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Sickle cell disease (SCD) is one of the most
It has been extensively studied ild taer nesl i ofi
mani festations. Despite being a result of a

SCD behaves as a amidg hmy !l tddfinpdtaasaei. al T h e abn
hemogl obin that results from the causal mut a
cell function and properties, which in turn
t he vascio asrt uwwdayl land under sbéoidtytSiCibsnparn thampth y
tdicenhsider thetmwnforanalel| ttlmetheergece, oaer vi ew of
fundament al el ements of nor mal ,Aawnchan alsembdal
properties functionsl.ils tpGv.i&dmsdlec nalslexti bsa:
severe form, sicklies caidéddr es @emidaect $OA) 1. 4. (
i mpaocgpati ents,am tdmpBhCaAsi st hpe djii asterni ¢ ocer ebr o
d seas&he pathophysi olsegyrand poptdaetttaita lano di f i €

are specifically 1di4s.cdusasnedd 1l.n4.sbecti ons

. HUMANMEMOGL OBI N
1.1.1. Hemoglobin Structure and Function
The first description o fo fituhnea nc rhyesmagd iaolagirna p h i
provided by PRerfwtrz wihn ch he was awarded t he
i n Since then moibe vtaramnts have been ident

i nnocuous, whible @ng dieirsst encavei t h di sease.
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Human hemo@Hoil ecul es constitute a group of
whersg mmetrically padlrel hdi bgeirdasbi kfe pol ypept
chains are arranged (Fm ga tTehbereatnmeerrotcé sda@duecrt ur
i NsRBEs reisponsOldled itveerrtyhe tiredswesn amd@Onsport
from there Haocdf he hieghagvoi. n p clhyag(enpt | daemi d s

per ¢handotathbegltowboi n pol ypepti denigdesai g hai n

have a | arge centa apr sPtalcet ii @ nloreowd igerhotu@p or p
| X$nol ecul e, I's bound byThhe nicroovral anomd oarces ma
ferrous JtThttyg @Fe c oo rodien,aptbeadn,euir pyrr ol e ni
atoms and an imidazole N atom of the invari .
t hieéchexl,i whil e in theegppdshngetpkbapetripédyhii ot ipd
residue

Theef or muindamfeadttarlanspor shibahi gl $ o rciatry otno

monoxC@®an@d nitric¢ omxaimee yhe@r evughst bl e bindir

to ftdneer r ous iirnonglatbdms.Oebtirnadneerrsse |l y t o t hos
i omsi t h a cooperative i nteraction bet ween b
combi nati or©O moltehc uoFtehse re x amp |l e, at & @farti al [

mm Hg the Hb inside RBCswibekypyges. GOl i sas u
ferrous ion even morce®ali gralsy pwhisoliicmgc evly s o
car boxyhemogbDocha mnoftordmss pd amai rCOf aclthor s t hat
effectiveness of oxygen trandpedeqesgseeml| oo
oxygenation i mnhhrdtte |lamdsdi tini)buttih@ery@énbl oc
carrying capaci tcyonocfe nttirea (b ledhg €O hggHhliitba t a1 | o w

unl oa@i ngt he peripheral capillaries



YT 001 AOAQEIT 1

I n additi-onangrpdnéd e@ f uHibi nit emsmcaMdémhal so esse
gi vemhtyltséd ol mgocabhnce of NO, namely i-aevbBscul
i nt er aacntd omesur al. fNO citsiigmeag Inmol ecul e t hat act
guanyl yl cyclase production of cyctam ©GM&Pctan
with oxyhemogl obin t o ph ofdeurcrei ameitrhoebnecagnl donbsi,n ,b
with deoxyhemoglobin to for mhemdglosbiln()h,e mei)tt
NO | igateed rtoanst heonadtoim)Qe.el.at.ed -raendatrean

functional properties o f Hb duedypcddma aal |y
consequeanbcneo rorfal i t 1 @8 sogroard@NeO tdeeplretsiudn i ng fr

hi gh Hb | evelog, ewtebEé & alHb on

a-chain ,. » ) 0-chain

Heme pocket Heme pocket

Heme pocket

Heme pocket

B-chain

Figur&€r¥ystalographic structur €l heef threumamehre mosg lcol
by tawdhains (in pitmkochadnbr 6éwwn) bl ue and green), &
(arr aOws hined from the Molecular Modell usgn®athbas€n

soft war e
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1.1.2. Transcriptional Regulation of Hemoglobin Switching
I n normal adul a®) hembpgkeopredaAminant form in
for approxi nbmel gcul &dn@afl s est fracti blbé& corr
(@ad) accounrt%,ngarnorfet al lrgmoghoboon@HOE, f or
Thesef fder ent Hb tethatmercgearedus haiirstri buti
di fferentiatl ekpnelgsoeghout defvred mptmeentembr yc
t hrough &aMiudjJHbodynthesis is controlled by t
chromosomeegi danl ipk e .gaennde so)n chr omoegmem p
l i ke gFRinge.3) .Where ®8&8aher ggemeriers $&me transcript
orientation amndeaocxfdredaix mmgleustsbinogn de vie.lTchpeme nt
embr y oegiecn®-1 i k e) I s expresisgllt i we etkhse lolffi r g ¢ st
erythrobl asts exi sttognegt hiemr twhggemyad Ik ezeed,@a f o |
embryonic hieogGowea®m) I Hb GCawe¢r ahd Hb Portl
xg) .The first major Hb duwriiftethdIn ge reywtemrno ppahieeaus
l i vFet al hemoglaghs mab(éHdnFg pr oduvesdft hmpasi raed
expresggbobanégl obe me
There are ¢ggvoo bhiutméagaennlg s ,whi ch di f & thienf roonne e a
ami noaacichd®dnsecond Hb switcahlfitndgdeve mpsbecu

as a resudlitowfand conti bgloaki n nge ea s eTxhpirse s s

i ncrease continues unti lbetchoemapsed o mankadneamnd o
marr ow hematopoi es.i sFricsm etsh ea bd g es hoefd years o
A (Ha®) , the tetr amea+a nregd wlbti irsdeyx efmresosns i o0 n i s

maj or (> %)o fc otnoptoanle nHb ianl sn,o rwraill @ nHHi Bé.i pdluu n g
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The differenti al expression of globin genes
regul atorytbkeementts contirtoHatr eggdtonesn tLICR tr a
status oifcualhantr @gamami c/ chromati mgdomainngeBrels
are also inbygludleidni gendecl usteder sipeal ffitahl
regi.on

The LCRbgfobhe gene domains i s c¢omrpoceaeld zogd s
with individual lo yDpNearssee nis i (tDHS t ytDoslED 3 0) DHS
constertyuttiepeicd fi ¢ enhancers, with the most p
at DHS GATAE,, N&Rd CP i fdreer edht transcription
binding sites -maepedi daentDiHSiheadsL@Ri nly a bl c
tissspecific enhancers that acproepotbkeri hheoa
by I ooping the chromatin tfhrea gpmeonxti nbiett yweteon tthhe
egene), or through-ltihvee d oarlntaetrinoant iofe schcomp!l e x e
and the gene promottehgse n(dass O) )nT it khreo wlaeséeg e f
anbgl obin genes, r easnpde cp d rvtei cduwol maarf I nyb-dndefo bt me L
gene dompilmylkdstar emel y riolngoritnantthe design of
accepted mo d e | of domai n o.r gblaowetaheer xoanc t o f
mechani sm of Hb swietnechpmge¢ sidbkeowmti al

The Hb switching evemltiske wgleorbei ndigfefneer eext prad s
di fferent stages of ont oagreefe dihe, unanoelity | Hnpf r
understanding the pathophysiology of hemogl
The arbma l phenotypes arbegloonbliyn apprpgavtae bl isn aofiveea e
expression, hence only in .ddFl Y (eivrefiarmnsc yr ed md

phenot-gelkl Fniusnbteme maj or modi fier of <clinica



(hemogl obi nopat hi ebsg)l obh at chhdamelcyHb EGA e v el i
considgquadt at atnidwae tbreaeint shown t o Wwrel irrekgaud att e
t htegl obi n Thheed sotcear,. dgauiagnateadi ve trai Xmhoci (
lsite upst rHBGy eonfest(he on c,hr omos omeL F(bom
chromosome ), .BCLO §(A n chromos.gmand pintergeni
pol ymorspHBiSstlY B( on chr omos.9dme. Reqgar dl dshsd s of
evidence of genetic contr ¢l tkbneo wH eFcgreixtmrfeasls i

evemtgul ating globin sdyhathkbesi saahg swiecht hg

cells foll owing ar emraien so pintecnada nad | ectl en.c k
A C
HS-40 [ a2 al
a D - n @ factors that have been associated
with hemoglobin switching
LCR ¢ GyAy & B
(R — L B

jlobin -
TRt FOG1
synthesis birt FBCL1A | ORI

LDB1

cohesin

months

Figurd@ilagd.am of the genomic structurah @emgani zat
their temporal aemxdprfasdioors t hat.(ApTiifee cgde MHeb osrwd erc ha

a-anfl-gl obin genes, on chHAromespmeds i Vel g CRi &1 oepse:
contr ol region T(hreotditfd egteani & Rt yipeBidhuaieds f rom eac|
ar e shown at each tempor al stage as i 6€)cated

Representation of candidate pntatieHbstionwadluVv édHb
Reproduc®dvel @é4wsi t h per nhiasesniadmo jofgr oal , unN@ND a CC B

|l i cense



1.1.3. Hemoglobinopathies

Thélbdi sorder s, or hemogl obinopanbtes, daseaté
with more than severely aff eacatleyd wonrd idhi eduea |
underlying genetic defects affect Hb product
or Hb Freevgeuesnipo C al and subtropical areas, d v
bet weceanr r i eransdt apust ecti on adldi ndsits cemxahle abs ita
p henothypieaeoigteyn, despite the monog®ind ikl emodel |
anemia was tdhes driardsdad tmolkeecul ar di sease by Li

Subsequently, I ngram identiifn dédhlem bsinnglhai a
as tehe olmogiecul ar melddmamne fstomr g thuyy dafeseheol ogi c
mol ecul ar defectsfuaft he halsa gseamgitehse ne d t he
mechani sms underlying di sease
Hemogl obi ncoapnatbhe edsi vi ded into three classes
underlying mutaktyoabnkhovipals antueset rqaulal i t ati ve
arise from an altered polypeptide chain, Wi

thal assemi aat(gqeadefects) where the mutati on

synthesis and/or stability that results in
and (iii) hereditarypygpebshnst ¢kl @ agdudead falo h e
gl osiwn t @alt tllads t o Hbgag)lieveddsuldfthood, and

phenot ybgheesmoogfl obi nopat hi es

Hb abnormalities also | ead toercthiasmg &6 e KRBT e
secti)JoTme pathophysiologysofhéhetsamdi eaddpEkdr C
not only by coding sequenédaeddbut amnbbatbygy sBpbh
proxi mal gener peumaot ébrys diystrad giroengsuyl altioke en

sppressors
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The HbF drevtehe r el atceed |p hneurmobteyappeod Féi ecl i ni ca

severity bdinncdpeartohgileos r ead mlo rbhgalgo B irm mc lmani n

1.1.3.1. Abnormal Hemoglobins

Ami no astiid usuiboarsesm-ghobhe chain result in Hb

bedet ect eadp hayfsti ecra | examuhaheohahbhadat avrow | tde st i
expl ain t thuemb &if g hHDb variants described t o
http://globin.cse. p)s.u. &d me h bwaarri/ anretnsu . hiamle a
charge that aldledws hteaigditeoc tbreophoresi s or chr
techniques routineluy opge dndh rNoughvwakiwmeamit ca

i mpai r-@d &ifbf i naidt yt ot hearty tlher o ¢o/rt oesv esns kceymmmers i s
changes, depending on the degree of affinity
The most rceli evamt | gibnnoremadgIHbbi n S (HbS), due
cel l di SeéR)see segtHeomwmgl obi nafd (Hb&)y e al so

common and, l i ke HDbS, are the reéeépkryglkoifn am
pol ypeptiAdd wowHaitrhesewat b asstoavasedl|l ar hemol

chronic hemolytic anemia, with varying degre

1.1.3.2. Thalassemias

A di mini s laeodb-gladtbei nn nchail masg-ntt measatemahbh) (or

b-t hal asé6# miad ) , respectivel y. Theasmamna smmapdo
(transdeupseinodne nt ) , i malea sneemiaaa n(sfarsi on depe
thalassemia), and thal asasefi halm) nor (carrier

a-t hakccuwrhset her as del reedroinsutodnhi a-perobi n, genes

althoudél ¢ tnesocnhed nitshnre ifso €t ( Eny).Bes.i desBAbh e

0¢


http://globin.cse.psu.edu/hbvar/menu.html
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ant#iBAgenes (on each chromosome), t he nor mal
aa, al so incl-aoddsnd ohbr gmloyw c¢ onistehrev erdu | stei gsupeencc
conserved sequen®est oMRMMEBheMEE mdglrolmifn genes
mBsi nignacti ve | $ olliexeasm™ nd ennge rfiotayp. p iLeosstsb eoaf d sa |
the productiont aft olHla|l B abascehnadiene osfyan t cheersd ist,i o n
i ncompati btlhenewsiutiht sl iifne i ntrauterine death du
oft hree copies of the gene causes iEbBcytisea:
hypochromic anemia (Hb gdbhcenthatipémnsmegal
composedbofiafoesrand this tetramer ca&B®xe det ¢
by el ectrophor eysties prrepanr arte t@grcsud olefadh aitfas | i
form the tetramers.

When only one orag¢gwobicopgesatef alt &iterd amistts occu
are wusually not a s, adi actaeuds ew icltoohwp ammeeaomi ar v o |
(MCV)/ awedd corpuscul ar heomdglhohiivemad@lE)ygnobei s
achieved through mol ecul ar genetic testing.
The most ntoolnentounl ar me c hatnh aslm icsauas i h.g atk b edaedlse
to the for mathiydom gaefnftehal g eome.Homozygosity or
heterozygosity may occur, b-gl owleil h @eneommhart
which caae,fetnleeas been shown to act as a di
amelioratingeetf@nt s (see

Ot her | ess f reetghuaelntarfiosremsf roodm poi nt mutati on:
function oraimngtalygl e dHib &ohaltaass&oprangi. wi

retardation results from | arge del etiodbns of
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chr omos ome : mut-ati ge@nse ixXhogtem&T,AToRn chr omosc
t hat caqltaomil, gene transcription

Whenbrdalihh or only smalh amounymshivds smaedt o
b-t hal majacthai "eBe produced in excess precipit
i mature RBCsnedbschgve.eMhehhopgbieesitdhre exce
severe thEBhiasremfiyaectamel i amat ed rtlehaes eprionduct i or
gc hai ns.

Unl iakdwnadbi,ntp mutations are the mahahet Qws al n
within the gpnempltaemshanrcen hreeglihcanlsas s emida ma|j
thal assemia intermedmacosmpalbhg heset bdbzygosit
parent al mut at i obcsh,ai ena cpir oadfufca d toinng Delfet i ona

geneanf@égenes, o fd, eafmedrg e nes ma ydb-tolccluri nkhel ves

absencdandfc hai n s ylnhteh elseétser ozygous state i s
i ncr ealleF ippr oduct%)o,n resembling thalassemia
homozygotes only HbF is present, and the he
thal assemia intermedia.

Unequal-ovewvenessulrt prodtiildbef usi on genes and con
adb-f usi onectdb) hepor egyntThe ssi 2 esd i eleifrhiicateend |ty
producti ormaoflchar mal Homozygosity for this d
i nter mebetbemodygosity | eads to thalassemia t
Hereditary peKiss sa eqiremwepiafHogppndi ti ons caused
or unequavercy oskfandcfhfagent producti on, or (i

upst rferaonmgdg lhebi n ge& mes roergulnat ory genes
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b-t hal mibfh b ,iesr ai tc o mmo n, mpt omauiat | gtbhaasty ma | |
may mawitédsmbomyti c hypochromic nMGHI, akhbe mi a (
) and a high RBCLQoudthe(=xIl.i nixal sever.i
than thea-ttmaé Tdfeaidti.agnosi s can be confirmed
i ncreasdd HbAo) . Definctitecdldagrasiss piceveant i

coupl e where bot hfetahrael ctarrariite rhsaaviodf em ft fe % r i in gk

—-—-——-—-——ﬁ—l——-—ﬂ——-—-— 8N
Hﬂﬂﬂ_ﬂ R X

3 functional genes

4 functional genes (one gene deleted)

(2 genes deleted, 2 functional genes) 3 genes deleted All 4 genes deleted
1 functional gene no functional genes

Genotype: aa/ac Genotype: a-/aa or aa/-a Genotype -/aa or -a/-a Genotype:-a/--or —/-a Genotype: /-

Strongly decreased a- No a-chain synthesis,
Normal a-chain Slightly decreased a- Decreased a-chain synthesis, chain synthesis, normal B- normaly-chain synthesis
synthesis chain synthesis normal B-chain synthesis chain synthesis
v

v

v v
e Strongly i Excess y-chains bind
Decreased HbA, No significant decreased HbA, E%Cess B-chains to formy-tetramers
low Hb in excess of B-or 8- very low Hb in binid fo forivg: (Hb Barts)
@ @ Normal hematologlcal erythrocytes chains erythrocytes tetramers (Hb H)
HbA and biochemical values v
@ @ ~96% Usuallly asymp i - y y y High 02 affinity of Hb
Mild anemia, Moderate anemia, Presence of Hb H Bart’s prevents 02
microcytosis and Normal Hb microcytosis and (inclusion bodies releasein tissues >
@ @ hypochromia hypochromia in erythrocytes tissue hypoxia and
B LI — major organ failure
HbA, ! !
ook =
a-Thalassemia trait Hemoglobin H disease Hydropsls foetalls
(fetal death)

» 07, D
O DO o

Figur.eal.hdphysi ol ogyatohfaldaeslsedimiogm@ad si bl e mechani s

B
e

a-gl obin gene(s) del et ibdmche mi cad p i ¢ h eha tcoll hoegii ccaal
consequences ar ea: abhigphdn dibadetagddo;b i n d:c hdagInoad i n

chagn;mgmag! obi nazHBAAGenal,,HBAGene A:hktbmog | o bbAxn A; H
hemogl ojidibmd: Avemogl obin H; Hb(B@artsahimognl,oBdna0o Ba

The associ athb-tohnalb ettrwaeietn wi t h Hb defect s has

combination with the HbE trait, f-boe p exdanptl e,

op
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thalassemia major syndrome or, i n sbtmeali nst e
trait associated with HbS traitskeadsctooa $
i nstead of a thalassemia clinical picture.

mi crocytic hypochromic anemia with variable

RE.DBL OOIREL L S

Hemogl obin can only perform its role success

the main cells in the blood circul atinon. RB
terms of <cell content, as wel |l as nceommbfrearn e
t hesnpeci fi ¢ amrdo feurnixet@soinds .of al | organel |l es a|l
machiyoderi ng maturation, zdhhey heiviol Wb d c oot enatx
delivery to al RBEfsrapbBeryntiessaogcéswith other
of the vascular walls, thus affecting blood
Aswi tah | ot her , RoB GQso da rcee | g rso dhuecneadt odpuari iersiggsh,|l vy

regul ated and codmapl eoxc cpurrosc eisns A phper obxo nnea t red ryr o
new RBCs are produced daitlhy ought e@ytghmapobe
beginning i n t&heerbyotnher omadr rnoiw h e, progressing
a |l ate normoblast which, still in the bone m
a reticulocwhiesthiTlhli scarettdi,ns ri bosomalanRNA a
be considered an imsmbighel RBCabgerwigi e mand

RNA Af-tedays in the peripheral bl ood circul a

RNA content. The result is anappuactkeelapmned bi c
i n di awiettlrer speci alized functions and partic
required to pass repeatedly through the int

0 ¢
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capillaries with a mm,nitnoumadindmd treetrthldodi m nad fte
mai ntain osmotriegaedguiclsisbibfcmncentrati on. Hen
are highly flexible. They ar e al sad eanbo sei nteo

tri phoAgPater ough the anaer obMecy eglhyw @ ypyattihc E
whichvipglrea energy tolumaentanhdp&BCbivDheé ysame
pat hway all ows foNADHet pabdustinecessary for
reductase to reduce functionally dead met h
functionally active reduced Har ntoEmadean ng f
Meyer hof pathwaysyaptolpportuesheamitglg pleoephogkycer

( -DPG), which i s-Oiamipfaorretigguyta tiino nHb

Proerythroblast Basophilic Polychromatic Acidophil Reticulocyte Erythrocyte
erythroblast erythroblast erythroblast

Fi gur4&chemat ircyst horfo pfosiiensp IBir foieedy)t hr obl ast 4 heei ffer
burst forming ulB) tard ydodnlmornyg B KB)h rpaiodge(nCRWLTr cel

shown) that can only be identified by colony ass
basophilic erythrobl asts, polychromatic erythrot
undergo emucolienagt ironse to reticulocytes, which ar
and maturing further IiCnhteat eidSyr hr @rciyetdeds tBGYGCGC RBC) .
l'icense.

The pr edoim ntamec eba nodo ds pfel c@ f fi ecc tipilerogicipandoer RBC

acentrrodlbemoheobody hemodynamidembrehawliogy addr ¢



the flow and deformation of blood and its co
the microcircul attiiocsmn uaen dreulftuismat el y i n
Th&®&BQr oper e fesr noaf b isdegl gfrye g,aabnidl iptoyt ent i al adhe
vascul ar efdenhhbhef oumh designat ear easspeRB@I| layl
I mporftarnt Oanspor tl,artgherdanagd h ves sweétbe | iavery ta
ti ssues I nteractions betweemembeamemamahei 8k
| i pi d abridleayeerrmfi gtrehrots e pr operftdaaed ownameltyhe RB
def opumder shear stressanfd olmatterre rbd gadidn fil tosvw t
di scoi d Bsbapemi cal compomembisancefsi BBikee aci d
phosphol i picdsus, tammadsdadhesi onasmowelclul as, RBC ¢
conttgovern thadsectliowg .properties
Aggregabil ity sbradilitdAy es ot 6 o RiBaQngurletgisdcteegshd | ar
stacks ofrowclog asixn( t he presence of pl as ma
macromol éeces ekt sbfht amctehéet wege na nadg gdriesgaagtgirne g :
for aeg:ulbsxiteme negathiav gleydc eatetlllls;adhesi armei nduc
presence of pl asma s pg @t €& ¢ adshgenaga nsdf or R C
aggregation may <contribute to vascul ar resi
accompanied by RBC migration to tihael Icyenitnert |
venous cir swililaitdaadne fTohrimaRB@ neef | ay evre srseedr t |
walls. Theseecspposohgtabfectsiiomcvassaedavi s ec
in the center and reduced vVviscosimgy nearyth

accor dti mey pteoiazned osf t he Islpead iwes sodlr .¢ it KR8 C ¢

befemeée erhagcapill ari es, usually octuewdsi mpl
is critical for efbeversddywiws scwen dog dri fonssi adrm. n
easy RBC di sagdfgarveogratf onmandon of | arger, mor
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further enhancings bbb oeguerntscrosantdyt aedec dad ffll
rate. I ncreased aggregability may potenti al/l
vessels which, i n turn, may i nduce,amdti ssu
ul ti matelTlyheorsdidnoini ng of RBC aggregates neatr
| eaddetca easdeidf fQusi on t Hrreewgh atyleeg d el It hNeoNnv e s s

hemodynamic effects of RBC aggfeedabhkeiiwnl ino

(EC) due to increased shear stofelsast emltett hmi grea
to the vessel wall and their interaction wit/|
to the vessel wall sheamdotthelirumdhesi on to

The RBBG®iI Il ity to adapt t heir shape to flow

resistance to btbedesl{iIwoWwh emallves agm)td amet
cross <capillaries with mili almed s miteitadwma b itlhiat
property all ows for nmsaumplay ntim gt hae ctoinsss laens. OV

it may | ead perfmphroinedmy tdelt he plemipaegal

vess&Bs&deformability &as Bt seéehampbeés®t arhtange t
el | dpsdciapea oaenddutce bul k viscosity imwhihe ma
ma ianitmlgl o o di tfRIBWodsdur vi v al may also be strongl
def ormability, especially in the -spimpenhafhe
RBCs traverse in this organ act as a filter.
t herefore r etthaei nerdgann,siuwleti mately | eading t
Addi tionally, structur al changes in RBCs, r
viscosity, | mpawcthayle$ obsmealj uéeeirtfhpyp wpdparti cul

| ofwl ow st ates
Il mor mal cOoRBKEKEC|i adiseirencegWwhegn dasepat hol ogi cal

changes in RBC membrane propertiedhmakeabtinime m
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adherencadhesi damrmaywht in blocked capillari ¢
mechani sm i n vascul ar -ococclcu suisoeno)n,al (egsrp i nas b
mi crovascThli st ulraes been considered an under
mechanism in di seases where RBC abnormalitie
with the occurrewasocandd sdi ownerdisttya dfapbge vess:

the sequestradientnofeé RB&Lhesi ve, pmapenrtisadt

i mpairment of | ocal flow patterns and shear
activatiFumthermore, oxidized RBCs, l'i ke the
or di abet es, may apply oxidative stress on

activatQOwertahlel RB@wf ect i ngi apgrgorpeegrathbiielsi ty, def
anddher é@éhaee been identified (individually
pat hophysiol ogi cal mechanisms in several dis
di ab,athnads hemog!l o b3S Clapd tahshsaesmi(a) .
Asnotedar tiher bi ochemi cal membrane components ¢
i mpact t heir Ahpywchpapngest i emsvitphbetsedny fnaddiutceer s
vaiations i n henro,dywhaanditce mbgeehaacvhi dopmoeeen gent |
ocausmuwigt i plsene&dflecpropertiBeoachiemiulcadnebasnligye

al so have a vascular effect regardTRBBCof th

membr amse a | ipid bilayebkyilng kmd mhktroanaen sWkred e
transmembrane proteins interact both with t
proteins (SteGlycoephGPiAng oX.D), theg Rharmpgmpdret
proteins, (e. g., band , Pl EZAZ®a,sen dthe Mgsa+ do

ATPaasarea&mong the transmembrane |nr cRtBeCisns Ttolgatt h
wi phosphati(dB3)gpercitme n (i n tamed caydthoesski eolne tnoonl)e

(e.g. - ,1/IBMMAMhey strongly affect RBC proper

00
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t hdb concefimeani @amr puscul ar hemogl obt heconc
majiomt r adelltleuleatreimemt RBC hemor heol &Sgiadadlc pmrcad g
i shmain contrishiutf @arc et € hiRBE @ emeorhbr ane, hence i f
l evel I's the major faamadhve RSB ymggnmregatti @om 1 S
sensitive to changes i n .tlhe hs wrhfl yg ead gf heecttisn sg
nameG@PyAwhi ch impaatr nRBC membr anaen ds utrhfea cnee ntbhraart
gl ycocal yx c.ofhpe pihtoil o pi d composi tf oRBCi s al
aggregation, namel wi t hr bhghc y Bhbosskpahcaetiiodny | ¢ h o
and sphingomyelin compwhsee efalse tdhet ernnlee aflleeat
phosphatidyl ethanol ami(®&gndphpbbopbphodgptSsetr i de
translocation from the inner meRmD r e>xx@oord werad |
externall t@awisodn or RBC surface bisdbsgquentdi
RBeECadhesbDoning aging and under certain p a
exposwmrcaga eases concentration on the external
Catdependent s clryasnobp hacssep H{yP A Y j pchacardbizdl my r-i st at e
l3acet(ahMA) I Wdepeaent ‘andepe@dentl nmaSike,r
expsuumpon deoxygehatBiemftl o x t hatGaaatoisvathasn ntet
activation and signals erWpddosi ®ndRBY, cR$ I ¢
i ncreases(adhesabnng ECs and comaniiromtoit eg t
coagul(athiromrugh dir ectorp,| abtye lheetmoadcytniavnaitci acrh a n g ¢
wal | i ndirectly | eading 'tEox pE @/sqsfli atmerpesed nPE
|l igands, rdd&mpt oPS on ECs, i s (directly or
i popol ysacchaokdaan,d hepnexi a

Anion channels and eREtBZO0dere pGaatdeisnrsdh drdnmked

aressefnmtnrailnt ai ni ng RBC vpol asmewdlolmeas tfalsexsi b

0 X
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and deformabi I.i tFyoro fi hRsBoCasmid éo,sksa due t o Gar dos
act iovaatuisReBsC dehydr ate mmag nméreelgaerbiysms | i ke RBC

in SQDee sect)i omhidl.&atbd pl pyestai nBC eadme KIBEn ,

namely in oxidativecktstessi sgyateduawbder.BRBCtad
Al t hough RBC membranes contain sever al adhes
RBe€ECadhesiisonmi ni mal , atnlde sseh ed¢ o n diotlieo nisn may L
hemat opoi esi seaanfl BBB@aweaanbnadrnmal RBCs, l i ke

and stress r et i ocwllceccyut]l BeksA hahnddheeCsbagn be f ound.

a damaged endot hel i um, CD can medi at e RE
extracellular matrix, through fibronectin bi
Besi des membrane component s, cytoskel eton e

affect RBC properties. Therefor e,rdp dadtlerairndy

spectrijin sat atag or deter mi nant of RBGpeéeftoi mab

cr olsisnki ng and/ or subsequent me mbr ane rigi
hemogl obi nopathies and other inflammatory <co
FinaHbgeter mi nes RBC intracell ulfarecwvi Bgosciet

def or mabi ltirtayns pfdiret Or ol e of RBCs iss monteicmd tee
and therefore is | argely affected by Hb cont
and/ or significant polymeri zateeen} i)dnerbesdu latb
i n increased intrxoalsleulyadretyrn sxovesd t ye.fammdmabi
I n sumMRBC yproperties may significantly affect
no-hemodynami,andfrfe@dctes tiincalontrolling circul a
Those pr operetxieg ¢ meaiye i r ef f ecstysnersg imaott it @aanlelo
i ndependeorrt Fregmean N unal t epexddeaei@nnaenr . i NAdled i t i oI

bi ochemical factors may affect each prope

T
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simultamedudsluyt her affect othewit¢thdlus actime
RBC r helod omgayt. hon digti icans coabnor mal RBCs may mc
| ower fl ow rate, promote entieukelkiythde stalld evse 0

wal | | Il nnrdackusanen and facilitate platelet ac

. VASCUL ERDOTHELI UM

Endot hel i al cel lcsodqtkEi@sgd op hoefiv i el erl) d hiena &l sur f a
t hwessels that constitute t hebadyw.riMoartee tchanct
a simple passive barrier, this interface bet
an essential role in a multitude of physiolo
I ncl urda gl ati on of vasculfdmwanddon®oland gerxawtes
I nfl ammator yhemoespanse, ball enudke,cytpd ati emlt eetr act
prolifandtiaogi oQbeWietsh st he ability toctact I n
capasj titéne enrded mhardoi uhumor al | neur al , and m
through the synthesis and rel eda®c wiflaaxaddomnac
occurs as a r espoderei v od emdlqaEDarIFg) ufmarcganse Isy N C
wel [t heesndot elrialed hyperpol ari'ziwhgVv &sactulbar (F
contraction nbayy tbheesirredlueeendtdbd rhiew edimcontractin
(EDCF)suchmdaod hel i n, thromboxan@ A ., EL£sgimatyen
also produce growth inhibitors or promoters
pl atdeelreitved growth factors, and thrombospond.i
may al so affect vascular growth regul ati on

