identifiedbe essential in the Atriggered
inflammatory signal transduction and demonstratecb@mplementary role of TLR1 in the

TLR2-mediated inflammatory signaling.

5.1 TLR2 s a primary receptor for A3

Up to now, CD14, CD36, TLR2 and TLR4 have been shaw be involved in the Bc
triggered inflammatory activation in microglia (Bagnderet al, 2004; Walter St al, 2007;
Janaet al, 2008; Udaret al, 2008; Reed-Geaghaat al, 2009; Reed-Geaghaat al, 2010).
These receptors were reported to respondfaad trigger inflammation through a receptor
complex, including TLR4/TLR2 (Udaet al, 2008), CD14/TLR2/TLR4 (Reed-Geaghan
al., 2009) or CD36-TLR4-TLR6 (Stewagt al, 2010). However, with the exception of CD14
which was shown to directly bind tofAaggregates (Fassbendsral, 2004; Liu Y et al,
2005), no evidence of direct binding between alsimgmune receptor andAhas been
reported. Thus, it is unclear whether these aragny receptors for B recognition.

In this study, it was observed th#i2-deficiency reduces proinflammatory responses of
the primary cultured microglial cells and bone roarderived macrophages uponfA
challenge, corroborating with a previous reporn@let al, 2008). Furthermore, this study

demonstrated that TLR2 is a primary receptor f@ # trigger inflammation with the
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following evidence: 1, TLR2 co-localizes withBAunder confocal microscopy; 2, TLR2
directly binds to A in the biacore and pull-down assay; 3, the tramisgexpression of TLR2
is enough to confer inflammatory activation upofd éhallenge in HEK-293 cells, which do
not endogenously express TLR2 (Buwitt-Beckmaetnal, 2006) or respond to [Avia
inflammatory signaling.

However, due to the limitation of the Biacore Jteygs, this study was not able to present
kinetic binding parameters of TLR2BANnteraction.

The TLR2 ectodomain consists of 20 LRRs and it liesn shown that LRRs-containing
receptors €.9.Nogo-66 receptor) bind toA(Parket al, 2006). Additionally, as reported by
our group previously, B also binds to CD14 (Fassbendgral, 2004; Liu Y et al, 2005);
however, although the three central LRRs (8—10)ldR2 are very similar to the LRRs (1-3)
in CD14 (Kajavaet al, 2010), the interface of the receptor to bin@ Aemains to be
identified. Furthermore, the structural requirersenf A3 to bind TLR2 remain to be
identified; the aggregated structure seems to bengial for TLR2 recognition as solublg A

is not able to activate microglial inflammatorypesses (Fassbendetral, 2004).

5.2 TLR1 and TLR6 are co-receptors of TLR2 modulating A3 induced

response

Unlike other TLRs, which are functionally active Bemomers, TLR2 has evolutionarily
developed a unique ability to form heteromers WitliR1 or TLR6 to attain ligand specificity
(Farhatet al, 2008). This study showed that TLR2 alone was ableonfer a cellular
inflammatory response in HEK-293 cells; the roléS’TbR1 and TLR6 in this process were
also investigated. Indeed, in TLR2-transgenic HEX-2cells, which are endogenously
deficient of various TLRse(g. TLR2) and only express low levels of TLR1 and TLR6
(Buwitt-Beckmanret al, 2006), over co-expression of TLR1 with TLR2 enteththe 4842-
triggered inflammatory response, while over co-espron of TLR6 with TLR2 reduced the
response. These results suggest that TLR1 and EdR@s co-receptors playing opposing
roles in modulating an [A triggered inflammatory response. This was confanby gene
knock down. In RAW264.7 macrophages, the knockimgvrd of tlr2 gene expression
significantly reduced TN+ production, a proinflammatory cytokine, upor8 Ahallenge;
while tlr6 gene silencing increased the cell response. TthasTLR2/TLR1 complex is the
selected receptor complex fofAnduced neuroinflammatory activation. To my knodde,

this is the first to demonstrate that TLR2-mediatdiitriggered inflammatory activation is
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enhanced by TLR1 and inhibited by TLR6. These figdi are important for therapeutic
design when using TLR2 as a target.

The selectivity pattern of utilizing the TLR2/TLRAeterodimer in & recognition is
similar to the combination of TLR2/TLR1 in Pam3CS#etognition.

5.3 TLR2 lysine’*is essential for signaling

As a primary receptor, the region of TLR2 esserfbalAB recognition is of great interest,
since such a region could be a potential therapeatget. In order to find such a region,
while considering the limited A resource and similarity between af-&iggered response
and a TLR2/TLR1 ligand-triggered response, thislgfiirst screened the domains with TLR2
ligands, and then confirmed the importance of dggan with an A& challenge.

For TLR2 ligands, through LRR domain deletion, iasvobserved here that any LRR
deletion in TLR2 resulted in no inflammatory respempon ligand challenge, suggesting that
an integrated TLR2 extracellular domain is necgsgarligand recognition. As only LRR7-
14 and extracellular C terminal LRR deletions inROLand TLR6 decreased the ligand-
induced response, the complete integrity of TLR&l @hR6 might not be as important as
TLR2 in ligand recognition. However, because of ¢herent HEK-293 cell model, the lower
effects of LRRs deletion in TLR1 and TLR6 on TLR2dmted inflammatory activation
might also be due to compensation by endogenoud Hrid TLR6.

The roles of intracellular fragments of the receptwere further investigated. Firstly,
responses from TLR1 and TLR6 intracellular domaiohanged cells upon ligand challenge
suggest that the intracellular domain of the remephlso participates in determining the
ligand response specificity. Secondly, based orinfiomatic analysis and site-directed
mutation of TLR2, TLR2EKKA (741-744) motif and TLR&oliné*! were identified in this
study to be essential for the inflammatory sigr@liof TLR2. Replacement of the
TLR2EKKA (741-744) to PQNS or prolifi¢ to alanine (A) from the homologous region of
TLR6 impaired TLR2 signaling. Indeed, although prei*! is out of the TIR domain, the
importance of this residue was indicated by an ofag®n on the association between the
TLR2-P631H single nucleotide polymorphisms (SNRJ auberculosis. The P631H mutation
has a dominant negative effect on TLR2 signalirigK&beet al, 2010).

