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Introduction

Alzheimer's disease (AD}ia debilitating and degenerativendentiawith a
senile onsefover 65 years, but can occur even in the presenile bgfore
age 65).In 1906, Aloise Alzheimer, a German psychiatridentified and
presentedhe first case of what became known as Alxteg's disease in a
fifty -yearold woman called Auguste D.

In this reporthe underlind severalcardinal features of the disorder that are
currently observed in most patientprogressive memory impairment
disordered cognitive functionsaltered behavior including paranoia,
delusions, and loss of social appropriatereasd a progressive decline in
language function

In the early stagesf AD, the most commonlyecognizedsymptom is
inability to acquire new memories, such as difficulty in recalling regentl
observed factsGradually, bodly functions are lost, ultimately leading to
death.Individual prognosis is difficult to assesand the duration of the
disease varies. AD develops for an indeterminate period of time before
becomingclinically apparent, d it can progress undiagnosed for ye#ns.
fact, he cause and progression of Alzheimer's disease are not well
understoodWhen AD is suspected, the diagnosis is usually confirbned
behavioralassessments and cognitive tests, often followed by a lwam s
An internationally agreement upon standafdEST for clinical diagnosis

of AD includes a detailed history, function@leasurement of decline such
as instrumental activity of daily living scalesnini mental status

examination tests (MMSE), Clinicdbementia Rating{CDR), Disability



Introduction

Assessment for Dementia (DAD), neuropsychologicalzaluation,
neurological and psychiatric examination

The MMSE test, for examplallows to classify subjects with dementia
according to categories of clinical severity atodthe rate of cognitive
decline. This test, developed by Folstein in 1,985wvidely used sinceit
allows asemi quantitativeevaluation of the degree of cognitive impairment
(Folstein MF et a].1975.

The cognitiveevaluation obtained from these tdst today accurate and
reached up to 90% of the confirmed autopsy cagd3. must be
differentiated from other causes of dementia: vasalganentia, dementia
wi t h Lewy bodi es, Par ki nfordotemmoral di sease
dementia, and reversible demast

An intermediate stage betweanrmal ageing and dementia has long been
recognizedoy severatlassification systems and these attempts have viewed
the condition as either physiological ageing or the beggs of a
pathological procesand has now defed as mild cognitive impairment
(MCI) (DeCarli C,2003.

Originally, MCI diagnosis required the presence of memory complaint
(preferably corroborated by an informant), objective memory impairment
for age, preserved general cognitive function, normaltional activities,

and no dementiaThe impact of MCI is differentn a high functioning
professional aged 55 to a retired 80 yalarwith few cognitive demands in

their life.

\
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Because not all individuals with MCI progress dinical dementia, it is

critical to identify risk factors and biomarkefer the development of

dementia and AD in this cohoffoward this endAggarwalet al. showed

thatpossessioof t he U4 variant of tt6Raallele fo
known risk factor for the development of AD in normal eldénlyividuals,

is alsoassociated with increased risk of developkid in individuals with

MCI (AggarwalNT et al, 20095.
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Epidemiology of Al zhei mer 6s di se

AD is now a worldwide spreaddisease asthe incidence of AD increases

with age, it is particularly important toonsiderthe mean age of the

population of interest. n t he Uni ted St aprevalenceAl zhei mer
was estimad to be 1.6% in 2000 both overall and in thé@bage group,

with the rate increasing to 19% in thei 88 group andup to 42% in the

olderthan 84yeargroup(Hebert LE et al 2003.
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Another study estimated th:™
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in 2006, 0.40% of the worlc | —
population (absolute numbe,

26.6 million, range 11i569.4 *

s

million) would beafflicted by

o
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AD, that the prevalence rat|§‘|gure 1. Estimated omber of people with B in

_ ltaly in 1991, 1999, 2020 and 2050
would triple and theabsolute

number woull quadruple by 205(BrookmeyerR et al, 2007)

In ltaly, AD affected subjects are between 800.000 and 1 million and

unfortunately the number of new cases/year (incidence) is going to

dramatically increase as a consequencéhefprogressive increase dfet

mean age and life expectanin our population. In Fidl the increasing

number of Italian subjects affected by Al

years and the projection of tircidence for the next 40 years are shown.
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Pat hogenesi s DsdaseAl zhei mer 0s

Al zhei mer 0 sa halerogeeemsrultifactsrial and progressive
neurodegenerativdiseasehat affects specific areas of the brdihe neuro
pathological hallmarks of the disease are: neuritic senile plaques,
neurofibrillary tangles, neuronal atrophy and cortical neurodegeneration

(Terry RD, 1994)AD begins in the cewbea cones Ventricies

™
-

entorhinal cortex a brain region | = % 1 Vs

A .
that is near the hippocampus ai / A ,/ Iy

has direct connections to it. Healtr | # ?\‘
— : } )

neurons in this region begin t‘( _ / -
. A y

work less efficiently, lose theil \\ | o
\74.

Hippocampus Entorhinal Cortex

ability to communicate, ar](Itigure 2:  Specific areas of the brain mainl
affected by AD

—

ultimately die. This process
gradually spreads to the hippocampus, the brain region that plays a major
role in learning andsiinvolved in converting sheterm memories to lonrg

term memorieskinally, dfected regions begin to atrophy

Senile Plagues

Senile plaques(Fig. 3), wi t h di ameters be,tance en
extracellular deposits of amyloid in the gray matter of thenbrahe
deposits are associated with degenerative neural structures and an

abundance of microglia arakstrocyteMancardi GLet al, 1983; McGeer
8

10
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PL et al, 1993. These plaque havbeen identifiedn severalAD brain

areas like hippocampuamygdaleandin brain cortex.

Beta amyloid peptide (8) is the main component of senile plaques 5 &

short peptide of 4@2 amino acids and vita molecular weight of 4.2kDa.
Moreover, amyloid filaments are able to be folded in a beta sheet structure
(McLean C andBeureutheK, 1997).

Ab  p e plerives ! ‘f Q m

from a precursor...

protein molecule

named Amyloid
precursor protein OL’*
APP that undergoef :; ‘

to an

processing.

i:'igure 3. Senile plaques in affected AD brain

Senile plaques arsurroundedalso by other moleculespresent in minor

amounts such asytokines apolipoprotein Eandinflammatory molecules

Neurofibrillary tangles (NFT)

NFT (Fig. 4 are a major microscopic lesion of AD and are located
primarily in | arge pyrami daterelmaéur ons of
neocortex, although neurofibrillary pathology is also encountered in deep

structures, including midbrain and pontine tegmentum, basal nucleus of

Meynert, and hypothalamuBraak HandBraak E, 1991
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Morphologically, NFT are classically describad consisting of numerous
paired helical filament¢PHF), (Kidd M, 1963 which are composed of 2
axially opposed helical filaments with a diameter of 10 nm and gkailbd
of 80 nm(Wisniewski HM et al, 1964).

Healthy neurons havean 7%

i nternal A b

these structures areainly \
composed and stabilize%}’
by tau protein.
In  Alzheimeb sdisease,,’.“

ol 'F'V\ e \"'i? K ‘ “ "(‘I v L“
Neurofibrillary tanglesn affected AD brain

.

this protein is notin a #igﬁféﬁ4?
normal conformationtau protein results in an iper phosphorilated form and
this implies a grater probability of self annealing of tau ufBisee L et al.
2000. This abnormal annealing ofau proteincauses a dgneration of
microtubular structur@and compromise axonal transpagsulting in a very
instable conditions where neurons are no longer able to communicate in

optimal manner

10
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Pathogenetic hypothesis

Al z h ei me rislaverydconglexsandea multifactorial disease in which
intrinsic, gengic and environmentafactor interact with each other and
contribute to the onset of the disease

A large number of hypothesis and theories have been proposed to explain all
the processes and the mechanisms leading to the pathogenesis and the onset
of the diseaseFor exampleamyloid hypothesisinflammatory hypothesis,

vasculathypothesisviral hypothesis.

Amyloid hypothesis

Classicalpathological features of AD are the presence of senile plaques and
neurofibrillary tanglesn SNC.The main component oésile plaques is the

b amyl oid pepti de r es uthetamytog précaresom a
protein APP). APP is the A& peptide precursor and is a tramembrane
glycoproteinwidely expressed (it is also present on platelets), produced by
the endoplamatic reticulum and involved in the neuronal and dendritic

growth and synapses formation.

prot e

The metabolic cleavage of APP involves t

andgsecretaseT h e me mb r a psecretpse @he &irst Bnzybhe that
cleaveshAPP madeculebetweerresduesLys687 and Leu688; in this way

smal | peptide remains anandacaubleN t o t
Ter pept i daeasedimterxirhcellular compartm@&noteolitic

11
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cleavageb y U s prevengA ba sreeanceresitsdn the so called non
amyloidogenigathway (Thinakaran GandKoo EH, 2009.

Onthe other hand, the combined and sequential cleawagePPby b and
gsecretasereleass A b p eqomposkcof 43 2 ami noaci ds. b sec
(called also BACE)n fact cusb APP mol ecul e between resid
and Asp672esiduestwo fragmentsaaregener at ed: a bCTF, [ i nk
membrane and a -Wer peptiden a me d sTAd Ramsmembrane

fragment becomes subste for theo secretase enmye that produes

different small peptide§Ab 40/42/43 resulting bylle712, Tnr 714 e Val

715cleavage.

b A -42(@eptidesynthesized mainly in the endhoplasmatic reticuland

in Golgi system are majdror m of Ab produced.during bA
In the pathogenesis of AD, accumulation of AR in the brain, particularly

AR42, is considered to be an important st8mé&ll DH and McLeanCA,

1999. AR40 is the major form of sed¢eel AR. However, AR42, the minor

form, aggregates more readily and is thought to seed amyloid fibril
polymerization during the early stages of plaque formatianr¢ttTJ et al.,

1993. Amyloid aggregatesorm insoluble filaments that are abouB/m

in diameter. The fibrillar forms of AR,-Bleated amyloidibrils, consist of

antiparallelpleated sheets, thought to be especially neurotoxic.

Understanding how and where AR aggregation begins may elucidate the

mechanism of AD pathogenesis. Recent repodgest that AR igenerated

and accumulates intracellularlyyrnerRS et al., 1996; SkovronskpM et

al., 1998; GourasJK et al., 2000).It has also been reported that

12
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intraneuronal accumulation of AR peptides may precede the detection of
extracellular amipid plaques and NFTSGourasJK et al., 2000)and that

this may be associated witheurodegenerationChui DH et al., 1999%.
Masliah et al. showed by electron microscopy that neuronal procesaes
plagues can display fine intracellular amyloid fib@djacent to rough ER

and coated vesicledl@sliahE et al., 199% Recent evidence suggests that
neurotoxic effects of AR may be independent of plaque formatiosnvo
(Hsia AY et al., 1999; ChubDH et al., 1999)and independent of-fleated

AR formationin vitro (LambertJC et al., 1998; HartleypM et al., 1999;

WalshDM et al., 1999).

Inflammatory hypothesis

The hypothesis thanhflammation may participate inAlzheimer's disease
pathogenesisvas first articulated about 20 years ago, and despite two
decads of work, many of the central questions regardingrtfi@mmatory
responsén theAlzheimer's diseaderainremainunanswered (

One of the hypothesis is that the presence of amyloid plaques and
neurofibrillary tanglesmay stimulatea chronic inflammatory reaction to
clear this debs.

Inflammatory response is a very complex process, slightly regulated that
involves the synthesis and the release of numerous factors such as
cytokines, inflammatory mediators, histamine, prostaglandideadso some

hormonescGeerEG and McGeePL, 1999.

13
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In AD brain, in fact, inflammatory responsappeargo be alteratedhigh
levels of cytokines as Tumor Necrosis Factor (TNF), Interledik{i.-1),

IL-6, IL-8 IL-10 and some interferon seems to be aied(BaumannH and
Gauldie J, 1994) A recent report showed thailpha 1 antichymotrypsin
(ACT) levels were higher in AD patients than in CIND (cognitive
impairment but not dementia) wor controls (PorcellinE, et al 2008).

In addition po-inflammatorycytokines enhance 0 and A42 peptides
production and inhibit amyloid precursor protein (APP) production, on the
whole andespeciallythe soluble fraction of APP with neuronal protective
effect

Astrocytes and microglibave a pivotal role in the inflamatory activation.
Astocytes represeragtbout the 40% of the total population of the CNS and
are involved in important brain functions such as the regulation of neuronal
growth and are able t@pairto neuronal damage

In AD brain astrocytes have been foun associ ated to b
(Norenberg MD, 1994 Masliah E et a].2000).

Astrocites produce a large number of citokines a& ((Griffin WS, 1989),

IL-6 (BauerJ, 1992, TNF (SawadaM, 1989)andalpha 1 antichymotrypsin
(ACT) that might have a piveal role in AD pathogenesis sintieey could
modify the normal metabolism of APP pathwé&$oldgaberD, 1989;

Altstiel LD, 1991).

amyl ol

In fact many Aut hor s have demonstrated that i n

several of inflammatorynolecules and ytokines are incresed. A recent

reportshowed thatACT levels were higher in AD patients than in CIND

14
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(cognitive impairment but not dementia) or contrd®rgellini E et al.,
2008).

Also microgliais located inside the neuropathological lesions associated to
AD. These cdt are phenotipically simitato blood monocytes andissue
macrophages and replace their functions inhfen (RansohoffRM and
Perry VH, 2009. Microglial cell exmpse on their surfaceomplement
receptors, MHC | and MHC Il molecules and release cytaxkimand
molecules involving in acute phase inflammation.

Microglia, suchas astrocytes, have a double role in the cellular response
against neuronal damage: one pathogendtinction of promoting
inflammation promoter and a protective rql@onzalesScaranoF et al,
1999.

Anyhow, itis not clearwhetherinflammation in AD is an early event or a
secondary process inducted by a pre sxgstamage.

The importance of inflammation in AD is further strengthened by
epidemiological data showing that the routiree wf the nossteroid antr
inflammatorydrugs (NSAIDs) was associated with a decreased incidence of
AD (BreitnerJCetal, 1994 . ; 1 no6t200el d BA et al
Moreover, molecular genetic studies have indicated also shajle
nucleotide polymorphisms (SNPlocated in inflammatory genes could be
linked to Alzheiemer diseaggicastro et al.,2007). These SNPsnay act

both as risk andr protective factors for the disease.

15
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Vascular Hypothesis

The vascular hypothesis of Alzheimer disease, first propos&khya torre

in 1993, provides substantial evidence that suggests vascular risk factors
(VRF) play a critical role in the development of cognitdecline and AD
during agingde la Torre JC anilussivand T1993.

There are many notable observational epidégical studies that have
helpedto clarify the role of vascular riskactorsfor AD; these include the
Honolulu Asia Aging Study, the Goteborg Studind the Frammingam
Study. All theseinvestigations have underlined the possible role of
hypertension, idbetes, smoking, lipids homocysteine, physical inactivity,
fat intake systemic marker of atherosclerosis and other vascular factors that
may be associated withincreasing or decreasing risk of cognitive
impairment and ADMoreover,severakstudies suggésn important role for
bloodvesselslterationsn the pathogenesis of AD dement&koog let al,

1996 Hofman Aet al, 1997 Snowdon DAet al, 1997)

Numerous structural and functional abnormalities of the cerebro
microvasculature in AD have beals identified (de la Torre JC and
Mussivand T 1993;Kalaria RN 1996) incluing decreased microvascular
density and vascular distortions such as vessel kinking, twisting, tortuosity,
and looping. In addition, several active functions of the blo@ih barier,
including glucose transport, are diminished in AD. Furthermore, AD brain
vessels are oxidatively damaged, express inflammatory mediatar®yver

produce nitric oxide (Dorheim MA et al, 1994. Elevated vascular

16
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production of nitric oxide,derivatves with potential neurotoxinaction

could contribute to neuronal injury and death in AD.

We have just discussed that results of epidemiological studies suggest that
chronic use of certain drugs (NSAIDs) significantly decreases the risk of

Al z hei seaseBrsitneddCetal, 1994 . ; | ned al, 2008.1 d BA
Also if brain inflammation has becanmgema | or focus for Al zhe
disease research, brain inflammaticannot, however, explains the risk
reduction conferred by drugs thatay lack substantialantrinflammatory
activity. Some p ut a tpreventive érligg, hsech mer 6 s di
lovastatin, pravastatin, H2 antagonist, aspirin, aigubit angiogenesis.

These observations have led to consatginthe role of thébrain vascular
endothelial cellsn thepathogenesis of the disease.

Endothelialcells in fact could respond to both hypoxia and inflammation by
regulatingangiogenesis respondgrain angiogenesiss a tightly controlled

process that requires chemotactic, proteolytic and mitogenidtedtiof the
endothelial cell§PlateKH, 1999. For instancen increasingexpression of

vascular endothelial growth factQ¥EGF), transforming growth factor b

(TGFb) and tumor necrosis factar(TNFa)may control angiogenesis in the
brain(Tarkowsky Eet al., 2002)

Ultrastructural studies have shown tHasamyloid plaquesare closely
associated withbrain microvesselsand that Alzheimer's disease brain
capillaries contain preamyloid depos{tgliyakawa T, 1997 Furthermore

the -amyloid plague generatesactive oxygen species that damage brain

endothelium(Liu F et al, 2000.

17
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Progressive deposition of amyloid precursor protein leads to accumulation
o f  tamyoidplaque, which generates more reactive oxygen species and
further induces endothelial dame. By this way endothelialdependent
eventsmayc o nt r i bamylodd accumuldtion in the brain platients

with Alzheimer's disease and neurodahth(Vagnucci A, 2003

Viral Hypothesis

Al zhei mer 6s di sease is the doenmieki ng cause

Its etiology is recognized as multifactorial, with the possible inclusion of

infectious agents. In the 1960s and 1970s, researchers observed elevated

levels of antibodies to herpes simplex virus type 1 (H$Vh patients with

psychiatric disalters(Cleobury JFet al, 1971 Lycke Eet al, 1974).

On the basis of these results, Sequietral studied HSV1 nucleicacid

sequenze in the brain of demented and psychiatric patieetgiiera L\Wet

al., 1979 and found that the HSY genome was presein brain samples of

elderly patients with dementia.

HSV-1 was found in both AD and normal aged braifenfieson GA et al.

1991;Jamieson GAet al, 1992 Wozniak MAet al, 2009.