Al beit constitutitngpfan hextvearssiuMeat pano,t tahe

homogeneous -tdsestuecaf abkl |l s. From a phenotyp
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highly heterogeneous and vary imestandtheal t
and diseaf$kose differences are in |line wit!l
functions of the endothel i um, namebhpdt hesden
the need for adaptation and survival i n di
body Thecbdsanctions of ECs are fundamentally
si ze: to pitoviodmdogemiomm surface to which blo

medi ate the passage of nutrients and other
produce vV ageadtsi vtehat mai nt ain vessel pat el
aggregation; to maintain the vessel l umen o
adherent to the basal me mb rHeoonveE Cosfr dti F & ew e s sne |
of i ntercell uwathtit gkt epedontgh epbringssdmorutt f enest r
or perforations (as seen in muscl e, l ung, C
intracel l ul ar fenestrations or perforations
endocrine glianntdesr)c eolrl uwiatrh f enestrations or (g:
spleen) ECs may al so dmovreprhgoel oigny ,t enmrendsi actfor r e
presentation, or stress response, and i ndi
i mmedi atel gnadff Ael&iCdsm o f | arge andfemalinh vée
mor phowiotgly, |l arge arteriastiaght lveimaclsdd wli anyge
ECswhislneal | capill ariesngndafvehydiesi cdvalsi syl i
t hrough which the bl ood NMeléasverssl amgea a&n
di ffer in spet¢tFfgc mar kers

The endothelium i s compaasheadednfond agl Yageal y ha
gl ycoproteins, glycoltampd dan amdotpheltidalg!| gelaln
much thicker zone with chemical andfopwiynsgi c al

pl aswnat h whi ch .i tBoctohn ttahcet sgl y c cacrael yixn atnhde tfhreo
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of blodt i ssue i ndred acari e,n consequemtli wer sienvc
pat hophysiol ogi cal mechanisms. These include
bl ood cells (caused by ESL exclusion of red

fl ow) and bl ood celd/ae@mdoitmfellammat indrer @ccdt e ot
influence on the presentation or accessibil
Conversely, the thaokneand egc oimpaobgeiftatidirer EEL b
sever al physi ol gggnd att h e papg e wtl iog i wmd czeesds & so,w s
density | ipoproteins, groweplerfaci omngsl, acdhnpaan gxis

composotiemzymes degrading glycocalyx or ESL

1.3.1. Nitric Oxide Production and Regulation

I n nor mal conditions, the endothelium produc
physical stimuli, -dermoedssubsasdaptas ewbitch,

vascul ar relaxation and .pIlNO®ei et fanc¢tdicon i

el ement in endothelial functi on, raadnheslsyi oinn
regul ation, vascular smooth muscle prolifera
Therefore, NO i mpacts homeostatic regulati or
through i nhibition of pl atel et aggregation
adhesion and vascular inflammation, control
stianuilon of angiogenesi s, and activaj)ion of
Hence any functional i mpairment of the endo
assume clinical significance.

mp



ARTERY VEIN

* Continuous endothelium
 Shorter, wider cells

* ECs aligned in direction of
undisturbed flow

* Long and narrow cells

Arteriole
* Not aligned in
direction of

blood flow

* Possess valves

* Continuous endo- 4
thelium with many
tight junctions

Capillaries

* No valves * Specific markers

EphB4, NRP2,

COUP-TFII

* Specific markers
Ephrin B2, DIl4, ALK, POST-CAPILLARY
EPAS-1, Hey1/2, Depp, VENULE
NRP1 * Caveolae in thin areas,

VVOs in thick portions

CAPILLARY TYPES

CONTINUOUS ‘ DISCONTINUOUS
Non-fenestrated Fenestrated

* More caveolae compared to
artery and vein (except for

the blood-brain barrier) — ‘TE — Gayecias

* ECs highly adapted to “- TE channel
underlying tissues “‘..—1 b - <

» Many phenotypic differences Caveolae __VVO Caveolae Kenestas Gaps
between different vascular beds Yo 4
e.g. muscle; lung; skin; c.g. kidney glomerulus; e.g. liver;
blood brain barrier gastrointestinal tract Marrow sinus

Figur.&ndod helial cells ( Esd cianpi8eltaerciteesd, phiennosy

di f f e rbeentcweese n ECs i n arteries, veins, postcapil
achiwmgecept ke kinase 1; Depp: decidual protein .t
l'i ke 41: EPABGot hel i al PAS domain proteinhel;i aNRP1:
VVOs: vesaicaol ar ORregpanedlded.frofmh Ayr d,erm0@si on of
Kl uwer Healt h, Il nc.

Once produced it diffuses ,wbevasculact smabes
cycl ase whi ch, i n turn, | eads tanosicme as
monophosphat eedwcdtMPgn of i ntr a,caenldl,u |l wlrt icnealtce

i nduces vasodNQO ati so reacts wi t h oxygenat e
met hemodIlnekidimd nitrate, andd wHbt ht odepxydilenea t
ni t rhoesnyolg!| obhsinl| eadssctaoveN@i ng in conditions w
ceffdee Hb are present dedg. ul hiemat gtyctaot at

bi oavailability and endothelial dysfunction.

mq
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NOS magcur as one ofnetaharle eNOSB OB r MO Buxi bl e
NOS(i NOS, ,NOCsSnd endotheNO,l NMODS h) ]di fferent
| ociaons and typdrsevoife wixdpEierdasti loal i g1 oMO)NOSe NO
S constitutivel yhexpaeasnsdadnehy alEC§ or t he r
endot hebi abhvalOlbhoil hagy al sonbetehesdechae tdti sadc

myocytes, plateletsynmcegur owng oiprh otbH ea shtrsaiorf, hu
LL®Kkidney tubul ar.leépiitshelpirzijpodaltlbedpbyghc&h

medi at,i dmehock protein (hsp ), estrogen,
factor (VEGF), bradykKi.nin, fluid shear stres
On the other hanrdegultatmad -ty pdeoowdwd e v by t he
of ECsHFi g.The. physiol ogi cal funcNOneacbada&O,
vasodilation and inhibition of 'planbalbttiagm

|l eukocyte adhesion and;,vasaulrad iodf lvammat iagn

prolifer,atsoinmul ati on o f, amgi oagcetniewsatsi on of
progenitor cell s

I n enhanced oxidative stress states, i ke
di seases, i ncreased NO degradati cmmxodeurasniou
(0O . Oxidative shatest edl®Safsomcan enzyme th
t o anprO@ducing i @anzgamredi ti on call ed. N®@Sheunc
mechani sms that | ead to eNOS uncoupling incl

ce actoralr ginine deplceuimahati on of endogenous

andgButathionyl ati on of eNOS



Fi gur.®egul ation of endotheli al NOS (eNOS)

Increased intracellular Ca?* leads to an enhanced calmodulin (CaM) binding, which in turn
displaces an auto-inhibitory loop and facilitates the flow of electrons from NADPH in the
reductase domain to the heme in the oxygenase domain. Serl177 and Thr495 are established
functionally important phosphorylation sites in human eNOS. Exposure to estrogens, vascular
endothelial growth factor (VEGF), insulin, bradykinin, or fluid shear stress induces
phosphorylation, in an otherwise (resting) unphosphorylated Ser1177. Kinases responsible for
phosphorylation (green hexagons) are dependent on the primary stimulus. Estrogen and
VEGF induce Serl177 phosphorylation by activation of serine/threonine kinase Akt, which
regulates eNOS function in vivo (framed green hexagon). Akt and the AMP-activated protein
kinase (AMPK) may be activated by insulin, Ca?*/calmodulin dependent protein kinase |l
(CaMKIIl) mediates the bradykinin-induced phosphorylation of Ser1177, and shear stress leads
to phosphorylation of eNOS mainly via protein kinase A (PKA). When the Serl1177 residue is
phosphoryl ated, t he el ectronsa flux j anmd
consequently, enzyme activity also increases. The human eNOS Thr495 residue tends to be
constitutively phosphorylated in ECs, and functions as a negative regulatory site. Its
phosphorylation is associated with both decreased electron flux and enzyme activity. Protein
kinase C (PKC, yellow hexagon) is most probably the constitutively active kinase that
phosphorylates eNOS Thr495, and thus reduces eNOS activity (yellow block arrow). On the
other hand, dephosphorylation of Thr495 may occur by the action of the protein phosphatasel

acti vi

reases

(PP1, black flag with black block arrow). Repr oduced from F°rstermann and

synt hases: regul at iecann aHeda rftu nJcotuironna, | -8EBU2rloly2 e r miod s i @18,

from Oxford University Press.
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1.3.1. Vascular Cell Adhesion Molecule 17 Activation and

Signaling
Cell adhesion mol ecul es {c@AMs) nareg aactt itomes d
i nside the blood vessels. Thenhg wasoulfamcsm
muscle cells to maintain tchel |neccoensnsuariyc ap)ri coxr
all owing ECs to maintain a highly restrictiwv

i ntersti,tiaanld lioisis)n gs uopfp ocritr chuilnadtii ng bl ood cel
thus promoting processes | i ke inflammation a
CAMs expressed on the surfaceebéct-bebef@lHibhhe
Psel ec-$ & Ine,atbhicre)ynber s of the i mmunogl obulin ge

, I-CAMVCAM PECAMand MAd@WAMch interact wi t h

i ntegrins, that are expressed on the surface
abnor mal RBCs. CAMs medi ate not only nor mal
cellul ar i nteractions thatti oantamidb utties stue v a
occur in vascular disease states.

VCAM (MI M# a ) i kiDal ogl yaopr loa g¢h Iny conser.\v

transmembrandg hawo| d wwilcea i ons as an adhesion
transducer for | ecaubkarcd/ftierst exrpirre s(ss eBrp ied eow)
ECt eaxspressaedabyety ofr otm ssuesnalo bdkred emarlr anu
.VCAM exhibits | ow to negligible expressi
be sglryonupregul at edT Na&, t elrfiLlipcoyptod étiammec d g ] ( LPS)
stimul ati aon,osltednyc easissoc+Hd af ¢éd mmiat or. & Tdho st e€XAtM
halsomg@enonsi @daer ednportant signaling mol ecul e,
di sease.t sGipwdmmair y ecelpé oas far <circul,anidng | vy

neoplastic-¢cehve)] vVEGAMNn t he pathophysiology
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asat heroscaerosmmyne di s eas dt, rsetjreockbes, b hmb | o
experi ment al all ergarcd yempglepihd | o hp gVICAEM 8

medi dteauk obciyntdei ng t o ECs through interaction
abintegrTG6A ; oVCR d/ XD and by activating e

ni cotinamide adeni ne di nucl eoti de zehotshpehat e

release of | ow | evel s (RfOfrpena atcitvi ev i d xyy g-eermg us g ee
idependent |l ymphocyte transmi blratVEGAMitshrough
expressed constitutively in |ymphoid dendrit
marr r ow:. I n | ymphoid tissues, t he ciemt esr aacntdi c

dendri titchgealmicseaditer medi ated, bp YCAMess requ
hemat opoietic cell matur ationi nMeraoveon bet
the -Ma¥Apessing hematopoietic cells and the s
~Ther et harM€&AM i sof orms, a compl et eaenand woi t h
truncated forms writwi db-mdo.aindd ng with | TGA
though domains ). and (Fi g.
I n addicytoki he and ,LBRvree aapaonrtiseecd @ mni s | toxin
also triggedependsent i MIAMMGsSMOX.pr es iacrm e s
high bevelkenand after i niatnidalgrexpad drye decr e
several Mbdysul ar acti-vadxmprmesosfi oMCAIM pr ofour
ont wo adpackaearHBNdEB) aoamd t wot rGRAMTAcC r i pktiindi nfgact
si tiedent iiftgeenper omot er .r eldhiesre si tes aftagnsdensit
NFHBar e sao cepdci fic manneswhwhVCAMepplkashon
constitutive in some-de@lihdégpes namom@ATAy § o ki T
bi ndi GAT-A, E-{ wesnsti x transfpercmdi(licsdmndct a-mer

bi ndOaotgr anscription factor binding sites, cr

mo
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identifi ¥€CANMMr otmod er , whi ch i s i nérloilree iwi t
devel opment (e.g., in skeletatmgstysclt é ediOfcft e
sites ahamielieng effect, howe vseer , actthiewyi t gotupo

di fferentiation but aa a&c tailvsaot | owdBocf® inteleed yN FT N
VCAM functions in conj udnucrtiinogn cwhirtohnioct hienrf | GA
t umoet @m@si s

I TGA MI M* } icshaanm aotbpehahehat phadi meric re
| ate ana@ grenVhDdAmembet hefAor very | aatnet iagcetnisv a:
subset of VLAt egrenexpressed by nearly all I
except for granulocytes and RB@ESXM amdhesn @ nu
I TGA i's an atypical VLA in the -EsGM saed htehsaitv el

i nteractionsed@tcdfri rofgoorgpe cdl uoed byputtheal BEOMas

intercellul ar @Wihedi mp treciepPThirs giamide rCIAM h a

targeted in phar mgawoelnogitcsalr oslteudiinessever al C
sclerosi sefr®dsesaittoat he ssurf ace of activated | vyr
involved inrasponmmibme sickle cell di sease

medi ating gdbhaegi ortotul ocyt etso atnhde se ncdkd teh erleid

X
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possi bl e. SCA hies moett dmleyguent but SCDBo t he
pat hophysiol ogical thec hadmpigsmdece detcyur at

From the first descriipnobnabpacdaeasmedyHer rcikd ke
shaped red cell s on tyheenrbdrcemnd dame art uade ntah e
cur rdeenkto p me mgtesn oinmre e didn n@ygst oni shi ngesemauoah lo:
been unde SICDK eThhier a't findregoguaiszeddattetohea es ul
pr es e ndceef eocfbinowlee ¢wil telsi nwRBE€R was the basis fo
this a mol ecwul dubdgde grearstel vy, t lweasa dfotumbl mMbc ha
variant S (Hb®3) espbantAd d fpeodindas mMHBBti onAAS T, or
al I),¢ Ihaadst asi ngl eaaimd hou s i ghut amic acid by va
in the sixth position of &ahgRBCd@amfto rpmadttiead m
(Fi gs. ).Si and moHherul ar mechani sms consider e
genetic etiol ogy Twheer et efrum tSh@&D pise ecdunrérde nat | gyr oac
hemogl obi nopathies causé&lHdywlitaheh pmE3SEdhicei toyf
or compound het er oznyugoddrBtlr ¥ | tehH a&th eintoh enrb-rc han g ¢
globin chaiHBERxpredde#gi@gns Substitution of the
acid residu@l byLiyvsesi me swbhi wkhe HbiCpherited conc
with HbS results in HbSC diseasédt hall eés s eaesHy
i's yet anot her f or mhoeofi nShCeDr, ibitadi adser st hind mo r
b*-t hal ) aAldt HBWEHh i s t he modk te ecroemnfoonr na,n t he co
heterozygoee alsnot {ypad tof tbBaefHObrIoWeamptt oot e
intracellulLbn ®Bho&éi,idei vnagwaligy of Hb i s H
i ndividuals with the sickle cell trait (hete

Hb f or m (pFriegsent
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HbS has 2aflf owi ©Oryh yhpeoxaat,d i,i p 0 lhg meirsii zR&C a

det er mi nahnol oaitchaol e vEn th a&tu h miSICaDt ea b nionr mah e
(crescent RBE s h(aFpikged) Hhanldt er ed mi caer twedll o qisc
bi omechanical properties, t hat | mpact t hei |
adhesiionmhose changes play a significant r ol
occurbratnhgs mal | | amglesstehat ti mately comntgarmut e
dama¢glence SCD, and specifically SCA, can be
complex specific pathways a¥cording to the a
Even thbegleausal evenahaomo zSyGAo uimsl tpaotiinoth s
mar ked clinical heterogemede¢ y onsnnidHesailddrimmul t
rel ated igfaanldi ¢ % pfeed tad sooy lsihgolw var'i albhils toyver al
het ogenies ttyhought to occur as a consequence
environmen-tamogrsaopctaioc wel | as gendt idda s modul
complicated the adopthemapduttivEhat kaeddedg ¢ v
t hmechanusderl ying vasculopathy in SCA is fu
of potenti al t hrea mgfleourt idcer utga rdgded d@sli mbgplmeyn,t it wc
address the need for -ppheacainfaecetl megntc adl,t eran a teir
by SCD patients worldwi d&jchber €pbltt&vorl d Al

Sur (@EWANY43The following sections provide an o

SCA, from epidemiology and di sease bur det
Specific emphasis is given to pediatric cer ¢
i mpact on SCA management in childre
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Fi gurBeReld. bl ood cell alterat iHbnSs pwn dyenrelryiizrag i inc kd
the red bl ood cell (RBC) membr-ahehamdcrcapaesi cllg
results in cells with an icrocrceansteadatmean ownvdri s cft
pol ymerizati on; 2) altered cation transport; 3)
and facilitated premature cel/l destruction in th
RBC |ife span fsomhuberaedwvmad 120 days t,o 20 d
hemol ytic anemia is present, regalrdd ieses eoventhe.

I i ke Hb 'S concentration;,; (m@art ipdl, g reaeped? ra@ u rod ,
phosphogl yO®PGaheeo(R2rdation, affect the HEDFGol yme

and s phi-lapghoossipnheat e ( S1P) | e a-@, atfd i chii miyni sameld cHNS
hi gher l evel s of deoxyHbS, favoring pol ymeri za
potassi um,hrKotughl otshse tGardos channel ), | eads to F
increases HbS intracellular concentration. ADORA

anion transport protein; HbA: Repmoqltedi my AgerHd Bs
Spmger Nature: Nature, Nature Revi ews? DCopwnrieg Pr i &1 &

PP



. CAC CTG GAC TGA GGA CTC CTC
HEE BN NN N N 6 EEE EEN

HBB GUG GAC CUG ACU CCU GAG GAG
H =N BN SEN EEN ® W
Person with GBGB

HBB/HBB CAC CTG GAC TGA GGA CTC CTC
genotype EEE BN L]} @ N EEE EEE

HBB GUG GAC CUG ACU CCU GAG GAG
B EE BN G EEN B @

. (Val)(His XLeu)Thr)(Pro)(Glu)Glu)

o CAC CTG GAC TGA GGA CTC CTC
EEE BN EE N N 6 ENE EEN

HBB GUG GAC CUG ACU CCU GAG GAG
u N BN NEE EEER = @
Parson (VaU)(His (Leu)(Thr)(Pro (Glu)(Glu)

with HbAS
CAC CTG GAC TGA GGA CAC CTC
BS allele NN Em L]} |} N EEE EEE

GUG GAC CUG ACU CCU GUG GAG
n N BN NEE EER B m

-

/ CAC CTG GAC TGA GGA CAC cTC )
Bs allele HEE BN N EEE EEm
GUG GAC CUG ACU CCU GUG GAG

L) o EEm
Person IIBGB {

CAC CTG GAC TGA GGA CAC CTC \

S HEE R
p*allele GUG GAC CUG ACU ccu GUG GAG

with SCA

CAC CTG GAC TGA GGA CAC CTC

Bs allele HEE BN =N 5 EEE EEE
GUG GAC CUG ACU CCU GUG GAG

Person ¥
with HbSC !

CAC CTG GAC TGA GGA TTC CTC
ﬁC allele mEm mm [ 1] 5 EEE ENE

GUG GAC CUG ACU CCU AAG GAG

. (IB@(!B 5

CAC CTG GAC TGA GGA CAC CTC
Bs allele EHEE EN (1] [ H ENE BN

GUG GAC CUG ACU CCU GUG GAG
n U BN NNE EEE = i}

Person (Val)(His)(Leu)

with HbSp- :

thalassaemia Hb? CAC CTG GAC TGA GGA CTC CTC | |

or . = S |

Hbﬁ* allele Gli]G GAC CHG ACH CCH GAG GAG %

_ (Val)(His (Leu)Thr)(Pro (Glu)Glu)
! Glu))

FiguReaeheti ¢ mechiaokbaealsicseeralssde red bl ood cell shaj
TheéeSall ele results fromHBRAnd¢.0o Thenus alh s ®@qu eé mt t dle
to valine subsposiuti om ofogthhkei mathaen | eads to

(HbS) pr.odwWheanH&m®mt hel es are mutated anfiFPadtl el east
sickle cell adiisease INSCDhbw oxygewnl ywrondihdaidt s toorst Hd®
bl ood cells (RBCs) into a sbSzkl el shlapads The phe st
cell trait condition ( HbBgroSs)i tbyubffadndoetl SeCiDle & wvihd & tei
severe SCD form, sickle cell anemimcl( 8€CA)Hb ®C ham
Hb&t hhal Pati ent shavéeblfaHb&ICe and anboalhlegbemiebdeed

resulting from a Glu Lys mutationhpinhh&t THéC3es
concomodawmnrodn ddaé | el eb-tahnad ass s e mi @bomutaddt iedms) t ha
el imnates bchaiecrpascsescHHbBinhall eademitdmal HBS e mi a

i's very similar tthoe SCAle sneinccee poyft d virs (abnor mally
HbB-t hal assemia is usually -imvealerexmpmraeas SiICAn afueHbl

Reprinted by permission from Springer NatSurcek:l eNaCGeurle,
Di se,ase Copyright
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1.4.1. Epidemiology and Global Burden

SCD affects about - % ,o0f tkadil dren born e
hemogl obi nopathies (Fig. : ) . The public
significant and even though an increasing pr
past f isveofy etalgeei s k of prematur e deat h rem

underdevel oped. countries
It S bel i eb?endit athiadon t deose i n a multicent.
i ndependently at | east four. tThreesdiifnf eArfean tc ao

were associ at ed bvwgiltolbitnh e | fuistee rmahianp| oteydpes ar

after the geographical |l ocations where they
Republica, CAR), Benin, Semeégah, Cameroon, a
SCA i s |lmarltyi cowommon affuobBghpeap! Africa, I ndia,
or Mediterranean descent . -cHeilglh tfrraeigtu e(nhce teesr oc

bSmut ati oSpn, f HAseem peoprwicatfiicm sahdi mdi vi dual s
numerous in certain population groups and g
areas currently (or formerly) endemic for ma
heterozygous stnataeg d&ilnmistmpo it @ m tifirefl ecd tpiacm.m Ho we
with the massive migration events osccaumrding
affected magdi bedhalgdh -eenvdeenmiicn amraems, increasi
public heal.t hl nbutrhdeesne g e oqlriampihd a&l rdcigd pgmessi s
sufficient for prognoss ev arnal nfaamatgernmse,nt i rsdln

environmental, and soci al , seem to influence
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Newborns with Sickle Cell
Anemia (2015)

Jo
[] 1to100

[ 101 to 1000
B 1001 to 10,000
I 10,001 to 100,000

FigureNdmiA®&r of newborns with sickle cell anemi a
Reproduced with petnid% sComy rfirgpphmt PMeedsachusetts Medica

I n Portugal, the current inohdewoaedaevdtoat hei
of a national r ewgiidset r y c r&nedv ii cogiusn tdgetyhutdiifeise di  a
heterogeneous distribution across the countr
to about . % in the south %pomgewst hehrghip
of Coruche, Al c8cer( HBbg STahle s ea phdi gPhi @psy ekoatl £ n c €
seemcédrorespond to areas where ,wmhiahiiaswias f a:

a positive selectionGehethe mugmaaioon of the

t he autochthonous Portuguese population is t
waves: the first probably from thandediterr
centuries (Benin haplotype); and the '$5econd

century (Bantu and Sen®lgaVveshuwphlditodtypeeapr k on
swampy rice fields in the | ow valleys of th

mal ari a was. endemi c

pPT
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<05% [ BENIN

0-5-1%
10-15%

Fi gur.elPlr eval ence and (d)i sctarrirbivuctoigd nmbhafme®® trai t i n

Portugaihnd(iethB hapl ofsypgé«kd e cell di se)asRepirondPoed ug
anddapt ed®*byomer mi ssion of the BMbRRphloidiucietdgyi Ghoup L

permi §sidonn Lavi nha

The previously mentioned main African hapl ot
found i n phenotypical (Fi @avhd asi pma yP dret u el east &
wi despread areas of Portugueler seté¢édcemtenmi gm
t he s) of significant number s -de gpkiompd e
African countries (PALOPs) and Brazil iins mos
HbS carrier preval ®£mnceeg(gliensapz cetall d kye ,i tnh eh 0G)y e a

Li sbon area.

1.4.2. Overview of Sickle Cell Anemia Pathophysiology
The pathophysiology of SCD hass be.enAlrle vp aetw eedr

with SCA have the same homozygous c. A>T (o

[OV)
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HBByene and produce the samet he ogrhesne tad @fh
Neverthel eisesneads pweeti ously phenotypic hetero
the involvement of multiple organs and diffe
may have a combination ofraecammphcibatod hesaaa

severity, apd eo fof o ma edghrdeisusa toelay ehat ed qual it

i.feBcrepanci es bet we-eann dp altmaeomties seendlhaa b
appar én.t

As stated tphreevinswddlp,) ep Hlbysmér i zes i mtnaelrong

hypoxic condadh dwmn,s iveittilmg of seven intertwir
cr olsisnki ng, that distort and damage the meml
Consequentl vy, RBCs hdped maevi tsh clalleé er ed mi cr o
bi omechani cal properties, t hat | mpact t hei |

adhesi.oithe shape <chanlgesraver siinbiltei,aloccurr i

oxygenation and( obewxywldowase®mhe numbeoxyyf 0>

(@)

ycl es $,nctrheecasel tered RBCs become irreversidtk
associated with increasedd fhriagghielri tpyr, o psehnosritteyr
to the enddt hBediimd mwarld fragil e, SSRBERschupt?l
Ssubsequestullagnee mim. The shorter | ife span (on

days for nor mal RBCs) stimul ates i1ncreased

mmat ure RBCs,esor( alesto cadlolcgd stress reticu
deformability, which impairs their nor mal fl
vessel bl ocka mlgu Lirmm.abWasson i s a multifacete
result from cosnpdetxwdennt eemccdtibenl,apatl E8RBE€s. n
A multistep multicellul aesmobtdel thascbomphexyi!

i ncompl ete knowledge of the exact mechani sms

P
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steps: endot heluiatlmeanctt i ovfata dohner eeretcrl eukocyt e:
RBCs with adherent neutrophils, and vascul ar
aggredgatessndot helial cells are activated as

pr-ionf |l ammatory s+t mlufan d(Fet) Dol | AWdd by recrui
circul ating essmuaciogplhliyi sin t-teapiehdat’eP®onml e §
The neutrophils then adhere to cmaccobpbhtgeg ¢

a

5

ti(Mead), thus obstructing venular blood fl o
decreases RBC transitchemikiast@adusgest ot itshseueol
enhances RBC sickling, |l eads to furt hceerl Ineut
aggregation. The overall oprdéaussdngculcmimuatae s
damaged ulti mahekgatienitiPigfler it fhesvasoncscel,usS
I's si mil a€er etpoerifsucshieom a njury and vascular inf

cardiovascul ar di seases.

I nfl ammation, chronic hemolysis (especially
of Hb and shuébmee qumedht decrease in NO bioavail:
oxidative stress, strongl vy contribute to v

reducti ameadchtar balance towd&n ds) ,vavaheélcloen stthr

activated endsostehse |lsieuvne reaxlpr@AMs I[(E@AM,. ,s &/ICAd i T

undergoes cell proliferatiomctchwsiwve@entprioltetsis
Overall these procaeasdias nwar lcyicheaodelrfepeat ed
adhesi on, i nfl amoxt dan | vhemwmeklcesisg onasand i s
reperfusion injury, wultimately |l ead to vascu

P X



1.4.2.1. Chronic Inflammation

Sever al endot hel i al functions are susceptibl
|l ead to cell and tissue injury. Il nfl ammat or
dysfunction and have been described i1 n the

di seas-we

I ntracell ul ar HbS polymerization in RBCs P
conditions, and higher |l evel s of pol ymeri ze
membr ane damage resulting therefrom causes e
| i kR® angroldect eant offe oxRPS$Hh¢3s FSSERBES Mmay cau
endot hel i al injury whi ch, i n addition t o |
promoting t he eixnpfrleasnsmaotno royf spirgola los [thbBee N&-n d
pat hway. Act-huB agiigmaloifndNFtri gger s stulteh -lapr e€g u
selectin,, VahAIML tCAM whi ch mediate | eukocyte
adhesli® nThe aisedr adhesive properties of SSRI
overexpression, contribute to amplified adhe
ECs, but also with | eukocytes -aaldl wllart ed ettisv
that cul mhemprneguliat i cyt oki neas, gs acoiac a®\pthael g e
col eny mul ati ng-CSR)c,t on ni(esM)du-&,jl n61, L-8I, L and
macrophagsestcmubayt®dl®f? asdairti onal lgl, s hofght se
i nfl ammatory modul ators prostaglandins E1 a
growth factor have been found in SCD.