The DD loop of TLR2 was observed to be critical tbe formation of the TIR-TIR
platform (Gautamet al, 2006). Sequence alignment showed that there ahg two
corresponding regions within the DD loop that afeecent between TLR2, TLR1 and TLRG6:
EKKA (741-744) and QR (747-748) for TLR2, PQYS (¥838) and SS (741-742) for TLR1,
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and PQNS (740-743) and NK (746-747) for TLR6. Hetewas observed that the
TLR1SS741NK mutation reduced the cellular respdos®am3CSK4 stimulation in TLR2-
co-expressed cells. This corroborates with pubtistesults that the corresponding TLR2
R748A mutation reduced NiB activity upon Pam3CSK4 stimulation (Gautainal, 2006).
For the first time, in this study, it was found thiae TLR2EKKA (741-744) PQNS mutation
abolished the inflammatory responses initiated bthbPam3CSK4 and Pam2CSK4. The
study thus focused on the effect of this mutatroA{B-triggered responses.

Indeed, TLR2EKKA (741-744) PQNS mutation abolishbé inflammatory activation
upon A3 stimulation. Very interestingly, the abolishedpasse could be recovered by co-
expressing wild type TLR1 in a TLR1Y737-dependeranmer, which suggests that TLR2
K743, the homologue of TLR1Y737, might be the kegidue in the EKKA motif. However,
after site-directed mutation of the EKKA maotif, oresidue after another, it was found out
that the key residue was lysifie instead of lysin&*

The lysiné*? in the vertebrate TLR2, is evolutionarily highdgnserved (Tschirreat al,
2011). It has been suggested that TLRs are involmedo-evolutionary processes with
pathogens. Several studies in humans and livedtacle observed that TLRs have been
subject to purifying selection (Mukherje¢ al, 2009; Seaburgt al, 2010). Indeed, Tschirren
et al observed that the lysifi€ is conserved in 17 different rodent species, witichld be
due to the strong purifying selection against fioral change (Tschirregt al, 2011).

TLR1 was the first reported toll-like receptor irurhans (Nomuraet al, 1994).
Unfortunately, it was not found to be able to aate/NF«B alone (Mitchamet al, 1996).
Later, TLR1, as well as TLR6, was observed to wodether with TLR2 to attain specificity
for ligand binding (Wyllieet al, 2000; Hajjaret al, 2001; Takeuchet al, 2001; Takeuchet
al., 2002; Farhaet al, 2008). However, except under certain circumstsnce.R2 does not
need TLR1 or TLR6 for the immune reaction (Abplanet al, 2009). For example, TLR1
and TLR6™ mice survive equivalently upon F. tularensis itiftet whereas survival of TLR2
" mice was significantly reduced with increasedufarensis burdens and impaired secretion
of TNF-a and other pro-inflammatory cytokines. In additidyman TLR6 and TLR1 are
located on the same chromosome 4p14 and have isigeil@mic structures, which suggests
that they are the products of an evolutionary aapion (Takedaet al, 2003). It is also
hypothesized, by some investigators, that TLR1 dhdR6 may be redundant in the
recognition of ligands in concert with TLR2 (Abp&p et al, 2009). Here, for the first time,
show that TLR1 not only takes part in specific figabinding, but also is engaged in

intracellular signaling. Furthermore, this studyealed that TLR1 can save TLR2 signaling
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when TLR2 dysfunctions due to a mutation. The era@thanism mediating the functions of

TLR2 lysind*?and TLR1 tyrosin€’ in Ap-triggered signaling remains to be clarified.

5.4  ApPB-triggered phagocytosis and inflammatory activation are

mediated through relatively independent pathways

Microglia clear A3 deposits in the brain to exert beneficial effect AD pathogenesis.
Furthermore, peripherally-recruited microglia hayeen reported to be more efficient than
their endogenous counterparts if8 &limination (Simardet al, 2006b; Grathwohkt al,
2009). In this study, the effect df2-deficiency on A uptake was tested. It was found out
that, similar toMyd88deficiency (Haoet al, 2011), althoughlr2-deficiency reduced B-
induced inflammatory activation, the A phagocytosis was enhanced. Although the
mechanism modulating phagocytosis requires furitheestigation, the signaling pathways
controlling AB-triggered inflammatory activation and3Anternalization are likely separate. It
is evident that acute TLR-mediated microglial aation of TLR2, TLR4 and TLR9 increase
AB phagocytosis (Iribarrert al, 2005; Chen Keqgiang@t al, 2006; Taharaet al, 2006;
Scholtzovaet al, 2009). However, it should be noted that the iaseel /8 phagocytosis in
those studies occurred after pre-stimulation of $LRpon A challenge, phagocytosis
indeed starts earlier than inflammatory activafjbin Y et al, 2005), with phagocytosis even
serving to trigger inflammatory activation (Ha#éal, 2008).

Despite the improved B\ uptake capability of thdr2-deficient microglia, the £ load in
the tlr2-deficient bone marrow chimeric APP transgenic mimain was only slightly
decreased. The cause(s) of inconsistency betweentrm and in vivo findings will be
discussed below.

5.5 Pathogenic role of TLR2 in an AD mouse model

5.5.1TlIr2-deficient bone marrow chimeric APP transgenic micas a feasible model to

investigate the pathogenic role of TLR2

Although the microglial turnover in irradiated bomarrow chimeric rodents was questioned
and argued that microglia are not renewed by boaeraw-derived cells under normal
conditions (Ajamiet al, 2007; Mildneret al, 2007; Davoustkt al, 2008), these studies
demonstrated that, under specific conditions, boaerow-derived cells are able to cross the
blood-brain barrier and to differentiate into mighia. This implies that (i) the adult bone

marrow contains a subpopulation of cells displayimgroglial differentiation potential, and
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(ii) this subpopulation could be used as vehicléscer the treatment of CNS disorders,
providing anad hocCNS preconditioning is performed (through irraiator other means)
(Ajami et al, 2007; Davoustt al, 2008). Therefore, this study constructk@-deficient/wt
chimeric APP mice through BM transplantation, whiallow to create atlr2-deficient
microglial pool reacting to cerebra3Adeposits (Keenet al, 2010; Hacet al, 2011).