The associationof virus, in particular herpes virusyith AD, could be

involved for several reason:

1) in acute HSV1 encephalitis, infection targets particular regions,
including hippocampusand the frontal and temporal cortices, which

are also prominently affected in ADenaro FEt al, 2003

18
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2) viral DNA has beeriound in thesame regios as those most affected
in AD (Honjo K et al, 2009

3) HSV-1 DNA was detected in only a very small proportion of brains
from younger people, indicating that the virus can enter the brain
when an individual becomes older, perhaps becaudedag related
declineof the immune systerfWozniak MAet al. 200%

A recent pubblication or |-t b CEACAMI19  + OMIMHGNC svprd evmm

FAH_po105. i CEACANIE + HGMNC svpr dlevimm

Nature Genetics (Lambel

45,250

[—un_vosize. i BCL3 + DWW HGHNC svpr dlevmm
et al. 2009) abouta |,
Ii v CBLC + OMIMHGHNC svpr dlevimm
Genome Wlde I: NH Hbisesi; I BCAM + OWHGNCSV}D_QQM
45.35H PVRLZ2 v OWIWMHGNC svpr dl ev mm
Association (GWA) I o TOMMAO ¢ OMIMHEGNC svpr dleviam
00412, APOE + OWMWMHGHNC svpr dl ev mm
=:::33?ié‘3: = APOCT + OMIMHGHNC svpr dlevmm
ARt 1] =
showed indeed, that al o = T 00100120500 + sops dlevg]
aonness. o ol | APOCIP1 * HGNC ey dlevim
genetic cluster or APOCY + OMIMHGHNC svpr dlevrnm
g APOC?2 + OMIMHGHC svpr dlevimm
chromosome 19 wa CLPTMI + OMIMHGNC svpr dlevim
I NH_0085 03 I RELE + OWMTWMHGNC svpr dl ev mm
strongly associated wnl] woomoss. ] SFRS16 ’ HGNC svpr dlevimm
L n_tasacs. ZIF2R6 + HGNC svpr dlevmm
Al zhei mer 6 Tabéel g %Etéc Igcus on (&rlon'fosome 19 near APC

these genes were located near APOE gene, the main gene associated to
sporadic AD.The first set of genes was located in close vicinitythef

APOE locus onhe chromosome 1@able1) andconsisted of the poliovirus
receptosrelated 2 or necti2 (NC-2), apolipoprotein E (APOE), the
translocase of outer mitochondrial membrane 40 homdlGiiM-40),

the glycoprotein carcirembryonic antigen related cell adhesioaleculel6

(CEACAM-I 6) and Bcell/lymphoma3 (Bcl-3) genes

19
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Thesegene are involved iseveraliral pathway, it has beesuggestedhat
they result in a genetic signature that might affect individumain
susceptibility to infeton by herpes virus faily during aging, leading to
neuronal loss, inflammation araimyloid deposition(Porcellini E et al,
2010)

It is likely that in genetically predisposed individyalge with the above
genetic signature, andith a defective immune response latent viause
mightin the brainreactivatedvith an increased frequeneyd contribute to

neuredegenerative processes leading to cognitive impairment and AD.

20
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Genetic of Al zhei mer 6s di se

The vast majority of Alzheimer's diseasgsesare sporadic

This meanthat tere is not a dominant genetic transmission, howswere
genes may act as risk factgsomotinglate onset AD On the other hand,
about 1% of AD cases ardndeed familial forms with an autosomal
dominant inheritancan this cases the diseasas an onsebeforethe ageof

65 years(Early onset AD).

Familial form of early onset AD

Three genetic locus seem to be involved in the mendelian autosomal

dominant form of Alzheimer

1) Precurson b amyloid protein (APP) on c
2) Presenil (PS1) on chromosonit

3) Presenilin 2 (PS2) on chromosome 1

The mutant gene APP is located on chromosom®aivn Syndrome (DS)

is the consequent of the presence of an exdpy ofthe chromosome 21.

DS subjectsoften suffer of Alzheimer and show brain alterations with

neurop#hological features similar tilhose ofAD, but with anearly onset.

As we justmentionedbefore, APP is the precursor obA pepti de, t he ma
component of senile plagues.

It has been reported that mut ations on |

i nvolved in the c¢l| edonatpecoaddbedmdiB | eadi ng

21
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the normal processing of APP resulting in neuronal deadidfaber Det

al., 1987 Goate A et al, 1991).

PS1gene is located on chromosome 14 and was identifieBdgaevin
1995 Rogaev El et a/1995.

PS1function is not clearand seems to be involved in thegulation of
proten traffic andtransductiorsignalduring the develament

60 mutatios in PS1have been identified: many of these mutation are-miss
sense mutation localized in transmembraoenain. Mutations in exon 5
and 8 have been correlated to the age of onset of the disease NICruts
1996;). Mutations in presenilin 2 RS2 on chromosome 1 were first
described in 1995 and only 18 potentially pathagenutations have been
reportedLevy-LahadE et al, 1995; Rogae¥X et al, 1995)

Recent studies have shown thlae lack of PS1 and PS2 prevents the
secretase cleavagtis leads to an accumulation oft€minal fragments
and increased production of bdétagment amyloid that is the basis of the
formation of amyloid plaques. In addition, PS1 and PS2 appear to be also
targets for the cleavage @me proteins by caspasesactivated during
apoptosisand thiscouldsuggest a role for PSland PS2n neuronal death.
However, most AD cases are lateset(>65 years of age), account for the
majority of clinical AD and do noshow a clear mendelian patteot
segregation.Other geneticfactors may also play an important role in

determining late onset AD risk.

22
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Sporadic form of late onset AD

Complex disease, such as sporadic AD, are presumed to be the results of the
interactions of many genes and environmefatetiors. Genetically, AD ian
heterogeneous and compldisease displaying no single or simple mode of
inhelitance. In 1994, two biochemist#/. Strittmatter e G. Salvesen
hypotized thain AD, other protein might deposit in brain plaques

One of this potein wasfound to be Apolipoprotein E (ApoEthe main
cholesterol transpaet in the brain(Strittmatter W) et al, 1994). The ApoE

is a glycoprotein of about 299 amino acids avitbse gene isocated on

chromosome 19. It is present in three different imom called E2, E3 and

E4 derivedform three different allelic variatisnAPOEU 2, U3 e U4.

combination of these three alleles Is&anl the identification of six different
genotypesbeing theU 3 / thelh®st frequentTheseisoforms derivedfrom

the substitution ArgCys in aminoacidic residues 112 and 158.

The apolipoprotein E# allele is the only known genetic variant that has
been constantly associated with increased laieset AD risk. This
association has been confirmed in a large number of stndyn different
ethnicgroup Ganguli Met al, 2000). In other studies a protective effect of
t he AP @al8&einJAD patients has been demonstrated (Morrow JA
1999)

The presence dahe allele # predispose to an increased risk amaot by
itself suficient to establish theclinical diagnosissince many people with
AD do not possess this alleleaivs M et al, 2003;Rubinsztein DCet al,

1999. By contrast, susceptibilitjor lateonset AD shows less obvious or
23
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no apparent familiar aggregation, asdikely to be governed by an array of
common risk alleles across a number of different géhese genes affect
various pathways, many of which are likely to be involved in inflammation,
cholesterol metabolismb-amyloid metabolism, angiogenesis, oxidative
stressand otheless defined gendS€ombarros Cet al, 2002.

In recentyears, many studidsave triedto clarify whether polymorphism
presentin genesregulating inflammation or cholesterol pathway were
correlated to a differential riskf developng AD or to a different rate of
cognitive decline. For example, Interleukin(lL-1) is a cytokine involved

in inflammation. I-1 betawhenreleased in the blooat high levelsnduces
fever, sleep, anorexiand potension This cytokine is expressed by
activated microglia iPAD (Sheng JG et al1996. On the promoter region
of IL-1 betageneis present a polymorphismit position-511 and the TT
genotype increased the risk of AD (Licastretal, 2000; Chiappeli M et

al., 2006).

IL-10 isamot her i nfl ammatory gene found asso
diseaseIL-10 gene,locaed on chromosome ,lis synthesizedn central
nervous system and its function is itmit the inflammatory respons&any
single nucleotide ggmorphism (SNP) have been identified in this gene and
the most informative onés at position -1082, in the promoter region
(Tagore Aet al, 1999)

Moreover, studies from our laboratoayso confirmed that the presence of
AA genotypein the promoter regn of IL-10 gene increased the risk

developng AD and the rate of cognitive declinki@ D et al, 2003.

24
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Alpha-1 antichymotrypsingene is localized in the chromosome 14 and
codes for a phase acute protein. ACT is also present as secondary
componentn senile plaques and amyloid deposksrpy Aet al, 1991).

ACT is secreted in the brain by reactive astrocytes surrounding amyloid
plaquesHigh levels of ACT were present in cerelapinal fluid and blood
from AD patients [(icastro Fet al, 1995; MorgarK et al, 20017).

A SNP in the promoter region at the positiedl resulted strongly
associated with AD and withn acceleratedate of cognitive deterioration
(Licastro F et a).2005)

The hydroxytmethytglutaryl Coenzime A reductase (HMGCR) is a gene
coding for thelimiting step enzyme of cholesterol synthesldMGCR is

also the target of statins, a group of drugs that act decreasing the cholesterol
levels Chong PH et al.2002) and some epidemiological studies reports a
negative association betweerethtatin use and AD incidencKuodinov

AR et al, 1998. A polymorphismin the promoter regioat position-911
(tranversion C/A) is associated with AD and with a fast cognitive decline
(Porcellini Eet al, 2007).

Recently, it has been suggested thatcsldld be an angiogenesigpendent
disorder Sun Yet al. 2003. Vascular lbdothelial Growth Factor (VEGF,
molecule able to stimulate ne@mgiogenesids localized on chromosome. 6
VEGF has also a neuroprotective function stimulating the neuronavalrvi
and the growth, regeneration and differentiation of axons. Moreover, VEGF
levels were increasedn the neurocortex of AD brains. A SNP in the

promoter region at positioi2578 (substitution @) in Italian population is
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associated with an increasedkrisf developing AD, with an accelerated

cognitive decline and an increased rate of progression from MCI to AD

(Chiappelli M et al.2006).

Single SNPs are not very informative to predict the individual risk to

develop AD In fact, all these SNiRexplain alittle percentage of all cases of

Al zhei mer 6s di sease, wher eas-onsehe vast m
forms of the disease) have other, more complex genetic determinants
(CampionD et al, 1999.

More than 550 other genes have been proposed as dateslifor

Al zhei mer 6s di sease s uhasbeempdonfitmedto t vy, but
have arole in Alzheimr 6 s di sease Mattah2W@Penesi s ( Gat z
In the last decades scientists, understandhe pathogenetic mechanisms

leading to neurodegerstion and dementjdocused their study on oft@o

or few genes and on few SNP&his approachis very limiting because it

attemps to explaina complexand multifactorialdiseaseas Alzleimer with

approximate methods.

Recent genomwide association appashes have delivered several

additional AD susceptibility loci that are common in the general population.
Genomewide association (GWA) studies are best understood as an

extension of candidate gene association studies, scaled up to cover hundreds

of thousads of markers across the genome in samples uduaityseveral

thousandf cases and controls.

The GWA approach allows the detection of much smaller effect sizes than

theprevious linkagebased genomwide studies.
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However, this sensitivity makes themlnerable to false positive findings
caused by subtle differences between cases and controls that may arise as a
result of issues, such as genotyping errors, population stratification, and
sample mixups as well as the more obvious issue of multiple testing

In 2009 agreat number o6GWA studieshave been proposed find strong
association withAD (BeechamGW et al., 2009 CarrasquilloMM et al.,
2009 LambertJCetal., 2009 Harold etal., 2009

The two large GWAS from the UK (Harol@ et al., 2009) and ance
(LambertJC et al., 2009) werepublished backo-back highlighting three
novel AD genes, i.eCLU (clusterin; apolipoprotein JyR1 (complement
component (3b/4b) receptor 1), aRECALM (phosphatidylinositol binding
clathrin assembly protein)Thes loci have since received overwhelming
support from independent folloup studies CarrasquilloMM et al., 2010Q
JunG etal., 2010 and currentlyrank at the very top of the AlzGene meta
analyses, directly followindPOE In addition, there are severaher SNPs

in each of these loci showing highly significant association (p values < 1 x
10°°) with AD risk, leaving essentially no doubt that variants in these or
nearby genes represent genuine AD susceptibility loci.

It is important to notethe risk effects exerted by the new GWA loci are
small, i.e., they confer a mere0.10fold to 0.15fold increase or decrease

in AD risk in carriers versus nasarriers of the associated alleles, compared
to a nearly 4old increase in AD risk related to the pemce of théA\POE &

4 allele.
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GeneGene interaction: epistasis

In typical casecontrol association studies of complex diseases, candidate
genes are examined inddually, either evaluating one marker at a time or
forming haplotypes over multiple neighbouring loci in and around one gene.
These methods make the implicit assumption that susceptibility loci can be
identified through their independent marginal conttibn to the trait
variability (Gambaro &t al, 2000.

Critics have pointed out that findings from many genetic association studies
were inconsistent, with many failures of replicatidgoaqnidis JPA et al.
200)).

It has been suggest that this lack optei cati on can be
epi st asi sgenednteracion @Meaneelldt al. 2005.; Wade MJ
200)).

Epistasis was first described by Bateson (1909%haseffectof one gene
masking (or literallystanding upohtheeffect of another. The Batesoew

of epistasis has also been describediakgical epistasigMoore JH and
Williams SM, 2005), where variation in the physicaiteraction of
biomolecules affects a phenotype. From a statistical perspective, epistasis
was alsmbserved as multiallelisegregation patterns by Fisher (1948
mathematically described the phenomenon as devithom additivity in a
linear model of genotypes. Statisticapistasis and biological epistasis

eventually converge as scientifioderstanding progresses.
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But the study of epistasis has suffered severly from the lack of appropriate
statistical methods. Logistic regression analysis and methods based on it,
such as synergy factor analysis, are best used only for the examination of
binary interactionsVarious metbds have been proposed for the stody
higher order interactions, but several suffer from problenmstefpretation.
Therefore, methods for the formal analysis obmplex gengene
interactions and gergrotein interaction remain an opguaestion.

ForAzhei merds disease two different new
proposed in these last yesarthe use of Grade of MembershiGoM)
method and the Atrtificial Neuronal Network (ANN).

These two new statistical modelsmve the potential ofinalying the
relationshipbetweenfactorsanddisease anthe degree ointeractionof all

factorstogether anavith thedisease

Grade of Membership (GoM)

The increasing amount of clinical, genetic, and phenotypic data of
multifactorial diseases such AD, requires spedifiols ableto gather and

recompose this information. These tools are not easaylable today as the

traditional statistical reductionistic approach tends dos e e 6 things
individually, to simplify, and to look at one single element tine.

Grade of Membership analysis identifes typologies or set group in rich

datasets represented pyofiles of response frequencies for the variables

(Manton et al., 1991; Manton et &992)
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This approach has identifiesufficient genetic risk s et s f or Al zhei me

disease Corder EHet al.2008, vulnerable and robust sets of gene variants

i n mitochondri al c o mp(Cader EHet al,20060P ar Ki nsonod

and multilocus genotypes specific to breast cancer and fibroadenoma
(Corder EHet al. 2008.

Using GoM theuser specifies a number of latent grougdreme pure type

risk sets or profiles, to be identified

The GoM model likelihood can be described after first identifysoge
indices. One is the number of subjec{s=1, 2,. . ., ). Thesecond index is

the number of variabled (j=1, 2,. . . J). The third index idj: the set of
response levels for thith variable. This leads to the definitiof the basic

GoM model where the probability that tite subject has thejth level of

the Jth variable is dehed by a binary variable (i.gijl =0, 1).

The model with these definitions igrob(yijl =1.0) =g gik/kjl where the
k

gik are convexly constrained scoffes subjects and thakjl are probabilities

that, for theKth latent group, thejth level is found fothe Jth variable.

A recent paper showed the attempt to find independent risk girelpding

several genetic variaitor cogni ti ve decl i rsieg and
this fuzzy latent statisti(Licastro Fet al, 2007).

Licastro et al. identified fougroup representing the status and the genetic
backgroundSet | represents low intrinsic risk: there is a low density of pro
inflammatory gene variants at the investigated loci. Sets I, Ill, and IV

represent sufficient risk sets for AD.
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According to thismode| eachrisk set is defined byrobabilities for each
outcomeAD status, rate of cognitive declirege groupand the various
genotypegIL10, IL6, HMGCR, APOE, ACT, INFg, TNFfound for the
loci.

At the same time, individuals amelated to the groupsia membership
scores ranging frormero denoting no resemblance to the risk set to one, i.e.
theindividual matches the risk set exactly. The scores for highdatkwere
then input into logistic models to estimate ttels of AD and produce 95%
Ch.L.Toewal uate each wvariabl ed&dd6 i(nSfhoarnmmaotni,on ¢
Bell Laboratories) was estimated for eaetniable.H is close to zero if each
group has similar frequencies. Higher values denote increadorgnation
content and differences in dispkd frequenciefrom group to group. Here,
the clinical status variables h#te highest information conteritt was 1.33

for AD status/age and 1.11 for rate of cognitive decliie10 wasthe most
informative genetic variableHE 1.06), more informativethan APOE

genotype (= 0.44).

Artificial Neuronal Network (ANN)

Classical statistics predictive models like discriminanglysis, logistic
regression, etc., are able to utilizawanber of factors simultaneously higher
than a humamind. This number genalty ranges between-B85 variables.
However, 1 is not unusual to have at harmespecially when faced with
treatment planning for ahronic degenerative disorder, hundreds of

different variables, consisting of clinical history data, objectfiredings,
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symptomatology, multitem scales of differentmeanings, laboratory
examinationandimaging procedures.

With the increased availability and use of functiogahomics and digital
imaging we now tentatively have aur disposition thousands of data per
subje¢. More features imply more information and potentialiigher
accuracy. Unfortunately an important paradothe&t more features we have,
the more difficult informatiorextraction is.

A part from quantitative featuresnon linearity, complexity, fuzzy
interaction are new emerging qualitatifeatures of chronic degenerative
diseases which accouftr most morbidity and mortality in western world.
New statistical approaches, bdsen new mathematicaland logic
assumptions broadly belonging to artificeadative system family allowto
tame these intractable data sets.

Actually the coupling of computer science and these theoretical bases
coming from complex systemsnathematics allows the creation of
Aint el | i gable tb @dapa themsdlves dynamigaib problem of
high complexity: the Artificial Adaptive Systems, whichclude Artificial
Neural Networks( ANNg (Grossi Eand Buscema M 2007;Grossi Eand
Buscema M 2009

ANNSs are adaptive models for tlamalysis of datavhich are inspired by the
functioning processes of the human brévicCulloch WSet al, 1943).