The damaged membrane of SSRBCs makes them pr
1. 428hi casulint st hleease of pMHds tamat iict smoi et vy, he
pl asma. -Thee cdb | contri butes to inflammati on

promotdxigdatsitves$s,) ggerpiompg, osndendot hbhral er

G¢
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dysfuné¢d’Pohn addition to upregulating endoth
al so lead to activation of circul attrn agelnlewl a:r
traps in the vasqulkat uroe damdFiusrijtbhseyr mor e, st
murine SCD model sfiaei bame/ihnbf@ditanncngaltéor vy si gn

dependfe ollilloe r-e(cTelpR2o)rt>8. 173

1.4.2.2. Intravascular Hemolysis

Together with inflammati on, BE€moolmptliicc aa n eommi ae
more severe in SCA patients thacoinceany adof o
varies not only across SCD genotypes but al
genotype.t hteedS€E€Al |l survival range i s t o

i n clinical marketal oHbhemolcyeqnite @aunton, birleit ni t
| eveernd | aethygtde ogenase {(LDH) 1|l evels

Hemol ysi s rseiscuklltedf Ri@8rgasmh ilty can occur inside o
vessel s ofi netxrtar avascul ar hemol ysi sasatwlsgprect
hemol ysiss nrtheslilease of Hb, heme, and other R
(microparticles) intol ympak®@ritiudavt aiolnab iTlhii tsy
maj or underlying mechani sm off rseeev eHba l¢ dSXC/DH bc,0

binds to NO, rapi dilrya ctoinweerjtist s b e tn@ g o0i t s

and reducing its ability to diff gsei sacalosscs
produced in thiA$ stpireorceesiss an atpgéaeaptet el ka
arginine, an amino acid critical for NO pro
bi oavaillabad atsg uwiahmatt ame e, pl atel et activat.i
as wel |l as twmprangiclaftp tVicAAnvalFCAMP|I eah d-s &l ect i n

Er élb, ,ohredneheme ieomheapmadguacti onfoftiloayge
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decredOi reqdot hel i ahdgraoemot amg | ebngot hel iTdle dy s
vascul ar tone i swidthb e Habencskbkedwve d towar d
vasoconstriction, ,emdopgrheelliifadr atcitdarnvati on

The relationship between hemolysis and strok
previously associated wi,g hwltialwehre r Hliaatohcaelc erit |
was shown to have a protective.efThecpreseS8SCA
a-t hal was also demonstrated to be signific
transcrani al Doppler (TCD) cerebral bl ood fI
with high TCD fl|l dtwevkehbteties a strong ri sk
SCDsde sacidionMoreover, the fact that the cu
strategies include c,whorihcrkeldoce ,pea®minftrd $licom
| eyendl saroke risk, further argues in favor
stroke. risk

Two di stinct SCD subphenotypes have been pro

fir(satmol yeedet hel i al dysfunction) was center
bet ween high hemol ytic rate and-r eplraetdeids p C
complications,, npmempgnarnty okgpertensi on, |
priapism . The second snbpobliwmiswicecpasi on) W 8
identified in individuad sl usiitvhe hpiagihn frudt eesp i «

associated with acute <chest .syHodweovneer ; andhi &:

Ssubpthhteype model has not been consensual, and
More I mportantly, t he model did not address
renal vascultop atihdyn e(yp rdiaomma g e ) , two i mportant

are associated with vascul opathy



1.4.2.3. Endothelial Activation and Dysfunction
Tk balance between endot helliyanf lieng mudreyt haed d arl
funcfTheinsdti ncti on between endothel i al activa

mi ssing and both concepts are freqgueatd we mi X

(as oppofmad e Ddpteind s u e, constantly reacting

homeostasiB, magtnoeatinecessarily be detri ment
dysfunction is always agtikpat holcegircsalwheaoan diht
functions of t he endot helium are shi-fted t

i nfl ammat or y-tstratmd,otancd. ppCogt eorkti ineblsL,br K ENFI L

aactivate the endothelium and may V@AMD t o d
overexpressi:onOn the other hand, replacement
after the production emdotrledleiasle mifogemrictudra
bone marPa&atwi ents with cardiovascul ar disease

atherosclerosi s) andhyiptestenskorf,actoabet(es ,g.

endot hel i al dysfunction, namely r-mddcatdedbi
vasodilat.iron

Changes in the expressmmoine coul essur flaecaed iandgh etsa
SSRBCs oatnhdek ood cel | types, promot Burniuhletri c ¢

contributing to vascialddireso otethwesisda. ehdot bakek

i s also apparent, especiiaal liytier atcht e fomiratrhdava s
of those aggregates I nstiedse tvoe s s lei¢osnp raafinidt aceo
endot helial | ayer and?!°PFnucrrtehaesrento rbel,o a dh ev iosvceor se

adhesion molecules by the shddthebi um aheova
High | evels of sol-ubleo@AMstuteketVGAN bi oma

activation and further contribute Utla i pwrvadaegid gs

c¢P
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this resudctcsl usni ovna sbr-@nfduexheavias c uélPd®3 he mol
Adhesion molecules that are overexpressed by
erythrocyte$l)lA, s@Exh ,asand basal cel l adhesi
protein (BCAM/ Lu) wor k as mediators of the
mi crovtasrcel wal Far exammeeaeti onedVIifprebiods!| yv,0
VCAM, expressed by the activated ECs, and to
the other hand, CD atths omlp o @dTiSi@mldeorn bet w
WillebaaptdWBnd the endot hel i al vitronectin
sul fate proted@pleydancsr eased number of circul
affected i nwiitvh dubeésbr overexpression of adh
contributes to the overal/l hi dddrtiadhakliyen
reticulocytes show increased Vdgene( @Xxpresamnao
CD ) and also of CD , wWhen compared. with r
The sickle red cells are also dense and dehy
negatively charged phosphatidyl serine on t he

activate atthenc cagwlade, and indiredGtSIRBCsf urth

adhesion also promotes changes i nrtlacmngr o
bl ood flow, promoting conditions for HbS pol
SSRBC and multicellular aggregatesl, usshomrmh ul

1.4.2.4. Ischemia-Reperfusion Injury
The voacscd usi on promoting events also centri bt
reperfusion (1/R) i njury, namel y-repemigsioom

i njury in SCA differentiates it fThemreshért:

¢q
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obstructed blood flow results in ischemic al
al | ECs i-nsdhemipostti ssues to the same dame
obstructived,i sasnresndll ammatory reaction causes
to systenmad iiomf | alamagi ntgo otrhgea nisnjduirsyt asdi t e,

ending-thnebht Eépomgamuilnjiury . orStfuai lesr e n sick
model s have demonstrated t hewhisipemet aspecofs Ila
inferred from ot her nanowlietl lsstthaenldea mmgrecnrer bl R i

arteriol es,andagwielnludreisesr-epcti f iicn rmanmietre Ac et

endot hédéepaemdent vasodilation respon.seOn st deg m
ot her hand, the endothel i al barrier functic
interstitial edema, and | eukocyte capillary
capillaries, whichaenhdprpuvesthessess-clappopriafrys

venules are the vessels that bear the strong:¢

reperfusion, especially-enhtdobbghiahccehbeddhe
|l eukocyt e aggregation, excessive al bumi n €
producti.onl n vSaCsboc c| uprieemi pitates the initial
causes | ocal ti ssue hypoxi a. Unable to und:i

deprived cell s becaonmle adfetfeirc inmeintto cihno nAdlrPi al dy s
with intraceallcemam, hyphery .swkduverand nteicenani s
i mmune system and platelet acansgaadacbhnyabbBowe
NF-HUB pat hwayoll ow <cell deat h and. aMaen orceylteev :

chentormaact an-t , pVa@&i p laactteilveatt iam g fod dhtear medi at

adhesi on, infl ammati on, and coagul at'ion rel
Mi crovascul ar dysfunction due to I /R injury
per mewybi lpimtol ammat or-g o agrud a lplr e endot hel i al
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alterations in vas,aadt ipwe dmmedii aotnblyodb BRVOSI s a u s
necrosi s, |l eading to increased | evels of h
xanthine dehydrogenase into xanthine oxidase
oxygen delivery, those |l evels of hypoxanth
toxic . NO deficiency also occurs asamdresul
oxi dant pseeeseeb.i@Os WAdndd.0O0. Loss of NO si

promotes activation of IHBwkotgtassoplbattieebs
rel easselodctPi RFf nath W¥ilbaede b.odi es

Recurrent microvascular occlusions | ead to p
are potentially affected by systemic |/ R inj
di fferent organs show different degreaesnopf s

heart, and kidney being more vulnerable to I

1.4.2.5. Oxidative Stress

Oxidative stresstihe Ppa@At isessvdartanl yisriawdk | e RBCs,
|l eukocytes,,ambdnovagtebariiemdobhaehi tmred redo>
SCASRBCs have high basea&lROSe chondaeornxtyr)a tri@odn sc al
andydrogen p&noxiwhe n( ld onnoprammaeld RBoCs whi ch sug
presemcearf dant envi rpoantmeemin sbrefv®CA t he onset
mani festat®windant medi at or s mayr eap esrof usaikeen pian
and infl ammare ofnrievihiSstie (s e cit.idd nain. o .0 .

HbS quickl gsio&k®BCgesto form met Hb, Jjhenmannd (f
superoxiades sk er al RBC activities are i mpac

oxidati on, me mbr ane Il i pid peroxidation, an
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gl
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w h

ycolytic pathway that SSRBCs use to produc

oduces NADH and atlHboSvst o ot ree dmacree mennocuou

wever, SSRBCs also show an upregulation of
crease in NADH. SSRBCs abdtlmnehovwna addpl
avenger of ROS, thus enhacneclilnsgSioxk Idiang vaen &

idative damage | ead to RBC sheddianvge nbiecerno
own to induce ERGSHSnd nc scausoec ot @idn osi ckl e mou
dneys This process is potentially mediated
croparticle phosphatidyl serine

e constant -fgwpeplHpb oafndc enlelme/ hemi n provi ded
scribed earl.i e)r &lssecc tdremmmod.eerst av gpgoul ar en\
sides t hnes ibnetteweaecnt ioox y Hb wi t h Nt ht oumgly a
e Fenton reaction to f9ormndyadred»ypl ffThee | m
rther degradbi ¢ imta mambn, ARBGodambgd mol ec
ttern ( DAMP) . rdhat edemROS sicscomerc i bua i otho
fl ammati on and adhesion in endotThhelsi andayc e |
ti mately -oeslls$i om, vasboyd etmoen sdtrwady do,f Ghos

ere direct iheduaoed ndasti®enVOC in sickle mo

i mproved by-séehbemndedihdtnegd Ppat hways.

Th

mo

SC

of

mi

e oxi dative damage effects ar e further
i lure/ downregul ati on o f sever abcaaretnigeexi d
| ec Heeno.l-y el ated rapid clearing of hapt ogl
avenge eeceelHb and hemiihnhs oesespex-athmebysCoat i
haptoglobin and hemopexin was shown to re

ce, t hat presentlear wdttes iasc ud ee vtas ciunf usii
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or hemi nFurther mor e, upregul ated gene- expre
i nfused-SBowniecse (SCA murine model) prevents
i ncreases expression of the protelcateed facvteo
(Nrf ) amwmkylhmemaseti vity, as wiehfl ammaeacr ganu
factor-l k@ahbtpeamhancer of act i-HBa)t.e dONB tchee | &t hieN
venostasis Iis worsened imudi arklce ce«lplo skealmd pe
Nr f acti wmatnitor xhaaneaef pieot RICY i vemovi ng hemol
derived fr,@aedhiemehas al so been showygltodiinndu

antioxidant response el ement

Heme oxygern-dd¥Pei s the inducible isoform of t
(HO) , andHMQX®x@peressi on is increased by the
the enzyme conver,asnndt éd ebirlouserndiom, @Oong wi:'t

protective effects. Belcheri rantdh e&-6T0 wenaegsu @ € h
mo d,ed singilrefuso on of hemopexin and -haptog
expression anlkB | ®awtireidt WFin sever al ti ssues
vasooccl usi on for Udmpmet autshibgge satlesdo t hat t he |
haptoglobin and hemopexin do not depend ex
clearance from circul ati omHiBNFantevihg ahtlewt
were i ndepgihdaemd hemin pl asma c oengcueennttr ad ti WL
using the same murine model the admini-strat:.
, downr egtuBl aatcetd VNR y ,-,asrmnd uwd reo sviCaAIMi s

Ot her mechani sms that may further contribut
i nclhuidggh mobil it HMGB-magi doead TR signaling
NFHUB pat hway and) may affect endodlhedt ian) ,CAad

mi tochondri al dysfunction I nh epmeat dcd pdrrsde nit

Co
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chani sms. - The | atter include NADPH oxi dase
coupl ed eNO,h alelnenodt ewhoxygen free radi c
dot hel i al dysfunction. Myel operoxi dase ( MF

s o produces oxidants t hat scavenge NO,

sfunctionncreased | evels of the ox, dlaitpivea
roxidation, and total thiols have recently
peroxide di smutase (SOD), glutathione, and

1.4.2.6. Sickle Cell Anemia Vasculopathy

i ng mainly a chronic vascular disease, the
i se due to disturbance of the homeostasis
t hough the core mechanism results from al't
teractions with other bl ood cells or t he

chanisms | ead to the)SCD phenotype (Fig.

Vascul opathy in SGCDnead insuelst iasst esp cpomobcess t ha
t Il i mited to, decreased NO bi oraev@merd fabsil on
njury, elevated | eukocyte count, pl atel et ;
fl ammat ory. mehle rad fooarse, vasculopathy is cen
mpl i cati ofntsenasocictur so-obg@dor edy €fhuadnrcetliactne.d S
scul opat hi es i nclude, among ot her s: moy an
farcts/ hemorr hage), proliferative retinop

sculopathy (associ gpedt evigihonpul momaryermal

(preceding chronic renal disease)

¢X
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; (L Arg)—»(Omt(hlne}b( )(Vascular, d llmg) factors E A.;ég':r:sel g:i:ieiil:dmembrane
- X. f -r X xﬁlr — r__f o CD36 @ Phosphatidylserine
- - - - -- _E 0 cp47 seg P-selectin
NO depletion J l Vasoconstriction ; woed E.selectin O Resting platelet
} i & Haem © Thrombospondin
© ICAM1 © VCAM1
FigurePalhdbi ol ogy of sAwgc ki mtbeeetpwl eacgni sseeavseer.al mec h
particularly importanpnand ngapitlelramny esenwcla@s | | far o e
endot helial activation/dysfunction inoaclkeiddor w

The damage and dysf brsctoinont hcea uRsBeG nbeymbH ane r esul
Membr ane proteins that arbatoxbidnhdedoeepasdi agt ia
membranes extrude phosphatidyl serine. These mec
macrophages, and ulthemoleyyi sextRBCasonlt ant is
pl asma through ilnytsriasv,a sit@d daira sheetmpif m g eb \Hbg elalr gi na
depletioArgfnthe Bubstrate of NOS, and asymmetr.i
inhibition. NOeids bfyurthet i veploxygen species (ROS
and vascular remodeling, particularly in the | un
activation of platelets and blood clottimg prote
occudse tdreel lheme and -aostshoecri ad ®@mdagneol ecul ar pat
mol ecul es. Monocytes and macrophages are activat
|l ig-hodnd TLR4 and TLR2Z2, thus ensuing anCsd.nfl amn

Pl at'ellLeRtds acti vati on favors their adhesion to ne
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form neutrophil extAdhcediloan aof tcriarpcsul(aNtEiTsg .bl ood
to the activated endot hel i unmn oastali baiters. afadt imaat
that exXpelesct iBelasmdt iEn, in postcapillary venul es

Activated pl atel ets and adhesive sickbeumRBCs n
neutrophil s, forming. mbélickde¢ el IRBICasr nmeagygrelgsad ebi n
activated endothel i um. Only a few exampligandf t
i nteractions involved in the adhesion of circul

exposed subendot hnetleiduum AabEle: rbeapnrde s3e ani on transpol

cel |l adhesion mol ecul e; GSH: glutathione; HMGB 1 :
intercel lul ar adhesion molecule 1; LDH: | actat e
PGE2: prosta@gFangilmcER2t aPgrowth factor; TNF: t ul
vascular cell adhesion protein 1; VEGFR1l: vascul

Reprinted by permission from Springer Nature Customi
Di seamer8irckl e Cell KabDoseasaCopyright)

Cerebr al vascul opathy is a severe complicat]
stroke constituting atht g.bhAs dwivtahs taatth enrg meam
of SCA, geneta cvsi tnaaly rhoalvee i n determining phe
I nterpatient variability in SCA has fuell e
modi fiers of di sease sevenltyawhgethbh Wwoul d/a

treat meret s ac.ti.on

1.4.3. Pediatric Clinical Presentation

Despitmartkheed cl inicalhclhai er digganod iytty ¢ anemi a
epi sodes, and widespreadommgB@A dpdhtaide=sn tsso me
patients may have an al most nor mal i f e, ot h

may die in infancy Ewrenad hgoghgt hdrabtkkdve

i mproveimenlti fe expectancy anidn csounpeproir € s fvteh icaahr
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chil dhood mort alaitt ya aynodanmngotrebgked i d tys d rnweodnei n |
countries. 4wadlk ofwhbarihoscreening programs i
hampers the timely diagnosis of chidadecens whi
tospecific care.

The more pedqgqaedrning cal mani festations includ
cadl eamxsax | usisv,e WcQdss)e, splenic sequestration,
functional acstpd £tni aymeahrcaabtreeg v as ¢ 8,1 ac h alceli idtemit e
nocturnal enuresis, hematuri aCr isedgnagetre( amad o
occlusive (painful or visceral), aplastic or

VOCkave a variabl e lriersiemali nmr e neviretbdty e hi | d

(swol |l engr temyteremat ou,swihtahned shiogrh efseeeti)nci denc
- mont hs .Tolfe afgreequency, ,amtde n soictayt,i odnu roaft i poa
may vary cons.iCeéerdblowascul ar accidents, name

i mgpct f ul events IHHingtlpeldewaelIr s co fSClAbHe raistaawved d @l
thal assemia have been associatedherehomel dac
been considered maj o.r Hlowseéetaesse mooddu Ifateiroesn onl
for a small potrypiomalofhether phhemeo®i ty observed
The riskeotion from encapsul ated or gaunei sms i
t o functionalGi asmpl| ¢ mmiea spl een damage caused
dysfunction occurs in the earfluyncyte aornsa,l o fa slpil 1

andnvasive bacteri &ltriemftectoicacrussa ripdnedrnendoyeil d ea

sp,.or par vovairreusf rBe gMemitngs piisatory virus I nf
I nfluenza), asmavwe | al sacs anfafl eati at hese chil dren
vaccines, and antibiotic trrealtateend rharnvtea ldietcy
resource countries. Par vorvimast IBy wiitnH ewtt i om
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or may be sevierwi,bpmplsasotciater ibdeo,d dndnsé qsin
restore reticul dDnytteh ec ooutnhte r hegdmag ar iean die $n
associated with a high nlohret ailnftectriaotne siuns ccel
children with SCD also poses -addpaindsa ml ri sk
Acute chest syndrome (ACS) is an acute pul mo
SCD patients. |t mani fests as a new pul mona
compl ete lung seBamghtafdni shassoXiated with
(cough, wheezing, tachypndap, ct uesstea poaic A,CSa n
varies from mild illness to,wietshpiahitlodryenf ah d
| ower mortality. risk than adults

Pedi aduriacl ocngseakbe riskansg maghbien¢g8C€Bstcatiamdg

in the case (@f deveartedtdokeussion)i.s provide

Techronic hemolysis in SCD may also cause bi
tract .diKkwratskeer mor e, i f tehpea tRBcC ssiincuksloiindgs iins
the child may develop intrahepatic chol estas
hpedbrubinemia, abdomi nal pai n, hepat omega
transaminases. This can cause |iver failure
Re nal damage is also frequent i n chilalren w
meda) |l they tend to produce diluted wurine (h

(increased urinary frequercy) sareadceoof umumaln:
at night).

Finally, growth patterns may al sos baesumpaiof e
the genetic mutation but probably due to chr

hyper metabolism, and potenti al endocrine dys

op



1.4.4. Pediatric Cerebrovascular Disease in Sickle Cell
Anemia

1.4.4.1. Impact and Risk Factors

The first report on the natur al hi story of
coll eagues, in , Who described a peak 1in
of untreated patients. The highest risk was

afrt et he ini.tiTahi seveoernitgi nal study was foll owed
assess incidencél akéeCopohpeewraaltenvcee St udy of Si cl

(CSSD)or assess stroke screeniireil iakned /tolre ppiew

Stroke Prevention Tr{&8TOPh .SiScCBAl @ sCd |lhle Aroeni

caesof pediatric stroke, abokdiidceeawet hnSg
Mor eover, stroke is more frequent i n. SCA t
Subclinical cerebr al infarctions (silent ce
magnetic resonance i maging (MRI) are even mo
These | esions correlate with marked neur ops)

hal f of the children-lwintgh sS@lpormayr.r efisamaea i l
after following the cbhbtcbdmendebdot Berpapience

significant physical and/ or cognitive .defi ci
As with other SCD complications, cerebrovasc
from extensive, | arge vessebttdestachonaromnni a
di ffering in terms of epidemiology, clinical
The risk of cerebrovascular complications i
patients to asghémmorohamgi iR/s tgr ok e ). Pedi a

and SCls occur at a high. cumul ative rate in

0



[ Neurocognitive dysfunction [ Retinopathy |
Meningitis Post-hyphema glaucoma
Stroke Retinal infarction

- N Pulmonary hypertension )
| Indirect hyperbilirubinaemia | —
> P — Acute chest syndrome

| Sickle hepatopathy ) gy, g | Acute pain event
el | Cardiomegaly ]
Gallstones — -2 | Diastolic heart failure. |

( Anaemia N

Albuminuri:; ] o |
‘ Isosthenuria & | Leukocytosts))
L Substantial kidney injury ) | Septicaemia |

| Papillary necrosis — S —
\ [ Functional asplenia |

Splenic infarction

D?layed pube_ﬂy | Splenic sequestration
. Erectile dysfunction -
Priapism } Complications |
TN of pregnancy |
— ] A1 = Acute
§ Avascular necrosis "1 { Skin ulcers ’; complications
Bone marrow infarction ) 2 = L C'"o';i‘

Osteomyelitis { Chronic pain ) complications

FigunaCdmmn cl inical complicati oAcsutod cyelkl ewclkd
and chronic complications (blue boxes) are depi
urgent medi cal car e, especially acute pain cri se
with SCD ages and wusuall ymay saudrnt riinb wtre atno dmrmarmee!
pr egn,atnhcey mo st common comp lecclaatmposnisa, i nicnlturdaeu t @ Ir ¢
restriction, preterm deRdpvrdmy edabyl peerrmisat ah fnroorm
Nature, Nature Reivihews, Dfiseckhide Cepyr Dgberazels.

A -yearn d SCA hpmat iaennt % probability of havin
| east one stroke event, and this .Whsk eiarscr e:
i schemic stroke is the more commdhremobamei n Y
tends to occufhbkaneambenshliegfheerevieor SCl s, wi't
of children suffering at | east one event bef
children that have hadaseadvriiosuks oSfClde vaaleo mitn
Di fferent SCD popul ations seemkée or ptres.e n Wh iwl
CSSD trial an % cumul ati ve incidence of

unsuspected cerebr al infarction on MRI were



FigureFar hg of ovA)Hemr hafgiec .s tAr okugpdsuseeld | eads

brainmhtheme in the area surss ®(@nldsicnhge nti hce sa & boekcet e d
occlusion | eadlewnotooszihhleeni Bl ockagei Jgrn wi. e ICMedA  retd
undeCGRY¥Y. 0 license.

reported a . % prevalence of <clinically ove

SCA patients of primarAi sy i Afhtil yanh odvesceasntr oke

i n a Jamai cahn .b% rbtyh acgoehor tlnyeanheti poyp, pedi

stroke i1s rare, | i keend nSQIr albbasanalcho |l dr ¢ @mwer
Kuwai tian <childremhesd hdiSfCfDer ences are i mpo
prevention, screedi ndherdpegnhosi strategies i
Mor eotvieirs wi | | al so potentially affect thos:e
ancestry is not taken into account.

Brain i magidmagnfeiocstoanlf i ovneirntg sd¢ Iriokiesal(layn da pvp 4 he n
abrupt onset of neul)and diga gmad Cifsoe sfeenstt aotni obnrsa |
MRJbut without <clinical symptoms or external

findings
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1.4.4.2. Pathophysiology of Pediatric Cerebrovascular Manifestations

Cer ebvrassic ul ohpaast hlyeen i denti fi edigasneahamijom a
i schemi g bBase##eon cerebral angiography or ma
(MRA " .Concomi,t aet Imost common histopathol ogi
r el acteerde br al v &S ceunl doopt ahtehlyi a | d & ona bsair zyemd tbhrea i nmi
arteriresThat damage occurs in pandi cwnifarcas
SCA patients occur more frequenespeawwheaerkeytate
area at the bifurcation betwkeenmitéel entereaehbt :

ithe CirclFi gof) . .Wllt!l iwas( al so found that the ¢

|l eads to intimal | ayer paoldi t@érambas, f Or ma
(Fig.) The arterial stenosis and occlusi on me
of coll ateirmdydmaymati on

Thedi stribution of infarctions observed on

consistent with the hypothesis that overt st
| arvgees s e | di sease, affecting mainly the dis
cer ebamal ,anterior cerebNelVemnrherees, there i
knowl edgehabme¢hani sms that determine cerebr
The | ower oxygen affinity of HbS and its pi

trigger a cascade of events from chronic I

endot hel i al achcvaonpni ahdacmat uon, and i sch
Ti ssue ischemia in the brain results in 1isch
t he border zones, or watershed regiesse)] eV

vascul opathy



L~ Anterior cerebral artery

Y : Circle
W . of \Middle cerebral artery
Willis

\Internal carotid artery

Fi gureBriait eaTihees . mai n posterior ar tagrei egnpdifa stilzee dl
Creatt®idng Servier Me8X%3.tQ Iluindemsea. CC

I n €D i schemic str okaer pdaitliaetnitosn aorcteaeurgilses alo
bl ood flow (CBF), and indraeaxsedni f OE¥Fygemee
oXxygen etxhatacitsed from bl ocdnhy ithblud eb rt @i rk eteips g
met abolic rate of oXyagerdeut icloinddttiiooms( OMRA@ e c
pressur.e When these compensatory mechani sms
ti ssuebmd i c demands, | owbei ngsuhe CMRE@G cer el
those adult patients that have carotid occlu
a robust indicat.CBFofi sstedl eweateidsk n c¢hid dren
compensatory mealoanicsarmtl o il alw o Xogyegteat o ryti enrgt
capa)diutey t o Anreend enpgr cspaistieadd evat ed h@EFR eiemp whi t
matt &f ecneest aabol i ¢ st rteisssseude scaea sesborcaiil antce ¢ awietd h
stroke risk inCehebeathirlediemal ,amanCdMROIi n C
were observed in the deep white matter of pe
whe@BF and &£&M&Oami nhelum.s was consistent witdt

met abolic demand in regionsdedpitoavelmi CBFORM,

oo
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were areas with higher infarct density. The
density angdbuhti grhotOEWi,ti mdIi otehta€ BGIEIRgdu b da

stronger isndiokat ari skf, .t hkRur tl bewr CBrFe , a S ubse
showed that <cerebral amé¢laibod atce cdytwwiegdsas tmmnaeyrr ape
in childrenswetsaSORdhat strat ergayd jcuovualndt bteo at
mo s t used i maging t ool fiotrh e s ttrroaknes cr ask alpr
ultrasonogmaahyr ifnagr -atvlea e theame o f maxi mum vVvel
( TAMMV) the middl e cegueabnrtailt aaritveer yas sTehsastme n t
proposedpibwyalt h@TIO¥ bhasad o @Breirmoiupglyeaami cEIl ui

(see secti)onBrof. f. 0y pst actephehapeed of a fl ui

when t hedecriesasa i.n Ipmr etslsecregaedbag abf vdadaul opa
decrease takes place distally to the region
the blood vessel occur s. Hefnlceew M &1 oocniet ymeians 1

arteries emmernltiitedrnesd coul d befa tster mrcE uimmadinacat a
occlusive or stenotic event.

Children with SCA hav&EClasnti ghreepeteival maxte forf e
for mCérf elSanteaud ol ogi cal i njury. They may appea

undetected unless the malgi hdg exdensgoes ulmn ail n

occurs. As mentioned previously, SCI risk is
have suffédr édy amgeSC years and this increas
age of ry.ealrs addition to brain idnjwirtyh S
i ncreased overtfathroke roskeet academic mil e:
and increased cogniti've i mpair ment

Contrary to strokes, SCls do not seem t o r €
I nitially, it was suggested that they were s

oX
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the frontal and @Sabbegakentobéesdies demonstra
white mattaed Hossupt ed naast tweerl |i natse goroiatmdyg r z or
corticadlj kewedaod aBant der zone infarcts are su
mechani sms may result from gl obal reducti on
hemodynamic factors,-l oke bionthar awths | ien dviedatee ¢
thromboembolic factors

With no apparent external mani festations, $
i maging technol ogy, l i ke MRI . A |l arge prospe
showed t hat cerebr al bl ood flow decreased
confirming that SCls predominantly occur i n

within the white matter of t heAl Sioonttahle arne
demonstrated that % of children hadneSCl s
regi on, measuring . % of total brain vol ume
|l ow bl ood f1l ow.

Lower baseline Hb | evels (anemia), higher ba
sex are known rislkl baaetdorSCILboerg NnBECAf f ect s of

i nclude failure to meet academic milestones

1.4.4.3. Screening and Diagnosis of Stroke and SCI
Di agnosis and screening of cerebral wvascul op
technol ogi cal advances I n neuroi maging. The
pediatric stroke i n SJdA riass otnroagm sacprhayn i(allCDDo.p |
are more suited to (confirm stroke and) di ac

respectivel y.