To construct the animal model, the whole body iadn was performed before the BM
reconstruction. This design was based on threeegeas: (i) only 5.65£2.66% of microglia in
the hippocampus were derived from the BM cellshima TgCRND8 APP transgenic mouse 3
months after head-protected-irradiation based Boémstruction (from parallel project
performed in our group); (i) TLR2 did not affetiet recruitment of microglia into the brain in
the wild-type mice after whole-body irradiation gkre 4.17) in BM transplantation model;
and (iii) TLR2 does not regulate leukocyte recratrn after brain injury (Babcockt al,
2008). The chimeric animal model constructed byssitioreeding thér2-deficient and APP
transgenic mice was not selected because TLR2 ssgsen neurons (Rolkst al, 2007),
which makes it impossible to distinguish whethee tbffects are from microgliaflr2-
deficiency or non-microgliallr2-deficiency. Similarly, injection of A into thetlr2-deficient
mouse brain could not be a feasible approach bedhdsdeficiency reduces brain injury-

induced neuroinflammation (Babcoekal, 2006).

5.5.2Reduction of neuroinflammatory activation could improve the cognitive deficits in

APP transgenic mice

Growing evidences suggest that aggregatBddAmages neurons by triggering microglia to
release various neurotoxic inflammatory mediatoduding cytokines€.g. TNF-a and IL-
1B), chemokines€.g. CCL-2), and reactive oxygen and nitrogen species (Akgamal,
2000; Wyss-Coray, 2006). PET analysis has shownntineroglial activation correlates with
AD progression (Cagniret al, 2001; Edisonet al, 2008; Okelloet al, 2009). Some
epidemiological studies link the use of non-stesibahti-inflammatory drugs (NSAIDs) with
reduced risk for later AD (in 't Veldt al, 2001). Although the mechanisms for the beneficial
effects of NSAIDs are still fully known (Lee Yourdginget al, 2010). Some studies suggest
this anti-AD benefit of NSAIDs is arise from thainti-inflammatory effects, apart from their
AB42 lowering effects (Szekelgt al, 2008). In AD animal models, which over-express
Alzheimer's amyloid precursor protein (APP) in naug, microglia are observed to be

activated and recruited topAdeposits, where they subsequently damage neuBand ét al,
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2000; Liu Y et al, 2005; Meyer-Luehmanmt al, 2008). All these studies suggest that
suppressing microglial inflammation might be areefive therapeutic strategy for AD.

Indeed, in the bone marrow reconstructed AD mouseel) the amount of microglial cells
in the hippocampal region ¢if2-deficient BM reconstructed APP mice was signifitatess
than that in wt BM reconstructed APP mice. Meanghthe transcriptional levels of pro-
inflammatory cytokines such as TNK-IL-13 and CCL-2 were significantly decreased in the
brains oftlr2-deficient BM transplantated APP mice. Althoughresytes could also be
induced to express TLR2 and mediate inflammatospaoase (Phulwanet al, 2008), as
nonhematopoietic original cells they were not kkeb play a role in a bone marrow
transplantation model (Wagees al, 2002; Gucet al, 2004). Thus, in this study, the reduced
inflammation effect should come from a myeloid s@yrspecifically microglia, which were
thought to be at least partially originated from¢l@an be replenished by, myeloid precursors,
especially under pathological states (Walter lasal, 2009; Hacet al, 2011).

Thousands of reports have shown that the inflammateediators including IL{3, IL-6,
TNF-a, IL-8, transforming growth factds-(TGF-), and macrophage inflammatory protein-
la (MIP-1a), are upregulated in AD (Akiyamat al, 2000). Whether this inflammatory
response is beneficial or detrimental for the nleemaironment is under debate. Although low
level of cytokines such as TNi-and IL-13 activate NFkB-dependent signaling pathways
and might promote cellular growth and survival (Piet al, 1992; Traceyet al, 1994; Chao
et al, 1995; Nguyeret al, 2002), high concentration of these cytokinesasratoxic over a
longer term (Strijbo®t al, 1995; Simarcet al, 2006a). It has been recently established that
uncontrolled TNFa induces neuronal damage and chronic TdNkifusion in the brain
causes neuronal death by apoptosis (Na@tal, 2003; Stepanichegt al, 2003; Simardet
al., 2006a). In the case of AD, transgenic mice geakyi engineered to overexpress APP
show less pathology when they are chronically é@atith anti-inflammatroy agents (Jantzen
et al, 2002). Thus, the brain neuronal damage and degrihanges in thér2-deficient and
wt BM reconstructed APP mice were investigated.

It was found thattlr2-deficiency improved the cognitive state of AD mice
Immunohistochemistry showed that neuronal loss wahanged, whereas the synapse was
less impaired irlr2-deficient-reconstructed APP mice, as suggesteal fegluction in the loss
of the specialized post-synaptic scaffold proteé8DFO5 in the brain homogenate.

The reduced neuroinflammatory activation in thi@-deficient BM chimeric APP mice
corroborates our previous observation thiktyd88deficient BM cells ameliorate

neuroinflammation in AD mice (Haet al, 2011). Importantly, the synapse loss in the AD
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mice used in this study is attenuated afft-deficient BM reconstruction although a direct
association between this neuronal improvement addaed neuroinflammation needs further

investigation.

5.5.3Reduction of AB load could be another mechanism to improve neurotdunction in

APP transgenic mice

Pittsburgh compound B-based positron emission teapdty (PET) demonstrated thaf3 A
deposition in the human brain is associated witbrowal dysfunction revealed by both
cognitive investigation and functional magneticorence imaging even at the pre-dementia
stage (Sperlinget al, 2009; Chételaet al, 2011; Villemagneet al, 2011). The soluble
aggregated B in postmortem brain tissue detected with Westéohwas closely correlated
with AD (Mc Donaldet al, 2010). Aggregated Adirectly injures synaptic junctions in the
neocortex and limbic system, thereafter causingaral loss (Selkoe, 2002). The solublp A
oligomers, especially dimers, were observed tobibhHong-term potentiation (LTP) by
increasing activation of extrasynaptic NR2B-contagn receptors and cause neuritic
degeneration in which Tau hyperphosphorylat®imvolved (Shankaet al, 2008; Liet al,
2011). Furthermore, aggregate Aould decrease adult neurogenesis, thereby integfe
with the recovery from neuronal damage in AD pa#rasis (Crewet al, 2010a; Crewst
al., 2010b).