They are systems whidre able to modify their internal structunerelation

to a function objective. They are particularly suited for sohprngplems of

the non linear type. ANNs aable toreconstruct the approximate rules that
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put a certain saif data which describes the problem being considevnath

a set of data which provides the solutidhe base elements of the ANN are
the nodes, alscalled processing elements (PE), and thenections

Each node has its own input, from whictrateives communications from
other nodes and/or frothe environment and its own output, from which it
communicates with other nodes or with the environniénally, each node
has a function f througWwhichit transforms its own global input into output.
Each connection is characterized by the strength wiliich pairs of nodes
are excited or inhibited. Positiwalues indicate excitatory connections, the
negative onembhibitory connections.

The connetions between the nodes can modify themsebwes time. This
dynamic starts a learning processthe entire ANN. The way through
whichthenodesmodi fy themselves is called ALaw
The learning process is, therefore, one of the key mechanikais
characterize the ANN, which are considered adaptive processing systems.
The learning process is one way to adapt the connections of an ANN to the
data structure that makes dpe environment and, therefore, a way to
Aunder st ando tahddts idteanalaelatoasumelhart BEeet  f
al., 1986 Personnaz let al, 1986.

I n summary, the ai m of thelaeguageoheadhy zer 0 i
individual variable, but to evaluate the mé&aguage which considers the
holistic contributionof all the recorded variables (Gro&si2010)

Artificial Adaptive Systems and in particuldteural Networks are already

emerging as newools in medical statistics ranging frorheart diseases,
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gastroenterology and neurology wispecialregard to Alzhener disease,
stroke and Amyotrophitateral SclerosigPenco St al, 2008; Rossini PM
et al, 2008; Licastro Fet al, 2010;Grossi E 2006)

In conclusion, data mining by ANNould show anon linear relationship
betweengenetic and environmentaériables and show a connectivity map
among a high number efrriables.This approach may be today very useful

to understand the complex mechanisms of multifactdissase as AD.
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Elevated Plasma Levels of oc-1-Anti-Chymotrypsin in Age-Related Cognitive
Decline and Alzheimer’s Disease: A Potential Therapeutic Target
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Abstract: o-1-antichymomypsin (ACT). is an acute phase protein and a protease inhibitor produced by the liver and brain.
ACT is mvolved in the pathogenesis of Alzheimer’s disease (AD), since elevated ACT concentration was found in cere-
brospinal flmid (CSF) and brain from AD. ACT has also been shown to influence amyloid deposition in vifro and m ami-

mal models of AD.

In this mvestigation 830 healthy controls, 69 subjects with cogmitive impamment and not dementia (CIND), 53 patients
with severe clinical AD and 142 patients with mild AD were investigated. Plasma levels of ACT were measured with a

Iinked 1

new ¢

P 3

assay (ELISA). ACT levels were higher in AD patients than in CIND or

controls. An age dependent increase of plasma »\CT was present in both healthy elderly and CIND. Patients with mild
climical AD were followed up for two years and stratified according to the rate of clinical derenorauou.

CT plasma levels were elevated in AD p that sh

d an ace

1. A,

d rate of c

low up; this increment bemg

during the fol-

Immnneut m AD with the Apolipoprotein E (APOE) e4 “allele. Therefore, increased

eral ACT levels m APOE 4 positive patients appear to predict an accelerated climical progression. Plasma ACT mght be
used as a surrogate marker to monitor the conversion of pre-dementia stages to AD and the progression of the disease. The
development of compounds able to mterfere with the ACT biological activity (protease mhibition and/or promotion of
amyloid deposition) might have therapeutic relevance for the disease.

Key Words: AD, cognitive decline, CIND, ACT plasma levels, APOE allele.

INTRODUCTION

The major cause of cognitive deterioration in Western
societies is Alzheimer’s disease (AD). AD is a chronic,

ary component of amyloid deposits in AD brains [3]. In af-
fected bramn regions. ACT and Apolipoprotein E (APOE)
colocalize with AP deposits and reactive astrogha over-

p these molecules [6]. It has been suggested that ACT

complex and climcally heterogeneous neur ative
disease, characterized by a progressive mmpawment of cogni-

tive functions and memory loss [1].

The major pathological hallmarks of AD are the presence
of neurofibrillary tangles and B-amyloid plaques associated
with hyperactive microghia. activated astrocytes and degen-
erating neurons [2]. Infl o1y processes are thought to
be important contributors to the pathogenesis of AD [3]. The
association of pro-inflammatory gene variants with increased
risk of AD [4] have reinforced the notion that impaired im-
mune functions mdeed play a pathogenetic role in the neu-
rodegeneration associated with the disease.

w-1-antichymotrypsin (ACT), also known as senne pro-
tease inhibitor 3 or SERPINA3, is an acute phase protein
mainly produced by the liver. that is also widely distributed
in the central nervous system. Several limes of evideace sug-
gest that ACT 1s involved in the pathogenesis of AD. In fact.
ACT is produced by astrocytes in the brain and is a second-

‘Messmn&pendmmrhuamborat&qumﬂnmnfExpenmzl
Pathology, School of Med L s G 14,
40126 Bologna, laly; Tel: +39 051 2091‘."30 Fax 39 051 2094746
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binds A peptide and affects the rate of amyloid fibnil forma-
tion virre [7.8]. Findings from a transgenic mouse model of
AD have also shown that ACT over-expression promotes
Afipeptide deposition in the brain of these amimals [9]

Moreover, both APOE and ACT molecules affected amyloid
deposition and cognitive performances in an animal model
for AD [10]. More recently, ACT has been shown to influ-
ence TAU protein phosphorylation and apoptosis in neuronal
cells [11].

Whether peripheral levels of ACT may be of practical
use as AD biomarker or indicator of the disease clinical pro-
gression, however, remains an open question. In fact, after
the initial reports of increased blood ACT concentrations in
AD patients [12.13]. several studies measured ACT concen-
trations in blood samples drawn from subjects with AD_ with
other forms of dementias, and control subjects. Findmngs
from these studies have produced conflicting results; some
investigations reporting increased serum ACT levels [14.15].
others showing normal ACT blood levels in AD [16.17].
Several reasons such as, different techniques for ACT detec-
tion, different criteria for the selection of controls and AD
tz and small bers of cases and controls included in

£ 2008 Bentham Science Publizhers Ltd.
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the studies, may account for contradictory results regarding
the association of abnormal ACT plasma levels with AD.

Increased peripheral blood ACT was also shown to corre-
late with decreased cognitive function in patients with AD
[18]. More recent reports confirmed that the ACT levels
were elevated in both cerebrospinal fluids and blood from
patients with AD and that ACT plasma levels correlated with
cognitive decrement in AD patients [19-21]. It is of interest
that thereafter. a population study showed that increased
ACT serum levels correlated with decreased cognitive per-
formances in non-demented elderly [22].

Finally, gene polymorplusm in the ACT gene was associ-
ated with increased ACT plasma levels in AD patients [15].

In the present study we have reported data regarding
ACT plasma levels detection by a sensitive ELISA method
from a large cohort of cognitively healthy elderly subjects
with cognitive impairment and not dementia (CIND) and two
populations of patients with mild or severe clinical AD. ACT
plasma levels were also correlated with cognitive perform-
ances in a cobort of AD patients followed up for 2 years. Our
findings showed that ACT plasma levels progressively in-
creased with cognitive deterioration in CIND and AD pa-
tients.

MATERIALS AND METHODS
Patients and Controls

Different cohorts of healthy. cognitively impaired or de-
mented patients were included in this study. The first popula-
tion belongs to the “Conselice study of bram agmng” [23]
from Northern Italy and included 830 cognitively healthy
control subjects (controls). From this population study 69
subjects with cognitive mmpaument and non dementia
(CIND) and 53 patients with clinical severe dementia (mini
mental state evaluation. MMSE=12=6) of AD type were also
mvestigated. Another group of 142 patients from Northern
Italy (Milan) with the clinical diagnosis of probable moder-
ate or mild AD (MMSE=18+5) was also included. This latter
group of AD patients was followed up for two years and
their cogmitive performances recorded. Patients and controls
were C i and inf d comsent from each control
and a relative of each AD patient was obtained.

Diagnosis of probable AD was performed according to
standard clinical procedures and followed the NINCDS/
ADRDA [24] and DSM-IV-R criteria [25]. Cognitive per-
formances were measured according to MMSE. Cognitive
decline during the longitudinal follow up in AD patients was
also assessed by the MMSE scores, according to the method
suggested elsewhere [26]. and AD patients were divided into
three groups with different degree of deterioration rate:
(FAST=F, patients with a decrement of more than five pomnts
of MMSE per year: INTERMEDIATE=I, patients loosing 2—
4.9 points/year; SLOW=S, AD loosing less than 2 points/
year).

Subjects from the “Conselice” study scoring below 24 at
the MMSE underwent further examination with mental dete-
rioration battery and those with cognitive impairment at neu-
ropsychological testing but not meeting the DSM-IV criteria
for dementia were labelled as CIND [23]. A group of CIND

55

Porcellini et al.

were followed up for 4 years and thew cognitive evelution
monitored.

DNA Extraction and Polymorphism Detection

DNA extraction from peripheral blood leukocytes, APOE
and ACT -51 promoter polymotphism genotype wete as-
sessed, as previously described [27].

CRP Detection

Plasma levels of C-reactive protein (CRP) was measured
on venous blood using the N-high sensitivity CRP assay with
latex-enhanced immunonephelometricy assay om a BN II
analyser (Dade Behering, Milan. Italy).

ACT Serum Levels Detection

Plasma ACT detection was made by a competitive
ELISA assay as previously described [14.15] with slight
modifications. Briefly, 96 well plates were coated with 100
ul of punified ACT, (Sigma, Milan) at the concentration of
lpg/ml in buffer (15mM NayCO;, 34mM NaHCO; 3mM
NaN; pH=9.6) and incubated overnight at 4°C. Plates were
washed 3 times with a 300 pl of Dulbecco washer solution
(DBSS) (0.88 mM CaC1;2H;0, 0.138M NaCl, 2.7mM KC1,
7.86mM NayHPO42HyO. 1.47mM KH;PO4 pH7 4) + 0.5%
of bovine serum albumin (BSA). blocked with 100ul of
DBSS + 1% of BSA and then incubated at 37°C for 30 min-
utes. Two fold serial dilutions (30 pl) of ACT (standard
curve,: 0-60 ug/ml: 0 pg/ml, 1 ng/ml, 2 ng/ml 4 ug/ml, 10
pg/ml, 20 pg'ml, 40 pg/ml and 60 pg/ml ) or plasma sample
(1:200 dilution) were incubated with rabbit anti-human ACT
antibody (Dako, Milan). Polyclonal rabbit antibody anti hu-
man ACT (50pl: 1:1000 dilution DAKO, Milan) was added.

Plates were incubated for 2 hours at 37°C. thereafter
washed 3 tumes with 300pl of DBSS+0.5%BSA and 100pul of
secondary anti-rabbit IgG peroxidase conjugate (SIGMA.
Milan 1:4000 dilution) were added. Plates were incubated
for 2 hours at 37°C, washed and peroxidase substrate (100pl;
ROCHE. Milan) finally added for 15 minutes at 37°C. Ab-
sorbance was read by an automatic ELISA reader at 405am
(BIORAD, Milan).

Statistical Analysis

Statistical analysis between the mean value of different
variables from AD. controls and CIND were performed by
one way ANOVA test followed by appropnate post-hoc
comparison and Bonferroni correction (SPSS 11.01). Geno-
type and allele distribution was evaluated by using the Fisher
test. Linear regression analysis to assess correlation coeffi-
cients was also performed. Contmuous variable values are
shown as mean = 1 standard deviation.

RESULTS

Number of subjects, age. gender and MMSE scores from
the healthy elderly, patients with CIND, and from two
groups of patients with clinical probable mild or severe AD

15 reported in Table 1.

Plasma levels of blood ACT in the different groups of
elderly with or without cognitive impairment are shown in
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Tablel. Clinical Features of Elderly Populations with or without Cognitive Al ion, Mild or severe AD. Cognitive Performance
were Assessed by MMSE score. m.a, Not Available
~ Age Cender MMSE | Education S
Yes exno
Heazlthy elderly control (cir) 230 Tizb 3BOM4SOF 281 47224 287=45 103258
Cogmtive impaiment non demented (CIND) 69 78«8 IIM3TF 21+2 3l=16 288+56 62668
Mild ‘moderate clmieal AD 142 Ti+8 ASM94F 18+5 na na na
Senile severs dementia 53 856 11IMA42F 12+6 25=15 25549 21385

Fig. (1). Only one ACT plasma level determination was pes-
formed i all groups at the beginning of the study and ACT
levels were not measured during or at the end of the follow

il

Fig. (1). Plazma levels of ACT in healthy controls (ctr = 1:
406+178 ug/ml), CIND (CIND=2; 452+196 ug/ml), and in patients
with muld (mild AD=3; 357+209 ug/ml) or severe AD (severe
AD=4; 507+168 ug/ml ); data are shown as mean + SD. Statistics:
ANOVA test, F=41.823 and p=0.0001.* p=0,001.

288888488

Circulating levels of ACT were higher in patients with
mild AD (5574209 pg/ml; p=0.0001) or severe clinical AD
(597+168 pg/ml: p=0.0001) than in CIND (452=196 pg/ml)
and in controls (406=178 pg/ml); patients with severe clini-
cal AD showing the highest plasma ACT levels.

Subjects with CIND showed a shight mcrement of plasma
ACT, however, difference with control group was not statis-

tically significant (p=0.18).

A light age dependent progressive increase of blood ACT
levels was present in healthy elderly, as assessed by regres-
sion analysis between these two variables (R = 0.11; p =
0.001); the oldest elderly showing the highest ACT levels
(451=182). ACT blood levels was also influenced by age m
subjects with CIND (R=0.34; p=0.004). However, this age
dependent effect was not evident in patients with mild or
severe AD (R=0.12, p=0.35).

Genetic polymorphism in the promoter region of ACT at
position -51 gene was also investigated. No difference was
found in allele frequencies and genotype distribution among
coatrols, CIND, mild and severe AD subjects (}°=1.562;
p=0.933).

A possible correlation of ACT plasma levels with the
presence of APOE & 4 allele, the most common genetic nsk
factor for AD, was also tested in all groups (two AD popula-
tions were pooled to increase statistical power). The APOE e
4 allele did dot affected the ACT concentrations in controls
(e 47=396=176; = 4'=407=178, p=049), or CIND (e
4=4642162; & 4'=434=202, p=0,88) and AD (e 4 =349=176;
e 4=585=219, p=0.24).

CRP levels were also measured in controls, CIND and
patients with severe AD. AD patients showed higher (p =
0.0001) CRP levels than CIND and controls, as shown in
Table 2. Differences in CRP levels from CIND and controls
were also statistically significant (p=0.016).

Table2. Plasma Levels of CRP in Healthy Controls, CIND
and in Patients with Severe AD: Data are Shown as
Mean £ SD. Anova test F=12,225 p=0,0001
CRP mg/dl D
Healthy Contrel 0471 0,667
CIND 0.617 1104
Severs AD 1,008 1624

Moreover, patients with mild AD (n=142) were also fol-
lowed up for 2 years. Dunng the follow up MMSE scores
were recorded and patients stratified in three groups accord-
ing to the rate of cognitive decline: fast (F), mtermediate (I)
and slow (8). ACT plasma levels at the beginning of the fol-
low up were higher 1 AD patients showmng later on a F cog-
nitive decline than those from patients showing an I or §
deterioration rate of cognitive decline. However, differences
were not statistically significant (Table 3: p=0.280).

The three groups of AD patients with cognitrve follow up
records were further stratified according to the presence of
the APOE e 4 allele (Table 4). Among patients carrying the
APOE e 4 allele, those with the fast cognitive decline
showed the highest ACT plasma levels (p=0.046).

Plasma ACT was measured in a small group of CIND
that was also cognitively monitored for 4 years. ACT plasma
levels at the beginning of the 4 year follow up were higher in
CIND subjects developing AD (n=24, ACT=456=154 ug/ml)
than in those not developing AD (n=9, ACT=351=141
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pg/ml). Once again, ACT plasma levels in CIND developing
AD were higher than those of control subjects (456154 vs
351=154 pg/ml).

Table 3. ACT Plasma Levels in Patients with Mild AD Serati-
fied According to Three Different Rates of Cognitive
Decline: 5=slow, I=intermediate and F=fast. p=0.280
Rate of Cognitive Decline in .
AD Patients ACT Plazma Level: (ug/ml)
5(38) 527z161
I 366251
F(3D 508+213
Table 4.  ACT Plasina Levels in Patients Stratified According
to the Presence of the APOE ¢4 and the Rate of
Cognitive Decline: S=:low, I=intermediate and
F=fast. Anova test F=2.020 p=0.138. Anova test (S+1
vs F) F=4.173 p=0.046
Rate of Cognitive Decline in .
APOE « 4 Positive AD ACT Plasma Leveks (ug/ml)
5031 540+163
122 540=184
F(6) 6962232
s-1(53) 540<170
DISCUSSION

Epidemiological investigations have shown that the rou-
tine use of non steroid anti-inflammatory drugs (NSAIDs)
was associated with a decreased incidence of AD in a co-
twin study [28]. Findings from other more recent USA or
Canada population longitudinal studies also confirmed that
the use of anti-inflammatory medications decreased the nci-
dence of dementia [29,30]. A Meta-analysis [31] and a sys-
tematic review of published results [32] confirmed that
NSAIDs offered some protection against the development of
AD. Thereafter, it was suggested that APOE genotype could
influence the effect of NSAIDs on AD incidence, since the
effect of these drugs in decreasing dementia incidence was
more pronounced among APOE &4 carriers [33]. It is of in-
terest that NSAIDs have been shown to influence beta amy-
loid fibril formation in vitre [34] or beta amyloid processing
in an AD animal model [35].

It is likely that not all NSAIDs have a comparable effect
and different individuals may have a differential response to
these compouads, Therefore, it is important to search for
biological markers which will help in identifying subjects
with increased risk of the disease and, among these, those
wheo would benefit the most by early NSAIDs intervention.

In our previous investigations. we have shown that ACT
plasma levels were higher m AD than in controls or patients
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with vascular dementia [14]. ACT levels were elevated in
AD even m the presence of normal levels of other acute
phase protems [18].

It 15 interesting to note that hugh plasma levels of ACT
were associated with an increased risk of dementia i sub-
jects from the Rotterdam study [36]. In fact receatly high
serum ACT levels were reported to be associated with an
increased risk of decline on MMSE scores in elderly non-
demented partictpants in the Longitudinal Aging Study from
Amsterdam [22]. In a pilot population study from Italy, high
serum ACT was associated with mcident dementia and AD,
when increased C Reactive Protemn and Interleukin-6 serum
levels were also present [37].