Stage1 Stage 2 Stage 3

Figuré6 Vastul opathy and stroke Sinckdiet&bBOgcned Il d
adher entcleentdoot hel i um (1) and hemol ysis t(2¢ ma Kk ¢
devel opment of cerebrovascular disease in sickI
pr-ionfl ammatory state, partly reflected by | eukoc
Tk asomot or tone is also eddrdctelle ()M sdeucer ettd oinn ca
nitric oxide (NOY reeawempignpbhy dodeélmer s . The vas
narrower as a result -mdsmlreolddlelrsatatmddi nfoiftbhrseanalaetdit
| ayer (5). Al | these mechanisms wultimately res|
Reprinted from Thl'e pLan5c0e5t,, OCmooply.ri5g,ht 2006, with per mi

The TCD screening foBersn@wipleliint s pmMeecdmame €£an
menti onegdanedarwasert h & egbraosdbnsde @K ira@l pri mary st
prevehnthSIMOP t rBiassled eh utdhen i ncrease in blood
terminal portion of the internatesualrtoitng for
i ntracranial vasculopathy would be MMVeEthrong
t he mi ddl e cerenemdli o mewaeseyatrh e e gaAhrosradit er

measurements < cm/'s indicate il ow amkk, w h
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associated wi ttchonndoa derosnkad ®he high stroke ri
children withOTAMMWYVs.vaChielsdren with SCA and
TCD, who received at( dreacstorloomoidct)htr @GBEBdl an

a %reduction in the relative risk of overt s
grodps8TOPriasults allowed for the establishnm
t hat was foll owedebynatmar kedi deaceasf. pedi a
I n the STO®ti gatailving transfusions for at

nor mal i zati on whfer @B walidegs,en di scontinuing
with increased values

Subsequleedttiryo,k et wi t h Traginmd utso oMy BrBthXAWWHN) e & r i &
showed that transfusion and chel ation were m
patients witdand®&CiDromstow&rel oad

Another <clinical trial that i nvolveWnitedsit:
Ki ngdom, and SHrlathecteebrtathe | nf arnSI)Tt Mrainsf as ime
primarily at determinpngveht CBG waew e6taemiouv
form of overt stroke or SClndegehewlyiefddhlolno iveRd ¢
up over theeeefyeaisdren who were treated wit
no-nhreated, had ischemic injuryorevegmltasrs{ benat
infarctsatedh dgheupg;reseven strokes and seven
observation grougps)c.alkowey eerf,f encot fwialsl obser ve:
in the SIT trial

SubsequentOdWwi t h Transfusi ogdr Chygadiod aTgCHY) o t H i ¢
i ndidda ehtae HU may be effective for primary st

TAMMYV s.
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Current stroke screening sandtegiekerel gykoat

i stromasdedt omlphe SITHDIP butit ahl so on the subse

descri beNewabowvpkpehetssall patients with ,high T
and chil dren wi t h | ow measurements may al
Furthenrmerei,ntdrai dual variation in cerebral

requires more than one TCD nwhaiscuhr elmemitt sp eirt sp
i n -tesour ce.Thet toiprig ana l duration ohowWmBTanhndeat
even thdwmddgniuS | evel, s dvemeo wp aktidetlnléris f or stro
recurrence '03i MTdAAsCBT does not appear to eff
vascul opatshgme douatvoggest ed -ttaraft o-Ul pesotwgp ul d
include yearly. MRI and MRA

SCI managathept eveenvteinormoxrhmeal | engi ng. Contrary
t he SCI pat hophysi ol wigtyla d rso vhaostc ud osp@d ihayt, e da n «
nor mal to conditional T AMMo/w8  rair £k Maift e oc3v@dds, ¢ a
treat mehBT wist h nsuff S€bentreaoacpramdntecurren:
Thehall enges in the existing screening and
benefici al rol e of t he currentheedadiomg ntoea
bi omarkers with high specificity and sensitd.i

t her apptuitorcs ot hat are effective in all pati e

1.4.4.4. Treatment Strategies

I n general ,t rcauatrteennyyeSrpA om rel i ef ampd, mamegr e
pr eve.rEtviemmn t hough an established ppedemati orm
strpkeventioesiomseltitegimgs, the chall enges for

treat ment ar e common t o t he onelshefref ooé har



YT 6001 AD

b
(@}
m

di scussi on of treat ment strategies for pec
overl aps wBthot h&CAnin genegiafl ealdb ttahiemriampge ua

solution is highly wunlikel yWhiuleetwowopsthreeammpa
strategi es bagd dorbe sns gtelee prcé ssit em namely the

mechani sm, dtocavmge reda mapproaches maurld i dude c toe
pathophysiological Umethaaimsmppoba8@Gbs are re
circuimvgnt he genether ddckifreecat,| ywh(ety correct i
i ndirecrtdwer(sbhyg tbe swhtyeholiangi)HDo wnrsa druecatm o
strat eagieesecsml |y chall garmgei ngi ghuecotmpl exi ty

pat hophysiology, where much is stil/l unknown
Management and treat ment options -rheasvoeur cens
settasigas result of advancewhiaohrresftlaects ainm

expectancyr amar diodvet y and Rroedeantit §ppradache:
newborn screening progr ams, prophyl actic th
effectitvieonredfuci nfection rate), and vaccine
i nfections agent s t hat Rrid¢emad c oddizi@lmebmpdm | ws t

i nf |l pyaennblkean i ngordpralugesi a (for paCBT VOdLe a1 iskee

earl i eeoyyuchtyddl) and bonéhemmatromwoi ettcarmngd lmancte
(HSCT ' Al |l ogE8ETE and, more radhenapwyr ogehes
fusing lentiviral vect'orsesr fgogenagmea ee didtdiing of
correctiioan meuredt beddSE€ET has been applied st

pediatric SCD patients aff reieskuffrorn vat r.olae ¢
However, t hiusetlAat eggd sibling donor s an
conditioning toainmpr onegenecamesfor efqul Ir esf f

adequate donor pools consisting in a repres:
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genetic structurel dtoi.ddJineeltatepdi dnabopbpl8Cheen
appr oahcohnveedi dr was not considered sufficiently
due tthei s kg r affetr shos t di sGase therapyt oMhoegoeu s
hematopoietic stem cel Wesubthebeadnataicadadlvley arhd &
HSCT. Co mp,arhamtaii vne laydevsandafaggenar ¢ helhn@apydo not
require matched donor s, thhousst adviosiedaisneg otrh eg rrai
associated with HSCT, neither require the a
i mMmmunosupppreisasrh etngp r o c.e dlurr et ih®e owya wdehraflolr mi n g
the infusion of geneticall ypmdcdi fmaendy cpeeldlisat:
adul t hemat opoietic ceWithowthspeégquitaitngnhie!
all @genHSCT. Ho we,vaenrd, eismp erce-ml 8 tyyricne lsoet t i ngs
basic therapeutic needs agrié ssobulld dief fcihadll te
i mpl ement t hedsuee sttor actoesgtise sand r €oDmpredemeasd vie
car e progr ams t hat i ncl ude esesd wmaatliso na ntdo pha
caregisvare also impalrtlnmarnage B8&€MDt I mpr ov e me
Current tsrpeeactfnbgiretd i asttrriock e ahs®&CAuffers fror

l'i mitaheoappl iICB8atnidoHWrwf kiighk chil dren i1 dent i

now the standargde sodurccae eseifnhengeal of CBT i s
HbS at |l ess .Nbaaert héCBFs has been found to a
el i mi natdenchee ofncnew cereibs adss andiaatcad wi t h

althmuni zati on and requni oger a-matdbbhet bhhibobbdesu
and an eofvfeercatlilve bl oodelsqpmkiendg hey poemnti al b
number of tpanséerts)ng thogsessurategiedad i ngs)|
where SCA i s mor e -Saheavraa ne nAf r(ilciak)e wS ulbl requi

o f partnerships/ consortiums,, andpescvaiméntsés mer
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comprehensi vemscarPAPenopthegr achall enge in SCD t
management o f hemat ol ogi cal di sease al one
progression in'"mahycthfudteder reinforces the
genetic risk factors playing a role in cereb
Ot her therapi es have beaerc onper op asydcdr n siars h
encephal oduroarteriosynangi osi s (surgical r
bypass procedure), and, moreAlrlecemttlyesgemneq
validati on and hava beenndearvy setdr amke preve

Furtheamdr éi ke the approadchey memrt odnéd medrel
regi onfsewdetslour ces.

I n terms of pdiasrermsad If oyg enags,imeanrtd d ersypmdreo u sh e
recent rcilahsfcalbbmlhbgt ances have beeburaoppperaonv ed
Medicines Agenc¥Y¥opHEMAnhdaDdughAddmi d$BPYr-aLi on
Gl ut anmdxeelpa acndzanl.i zumab

HUwas t he EMAasnBDA plpeg ovS&SCD rfecarmh it & e r acpael ut
ageing believed to act on a vari ertgl atfe dneclhiami
complications. Those emgdhami Imsr Ni@relatedu che i on
increase in soluble guanylate cyclase activity, and cyclic guanidine monophosphate

(cGMP) that stimulate HBG expression or NO increase through long-term
posttranscriptional rise in eNOS levels 309310 Thecr edandleF producti o
countstrhabetst ruct iovfe HbfEheuwwcst sacting asThedi seas
effects itnsaenvselraatle benefi ci al ef f eictcsi dienn cSC Do f
pain episodes and aast evet h e saats syhraerdounoetbiean oi
hospitasli zRuitomer mor e, HU decreases mortalit

with VOC ewenéebrovascul ar, aancdc i plreott sit mMwisi a
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i ncreasing overal/l Surb®y vaédumi nyCDt hpeatn iemhb e
transfusions (and therefaoamae,6 hdweisspgotwanl itzoa thiaovre
a similtas @BRMT 8aCtD v elSCDi tciheadthdirgdins k o.,fi t s thrask e
been considered essenti al i n pedJoater irce csetnrtd k
HU was demonstrated to scavenge free radi c
antioxidant Thkinesindicatesaa@atirngl eoxiidatowvet
activating the expression of several genes i
HU has beenowtsoe dmtidicldeme copuobraibétyd tduel es s
chall enging application when comparedeto ot
application has been done more frequently in
years ol d) show a mor et yr otbau srte aacntdi vha.tgeirdHib 9 aep.
i's beneficial asstarnateeagryl ya nidnttieemnproeSi@ & notnr Eah gie nt
However, | aboratory surveillance cRetatarnye a
t h®Real i zing EAdrecsts vEnassnents (REAQH Hydl oxy
showed beneficial effects of HU and promi si
admi ni sitnr aAfiroincan c¢hi IDdersepti tei wh d8CbDse of HU,
ont he full ©&ipecs pedielwfudtalrobi meophaoab mS&SCAD

af fects i Bhamglnowl.edge wi |l al so be benefici
patients do not seem doporedsepron)d. to HU (non
L-Gl ut aammchemor e vo danent hyedt hgsheodbygtdesrHEentd y
have officifalr &SECAr dk-&ladtmemitmNeADiIi spr&@cur sor w t
provides a supplementation that wiklé rcTednt
cell.s Tdhreug has been described to reduce acut
pediatric f(lage)yeaanwd adul t Y QC€p einntfsu | ncarmed eg/s

hospitali.Datsiponse rapid approvalkegegmutdlhenigs s
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L-gl ut amine mode of action. Furthermore, i n
based no change in hematol ogic parameters Ww;
show i mprovements in ter-meing quality of |if

VoXoteomode ofhactlhameasmssed i n sleivikelwea |HGPtEI dcil eisn i
trialt acts as an inhibitor of HbS polymeri za

di sease Vioxdelfatear wiarsc rsdaseav elllss ,t hanse dHubtgh e

numbeftcut e anemia epiesmdleyss i s, emsaalkselrod bh | i rub
to a |l esser extent, reticulocytdewaedt LdlHe d v
was not dieendontsot rhaave a benefici al action in )

Crizanl i zumab i sP-saelheucrainnt Zeeadt 9 abrsttdgywn t o be ef
i n reducing VOC Tfthreequenoywal e was to decrease
adhesion t o -acedluwlsed waaisto di d not amel i orate
parameters or quality of [|ife.

Thdi screpancy nhuerteweoeurs tchhe ni aald ttrhieall © wi mupnlb.

of ficially approved pharmacol ogi cal agents
specific clilhmctahe comgdendensf. curative ther af
of SCD patients, ital tsei mamtiawipsy o et B ap mgwiad e
and qual iTthy sofi sl iaf ec.ri ti cal i ssue for both p

recent rsewrovieyed easpagtani ome devéhepmeeut bt a

management specificallyliocoesaédcompltéheentds ve
qguality. of [Iife
Sever al ongoing and nearly fioitdhkred poltiemi ¢

effective apttaasmaesbbdblFoarl tohpitsi oemfsf ort t o su
research on the different pathobi ol ogAs al me

the knowledge of SCA mechanisms i mproves, n
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stroke, new poosidieiviel oiplensehpwaap g e f treat ment
the overall di sease instead of specific man
pati erteivwalslt t herapeuti cal efforts have foc
sympt omati c midenvaegr et nheéthlWefs s, expmplfoundl vy aff
pedi asttriok/leecuskencset wdnlel y used in the mana(
clinical manifestation.

The most promechamgi $@ms gledr phdernma o adbtedei rdeepsyf a r
Hb F stimulating agent s, i nclude adhesi on,

hemol ysi s.Adhesi on drauggsetbheaigng tesnhednhinkbi ude

(e. g., ri vainpda ntseep gr i n®indst he ot her hand, d o\
i nfl ammatory pat hways is the objective of
(already i n usienteot ewadsit,damal) ,s¢( B.Li E8sati ns, I
simvastatint,o adcsto sreeemmdot hel i al nitric oxid

nitric oxi deAsprfoodrucitnidounct or s of HbF producti o
i n addHUle.ng.t obutyrat es,  hpoowead enredy mwidlel) pr oba
mor e efwhen ensed i n a c Amisii ctekd | m@ n ragre.nt s

sanguinate -and wheD eas war farin or prasug
anticoagul ants/ anti pl aGievleent tdhreugmsul t i tude of

SSRBCOshe more adequate stratietggr gvetlé d pa pipradd

Unf or t pyanlaitneiltyed number of SCD patients in de
resources in underdeveloped countries make i
of many pharmacol ogi cal agents

As Emerggengebtaisced therapeqQgdiescsit basiiegmieii eant
i mprovemenltiheeadrd, snialmel y: guality of viral

guantity of hematopoietic stem cells harvest
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system in hematopoietic stem cells; choice o
no-homol ogoud) i catiidemt iof t he best gene targ
preparation regimens to allow the bone marr

with minimized toxi cittayr;g eptr oebflfeentst sr;e | captteidmit zoe
model s f or vtedsotpiinmngg ogfendee t her apy strategies;
be used to define cure

Research is also beingbagossed or menda pyn,o muit tr i & m
suppl emenhatwegehpei eces ofareevisdteinicle few and fu
over varying treat ment periods and doses of
conclusions are drawn.

All of these potential therapies are highly

of the differtenar e aptrhewdaiycst itvhea of si.gni fi cant

1.4.5. Genetic Modulation of Cerebral Vasculopathy in SCA
As stated ear |l icear e hien sstarndkae dprodventi on i s
by regul ar bl ood transfusion therapy for c !
Unf ort utnlad ed ¢l ati onship bet weaen hieGD ewneleo ciist i
preci se -imnadre pagea entat eAgprsoexvienm chil dren with
velocity value have to be treated with regu!
from having.Sarskeokeésk alsadepeament oabei ade
with ages above sixtedf&Dyeal ®cahdeosl|hdavvaeh eat
signcant increase Forsheoker e stkhe managemen
di sease does not seem to prewlingh viasadiud atpag

addi tional genave cariclke facxtwoirsk hmodul ator s.
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i mportance since heterogeneity in disease
prognostianatgieomentm and.clinical trials

Seveliadmar kers of cerebral vascul opatlhgwhave
HbF evel | ow baselimeghemeglkomyhe s<o®Xntand r e

high systolicMprreecsweaurr,e hi gh | @ wehles i add rmHabdF oa n
are recogni zoefd gnoodbiafli edriss'e aSeveslevetutdyes i nd
t hat genecesnhéenantedbSwiuttat it he ar e potenti al
stroke/stroke_risk

Using approaches that ranged f-womheGOWABSYiI dat
associatioeseadaudhesn this subject has addres
t hat mi ght s tmoodkud-fasttekko ke Tl s e gemeti £i eoars
modul awou g potteat gfadisncr easi ngl(ndacpas ait @l vy
personal i zed) apnrdo gtnhoesrtaipce utfehsetess i loge ¢ piee s wi t h
previously demonstrated protective rae | e of
thal assemi a, imodsptowe gemlbbat ct medi fiers of di s
within thechblusbeéensgene

The <candi dastseo cgearntdaopnp r ©tagcuhiyrrees previ ous bi ol
functional knowl edge of the genddowwehiech 1t &e
strongest disadvantage is also its greatest
to thentar i denti fiSelveirmleacuht-aag 8 veei astterdo kwea r i
have been identified i n sever al genes u
VCAMG ', LORLDLR,ADRBU,AGT ,HLA , TN ., and

t h-a - tbhdelédt i ohTabl)&o circumvelnitmitthdet itmm®e npr evi c
approach-wjeroaneci at i oWA $weurdee @ stsce Gafnf aambi ased

stratédgyugh scanning thousmamdliseadtoi dne | poloynmo K
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(SNPtsg find an association AvWitthlhugh GYWAS®S mEe8i n

application issvbraterfadtbys, namel y: sampl e
l' i mted); issues with Iinkage disequilibrium
of an all el eewhrcohcomi t ammtelriynttveirtphr ed n ommtgh ears)s;o

with SNPs wheoomanécbilogiical uncl eargenaendand e
genenvironment i.ntdormet obng he GWAS has val.
associations found in the candidate gene as
from the stringencnye eadfedudgwalcloynénsi der an asso
significant, which is difficult to obtain ir
| arge size effect

GWAS are also inadequate to scan for wvari ant
better assegsanckerlayi oextseqgeenategi d NGSThese
applied to the whole gemmomeér @WG$8) is pdgpg onra eMERNEA.
has been used to scan for variants .asBlhati at
approach |l ed to the identifideltetoinonfvari anStN
included variants within kb of at | ea
with stroke risk.

Three SNPs were of specialn sPh@Ngerniec,anrcse: rs
( K Q)ENmMRehe, and rs GoLQBene (Chabilne t h
Of these onl|IPONWlmad PR Nomprevi ously associat ed
ri sk in aBNPR&alidated al so iinanabOdtGReiri Islt ud
l ack furtherndcohfincmadonalh assessment to pro
i nvol vement in stroke pathophysiology. These

them potential targets for drug discovery.
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TablleCdndi dat@&andemespectpvevivau slawmdsisgenat i vedmodi

ostroke i namdmikd e cel |
Gene Variant Predicted Modul atReference
VCAML G C Stroke protectior
VCAMO T C I ncremaddssel st
Il LOR S P I ncreaseedslsalngest
LDLR Ncol +/ I ncreasdvdessselr oke
ADRBU Q E I ncrease®slsalgest
AGT AG repea

DRB1*030I ncreaserdi skroke

DRB1*030I ncreased stroke

DQB * I ncreased stroke

DRB * Decreased stroke
HL A DQB * Decreased stroke

DPB * I ncreasedkssmdl Ist

DPB1*1701l ncreasedcssmdl Ist

-A* 0102 I ncreaseegslsadngeat

-A* 2612 I ncreaseedslsalngeat

-AA* 3301 Decreasewedsmtigeke
TNR - G>A I ncreased stroke
GOLGBO Y1212C Decreased stroke

Decreased stroke
ENPPO K Q Il ncreased stroke
I ncreased stroke

POND Q R Il ncreased stroke
HBA -a kbd e | Decreased stroke
Li ke the previous genomi c strategies f o
strategies have | imitations. One examp®%e
of the genome which | eaves out mo s t of t
since variation in regulatory regions has

r g
i s
he

pr
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HbF. Our group has al so ViCNeamt o moteer avamipad ot s
strong associ at i oanndwisttht ohkeemol| ysi s

A clearer understanding of the specific mect

SCA subphenotypes would be invaluabl e. Thi s
cerebr al vascul opathy, namely in the @Pedi at:
| i Tee possibility of defining a genetic mark

woul d alilyave kf csrt:r at i f iictad g eotnh dorti e wiathhi leintt v t o
ti mely caries kt pialtiigenmt isf i cati on dftfhshéaapkutat
the de®ifgnew phar macodimgjo)tceant iagglelnt scust omi z e
strategies t o pagaechmsdotrdiemd ampraoac h.

| tviitsal anal yze popul ations fr om aarneda st ankhee rien t.

account theispepbputagemetilct mosdidli®ead 1 mport ¢
consideriadmesedypdparl @driroeast i nterpretation
Thi s addi t ipornoavlfildyetphoesrsi bi | i ti ¢ $ e a ndnetgeitrgnms aonfd
availability.

RS
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Thestudgscribedi medeitm investigate the pathec
vasculopathy in children with SCA, from mol

therapeutic targets. To dontdoe, ftoHd owa rnky voayg e

T To uncover hematolagdcgénethiochieomimarker s
cerebral vascuwbpebhhwmaynb&CAurther used f
devel opment of timely and more accurate s

i nterventions, befor(eChapteevregs sd4 bdred b3 )ai n

1T To wvaatlei,d tihmr owigthmr @ ssi on studi es, namely (ge
our previousVEppmrtdmeestisr othacp lamtgynoedsu |l at or s
of SCA chronic hemolysis severiittyhatand al
wi | | all ow assigning a pot\¥@QAMdnld tthheer apeu

pat hway(s) whet€haptes 4nvolved

T To evatlhdbatf d erenti apresdobhebfalbears, ider
i nvolved in specific pathways. This wil/|
the devel opment of cerebral vasculopathy,

with (hAapter 4)

T To investigate HUcplkRamommhaemldodgihedl adeactiv
dysfunction, which wil!/ i mprove the knowl
mechanism of this widespread drug on di ff

(Chapter 4)
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BIOMARKERS, GENETIC VARIANTS
AND THEIR

PREDICTED EFFECT IN CEREBRAL VASCULOPATHY
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GENETIC MODULATORS AND BIOMARKERS OF CEREBRAL
VASCULOPATHY IN CHILDREN OF SUB-SAHARAN ANCESTRY

WITH SICKLE CELL ANEMIA

DN} LIKAOFf I o6adGdNIF O

g\ VCAM1 d;NEMI
T HbF ts1041163_C

promoter

veam1 Ws 1409419_T

promoter

I glaplotype 7 Haplotype 3
+ McH Pﬁh A
Q,n{ NOS3 VNTR_4b
\(7
rs113276800_A ¥ ROW

ITGA4
Y /M J.r
Y “re3771838_T

ENPP1Y)), /‘fﬂ
Y " rs1044498_A

Stroke

Haplotype V

High stroke risk Low stroke risk

scl No

Cerebral
vasculopathy

6 aBNAR{Af DI HAHN

Based on:

Marisa Silva, Sofia Vargas, Andreia Coel ho, Al ex ar
Raquel PMali a, Kj°Il | er st ra®nmd, Plaoud ca LFeav@stmieto c¢( Modol at o
and Biomarkers of Cerebr al VasSah aormpar hAndes tGhyi |\
Sickl e Cel | BlAmoedni aCel | s, Mol ecul es and Di s €

https://doi.org/10.212016/j.bcmd. 2020.102436
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SUMMARY

studyoai meedstoimpatker s and genefi ¢ hmoadel &
c ul ospuapthheyn et yipn pediatric 88 hpat@tine nAtfsr i o
estry. We WVeAMdAr a mhateronfeapl ot ype/CAMApI| oty
gle nucleotide variant rs1409419 T were a
measur edvdlyagaednemean of maxi mum vredloci ty
ery, and with high serum | evels of the he
ther morl, | iVeCaArvd c d driGrAgla rgi eannet s rs11327680
770138 T showed a positive association wi
atiiponksent ween a genetic variant BNBPIstr ok
044498 _ A. NO&bmBveerriseentys were negatively as
ebr al i nfarct events (VNTReddbradl eVvasauwmldo
bally (hapadothylpael Vddl)et iTon di d nodr esthroavl a s
culopdowgver, it was associated with higl
nts, and | ower mean corpuscul ar,andl und, n
|l distribution width.

resul ts under |l ine t he i mportaecebrodl ¢
cul cpdheypotype and their potenti al as SC/
pose that a biomarker panel compr,aedng bi
etic udadt abewoi nstcemebt al ¥ apsr ceudl i ocpt ai tohny, a

venti on.

wor dsSi ckl e cel | anemi a, cerebr al vascul

ul ator s, bi omar ker s.

v X
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BACKGROUND

As statelIIChkthéimost common and severdbdiprndisen
rates and child mort@bbahanae Abstchrehowave
movements ar e l eadi ng to a wider di stribut
emergence status' of Imhehdil sle@ane t-htee motsyped m
areerebr al viaasazaultopathegby peyg pdemarisd | arexh s e

pai nful crises. Ceselar anlaj wvas cwlmpgatchay i on an
stroke, SCI s, tranasanent riegaeamil ¢y atuaokognit
at a | ater stage. Chil dr erni swki tahf SsCAr dhkaev et haa nr
pedi atric Apopuwltetdhempt eeal ehce of overt strc
by age year s. On the other hand, SCl s hay
with SCAhe current standard of care for stro

screeint mgough me astuhr®AnVEMi/tn otfhe mi ddl e icerebr

foll owed by regul ar bl ood transfusions ther
sensitiviltyy,oelsChogtiall |l ow identification of a
a stroke and, conversely, children with hig
stroke Moreover, bl ood transf usi ont/atU otnhse rarp

adverse side Oenf ftehcet sot her hand, MRIotMiPAIgsh di a
recommended for early diagnosis of SCls and
MRI / MRA are not wuseful to identify patients
stenos.i SA mor e speci fic and sensicteirveebr pane
vascul op @&tdhy on and prognosi s, t hat i ncludes
modi fying effects, i's therémorpa eof ot de s ut di

identifieVCAMNOSBINEABIANMi th a positive associ al

0R



AT AGEA -1 AB1 AOT OO0 1T & #AO,

Th
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of

mol ysis, a known pathophysiBaliddianagl 0o$:ICA hmes
aimed, in this work, to assess if those v
rebr al vasncudabsS@htahyn SCA popul ation. Our
proach also focusaed i onhleiggtdendV @SWé and f or

mparison purposes, we incl PONdst ENPPBree
,anGOL GB ) previasessskyatepor wedhi

roke in SCA patients

METHODOL OGY

2.3.1. Ethical Statement
hi cal approval for the studybwasdgr amnt édsh

cional de Sawwde Dr .anRi odr dardarcge anlt N®hA)s pi

e principles of t he Declaration of eHel sin
plained to the children'"s parents (or | eg
itten consent prior to their enrol ment in
estion asked in this study, surveymaiespond
nfidential and would not be shared.
2.3.2. Study Population

i s -ccaarster o | study was performed at I NSA in
e Greater iHosponhahr ®&doEpt ehOnide, Santa Mar

of . Merunt aldrodnos gacnad HoGpii ¢iad de Orta, the four

t hat metropolitan area. These centers com
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pediatric patients in our count(rGBe aSev ertdy

di r8ucbSaharan African ancestry diagnosed wit!

criteria included -Aafgrei<c3a ny eaanrcse sdlrd/,, morvi ous
having received a bloodbefamgfodsnean .in the 1
Data obtained f rpoamemati e(notrs |aengda l guardi ans
i ncluded demographic characteristics (age, g
coll ected. Hemogl olHibk) ,pr difeimae © | o HbEBIC, par a
| eukocyt e, neutrophil aGHl, pA@W ewelt| casnhse mo

bi ochémaod hematol ogi cal o oalr,lxiedrnsdr (riseiet ni uicnu | Lc
Coune)r e retrospectively collected from pat
parameters were obtained by welasndairnd pparotciecdw
measur ed-pley floirgnance | i quid chromatography (F
each parameter were the resuiptoiaft, matasiue & snte |
performed-sitmatet @ea&dy ods, andwpthoHUt ana@anynot ke

120 dayrsecditwirng a bl ood transfusi on.

2.3.3. Genotyping
Genomic DNA was isolated from peripheral bl ¢
MagNA Pure LC I nstrument (Roche Diagnosti cs
samples wereednanymspecific genotypes coul d
through the main study database.
The homozygous status forHBByen&CAcmROALT PN
confirmed by pol ymerase <chain reaction f ol

pol ymorgrhdlsyms i-RFILPCRwi th theBewdonwdBodba e
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cluster haplotypes were determined after exa
within tKen¢bdsthBiGBi2Z) ,I1 11 (WBGAHBGMhHIicn | |

(winha3@nNgHBB athin(BMIBB. Al iquots of the ampl.i
di gested with the appropriate enzymes under

manufact ura®rit®haThedel eti on waRCR®sessed by ga

Putative modifier genes were identgbhad thro
fromher published reports based on the infl
These candidate genes were used to identify

i n patient YEAMINGSIPENIENPRB N dGOL GBdenes
genotyping was gp erCfRo rwrnetdh ucsaommer ci ally avail

pri mers.

2.3.4. Screening for ITGA4 Variants by Next-Generation
Sequencing

I n order to search for var itaeiT&SAgdemet hemexeég
generation sequencing (NGS) analysis was uUsS:¢
i ncluding its flanking regions. PR AvBas pe
AGGCTCATTAGRANROA@A MCTITGCGGTACTATGBMAGBGC t he

Fail Safe enzyenMi xwiQG h( Ephiec emrt r e, I 'l umi na, Sar
The NGS wor kfl ewf ivensstse ps: PCR product p

paramagnetic beads (Agentsdaurntd,e dA nDpNVAr e uXam)t ;i f

a Qubit fluorometer; DNA | i baaxXy xnepdrdtivon
Di ego) foll owing the manufacturer's instruc
Mi Seq benchtop sequencer (Il lumina, San Dieg

the following tools: Sequenci hgaAdaFgast QCVi e

¢p
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(v0.11.5, Babraham Bioinformatics, https://)www. bi c
were used for guality analysi s. The Mi SeqkE
'l l umina) was used f or -Wheeaedl era pAliinggn e rwi tahn dB uv
and filtering (with Genome Analysis Tool ki

Bi oi nfcer)mawtais used to screen for contaminatio

Predictor (www.ensembl.org) was used to anno
Viewer (v.2.3. 8689 wBsoadeldnd$toirt wisualizati on
Val i date omamwmifarnths was performed using aut oma
amplification wi t h customi zed pri mers i n t
Bi osystems) . The results were analyzed usin
Il nc.). The gewetgpaddedesoltke previously cr

2.3.5. Haplotype Reconstruction

Betgd obin cluster haplotypes reconstruction \
of c¢cl eav Xogd Hadn IHlde,amdifn I sites. Haplotypes
bycompari son of the compiled paanhdr Sewegal |
patt &%ns

Hapl otype reconstruction for tPRPEASBEhebnf gwacee
v2.1 developed by Mathew Stephens at Was hi i
devel oper ' s (hitntsptsr ¢ eli ©.ncsomoti on. uw. edu/ express_
Hapl otypes were reconstriNOB8dsR2O07 X@doane t4i_o2 7v a
bp VNTR, rs1799983)V,CAIMLr sthd0opramot es3 08017024,
rs3783598, rs1041163, rs378350PGAMand37D49 ,e

rs35723031, rs10562650; rs1839269 and rs1839

(UN
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2.3.6. In Silico Analysis

pul atiehe and genotype frequencies were rE€
ing the Ensembl br owser (www. ensembl . or g)
i ng the NCBI SKPtgopedr alt bgnagilme gov/ snp

nstriion factoanaliynwdisnngwas tgerf ormed for th
e regul atory regions, using the Matlnspect
aluate potenti al effects on the regul atio
amisgt i on factor Omiliydirnggsusittsesabove t he 0.
nsidered, which corresponds to a maxi mum
entified sequence and the consensus Seque
ported consenfstusansequerndeon dfoaotVWERMIF*ndi ng
d ItTh@AY%Y% r omoters was performed. The sequenc
re not found to overlap withazasytoont hac
ndi n@c oqnisteamsus seqgquenmas kefHeenactes fnor t hese
pression are to bet lhxpercdsxsanaes af rteltsaud @ \wd

tail ed oefx atnpelsa d asécyo ar e provided in chapter

2.3.7. Statistical Analysis

e analyses were performed using the SPSS
i cago, USA) . For descriptive analysi s, co
dians and interquartile ranges (I QR). To

riabl esWi | Xhanpoirrmroal ity tests wer eVhapgmleiye dJ.
st to compare the medians of variabl es. C

mbser f r eq,aenrdc ipeeg cent asgoewar €l htee scthior t he Fi s


http://ncbi.nlm.gov/snp
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wee used t o compar e categorical vari abl es

significance was defined as p < 0.05.

The minor allele for each variant was eval uce
SCI , cerebr al vascul opat hogog (fstskoKasameaSQlr e
TAMMV values), via 2 1 2 phenotype 1 gen
pol ymor phi sms with a minor allele frequenc
association analysis. Phenot yiptersm(kaee r e e@b fhssi
previous overt i schemic stroke fevestfmoé&e C ol
clinically/imaging i iB&€d(taitf ileeda sstt roonkee eevveenntt )a;:
MRI / MRAMmo o Cho SCI events, as comén elmeal b
vascul wpat hy east one overt I schenna cdrmraelkreala

vascul opmad hffyi s k od( hstgrhdkmoder Ot O TAMME 199
TAMMEG 1d@/ s; |l ow: TAMMV < 170 cm/s).

Each wvariant was al so eval adaied fwot hpoiech
hemat ol ogi cal parameter s, including hemol ys

reticulocyte count) .