Microglia have a beneficial effect in AD pathogesdsy clearing 8 deposits in the brain.
(Simardet al, 2006b; Grathwohét al, 2009). In accordance with our previous findingAfh
phagocytosis byMyd88deficient macrophages (Haet al, 2011), heretlr2-deficiency
enhances B phagocytosis by BM-derived macrophages was obde#e described above
and published (Haet al, 2011),tlr2- or Myd88deficiency increases [Aphagocytosis but
decreases Bctriggered inflammatory activation. Indeet2-deficient BM reconstruction
reduced the cerebralAof APP mice in this study, especially the highlygeegated A
(Figure 4.19).

However, according to the result (Figure 4.19)s tAB load reduction effect ofir2-
deficient BM reconstruction appears to be limitetijch could be explained by two dynamic
factors regarding the generation and clearance[bf( a decrease in the total number of
microglia in the brain due tdlr2-deficient microglial recruitment (Figure 4.17)j) (ian
increase in A/ production in the brain due ty2-deficiency; our previous work showed that

both TLR2 and its downstream adaptor moledulgd88deficiency increasef-secretase
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activity (Myd88deficiency also increasgssecretase activity) in the mouse brain (Haal,
2011); (iii) the A3 clearance capability of bone marrow (hematogenmerophages in the
brain is limited. Although the peripherally-recedt microglia have been assumed to be more
efficient than their endogenous counterparts helimination (Simarcet al, 2006a; Simard
et al, 2006b), it is noteworthy that the assumption wladuced from the observation of
improved CD11c expression in the bone marrow oaiggd microglia (Simaret al, 2004).
This may not be sufficient evidence to draw suctoaclusion. Indeed, there is no direct
evidence that shows that myeloid microglia are munagocytic. On the contrary, it was
reported that resident microglia are more effeciiveemoval of myelin debris and neuronal
cell debris compared to hematogenous macrophage®ame marrow chimeric experimental
autoimmune encephalomyelitis (EAE) rat model (Rmeteal, 1995) and cerebral ischemia
mouse model (Schillingt al, 2005). Phagocytosis is a complex process invglvateptor
binding, internalization, and phagosome biogenasid maturation. Despite observing an
increased R internalization intlr2-deficienct BMDMSs, this was not sufficient to jugtian
increase in the clearance oB Alt was reported that macrophages frislyd88deficient mice
show a range of phagocytosis- and phagosome matHadsociated defects including
reduced uptake of particles and killing of pathayédennekeet al, 2002; Marret al, 2003;
Liu N et al, 2004). Maturation of bacterium- but not apoptat&tl-containing phagosomes
was accelerated or “induced” in a TLR2/4, MyD88 avidPK p38 signaling-dependent
manner (Blandeet al, 2004; Blander, 2007, 2008).

In summary, this study demonstrated the molecukechanisms of TLR2 in Brtriggered
inflammatory activation. It shows that TLR2, coogtérg with TLR1, is the primary receptor
for AB-triggered inflammation. Inhibition of TLR2 in miaglia might reduce the detrimental
effect of inflammatory activation, but does not snpthe beneficial effect of B clearance.
Further more, a (EKKA) motif essential for TLR2 ratellular signaling was discovered;
dysfunction due to mutation of this motif can bstoeed by its co-receptor TLR1. This study
contributes to a better understanding of AD patlysftogy and may eventually translate to

therapeutic options to prevent and / or treat ABgpession.
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Part [I. Omega-3 Fatty Acids Reduce Alzheimer’'s Amjioid

Peptide-induced Proinflammatory Activities in Macrophages
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1 Summary

Epidemiological studies suggest that diets enrichigd omega-3 polyunsaturated fatty acids
(PUFAs),e.g.docosahexaenoic acid (DHA), reduce the risk for (Barberger-Gateaet al,
2002; Morriset al, 2003; Schaefest al, 2006). However, the underlying mechanism remains
unclear. In AD, microglia/macrophage-dominated ngftammation can be considered a
double-edged sword; on one hand, they injure neubgnreleasing highly toxic molecules,
while on the other hand they protect neurons bgriig pathogenic amyloifl (AB) (Walter
Lisa et al, 2009; Hacet al, 2011). In this part of study, with cultured banarrow-derived
macrophages (BMDMs), It was observed that DHA redui} aggregate-induced secretion
of pro- €.9. TNF-a and IL-6) but not of anti-g(g.IL-10) inflammatory cytokines. In order to
elucidate the mechanisms mediating the anti-inflamony effects of omega-3 PUFASs, the
BMDMs were pre-treated with DHA and then were stmbed with different TLR ligands.
Results show that, DHA suppresses TLR2, 3, 4 ands9yell as interferog-mediated
inflammatory activation, which has been shown tadlectly or indirectly, involved in AD
pathogenesis. Interestingly, DHA does not reduce tiptake of B aggregates by
macrophages, which is considered to be a benetelhllar response in the course of AD. In
summary, this study contributes to the understandinmechanisms mediating preventative

effects of omega-3 PUFA-supplemented functionaisdie AD patients.
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2 Introduction

As stated in Part I, AD is the leading cause of eletia and is becoming a major medical
challenge (Szekelgt al, 2007). Preventative and therapeutic strategi@sngito control the
development and progression of AD is of increasmerest. Besides interfering the identified
primary innate immune receptor forAriggered microglial inflammation changes AD
pathogenesis in mouse model as shown in Part | wbtkis thesis, it is notable that studies
already demonstrated that non-steroidal anti-infletory drugs can delay onset, slow
progression, and decrease cognitive deficits of(MoGeer PL, 1996; in 't Veldt al, 2001).
Furthermore, epidemiological studies showed thabd$o supplemented with omega-3
polyunsaturated fatty acids (PUFAs},g. docosahexaenoic acid (DHA), can modulate
inflammatory profiles in humans (Pischenal, 2003; Ferruccet al, 2006; Farooquet al,
2007), such as reducing proinflammatory cytokin€slK-a. and IL-6) or increasing anti-
inflammatory molecules (IL-10 and TQH- in circulating monocytes and the serum.
Interestingly, omega-3 PUFA-enriched food also oceduthe risk for AD, especially when
sufficient PUFAs are consumed before the developnoérclinical dementia (Barberger-
Gateauet al, 2002; Morriset al, 2003; Schaefeet al, 2006). In APP transgenic mice,
similar “anti-AD” effects of PUFAs have been obsmivas those resulting from a DHA-
supplemented diet, including improved cognitiveided, reduced B deposition in the brain
parenchyma and blood vessels, and decreased phylspbd tau inside of neurons (List
al., 2005; Oksmaret al, 2006; Greeret al, 2007; Hooijmanset al, 2007). In cultured
macrophages, omega-3 PUFAs were observed to infihR2 and TLR4-induced
inflammatory activation (Lee Joo ¥t al, 2003; Lee Joo Yet al, 2004).