Present findings reinforce and extend the association of
ACT plasma levels with age-associated cognitive decline, as
observed here i CIND subjects. Plasma ACT levels m-
creased as a function of age in both non demented elderly
and CIND. However tlus mcrement was higher in the oldest
CIND (> 80 years) than in age comparable controls
(5042185 vs 4512182, p=0.059).

Our data suggest that increased ACT levels may be asso-
ciated with progressive cogmitive deterioration in subjects
with CIND and those with the highest levels of the SER-
PINA 3 might thereafter develop late onset AD. In fact. pre-
liminary data showed that ACT plasma level in CIND sub-
jects developing AD were higher than those from subjects
remaining CIND. However. longitudinal studies on larger
cohorts of subjects with CIND or mild cognitive impairment
(MCT) are needed to confirm this observation.

CRP plasma levels were also higher in AD patients and
CIND than controls; however, a positive linear correlation
between ACT and CRP was only present in controls but not
in CIND or AD (data not shown). These finding suggest that
CRP elevation may be another independent sign of abnormal
immune responses associated with age related cognitive al-
terations.

Our findings confirm mn human patients previous obser-
vations [10] showing that cognitive impairment in a animal
model for AD (PDAPP mice) depended on murine APOE
and human ACT genetic backgrounds. These two factors
also affected amyloid burden in hippocampus from these
mice [38]. A link of ACT peripheral levels and cognitive
status was in fact observed in AD patients, since the highest
ACT plasma levels were detectable in patients with clinical
AD and the fastest cognitive decline during a 2 year follow
up. It 15 of interest that this association was prominent in AD
patients carrying the APOE e 4 allele. These data suggest
that the interaction of the ACT phenotype with the APOE £ 4
allele plays a deleterious role i the clinical progression of
AD. Our findings reinforce the notion that the APOE e 4
allele carriers are prome to abnormal inflammatory responses
in the brain which in turn may adversely influence cognitive
performances.

It has been suggested that APOE genotype affected ACT
plasma levels [39]. Thereafter. our data showed that ACT
plasma levels were affected by ACT genetic background,
since a polymorphism in the ACT promoter region was asso-
ciated with elevated circulating levels of the SERPINA 3 in
both APOE e 4 positive and negative patients [15.30].
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Our recent findings also showed that the APOE &4 allele
was over-represented in subjects with MCI who converted to
AD. but did not independently mfluenced the rate of cogni-
tive deterioration in patients with clinical AD [40].

In the present study no difference in ACT allele or geno-
type frequencies was observed in CIND or AD when com-
pared with controls. These findings are in accord with
our previous observations that ACT allele and genotype were
associated mn early onset AD. but not in late onset AD [27].

A linutation of our study is that data are group statistics
and the predictive values of ACT detection for individual
risk of progression to CIND or MCI and from these condi-
tions to AD are not available. However, these data and others
recently reported [36] suggest that ACT peripheral levels, in
combination with ACT and APOE genetic backgrounds,
might be a reliable surrogate marker to evaluate the differen-
taal pmgesuon of pu—clm.tcal AD conditions to dementia in

e 1 studies. Our findings suggested that
NSAID might have a positive effect only m those subjects
with elevated blood levels of ACT and the APOE £ 4 allele.
In other words the potential preventive effect of these com-
pounds might be restricted to a group of at risk subjects with
defined biological features.

It has been suggested that some inflammatory molecules
could influence the expression of ACT. For example, it has
been showed that mterleukin 1 (IL-1) and oncostatin (OSM),
two pro-inflammatory cytokines localized also in affected
areas of AD bram. could directly mcrease in vire ACT syn-
thesis from human astrocytes, while IL-6 modulated ACT
release via OSM [41. 42]. IL-1 blood levels in AD, control
or CIND were not measured, since these subjects were infec-
tions free and did not show clinical inflimmatory diseases.
However, plasma levels of IL-6 were indeed found elevated
in AD patients from the Conselice study [37], and high se-
rum ACT was associated with incident dementia and AD.
when increased C Reactive Protein and Interleukin-6 serum
levels were also present [37]. These data suggested that dif-
ferent immunclogical factor might be altered duning the de-
veloping of cognitive deterioration leading to dementia.

Drugs specifically decreasing the peripheral blood ACT
levels might affect the rate of cognitive decline and retard
the chnical progression of the disease. For mstance, com-
pounds with the ability of regulating the biological activities
of SERPINA 3 (protease inhibitory activity and/or aggrega-
tion of beta amyloid peptide) might have therapeutic poten-
tial and when vsed in animal models of the diseases might
decrease bram amyloid deposition and improve cognitive
performances.

Conversely, ACT blood levels might be sensitive to the
acuou of tarenflubil, a NSAID derived compound with
1 anti-infl tory activify, able to decrease A beta
amyloid peptide levels and to ameliorate cognitive deteriora-
tion in patients with mild AD [43.44]. In this clinical situa-
tion the modulation of ACT levels by tarenflurbil might be
used as a marker to further assess the drg biological and
clinical activity.
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ABBREVIATIONS

ACT = Alphal-antichymotrypsin

AD = Alzheimer’s disease

APOE =  Apolipoprotein E

CIND = Cognitive Imy t and Not D
CRP = C-reactive Protein

CSF = Cerebrospinal Fluid

MCI =  Mild Cognitive [mpairment
MMSE = Min: Mental state Evaluation
NSAIDs =  Non Steroid Anti-Inflammatory Drugs
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Abstract

Data mining of a large data base from the population longitudinal stady named “The Conselice Study™ has been the focus of the present
investigation. Initially, 65 vears old or older participants were intzrviewed. underwent medical and cognitive examination, and were followed
up for 5 years: 937 subjects completed the follow-up. Relationships of 35 genetic andfor phenotypic factors with incident cognitive decline and
dementia were investigated. The new mathematical approach, called the Auto Contractive Map {AutoCM ), was able to show the differsntial
importance of each variables, This new variable processing created a semantic connectivity map that: {a) preserved non-linear associations;
(b} showed connection schemes: (c) captured the complex dynamics of adaptive interactions. This method, basad on an artificial adaptive
system, was able to define the association strength of each variable with all the others. Few variables resulted to be aggregation points and
were considered as major biological hubs. Three hubs were identifizd in the hydroxyl-methyl-gutaryl-Cos reductase (HMGCR) enzyme,
plasma cholesterol levels and age. Gene variants and cognate phenoty pic variables showed differential degrees of relevance to brain aging
and dementia.

This data analysis method was compared with another mathematical model called mutual information relevance network and results are
presented and discussed.
£ 2008 Elsevier Inc. All rights reserved.

Keywords: Brain aging: Dementia; Data base analysis, Connectivity map; Predictive factors

I. Introduction astrogliosis and microglia activation (Griffin et al., 1989;
MeGeer et al., 1993 Rogers et al., 1988). Abnormal acti-
Alzheimer’ disease (AD) is a chronic progressive disease vation of glia cells is now considered an early phenomenon
and the most frequent cause of mental disability and loss assoclated with the development of the disease (Griffin et
of independence among the elderly (Aronson et al., 1991). al., 1998) and has been suggested to be implicated in the
The disease is characterized by neuro-pathological hallmarks pathogenesis of AD (Mrak et al., 1995). Genetic studies on
such as. synapsis loss, extracellular amyloid deposition, intra- inflammatory gene polymorphism associated with the disease
cellular fibrillary tangle deposits and neuronal degeneration have reinforced the notion that abnormal immune responses
(Terry, 1994; Trojanowski et al., 1997). A prominent neuro- in the brain play a pivotal role in the disease (Licastro, 2002:
pathological feature of the AD brain is also represented by Licastro and Chiappelli, 2003).

Some inflammatory genetic markers and the levels of their
T Cormemondi N Diari i Fatologia Soeri i cognate proteins in the blood have been related to the con-
orresponding author at: Dipartimento di Patologia Sperimentale. Via ) . N - B . Tarte e =
version of pre-dementia states, such as subjects with mild
San Giacomo 14, 40126 Bologna, Ttaly. Tel.: +39 051 2094730; L . ) . P .
Fax: 430 05 19004746, mgmm.re lmpmrl?lent (MCI) or cogrpme impairment and no
E-mail address: licastro @ alma.unibo.it (F. Licastro). dementia (CIND) to AD (Chiappelli et al., 2006a.b). A gene

0197-4580¢% — see front matter € 2008 Elsevier Inc. All rights reserved.
oi: 10101 6. neurobiolaging 2008.03.01 9
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polymorphism in the promoter region of an acute phase pro-
tein called alpha-1 antichymotrypsin (ACT) or SERPINA 3,
has been found to be associated with an increased risk of
early onset AD and levels of the ACT protein were elevated
in sera from AD and CIND patients { Licastro et al., in press).
These findings have raised the question whether genetic or
phenotypic markers might be used for the screening of per-
sons athighrisk of developing cognitive decline and dementia
before clinical manifestation of the diseases. The answer to
this question might open the possibility of starting preven-
tive protocols for high-risk healthy subjects with the goal of
decreasing AD incidence.

AD is a complex multi-factorial disease and it is unlikely
that a single biomarker may carry enough information for
screening the potential risk of cognitive decline and dementia.
Therefore, the use of several biomarkers, either genetic or
phenotypic, may be necessary for a comprehensive screening
protocol.

To approach this complex situation, informative biomark-
ers should be generated during longitudinal studies that can
validate the clinical endpoints, e.g. cognitive decline, demen-
tia or healthy cognitive performance.

The statistical evaluation of multiple variables in a suf-
ficiently large population is another complex issue and new
statistical models able to connect several factors with the
disease, to evaluate the degree of linkage among variables
and their association with the disease or its absence are
needed.

The Conselice Study of brain aging is a population-based
prospective study focused on an homogeneous elderly popu-
lation from Northern Italy (Forti et al., 2001: Ravaglia et al.,
2001). The principal aim of this investigation was to explore
environmental, epidemiological and intrinsic risk factors for
dementia in the elderly (Ravaglia et al., 2001).

From this study a biological and clinical data base
during the S-year follow-up has been generated and bio-
logical markers have been found individually associated or
not with AD risk. incident cognitive decline and incident
AD (Ravaglia et al., 2005 Ravaglia et al., 2006a, Sep.
28, Ravaglia et al., 2006b: Ravaglia et al., 2007). How-
ever, results were not conclusive or completely satisfactory,
because of the limited power of classical statistical analysis
and the difficulty in solving multiple concomitant variable
analysis,

Here, we applied a novel data mining process to con-
comitantly explore the possible association of 35 different
variables with CIND and AD and the possible presence of pat-
terns or systematic relationship among variables, as recently
described in other topics of medicine (Buscema and Grossi,
in press).

This method of data mining is an analytical process
designed to search a data base for consistent patterns and/or
systematic relationships between variables. The method has
the aim to detect patterns from new subsets of data. The ulti-
mate goal of data mining is to discover hidden trends and
associations among variables.

The more commeon algorithms of linear projections of vari-
ables are the principal component analysis (PCA) and the
independent component analysis (ICA); the former requires a
Gaussian distribution of data, while the latter does not require
any specific distribution. Theseclassical statistical techniques
have limited power when the relationships between vari-
ables are non-linear. Moreover, PCA and ICA are not able
to preserve the geometrical structure of the original space.
Application of these methods may lose important information
and establishing precise association among variables having
only the contiguity as a known element is difficult. Another
limitation of currently used statistical methods is that map-
ping is generally based on a specific kind of “distance” among
wvariables (e.g. Euclidean. City block, correlation, etc.) and
gives origin to a “static” projection of possible associations.
In other words, the intrinsic dynamics due to active interac-
tions of variables in living systems of the real world (which
could be captured by means of artificial adaptive systems) is
completely lost.

A connection scheme able to hypothesize links among
wvariables, 1.e. minimum spanning tree (MST) algorithm, as
described by Kruskal (1956), could increase the informa-
tion obtained by the map. The Kruskal MST algorithm of
graph theory finds a minimum spanning tree for a connected
weighted graph. MST method finds a subset of the edges that
form a tree that includes every vertex, where the total weight
of all the edges in the tree is minimized. This function has
been recently applied in the medical field, especially in biol-
ogy and medical imaging. However, the MST algorithm is
still rare in medical clinics (Frimmel et al., 2004; Lee et al.,
2006).

Here, we describe a new paradigm of variables mapping
able to create a semantic connectivity map in which: (a)
non-linear associations are preserved: (b) there are explicit
connections schemes; () the complex dynamics of adaptive
interactions is captured.

Data recorded during the 5- vear follow-up from The Con-
selice Study participants were elaborated in relation to three
different clinical endpoints: no cognitive decline, CIND and
dementia. Three major biological hubs connecting variables
with the three different cognitive conditions were identified in
hydroxyl-methyl- gutaryl-Co A reductase enzyme (HMGCR),
plasma cholesterol levels and age.

Biological hubs of variables are detected by the analysis.
Related dependent variables converge to these hubs, that in
turn may be considered as relevant biological variables in the
connectivity map.

Several gene variants of different inflammatory genes and
their cognate phenotypic factors showed a variable degree
of relevance to brain aging and development of dementia.
This is the first attempt to describe an integrated approach
illustrating 35 variables in association with the risk of devel-
oping cognitive impairment and dementia in the elderly. The
identification of biological hubs suggests possible patterns of
pharmacological and non-pharmacological intervention with
preventive potential against cognitive impairment.

62



Scientific production

F Licastro et al. f Nenrobiology of Aging 31 {2010) 257-260

2. Materials and methods
2.1, Data base generation

Data were collected from 1200 elderly, 65 years old or
older, living in Conselice county in northern [taly., Female
and male participants were interviewed and underwent med-
ical examination and cognitive evaluation in 1999, A blood
sample from each subject was taken and each participant was
given a computerized radiogram scan of the brain. After 5
vears subjects underwent medical and cognitive re-evaluation
and 937 elderly completed the follow-up. A detailed descrip-
tion of the clinical protocol and the assessed variables has
been already described elsewhere (Ravaglia et al.. 2001;
Ravaglia et al., 2007).

Diagnosis of dementia was performed according to DSM-
I'V eriteria and clinical AD was defined using the NINCDS-
ADRDA criteria (McKhann et al., 1984). Vascular dementia
(VD) was diagnosed using NINDS-AIREN criteria (Roman
etal.. 1993).

Diagnosis of CIND was performed according methods
already described (Ravaglia et al., 2004,

2.2, Staristical analysis

The Conselice data base has the aim of increasing our
understanding of the pathogenetic pathway leading to cog-
nitive decline and dementia. This goal has been achieved
through a new mathematical approach able to point out the
relative relevance of each varlable in representing a major
biological hub. This new paradigm of variable processing
aims to create a semantic connectivity map in which: (a) non-
linear associations are preserved: (b) connections schemes
are explicit; (c) the complex dynamics of adaptive inter-
actions is captured. This method is based on an artificial
adaptive system able to define the association strength of each
variable with all the others in any dataset, named the Auto
Contractive Map (AutoCM). The architecture and mathemat-
ics of AutoCM were invented, tested and implemented in C
language, as described elsewhere (Buscema and Grossi, in
press).

An appendix describing the mathematics and equations
supporting the methodology is provided (see Appendix A).

This approach highlizhts affinities among variables as
related to their dynamical interaction rather than to their sim-
ple contingent spatial position. This approach describes a
context typical of living systems where a continuous time
dependent complex change in the variable value 1s present.
After the training phase. the matrix of the AutoCM repre-
sents the warped landscape of the dataset. We apply a simple
filter (minimum spanning tree by Kruskal) to the matrix
of AutoCM system to show the map of main connections
between and among variables and the principal hubs of the
system. These hubs can also be defined as variables with the
maximum amount of connections in the map. The AutoCM
learning equations, the specific mathematics linked to the
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“eontractive factor” and the association to minimum spanning
tree (MST) algorithm, are described in detail in Appendix A.

The stability of the MST statistical method was verified
with a validation protocol here described. From the origi-
nal dataset, 10 different and independent random samples,
each one including the 90% of data points of the original
dataset were generated. Thereafter, 10 different and indepen-
dent AutoCM on the 10 new datasets were trained and an
independent MST for each AutoCM matrix was built. A cell
by cell comparison regarding the zero—one squared matrix of
each MST was performead (end point: 0=no link; 1 =link}.
For each possible connection the summation of the agree-
ment coefficient among the 10 MST was made: in each a;;
cell the 10 MST may agree from 0.5 (no agreement) to 1 (full
agreement).

Finally, data analysis was also performed according to
another mathematical model, ie. the mutual information
score, following the method elsewhere described {Butte and
Kohane, 2000).

3. Results

A summary of data from The Conselice Study at the begin-
ning and after the 5-year follow up is reported in Table 1.

A list of variables investigated and their functional defini-
tion used in this study is reported in Tables 2 and 3.

Two time points are considered: the first one represents
the baseline time point (time &) where clinical. biological
and genetic data have been collected in 1999. The second
one represents the follow-up time point (time 1) where clin-
ical data from participants have been collected in 2004; this
latter point also represents the cognitive function outcome,
After the training phase of the statistical process, AutoCM
has been applied using all records from all subjects in the data
base. The connectivity map related 1o 35 variables from The
Conselice Study data base is shown in Fig. 1. The map illus-
trates the most relevant associations present in the data base.
Three major biological hubs or points of variable aggrega-
tion were identified: (1) a SNP in the HMGCR { non-mutated
allele): (2) plasma cholesterol levels: (3) age.

Different genotypic, phenotypic. clinical, pharmacologi-
cal or habit variables converged to the three hubs. Females
with no history of smoking or alechol consumption con-
verged to the first HMGCR hub. Males with past history of
smoking, present alcohol consumption and carriers of the
mutated alleles in the ACT, APOE and IL-6 genes also con-
verged to this first MHGCR hub. These two gender related
pathways led to the second major hub; blood cholestera] lev-
els. Other different genotypic, phenotypic and clinical states
converged to the cholesterol hub, each variable showing a
differential degree of relation with cholesterol. For instance,
ACT, HDL and triglycerides serum levels, as well as BMI,
were highly connected with blood cholesteral. Incident CIND
cases (CIND 2004) also showed a significant correlation
with cholesterol levels. The degree of correlation between
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Table |
Diescription of the population investigated at the beginning ( 19949/

) and at the end of the follow up (20

04y

Eligible individuals  Mon-participants® at the beginning

Final participants

Prevalent dementin  Cognitively non-classificable  Dementia free cohort

n=337 n=1016

Reassessed population Non-reassessed” population Final population

n=60 n=1% n=937

Incident dementia Cognitively non-classificable Diementia fres cohort

Follow up 20032004
N=937 n=133 n=804 n=10% n=4 n=695
* Refusals n=271; deceased n=5%; not found n="7.
B Refusals n=T4: deceased = 28; not found n= 31,

variables is described by the number between each variable Table 3

showed in the connectivity map: the higher the score, the
higher the link between the two variables.