RESULTS

2.4.1. Population Description and Genotyping
This study was performed on sevendiY¥66uyneeaelt af e
40 mal es, 3@i hgmalne sP)o,r tluig a bS athwatr aoaf adicesdtt vy,
parent al geographiAngaliag, nS«mi hdigy@rHidmnd@aPe?2 n

Ver de PR Tla)b.l e
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A total ohesgee@artyc variantesh wewengihgde ntMAF e
0.05) were used in idevaWwe€lddl ati NGS,3i st turde ee si n
GOLGB1 onRON,In onEENRmM1 onkBA@Ha® “%Phal ) ahdGAdn i n
(SupplementZzany . TaMel eve$ e alsli & thexepnr etcyomesd rarcd

ten of them (frequency > 0.05) HBlBremrsé¢ aclissti &r

hapl otypes, only the more frequent genotype
were used for statistical analysis (frequenc
Tabl.elD@mographi c, n e parnodl olga bcoarl a tsotrayt upsar amet er s o

this study

Age (years) 371 16
Gender n %
Male 40 57.1
Female 30 42.9
Parental Geographic Origin n %
Angola 42 60.0
Sao Tomé and Principe Islands 8 11.4
Cape Verde 5 7.1
Guinea-Bissau 7 10.0
Guinea-Conakry 1 1.4
Nigeria 1 1.4
Double origin 6 8.6
Neurological Status (n = 70) n %
Stroke Yes 15 24.2
(n = 62) No 47 75.8
SCI Yes 9 16.9
(n =53) No 44 83.0
Cerebr g Yes 24 38.7
vascul ofpg 38 61.3
(n=62)
Stroke risk High (TAMMVO200 25 41.7
(n = 60) Moderate (170cm/s¢ TAMMV O 6 10.0
Low risk (TAMMV<170 cm/s) 29 48.3
Hematological Parameters Median IQR
Hb S (%) 79.9 14.5
Hb F (%) 10.7 11.7

(OV}
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Hb (g/dL) 8.0 1.3
RBC (x102/L) 3.0 0.7
MCV (fL) 81.3 14.3
MCH (pg) 26.9 6.0
Reticulocytes (%) 9.9 6.3
RDW (%) 21.2 45
Platelets (x10°/L) 404.1 167.7
WBC (x10%/L) 12.6 4.8
Neutrophils (x10°/L) 5.6 2.65
Biochemical Parameters Median IQR
LDH (U/L) 636.3 473.4
Total bilirubin (mg/dL) 2.6 1.9
HBB cluster haplotype n %
Bantu/Bantu 38 54.3
Senegal/Senegal 11 15.7
Benin/Benin 3 4.3
Compound heterozygous 17 24.2
Atypical 1 1.4
2.4.2. In Silico Analysis
I n sanalcysi ¥CAMderhee promoter variants was fo
MAF 0> 05, except rs3917025 due to its occurre
3) . The rsl1041163a€6d rs39090v/2C8AMidelllGTl es wer
classified (according to ClinVar and Ensembl
variants with potenti al modi fying 1 mpact, a

Potenti al changes

alteration of t he

resul ting

from nhloéupdeegen

t r ar oarrdtpitn owind fXacrt eoa e ti anrd |

bi ndi nRIXRRE teulfsti tBRi dgmaitnfoirna PIRIDiMEg rt ep,r ot «

and (ii) fbogkbead
rs1409419 T woul d
Virus

homeobox

mo FoH OB o msl i Xg

presenddeof

| ead

pr-oit eBa2)Bar H

¢

t

o

a

i nt eg(E¥1L)] oot asmetnedi ng

potentea@dt gapinc o

trans@rci)dandon f a



Regarding rs39po0oe2enhtdalf©Cg&hae adf aati vin signa

(FASTHi)ndi ng site was indicated.

2.4.3. Association of Biochemical and Hematological
Parameters with Cerebral Vasculopathy

We observed significant associatiosnsverfalbot
bi ochemi eanlat @ahd ghc al par2amet eowe(( TddblFe p2r cer
MCH values were positively associated with s
not whnlklyower HbF percewitthighédiut | aveslos of C C

I nihinat jaonnrd hemol ysi s mar ker s.

TabPRe2Associ ation of bi ochemical and haemat avli @ di c
stroke and stroke ri sk

Paramdtwarn t s Stroke
Yes No
n Medi ans ( Medi ans (| p
Hb K %) 64 3.2 (9.°: 11.9 (10. 0.01
MCH pg) 70 21.2 (20 27.4 (6.C0.00

Stroke Ri sk

Hi gh + Moc Low

Medi ans ( Medi ans (I
Hb E %) 6 4 8.5 (10. 12.1 (10. 0.04
Pl at IxéltQs) 61 442.0 (1E¢ 363.2 (12 0.01
NeutropPhx¥@®3y 61 6.3 (2.°¢ 4.9 (2.6 0.00
LDH U/ L) 65 761.5 (5¢ 510.0 (32 <0.0

¢ X
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2.4.4. Association of Genetic Variants with Biochemical and
Hematological Parameters

Genetic variants analyzed in our study, usin
associ atbiodrh vnietmmat ol ogi cal and biochemical p &
or as parfti cofhagpdediy.pe) CAMial &4 126 3 (CC +

VCAMlhap!| otlyp@A41132768001 TGAS3ARA138 (TT +
showed an associati ébSwi Conveweel yevbl ghef H
were observed in associati4@6AMilhtalp!| 0gsaynpdé 1 136 3
with Senegal/ Senegal hapl otype.

NameV@AMds well TGAa&ri ant s, individually or wi!
were significantly associated with traditior
| ower HDbS percentage and higher LDH and tota
As PONALs662, the AA and GA pgoeshiottiyvpee sa ssshoocwi eadt i
pl atel et count s c hmoagulearntst st a@®@OL GdRlemraa di n
signifisoamntat iaen was f opnds edreceve e h trek874241
hemat ol ogi cal or bi ochemical par a@8€lt @B Is . Ho

SNPs whil e anal yziinrgs6133835241G_Cand rs3398

synonymous and a missense variant, respectiyv
l i nkage disequilibrium with variant rs373241]1
and GA genwtypasn samseoci ation with | ower val

(Table 2. 3).

X &



Tabl.e3G@€neti c wxag 0 @aindtsi on

_ Al | el
Vari al Parameter
Gene change _ p
I D (unit; nr.
hapl ot
Hb§ %, n=6020
Var No va
VCAM1 rsi1041 T>C 74.5 83.5 0.01¢
Hapl ot C/ C/ CT/ 73.7 81. 14 0.031
rs3398 G>A 11. 3 13. 4 0.03C¢C
| TGA4rs11327 C>A 69.0 80. 4 0.012
rs3770 C>T 66. 1 80. 7 0.0023
HbKE %;, n=64
Var No va
VCAM1 rsl1l041 T>C 13.0 7.0 0.0114
Hapl ot C/ C/ CT/ 14.5 9. 3 0.00¢
HBB Hapl ot Sen/ Se 13.6 9. 2 0. 038
Hb( g/ dL; n =
Var No va
HBB Hapl ot Sen/ Se 8.1 .9 0.022
RB Q x 170L ; n =
HBA -ad.- 7kb aa>-ad 7k! 3.1 2.7 0.00¢8
MCWM f L; n==¢
NOS3 rs2070 T>C 87. 3 79.9 0.021
Hapl oty T/ 4al 78. 7 83. 2 0. 032
HBA -ad- 7Tkb aa>-a3- 7kb 75. 7 85. 7 <0.00
HBB Hapl ot Sen/ Se 90. 1 80. 6 0. 03¢
MCH pg; n=7
Var No va
HBA -ad. 7kb aa>-ad- 7kb 25. 1 29. 0 0.001
RDW n=70)
Var No va
NOS3 rs2070 T>C 19. 6 21. 6 0.031
Hapl ot Cl d4al ¢ 19. 6 21. 5 0.0414
HBA -ad- 7Tkb aa>-a%- 7kb 20. 8 21. 2 0.021

wiitcha lt haen ch elmiad oH eorgi c a | 0
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Pl at gIxé¥tQs; n

Var No va
PON1 rs66:2 G>A 442.0 378.1 0.02¢8
WBC( x¥@; n=
GOLGB1rs3398 G>A 11. 3 13. 4 0.03C
HBB Hapl ot Sen/ Se 9.9 13.0 0.03C
Neutrophil
(x¥a,; n==~6:
Var No va
GOLGBI1rs3398 G>A 5.0 6. 2 0.013
HBA -ad- 7kb aa>-ad- 7kb 5.7 5.5 0.01c¢cC
HBB Hapl ot Bantu/E 6. 2 5.0 0.03¢€
Hapl ot Sen/ Se 4.7 6.2 0.0114
LDH U/ L; n=
Var No va
VCAML rs14009 C>T 748. 0 517.C <0.00
Hapl ot T/ C/ CT/ 748. 0 517.C <0.00
| TGA4 Hapl ot G/ GAI/ T 611.5 1269. 0.0023
Bi |l i r(ulgi/rdL;
Var No va
VCAM1 rs3783 G>C 3.2 2. 4 0.02€
+IQNINBASYOS 2F O NAbYZG OFEdNAd SY SS 2NF KO ILXNIR I @ GgRBIY2S 2 0 ANI K|
{T qFoSdi t KSYedZ RlofA yRSYZBERO A F 2 R.YSS$ fyt OB NaJdza Odzf | NJ @2 ¢
¢YSIEy 0O2Nliz c}dzt F NINB &Y DBt 2 6 RATA (R BHHAIRS yo t6AIRR K®S I & S /
RSKERNRISYBHSHI { Sy

2.4.5. Association of Genetic Variants with Cerebral
Vasculopathy and Cerebral Vasculopathy Risk

We found a significant association between

identified and CVNLMeVY@AMOs( Tabl e A DT.+CT) , f
| TGA (CA), and rs (TT+CT)
with dtTrGokaer i ant r s (TT+CT) was al so |

as a whol e.
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Tabl.eG&2neti ¢ axg o @indatsi on

wi t h

cerebr al

T £ #AO,

vascul opat

Gene

Vari ant

Strork=e 62)

VCAMIrs1409419_T12
rs1409419_cC3

Hapl otype
Hapl ot ype

| TGA rs113276800414
rs1132768007
rs3770138_ T4
rs3770138_ C7

NOS3 VNTR_4b
VNTR_4a+4
Hapl otype
Hapl otype

NOS3 Hapl otype
Hapl oZype

VCAMIrs1409419
rs1409419
Hapl otype
Hapl otype
NOS3 Hapl otype
Hapl otype
ENPP:rs1044498
rs1044498

c

Yes N o p OR 95% CI
23 0.044.11.0126.
24
712 23 0.044.11.0126.
x3 24
3 0.027.61.391.
40
4 0.045.51.127.
39
SC(n = 53)

Yes No p OR 95% CI
6 42 0.030.10.00.6
3 2
V4 36 0.030.10.066. 8
Y5 8

CV(n =62)

Yes N o p OR 95% CI
V1 23 0.000.00.00. 6
13 25

St r ok e nr=i6s0k)

Hi gh+ModelLow p OR 95% CI
T23 11 0.004.71.514.
c8 18
723 11 0.004.71.514.
X 8 18
v1s 24 0.050.20.069. 9
Y13 5
Al4 5 0.024.01.213.
c16 23

Hapl otlypree sXenc e

of
of any ofNQShBea pdtohteyrp e s

95% 1®I5% confidence

XP

aY@ANMIr oonnoet eort hhearp| ot ypesipteseerede
Bsiuldemrtd ; c SICébratcenabbraalctv ang ulCa
i nterval.

H
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Positive associations wer e al ses f avb@AMOb et we

rs V(CTAIMPCG To)mot er hapl otype ENPaPnOd al
rs A all el eNOSInnttrheen ot h\eNTRiankd ,al | el e
V were negatively associated with SCI , whi

association with CV overal/l

Di.scussiI ON

Our study ai med t o assess demographi c, cl
genotypingn@andatanago design a poteateéeladalbi
vascul eppatgmy si s in children with SCA. Wi t h
identify statistically significant associati
parameters, wiitamtgemrmeldi al vaascul opathy

I n sandalcysi ¥CAMILst1h4e09419 T allele indicated
potenti al transcription facter, amdi MBjarsi t e
transcription factors.toEVItk ico mpfl exp,eaqida Imun d
modul ati on of sever al numer ous Ppr oc geamnstks, [
proliferation. | t hFe@aSy tcroaonpsecrraitpet iwint hf act or t
whil e enhancing3®eCbnypenselfgera®éitoh fsacd otrr &m
to promote a transcriptional repression/sile
i NCAMdownegul ati on. On t X2 boitnhdeirn gh asnidt,e ag aBianr,
a result of the rsl140941® tTopprecmoaice, mhhraisn & e
di fferentiati on, by interacting with muscl e
|l ead to decreased °4% hten wen, pirtopies ti@easonabl e

gain could result in increased adhswiber prop

XC
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expression may be affected bgrthatsi gnef maan
in devel opment and in different ti-3<¥belst fiog |

i mportant to emphasi zetthlreratpowlinlte awe eddreca c&d

VCAM¥ari ant s' genotypes, t he mo st I mport al
mani festation would probably arise in the c
t hem. The one exception seems to be rsl140914
observed forndt hhiasplvoatryipaent7 ,a whi ch i ncludes il

We found that variants tihed tihret eggernilen It{h¥a@AbBE)n C
| TGA4dnamely rs113276800_A and rs3770138_T we
stroke. Furthermore, t h ec elr adtbtreaa s aviagslo gaasadhdycyi. a
Given i1ts role i,anWB€f€ickl¢i euypbbyoeyte adhe:
SCA endothelium, this findingntiothkbérumnddhek
i n theceeedral Vasphleop dyTpCA4113276800 has b
previously described in association with mul
indi vidual s Wér3€'Thhbhsewvwed antl TiGsh4loontoatteerd rieng it
near atche vat oz AB2 btanscripbiodi igacsotes and
genotype may, therefore, cause a4 newlkdi&ivte e
We also fouh@GA44dB754@3, ,ramnddb5 7r2s31003516 2650 v a
behaved similarly in our group of patients,
t ke of them simultaneouetygur Faamecdenomome not
hapl otiywli cAh, to our knowl edge, h a si wnacst bee
associated with | ower LDH values and poten
hemol ysi 9.s dM@S nmpajoodrucd® enzyme in the card
playing a cruci al role in vascahdr ptohefepbat

Furthermore, i n SCA, NO bioavailability pl ¢
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primarily tlgi ogghfyrsemeMdemdyl dbenrs2070744 v
| ocat ed 4at7 8pofo sN@®BFoenn5eNjl anki ng region, has bee
cardiovascul ar di sease, namely its C allele,
affects mMRNA and pratyei wel @veal snotl diodr antyu
vari ancte rwibtrha l vascuisltop&ktehy i sk, whi ch may be
previous reports of no significant differenc
NOSBromot er3®acltheviftayct t hatshtole friea2®ha7 44 sC r |

in different e?’Wmiyc ad sk doreourecssponsi bl e, to ¢

di fferences, since that alla&hne or moredy rpqgmu
i's wHSa®aran origin. However, we observed a s
andC genotypes of this wvariant and | ower RD
possible biomarker of | owe¥'!cleawdr oRRWcwualue
reduced anisocytosis) would potentially act
what we 0 b NeOrSweadp | fod,ry pehiMh i ncludeerabtal e

vascul ppateyti on. Al though rs2070744 has beece
cardiovascuf’@r idtssagaode in ischemic stroke

NOS3haplotype V also includes i nhtartons hdo WeNIT Ra
protective effect agai nst SCI . Howevebyalno

vascul ppaslkeynwt ati ons studied here wabO8Bserve

rs1799983_ T allele, which | eads to aspartat
position 298, has been previously reported t
|l ocalization and deficient shear stress resp
This SNP has been found in some popul ations

coonary artery disaagsle ariteachamiih yHotewedviesr si o m
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study popul ati on, we did not observe any r
genotypeer whatsiclulwg p abtiltoc hemi cal or hematol ogi
Sever al studies have identified other <candi
affectingcdrhebrradls kv.oddawe\peart hyt he results pult
been conflicting. FAaewWaAR Aspadadbbmed in a | ar
mai Afyi can American SCA pediatric patients,
overt stroke i N GQ@QLlsGRxlcsi3art3i2odnl 0 wiGt h YELNPLR2IC) ar
rs1044498_ C (K173Q) PnouNttast6i6o2n sC (whle9r2eRa)d was a
with increasedlImi $theoS@imBBédiRkel @Y, was associ at
reduced TCD velocities and | ower frequenci e
Martel Paared Bdl.i 8§t madi eat ad . a ENP Brks 1bOedt 4wde9e8n_ A
and increased stroke risk as well BNPPML gh T
rs1044498_ A allele was found in 18% of patie
als34? 26.08% of BePas@ri5o00&%w af . FE%%nanghain eet
homozygosiGOLGBols 37T82410_G allele was not fou

FIl anagan's studies but contrary to 1.67% in
PONLs662 C allele occurred in a frequency of
et @b nd FIl anadg“%nepeotr teeld. 45% and 13. 7%, respe
vari antENPPANn1¥44498 AA and AC genotypes showe
with stroke risk. Notably, rs10444918i |IAeitshe h
variant allele (C) is the most frequent, w h
(African Yoruba) and contrary to what i s des
This may reflect a negative selikrsl1®/044D98 Ah
in these popul aROMNs66 AsC fwar itahnet , al beit n

stroke oc ergelborbaall v awsacsul ap@ada hegnt w e obser ve
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association with high platelet | evelsnd indioc
infl ammati on.

The only consensual modi fiers of SCD di sea
persistence of HbF beyond-at ntthmatcy deanheatiba. pr
i nheri tadnit®thadf and homozygous HbS mutation ha
overall ameliorating effect on anemi a, part.i
chillPfewe did not find any direct mheaf-aitdh onshi
thal deletion and stroke, aldthhoalghs wewedda fh,]
RBC count, ,bode MEMCY¥honsistent with®"PPrP®eviou:
Ot her authors have also reported-adardiPlédlsence
presence and s &7 0% éDepsrpoitteec ttihoen smal |l sampl e
cannot excluddai drmathetporpaudeanei ty or ot her
characteristicsadamaey |l aokRt nifbuwtsesoci ati on obse

unexpected associationhiwi tdouinnicrmiagletd Inewémr

mentioned potentially favorable effect by in
was also found in subjects with the Bantu
seems to have the opposite effect, amel i or at

i ndsc Neverthel essHBBcnl usdrer sthagpy ot gpes wer e

associ actedewirah vasculopathy

CONCLUSI ON

Al though the sample size in our study | imits
popul ati on, our r ees utlhtes isnepeom ttaon cree ionff ogrecn et i
pathophysiology of cerebral vascul opathy and

Xo
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HEMORHEOLOGICAL ALTERATIONS IN SICKLE CELL ANEMIA

AND THEIR CLINICAL CONSEQUENCES

The Role of Genetic Modulators
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3.1. SUMMARY

This work ai medboytmm ssiHlairdqideesser oke of speci fic
in modulating severe hemolysis and stroke r
understand their consequences at the hemorhe
performed bet wececmarhkeemmosl yasnd thhe degree of C €
additionally to the inheritance of sever al

mol ec€luV@ANl1lad i ntéedGAA &nd endot hel i al ni tri
(NOS)3 genestocel &t adhesi on and vascul arlnone i
silteol s Mael gs,plekckdjordver e applied to invest.i
pathophysiol ogical consyveCAwWdnoest d MaGawkane s i n
previously asskoeciaantde/do rwistehv esrter ohnemol ysi s. Pr
VCAM1s1409419 T allele, potentially modify t
nonsynonymous N@&GS8sants,dilstkierb the correspon
structure/functewmphasQuze ftitnedi ngbevance of C
modul ating the disease severity due to their
o f protein biologitoalckhedn®RBtChebi uml anedr ac

consequent hemor hetoleosgi cal abnor mal i

Keywor dSickl e VL€AIMIAGAMO Peneti c modulsatdt orc®,

anal ysis
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BACKGROUND

The pathogenesis of SCA primarily derives fr
HbS i1inside RBCs which, I n turn, |l eads to t
deformability, i ncreased vascul ar adhesi on

hemol ysi.s The disease presents with high cl i/
by <chronic hemol ysi ssodreescuafr eseccdnag mvdh 5 0 ep
I nfection.

A part of-avhemoil yt#Hdd qfuriecek |l y reacts with hapi
complex that iIs cleared from pl asma. However
i n SCA, t he eklkbc esscsa vceenidglensi sNeccecr easing NO bi o
decline in blood NO concentratioeaxpeadsi bo e
vascul ar adhegsinan imoplag cwldesvasomot or tone

As discussed in chapter , vascul ar occl usi
under mgchgni sms of the SCA clinical compl i c

organ damage and ul ti mat etloyxcd ushomt arsed hluisf &

occur astaepmplrtoicess that involves interactio
l eukocgsespl,andl pt a s ma .p rRetcasirmr-secnd | wsison, as
as 1| scrheparaf usi on, with consequent vascul ar
Il nduce a continuous inflammatory response ir

the rel ease ofl ahmngaht olreyv eclyst ookfi niensf, deame&ased
oxi dati ve slthree sEsCs, activated by cytokines a

provi de t he basi s for decreasedamwdasomdiclk @t i

thrombosis in specific orgarnlsi,erl, i KEeCst hhea vieur
properties in the wvascull her goaendss whfe rdei fwvfaesrceunl
occur s more frequently in SCA may potenti a
bioactivity for nor mal function

0o0¢&
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The dosgussed phenotypic heten&egermbeihtawi @amd ol
haeprompted the hypotheses that this single
control, i . e. severity modul ation by genet.i
instance, one of the \WUAMDh i €@lkc moels ftilee Yyaanes
adhesnodmeeul(evCAM a <ydokibée cell surface gl
i n ECs in inflammatory coandiitnitoengsrhiorsTeh r @airge
another potenti al modi fier, it medi at es mo r
endotheliwam]l yesmecsmal hl $€dperbmot es sickl e
endotltaalhiesainodnher ef @so® cl us.iNOBS,0 t he eNOS gene
another |ikely SCA genetic modul ator known t
Contrary -t,o eMNOOASM i s a constitutive enzyme r €
production, fundamental for the wasocbhstrok
smooth muscle cell relaxation

I n smdticaods relying on bioinformatics tool s
i nformation on the genetic variants identif
consequences when contpyapree dg ewniotnne tsheeq uvweinicce s .
thesesemrch tools arezi agavhabhet feeqgaenategs,
relying on the type of ged,ueande emanhbe &abgbd
dat abases applied by the different tools. Fo
promot ealsl,e cafp predicting which changes may |
|l evel s may provide wuseful i nformation on (e
putative transcription factor binding sites
relies onthesdasegirreeeg of similarity between
consensus sequence corresponding to a speci

gi bhprredi cti on of bothipoaaéntchahgasdi sSube:
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comparwistom tHhepevilpdotei n -ssytnrouncytmuorues. VvNaorni an't
associated with amino acid change) are often
(i .e., not associated with amino acid change
I n the preskesttocsltuadwer e applied for analysis
structure anWCAMprcotmootner @faMbdr i ants associ at
hemol ysis saadersitryyke i n SCA ,medidaetsrcird bpat iie
previous chapter. AYCAKphasi s it Tgidpesrt etna i al
a standal oNEAMOdi fier. _C and rs _del C
for comparison purposes sSince, as discussed
these and the YECAM®Dr odreostcerri bveadr i ants woul d b
assessed in the context of the haplotypes t
NOSU s T wvariant associ atendd wwitthh cACIc

proteapilwvwe ywas al szedanal y

METHODOL OGY

An initial characterizati en olfTaGAhien ttehgar@en )mo |
eNOS was performed using the foll oMoehcgu ldaart ab :
Model i ng Datvaehases: // www. ncbi.nlm.nih.gov/ Str uc
Protein Data Bank (RCSB PDB, https:// www. rcs
and Genomes ( KEGG, https:// www. genome. jpl/}
http:// geneontol ogy. or g) and t he Search To
Genes/ Proteimtst § STFdRd .NeGr,g n g

To evaluate npeassiphblient facthamgbksendihmad | etge &

VCAMbPe ne exprreegwsliaotni otny, pd heegwi d oveardamdttshr ee
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(rs T, and rs ~_C and rs
region wer éncamplsheechucl| eoti de ¥ €AMérnocneo toefr t F
and their variants were obtained from the NCI
(htt peh/swww. . org) databéases, tspramhanglEr ¢ m

main transcription starting site. Tthoeo | Ma t |

was used for the transcription factor bindin

of . (whi cha cnoarxriensupno nodfs t 0% di ssimilarity
seqguence and the consensus seqgquence). The f
considered in particular, due to thend r ol

oxi dati ve -HBt,r esSTSS tNFanscr i @tAITAmr ahactopt if ami |
family, TATA box binding factors, specificit.y
binding transcy+i)ptiaemnd fHEaMdet grut (a@aftvaec ttorra nbsicnrdiiy
sites resulitni nsginfatcgomi shef t her &INdPrse weae ke wirtoh

experimentally validated samneés TQRscVYabieadntpr

U
—
D
o

i ctor (from the ENSEMBL search engine)
functional cons\eQAMircoensot @fr tvlae i ant s. The pu
consequences of tkar oad\n@dSPnrosny mowsr e Taprdal y
through the useiof stbelcdg ospewi higc f or eval
mut ations effects on protein function,: Sort
Pol yphen Domain Mapping of Disease Mut.ations
Th e |l atter combines ept @adil dtsihoends porfe deicgthiton
ns SNPAnal yzer, PSANNFT, H BPRo, |- yPPhHRPeo - v, P hSedmFd S NAP)
and transforms the sichnodrievs diual o aen fciodmenacrea b | €
%, usi ng t he rv a |l oubesse awddr d& chieeaGMI M

(http:// nchbi.nl mMENSEMSBLY, (hddhbpBNP/ www. ncbi). nl m. nih

oop
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and Cl@ihmVar// www.ncbhdanlarb asle.sgow/ecrle nvaalrg o used

frequencies and di sease association/ pathogen

TabB3k¥Overview of the databases/repositories used

DatabaPurpose

OMI M Comprehensive compendium of human ge

Archives/ aggregates information abo

chi nVahuman heal t h

Joint project-EBet @wadnt EMIBMWel |l come T
ENSEMEdevel op a softthparoeducyest emd mai nt ain
on selected eukaryotic genomes

Experimentally resolved structarese:l
MMD B PDB, and added features (e.g., compu
similar 3D structures)

PDB Repository of information about the
including proteins and nucleic acids
Database resource fdrevwendédrusntcan dinnsg

KEGG bi ol ogical systethevefromf omomat ubaga
mol ecul ar dat aset s generated by g-€
throughput experimental technologies

S-I-RlNcDatabase of known and predicted prot
and indirect (functional) associ at-i
t hrgdpwt experdemenesasnidkooprevi ous knowl




Tabl eOvedvi ewnofsptldigiocti on tools used for this study

Tool Type Purpose l nput Qut put
Utilizes a | arge |library of
; . . . N t sequenc
transcription factor binding . .
Matl nspecto PT . . accession Predicted trai
sequencadesassigns a quality r . .
: per s®mal factor binding
and selection of matches.
Variant Eff Predicts the effect ofdevlaertiisa Sever al Sscor e
) PT CNV,®r structural wvariants) «dbSNP id. information ac
Predictor :
protein sequence, as well as tool s/ dataset:
AAS SNP core ranges |{
SIFT PT PredicAgfgLaifff exn s protein funiprotein acg _ 9 _
O=neutral, 1=
number
Predicts the posasnidbIfeu nscttriud®t Sggirteif,ingﬁo;bal
Pol yPhen?2 PT may have on a human protein NtA/A b CoL
. . ) high positive
comparative considerations d ;
amaging
, Domain mapping of disease mutGenAA dome
mealn Dat a DB/ Pdatabase in which each dise&eéSNP access
Di sease Mut . ) .
by its gepne, dpmatai hocation number
Predict SNP Probabili

t1
together wi
extracted f
Uni Prot dat

Consensus classifier (datasce
PT performing tools for the preAA
on protein function

e s
t h
roit
ab:
PTipredi ct DBind atooodMtS @ucl| e GiNiAdsei;ngl e nucl eot i @NV popy moumbid Aivaamiinaon faAcS @mi no aci d
Substiitduitd eomt;i PiM&aPtriootne;i n Mut ant Database
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RESULTS

3.4.1. VCAM-1 Characterization
As mentioned -Abowe,a MAQAM kDa highly -cbkheerve
transmembrane adhesion molecule first identd.i
ECsin the process of inflammdfiFdng.anmd 1) mmun
homodi meric prot & CAMlenegdeldobgt edeon-qg&Rr, omos
spanningd28&kbompassing 9 exons. Besides EC e
found to be expressed by various <cell types
muscamd different hema%’ o'y 6dE Cet ibco bche Illa rtgyep easn d
bl ood vessels are known to hdilgHloy lexpmgs syt
stimulation and sickle erythrocytes were fo

VCANM via the vedy (MotA@4 balelk pgesased on their

me mbr @hle Litkhero members of the cell adhlesi on
i's cy-tolBuoeble and interacts with sever al fu
such as i1 ntegrins, constituting part of t he
cells can bet hreecenddlitéile Mhoeme i s evidence t
endothel i al cel l |l i gandsel li ti ntsen avboil orsl Mot

signaling and tumbdrlZkdditiiomabsyklsown that,6 I

—+

I ssue;l &AM essi oniine®tcaocypddikd mdee vte, as in er
celilaand medi ates the i ntealalcg i wint o $§démad rieti inq
ger mi nall?2% emh eeyrceif fofreer ent patterns of express
suggest VYOAMdetnhee i s subjected to altemnate

di fferent tissues aetif@&ported by | ademarco



Figur eCANML .pr ot ei n 3sit rsutcrtunart@ud.rnee do f rom t he Mol ecu
Dat aba®de ( and Protein Datal BawWXC)ruespionsgi ttolre i(C
software

| cetL apuesion MoLEcuLEs |

G
i

Andim
1
2

P

g

Py p—

Figur & CAN2 . functional positioning and( hiingthel riagchttieod
i nrad cRetcrlieelviendg t he KEGG Genome database, entry 74]

oOov
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ITGB? \A ,
- flTGBZ "/
3

SN

Figur evCANB .predicted functional pl aQ At Mile,r si natnedr cien tl

adhesi on mol eesurlce slar cORMA,; M TGB1, integrin beta
| TGAD, i ntedISiINn anlomplsa nD; CD44, CD44 mol ecul e; I T
interferon regulator factor; | TGB7, integrin bet

Characterization of t heVGAMMrcd matadr eH aesmept s
i mportant i nsiingdhutcse di retxgprtelsesi on of this adh
inference into events underlying ¥&Ve‘Tak pal
VCAMAr omot eotmndel (nt) sequence has bxle&h0 prev
to +101 bp relative to the main transcriptio
key transcriptional bi ndi ng s ebgouxe,rtoBes AhPalv, e |
ETS, GATAEROQOctand consensus binding adrtoesss f or
t h®#degi on3d . JraBNFFHUBand ETS sites are known to
cycle control and can provide LAMAt embber col
GATA, ETGsctanbdi nding proteins are all critica

GATA1l and ETS1 may be important in endotheld@

00®
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binding sites -dfpeacidawel prpurtieaMmps o mot etrhepr ob a
i ndi cates CAM oilre deowvelVopment as occi¥’s in mu
The possibility thY¥CAN®BNEHt cl evaad itadoi di tliys®ds
role due to transcription | evel c¢changes, and

has been e4“fad>tradtd

-2180 AATTCGATAA
-2060

<1940 ATATGAGTTA GCAAAGTAGA AAATATAGGC ATATTAATCA GTAAATGCAG AATGATAAAT GCTCCATCAA TATGCACTTG TTGTAGTGAG GCCACCGAGG AGGGTGCAAT CCTCTCAACT

-1820 TGGGAGGAGC AGGTAGGACT TCAGATGTCA TCCAACTCAA AGATATAGTG AGGGACTIGA TCAAACATTT G
~1700 GCAAGCTTCG AATCATATCC AAACTCAGAA CAACATAGCT TGGTCATAAT GATCCCAAGG ATCCTATISS

-1580 TTGATCTATT CTGAAGTTAA GTAGTGRATT TACATGATGA TGACACAAA AAT T
-1460 TATTTGGTAG GTGAAGTCAT ACCTATATAT CCCCACACC TAGAACAGCA TCTCCAACTT TTTITTC T CCTTGICTITT TAGTGGGAGC CACATCAGTA TCCAAGGAGG AGATCCAGAA
-1340 ot CCAGGTAGGG ACAGTTATAG ATTCCAGACC TCAGCTATGG CCTTTGTTAC AGAGTACAAA TGTTATATAG TACAAGTTTA TTGTACACAT CCCATISAGT CTCTGAGCTT

-1220

-1100

=620 TCAGTTACAG TCCTTTACTT TCTACTCAAG AAAATAGTTT CAAAAAGTIG ATGTTIGTT TAAAAGAAT TATTTTTATG AATAAATATA AAACTAAGAA GTTATGGIGT CCCTTT
-S00 AAAANIGACT CHATCAARAGA AATAACTTTT T

=380 GTTATTTATIC CAGTTCAAAA ACCAGAGTAG AATTTACTAC TCTIGTCTCCA TTTITICTCT

<260 TMIATCTrrce AGTA{RGATA GCCTTTIGOA GTCOAAGAT

-140

-20

—eIntron |
+101 ATCACGACAG CAACTTAAA ATG CCT GGG AAG AT O AAR
Me Y v,

+208 TCAAATSTT

Figur & CAMdequencebédfidtamred gflegmnloinea transcriptional
site is indicated by an arrow and +1. Potenti al
and further discussedRdpr otdhue &2fbeyi rtppen@a mdTshdeiaoinh elf 3 . 3 .
of Biochemishdgr BarDlCEBRI I, i cense.