Thus, it is hypothesized in this study that omegatBAs could suppresspAnduced
neurotoxic inflammatory activation and that TLRsghti be relevant to this modulatory
action. In this part of study, bone marrow-derivedcrophages (BMDMs) were cultured,
pretreated with PUFAs and activated with aggregat@d It was observed that omega-3
PUFAs suppress [pinduced pro- but not anti-inflammatory activitiésterestingly, omega-3
PUFAs do not reduce macrophage phagocytosispofGonfirming the hypothesis thatBA
triggered microglial inflammation and phagocytosise mediated through relatively

independent pathways.
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3 Materials and Methods
3.1 Materials

Instruments, experimental materials and kits, uinlatherwise specified, were the same as
described in Part I. Polyinosinic-polycytidylic dciPoly I: C, TLR3 ligand), purified
lipopolysaccharides (LPS, TLR4 ligand) and CpG OQOMR9 ligand) were from ALEXIS
biochemicals (Lorrach, Germany). Imiqguimod (R83TRV ligand) was from InvivoGen
(Toulouse, France). Docosahexaenoic acid (DHA, €223), Eicosapentaenoic acid (EPA,
C20:5 n-3) and Arachidonic acid (AA, C20:4 n-6) edrom Sigma-Aldrich (Steinheim,
Germany) and dissolved in 95% ethanol at the cdreon of 100 mM as stock solutions.
The final concentrations of DHA, EPA and AA for Icaleatment were decided based on
previous publications (Skuladottat al, 2007; De Smedt-Peyrusst al, 2008). Vehicle
containing the same concentration of ethanol wasl @s the ligand control. Final ethanol

concentration in the medium was below 0.1%.

3.2 Methods

3.2.1 Preparation and characterization of A3 aggregates

AP aggregates preparation and characterization ane sa Part | (Section 3.2.2 and Figure
3.1).

3.2.2 Culture of bone marrow-derived macrophages

Primary bone marrow-derived macrophages (BMDMs)ewisolated from 7 to 9-week-old
C57BL/6 (Charles River, Sulzfeld, Germany) afigd88deficient mice (kindly provided by

S. Akira, Osaka University, Osaka, Japan), culproeedure is the same as described in Part |
(Section 3.2.1).

3.2.3 Cell challenge and ELISA analysis of cytokine relese

BMDMSs, cultured at 2 x 1Xcells per well in 48-well plate (BD, Heidelberg, @mny), were
pretreated with DHA/EPA/AA/Vehicle control (conceations indicated in the results) for 24
hrs and then challenged with TLR ligands: Pam3C&KD ng/ml), LPS (100 ng/ml), Poly
I:C (30 pg/ml), Imiquimod (1pug/ml) and CpG ODN (mg/ml), as well as IFN+(200 U/ml)
or 10uM AB42 aggregates for 18 hrs in the presence of thieepted lipids. Supernatants
were collected for detection of TNE-IL-6, IL-10, interferon-inducible Protein 10 (IFB)
and PGE2 by ELISA kits (R&D Systems, Wiesbaden, ntzery) (procedure follows the
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manufacturer’'s manuals and is similar to Part tisec3.2.4). Some of the DHA pretreated

cells were lysed for a caspase 3 activity test.

3.2.4 Reverse transcription and quantitative PCR for anaysis of inflammatory

genes and B phagocytosis-related receptors

BMDMs at 3 x 18cells per well in a 24-well plate were treated wathpuM DHA or vehicle
for 18 hrs. Total RNA was isolated from BMDMs usitig RNeasy Plus mini kit (QIAGEN,
Hilden, Germany). First-strand cDNA was synthesibgdoriming total RNA with hexamer
random primers (Roche Molecular Biochemicals, Mammhy Germany) and using
Superscript 1l reverse transcriptase accordindhéonanufacturer's instructions (Invitrogen).
Detailed procedure can be found in Part | (sec3i@8.1-3.2.8.2).

The guantitative PCR was performed with the ApplBdsystems 7500 Real-Time PCR
system (Applied Biosystems, Foster City, CA) usiBYBR®Advantage qPCR Premix
(Clontech, Mountain View, CA) to determine the aifgtion products as described
previously (Liu et al., 2006). Primer sequences TdiF-a, IL-6, IL-10, PGE2 synthase 1
(ptGES1), CD14, RAGE, CD36, SR-A and GAPDH genessaown in Table 3.1:

Table 3.1 Primer sequences for real-time quant#a®CR detectors

Product Forward Reverse

GAPDH ACAACTTTGGCATTGTGGAA GATGCAGGGATGATGTTCTG
CD14 AGGGTACAGCTGCAAGGACT CTTCAGCCCAGTGAAAGACA
RAGE CTGAAGCTTGGAAGGTCCTC CCTCATCGACAATTCCAGTG
CD36 CCAAGCTATTGCGACATGAT CCTGCAAATGTCAGAGGAAA
SR-A CATGGCAACTGACCAAAGAC AGGACTTGGAGATTGCATCC
TNF-a ATGAGAAGTTCCCAAATGGC CTCCACTTGGTGGTTTGCTA
IL-6 AGTCCGGAGAGGAGACTTCA ATTTCCACGATTTCCCAGAG
IL-10 AGGGGCTGTCATCGATTTCTC TGCTCCACTGCCTTGCTCTTA
PTGES1 GAGTTTTCACGTTCCGGTGT GGTAGGCTGTCAGCTCAAGG

The following cycles were performed: initial deration cycle at 95 °C for 10 sec,
followed by 45 amplification cycles at 95 °C demation for 5 sec and annealing/extension at
60°C for 34 sec. In the end, a dissociation curas performed.