Age represented the third hub and cholesterol blood levels
were highly correlated with this chronological variable. Most
climical states such as, incident AD (AD 2004), incident VD
(VD 2004), patients with cancer or BPCO converged in to
this third hub; incident AD showing the highest degree of
association (4.25).

Pharmacological variables, e.z. the use of statins and non-
steroid anti-inflammatory drugs (NSAID), also converged to
this third hub. Statins, a major prescription for decreasing
blood cholesterol, converged to the age hub through cardio-
sular diseases (CVD). On the other hand. NSAID directly
converged on age.

The stability of the MST statistical method was verified
by a validation protocol, as described in the material and
methods. For each possible connection the summation of the
agreement coefficient among the 10 MST was made: in each
ajy cell the 10 MST may agree from 0.5 (no agreement) to

Vs

Table 2
Genetic and phenotypic variables uzed in the statistical analyzis

Genetic variable (gene polymorphism)
ACT =alpha-1 antichymotrypsin SMP* at —51 in the promoter region,
allele mutation="T
APOE =apalipoprotein E gene variotion 2, 3 and 4 alleles, allele
mutation=4
HMG =hydroxy-methyl-glutayl CoA reductase, SNF at —694, allele
mutation =&
IL-1 beta =interleukin-1 beta, SNP at —511 in the promater region,
allele mutation="T
[L-6 =interfeukin-fi, SMF at —674 in the promoter region, allele
mitation=C
henotypic blood variable
ACT =serum level (pg/ml) pssessed by competitive non-commercial
ELISA
Cholesterol = serum levels (mg'dl) assessed by commernzial clinical lab
assay
CRP=semum levels (mg/1) assessed by commercial nephelometric assay
HDL = serum levels (mg/dly assessed by commercial clinical lab
method ology
IL-6 = serum level (pg/ml) assessed by commercial ELISA
THF =tumor necrozis factor-alpha (pg/ml) assessed by commercial
ELISA
Triglycerides =semm levels assessed by commercial clinical lab assay
Other clinical variable
BMI =hkody max index

-

Definitions of functional and non-parametric variables used in the statistical
analysis

Clinical states

AD 2004 = patients with Alzheimer's disease at the end of the follow up

Age = chronological age

Alcohol yes, alcohol no = alcohol consumption habit

COFD tients with chronic obstructive lung disease

CIND 2004 = patient with clinical diagnosis of cognitive impairment but

no dementia

CWVD =cardicvascular diseases

Diabetes = clinical diagnosis of non-autoimmune diabetes

Female, male = gender definition

Healthy 2004 =cognitively non-impaired at the end of the follow up

Smokers, non-smokers, ex-smokers = cigarette smoking habit

Tumor= pati ents with diagnosis of cancer

WAD 2004 = patients with vascular dementia at the end of the follow up
Therapy

MEAID = non-steroid anti-inflammatory drugs

Statins = drugs with anti cholesterol action

I (full agreement). Results from this validation analysis are
reported in Table 4. All variables showed a stability index
very close to full agreement (full agreement = 1) and the mean
stability index of the variables from the validation protocol
resulted 98.58% with a variance of 0,003,

Drata were also analyzed by a different algorithm. ie.
the mutual information score, and the map of relationship
among variables is shown in Fig. 2. This second mathe mat-
ical approach used mutual information distance to map the
variables after a MST filtering. This second map was par-
tially but significantly different: triglycerides, BMI, age and
ACT blood levels were major aggregation points. Further-
more, the clinical status of incident AD, VAD and CIND
converged to the point representing the controls (healthy
2004,

4. Discussion

AD is a complex and multi-factor disease. Therefore. it is
unlikely that a single biomarker may be determinant in the
diagnosis or monitoring the progression of the disease.

This is the main reason why we chose to concomitantly
evaluate several biological and clinical variables. These vari-
ables were selected according our previous experience show-
ing them associated or linked to pathogenetic mechanisms
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Fig. 1. Connectivity map of 35 variables from The Consclice Study database.

involved in AD (Chiappelli et al., 2006a.b; Ravaglia et al..
2006a.b).

The statistical analysis applied to elaborate biological and
clinical data was a new entry in the field of biology and
medicine. In fact, the statistical power of most common
algorithms used in medicine have been influenced by the fol-
lowing limitations: (1) the analyses usually did not preserve

Table 4
The stability of the MST statistical method was verified with a validation
protocol

Wariahle Stahility index Variahle Stahility index
Male 0.9917 VAD_ 2004 1
Female I IL-6pg 1

Age 0.975 CRPmg 10,0044
Smoker 0.9722 THF pg 1

Ex smoker I ACT ug 09917
Mon-smaoker 0.9722 Total ¢ holesterol 00556
Aleohol no 09280 HDL cholestercl 0.9972
Aloohol yes I triglycerides 1

BMI 0.9667 IL-Ibeta wild 1

CvVD 0.9806 IL-1 beta mutat 10,9944
Diabetes 1 ACT wild 09722
Cancer 09880 ACT mutat 0975
COFD 1 APOE wild 1
NEAID 0.986] APOE mutat 09472
stating 0.0833 TL-éwild 0.0889
Healthy 2004 0.9833 TL-6 mutat 09722
CIND 2004 0.9833 HMGCR wild 09333
A0 2004 1 HMGCE mutat 10,0044

The stability index of each variable is shown (0-035=no agreement,
0.6-1 =agreement). Mean stability of all variables from the 10 different
MET was 98.58% and its variance =0.003,
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the geometrical structure between variables when non-linear
relationships among variables were not evident; (2) methods
to establish precise associations between variables without
predefined contiguity have been poorly explored.

Here, we used a new algorithm aimed to map variables
and search for connectivity. In this analysis non-linear asso-
ciations were preserved, explicit connection schemes were
investigated and the complexity of dynamic interactions were
preserved. The mathematical approach of this analysis has
been described in detail elsewhere { Buscema and Grossi, in
press and appendix to this paper). Some applications of this
analysis have already been focused upon AD investigations
with interesting findings { Grossi et al., 2007).

Results described here generated a connectivity map
among variables and illustrated a rational path of biological
variables leading to cognitive decline and incident dementia.

Major hubs among the 35 variables in the map were found:
HMGCE. genotype. cholesterol serum levels and age being
the three major connectivity variables.

HMGCR genotype has been recently described as a
genetic risk factor for AD (Porcellini etal., 2007). HMGCR is
the rate limiting enzyme in cholesterel synthesis and controls
cholesterol availability by affecting the synthesis of meval-
onate and isoprenoid compounds which are necessary for
the attachment of several proteins to biclogical membranes
(Zhang and Casey, 1996). The presence of the mutated allele
also affected the rate of cognitive decline in AD patients
(Porcellini et al., 20075, Our data from The Conselice Study
confirmed that this enzyme was a relevant factor for the
developing of dementia. Statins inhibited HMGCR and this
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Fig. 2. Mutual information map from the Conselice data base.,

enzyme might be a pharmacological target for AD prevention.
In fact, data regarding the possible preventive effect of statins
in AD were on record (Jick et al., 2001), although another
investigation did not confirm these observations (Rea et al.,
2005). However, recent findings showed that statin therapy
was associated with reduced AD neuropathology (Li et al.,
2007). Variations in HMGCR gene might be responsible for
different effectiveness of statins in the prevention of demen-
tia and this topic deserves further experimental and clinical
attention.

Other interesting points of aggregation upon HMGCR
were also found. For instance, the interaction of the mutated
ACT allele with the APOE e4 allele in men appeared of
interest. This APOE-ACT gene interaction has been already
described n an animal model for newro-degeneration and
atherosclerosis such as APOE deficient mice (Licastro et al..
1999, Furthermore, an influence of APOE &4 allele upon
brain ACT concentration has been found in AD patients
{Licastro et al., 1999).

Epidemiological data presented here reinforced the notion
of a functional linkage of APOE and ACT and are in accor-
dance with recent data showing an influence of these two
genetic factors upon the rate of cognitive decline in a short
term follow up of AD cases (Licastro et al., 2005, 2007).

There was a strong linkage (5.56) of the HMGCR geno-
type hub with the second hub, Le. serum cholesterol. Several
other apparently independent variables converged upon this
second major hub and among these the following variables
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were found: serum levels of triglycerides and HDL, ACT
serum levels, carrier status of the mutated allele of HMGCR
enzyme, APOE &2 allele and BML

The link of lipids variables to the cholesterol hub was not
surprising: present findings were in accordance with obser-
vatlons suggesting a pathogenetic link of cholesteral to AD
(Koudinov et al., 1998,

A new unexpected link between blood ACT levels and
serum cholesterol also emerged and deserves further exper-
imental attention. The CRP levels also converged through
ACT levels to the cholesterol hub, suggesting that these
inflammatory components could play a relevant role in AD
by affecting lipid metabolism and/or turnover. Both ACT and
CRP might be pharmacological targets of potential relevance
to dementia.

The mutated allele of HMGCR was significantly linked to
the cholesterc] hub, We already described that the transfection
of HMGCR mutated allele in human cell cultures did not
influence transcription of gene reporter under physiological
conditions (Porcellini et al., 2007). However, we could not
exclude that this SNP might show functional relevance under
cell stressing conditions or be in linkage with other SNP in
the same gene or other genes directly affecting cholestercl
synthesis and/or turnover. This data suggested that SNP might
play a relevant role in the developing of abnormal cholesterol
metabolism in the aging brain.

The status of APOE &4 non-carrier, i.e. the presence of
APOE g 2.3 or 3.3 alleles { APOE wild) was also linked to
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cholesterol hub. APOE &2 allele has been shown to affect
cholesterol and lipid serum levels (Eto et al., 1986) and to
be linked to cardiovascular diseases (Lahoz et al., 2001 ). On
the other hand it is well known that many subjects with the
APOE e 3.3 have developed AD (Bickeboller et al., 1997).

The incident clinical CIND status, after the five year fol-
low up (CIND 2004), also converged to the cholesterol hub,
suggesting that alterations of cognitive performances in these
elderly were partially dependent upon an abnormal regulation
of cholesterol synthesis or turnover.

Cholesterol hub was linked with the third major one, i.e.
chronological age. Age has been considered the major risk
factor for dementia and AD (Blennow et al.. 2006). However,
old age has also been associated with a variety of other dis-
eases, named age-related diseases. Therefore, convergence of
cancer, obstructive lung alterations (BPCO) and cardiovascu-
lar diseases (CVD) to this last major hub was not surprising.

The weak (1.31) association of phenoty pic immune vari-
ables such as TNF and IL-6 serum levels with the age hub
indicated an age-related serum level alterations of these
cytokines. These findings confirmed previous observations
reporting increased IL-6 blood levels in the elderly { Cohen et
al., 2003). These age-related immune alterations may inde-
pendently contribute to neurodegenerative processes in the
central nervous system and influence the clinical appearance
of cognitive alterations and dementia. In fact, a special role in
neuro-protection and neuro-degeneration for IL-6 has been
suggested {Gruol and Nelson, 1997).

Finally, incident AD and VD (AD 2004 and VAD 2004,
respectively) strongly converged to the age hub. In particu-
lar, AD was highly associated (4.25) with age. showing the
second highest correlation coefficient after CVD (5.01).

A different map was generated by applying a different
statistical model, i.e. mutual information analysis { Butte and
Kohane, 2000). Results from this algorithm were substan-
tially different. since triglyeerides, BMI and age were major
hubs of the map. Moreover, incident AD, VD and CIND con-
verged to incident healthy status (healthy 2004 ) or diverged
from this point and all four conditions were connected with
the ACT blood levels. In our opinion the connectivity map
shown in Fig. 1 displayed a higher resolution power in
connecting different variables and increased focus in system-
atically showing pattern aggregation than that represented in
Fig. 2. The reduced power of the connectivity map generated
by the mutual information analysis could be ascribed to the
fact that this mapping method was based on specific kind of
“distance’” among variables. In fact, the mutual information
method evaluated a couple of variables at each time and
joint information was not calculated when the number of
variables increased. This model appeared to generate a
static projection of the possible associations and the active
interactions among variables might be underestimated.
On the other hand, AutoCM was able 1o simultaneously
compute multiple or “many to many™ associations among
variables, since it was a non-linear auto-associative method.

Finally. a validation analysis of the AutoCM methods has
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heen performed (see Table 4) and it showed a high statistical
stability of the method. The AutoCM statistical analysis was
able to point out affinities among variables, as related 1o their
dynamical interaction rather than to their simple contingent
spatial position. This was obtained through a dynamic pro-
cessing with a particular neural network which reproduced
the value of a given variable vsing the information of all other
variables. In the AutoCM analysis each variable influenced
all other variables and was influenced by all other ones
(n-order of effects). AutoCM could be considered a dynamic
system, since the system adjusted its weight gradually,
computing all records several times. During the learning
phase variables could dynamically negotiate the value of
their connections. The implications of this method for better
understanding AD are substantial, since the method avoids
limitation of data analysis linked to the reductionist approach
of probability based statistics which might lead to missed
information regarding the associations among variables. In
addition the explicit connection schemes allow clear cut
hypotheses generation at variance with clustering methods
in which associations are often vague.

In conclusion, the connectivity map presented here on
incident dementia extended previous observations from
case/fcontrol investigations and confirmed that some immune
factors could indeed play a role in the pathogenesis of age-
associated dementia. Our findings also showed a new link
between immunity, cholesterol metabolism and age in rela-
tion with cognitive deterioration.
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Appendix A. Anto Contractive Map analysis
A . Learning equations

The Auto Contractive Map (CM) presents a three layers
architecture: an Input layer, where the signal is captured from
the environment, an Hidden layer. where the signal is mod-
ulated inside the CM, and an Output layer by which the CM
influences the environment according to the stimuli previ-
ously received (Fig. 1A).

Each layer is composed by N units. Then the whole CM
is comiposed by 3N units. The connections between the Input
layer and the Hidden layer are Mono-dedicated, whereas the
ones between the Hidden layer and the Output layer are at
maximum gradient. Therefore, in relation to the units the
number of the connections N, is given by: Ne=N(N+ 1)
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| Input layer

Fig. 1 4. The figure gives an example of a Auto CM with N=4.

All the connections of CM may be initialized both by
equal values and by values at random. The best practice is
to initialize all the connections with the same positive value,
close to zero,

The leaming algorithm of CM may be summarized in four
orderly steps:

. Signal Transfer from the Input into the Hidden layer;

. Adaptation of the connections value between the Input
layer and the Hidden layer:*

. Signal Transfer from the Hidden layer into the Output
layer:®

. Adaptation of the connections value between the Hidden
layer and the Output layer.

[

e

(*) Steps 2 and 3 may take place in parallel.

We define as ml®] the units of the Input layer (sensors),
scaled between 0 and 1, as ml"! the ones of the Hidden layer
and as m!" the ones of the Output layer (system target). We
define v the vector of monodedicated connections, w the
matrix of the connections between Hidden layer and Cutput
layer. and n the discrete time of the weights evolution.

The signal forward transfer equations and the learning
ones are four:

a. Signal transfer from the Input to the Hidden:

Bl _ . ls] Yiim) )
i = Mg (l - T) n
where C = positive real number, named contractive factor.

b. Adaptation of the connections vy, through the Awy,, trap-
ping the energy difference generated by the Eq. (1)

_ 5] [ i Y .
Aviy, =(mj, —mi) (l - (_:' ) (2)
Yiggaty = Yigyy T Al (3)

c. Signal transfer from the Hidden to the Output:

N
u"ll.‘ . 3
Nety,, = Zmﬁﬂ) (] - %) H (4
i
Net;
1] I8 iy .
My = Mg (1 - T) . (5)
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d. Adaptation of the connections wy 7., through the Awy j
trapping the energy differences generated by the Eq. (5):

T [] Wijim Yy (K] (6
Aw jyy = M — Miggy) (l - T) M i (6
W ity = Wijigy + AW g (M

The valuem Ef‘]] of (6) isused for proportioning the change
of the connection wy, j, to the quantity of energy liberated

(L3 lf]
iy 10 favor of node g

by the node m

In CM the learning process, conceived as adjustment of
the connections in relation to the minimization of Energy,
corresponds to the continuous acceleration and deceleration
of velocities of the signals inside the ANN connection matrix.

The first step to make the precedent sentence evident is to
show the CM convergence equation:

,,l_iE’:},;U"cn] =C (8)

In fact, when v, = C.then Ay, =0Eq.(2).and mg[':]] =0
Eq. (1) and, consequently, Awy j . = 0 Eq. (6)

During this mathematic analysis, we will introduce four
new variables, that we consider the key points of the AutoCM
learning process:

1. £ is the contractive factor of the first layer of AutoCM
welghts:

Vit
=] -
£ C

2. nisthe contractive factor of the second layer of AutoCM
weights:

3. s the contractive factor between the Hidden nodes and
the Input nodes:

_ o] 141,
W= Mgy = Mgy

4. A is the contractive factor between the Output nodes and
the Hidden nodes:

A= mig) —ml.

The second step is to demonstrate how Awvy, increases and
decreases during the CM leaming phase.
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Let us suppose that:

igay

C

=1 — g, where £is a small positive real
number close to zero,

At this point, we can re-write the Eq. (2) in this way:

s = (e 1 22) (=28

— bt B () Py
=mi = (1- =) 2a)

But, because (v, /C) = 1 — &, then:

Avgyyy =mld (1=}l — (1 —e)) =mi) (1 —le.  (2)

The Eq. (2b) shows the parabolic dynamics of Aw;.
Considering (2b) we can write:

Ay, = & (2c)

The Eq. (2¢) means that the increment of A v, will be always

smaller than the quantity that vy, needs to reach up C.