(AT TOEATTTCEAAT 11 OAO/

Tabl eCBaBacterized transcri pti owvCAMdcetnoer sp rboi modtienrg

Transcription Position(s)

Function
factor (bp)
Indicates initiation of transcription, defines the
irection of transcription and what strand t
TATA 29 direction o gsmplo ad.wasa'ld'obe
read; absent in genes encoding constitutively
expressed molecules
-63 .
NFkB 77 Responsive to TNF-a
AP-1 -495 Responsive to TNF-a
-221 . o
ETS 081 Involved in cell cycle control by controlling tissue
11033 and developmental specific expression

Binds a family of zinc-finger nuclear proteins that
differ in tissue specificity i GATAL is involved in

GATA 24512 red cell differentiation; GATAZ2 in endothelin-1
expression (important in endothelial cell
differentiation); and GATA3 is T-cell specific

-729 . . . . .
Oct 1180 Binds a family of homeobox proteins differentially
expressed in adult tissues during development
-1554
TEF1 719 Binds GT-Il C, Sph-I, Sph-I1l enhancers in the

SV40 enhancer

3.4.2. a4 Integrin Characterization
VLA is the only integrin maintained on the
reticulocytes, which are increased in the p
atypichht®eeagwti gen that mediates sickle RBC
VCANM dnto the ECM vi°a ViAbrsonachieherodi mer.
membr ane proteaand whrsdab womiet , t hat 1-B-Sogni ze

sequence -ddod TGBEAM Tr omosome 2qq31.a3s)ubamadddewshitct

associ atkls uwiitth faa4 orili mtge grhied. or VLA
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|l ni ta applrgot ein i s formed that after proteoly
heavy chains th4atscbmpiose( Fhe. 3.5). Alterna
giving rise to multipl e t raannds clrOi3p2t avna hniogs nat csi.
subunit may bteot wo ea@wal eint |y associated fr
associatefl wsiutbhunat, -4orming VWMAolved homot
aggregati omrendodukadncdyutieCM adhesi on, aelwall a
mi gration (Figs.3.6, 3.7, and 3.8).

I n SCA4 weAdiates the formation of aggregate
|l eukocytes promoted by fibronectin bridging
surfacée &VwLrAing fl W3¢ dTmaeistei sl ekkec RBE aggr ec
contribute to vascifhard d ealdudgioord oicml SGA poXi

polymerization, and further vessel obstructd.i

Figur &@diBt &grin Beipiuat & do|hueer ¢ firmoswostc i witiebd) subuni t
compl exed wilt h( ghaeby ) ACT3 D structure obtained from
repos(iRBe | Dus3ivdagp )t,he i Cn D software

omo
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(AT T OEAT1 T GCEAAI 1 OAO/

A\
il
1

‘ ko - s —

Fi gure TGA#. predicted functional VAMYpecel andceln
adhesion molecule 1; FN, fibronectin 1; MADCAM1,
1, YWHAZ ,-3-314protein zetal/ldelt a; | TGB1, integrin be
integrin beta 3; | TGB7 ;cet peieagfs umr fhbaectea grl;y cODp2 &,t
CTLA4, CytypympkocyfTe protein 4. Retrieved using t

3.4.3. eNOS Characterization
The eNOS, a 130 kDa prNQGSe3 emneenciodedneé yoft he
generating isoforms of theaemaguneatNDr ys yfnu rhats
cardiovascild aTheseygdemen encompasses 26 exons t |
VCAM1 i s mainly expressed in ECs but has al s
such as cardi ac myocytes, pl atelets, i n
syncytiotrophobl astsand t#&lb&@mdnepl| dacbnot ar
cells (réyiemmedevear, -unliitkei YCAMpressed cons
crucial for the vasoconstriction/vasodilatio

vascul ar homeostasis and therefore )i.n the

oTp
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Thiem-bontai ni ng persotteh-enl éccamtieaolny oxi dati on of
nitrog-angiohi he (substrate) to NO and citrull
oxygen and reduecaedde nilineatcil rami dle phosphate (
Ssubstrasesemmalccor s such as calcium, cal modu
(FMN), flavin adenine di nuwipeet il ¢{CFRHAD) ,4)an
The functional eNOS is a homodi mer itah atADt r at
and FMN in -témmatarkdxygt ase oheimaitnh ettaomminhoa | h e
oxygenase’8doTnhaei noxygenase domain al so sbinds
mol ecul aranodx ydghdes t raatge nli neemneAi tehethe el ectr
used to reduce and awcedl-aragieni G2 tand ILt m e oxaindl
Sequences dochhedcwyset ei eeealrieg aar & oo fa ptplaeg em t | y
Il n-aLtgi ninebandi BH. e Nz®S HPntiheviugh two step
hydr oxy-lhagi ng* ey drdoaxygi ni mer swimaicns | argel y bc
enzyme and (ii) s €dhgymd-o&yg ioxiiitd zt amlglLiNne and
eNOS, as all i1 soforms of NOS, binds cal modul
in intraxend ufl aci ICiat at esnst Hea ofm dNAIDIPEH Béduatt a
domain ¢mi nhéhle oxygenase domai n. However, e
through mechani sms that do?nMaotcr basadgh,t @s i nt
phosphotermeldataitoend fl ui’dy shear stress

The main physiological functiahspaftedOS ( RV

and include vasodilation and inhibition of p
of |l eukocyte adhesion and vascular infl ammat
proliferation, stimul at i-doenr i wfedadNgOi age n & Rit $ 0

endot helial progedeirtionrddticeMB@es NG feoOed by t h
act as a signtad ¢ negtraanagledc velnezy mes and protein

activation of soluble guanylyl cycl a’§e and g

0TC
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Smooth muscle cell cytoplasm

Figur e NXOSY.structure andTonpacifnt3Dusctuonst: e, obt ai
Protein Data Bank r3&3% oussiitnogr yt h(el D:TCo3pNDYL)D f t paedi c
functional partners and i SnTtRel rNaCc t A& lsg KM R enturr ii envee ¢
thymoma viral oncogene homol og 1; CAV, caveolin
cal modul i n; HSP90AA1, heat s hiorcdku cpirbolteeifna c9tOor Hl ;|
protooncogene,; KNG, kininogen 1; NOSTRI N, ni tri
oxide synthase iBotetrtamtlef§t pr dlOe-gpmedmuiciht @ @i g otr
vasodil ati on.

Al t hough there i s nodewiehesemagreinleabr d NOBassua
factors |l ead to oxidative stress, e NOS uncolt

vascul ature. The G894T missecsermutngti oneiio

oOmo
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NOSBas been described previously in associaf
cardiovascular disease anf8%wwabd aofhsiedearcady:
pol ymor3gf®®sint has been hypothesized that it
original caveol ar | ocali zation of e NOS, al t

mol e cudl e

3.4.4. In Silico Analysis of VCAM1 Promoter Variants
Our group hagpeprevmedslayn association study
bi omar kers (ser um,alnDH,r ettoitcaull obciyltier ucboiunnt ) an
genetic variants of ten ovasrcdiil hat et ogqrairse s vrae
adhesi on, i nfl ammaitmoerxprfeds ai ctihamagdsemli ah a |
series of pedi.&Subse gfEAd pays i kerd sri bed i n t
chapwerhave performed association studies evVvs:
variants, as well as of memamnetl ergs c ailnr aggledd iba t
vascul opathy modwlodthiermanr i ant s i nt @d hgeesnieo nr eol fa

sickle RBCs to va&CWIMbs endot heT,i ums (

rs _C) wer e associated widrmd/tohe wS €A
stroke/ stroke_risk. ONOSlyenethari ehmatnd (r sone
I mplicated in cardiovasdcul ahusj sgowwast ababoca

of those genetic vairn asptrlsiacwe tre @ walvudatreod f un

When the Tthdéeagnoe@/CiAdMuée se osearched in ClinVa

Effect Predictor (ENSEMBL), :t woi )cotnomocdhatfes,at
considered upstream gene variants, and (i1i)
as modi fiers. The transcription factor bi
Matl nspector (Tabl e . ) revealdalt as efvoerrmaat puos

OmT
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was the SNP database identification number,
to the minor frequency allele. For rs

substitwmRXbyofh &IRIDMdIi nagn ds itthee p o tfematH XaB |l os
bi ndi ngThetpr ehresnce of T allele | eads to a

homeoboanscription f adtnorp dboEW-&tiun gaensd XBeasr

Regarding rs _del CThi rad ipmg sxnitthed | cgaed

Tabl eVGAMAr omot erdsweauieanrctes

Variant ID Sequence
AAGCTAGTATTTCCTGAATCAATTTI[C/TITCTGATCCCTAGATATTTGGTAG

rs1041163
GT

AAAGTAGAAAATATAGGCATATTAA[C/TICAGTAAATGCAGAATGATAAAT

rs1409419
GCT

AGGCCACCGAGGAGGGTGCAATCCT[delCT/CT]ICAACCTGGGAGGAGCA
GGTAGGACT
Sequences were ob&BaiSN®dsesarbbgt BTN heww. ncbi . nl m. ni h. ¢

rs3917025

Tabl eTBamscription factoWwWCRAMIdoOomMgt eiteaanahiysi s

Transcription Transcription factor

Vari ID Positi . .
ariant factor change osition binding site sequence
RXRFYPRDM
rs1041163_C (6substilt -1592 gatcagaGAAAtgatica
i gggateAGAAaaattga
FHXB (6l
tagaaaaTATAggcata
EVI1; Octl; BarX2
rs1409419 T ( cf - ?r . 2021 ggCATAttaatcagt
g ggcatatTAATcagtaaat
rs3917025 delCT FAST1 ( 6¢ -1944 caggttgagGATTgcac
*pot eghbi al of several other homeobox genes
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3.4.5. In Silico Analysis of ITGA4 Variants
The rs _ A and rs _ T SNPs, desc
a positive association with pediatrli EGABchen
variants identified through NGS.
The transcription factoghdwvmmnwdermilgapidfe ramal ys
with sequences for binding sites of critical

effecltiGmpression are predicted due to the

Tabl@l BGA4 omoutaeriranMtl 32 p6880 bl e sequences

SNP (Alternative) Sequences

GCCCGAACGCTCCGCCCGCE®EIIASGISTCCCCTCCTCTTC

rsl1327GCCCGAACGCTCCGCCCGCEIIAGITCCCCTCCTCTTC

GCCCGAACGCTCCGCCCGCA@ITAIBIGTCCCCTCCTCTTCH

Sequences weunei onhENGCWNE®d search engi ne, http:// ncbi.nl:

The sequence of rs _ A was not found
reported transcription factor bimhé AGAGsi t e:
pr omoMcerreover, at the . threshold which ¢
di ssimilarity between the identified sequenc

find any significant changes resulting from

as st d&thed pirrevi ous chapter, rs - bi ndi nAy iss t
of t Ai6&/Hr omot er regi on, which in homozygosi
negative expressa osgsubfunt he i ntegrin

The rs T wvariant is classified in the

or a transcri pdodviarrg aRINA ogfe nae .noFnur t her mor e,
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Splicing Finder (v. . ) did not reveal pot
presence of this variant. Therefore, no dire

with the presence of this variant.

3.4.6. In Silico Analysis of NOS3 Missense rs1799983 T Variant

The DMDM analysis indicated that the nonsyno
in the oxygemaodiengdornme@$np nThafs t ool I's |l inkec
database which associates this genetic vari.i
Spasm,onlsatte Al&z hdeiisseeard e hypertension (Fig.

were consistent with the ones obtained when
from taking into account all reports of the
with vaeng phenotype. For the analysis of the p
bi oinformatics tools wand ®sedi c5SNP, RFbokgPBEh
the consequences of mut ations that are tran
proteiuctste, based on algorithms and compar.i
dat abases. The SIFT results indicated that 1
results were consistent with the SIFT ones,
whetbensidering HumDi v or Ortehfeer dunm\éasr (dratgab a
no-pat hogenic category was also attributed by

( %) which are based on analyseéeSl pe&rftor ted

Pol yPhen Pol(y PR®n ( %) , SNAP ( %) and Pl
Neverthel ess, I n t his case, a possi bl e as s
susceptibility wiwashcbaesiidderacdcor d-meantei ovind dc

dat ablasegssment .



RefSeq Protein: NP_001153583 7N |

E} (X1} -n{“u)_'»o vige -«:u.)o}?q . i;l;ﬂ:iQ tfee -{:::x:ﬁn "n‘tlszjo»o B RRRT SR A «3(54“ u{.n{..:x:.- o o-o.-c‘l‘;o:'nn}u'{y.xfp-n ohe n{g.:p}n}- uo-lu@
v v v v v . v v v v v 1

Default View:

HGVS p.ASP298GLU OMIM ID N/A

dbSNP 1D rs1799983 Swiss-Prot 1D N/A

Disease: N/A

163729.0001 7N |

pm ;pu{%):‘»u}uu_:u:n)-n..n l;l%ajlb—t.b u{:S)u.j’u{u l:::y):&oq u«is‘on")u’ uc«::‘}@»ooo »o:;;njnu}m {;};ﬂouo’oo{{f{yu.uo{ip:}up e *o@
HGVS p.GLU298ASP OMIM ID 163729.0001
dbSNP ID N/A Swiss-Prot 1D N/A
Disease:

CORONARY ARTERY SPASM 1, SUSCEPTIBILITY TO||ALZHEIMER DISEASE, LATE-
ONSET, SUSCEPTIBILITY TO, INCLUDED;;||HYPERTENSION,

Fi gwBr.elRe.esults of theNOS8B8ELID998MBI Ak ngRomai n

of Mapping of Di ¢ DMOEM) Mdadthibaeaxsati on of the mut a
oxygenase domaisn schosvernM®@® heasl assification of Ol
| nhtearnice in Man ( OMI M) as a susceptibil
pat hol ogy background.

ity fact

umDiv
Thes matation o predciod lotbe BENIGN  weh & score of 0.000 (senstvty 1,00, spociicty 0.00)
D D "o DY .- 1.0
= MumVar

Thes mutation i prodctod lote BENIGN  wih o score of 0.003 (serstvity 0.98 spectiaty 0.2¢)

————
L4 (X " LR 1.0

“e

Figur eR8s uWllts of the PolN@®hBesnl27 %%M%8 3y sA sp eotfeannt al |
benign consequenceée naf¢e diattehHmdangDa tvi d n oipg and. HumVar

0p¢g



RESULTS B reutal | delotorious XX % expected accuracy cj.mumil
Annotation Mutation PredictSNP PhD-SNP PolyPhen-1 PolyPhen-2 SIFT SNAP

4 E298D 8% % 67% 4% % "%

Natural variant: polymorphism. may be jated with susceptibility 1o coronary spasm, mapped from position 298 in Unipeot P29474

@OSNP 131799983

Function: Enzymatic activity in whole cell lysates [=, no change] mapped from position 268 In PMD AQOS127

Function: Nitric oxide (NO) peoduction in cells in the uncleaved state [=, no change] Rate of NO mapped from posion 298 In PMD AQ11825
production (for uncleaved E298D) [=, no change] Rate of cytochrome ¢ reduction (for uncleaved

E2980) [=, no change] The 100-kDa fragment is an active reductase (based on cytochrome ¢

reduction)

Disease: In coronary spasm mapped from posion 298 In PMD ASE2411
Disease: In myocardial infarcon mapped from posiion 268 In PMD ASG4377
Disease: This mutation may be a risk factor for end stage renal disease (ESRD), but additional mapped from position 258 in PMD AN286S
studes are required

Disease: The authors find that increased atherosclerotic risk factor profile is strongly iated 300 trom p 298 n PMD AD11827
with impaired nitric cxdde- mediated endothelial function, but that the presence of the Glu298Asp

variant exerts no significant additional effect, suggesting that this polymorphism does not have a

major direct functional effect on vascular oNOS activity in atherosclerosis

Disease: Frequency of this mutation (homozygotes and heterozygoutes) is signiicantly highet in Mapped from posion 298 In PMD AQ11824
the placental abruption group than in the control group - The presence of this mutation could be a

marker of increased risk of developing placental abruption

FigureR8sulkts of t he Predi cNCBS\BPs 1la7n9a9 9y8s3i sTA ovfa rti hae
neutr al effectiotledhdempt ai an Beanotation for di

in several vagsil¢ésloadepat hol ogy

DI SscCussi ON
Al t hough the major genetic modifiers of SCA
the HbF ewWgLAdmsHNOIYari ants have also been id
modul ators of the disease.in nsankilcoo¥CAMDY, t I
rs _C,,amgd r s T _del CT noncoding p«

afNOS6oding SNP rs _ T, provide some clu
of these genetic variants in t¥WEe€A Ippbartohmooptheyrs i c
variants mentioned above have in com&on t he

expression regulation. Thi s matyr aoncsccurri patsi oan r

affinity to the altered setfiypecsegseaacmpart

opo
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Il n t he woetlsrrbeamtscr i pbtiinodni nfga cstiotre changes wer e
for the three polymorphic regions.

Concerning thenRXRF by PRDXM asubstitution as
FHXB were indicated. PRDM is a transcriptio
of hematopoietic B cehfbammdt s e®§.7T elTyht eorkenfookrsep r
a pirrf |l ammatory environment, such as an act.
|l ead to anVCAWNiitredwsei nife expressi on. ITh tihe ¢
was shown to have a pot,eamtdi BargeBaMinl fiosr aEVdd
mul tifunctional t hat modul ates multiple pro
adhesi on, response to oxaddtiapopsbsiés sistumpyio
contains a GaTmocomsemslu prevents DNA binding
red blood cell diffet*nEValli basabhdeprobkpbeta
wi BROS transcription factor atnac ilnigmictelde lplr odd
one hall mark ¢&f* oOnc otgheenestitser hand, Octl1l is
known to promote a transcriptional repressio
| eadvVCAoMdo wnegul atX2orh.asBareen shown to promot
cell differentiation by inter3dttangaiwitdaf mwl
could result in upregulation of gene expres:
FAST1 binding site was identified for rs3917
i nvol vemati erning and devel opment of embryoni
a complex network of acti ¢%tion/repression m
I n summary, all of the transcri ptiarne fraaitmlrys
i nvolved in devel opment (including in early
di fferemhitcihagusessmenhh t h-e YyCéAMosed role in d

with -ansdsemei fic expressnohnepasteeafvn g ohantemdl, i

opTm
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for i nstance, one might expect t hat altere
erythrocytes/ EC adhesion as we ltli vasi cem,dot h
contr itbeuntdiontghel i al dysfunction and ulti matel.
TheTGA@ri ants may tadlsbeacemntréduit®e expressi on
al so regulatory region variants. Even though
exclude an indirect effect, namely for rs

transcription factor aitnegngnsexpses hamgka)

i mplications in blood celll (including sickl
transendothelial extravasation and, conseque
Regar NO8GSs T, despidveatieddcmange iam @l
sequence (p. Glu Asp) , al |l t he anal yses shc
no-del eterious. Therefore, it may be consi der

apparent conservative (negatuitvelny tdhhar ged)ul a
(aspartate for gl ut amat e) woul d al so be i
Neverthel ess, as the DMDM database results

encoding the oxygenase domain of eNOSyi twh, c

containing the catalytic site as well as the
considered benign, it is reasonable to assun
the main catalytic function. Nonet mplaesed, t

thus possibly contributing to higher oxidat:i

eNOS wuncoampdi ggndirectl y) NO bioavaitlhaebi I it
endot hel i adi dd &bec adaweoliame have also been prop
Overall, these potentially altered function:

and/ or vascular tone and may modul ate SCA se¢

Furthermore, impaired oxygenase heveblsty

opp
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of oxidative stress which (i) has been demot

byecreasing their deformability as well as
aggregates, and (ii1i) have been hypothresi zed
erythrocytes from SCA patients, accompani ed
profile [rpviBweddes its hemorheol ogical i my
function may al sd hheavae eaunt iicmpagcptr ooanc hes. For
t hat drugs i nterdnrgiiontge ndsoisrh erlo@er syismem, as
are useful i n preventing endothel i al dysfun.
which they promotg eNOBhencaspl ohgel evated ¢

provi de usef ul clues as t o ways of i ncr ea

cardiovascul ar system

Even thwougshsti udioes provide information that
functional experi ment managing and poébfnning
specific factors. Concerning input data form
dat abasesalpersosveird emar gin for error so, using
gener al |l ess prone to error than the manual
i nstance. The algorithm that i's usedd&for t |
accuracy, s innecse sietn sd @ti evri miy , specif-postyi aad
and fneelgsae i ve rates. PUrft lvearl merse,ort pearaunet er

key el ement s tihreeddtaerimiiniyngpf results since t
simil arigtiyvemf stelgmmence and a reference seque
l i kel i hood tofanscspeatcobmalflaxctirndi ng to t hat
Database informati on,anads cwerlalt iaosn sa® zsep,u a dmipdalcit

and reliability

0pg
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Nonet healnesssapprcmaches only constitute a prel
genetic variant potenti al bilon oWiatcrdd wmenevV e
possiml @exovi)vetudies are cruci al tfoo ru ncroanvfeilr
the biological I i nk bet ween genetic varian
expression studies are also of t he wut most i
VCAMONHTGA®GTIri ants to a®9sesoeguénaionupf the
consequence of the changes NS #turec trieognud la taomr ay

i's also mandatory to evaluate enzymatic act.i

studies undertaken to i dentpihfeyn ogteynpeetsi ca rneo diinfy
to pinpoint essenti al pat hways and mechani s
eval uate potenti al mol ecul ar targets to whic
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DIFFERENTIAL ENDOTHELIAL CELL MODULATION BY VCAM1

Insights for Sickle Cell Anemia Vasculopathy

Graphical abstract

VCAM1 VCAM1 VCAM1 VCAM1

wmmommrEa v‘m’,% s mmmEEas e ommm foﬂbv% wmmmaEs
;‘:Hap 4: {Hap_7}
u o Vnped
TNF - TNE

= ll' | =

-
TNF \ HEME TNF + HEME \
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Based on:

Marisa Silva, Sofi a ,\ardg aRaulAan dF & uf etri€hoce.i &albb endot h
modul ati on by VCAMOD: i nsights f.&rubamicktlreed ateds| odnem
Hemat odApril.
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SUMMARY
Endot hel i al dysfuncti on &pslyasytse ma c majasrcukr opat
upregul ati on of adhesi onl) moldeaarlease@de.mi.t,r
bi oavailability, and oxidative stress. We ¢

proinfl ammat o-oyxi daantdi/ we PtriomuV CA MINO S3n daontdh e | |
HMOXdxpression. We also evaluated the effect
hydroxyurea (HU), on that modul ati on.

Our results sWOAMI otnoattert vhoap |l ot ypes, previ ol
pediatric cerebral vascyusliospaitrhyS @AMA,d isrecrea a&s ¢
activi tasstiinmulINsFt ed transfected EA. hy926 and |
VCAMdxpression in macro and mircanvflascuéadrceale

al so obsewvedulir®&Mbverexpressiascn hasmeweleld

overexpr #AMOXdn bdth cell model CAMEeoM®OSBi d no
expression and the | atter -avatsi naulsuos .noHy da fofx
treat ment l-iomwtu @A MANNFNOS 2 Xxpression but di d

hemenduldM@Xdx pressi on.

These data fur t\W&AMAiampd iod aytpee st hwaet previ ousl y
pediatric cerebr al vascul opathy and hemol y:
expression affecting not only cerebThaé but
di fferenti al e n d ovtCrAeVI Ni GaSI,l3 abhNI® Xdsl ssi oo nc conff i r ms

genetic modul ation role in SCA systemic vasc

Keywor deascul ar endot h¥ CAMthr o matseu | ol dtyy p e

a; heme,; hydr oxywmrena,a.si ckl e cell
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pr
b i

BACKGROUND
descri bmdl teiafrd dkeerr,icoalmp | e x poaft h 8 @mcyl suidoel so g

ronic hemol ysi s, infl ammadcohusaond, coampa

i crovascul ar bl ood fl ow, and ischemial/repe

-

okes and ortglahd®i?2rivaat€antiivdsaissom cruci al i ni i
chemia/reperfusion 29%hpudy cHamagei easemat iy si
stained source of heimef | tamantat a@s s d @aina gae d p
|l ecul ar pattern‘®malreculhaers( DAMB) me ntad |l pat
ocesses

e interaction through specific mediators
dothelium and the subsequent endot hel i al
mpl ex fields of researchilods sSCAAf. i ndEmaguwlidne ||
pression of adhesi o, mekbkeatldns (chla®sMd U OAM
rombotic state, ainadn dc yetnodkoitnhee | piradrd pdeytsi fraemd t |
endotapéndent vasodil ation due tiot ya orfedu
sodil ator s, namely nitric oxide -deNfG)v,edand
ntractiimag ef ketyopsat homechani sms of SCA. The

dot hel i al function-iamd aamat briyggeéired!| by pr

.g.a TGE-4)L and chemokiBg¢s 6Eecgl eCRBLCs, oxi (
ncluding hypoxPla}% and infections

ickl e RBCs are fragile, have | ower defor mab
kes them ©prone t o prematur e desdauwlcari)on .
mol ysis releases hemoglobin (Hb) and free
scul 8 uPe 4°Free Hb, as-lwelslcaagengeginnasec
oduced by t he endot hel i al oxi de synt hase
oavailPlabGdnsegiheeasky)] arditsotnuer biesd and shi ft

0pX
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vasoconsittt i*¢EINdwt heli al funotgan fuad¢t iudn i au
i mpaired as a result. On the other hand, chr
in part, from |l eukocytosis, with abnormally

secretimdl| pmmat ord®’? cfyte&i hesme has been show

cytokine -4d,e-8¢g--1JODTNFand adhesi on nrlol epcrwldeusc t(ieo.

| eukocyte activation, and migration, and oXxi

158,

40

3 “Phese effects may be | iomktygenhgeshel ak

i nduci bioxypgema dd), whi ch edmeegriamdtes dar bon mo

(CO), biliver2d4°A, and iron (Fe

Endot hel i al activation and dysfunction have
where stroke i s thfe tmbetcereevlerrel ewascoul opat
endot hel i al upregul ation of adhesion mol e«
mol eclul(evalAM as well as i mpair edoxNiOd an to amialiile

affect both the macro andcompgplrewvascdl| bhéueereog

n

t

ature and physiology of the wvascular endoth

h

h

e

e

pl eliioker opphhecnot ype. Treatment i s compl ex

most est-appricoched tDAr apeéldtiactopini cspecitrs

known .

previous studi e¥Y¥CAWdr ocheneér fhapl spgpesias

roke and strokeh r rhemkol yassi sweiln @GESA hahtialndr e

ces$%*r3f20ur goals in the present work were

sess the modulsaet dwra pd foN dotddsr aoimo t &0 act i vi ty

d

mi crovascul ar endot hel i a-B) c<tlil murleussp.o nWee

med to evaluate the moddlnaftliaonnmaetfofreyc tsst ionfu l

n combi n aodxioda twiii vineén| @s p(t lme mit mMyeC A Mdlehreeme ) o
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expression. Two ot her genes with predominan
i nvol ved i n SCAI HhMQAX(lad pnhdyuscii IO@Py amgt i weaurt e v e)
i ncluded for comparison purposes. Finall vy,
dosages t o assess its potenti al I n counter
expression of the three genes and ubtemanel

macH4aond microvascul ar endot hel i al cel |l s.

METHODOL OGY

4.3.1. Plasmid Constructs

VCAMpPpr omoter activity was assessed using r
previously described promoter haplotypes wit
st eéd¥%% nd hemol ysits Tihme®&Chapl otypaep_ werlamg hd,s
and Hap_41) TaihAeMdr omot er sequence we consi de
an upstream regul atory region 2155 bp sequen
amplified from genomic DNA, obtained from p:
forward PAaTGACTCGAGCTGATCATTCABOaAMTETGB®GLCNg t |
Xho linker, and S-OARAATAGCATGTEGCGTPCG TMRAT GAGAAAATAC
cont ai nBallgl tlhienker . The promoter sequence wa
promoterl| ess velxritgoers t(iRrnonoefgabhat h the pGL4. | u
t he PCR produXchtds aBigtlH temedonucl eases all owed
vector +promoter _haplotype constructs. Ligat
pGL4. 1l uclO vector was perlfioganeidomn sKintg (tFkcc Rea,
Ger many) . Sanger sequencing prior to the tr

constéeequences.