The amount of double-stranded PCR product syntedsia each cycle was measured
using SYBR green | dye. Threshold cycle (Ct) valdes each detected gene from the
replicate PCRs was normalized to the Ct valuesii®iGAPDH control from the same cDNA
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preparations. The ratio of transcription of eachegwas calculated a$*%”, whereACt is
given by: Ct (GAPDH) — Ct (test gene).

3.2.5 Apoptosis caspase 3 assay

BMDMs, cultured at 2 x Icells per well in 48-well plate (BD, Heidelberg, iBmny), were
pretreated with 25uM DHA/vehicle control for 24 hrs, then cells wergséd in 200pl
Caspase lysis buffer [10 mM HEPES, pH 7.4, 42 mMI|,KE mM MgCh, 1 mM
phenylmethylsulfonyl fluoride, 0.1 mM EDTA, 0.1 mMGTA, 1 mM DTT, 1 pug/mL
pepstatin A, 1 pg/mL  leupeptin, 5 upg/mL  aprotinin,0.5%  3-(3-
cholamidopropyldimethylammonio)-1-propane sulfon@elAPS)]. The activity of caspase 3
was determined by use of a fluorescent substratkesyibed previously (Koget al, 2003)
with a minor modification: 5@l of this lysate was added to 150 pl reaction bufgs mM
HEPES, 1 mM EDTA, 0.1% CHAPS, 10% sucrose, 3 mM DpH 7.5) and 10 uM of the
fluorigenic substrate Ac-DEVD-AMC (Ac-DEVD-AMC: Aé&sp-Glu-Val-Asp-AMC,
Bachem, works as a susceptible fluorescent subdtvataspase 3). Accumulation of Acetyl-
DEVD-7-amido-4-methylcoumarin (AMC) fluorescence svenonitored over 1 h using a
Tecan’s Safire2™ microplate reader (Tecan, Manrfe®witzerland) (excitation 380 nm,
emission 465 nm). Fluorescence of blanks containmgell lysate was subtracted from the
values. Protein content was determined using tleec®i Coomassie plus Protein Assay
reagent (KMF, Cologne, Germany). Caspase actigitgxpressed as change in fluorescent

units per microgram protein and per hour.

3.2.6 LDH toxicity assay

BMDM cells were cultured in DMEM medium and treateith DHA/Vehicle for 24 hrs, then
cytotoxicity was evaluated through lactate dehydrage (LDH) level measurement via the
Cytotox 96 Non-Radioactive Cytoxicity Assay kit ¢lRftega) according to the manufacturer’s
instructions (Philip J Lee, 2007). Experimentapst are:

Transfer 5Qul supernatant to enzymatic assay plate

Reconstitute substrate mix using assay buffer geavin the kit

Add 50ul reconstituted substrate mix to each well of enatymassay plate
Cover plate and incubate 30 min at room temperapuogect from light

Add 50pl stop solution(1M acetic acid) to each well

S e o A

Record absorbance 490 nm

111



Dissertation: Toll-Like Receptor 2 and Partner Ratoes in Alzheimer’'s Disease

3.2.7 Flow cytometric analysis of 4342 internalization

BMDMs cultured in a 12-well plate (BD) at a densiy2 x 13 cells per well were pretreated
with 25 uM DHA, EPA, AA or vehicle control for 24 hrs, anten incubated with 0.5 pM
FITC-conjugated 42 aggregates in the culture medium containing fatids for 0, 3, 6,
and 24 hrs. The internalization assay was termihbteplacing cells on ice. BMDMs were
washed with PBS and detached from the plate widb%. Trypsin-EDTA (Invitrogen). The
percentage and mean fluorescence intensity (mAt)amrophages internalizing FITC-labeled
AB42 were immediately measured by BD Cytometer FAGB&CAH. All experiments were

independently replicated at least three times.

3.2.8 Statistics

Data in figures are presented as mean + SD. OneANYVA followed by Tukey's HSD or
Tamhane's T2 post hoc test (dependent on the Sludivene's test to determine the equality
of variances) was used for multiple comparisonso-Twdependent-samples t test was used to
compare means for two groups of cases. All statistinalysis was performed on SPSS 11.0
for Windows (SPSS, Chicago, IL). Statistical siggzahce was set at p < 0.05.
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4 Results

4.1 DHA reduces TLR2, 3, 4 and 9-initiated pro- but not anti-

inflammatory cytokine secretion in macrophages

Since innate immune receptorsg. CD14, TLR2 and 4, have been reported to recognize
fibrillar Ap and mediate inflammatory responses in microglighmahages (Fassbendsral,
2004; Liu Yet al, 2005; Taharat al, 2006; Jan&t al, 2008; Richarcet al, 2008), here how
DHA modulates TLR2 and TLR4-initiated inflammatagtivation was first investigated. As
shown in Figure 4.1A, DHA treatment significantgduced Pam3CSK4 (TLR2 ligand) and
LPS (TLR4 ligand)-induced TNB- secretion from BMDMs in a concentration-dependent
manner (p<0.05). Similarly, the secretion of IL-&sasignificantly decreased by DHA (Figure
4.1C, p<0.001). The modulatory effects of DHA orhest TLR-initiated inflammatory
activation was further investigated. As shown imgufe 4.1B and D, DHA markedly
suppressed Poly I: C (TLR3 ligand) and CpG ODN (9BURand)-induced TNk and IL-6
secretion (p<0.001). Imiquimod (R837) (TLR7 ligandid not induce secretion of the
cytokines studied (Figure 4.1B and D). Interesiynglelease of the anti-inflammatory
cytokine IL-10, following TLR2, 4, 7 and 9, but n®L.R3 activation, was not reduced by
DHA treatment (Figure 4.1E, p>0.05).