At this point we can re-write the Eq. (3) in this form:
R & [ _ o 3
Vi = C(1 Eliyyy + m,[le gle. {3a)

Consequently:
Hav,-w =C (3b)

Further, the contractive factor of the Eqs. (1) and (5) makes
evident this relation:

mll-:il - ml[::]] - m‘[-;]]; (1-5)
In fact:

,[::1 = m,[-ﬂ]e: (1a)
and:
“".l':.].] = ml[-::]]e(l — Netj, ). (5a)

Now it is possible maker clear the relationship between
Au,iw and Aw.-._&"].
From the Eq. (1-5) we can suppose:
"".[:H = "".['fi] — ¢; where ¢ is a small positive real number
close to 0, (1b)
And

m.[':,],] = ml[:ﬂ — i where A is a small positive real number

close to 0 (5b)
ml[-:r]‘] = m.[':.].] — @+ A (5¢)

At this point we write again the Eq. (2) in this way:

Av = (el gy (1= By o Y
Ay = (mg, — (my — @) (1 c ) =g (1 Fal )

= @e. (2d)
In a similar way we can re-write the Eq. (6):

Awg jy= (ml) —o)=(ml) = (@ +200m) = )
I

(1 =y ) = a0mb) — @)l —wy g (6a)

Now we can re-write (wy j,,/C) = 1 —n (where 5 has to be
a positive real number smaller than 1 ).50:

‘3”&.] = @e: (2e)
and
Ay, =Am) — g (6ib)

So, considering the Eq. (5a) in this form:

1] R | [,
ot eNet,w =m e —my
Neto — E}J - mEﬂ] _ mgﬂjs - Lm,[-ﬂ]e — i)
i) = 5] = Bl (5h
im € Mim€ 50)
A
L |['fn]] e

It is now possible to size the A contractive factor between
Hidden and Output units:

A= mEﬂ]sNeu[ﬂ,. (5¢)

From (5c) we can write:

[5] Vi) ) ]
a=ml] (1- - ) Net (5d)
and so:

limi =10 (5e)
L-,'u]—-f,'

Mow we can substitute (5¢) in (6b):

Awy g = m}f‘]]eNet;m](ml[-ﬂ] — o {6c)
But because ml[-f“]] —p= mE;]IJe. then

Awy o= LmEi]]e]Q Net;,, m: (6d)
and

lim Ay ji, =10 (Be)

sl
Mow we have to consider the Eq. (7):
W sy = (1l — ?'I']-'.j(..] + (mEiJ]&]ANelj[‘]?’}l (Ta)
From (7a) we can conclude:

lim wy, 3, = C — O jygy (Th)
s—=0
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So this means that at the beginning of the training Input and
Hidden units will be very similar (Eq. (1)), and. consequently,
Auvj,, will be very small (Eq. (2e)). while for the same reason
. at the beginning will be very big (Eq. (5c)) and Awy
bigger than Avj, (Eq. (5c)).

During the training, all the same, while vy, slowly
increases, mEE"]J decreases, so ¢ increases and, consaquently.
Aw; jy, monotonically continues to decreases (A becomes

always smaller. see equation (5c)) and Avy,, ncreases faster.

‘When A becomes ¢lose to zero this means that ml[::]] is only

a bit bigger that mEEJ (see Eq. (5b)). Al this point, Awy,, is

on the global maximum of the equation (1 — )& (see (2b)).
so after this critical point Avy,, will becomes a symmetrical
decreasing toward zero.

Auto Contractive Maps do not behave as a regular ANN:

. They learn also starting from all connections set up with
the same values. So they do not suffer the problem of the
symmetric connections.

. During training, they develop for each connection only
positive values. Therefore, Auto CM do not present
inhibitory relations among nodes, but only different
strengths of excitatory connections.

. Auto CM can learn also in hard conditions, that is, when
the connections of the main diagonal of the second con-
nections matrix are removed. When the leaming process
is organized in this way, Auto CM seems to find a specific
relationships between each variable and any other. Con-
sequently, from an experimental point of view, it seems
that the ranking of its connections matrix is equal to the
ranking of the joint probability between each variable and
the others.

. Adfter learning process, any input vector, belonging to the
training set, will generate a null output vector. So. the
energy minimization of the training vectors is represented
by a function trough which the trained connections absorb
completely the input training vectors. Auto CM seems to
learn to transform itself in a dark body.

. At the end of the training phase (Aw; j = 0), all the com-
ponents of the weights vector v reach up the same value:

(&)

lim vy, = C.
n—oc fim

]

The matrix w, then, represents the CM knowledge about
all the dataset.

It is possible to transform the w matrix also in proba-
bilistic joint association among the variables m:

wy, j .
Pij= = (o)
EJ'=Jwr'.J
N
Pl =3 "p ;=1 (10)
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The new matrix p can be read as the probability of transi-
tion from any state-variable to anyone else:

P(mE'llm_[f]J: Pij- (11)

. At the same time the matrix w may be transformed into
a non-Euclidean distance metric (semi-metric). when we
train the CM with the main diagonal of the w matrix fixed
at value N.

Mow, if we consider N as a limit value for all the weights
of the w matrix, we can write:

d','IJ':N— wj, i (12)

The new matrix d is also a squared symmetric matrix
where the main diagonal represents the zero distance
between each variable from itself.

A.2. The contractive factor

There is another way to interpret the squared weights
matrix of the AutoCM system. We have to assume each vari-
able of the dataset as a vector composed of the all its values, At
this point, the dynamic value of each connection between two
variables represents the local velocity of their mutual attrac-
tion caused by their mutval vectors similarity: more is the
wvectors similarity, more is their attraction speed. When two
variables are attracted by each other. they contract propor-
tionally the original Euclidean space between them. The limit
case 15 when two variables are identical: the space contraction
should be infinitive and the two variables should collapse in
the same point.

We can extract from each weight of a trained AutoCM this
specific contractive factor:

FJ.J' = (] - %)_JQ

1 =

(Ya)
F; o=

This equation is interesting for three reason:

1. it is the inverse of the equation used as contractive factor

during the AutoCm training;

considering the Eq. (3b), each mono-connection vy at the

end of the training will reach the value C. In this case

the contractive factor will be infinitive because the two
variables connected by the weight are really the same
variable.

. considering, instead, the Eq. (7b), each weight wy ;, at the
end the training will be always smaller than C. This means
that the contractive factor for each weight of the matrix
that we are considering will be always non-infinitive. That
is correct. In fact in the case of the weight wy ;, the variable
is connected with itself, but the same variable has also
received the influences of the other variables {remind that
the matrix w is a squared matrix where each variable is
linked to the other). Consequently. this variable has not
be exactly the same.

2
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At this point, we are able to calculate the contractive dis-
tance between each variable and the other, modifving the
original Euclidean distance with a specific contractive factor,

The Euclidean distance among the variables in the dataset
is given by the following equation:

E Licasts et al. / Newrobiology of Aging 31 (2000 257-269 26T
Table Al
Adjacency matrix of a distance matrix

A B o n e E

A 0 1 1 1 1 1
B 1 1] 1 1 1 1
C 1 1 ] 1 1 1
ful 1 1 1 i} 1 1
= 1 1 1 1 [1] 1
E 1 1 1 1 1 0

®
d.r_[.EJ_uellden] — Z(-Tr'.k - (10a)
k

where R =the number of the records of the assigned dataset:
xi,k and xj g =the i-th value and the j-th value of two variables
in the k-th record.

And, consequently, the AutoCM distance matrix among
the same variables

d_[E.D:‘ lidean]
d.f[_—\:unDCM] _ i . (11a)
J Fij

A3 Auro CM and minimum spanning tree

Eq. (12} transforms the squared weights matrix of Auto
CM into a squared matrix of distances among nodes. Each
distance between a pair of node becomes, consequently, the
weighted edge between these pair of nodes.

At this point, the matrix d may be analyzed trough the
graph theory.

A graph 15 a mathematical abstraction that is useful for
solving many kinds of problems. Fundamentally, a graph con-
sists of a set of vertices, and a set of edges, where an edge
is something that connects two vertices in the graph. More
precisely, a graph is a pair (V.E). where Vs a finite set and
E is a binary relation on V. to whom it is possible to attribute
a scalar value (in this case the weights is the distance djj)

Vis called a vertex set whose elements are called vertices.
E is a collection of edges, where an edge is a pair (u, v)
with u, vin V. In a directed graph, edges are ordered pairs,
connecting a source vertex to a target vertex. In an undirected
graph edges are unordered pairs and connect the two vertices
in both directions, hence in an undirected graph (x, v) and
(v, wy are two ways of writing the same edge.

It does not say what a vertex or edge represents. They
could be cities with connecting roads, or web-pages with
hyperlinks. These details are left out of the definition of a
graph for an important reason: they are not a necessary part
of the graph abstraction.

An adjacency-matrix representation of a graph is a two-
dimensional V=V array, where rows represent the list of
vertices and the columns represent the edges among the ver-
tices. Each element in the array is stored with a Boolean value
saying whether the edge (x, v)is in the graph.

A distance matrix among V vertices represents an undi-
rected graph, where each vertex is linked with all the other,
but itself { Table Al).

Atthis point is useful to introduce the concept of minimum
spanning tree (MST).

71

The minimum spanning tree problem isdefined as follows:
find an acyclic subset T of E that connects all of the vertices
in the graph and whose total weight is minimized. where the
total weight is given by

N-1 N
dTy="3" %" dijVdy. (13)
=0 j=i+l
Tis called spanning tree, and MST is the T'with the minimum
sum of its edges weighted.

Mst = Min{d(T;)} (14)

Given a undirected Graph G, representing a d matrix of dis-
tances, with V vertices, completely linked each other, the total
number of their edges (£) is:

Viv—1) )
E= fl (15)
And the number of its possible tree is:
T=v"1 (16)

Kruskal in the 1956 found out an algorithm able to determi-
nate the MST of any undirected graph in a quadratic number
of steps, in the worse case. Obviously, the Kruskal algorithm
generates one of the possible MST. In fact in aweighted graph
more than one MST are possible.

From conceptual point of view the MST represents the
energyminimization state of a structure. In fact, if we consider
the atomic elements of a structure as vertices of a graph and
the strength among them as the weight of each edge. linking
a pair of vertex, the MST represents the minimum of energy
needed because all the elements of the structure continue to
stay together.

In a closed system, all the components tend to minimize
the overall energy. So the MST. in specific situations. can
represent the most probable state where a system tends to.

To define the MST of a undirected graph, each edge of
the graph has to be weighted. The Eq. (12) shows a way to
weight each edge whose nodes are the variables of a dataset
and whose weights of a trained AutoCM provides the metrics.

Obviously, it is possible to use any kind of AutoAssocia-
tive ANNM or any kind of Linear Auto- Associator to generate a
welght matrix among the variables of a assigned dataset. But
it is hard to train a two layer Auto Associative Back Propaga-
tion with the weights main diagonal fixed (to avoid variables
auto-correlation). In the most of the cases, the Root Mean
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Square Error stops to decrease after few epochs. Especially
when the orthogonally of the records increase. And that is
usual when it is necessary to weight the distance among
the records of the assigned dataset. In this case, in fact, it
is necessary to train the transposed matrix of the assigned
dataset.

By the way, if a Linear Auto-Associator is used, all the
non-linear association among variables will be lost.

So, actually, AutoCM seems 1o be the best choice to com-
pute a complete and a non-linear matrix of weights among
variables or among records of any assigned dataset.
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Genome-wide association study identifies variants at CLU
and CRI associated with Alzheimer’s disease
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The gene encoding apelipoprotein E (APOE on chromosome
1% is the enly confirmed susceptibility locus for late-onset
Alzheimers disease. To identify other risk loci, we conducted a
large genome-wide association study of 2,032 individuals from
France with Alzheimers disease (cases) and 5,328 controks.
Markers cutside APOE with suggestive evidence of association
(P < 10-%) ware examined in collections from Belgium,
Finland, ltaly and Spain totaling 3,978 Alzheimers disease
cases and 3,297 contrels. Two loci gave replicated evidence
of asseciation: one within CLL (also called APOJ), encoding
clusterin or apolipoprotain |, on chromaseme 8 (rs11136000,
OR = 086, 95% Cl 0.61-0.99, P = 7.5 = 10-? for combined
data) and the ather within CRT, encoding the complement
component (3h/4b) receptor 1, on chromoseme 1 irse656401,
OR =1.21, 955, £11.14-1.29, P = 3.7 = 16-? for combined
datah. Previous biological studies support roles of CLL and
CRT in the clearance of @ amyloid {AR) peptide, the principal
constituent of amyloid plaques, which are ane of the major
brain lesions of individuals with Alzheimers disease.

Alzheimer's disease is a neurclogical disarder primarily affecting
the elderly that manifests through memory disorders, cognitive
decline and loss of autonomy. Two principal types of newropatha-
logic lesions are observed: (i) nevumofibrillary degeneration resulting
from the intraneuronal aceumulation of hyperphosphorylated Tau
proteins and (i) amyloid deposits resulting from the extracelular
accumulation of amyloid plaques, which are primariby composed of
A peptides. Currenthy, the processes leading to the formation of these
lesions and their combined asscciation with Alzheimer’s dissase are

mot ad.cquateh' understaad!,

Genetic studies have provided significant insights intothe molecu-
lar basis of Alzheimer’s diseass. Rare hersditary sady-onset forms of
the dissase have been linksd to mutations in three differsnt genes:
AFP, encoding amyloid precursor protein, on chromosome 21;
P& encoding presenilin 1, an chromosome 14; and P52, encoding
pnuenilin 2, on chromosome 1 iref. 2). Thess mutations, however
ewplain less than 1% of all cases of Alzheimer's disease, whereas the
vast majority (especially for late-onset forms of the dissase) have
other, more complex genstic determinants’,

Genetic studies have led to the consistent dentification of the £4
allele of APOE as a susceptibility locus far late-onsst Alrheimer's
disease’. Twrin studies suggest that genes may have a role in more
than 60% of Alzheimer's disease susceptibility® and that APOF may
account for as much as 50% of this genstic sus:eptibili‘t}". More than
250 ather genes have been proposed as candidates for Aleheimer's
disease susceptibility, butthus far none have been confirmed to have
armole in Alrheimer's dissase pathogenesis’.

Aswith other multifactorial dissases, this knowledge gap has moti-
vated more comprehensive investigation s using gencme-wide asso-
ciation studies (GWAS]. The first GWAS of case-comtrol Alzheimer's
disease data collsctions have examined a relatively small number of
cases [-f.].Cl:ICI:IB"Iz. Similar to studies done on other multifactorial
disorders, thess GWAS have shown that, except in the case of APOE,
larger samples will be necessary to locate common genetic factors of
Alzheimer’s disease. Here, we report results from a largs two-stage
GWAS of late-onset Alzheimer's dissase.

In the first stage of this study, we undertock a GWA analysis
of 537,029 SMPs in 032 French Alrheimer's disease cases and
5,328 French contrals, Patients with probable Alzheimer's disease
were ascertained by neuralagists, Individuals without symptoms of

*A Tull list of suthers and atiliatiors appsars at tha snd of the papsr.
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Table 1 Association of SMPs at the CLU lecus with Alzheimer's disease inthe Stage | and Stage 2 samples

rs2275830
t MEF Arsociation bast
Cases Controls Cases Controls HWE OR (S5% CI] P yalua
Stage 1 2p2s 5,328 LE o041 3.1 107! 0,83 (0. 77-0.50) 1.0 1078
stage 2 2,803 3037 038 o4l 4.9 107! 0.88(081-03% .2« 107t
Esigium 1071 508 a.3g o4l 3.0 107 0,82 (055-0.3E]1 ERES [
Finland 547 545 a.40 o4z 4.3 107! 0,52 (0. 78-1.05] ERES
Italy L4lc 1,206 038 [ 34w 107 0.B7 (L 77-037] 13w 10
Spain 7ag 06 a.3g 0.4 5.6 1077 0,51 {0 75-1.06] 2.4x 107!
Stage 14 2 5428 8,425 LEL 041 2.3 107 085 (0.82-051) 8,90 107"
AFCE o4 CaTirs 3060 1714 036 0.40 7.5 107 0,81 {0 74-0.85] 1.5 107
AFOE 24 non carriars 2,727 £,557 a3s 0.4l 1.8 1 0,52 (0.85-0.36] 1.3 1070
raLL13EC3
stage 1 2018 53,266 033 na2a 6.0 107 0.82 (Q77-0.50 1.5 1078
Stage 2 3775 3,154 [ EH 0.8 2.6 107 0,88 (081-05% 8.8x 107
Eslgium 287 457 a3 037 5.2 1077 0,80 (055-0.371 22w 10t
Finland H3E sa0 038 [ 285w 1077 0.52 (0. 78-1.0€6] 31w1c?
Italy 1484 1,241 a3s 0,28 5.0 107 0,88 (080-0.35] 2.8% 107
Spain 7ag =6 a3 037 5.1 107! Q.51 (0 79-1.06] 240 107!
Staga 142 5791 8,420 035 0.8 2.7 107! 0,85 (0.81-0.50) 7.5 1078
AFOE o4 camiars 3083 1,707 236 0.4l 3.0 1 0,81 {0 74-0.86] 2.7 = 10t
AFOE 24 noncaniars 2553 £,552 a3z o4l 1.8% 1077 2,51 {085-0.371 7.0 10t
riSEi 1538
Staga 1 2028 5,328 031 o.28 8.9 1o 1.19{1.11-1.300 1.8 108
stage 2 3862 3,180 031 oz 7.9 Lot L12{L04-1.21) 2.9x 10
Eslgum Larz 501 029 ocza 43w Lord 1.1E{0.35-1.40] 1.2 1071
Finland 506 538 a.3g 037 1.3 10 1.08 {082-1.25] 3.2 10!
ILaly 1474 1,241 a3 025 9.5 10 1.22{1.97-1.351 4.5 10
Spain 70 =00 a.2s 0.28 5.4 102 1.0€ {.30-1.24] 4.8 10!
Stage 142 5,887 8,508 030 o.2a 3.3 1ot L16{1.10-1.2% 9.4 1078
AFOE ¢4 CATIMS 2058 1,723 03z [ 8.6 Lord 1.21 {1.19-1.33] 7.8 10t
AFCE 24 noncariars 2,748 £,770 030 0,28 3.1 Lo 1.08 {1.92-1.1E] 1.6 1073

Falus and ORs with bhe 25sociasd B5% C1 haw boan cakzulzied Undar an aodiive maddl LEing Iogistic mgrassion madals 3ojusted 1or 395, andsr and Centars whan Nacessany.
MWAF, minor alele fraquency; HWE, F valua Tor the fest of Hardy-Wainbarg equilibrium in conbrols.

dementia from French Three-City (3C) prospective population-bassd
cohort were obtained as controls {Supplementary Note). Samples
were genotyped with Hlumina Human 610-Cuad BeadChip and sub-
jected to standard quality control procedures. The resulting GWA data
were then analvzed with logistic regression taking into account sex
and age and using principal components to adjust for possible popu-
lation stratification. The genomic contral parameter was 1.20 before
this adjustment but 104 afrerward. Comparison of the observed and
expected 32 distributions ( Supplementary Fig. 1) did not indicate
substantial inflation of the test statistics after adjustment. We carried
out additional tests to establish the robustness of the statistical resulis
as described in the cnline meth ods section.

Several APOF-linked SHFs gave strong evidence of dissase association
{Supplementary Table 1 ). Cuiside of AFOE, cne marker {111 136000)
within CII on chromosome 8p2l-pl2 showed significance
(P =90 % 1077} in the asseciation test. This slightly surpassed the
criteria for gencme-wide significance as evaluated with a conssrvative
Bonferroni correction (P < 83 % 10741, We abserved markers in several
chmmosome regicns with suggestive evidence ef asscciation (P = 105
as shown in a Manhattan plot { Supplementary Fig. 2). The results of the
entire GWAS are available online. Finalby, we imputed genotypes using
the Haphap CEU samples to increase the number of SHPs examined
in these regions. The genotyped and imputed markers from the regions
that gave P < 10 are shown in Supplementary Table 2.