0¢CoO
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Tabl.elN.@ AMdr omot er haplotypes used in this study

_ VCAMHapl otypes
VCAMMIar i ant

Hap_Hap_ Hap_ Hap_ Hap_ Hap_ Hap_

rs1409419 ( C C C C C C T
rs3917024 C C C C C T C
rs3917025 (C CT CT CT CT del del CT
rs3783598 ( T T T T T G T
rs1041163 ( T T C C T T T
rs3783599 ( C T C T C C C

4.3.2. Cell Cultures
EA. hy926 abdahwmmamdot hel i al (HB-EEZ€22cahtd ATGE

CRI3245, respectivel y) were acquired from th
( Manassas, VA, USA) . EAhy926 cells "™kire mai

Glucose medium (Il nvitSAQgesup@adreimemaecd -WAt hU 1l

i nactivated fetal bovine serum (FBS; l nvitr
cultured in flasks previously coated with a
USA) , with-GDMEMs eHi medi um DMHEHMI| Glcwtsa@mame di ur

(I'nvitrogen, Carlsbad, CAnpg/UW83A)e,ndoupphpell dmdntce
suppl ement (CorningE, Bedford, MA, USA) and
for al |l assays | My cpoapslsbtasgsebse d2 tacmd6 ,.ch@Racter
profiling an8u mlreymoea nytpa)ynygy ®altler vaabi | ity was

Trypan blue exclusion, -Welflorel ptass.age to 35

oCT
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4.3.3. Transient Transfections of VCAM1 Haplotype Constructs

Transient transfections were performed in 9C
on 35 -wan 16 pl ates wusing Lipofectamine 2000 T
Carl sbad, CA, USA), f asl liomsitnrgu ctthieo nnsa, n uaf nadc t uusr
t eststcrounc t . Cel | viability was ph&LK atedt dry
(Promegvaddi son), wWkldg r anSsAf ected to use as an
transfection efficiency. Four hours after t
fresh mmedanud sixterencealous sweérmeetrleaTd&d witdl
(Recombi nant -aHuynapnhi TN e d, Gi bco, Life Techn

USA). Cell s were harvested after 8h for [l uci

4.3.4. Dual-Luciferase Reporter Gene Assays
VCAMPromoter activity was measur ed using I
described EA. hy926 macrovascul ar and HBEC

Luci ferase activity wasGlnoeEa sluuw @idf eursai sneg Atshsea

( Pr omegai s oMaddWwl , USA) iweld GlicmeoxpH a®6 | ur
(Promega, Maddi son, WI, USA).

Firefly |l uciferase (FLuc) act iRweintily u caiafse r rmcsren
(RLuc) activity. Promoter activitiesucwdr e es

vector without t hednmptoynavt)éelré cslreuqcuiefnecrease act i\

reporter construct was assayed in triplicate
The luciferase values are present @ech RAK f ol d
val ues ,fe npsipyegtdr ansfected EC |l uminescence val

change was calcul at e ®dF ol d nAgcAtvirewiagyep H &4 uicd RI u

sample B / Average (Fluc/ Rluc) from sample A

0GP
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4.3.5. RNA Isolation and Gene Expression Assays

Cells were grown until 90% cond( 2uteg/icgt®and t
stimulation for 8h. HydroxyurmaMd) (Wadg dpmlait end
cell s, with or waistth anutl ap ri eomni, orM socrd@ Méhe. n tHUa t2i500n
based on similar st dt%lgsand tmeouwdhelofal 4 & erhM
was based on the maximum tolerated dose of
pedi atritpadjested to himan nDHFYt dedb inkipt
was applied in combination or not with HU |
cultured cells nEihhg RNA RNiut) emSpiecommended
(Machtleangel , D¢eren, -SerammacyyDNAIisgp@ghesi $of at
RNA was carried out using random RStxraamedr s
Synthesis System, folgl estimi agttboesm@hoVvYactagen
USA) . The synthesi zed CDNARO0G amptl ek -t wnee r & a
guantitati-yRCP)CReXRelri ments were perfor med.
RFTPCR was perf or meld men PaCR/ 5S0y0s tReemalusi ng SYBR
Mi x ( APipd s ¢slt e ms , Foster City, CA, VCaMN]L. Pri
NOS,anHMOXdenes, as well as foGAPDHAppaesdkeer
Table A.1). Gene expression was measured by
determination of the cycle threshold (Ct),
2PCty al ue, DOth ek e dicGdar,getaDD@t DGt reatDCitont r o TGWAP DH

was the normalizer/ reference gene. Each samp

two different experiments.

0CGQ
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4.3.6. Statistical Analysis
Data are expressed as means N SEM. Two gro
di f fer epwtaliufe twhaes <0. 05. Mul ti ple group comp

oneay ANOVA &k pl@aktey Dunnet p-vall300et &5t § 0 r(

significanst). diSftfaetriesntciec al analysis was <cond
versionl sM26bn®. ( Chicago, | L, USA)
RESULTS

4.4.1. VCAM1 Haplotypes Show Differential Promoter Activities in
TNF-a Stimulated Endothelial Cells

To assess i f theVECAdHI omst gri daptofypds (Hap.
Hap 7, 4TMadblleed to differences i n promoter a
transfected the cor-V€4apMapnrdoimogt epr GLcdo.nlsutcrluOc t s
modeEA. fy926 andH&HHBEX) wit hgnniof ipraeni oausss oscii a

cerebr al vascul opathy or hemol ysiEA, hwd® 6y s ad

somatic cell hybrid cell l ine engineered fr.
has been frequently wused i n EICaté¢é uchaesowaaslic!
EC response. Since one of our aims was al s
vascul opathy effects, we used human brain e

mi crovascul ar endawhasl appl mededas-i iiN&aatommt o ki n
stimul us VOANMextpirveastsei on i n both model s.

Luci ferase activity revealed that the three
on promot &ErA. aayt9i2wist yatnrda rHBfEeCHltagpd 4wiatntga Hda p _ 7
stimul aT B, svhiotwred i ncreased |l uciferase activi

transfect iednpavygch{ Brhge)Hap, 4previ ously associ at

0CoO
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severe hemolysis i n SCA ple.d70la 6§ ®il d p atcir eemats<e,
EA. hy926, whil eéncneé&d8&Cwashelightly (though
(1.°@950). The i nduction in luciferase activi
of Hap_ 7 transifrefcltammat onr yaO npdrdmil edu i @1 .EA7 hy 9 2 ¢
2. 8056 #DdDlI d i n HBECe!l yr)e.s pTelcits hapl ot ype, previ
to be associated with stroke and pediatric

significantly higher promoter activity on HE
affected the tvd,t ywhes ianfpakEG@ todstHap _ 7 in the
mod el was twice as stronger as the one fro
despite a slight i ncr eds el 2olnd EcAh ehrygPe?)6 ared | &
on HBECSO.(DP®88 changd)notHapedddi o sV@AMI i can

promoter activity.

4.4.2. TNF-a and Hemin Show Opposite Effects on VCAM1
Activation

Besides assessing the eff &¥CAMdopr eygsiokn hewest
applied hemin (ferric heme) to simulate the
free heme actsnbbbmmasoaypraad as an oxidant

We did noVCANMbxeprrvees si-ehiimolmaomredceBA.shyanal6 t her

TNRasti mul ated cells were used as controls f
A and B). All treatments that did not incluo
cel | l ine. Coqawinhat hemi of andFor HUemgadbwltt ed

ofVCAMé&xpression. The most strikine/ hemiuh t W

combined stimulation. The-f okddahWeCrAgVERRINEAI us |

0CT
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expresgd.ons5)(.p The addition of HU significantl

256MM dosage (p<0.01).

4,00 -
* ok

%* %k

3,50 -1

e ke

3,00 - *

2,50 -

2,00 - ‘[

1,50 -

BH
\ \

AFold luciferase activity

10047 e

ALV - - ] LA - =&as

(TNF-c vs. non-stimulated cells)

0,50 A

0,00
Empty Vector Hap_1 Hap_4 Hap_7

VCAM1 haplotypes
EEA.hy926 B HBEC

Figure Bstti mates of rel at ibvel d uadtfieviatsye) aacr i EA Lt
HBEC <cel l l ines WNCaAMpfromioe dr wihtalpl ot ypes Hap_ 1,
Hap_7, respeitcthianmgleysCAdMdr omot er activity were <cal
foll owi ngbDFedqubawicomvity = [ Average (Fluc/ Rluc) frr
framssamp®dmpty &Pacttaorare expr 63EM do fasatmelasnast t wo
perfor med i n at |l east t hree independetdt O xper.i

**p<0.01.

On the other hand, the HBECs resp@€nsad@jiiwas me
We obs evrClAeMtt as al expresdgiiorul anhedowoel |l s alth:

relative | evels whenacomtpraale d( p< @ .hO @ lh)e. THNeFmI

ogu
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expression in these cells but at even | ower

we oObservbd9o9d6 EALIl s, the ¢ onmea nnde dh eenxipno sluerde |
1.f401l d c h\a@AgMd xipm essi on i n HBECs, although t1
statistically significant (p>0.05) . HU treat
46mM concenthrt e&tniean iteiegwen further (p<0.001).
downregul ated expseissuloat eoth delmi s, whet her

absence -@afp<IINFOO1) . Treat ment with HU alone

detectabl e r e/ICAIMMRANAI evel s of

4.4.3. Hemin Treatment Alone, or in Combination, Markedly
Induces HMOX1 but not VCAM1 Gene Expression

Hemin, in the preseqacewas abecwmcteo HiMOTXINEd | y
expression, i n bot hE-H)e.l Il nmoEdRe.l hsy 9(2F6i gvss.. 4c.o2nt
255f dld change in expression (p<O0s®@0imu)| aded
HBECs , HMOemMRNA | evels upregulation was even
277f @l d change (p<0.001l)stwihmmhedomphted Thiasao
not significantly altered when treat ment \
concentratnvonsr (26 0 mM) was applied. Mor eovV e
significantly activate the responsethfthédis
hemin effect in EA.hy926 (p>0.05) and HBECs
expression resulting fr omaaid/ionr choembiinn a(tpg <ot.

p<0.001, respectively).

0¢Q
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4.4.4. HU has a Dosage-Dependent Effect on NOS3 Expression

NOSWWRNA | evels were -fegubdat®d bien dtohwen maj or i
tested (HE)gs Hodeer, d i-df ef peer netih@ & 8ax p rdeosssaigoen wa
observed in response to HU. This effect was |
cells. tHBEGsed with 46 mM HU showeNIOS8 si gn
expr esg0i.oon5)(,p whimM eHU hter e2a5tOme nd i g ridf t ca@at ndo@ac
The d oseapgeen d e n't di fferenti al modul ati on was
stimul at i eearmal winltehh G&INdcFh t o a | esser extent. Ne
was not sufficientNOSS@ xpeesrsti odecresaddedng fr

combi ned hTeNMHi N st i mul us.
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VCAM1 mRNA fold-change

(relative expression)
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(relative expression)
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HMOX1 EA.hy926 mRNA fold-change
(relative expression)

HMOX1 HBEC mRNA
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bh{c .9/

NOS3 HBEC mRNA fold-change
(relative expression)

Figur &EaA4 .hy 926 and HBECVEeAMHEOX1 cam@&B aftear TNF
(20mhqg/ and/ or mMigmsni MdDati on, in the presence or
treat memd or2506mMAMDAMAAh hy 92 6DCMRNABAMAEA. hy 926
MRNA relative eehpmgey CAMYIBEGC| chhFDNA; VOAMHBEC

MRNA rel ati ve ecxhparnegsesH MOUEE(Af. chlyd 2 6 DOtR;NAMPD X 1

EA. hy926 mMRNA rel at-d vaen gelpMrOe@E)BECNh m@POIA] M X 1

HBEC mMRNA rel ati vecheaxnpmgred@S EHAN hy ® »6 OCATRNMO F 3

EA. Y69 mMRNA r el ati vecheaxnpored)©SBKBEC ( mBBE; aMm@S3d)
HBEC mMRNA rel ativehanmredssiRemsu(ftsl dar°SEMxpfeased
|l east three replicates. Gene expression values
foll owshanfgePd= WwhEBOte = cefCACtaaget aDDEt DEt:caPCéontrol
Controlasst iTnNFl at edCAM1 lasn df neoant e d NoOeSI @l nsé M CoXrl

Data were nor mal i zcehda ntgoe rwehperne sceonntpoafroeedd ct ho gceonnet r(oTl
f oMCAMaAnd NHMOX@An®OS)3. Statistical si gniwaiycance
ANOVA foll owed by Duprhmoect tt eTs3 o0 rt rTeuaktenye mpto svis. cont
***p<0.001; t reat fipenlt. 0ps<.0 . DPE< Oa 10D e treat ment v
al ofpe<0. Db 0. ©Pp<0. 001. Dashed | ines r ehrasmgent t
corresponding to 4t4heatedt radNOF :mNgE/N FHhEOVh hmmi n 70

HU250uM: hydrmowy HueM6 2y 0dr oxWMur ea 46 m
000
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DI scussi ON

The present study ai med VCAMhssesexmoessiaon,

macrovascul ar as wel|l as br aiimf Im mmatvarsy ud rad
oxi dative stimuli. This was per fpoGLre.dl uicl O E
constructsspeaY@ANMpapmagmoter hapl oty pteismu lad st e
combined or not with YE€AMMr cem@toesrur e a p ITchteyspee
selected to be further i nvestigated due to
associwitttclenebr al vascul opat hy, stroke risk
SCAR>**Farthermore, we evaluated if and how ¢t}
treat ment , the main therapeutic agent used

assessmentNOS&nHMCGXdene expression under the
HU treat ment .

I n t hetsieodfalncstudi es, we observed differenti
the presence of two of those haplotypes. Sp
presence of Ha&apgi mulian eINECs | ed to markedly
This wehtiably resuVE&AMunp raeng uil md ri-aesnts iemun aT R
ECs. The impact on cerebral mi crovascul ar EC
potenti al i mplications for cerebral wvascul op
in prevssocaisatai 0°2 sEwrdtileesr moert i dlher @lddgdrese
Hap 4 and Hap_7 o-basserweeld ians ntaecrreob r a | mi cr ov
cel | al so suggests that these genetic modul
vascul opathy phenotype typical I nv&€CAuyl amat h
VCAMactivation is mainly unOrergi nmadnssctruidpteiso
2, 30¥YRBAMAr omot er region i NFBIEsbindeinhgfsetdets

activiast iTaMmmd i nt dr (@)L kdenpeAdeéa*This activati

00T
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found t o-s pbeeci EC c . Our previous triamseciti pfioc
anal yses indicated that neither of the wvari
woul d aff eoBt stPhtee’sSRFhe poaiemEVeld,] Xaaor Oct 1

transcription fiancdiocatbeidn dbyngt sasteesstudi es do

t he i ncrVeCaAsMeg xipmessi on we observed, as thes
individually wusually wor k 44%'8 glid oeare,\e xwper ecsasni noor
exclude a potenti al i nteraction/ coo-p/leNRRt i 0N

HB axi s.

TNRcauses degradati oht!?of et tdeenarl &loc odamayxi ng e
i ncluding increased production of adhesi on
adhes*t®nThe expresslion oufsuMCAM negliglible i
rapidly incraesposaffter whiNEh was corroborate
observed bettrweatne dnoannd TiNfFealt ®ad |[E€adsuced NO
bi oavailability. This occurs as a result of
del etes eNOS from it $?2lasnudbsamrdcadtehedriilni MAeDPF

| oweBH4agd | eading eNOS to véWer avbendugdewa:

~

-

egul aNOBa&axprfessi oGanstiinmul MR e dc eHA .sh v@i2t6haj or i t
of treatments applied. This effectnmMWWasHUW ount
treat MdlMmtmodul ati on was f oNQ@Q3S3Jdemwme agfemat etrhe
downr e g NIOSt2ixnpgr essi oh?2i MoE€sver, this modul a
shown to occdurraamtscrhetpostl l evel, wi th mRN
binding of the eBBIR peqtueaeiOSsatRNfALheWe al so
observed-aNIO&EBDMNKRr egul ati on effect in HBECSs.
was even more significant and only counterac:

comprising the brain vasculature, cerebral E
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system (CNS)omnfE@smmat caqgialpli atiaey aedupest i
are close to astrocytes, pericytes, neuronal
i rt2p . They express TNFR1 asmnndt HTaNtFRBai nd h@NF e
modul ati ng emrduontchteiloinasl atnidg hctyt oskel eton rearrtr
have been shown to rejupmododudctNIO&Gn alnyg -ad ICAMuUt
dependent pat hway, as “&°% relsepoalsiel ittoy itnd egt o
responesxet etronal stimuli, hence providing an al
t he mar ked d o w\hOSeBgxuplraetsiso no no.f

Hemin (ferricoxiednznt -hakd pppo@at ory effects and
to simulate a sudden increase in intravascul
capillary vei A% 4%%AHesmec kwaes nsihcoewnl itkoe arektcievpatt oer
(TR signaling | easehgctiondandveWly t©d-tPhe Ve
HB activation, with both -@odcltihseisen eiviendisc k lea
nor mal '>8miThhe aut hors also demboskiragedftWE&A
a4 bilnt egwieh gc ien ec €Ei n, -Iv WFPE-CAMMNKI3I nt egrin

i nhi bi t-eddldbheend st asis. Furthermore, they als
was <cruci al to the mandiiestatamagbhgt 8ef & e ms
hand, Bel cher and col {le adgeucerse acslesde revxepdiBe\sGA M n
activation in sickle | uhagy,trlaatementanwi tsipl leen
in sickle*?ceTheynicencluded that the results
i nfl ammati on and adhesion i-nhdbtedonppegul dt
HOl expression. Il n ourvetady] WCeAdvdg @r e6si obs
i n he€#memated EA. hy926 ECs, and in HBEC the

i nduced -&by ThdBEe outcomes are in l-imeéycendt

HMOXdpregul ation but also with taeeabseakly

000Q
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exposed in SCD patients. | n av@A Mdixgrmr,e stsh e nv

bet ween EA. hy926 and HBEC may reflect | ocal

cel |l types. Het &rnoogvenn ecihtayr aicst ea i welilc of ECs,
t er ms of intercell ul ar tight juncrtiiognen n
presentation, and °PEH®Gl spgrredwctrieosnpomase been

upregul ated by henhienr ei ni t mohnaosc ya emsr,otwe ct i ve &

inhibitindg?’a*rdipst osstiasst ed above, our findings
observations, wi t h HMOX@&xlpe@dssnoneadseé ernhemi
Both EC models show similar upregulation, th
i n the | evelasnthiyoxwhd acnht tshyisst em operates in t1l
mi crovascul ar environments. Conv e INOsI3y W 1
downregul ation in HBECs as a result of heme

result of the alternatiabevieNOS activation de
HU modul ati on on gene expression was assessEe
HU concenit2rSa i amdé 46 mMnM THE t2r5&at ment has be
in similar studies that have assedd¥ Etdndene e
based on plasma concentrations observed in
dosafg’®®s The HU 46mM concemtrtdtei onmaxwansi mb d e & r a
of 35 mg/ kg/ day recommend¥%d afdgmuspedh adoy ihcu mpa
densi ty. Mor eover, we combinedMHUt aresasesest |
responseximdapgriovwe conditions, 3t b&s*BEhle omod wlcatni
effect oVWCAHME xX@m essi on, in both EC types, \
i nfl ammat caxi daaardt pamdot hel i al context. I n nei
drug r\GCAMERNA rel ative |l evels to baseline v

| ower when compared with | evels after hemin

ox
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i ncreased endot hel i al expression of this adh
the use oftidmragist & abrligded d) amedl* W Ircdobuyn taenrt i body b
ofWCAM1 Bl ockache tesfel TNhas al s8° been proposed
FoNOS3 differenti al HUdepdodaht pnc whshtaslsbe et

been described by da 4&uadnday anhde ccoolnlceeangt ureast i c

the maxi mum recommended dose in the pediatri
with | nexprassdi oy, i mamecrovasbubasuhbgashsECS
HU in NO bioavailability, crucial to amelior

does not res NIOtS 3Ifprreemgud iat ¢ o . The HU effect
l evel s i &elmpr ¢otlrmrenspast onal , as the protea
degradati on mechani sm pédpBeethéymotbeerasauda

i n chapter 2, we haN@éSparivsswsliatiedewiithi adp

effeptedomatric cerebral vascul opathy in SCA.
allele 4b (5 repeats), haplotype V (rs20707
associated to silent cerebral linflarsQtO7Ppr7dde

VNTR4c / rs)7hd& R dT a putative protective ef"
as a whol e. The i mpact oN O SHBUx pwee srsd v no hrsaegyr vfe
potentiate this protective effect, not dire
Further studie®samplSeCsA gprad | wantt isant dsdf a wieffitch e
mechani s m.

Additionally, and in | ieneen wdeshcrwihetd Haog P&
HUVEGCY we found noHMOXéxpres§sHOnoneither in
or HBECs. This reiterates theiMOXpbrot mesri e &ahe
macrovascul ar ECs follows an alternative me

susceptible to HU action.

ot ¢
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Limitations to our study -inahsidat itochreal p onsosd |
(already knowNhNOS$,® foccrcuex adanpl e) , which may f
|l evel s. Additionally, the fact that endothel

by surrounding tissues also has to be consi

or gaamage mechani simnese Dleismi t &t iton s, our 0 b s
reiterate the differential modul ation of er
adhesion molecule producti on, nitric oxide ¢
systems. Moreover, anbemdefsipti $ e ot heHU ov enr ad é
mani festations, there are stil]l pat hophysi ol
to its-mbidséygsag effects. This assumes part

ther app &tsi d eress momd$ilv eF urotwleed kenoof t he mecha
which the differenti al modul ation of these g

i's of particular importance for the more rec
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SUPPLEMENTMARIYERI AL

Suppl emeTnatbd rey RS PCR pri mer s

Target (vect Pri me Pri mer Se(gs86@ hce
Fw TGG ACA TAA GAA ACT ¢
VCAM1
Rv CCA CTC ATC TCG ATT T
Fw GGC ATC ACC AGG AAG A
NOS3
Rv TCA CTC GCT TCG CCA 1
Fw ATG GCC TCC CTG TAC (
HMOX 1
Rv TGT TGC GCT CAA TCT (
Fw AGC CATTC GCT CAG ACA
GAPDH

Rv GCC CAA TAC GAC CAA /

4.6.1. Mycoplasma Testing of Cell Cultures

Cel | l i nes we-testmgatcopbkla@amsaeanpriont ocol . Cel |
mycoplasma detecti onmwefsepenrmreaptaa pdo IieadmMuend a
cel | c o,mafnldu eantctyH redaasyts aft er trypsinization.

resuspended i n mMW sTirs sbuiHCler - (, Y damdtpnotXei n

( , mg/mL), and incubated for mi md oamn UC
PCR (Rgaido, C , CA, USA) was pet hfeogImeawiomg ¢
pri mer se quFom warBlQCACCATCTGTCACTCTGI,TRARQUE@T Gée)

ACTCCTACGGGAGGCAGCAQiIaamE!l i fy an approxi mately

t he S DiINMosemgalon from the bacterial <cl ass
subjected to agarose gel el ectrophoresis an
(UVI TEC Cambridge, FireReader, Cambridge, UK
o f ampl i ficatriioanl offr atghmee nigctiend-i caéi cal Db r ang

HBECs as well as EA. hy cell s.
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4.6.2. STR Analysis for Cell Line Authentication

4.6.2.1. DNA Extraction

One cm tissue culture flask, with at |e
cells &nptrBBbAIion according to standard proce
Wi zard Genomic DNA Purification Kit (Promeg

manufacturerEs instructions.

4.6.2.2. STR Amplification and Detection

A multiplex PCR for the detection of eight ¢

D S , VWA, TPOX, D S ) and Amel ogenin w
the AmpFI STR I dentifiler PCR Amplification k
accordhegmbaoaufacturerEs instructions. STR fr
by capillary electrophoresis in an ABI

Foster City, USA) . Al l el e size analyses we.l

(Applied Bios@istemsUSApstEme ATCC and 'DSMZ S
were used for confirmation of the identified
For HBEG@ he resul't of the comparison betwee
reference samples was % nusihreg rbamtghe ddt abases.
the two samples being related (same donor).

profiles comparison between the EA. hy cel

4.6.3. Karyotype Analysis
Karyotype anal yses wer e c-atriCel | oultar e s tpia
chr omosome banding wer e perfor med iwmsi qigt ua

met hods. Briefly, cell s were synchronized w

oT p
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(ProCel le,l mMQ@uwlhtaurMet ri x Bi otech GmbH, R°der m
manuf a&tumertructions, before colcemid treat
were obtained usi nigandiengstmetdhacd. GKdr yot ype
perfor med usi ng a aCytdo Viimd inrEg auytotmem (Lei
Nussl och GmbH, Ger many) . A total o f cel

cultures were analyzed for the determination

EA. hy cells had a modal number) ,ofrefl echn
nedarri ploid female compl ement. Karyodiympleoiad al
mal e compl ement , wi t h a mo d a l numb-er) .of
Chromosome abnormalities observed in both ce
Tl e S
Suppl ementary Chamlimos&me2.abnormal ities observed
cel l l i nes

Chr omosome EA. hy926 HBEC

del (1) (q10) der (1)t (1; 6)(
der (1) (q10; p1l

! der (1)t (1; 14)
der (1)t (1; 3) (
5 der (2)t (2; 14) -2
de(r2)t (2;3)(qg del (2)
3 i (3)(pl0) dic(3;22)(p2¢t
t(3;7)(pl0;qgl
4 del (4)(q9g10) (c
: dic(5;11)
i (5)(q10)
5 der (6)t(6;8)(t(6;9)(g25; pz

der (6)t (6; 9) (
del (7)(ql1.2)del (7)(qgl11. 2)
7 del (7)) (pl2p1lkct
der (7))t (7; 22)

0T ¢
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8 der (8)t (8; 21)
der (8)t (1; 8) (
del (9)(gl1l1. 2)
der (9)t (X; 9) (
9 der (9)t (3; 9) (
der (9)t (8; 9) (
der (9)t (9; 22)
10 -10
del (11)(9g23.3-11
11 +11 der (11)t(11; 1
dic(11;16) (q?2
19 del (12)(q24. 2
der (12)t(2; 12
der (13)t(13;1-13
der (13)t(5; 1¢
der (13)t(10; 1
13 der (13)t(13;1
der (13)t(13;1
der (13)t(13;1
i (13)(aql10)
14 der (14)t (2;14-14
i (14)(qgl0)
s der (15)t(15; 1der (15)t(15; 2
der (15)t (15, 2
+16 -16
16 del (16)
der (16)t (16; 2
17 +17 17
18 +18
19 der (19)t (X; 19
)0 +20, +20 20
der (20) dup(20) (g11. 2
21 der (14;21)(gl-21
22 der (22)t(8;22-22
del ( X) (g25) dic(X)t(X;9)(
X del ( X)
der ( X)t (X; 10)
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der (X))t (X;5;1

- Y
Y .
dic(Y;13)(p1l12
ot her s SMC s SMC

Onl gbnor maobisteirevsemdrtehaonn e eblr encl uvdepder nunmeIMGymal I

supernuMmeabemai kcehd )o mos o me
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08 54,). % /| & #HQ21%bB4H) %53

Three scientific studi es, wi t h i mplicatio
pathophysiol ogy, were prelstema cupcatroppryphi dedi s
context and a review of the eunf emtndk mpewl ea
vascuhymatparticular, foll owed Pwnrtdkeescobpedt.
two studies, with an assessment of putati ve
pedi aeriebr al vasc S€Capgt)dry a2nch asprleadioct i on of
potehtunati onal consequences of the most sign
(chapt)Prar3i nicll luadceéd,ptiema £ unctional approach,
and macrovascular EC modeVNVNSE€AMLoplcotny p & sn imo e
with a significant association with stroke a
of a comprmrtitonsameo HCAMBMNOXKANNOSBXxpression
studi es -ilanfftlearmnpartoo-o yi Gatdi e ost iarcud laotgiocna | Prheas
with hydroxyurea was also tested.

PartinflcM udes the present chapter and chapter
summary of the main findings of each section
those findings ackhapterewadabhpwdetdhehrough a
Fi naclhlaypt eon&l udes with some recommendati ons

and future perspectives.

MODULATI OREDFATREREBRNASCULOPATIBYC AN
|l nchapter we assessed demographi c, clinical,
genotyping and i maging data to evaluate the

f ccrerebral vpsoghopastshiyn children with SCA. V
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able tg sBtdanistically significant associati
hemat ol ogi cal par amet er s,erwibtrim| g evraestciud owaart iha
The genetic variants withrebrahgemegduaot aphbhly
wer e VCA®I1Is 1944019 T all el e and promot ¥ CAMApI| oty
l i gand Tg&A4L113276800_A and rewBirgb18BoWwedl peb
association either witctkekrebrakeyvgsobadbeatihdgk

t he oM AeMbr omoter vari ant s, t he presence o]
consequence would be the <change in transcr
transcripwhoeafppaessli ®n may be affected by th
variants are maiewvley opmeat vadhdinholdi dwvengnt h
proposed r ol'é’ oAnovitChAeM i mpor t\AQA Milso itrhta tr eegvaernt
we address the spofenmthizveCiAvelave @dontés' genotypes
i mportant modifying role on disease mani fest
of the haplotypes that encompass them. The o
given the over |lbypeoprimgd ffiordi nlgss ovari ant anoc
includes it.

The fact that the rsl1l1l132T7TGABMNDI0elAeanter e83d3gdH4Aa8K
with stcekebaall vaseowhlobopat iwrt her underlines
RBC and WRGXMotdédll i um adhceesrieobnr ailn vsaesweur|l eolpsad h
identified the presence of a not previously

rs1375493, ,ae85728308B86R680sptte being very fr
of patients studied, was positively associ at
with a protective effect against hemol ysi s.

ThdBOS@8ariants which were ebsadcivats&ldd awipsath chwe d

putative protective effect,cemebhals caseulspp
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gl obal IVYCAMILhke occarresewd tasof the presence of
(i ntron 4 VNTR adrbe galtli elee awistolti ati on with $
(Hapl ot ypaenevg awiitvle assoernabin aln waggs obladp ygt)hy /
i ndirect protective efdeett avotuh e [bree ad mwe exfp
and istoxiadg i on with I[Tbowel aRrDeAlr evsmibdoyeess.t ed t o b
bi omarker for | ower ce¥ébrovascul ar disease
We al so evaluated other -pseovcicaséyg caedidal:
vari a®D& GBrls3732410_ G E(NPIPLEA0¥ 4498 C (K1730Q)
PONLs662 C CQGLDIRYt he thr ENPPAS 1 @H4498 oAAyand
genosypdowed a positive associ aPONotns 6W6i2t hC st
variant, albeit no assoeiabi an wavddusppakéeé&yto,
we oObserved a positive association with hig
I mparcmthemostasis and inflammati on.

The only consensual modi fiers of SCD di sea
persistence of HbF beyond-at ntthmatcy deanhatioba. pr
i nheri tadnit®thadf and homozygous HbS mutation ha
overall ameliorating effect on anemi a, part.i
chillPfewe did not find any direct heaf-aitdh onshi
thal deletion and stroke, aldthhoalghs wewedda fh,]
RBC count, ,lamwWerMCMCV consistent 3WPHth°Ophevi o
authors have also reported ana®a’tshean c ep roefs eanscs
and stroke®’prrb'tection

Smal | sampl e atsiiozne, h eptoeprudge nielsSanwar(adn f ceuvant
ancesdr yot her specific population characteri:

to the general SCA pediatric population. Nev
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the i mportance of genetic modulators in the
vasoephthy and provide clues for the discove

Oufindings suggest that a comprehensive biom

hematol ogi cal , Il maging as well as cgeerneebtriacl d
vasculyppetdh cti on, and prevention. Even thou
subjected to environment al factors (both phy

their ancestry, the genetic moMdCA Mka psl odteyspcer i
7 and rs1409419, may Egreowibdal f vrptslreawrleopadiny i

SCA.