In order to exclude the possibility that DHA supmses inflammatory activation via
inducing cell death, the activity of caspase 3 éalker for apoptosis) and the release of lactate
dehydrogenase (LDH, to detect loss of cell intgyfitom macrophages following the DHA
treatment was analyzed. No significant cell deatlsed by DHA was observed (Figure 4.2).
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Figure 4.1, DHA treatment inhibits TLRs-induced inflammatory activation. BMDMs were pretreated with
DHA at the indicated concentrations for 24 hrs émeh challenged with TLR2, TLR4 (A, C, E), or TLR3,
TLR7, TLR9 (B, D, E) ligands for 18 hrs in the peese of DHA. The media was collected for ELISA gt

of TNF-u (A, B), IL-6 (C, D) and IL-10 (E). *p < 0.05, ** < 0.01, *** p < 0.001, as compared to vehicle
control (one-way ANOVA or t test>16 per group).
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Figure 4.2, DHA 25uM treatment does not have a significant effect onedl apoptosis and viability.

BMDM cells were cultured in DMEM medium and treateith DHA/Vehicle for 24 hrs; Caspase-3 activity)(A
and LDH releasing assay (B) were performed to etalthe apoptosis and cell death effect causedHwx D
treatment. No significant cell apoptosis or deathswbserved with 2aM DHA treatment (t test, n=4 per

group).

4.2  DHA suppresses IFNy-induced IP-10 secretion in macrophages

IFN-y is an important endogenous inflammatory activatut stimulates a different signaling
pathway than TLRs. Thus, this study continued & tdfects of DHA on IFNrinitiated
inflammatory activation. Secretion of IP-10 was n#igantly decreased by DHA in a

concentration-dependent manner (Figure 4.3A, p30l@erestingly, this suppressive effect
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of DHA was independent of MyD88, a common signalimgiecule downstream to TLRs. As
shown in Figure 4.3B, DHA decreased IP-10 relees® Myd88deficient macrophages in a

similar manner to wild-type control cells (p<0.05).
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Figure 4.3, DHA treatment inhibits IFN-y-induced inflammatory activation. Myd88deficient (A) or
wildtype (B) BMDMs were pretreated with DHA at tiredicated contentrations for 24 hrs and then chgkel
with 200 U/ml IFNy for 18 hrs. The media was collected for ELISA mgament of IP-10. *p < 0.05, ** p <
0.01, *** p < 0.001, as compared to vehicle confaie-way ANOVA, n=6 per group).

4.3 DHA reduces aggregated B42-induced pro-inflammatory cytokine

secretion in macrophages

Following the investigation of general anti-inflaratary effects of DHA, the effects of DHA
on AB aggregate-induced inflammatory activation weren@rad. It was observed that DHA
treatment significantly reducedpBA2 aggregate-induced TN¥-secretion from macrophages
in a concentration-dependent manner (Figure 4.44).Gb). Similarly, 442 aggregate-
initiated IL-6 secretion was also significantly demsed by DHA (Figure 4.4C, p < 0.01).
DHA did not reduce B42 aggregate-initiated IL-10 secretion (Figure 4.4 0.05).
Meanwhile, repeated experiments using lipid costafl DHA EPA, another common used
omega-3 PUFA, and AA, an omega-6 PUFA in the braistead of DHA were used to co-
treat macrophages with pA2 aggregates. Upon pA2 activation, EPA, but not AA,
significantly reduced the release of TNKFigure 4.4B, p<0.01), whereas AA significantly
increased AB-initiated IL-6 secretion (Figure 4.4C, p<0.001h order to determine the
mechanisms by which DHA inhibits#2-induced proinflammatory cytokine secretion, the

transcripts of TNFa, IL-6 and IL-10 were quantified. Interestinglyettranscript of TNFx
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was significantly up-regulated and that of IL-61bf10 was not markedly changed by DHA

co-treatment upon Aactivation (Figure 4.4E).
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Figure 4.4, Omega-3 PUFAs inhibit 842 aggregate-induced inflammatory activation in BMDMs.
BMDMs were pretreated with omega-3 PUFAs DHA andAEBr omega-6 PUFA AA at the indicated
concentrations for 24 hrs and then challenged ¥ithM AB42 aggregates for 18 hrs in the presence of relevan
PUFAs. The media was collected for ELISA analysigNF-a (A, B), IL-6 (C) and IL-10 (D). (E), transcripts
of TNF-q, IL-6 in BMDMs treated with or without DHA were gatified by real-time PCR. *p < 0.05, ** p <

0.01, *** p < 0.001, as compared to vehicle confaie-way ANOVA, &6 per group).
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44 DHA suppresses aggregated [induced PGE2 secretion in

macrophages

PGE2 is a primary product of arachidonic metaboliamd is synthesized via the
cyclooxygenase (COX) and prostaglandin synthadewaats. Postsynaptical PGE2 functions
as a retrograde messenger in hippocampal synagtialisig via a presynaptic EP2 receptor,
thereby involving in the pathogenesis of neurodegaive processes (Samg al, 2005).
Therefore, besides the proinflammatory cytokine®llehere the transcription level of PGE2
synthase (PTGES1) and its catalysed product PGE@l leere also investigated after
challenge with 42 for the BMDMs pre-treated with DHA or contrgbild AA. As shown in
Figure 4.5A, the PGE2 level secreted by the DHAted BMDMs upon § challenge was
lower than vehicle treated cells, while the PGE&Ilén arachidonic acid pretreated cells was
increased compare with control. Interestingly, hesve the PGE2 synthase transcript was
also increased in DHA treated cells compared toclekreated cells (Figure 4.5B).
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Figure 4.5, DHA reduces 42 aggregates induced PGE2 secretioBMDMs were pretreated with DHA or
AA at the indicated concentrations for 24 hrs dmehtchallenged with 10M AB42 aggregates for 18 hrs in the
presence of relevant PUFAs. The media was collefe&LISA analysis of PGE2 (A). Transcripts of PGE
synthase 1 (PTGES1) were measured via real-time (BER he *p < 0.05, ** p < 0.01, as compared tdiete
control (one-way ANOVA, n=9 per group).