Inthe szcond stage, we sought replication of asscciation by genc-
typing aselection of markers at the loci identified in Supplementary
Table 2 in additicnal callections totaling 3,978 probable Alzheimer's
disease cases and 3,297 controls obtained from Belgivm, Finland,
ltaly and Spain ( Supplementary Table 3 and Supplementary Note).
Genatyping of the sscond-stage samples was performed wsing sither
Taqman or Sequencm mssays. Data were anabyred using logistic regres-
sicn under an additive genetic model taking into account sexand age
at diagnosis {cases ) or at confirmation of the absence of dementia
{conimols). Five SHPs at two loci showed association, with P values
ranging from 1.6 1072 ta 8.2 % 1074 The first of these loci encam-
passes CLIM on 8p21-pl2 and the second spans the gene encoding
complement component { 3k#db) receptor 1 (ORI on 1932,

At CLLT thres morkers (rs2279590, sl 1136000, =9331888)
showed statistically significant association with Alrheimer's disease
inthe replication collsctions, even with a conservative Bonferroni
correction for all 11 SHPstested in stage 2 (F < 4.5 % 1073, Table 1)
The odds ratios were statistically homogeneous across the stage 1
and 2 study collections {Supplementary Table 4. We found strong
evidence forassociation inthe combined GWA and replication data-
sets taking into account the sample origin in the logistic regres-
sian, with two markers exceeding the criterion for genome-wide
significance (F < 9.3 3 1079}, For the marker shewing the strongest
evidence af association (rs11136000), the adds ratia for the minor
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allele was (L86 (95% CI 0.81-0.90, P = 7.5 3 1077, Similar results
were obtained using a Mantel-Haensmel statistic for the combined
analysis (Supplementary Table 3).

We detected a statistical interaction betwesn the APOF & status
and the CLLT SHPs (ranging from 3.0 % 107 10 5.2 % 107! from the
SMP tested) . For rs] 1136000, alth ough the asscciation was significant
in both 24 carriers and non-carriers, it was more significant in car-
riers (Table 1),

Thethree CLU locus markers replicated in stage 2 are withinalink-
age disequilibrium (LD ) block that encompasses cnly the CLI gene
{Fig. 1 ). They define three commen haplatypes (raquency =2% ) that
together account for 98.2% of the chservations in stage | controls.
Compared to the most frequent haplotype, TTC, the other two most
frequent haplotypes were all associated with a statistically significant
increased disease risk, with similar odd ratiosin the stage 1 and stage
2 collections { Table 2). The adds ratio was highest for the COG hap-
lotype compared to the TTC haplotype (OR = 1.22,P =5.6 x 10710
for the combined samples).

Asecond locws of potential interest lies within an LD block that
encompasses CRI om 1932 (Fig. 2). We tested two SHPs at this
locus in the second stage, and one (re6656401 ) showed evidence of

Table 2 Assoclation results for haplotypes at the CLU locus

Figure | Schemnatic cverview of OL U'and LD patterns at the CLU locus.

P values For association of SNPs Iresu fed from imputation and with
mirnior allzle frequency [MAF =E%] encompassing the CLU lezus with
Alheimer's dizsaze risk under an additive mode| with ad peskment for age
and gznder are plottzd against physical distance. The LD pletis shewn for
GNPz 2t the CLU lozus i controls fstage 1 data in Haploview 4.0, =olid
gpine haplotype block definition, # color schemel.

asseciation with Alzheimer's disease in the replication collsctions
(P = 8.2 104 Table 3). Thers was no significant heteregensity by
arigin {Supplementary Table 4), and the odds ratio and P values
in the combined data were 1.21 {95% CI 1.14-1.29 ) and 3.7 % 107%,
We found similar results when using the Mantel-Haenszel method
{Supplementary Table 5. Atthis locus, we also detected a statistical
imeraction with APOE 24 status and risk of diseass (P = 86 = 1003
with significant aseaciation in both carriers and non-carriers, but with
amore signiticant asscciation in the former. Although the association
af the second marker tested at this locus (rs3818361 ) cnly showed a
suggestive significance overall in the stage 2 collections (OF = 1.11,
9506 1 1.02-1.22, P = 16 3 1072}, there was evidence of asseciation
af thiz SHP in the APOF ¢4 carriers in stage 1, stage 2 and combined
samiples (respectively, OR = 1.36,95% CI 1.15-1.60, F = 2.3 % 1075
OR = 129, 5% CI 108-1.56, F = 5.4 = 1075 OR = 1.34, 95%
C11.20-1.50, P = 2.9 % 10677 ) The genotyped markers define two
principal haplotypes that account for 57.8% of the observations at
the ORI lecus, and a third haplotype has an estimated frequency of
1.2% inthe combined control population (Table 4. The adds ratio
was highest for the AA haplotype compared to the GG haplotype
{OR = 1.22,F = 1.1 % 107" for the combined samples).

The assceiation results for CLU are supported by a recent meta-
analysiz of linkage studies of Alcheimer's disease, inwhich a region of
15.1 Mb cn chromescme Sp that encompasses CLI had the strong-
est evidence genome wide for linkage!. The biclogical functions of
the CII7 markers associated with Alrheimer's disease, and of other
markers from the region that may be in LD with them, is preseniy
unknown, However, LU is the only described gene located within
the association region, and several lines of evidence suggestthat it is
a streng candidate for imvolvement in the disease.

APOE and C1U are the most abundantly expressed apelipoproteins in
thecentral nervous system! 1, with stronganalogies interms of possible
impact on the Alzheimer's dissase physiopathological process. Like APOE,
CILT is present inamyloid plaques'®! and can bind A RS, Corgistent
with this, several experiments in transgenic POAPF mice lacking CLO7
hive shown that this protein may strongly infusnce A f fibrillogenssis
and increase AR neurstoricity in wivo . It has alsa been proposed that
CLL may participate in A clearance from the brin across the blood-
brain barrier, mainly of the highly pathegenic A2 peptidet 2, which
i a function similir to that of APOE -2,

Inaddition, we observed an association between Alrheimers dissase
risk and markers spanning CRI, the gene that encodes for the main
wceptor of the complement C3b protein®. The biological function of
these CR1 markers is unknown. The LT block conmining these markers

Etags 1 Stage I Slagal+2
Hapl alypas Caas Conbrols  OR (5%% CI) Fralus Cases  Canirals OR (55% CI) P valus Cases Conrols OR {52%CI] P value
I 0344 D038 Rat. - 0343 DE72 Raf. - 0244 0.2 Rat. -
oo 0334 0325 114(L04-1.24) 20w 107 pEIe mEET 1.10{1.01-1.21) 23 = 10 D336 0328 142 (1.05-1.200 B.0x 108
CCE 0302 DZES 12E({L17-141) 1 5% 107 OFF7 OESE  1.19¢(1.09-1.31] 1.8% 10 0OFBE 0263 1.22(1.14-1.2% mEx Lo

The results havs baen calculated us
LEx 108 20x L0-¥and 2.7 1
12279590, rs11135000 and :5331888. Winor alkkes ara indarined.

tha THEZ A5 program with adjusimant for age, gsnder and canter fsse Onling Wethods). Tha Fvalues for tha global asscciation wara
, raspactively fortha daia from staga 1, siage 2 and staga 1 and 2 combined. The narkars as ordered from left 1o right 15 o 3°) ana
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cnlyinchudes TR Several chservations suggest that patbways imvolving
C3band CR1 are imolved inthe Alzheimer's disease process, particularly
in AP clearance. Brisths complement activation leads ta the formation
of Cl-cleaving enzymes, known as ©3 converiases, cn the surface of
the pathogen or protein undergoing complement atiack. Cleavage of
C3 results in the formaticn of C3a and C3b fragments. Whereas Cia
is involved in the chemetmeis of phagocytes, C3b binds covalently 1o
acceptor molecules and can mediate phagoartosis threugh CR174,

Figum 2 Schematic cverview of CF1 and LD patterns at the ORI locus.
P wvaluezs for association of SN Ps fresubed from imputation and with

MEF »5%) sncompaszing the CRI locus under an sdditive model with
adjustment for 2gz and gender are plotied against physical distance. The
LD plot shawn is for SHPs at the ORI locus in controls (stage 1 datain
Haploview 4., solid spine haplotyps block definitizn, r2 color scheme).

Such a mechanism has been propossd to participate in AR clearance
for several mascns: (i) aggregated A are able to activate and became
bound by C3BH- in a transgenic mouss madel, an increase in
3 ewpression coincides with o smaller degres of AR depesition and
newrcpathology®™®; (i) conversely, expression of a C3 convertase
inhibitor such as the rodent complement receptor L-relatsd gens/protein
w (Crry) tesults in increased AR deposition and neurcdegeneration®);
{iv) using human erythreortes (the cell type that most abundanthy
enpresses CRL ), it has been observed that this cell type isable to sequester
APygoirefs. 31,320 and to favor its clearance via the CIb-mediated
adherence to enythroorte CRI (ref. 32); iv) finally, this mechanism may
be deficient in individuals with Alheimer's dissase™, Altogether these
data support a protective role for CR1 via the genemtion and binding
of ©3b which may contribute to AR clarance,

Wz cabculated the attributable fracticns of risk o be 25.5% for APCE,
9% for CLU and 3.8% for CRI. As these calculations are based on
the combined stage 1 and 2 samples, the estimates are biased upward.
Hevertheless, if the estimate that 60-680% of the Alzheimer’s disease
risk is due to genet ic factors” iscormect, additional genetic susceptibilicy
loci remain to be identified, which is also true for many other diseases
in which loxci have been successfully mapped by GWA™ S, Ina recent
GWAS, the PCDHILY gene was found to be a genstic determinant
af Alzheimer's disease!?, We examined the effect of 17 SHPs in
the PCDH 11X locusin the stage 1 samples. Alihough none reached our
criteria for suggestive level of significance, we did observe 001 = P 005
for several SMPs { Supplementary Table 6). Thus, this locus moy also
contribute to the Alzheimer's disease risk in our dataset, albeit not as
significantly as the cther loci that we have identified.

Table 3 Association of SMPs at the CRI locus with Alzheimer's disease inthe Stage 1 and Stage 2 samples

riEEN544]
" WEF Assaciation fest
Casas Conirois Casis Contrts HWE OR [95% CI) Falug
Stage 1 2,025 5334 ozz a1s 25 x 100! 1.27(1.16-1.35) 1.8 1077
Stage 2 3,880 3,198 020 ois FEPST 1.16(1.06-1.27) 8.2 %10
Esigim 1,055 500 ozz oia 22w 10 1.24(0:33-1.24) 5.6% 1078
Fintand 08 Gu4 021 A 29w 10 1.38(1.12-1.700 2.8% 107
Itaiy 1,472 1,243 0z0 £.z0 22w 10 1.08 (028-1.17] a.4x 100t
Spain 734 801 0z0 ols Az 103 1.23(1.42-1.47] 2.6x 108
Stage 142 5,905 8,526 021 o1 L1% 1o 1.21(1.14-1.25) 3.5 % 1078
AFOE oA camirs 2,437 1532 ozz oia 7.5% 10 1381 22-1.55] 1.8% 107
APCE 24 nonarians 2,751 5,780 021 ols 43 103 1.13(1.04-1.23) 3.7x 10
rs3g18351
Staga 1 2,08 5,334 o2z ois CERS 1.28(1.17-1.400 8.5 % 1004
Stage 2 3,717 3054 o2z o0 1.1 % 107! 1.11{102-1.22 1.6 % 107
Esigim ErF 436 oza n.24 EEPST S 1.08 (024-1.48] &.8x 100t
Fintand 550 534 ozz [:SE] L.5% 1o 1.26(1,03-1.57] 2.6x 108
Italy 1,423 1232 ozo n.zo EFPSt S 1.08 (0E3-1.1E] 7.2 w10t
Spain EE 752 021 [:3E] LOx 13 1.21{1.01-1.44] 3.8x 10
Stage 142 5,735 8,418 022 oie 22w ! 1.19(1.11-1.28) 8.9 % 1004
AFOE ad camirs ez 1555 ozz [:3E] Baw 10 1.34(120-1.500 28w 107
AFOE oA noncarians 2,51 5,707 021 [AE] L& x 1 1.12(103-1.25) 5.4x 107

Pralums ard OFs with their associiled 55'% Cls hava baan cakoulaled under an addithes modal using ngistic wgrassion modals adjusied for age, gendar and cenlers when reces-
sary. WAF, minor dkele frequancy; HWE, Falue for tha test of Hardy-Weinberg aquilibrium in contnok.
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Table 4 Assoclation results for haphtypes at the CRU locus

Shage 1 Sl 2 Shags 1+ 2
Haplehypss Casas  Conbrols OR (3%% CI) Pwlua Casez Canirals  OR {3%% CI) Pvalus Cases Controls OR [35% Cl) P value
cic] oFFZ  oAlE Red. - D77E D7EE Ral. 0.378 0AD3 Raf.
=Y 001l DODS 125 [0.B7-L80) 2.2« 107 0016 0017 10100.77-133) 64«10 0.014 0OLZ 113 0.85-1.43] 3.5x 1077
A 0207 070 128 (117-1.40) 14w 107 0SB 0182 1.17[L07-127) EAx10” 020@ 0175 122 0.15-1.30 31x10’?

The rasulls hass been caloulabed sl

tha THESI&S program with adustmank for aga, gender and canber (ses Jrling Wethods). Tha Fyabes for the giobal associabon wers

75w 107, .0 % 10-¥ and 1.5 % 1079, respactively fortha dafa from stags L, staga 2 and shaga 1 and 2 combingd. Tha markars 2 crdersd from Lt 12 right 15 ko 2°) an

6656401 and rsaELEAEL, Minor alloles 2 urdarined,

Innan independent study publishsd in this isse of Nature Gemetics™,
‘Williams and collsagues report an independent GWAS of late-cnset
Alzheimer's dissase and also report assaciation with markers at CLUT
In comparing these two studies, the Belgian samples used in the rep-
licaticn phase af each were found to cverlap. Totest for the independ-
ence of these results, we tested our association results with the entire
Belgian collection removed from the replication phase. We find that
the assaciation to CLI remains significant, with OF = 0.8, 83% CI
083057 and P = 5.3 x 107 for association at rsl 1136000 in the
stage 2 samples when the Belgian collection is excludsd. Although
thisis marginally less significant than the conservative Pvalue that we
applied at replication phase, the combined stage 1 and 2 samples gave
OR = 0,86, 959 C10.81-0.91 and P = 4.8 3 10 b with the Belgian cal-
lection excluded . mesting our criterion for genome-wide significance.
Thus these two studies provide srong independent evidence of an
association of Alrheimer's dissase risk with CLU markers. In additian,
evidence of association with the CRI markers at rs3818361 in the
GWA data frem Williame and her colleagues™ encesded our criteria
for peplication in their study (P = 9.2 « 10r®), providing additional
cenfirmation of the relationship between CRI markers and late-ansst
Alrheimer's dissase (OR = 117, 955 C1 1L09-1.25). We also samined
FILCAM markers on chromosome 11 for which associaticn has been
identified and replicated in the second study. In cur stage 1 data, we
also detected evidence of association for PILCAM markers with P
values between 107* and 1077 (rs5401458 OR = 0,88, 95% CI081-0.96,
P =28 % 1077 and results available online in GWAS results),

In summary, in addition to the previously known APOE locus, we
have identified loci at CLIFand CRI that are potentially associated
with the risk of late-onset Alzheimer’s disease. Biclogical evidence
suggests that the genss at these Loci, along with APOE, are invobeed
in AP clearance. These data may indicate that whersas familial early-
cnset forms of Alzheimer's diseaze are mainly linked to genes impli-
cated in A overproduction, genetic variants at APOF and thess newly
defined leci may influsnce susceptibility to late-cnset forms of the
disease as a result of roles in AP cdearance.

METHODS
Metheds and any asscciated references are available in the anline
version of the paper at hittp: fwww nature com/ naturege neticsy.
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ONLINE METHODS
Sample populatiens. The case-control cehorts are described in the
Supplamentary Note,

Cenotyping. DA samples wers transferred to the French Centre National
de Génoiypage for genotyping. First siage samples thai passed DNA quality
conirol were genetyped with [hurina Humans 1 e-Chaad Bead Chips. Geriype
data were refained in the siudy for samples that had been successfully gena-
typed for >529% of the NP markers. 3MPs with call ravss of <%, with MAF
<1% or showing departure from Hardy-Weinberg equilibrivm in the contral
population (P < 10-%) were axcduded. We remaned 124 Alzheimer's disease cas:
and #&0 conirel samples because the indviduals whe had provided themn were
found to be first- o1 second-degres relatives of other stud y participants corwers
assessed as being of non-European descent based on genetic analysis using
mizthods described”. This led usto retain 537,225 auicecmal 3MPs genotyped
in 2,032 cases and 5,223 controls. Sage 2 genotyping was performed using
Tagman (Applisd Biosystems) or Sequenom assays. The primer and probs
sequences for the genoty ping assays are availabls upon requesi. To awoid any
genotyping bias, cases and contrals wers randomly mized when gznatyping,
and labaratery personnsl were blinded 1o cass or conirel status. The gero-
byping success rate wasat beast 5%, and no departure from Hardy- Wainberg
equilibrium was observed for the markers inchoded in the second stage.

Stati stical anabysis. We evahuated the case and comrol differences using logis-
tic regression, which opiicnally incorperabed principal components thatwere
significantly asseciatzsd with disease status to sccount for pessible popula-
tion stratification a described??, We hypothesized that the relatively high
genomic control parameter found in the absence of the principal componzents
adjusiment was due io differences in the representation of warious French
regians in the case and comirel series. Therefore, we furiher explored the
robustness of our conclasions by incerporating 6,734 anonymized samples
from France and ather Furopean countries as additional controbs (unpublished
data and ref 371, With the inclusion of the additional samiples. the genomic
control paramztar wis 1,04 without principle-components adjustrnent and
1.03 after the adjusiment. Inclasion of the additienal comrel: did net mab-
stantially modify the associmion statistics for markers in regions showing
suggestive evidence of association (< 10-%) after correction for popalation
structure in the primary analysis (Supplensantary Tables 1 and 20, Markers in
these regions were analyzed at stage 2. We included imputed markers in thess
regions and selected markers for genotyping o stage 2 if the marker shoewed
at least moderabe association with disease status (F < 104} [either with or
witheuk correction for population structars ), the marker was not in strong LD
with amother marksr eniering stage 2, and a genotyping assay for the marksr
conld be snccessfully designed.