4.5 DHA does not affect macrophage uptake of B.aggregates

Growing evidence has suggested that microglial inltion of A3 protects neurons against
AD-related neurodegeneration (Tahataal, 2006; Richardet al, 2008). The effect of DHA
on AB internalization by macrophages was tested. Iniegdg, the internalization of p42
aggregates, as measured by the mFl and percentdlymr@scent cells in flow cytometry,
was not altered by DHA treatments (Figure 4.6A,.05D EPA and AA (used as controls for
DHA) did not affect A internalization either (Figure 4.6A, p>0.05). Irdd#ional
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experiments, the transcripts of the known recepteftated to A phagocytosis: RAGE,
CD36, SR-A and CD14 (El Khoumst al, 1996; Yaret al, 1996; EI Khouryet al, 2003; Liu
Y et al, 2005) were determined via realtime-PCR. As showfigure 4.6B, DHA treatment
increased transcription of RAGE and CD36, althotlgh transcription of SR-A and CD14
was decreased in the DHA-treated cells. Thus, DH@ wot overall reduce the (A
phagocytotic capacity.
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Figure 4.6, PUFAs do not affect internalization ofAB42 aggregates by BMDMsBMDMs were pretreated
with 25 uM DHA, EPA, or AA for 24 h and then incubated wiitb uM FITC-conjugated 842 aggregates for
0, 3, 6 or 24 hrs. Cells were detached and thediagence was measured with flow cytometry (A).r@nscipts

of AB phagocytosis-related receptors in DHA-treatedsogttre measured with real-time PCR. *p < 0.05, p**
< 0.001, as compared to vehicle control (one-wayOMA, n=13 per group).
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5 Discussion

Senile plaques containingBAdeposits accumulate over decades and induce rauteath in
AD. Microglial activation around B plaques has been demonstrated to make opposing
contributions to AD pathophysiology: on one handlease of neurotoxic inflammatory
mediators is considered to be detrimental; on therdhand, phagocytoticpAclearance could
play a beneficial role. This study using primanjteted macrophages demonstrates that
omega-3 fatty acidg.g. DHA and EPA, significantly inhibit A-induced pro-inflammatory
activation while leaving uptake offfAunchanged.

Higher levels of omega-3 PUFAs in the plasma haenkassociated with reduced AD risk
and anti-inflammatory cytokine profiles in humalih(@reset al, 1989; Barberger-Gateaat
al., 2002; Morriset al, 2003; Ferruccet al, 2006; Schaefegt al, 2006). It is supposed that
omega-3 PUFAs, which readily cross the blood-br&iarrier, could suppress the
inflammatory activation of microglia in the braiwhich in turn prevents AD pathogenesis
(Edmond, 2001). Indeed, here it was observed thega-3 PUFAs significantly inhibited
AB-induced TNFe and IL-6, but not IL-10, secretion from bone marderived
macrophages which, similar to microglia, belonghte mononuclear phagocyte lineage and
contribute to AD pathogenesis (Simaetdal, 2006b).

However, the mechanisms by which DHA reducdlidduced proinflammatory cytokine
release from macrophages are still far from beindeustood. Innate immune receptors, such
as CD14, TLR2 and TLR4, have been demonstratectdognize A aggregates, thereby
triggering microglial inflammatory activation (Féenderet al, 2004; Liu Y et al, 2005;
Walter Set al, 2007; Janeet al, 2008). Interestingly, DHA treatment inhibits TLR&d
TLR4 ligand-induced inflammatory activation in maghages (Lee Joo Yt al, 2001; Lee
Joo Y. et al, 2003; Lee Joo Yet al, 2004). Thus, DHA might inhibit Brinitiated
inflammatory activation by blocking TLRs signalingowever, this study demonstrated that
DHA not only targets TLR2 and 4, but also TLR3,rid®; because DHA treatment inhibits
the release of all these TLRs-induced proinflammyatytokines. Moreover, DHA blocked
IFN-y-induced inflammatory activation. It was also obser that this anti-inflammatory
effect of DHA was independent of MyD88, a commognaling molecule downstream to
TLR2, 4 and 9. Since different receptors transdsigmals through different pathways,
omega-3 PUFAs are thus unlikely targeting one singblecule.e.g. receptor or signaling
adaptor, in inflammatory activation. Even more iagtingly, the transcription level of the
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pro-inflammatory cytokines was observed to be remtréased by DHA treatment, suggesting
the suppression effect of DHA might be at the getscriptional level.

Recently, the beneficial effect of BA deposit clearing upon activation of
microglia/macrophages has gained great interest YLet al, 2005; Simardet al, 2006b;
Hao et al, 2011). Here in this part of study, it was obsdrifeat treatment with omega-3
PUFAs reduces TLR-induced inflammatory activatioat does not reduce the internalization
of aggregated B, which clearly argues for the separation of signgatascades responsible
for Ap uptake and inflammatory reponses. Indeed, defigiefi TLR2, TLR4 or MyD88 was
first observed to decrease macrophage clearanbaadéria such as E. coli (Blandet al,
2004), but a following study did not show this effeipon the uptake of silica particles or
Staphylococcus aureus (Yatesal, 2005). Moreover, MyD88 was not involved in TLR4-
induced phagocytosis of E. coli (Koreg al, 2008). Regarding \ phagocytosis, previous
reports indicated that TLR ligand-induced inflamargt activation facilitates microglial
phagocytosis of B (Iribarrenet al, 2005; Chen Keqgiangt al, 2006; Taharat al, 2006),
whereas previous study of ours (Habal, 2011) and the Part | work of this thesis showed
that without ligand preactivation, deficiency of HR or MyD88 did not decreasepA
phagocytosis; instead, deficiency of TLR2 or MyD&&ivation increase [A internalization
(Part I of this thesis and (Haat al, 2011)). Furthermore, in this study, DHA treatmdia
not down-regulate the Aphagocytosis-related receptors, RAGE and CD36oie reports,
these receptors could even be up-regulated upatmemt with omega-3 PUFAs (Vallet
al., 2002). Thus, omega-3 PUFAs do not impair the pbgigtic capacity of .

In summary, this study demonstrated that omega-FARUprevent neurotoxic pro-
inflammatory activation by B aggregates, but do not impair elimination off Ay
macrophages, showing a beneficial role in AD pallysplogy. This, together with the
potential effects of omega-3 PUFAs on APP procgsgiom et al, 2005), neuronal
protection (Caloret al, 2004; Akbaret al, 2005) and differentiation (Kaet al, 2007; Liu J-
W et al, 2008), suggests that a dietary supplement of ameUFAs could offer a
preventative and therapeutic strategy for AD.
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