We did statistical analyses under an additive gznetic model wsing logistic
regression taking ape, sex and disease starus into account and using 543 sofi-
ware version 9.1 { 845 Institoie). Population conirols that were not genotyped
specifically for this study were exchoded, & werz any samples with missing
age or gender data. This gawe a maxinmum of 2,028 Abheimer’s diseass cases
and 5,328 contrals in stage 1 and 2,259 cases and 2,633 controls in stags 2.
Information on age and gender of the cases and coniols inchaded in thess
analysesare shown in Supplementary Table 3. Homogeneity of the o dds ratios
in differsnt collections was tested using the Breskow-Diay test™, We also used
the Mantel-Haenszel method 2 imiplemnented in Review Manager 5.0 to evalu-
ate odds ratios across collections. Inkeractions between CLU or CRY SHPsand
APQE ed polymorphism were testzd in logistic regression. medels adjusied
far age. gender and center where the samples wers faken, The solid spine
haplktype block definition in Haploview 4.0 was used 1o generate LD blocks
of the genomic regions encompassing the CLL or CRY genes from impuied
SMPs (MAF = 53%, Associaicons of the CLU and T8 ! haplotypes wers esti-
maied wring sither logistic regression or a propariienal hazards medels using
THESIAS 2.0, which implements 2 maximum likslihoed model and ases an
se.m. algorithm®. The populaticn aitribaiable risk (PAR] fracticn was esti-
miated wsing the fellowing formula: PAR= FOR - 11/(FIOR - 1)+ 13, where
Fis ihe fraquency of the daleterious allele in the sample and OR is the odds
ratio of Alcheimer's diseass risk associated with the deleterious allsle.

The criterion for genome-wide significance was defined in stage | with a
comservaiive Bonferroni correction [P 8.3 107% 0.05/337,025 SHPs tested .
In stage 2, the lewel for significance was defined ai F < 4.5 107 (aos 1l
SMPe tasead],

URLs, Haplkvies: hiipdiwww.broad. miteduw mpg'haplovisw/indsx.php:
Revman: hip:!iwww. ce-ims.netiresman’; THESIAS:  heepslscgene net!
penecanvasiuploads THESIAS 2,1 HapMap: hiipclwiws.hapmap. ocg; websibs
for GWAS results: hitp: ! wew. cng.fr'alzheimer!.

37, Hagth, 5.0, &f ai. Imustigation of the Tine sructura of Europsan populations sith
applications b disssss sscciation studies. Eus L Aum Gerel 16, 1413-1420
2008
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3% Eraskes, W.E., Doy, M.E., Habworsen, KT, Prntice, A.L &S-Ibd
multipla miﬂwrhl furnctions in natehed cass-control stud
108, Z5-307 [197EL
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Multi factorial interactions in the pathogenesis
pathway of Alzheimer's disease: a new risk charts
for prevention of dementia
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From Predictive diagnostics and prevention of chronic degenerative disease

Bologna, Italy. 4 December 2009

Abstract

constructad and will be presented and discussed.

dementia,

Background: The population lengitudinal study named The Conselice Study” has been the focus of the present
investigation. 65 years old or older participants of this population study on brain aging were followed up for 5
years 937 subjects completed the follow-up. Relationships of 46 genetic, phenatypic, dinical and nutritional factors
an inddent cognitive dedine and incident dementia cases were investigated.

Results: A new statistical approach, called the Auto Contractive Map (AutaCM) was applisd to find relationship
between variables and a passible hisrarchy in the rlevance of 2ach vaiable with incident dementia This method,
based on an artificial adaptive systemn, was able to define the assodation strength of each variable with all the
athers. Mareower, few varables resulted to be aggregation points in the varable connectivity map related to
cagnitive decline and dementia. Gene variants and cograte phenotypic variables showed differential degrees of
relevance to brain aging and dementia. A risk map for age associated cognitive dedine and dementia has been

Conclusion: This map of variables may be use to identify subjects with increased risk of developing cognitive
decling endfor dementia and provide pivotal infarmation for eally interention protacols for prevention of

Background

Inflammatory responses during ageing

A dramatic increase in mean life span and life expec-
tancy, coupled with a significant reduction in early mor-
tality, has lead to a substantial increment in the number
of elderly population in contemporary societies. This
demographic picture parallels the merging of a new epi-
demic characterized by chronic age related diseases.
Most age related diseases have complex aetiology and
pathogenesis. Clinical diagnosis and therapy of these dis-
eases imply multidisciplinary medical approaches and
their cost is progressively increasing.

* Corespondence: fedescolcasro@unboit

'Department of Expermental Pathology, Wa San Gacomo 14, 40126,
Bologra, aly

Full bst of avfor information s avallatle at the end of the atde

() BioMed Centra

The immune system is often implicated, with a vari-
able degree of importance, in almost all age related dis-
eases or associated with their clinical complications.
Both innate and clonotypic immune system are usually
involved in the pathogenesis of these chronic diseases.
However, inflammatory responses appear to be the pre-
valent trigger mechanism driving tissue damages asso-
ciated with different age-related [1].

Chronic inflammation is involved in the pathogenesis
of all age-related diseases: Alzheimer’s disease, athero-
sclerosis, diabetes, autoimmune diseases, sarcopenia and
cancer have an important inflammatory component
Furthermore, increased levels of circulating inflamma-
tory mediators may result from a constant, low-grade
activation of cytokine producing cells or a dysregulated
cytokine response following stimulation [2].

© 2000 Licastroat 2 Roenses Bodead Canral L1d This 5 a0 open aes amichs distibuted undes the teers of the Creative Commans
Amrbaton License (g:cmathecomm onsorg icenses oy 2.0, which pesmits unresticted we, disyibation, and mprodudion in
any medivn, provided the arging work i prperly cted.
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However, recent researches link an individual’s expo-
sure to precedent infections which have become latent
infections and are able to induce chronic inflammation,
A continuous chronic activation of immune responses
then may lead and to increased risk of heart attack,
stroke, and cancer. For example, the risk of heart attack
and stroke is correlated with serum levels of inflamma-
tory proteins such as CRP. Within individuals, CRP
levels are also correlated to the number of seropositiv-
ities to common pathogens, indicating a history of infec-
tions (FINCH).

Low-grade increment of circulating TNF-a, [L-6, solu-
ble IL-2 receptor (sIL-2R), and C reactive protein (CRP)
and decreased levels of albumin and cholesterol, which
also are indicators of inflammatory state, are strong pre-
dictors of all-cause mortality risk in longitudinal studies
of several elderly cohorts. The effects of inflammatory
mediators are independent of pre-existing morbidity and
of other traditional risk factors for death (smoking,
blood pressure, physical exercise, total cholesterol,
co-morbidity, body mass index, and intake of anti-
inflammatory drugs) in survival analyses suggesting that
cytokines trigger/exaggerate pathological processes or
act as very sensitive markers of subclinical disorders in
elderly populations [2-8].

Therefore, innate immunity appears to play a pivotal
role in several age related diseases and therapeutic con-
trol of chronic inflammation is becoming an emerging
topics of modern gerontology and clinical geriatrics.

Brain degenerative diseases: Alzheimer's disease
Alzheimer's disease (AD) is a heterogeneous and pro-
gressive neurodegenerative disease that in Western
societies accounts for the majority of clinical senile
dementia and by 2050 the number of patients with AD
is expected to rise from 4.6 to 16 millions cases in the
USA [9]; worldwide statistical projections predict more
that 45 million of AD patients within the above year.
Neuropathological hallmarks of AD are extracellular
amyloid deposits (neuritic plaques) and intracellular
depaosition of degenerate filaments (neurofibrillary tan-
gles) [10]. Major clinical manifestations of the discase
are memory loss and cognitive impairment [11].
Inflammation clearly occurs in pathologically vulner-
able regions of the AD brain, and it does so with the
full complexity of local peripheral inflammatory
responses. In the periphery, degenerating tissue and the
deposition of highly insoluble abnormal materials are
classical stimulants of inflammation. Likewise, in the AD
brain damaged neurons and neurites and highly insolu-
ble Ap42 peptide deposits and neurofibrillary tangles
provide obvious stimuli for inflammation. Senile plagues
in AD brains are associated with reactive astrocytes and
activated microglial cells and cytokines and acute phase

Page 2 of &

proteins are overexpressed in microglia and astrocytes
surrounding neuropathological lesions in AD brains,
Inflammatory factors, such as cytokines, chemokines,
complement components and acute phase proteins co-
localize as secondary components in neuritic or senile
plagues or are over-produced in AD brains, and acti-
vated microglia surround senile plagues and areas of
neurodegeneration [12,13]. There is accumulating evi-
dence that AP peptide may promote or exacerbate
inflammation by inducing glial cells to release immune
mediators. Moreover, microglial and astroglial cells sur-
rounding mature plagues in AD brains have been found
to express activation markers. Enriched populations of
human microglial cells isolated from mixed cell cultures
prepared from embryonic human telencephalon tissues
are able to express constitutively mRNA transcripts for
cytokines and chemokines and treatment with pro-
inflammatory stimuli as lipopolysaccharide or Af pep-
tide led to increased expression of mRNA levels of these
inflammatory molecules [14].

The role of inflammation is further emphasized by a
number of clinical studies demonstrating that the long-
term use of non-steroidal anti-inflammatory drugs may
protect against AD. There are now a lot of published
observational studies demonstrating that people who are
known to be taking anti-inflammatory drugs consider-
ably reduce their odds of developing AD and population
studies have confirmed this negative association [15].

However, alternative hypothesises have been proposed.
In particular, this effect has been suggested largely due
to these drugs ability to inhibit angiogenesis. In fact, the
brain endothelium secretes the precursor substrate for
the beta-amyloid plague and a neurotoxic peptide that
selectively kills cortical neurons. So, antiangiogenic
drugs targeting the abnormal brain endothelial cell
might be able to prevent and treat this disease [16].

The long-term prospective association between
dementia and the well known inflammation marker
high-sensitivity C-reactive protein was evaluated in a
cohort of Japanese American men who were seen in the
second examination of the Honolulu Heart Program
(1968-1970) and subsequently were re-examined 25
years later for dementia in the Honolulu-Asia Aging
Study (1991-1996). In a random subsample of 1,050
Honolulu-Asia Aging Study cases and noncases, high-
sensitivity C-reactive protein concentrations were mea-
sured from serum taken at the second examination;
dementia was assessed in a clinical examination that
included neuroimaging and neuropsychological testing
and was evaluated using international criteria. Com-
pared with men in the lowest gquartile (<0.34mg/L) of
high-sensitivity C-reactive protein, men in the upper
three quartiles had a 3-fold significantly increased risk
for all dementias combined, Alzheimer's disease, and
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vascular dementia. These data support the view that
inflammatory markers may reflect not only peripheral
disease, but also cerebral disease mechanisms related to
dementia, and that these processes are measurable long
before clinical symptoms appear [17].

©On the other hand, several other investigations have
shown increased blood levels of some cytokines, such as
IL-1p and IL-6, and acute phase proteins (o- l-antichymo-
trypsin, ACT) in patients with clinical AD [18-21]. There-
fore, altered immune responses in the brain and the
peripheral blood appeared to be associated with the dis-
ease. Finally, plasma levels of ACT also correlated with the
degree of cognitive impairment in AD patients form a
case-control study [96] suggesting that peripheral markers
of inflammation or impaired immune responses could be
used for monitoring the progression of the disease,

Maoreover, elevated levels of [L-6 in both brain homo-
genates and peripheral blood from AD patients have
been reported [22]. These findings suggested that an
important, but still largely unknown, interplay between
brain and peripheral immune responses existed in the
diseases,

In conclusion, the brain lesions associated with AD,
which are referred to as neurofibrillary tangles and senile
plagues, are characterized by the presence of a broad
spectrum of inflammatory mediators, produced by resi-
dent brain cells, including neurons. Although secondary
to the fundamental pathology caused by the presence of
tangles and plagues, there is strong evidence that inflam-
mation exacerbates the neuronal loss. Accordingly, sev-
eral reports have appeared indicating that the risk of AD
is substantially influenced by several polymorphisms in
the promoter region, and other untranslated regions, of
genes encoding inflammatory mediators. Alleles that
favour increased expression of the inflammatory media-
tors or alleles that favour decreased expression of anti-
inflammatory mediators are more frequent in patients
with AD than in controls. The polymorphisms are fairly
common in the general population, so there is a strong
likelihood that any given individual will inherit one or
more of the high-risk alleles [21].
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Results

A summary of data derivation from the “Conselice”
investigation at the beginning of the study and after the
five year follow up is reported in Table 1.

A list of variable investigated and their functional
definition used in this study is reported in Tables 2
and 3.

The connectivity map related to 42 variables from
the Conselice study data base focused upon the AD,
YD and CIND prevalent cases during the follow up
interval is shown in Figure 1. The map depicts the
maost relevant associations present in the data base.
The figures on the connections lines are proportional
to the strength of connections. Chronological age was
the closest variable to prevalent AD. However, several
major biological hubs were identified: 1) low blood
cholesteral, 2) high BMI index, 3) low blood HDL, 4)
low blood folate.

Different genotypic, phenotypic, dinical, pharmacolo-
gical or habit variables converged to these diverse hubs
or cluster of connectivity. Low blood cholesterol levels
was the first hub directly linked with age. Elevated [L-6
blood levels and ACT geneotype appeared to influence
low cholesterol levels. The second hub was represented
by high BMI index; several other variables were con-
nected on high BML Increased blood cholesterol, APOE
4 allele, increased blood hcey, increased ACT and
VitB12, and the mutate allele of HMGCR gene. Low
blood HDL was the third hub and several variable were
linked to this hub such as, male gender, increased blood
CRP levels, the mutated allele of IL-1 beta gene. The
fourth hub was low blood folate linked to APOE 3 and
2 alleles and the mutated ACT allele.

Third and fourth hubs in the connectivity map were
shared by prevalent CIND and VD cases. Low age was
directly connected with the CIND clinical state.
Whereas, increased blood ACT levels were directly
linked with prevalent YD

Cognitive healthy status at the end of the follow up
was on the other extremity of the connectivity map; far
away from CIND, VD and on the opposite site of AD.

Table 1 Description of population investigated at the beginning (1999/2000) and at the end of the follow up (2003/

2004)

19992000

Eligible Maon participants' Final population Prevalent AD Cognitively MC ! AL free

M= 1353 n =337 n= 1014 n= &0 n=1%9 n =97
Followupd003,2004

Reawmessed population Hon reassssed Final population Incident Aldementia Cognitively MO nan clasified AL free cohart
M =937 n=1331 n=&m n= 103 n=4 n = &35

! fefusals n = 271; Deceaied n = 55 Not found n = 7.
2 NC = non classified.
T Refussl n =74 Deceased n = 28 Not Found n = 31.
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Table 2 Genetic variables used in the connectivity map

Genetic variable (gene polymorphism)

gene SHP Allele mutated
ACT rs 1884082 T

APOE variation £ 2,34 £4

HMGCR 3761740 A

IL-1 beta rs 16544 T

L& rs 1600795 [

Discussion and conclusions

AD is a complex and multi-factorial disease, therefore, it
is unlikely that a single biomarker may be determinant
in the diagnosis or monitoring the progression of the
disease.

The statistical analysis applied to elaborate biological
and clinical data was a new enter in the field of biology
and medicine. In fact, most common algorithms used in
medicine are limited by the following limitations: 1) the
analyses usually do not preserve the geometrical struc-
ture between variables when non linear relationships
among variables are not evident. 2) another factor of
uncertainty is how to establish precise associations
between variables without predefined contiguity.

Here we used a new paradigm aimed to map variables
and search for connectivity. In this analysis non linear
association were preserved, explicit connection schemes
were investigated and the complexity of dynamic inter-
actions were preserved. The mathematics and philoso-
phy of this analysis has been described in detail
elsewhere [23]. Some application of similar kind of this
analysis has already been focused to AD investigations
with interesting findings [24].

Table 3 Phenotypic and clinical variables used in the
connectivity map

‘ariable level

high ACT = 400 ugdfml
high cholesteral = 200 mgAdl
high CRP =03 mg'ml
high HDL = &5 mgadl
by HOL = 40 mgddl
figh IL-6 = 5 pg'ml
high THFa = 30 pgdml
high triglicernids = 175 mgidl
high Hoy = 17 umald]
high folate = 53 mafdl
high T5H =04 mLkL
high witBl2 = 341 pgiml
high Bh =38
Hypertension = 140 mm hg
type Il diabetes paositive
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Findings described here generated a connectivity map
among variables and illustrated a rational path of biolo-
gical variables leading to prevalent dementia.

Data presented here suggest that age, low cholesterol,
high BMI, low HDL and low folate are major variable
associated with the risk of AD, VD and CIND. CIND, as
expected, were associated with a lower age at onset.

Our findings showed four major connecting nodes
from the Conselice data base; these hubs linked appar-
ently different factors to cognitive impairment and
dementia via cholesterol, cholesterol gene dependent
pathway, BMI and age. A new association among differ-
ent immunological factors and lipid metabolism with
incident dementia has also emerged.

In conclusion the connectivity map presented here on
prevalent dementia extents previous observations from
case/control investigations and population investigations
and confirm that some immune factors indeed play a
role in the pathogenesis of age-associated dementia by
modifying metabolic and lipid variables and also show a
new link between immunity, cholesterol metabolism and
age related cognitive deterioration.

Material and methods

Data base generation

Data were collected from the elderly (65 year old or
older) living in Conselice county in Northern Italy. Par-
ticipants were interviewed, medically examined and cog-
nitively evaluated in 1999, A blood sample from each
subject was taken and each participant was given a com-
puterized scan radiogram of the brain. After five years
subjects underwent medical and cognitive re-evaluation.
937 eldery completed the follow up. A detailed descrip-
tion of the clinical protocol and the assessed variable
has been already described elsewhere [2526].

Diagnosis of dementia was performed according cri-
teria of DSM-1V (1994). Clinical AD was defined using
the NINCDS-ADRDA criteria [27]. Vascular dementia
(VDY) was diagnosed using NINDS-AIREN criteria [28].

Diagnosis of CIND was performed according methods
already described [29].

Statistical analysis

Conselice data base has the aim of increasing our under-
standing of the pathogenetic pathway leading to cognitive
decline and dementia. This goal has been achieved
through a new mathematical approach able to point out
the relative relevance of each variable in representing
major biological hub or aggregation point. This new para-
digm of variables processing aims to create a semantic
connectivity map in which: a) non linear associations are
preserved, b) there are explicit connections schemes,
c) the complex dynamics of adaptive interactions is cap-
tured. This method is based on an artificial adaptive
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