PREDI CTBEEBPECTSMOBUL ATORS CIAN

As stated earl i er t he maj or and consensual

mani festati oinshaeamrietagkrnhoael amsfsemi a and those af

expression. The wor k dlelscwaded dentichappoéeher
genenoidcul at ors of pediatric cerebral vascul o]
| chapt,ert he riens ushitlailcygof/eCA Mws$ _C, rs

rs _del CT promoN©OBbuvdrngns8NP Bas well a
S 0ome clues about Ipossikke of untchteisoenagenet i c
pat hophysiology of SCA, emphasizing their in
promoter variants have V8AMépxoptreenstsiiaoln froerg ua
namely as a rreemelst ionf tdafafisdcir mipt y otno ftalce al t e

as comparedt ypetdheqaveddei pTron fabbhogebi wer e
indeed observed for the three polymorphic re
V C A Ms ~C was predicted to cause a sub

receptor factor (RXRF) by one for a PR domai
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a transcription repressor that promotes hem
i nfamat ory cyt ok?’'nel hseercerfestried i ammatpomoy environ
as an activated endothelium, the ipmeseacse off
VCAMlnduci bl e expression. I n the case of rsi

potenti adbignadiinn gf osti ,t eQaftoPRabEtvVd anscr i pt-lonsfact

a complex multifunctional t hat modul ates mul
motility, adhesi on, response t oo amxi dat i
apoptosi sy8uoOfi sakci al interest i saFtOSe abi |
transcription factor to |Iimit cell adhesion

of oncod¢n©Osi $he ot hert rlmanmsd,r i @ktni dowm sftasc tporro mo
a transcriptional repression/ silenVCAYleff ec
downegul.atBaamas been shown to promote murine
by interacting with musc?® ar gaqu lnatodr ywhfi adht @ro
upregulation of gene expressioma FASMlsobliaedtr
siwas identifiedefl®&€T. r §A8TId0R2Er iapitnwed fiamt or
patterning and devel opment o f embryonic str
net work of activationf9°c epression mechani sms
Il n summary, al |l tarfaf nescctreidptbhyont Heas p @o ®mo tneari nu
involved in devel opment (including in early
di fferenwhitalsismressh t he YC€CANMosed role in dev
ti s-ana sipmei fi c expresslimnt ggrams eafnsendot hel i
for i nstance, one might expect t hat altere
RBCEC adhesi on as mveilnf aasmneantdioot nhteal nitur vbotit b ng

endot hel i al dysfunction and ultimately to im
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Even thoNQ®® < he G |l eads to an amino aci
glutamate) in the protein sequence (psGlu

variant i s mosdelpetodraibd yws ,a momssyinmoghlyenomuwsc It eod t
variaimhe apparent conservative (negatively ¢
results therein would also be in agreement
occurs in the sequence encoding the oxygenas
the enzyme activity and contains both the ¢
oxygenase function. Thita® mpaulrdnepbt ert itahle yo
funceandnthus contribute to higher oxi-dati ve
binding, eNO&NWnawowplmangly to NO bioavail abi
t hendot hel i adi dd &dbe adaweoliamme have al so been pr
Overall, these alterations may affect key
vascular tone and consequently moMoltadbeercar

i mpaired oxygenase activity would expestedly

(i)
aggr

acco

oOXVvyg

decreasing healthy RBC deformability al
egates, and (ii) possibly inducing an ex
mpanied by a highly abnor mal H e moArl ht eear | ead
enase function may also i mpact therapeut

drugs i nterdnrgiiotge ndsoisrh etr lo@mer syish em, as

useful in prdyshtunongiendoHbwkvel, t he m
h they promote eNOS wuncoupling, i n the ¢
i de usef ul clues as t o ways of i ncr ea

i ovascul ar system
ite the I imitations of the tools, -namely

val ues, and ndascigipacscoacheal constitute a us
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st

ge

st

st

pr
de

ep in evaluating the possible birelsegqicealofa
netic variants. The information NCAWMIDded,

omoter variant s served as t he basi s for t

FUNCTI OSAUDI ES

iven t he strong as sVaCAAIMEg ri omo t e f bpptotype

-

oke/ stroke risk and hemolysis, &i patshe p
oj é5t3¥°we set out to assess itchafpa wet idonal

scribe the modvVCAMpoonmetfdrchaplodt ypes 1,

crovascular as well as bapadonf mammavasgubar
evaluate the i mpact of that mo d walaantdi on w
min stimulation in otherwise napuve cell s,
alyzed I f HU treat ment provi dddat tpdrar ma oc
fl ammat ooyi @aadi g ocontext. For compari son

cl NdODsSda n HMOX b ene expression under t he sarl
eat ment .

r results showed that -atslseocprae £a@n cHeagpof 7t hd
ilmu ed ECs | ed t\WCANITkenbltye rhiagchhervi ty, espe.:
crovascul ar ECs. Thi s V@AMEX prog exnitorad il y oy
tivated endothel i a, namely in the bnain.
rebasadulvopat hy aln ginGAh iamudt i mdli ng s, descri
apst3erand 4. The di ff erHanptdi aadnd edpmnsde 0Obslka
cvascualnadr cer ebr al mi cr ov assucgugleasrt sEChat f u

netic modul ators may be critical for the (
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in SCA, and not only for brai nV@ANMNedacutliovpaattihoyn
i's mainly wunder trainscssitpudidensadit ® otnli atol neitthle
variant alleles composing the s-HUBdsetebaphot
VCAMILr o mdi?et'>The pgaiemaVdifalQert 1Bard2scription
bi ndi ngssotcieated with rs1409419 T indicated
expl ai WCAMlepregul ati on we observed, as t he
individually wusually work as n‘éf9dtd #Hé weerul, a
we cannot exclude a coofpramas$ ¢ icpdwiea me etnh & h
t wWoNfRsensi t-iuB es iNfFe s .

We al so observed that brain miCAMaxpawlsasr obC
that was further -asitcrmalsatdi carf,t ewhiTINF macr ov
expresvLAMafter stimulati on. The o pNDS3I t e e
expression, which wasa,domwvamredgyuliant ebdd abbyn TN Fc r
This effect was only counteracted by treatm
Cerebr al ECs actmveégtpartnerpate system ( CN
to their proximity to astrocytes, pericytes,
[revieWwWkd They e xaprreecsesptToNFs TNFR1 and TNFR2,
t hey can modul at ef uemrdotome| iaand tdythdskel et o1
Mor eover, they have been shown ptroodrueduloat e
autocri-mdepleNFdent pathway, asn‘@f res@oabil itto)
poduce i NOS in response to external stimuli,
NO, may explain the madoOkK8rdpdewnrireguivatf oandf
We did not obsWwWCGCAMAXxipmersesdaxend i n macrovascul al

exposudeijinanonerebr al mi crovascul ar ECs t he e
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i nducdMFabyThi s is in |line wi-abspceatedsdeepe
VCAN expressitbBr aacntdi VNt i on ,andt 8pl eangef &siw
427 diwmeheimhduceld WHOr egul ati on, and with the a
ECs of SCA patients ®WPHMQXdAwrart Inyd uecxepdo suepd etgau |
was al so apparent in our experiments and wi
Thus there seems to be Iittle difference 1in
operates in the macrovascular and brain micr
observed a mandede@@omwmr egul ation in HBECs w
occum assult of the alternative 1 NOS activat
HU modul ati on on gene expression was assessEe
HU concenit2r5aoMi amsimM.6 TheeM2BU0O treat ment was @b
pl asma concentrations observed in pati’ent s t
whil e t heMcHkhlhcdetht rati on was based on the max
mg/ kg/ day recommended “%f3oradp eicit ®tdr it phautmaen tbs
Moreover, we combined HU nvMrredtomearsts ewist lECh e mis
pr-oxi dative conditions,®'b.d¢EBhle omo d wlcaetnitn g eefo
onWCAMidxpression, in both EC 4ynpeéammaasrlyi mind
oxidant endothelial context. dmuagernwAadle of t
MRNA relative | evels below baseline val ues.
treated ECs. This suggests that HU treat ment
patient sV@AMHhaptlhoet ype 7 and rs14094€eldi cTt ead | e
i mpact on cerebr al mi crovascul ar ECs.

Differenti al HU modulN@fBonh ah-dapeadent ecahne
which was consistent with observ%dti Onky by hd
concentration equivalent to theemaxitmum rSeCcAo
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setting (46 mM) was associated wi t h i ncr e
mi crovascular ECs. This suggestOs |telvaetl st mayb e
be direbdOBgexpnession, and i-tsr amosrleat | pkaly

preodasomal protection from degradati o®f%rmélchani
Hence it is possible that HU may erclamrdbde atl he
vascul wpaphgviously identified associated wi
repeats), haplotype V (rs2070744_ T | VNTR_4

(rs2070744 _T |/ VNTR _4c¢c /,t hé&cHH70PkIaI f@aes Howe
depemdn the HWUMmMdosst ar ed. We founHM@X1l effe
expression, either in EA.hy926 <cells or HBE
Santana and cbBMDEfagluleewds han alternative mech
response not suscé®p’tible to HU action

Our studyddiedssndthea potssamsllatiyvowdl pmedi fi cat

of surrounding tissues in our model s, and t
vascul ar ECs. Despite t hese l i mitations, o]
di fferentialendodiledt adncefl | expression at th
producti on, NO producti on, and cytoprotecti
despite the overal/l benefits of HU in seve

pat hophysiol ogi thht machamiodonssiutssc epd & b wie ntg

effects

CONCLUDIREMARKS

The mai n goal of our research project was
pat hophysiology underlying pediatric cerebra

we f ocutstegge ncent i ¢ moded el @ln wdeseuvalopgat hy
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Bu

ge

we-

en

Po

Th

vV a

he

ge
ad

il ding on previous results of our researc
ne approaclh,f ipredd agrrawp SQUAASpatrant anwietsh
tcharacterizederebrnaelrmgassdfheéopaplhiy ati on st
robiyed he major hemat ol ogyatentelSCAt pat i &
rtugal

eandi date gene approach was furtherelexaglanc
scul apabblcy ati ohhngenenhi g wariants but al sc
mat ol ogi cal dat a. We f oundvCARNVEN 8§ §Adi f i c
nes were associated with strokendoteldleicum:
hesicoenr eibr al vaatbhbpphgshpl o NS 8@Gann vaenrt sse lwe,r
edicted to exert a pcreateebotailv ev gesfofbhehcbtp gad nh wha
consistent with the NO i mportance in vas
nfirm associ at ioornss tbreakwnee emr osttercotkieon and mo
her st u@0LleGRBRONilker the mos-&a® CTHenlseetnisaum.l A
pected, | ower HbF | evels were positively
duced MCH showed a s iwnhiilleaer hdfgfhe cnte uamr o9thri d

unt s, as wel | as high LDH | evels, were pos

—
=y

otulgen si ze and heterogeneity of t he st

~—
-

apolations to the gener al pediatric SCA
neti c modcudraethroanl ovnasradu loobptaatihnyetddh cawWwué rats
dul ati on nmaoys eo cpcauri einnt st.

e next step of ouri nprsoipleicchorwds ct edeedfeate

Itially identified, before initiating the

VCAMAr omoter stood out i n t hen prheowieo wsard tawnd ¥

a l

so on BOE&®drngnt, analyzing their potent
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hemor heol ogi cal |l eved andsVer f puinadn pblheminge abhba s d
a result of t h¥CAMgrsoemmoctee ro fv atrhieant s studi ed.
rs1409419 T which was pflediOctedBapnXRPebdntbnag
i sol ati otnr,antslites @thaowme flaecamrdescri bed as h a\
regofregftf ect on gene eppreabl gnwaEVpLlewiously

on i nfiencdtuicoeldB N&ct i vi ty in a negative feedt

=]
—

| ammatory response.tiHoswanmsecri pmagmeafpd atso
cooperatthetrict hi ndhi bit adhesiomprbuif ematuicen.c
mechanism of cellular proliferation is also
vascul opat hy, it is reasonablld rtamsasspme onh
bi ndi nngpaysiuneder | i e the rsilppdd924)19i MpdamdomMagpt
stroke risk. On the other hand, and &ot witl
oxygenase domai n N©OS8&uwedn cnegyg, wvtalrd antwas Gnot
predicted to have direct functional consequ
absence of assocdaragbdroanl w avanc wlheeeatviexd i n t he
association studies.

Both the expanded genptisstl nddesdbsudti onchaodse
VCAMAr omoter haplotypes for further investig
studies that woul dBasacesvitheipr amet eprr es en ¢
(st raskseoci at ed) or Hap-hesppeatied()heindod yebost e
results we al so eWGAMixtpe c sesn dant, hasihimula mmangr p
and -poxiodati ve st ivmwlcialnatheer ermai @dfroovascul ar EC:
exposed to in SCA. We added to the study the
(NOS@8nHMOX1, for comparison purpoéswepred@ulratiesn

effects of botvViCAWNMAp oonbyepes achi vi-agsowi ahetdh
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Haplotype 7 having a stronger FUIftelcegr naotireeb r a

expression studi ¥EAN®Mp rcaad £ido nt hadcur s i n n
mi crovascular ECs, and highly increases afte
apparently counteracted by HU treat ment, h o
seemiynwginsufficient phar macol ogi cal rescue

prevention in pediatric pati¥@GANApwietghultahha onm
observed also in macrovascular ECs due to th
studi ed, naywpéy4d4Haplbggests that these hapl ot
not only on cerebral but also on systemic va
While the expreNOGSahsostaodnésrmdd differenti
HMOXdx presvaisomi | ar i n both EJ fnfoedreel nsc.e sAdidn ctli
response to HU treat mdO$ % a $1Uddoeppeeengduelna t,i owmnh eo f
HMOXdx preseiememper vi ous to HU action.

Even though extrapolation for pedidamage Vv as:s

mechani sms shoul d be done with carexano aft

studies (ulsiimlgosgaiadpal lerst) , over all our results
oWMCAM n endothelial cell response in SCA. Th
a regulatory region is of VcCAnKilicdernvahlye i si gm

controlled by tranBeirmgptfoagqhlbemt gbShashtaimeatndr e
anceswsitwpn, tSlCAYy may 1 mpact how these patients
strategi es, and ul ti mat el y-ndmes pbesii svien gp att h
Further knowledge of the mechanisms by whioct
crucialacTheni A i s of particul ar iamgeoarnt anc

therapeutic approaches.
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As discussed earlier, the current stroke pre
al | pediatric SCA patients at ri sk of cere
bi omarkers are essenti al todpvemode atcter atd

and comprehensive risk assessment approaches

personalized pharmacol ogi cadpeoicfkit@ai d eamg lhaitn
The results obtained in the presentmawaek spro
i n pediatric cerebral vascul opathy. We bel.

further research efforts.

Mul ti center and multidisciplinary cooperatiyv
modul ators here identi fi eddi aitnr ilcarpgaetri ennutnsh. e rAs
it i s Iimportant to thoroughly characterize t
bi ochemical and hematol ogi cal data.,aB8dmpl e

patient ancestry are key ekdmepesial nsaddand
pl anned stwowbedessrgnefficient patient enr ol 1
and population characteristics.

Extending the gene expression studies we per
with SCA, nameth ¢thel goéenV¥ CAMAILaspulsocteypptei sb,i |wa
be essenti al not only for confirmation puropo
which phenotype modul avCaiMdxmaryeosicam.i $fcant
potenti al us eh aopfl otthyep enso/dviafriiearnt as novel gene
prognosis i s an addewle biemietfiial.l yl npltahn nse ds ttuad y
cel |l cultures from skin expl amGAsMpo fo mpedr at
hapl otype 7, dyd peuboeqgii@Rhtest RT™M i e sVGAMlas s es

expression changebBosd&nébfounateweye hindered
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COV HD® pandemic context. Anal yses of transc
chromatin i mmunoprecipitation) woul d al so
regarding the mechanisms by which the prese
VCAMAr omot er.

Admld on studies would al so be VdalGuaabrlieanttos eovn:
sickle cell adhesion to the endot heibiasmd Thi
assaysing blood samples collected from pat.i
al lsswnul atitdhres bofood fl ow conditions and sheseé
patiogbhto®d vmsaselrse t he atdhhed soiwonr agdred obser vec
occlusive processes could be simulated throu
het er ot ynpiecr acdlilonis, specifically those invo
could be studied using imaging flow cytometrtr
On the other elwainadg p rbeesssideers st udiNOSBrasdses £idn
protecti veereddreaxclt wemeuoulubtdoegebye, indirect ap]

rely on the measuctrpernoednutc tosf (eeN@S ennid ri t e acc.l

Il n summary, a wide array of racsaeaech!l poosikt
resear chwhpnajue dt ¢ o mpd nrednebnet bhenefi cial in pro
targets andpednatrbuteerebral vasculopathy p
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ARTICLEINFO ABSTRACT

Editor: Mohandas Xarla We investigated biomarkers and genetic modulators of the cerebral vasculopathy (OV) subphenotype in pediatric
Feywords: sickle cell anemia (S3CA) patients of sub-Saharan African ancestry. We found that one VCAMI promoter hap-
ke opll memia lotype (haplotype ) and WCAM1 single nucleotide variant 1409419 T were asocixted with stroke events,
Corchral vasculopaity stroke risk, as measured by time-averaged mean of maximum velocity in the middle cerebral artery, and with
Ischemdc sroks: high serum Jevels of the hemolysis biomarker kactate dehydrogenase. Furthermaore, YCAM-1 ligand coding gene
Genotic modulators ITGA4 vasiants rs113276800 A and 3770138 T showed a positive associaticn with stroke events. An additicnal
Blomarkess pasitive relaticnship between a geneic variamt and stroke tisk was observed for ENPP1 1044458 A

Cooversely, NOS3 variants were negatively associxted with silent cerebral infarct events (VNTE 4b_allele and
haplotype V) and CF globally (haplotype VI). The -alpha™™*_thal deletion did not show association with CV.
However, it was associated with higher red blood osll and nentrophil counts, and lower mean corpuscular
volume, mean corpuscalar hemoglobin and red cell distribution width.

Our resulis underdine the importance of genetic modulators of the OV sub-phenotype and their potential as
SCA therapeutic targets. We also propose that a biomarker pane] comprising biochemical, hematological,
imaging and genetic data would be instrumental for OV prediction, and prevention.

1. Imtroduction mavements are leading to & wider distribution, emphasizing the global
health emergance status of the disease [1-3]. In children, the most

Sickle cell anemia (SCA), the homozygous form of the o204 > T common sub-phenotypes are cersbral vasculopathy (CV), acute chest
mutation In the betz-globin gene, is the most common and severe symdrome, hyposplentsm, renal disease and painful crises. CW is 3 major
presentation of sickle cell disease (SCD). High birth rates and child complication and comprises overt stroke, silent cerebral Infarcts (SCIs),
maortality are most frequent In sub-5aharan Africa, however, population transient ischemic attacks and frequently neurocognitive complications

Abbreviarions: SCA, sickde cell anemia; SCD, sickle cell disease; OV, cerebral vasculopathy; SCI, silent cersbral infarction{s); LDH, lsctate dehydrogenass; TAMMY,
time-averaged mean velocty in the middle cerebral artery; TOD, transcranial Doppler ulirasound; MBI, magnetic resonance imagimg: MBA, magnetic resonance
angiography; HC, hydreaycarbamide; HbE, hemoglobin 5; HbF, fetal hemoglobing Hb, total hemoglobing RBC, red blocd cells; WBC, white blood cells; MOV, mean
carpuscular volume; MCH, mean corpuscolar hemoglobing RDW, red cell distribution width; NGE, next-generation sequencing; VOAM-1, wasoalar cell adhesion
malecule 1; ITGA4, very-late antigen 4; eNOE, endothelial nitric oxide synthase; MO, nitric oxide; TPRS, transcription factor binding site(s)
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at a later stage. Children with SCA have a much higher risk of stroke
than the general pediatric population. The prevaleance of overt stroke
approaches 11% by age 20 years. On the other hand, 5Cls have been
found in up to 37% of children with SCA [4].

The current standard of care for stroke prevention in 5CA children is
Transcranial Doppler (TCD) screening — through measuremsant of time-
averaged mean velocity (TAMMY] In the middle cerebral artery — Fol-
lowed by regular blood transfusions therapy and hydroxycarbamide
(HC) treatment. Desplite s high sensitivity, TCD stll does not allow
Identification of all SCA children that will experience a stroke and,
conversaly, children with high TAMMY (= 200 cm,/s) may not devalop
stroke [5]. Moreover, blood transfusion/HC theraples are not without
limitations or adverse side effects [6]. On the other hand, although
diagnosls with magnetic resonance imaging, MRI, (or angiography,
MERA) Is recommendad for early diagnosis of SCIs and recognition of
large vessel stenosts, MRL/MRA are not usaful to identify patients at risk
of developing SCIs or large vessel stenosls [7]. A more specific and
sensitive panel of blomarkers for CV prediction and prognosis, that
Includes genetic variants with diseass modifying affects, Is therefore of
the uimost Importance.

In previous studies, we Identified varants in VCAMI, NOS3 and
HEA with a positive association with chronic hemaolysis, a known pa-
thophysiodogical SCA mechanism [E]. Bullding on those results we
aimed, In this work, to assess If those variants were also assoclated with
pediatric CV In a sub-Szharan SCA population. Our candidate gene
approach also focused on the VCAM-1 ligand gene, ITGA4, and for
comparson purpases, we Included the three genetic variants (PONT
rs662, ENFPI 51044498 and GOLGE] rs3732410) previously reported
In association with pediatric stroke In SCA patients [7,9,10].

2. Materials and methods
2.1. Echical semeemens

Ethical approval for the study was granted by the institutional re-
wlew boards of Instituto Naclonal de Sadde Dr. Ricardo Jorge (INSA)
and of particlpant hospitals, Im line with the principles of the
Declaration of Halsinkl. The alm and study procedures were axplained
to the children's parents (or legal guardians) and they provided in-
formed written consent prior to their enrolment In this study.

2.2, Sy populason

This case-control study was performed at INSA In cooperation with
four hospitals In the Greater Lisbon aren - Hospltal D Estefinda,
Hospital de Santa Maria, Hospital Fernando Fonseca and Hospital
Garcia de Orta, the four largest centers of that metropolitan area. These
centers combined receive the highest numbers of SCA pediatric patients
In our country. Seventy unrelated pediatric patients (=3 years old) of
direct sub-Saharan African ancestry diagnosed with 5CA were selected.
Exclusion criteria included age < 3 years old, non-African ancestry,
previous HC treatment or having recalved a blood transfusion in the
120 days prior to enrodment.

Data obizined from patients and parents (or legal guardians) in-
terviews, which included demographic characteristics (age, gender,
parents’ gaographlc origin), were collected. Hemoglobin profiles (HbS,
Hb¥F), hematological parameters [RBC, leukocyte, newtrophil and pla-
telet counts, mean corpuscular volume {MCV), mean corpuscular he-
moglobin (MCH), red cell distibuton width (RDW)] as well as hemo-
lysls blochemical and hematological biomarkers [serum LDH and total
bilirubin and reticulocyte count] were retrospectively collectad from
patients hospital records. All these parameters wers obtained by stan-
dard procedures and HbF levels, in partdcular, were measured by high-
performance liquid chromatography (HPLC). The data collected for
each parameter were the result of, at least, three different time-point
measurements, parformed In steady-state periods, and prior to any
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treatment with HC and more than = 120 days after recelving a blood
transfuslon. The patients were analyzed according to CV ocutcoms, or
stroke risk, In the following groups (1) overt Ischemic stroke (=1 epl-
sode), henceforth designated as “stroke” (R = 62); (1) “silent cerebral
Infarct™( =1 event), 3C1 (n = 53); (11} stroke and/or SCI, 85 confirmead
by MRI or MRA, (n = &62); or “stroke risk™ (n = &0}, with risk stratl-
Acation provided by the TAMMY values, obiained during TCD, as fol-
lows: (a) high risk - TAMMY == 200 cmy/'s; (b) conditional {or moderate)
risk — 200 cmy's > TAMMVY =170 cmss; and (c) low risk —
TAMMY = 170 om/s.

23 Genoeyping

Genomic DMNA was tsolated from peripheral blood samples of each
patient using the MagNA Pure LC Instrument [(Roche Dilagnosdcs
GmbH, Mannhalm, Germany). All samples were anonymized and spe-
clfic genotypes could be linked to phenotypes only through the main
study databasa.

The homozygous status for the SCA mutation In the HEB gena
(c.20A = T) was confirmed by polymerase chain reaction followed by
restriction fragment length analysis (PCR-RFLP) with the endonuclease
Bam36 1. Beta-globin cluster haplotypes were assigned after examining
six restriction endonucleases sites within the cluster: Xmn I (57 to
HEGZ), Hind III {within the HEGZ and HBGT) Hinc 11 (within and 37 to
wHER) and Hinf I (3 to HEB). Allquots of the amplifed products were
digested with the appropriate enzymes under the conditions re-
commended by the manufacturers. Haplotypes were determined by the
presence or absence of cleavage at each site and by analyzing the
complled pattern through comparison to known patterms [11]. The
- ™ _thal deletion was assessed by gap-PCR [12].

Putative modifier genes were ldentified through previous studles by
our group [E] and from other published reports based on the Influence
on the phenotypes of interest. These candidate genes were used to
Identify and genotype SNPs and other variants In patient samples. For
VICAMI, NOEZ, PONI, ENEPI and GOLGE] ganes genobypdng was per-
formed using TagMan-based PCR with commercizlly avallable or cus-
tomized primers.

2.3.1. Screening for ITGA4 varianes by nexr-generadon sequencing (NGS)

In order to search for variants in the regulatory reglon of ITGAS
gene, NGS analysis was used on a long PCR fragment (4.1 kb), including
Its flanking reglons. PCR was performed using the primers FWS-CAG
AGGCTCATTAGGACCC-3' and RvS-CCTTGOGGTACTATCCAGGC-3
and the FallSafe enzyme with the PreMix G (Eplcentre, Hlumina, San
Dlago).

The NGS workflow consisted In Ave steps: PCR product purification
using paramagnetic beads (Agentcourt, Ampure XP); double-stranded
DMA quantification In 8 Qubit flucrometer; DNA library preparation
using the Mextera XT kit (lllumina, San Dlego) following the manu-
facturers instructions; high throughput sequencing in a MiSeq benchtop
sequencer (Illumina, San Déego); data analyses were performed using
the following tools: Sequencing Analysis Viewer (v1_8.46, Hlumina) and
FastQC (vD.11.5, Eabraham Eloinformatics, hittps: /e
bloinformatics. babraham ac uk/projects/fastqe/)  were wused  for
quality zmalysls. The MiSag® Reporter software package (VL6.2Z,
Hlumina) was used for read mapping (with Burrows-Wheeler Aligner)
and variant calling and fltering (with Genome Analysts Toolkit). Fast)
screen (v.0.9.3, Babraham Bloinformatics) was used to screen for con-
tamination between samples. Warant Effect Predictor (www.anssmbl.
org) was used to annotate variants and Integrative Genomics Viewer
(v.2.3.86) (Eroad Institute; [13]) was used for visuallzation of reads and
varlants. Validation of the variants was performed using automated
Sanger saquencing, after amplifcation with customized primers In the
3130X1 Genetc Analyser, (Applied Blosystems). The results were ana-
lyzed using FinchTV v.1.4.0 software (Geospliza, Inc.). The genotyping
results were added to the previously created databasa.



| DPAT AEAAO

M Site, eral

2.3.7. Haploeype reconssucton

Haplotype reconstruction was performed using PHASE software
w21 developed by Mathew Stephens at Washington Unlversity, ac-
cording to the developars Instructions (hitps://als.comotion.uw.adus
express llcense technologles,/phase). Haplotypes were reconstructed for
genetic varants In NOS3 (12070744, Introm 427 bp VNTR,
rE179595E3), In the promoter of VCAMI (rs1409419, rs3017024,
rs391 7025, rs37E35598, rs1041163, rs37E3599) and for genetic varlants
of IMGA4 (rs1375493, rs35723031, rsl0562650; rs1B39269 and
rs1 BI926E)

2.3.3. In siico analyds

Population allele and genotype frequencies were recorded for each
observed variant using the Ens=mbl browser {www.ensembl.org). SNPs
saquences were retrieved using the NCBI SNP search engine (hitps s
ncblnlm. gov/snpl

Transcription factor binding sites (TFBS) analysis was performed for
the varianis Identified in the regulatory reglons, using the Matlnspector
tool (Genomatix, Munich, Germany), to evaluate potential effects an
the regulation of gpane axpression by altering putative TFES. Only re-
sults above the 0.85 threshold were considered, which corresponds to a
maximum of 15% dissimilarity between the identdfed sequence and the
COMSENsUE Sequence. A comparison with previously reported consensus
saquences of TFBS for the VCAMIT [14] and the ITGA4 [15] promaoters
was performed. The sequences of the Identified wariants were not found
to overlap with any of the previously reporied TFBS consensus se-
quences. Hence, no strong effects for thess genes expresslon are to be
expected a5 A result of the presence of those variants.

2.3.4. Svarselcal @nalyss

The analyses were performed using the SPSS software (version 25.0,
IBM Inc., Chicago, USA). For descriptive analysls, continuous varizbles
were represented as medians and Interquartle ranges (IQR). To eval-
uate the Gaussian distribution of variables, Shapiro-wilk normality
tests where applied. We used the Mann-Whitney [ test to compare the
mesdians of variables. Categorical variables are represented as number,
frequencles and percentages. The chi-square test or the Fisher's exact
test were used to compare categorical variables on bivariate analysis.
Statistical significance was defined as p = 0.05.

The minor allele fior each varlant was evaluated for potential asso-
clation with stroke, 5C1, cerebral vasculopathy (stroke and 501 com-
bined) or rsk (a5 measured by TCD-TAMMY values), wio 2 = 2 phe-
notype » genotype contingency tables. Only polymorphisms with a
minor allele frequency (MAF) > 5% ware considered for assoclztion
analysis. Phenotypes were classified as follows: (1) “stroke™ (at laast one
previous overt ischemic stroke event, as confirmed by MRI/MRA) or
“no siroke” (no clinically /imaging ldentified stroke event); (1) “507 (at
least one event as identified by MRL/MRA) or “no 5CI7 (no 501 events,
as confArmed by MRI); (1) “cerebral vasculopathy™ {at least one overt
Ischemic stroke and/or SCI event) or “no cerebral vasculopathy™; and
(iv) “nsk of stroke” (high/moderate: TAMMY = 200 cm/s or
199 = TAMMY = 170 cmy's; low: TAMMYV < 170 cm/s).

Each variant was also evaluated for potential assoclation with blo-
chemical and hematodogical parameters, Including hemolysis bio-
markers (LDH, total bilirubin, reticulocyte count)

3. Results

3.I. Populasion descripston and gemoeyping

This study was performed on seventy unrelated SCA patents, {(age
ramge: 3-16 years, 40 males, 30 females), living In Portugal but of direct
mub-Saharan ancestry, with parental geographic origin mainly from
Angola, 580 Tomé and Principe and Cape Verde (Table 1).
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Table 1
Demegraphic, neurclogical status and labomtory parmmeters of the population
in this study.

Age (years) H1E
Gimdiar n =
Male 40 571
Frmale 30 429
Parental geographlc origin n =
Angoia az &0.0
5% Tome and Principe Blands | 1.4
Capa Varde 5 71
Giuines Rlssu 7 0o
Gjuines Conzkry 1 14
Nigeria 1 14
Duubde origin & 1
Meurcloglical stabes (n = 70) n L
Stroke Tos 15 42
in =& No ar 758
501 Tos 9 159
in =53 No 8 0
o Yos 1 =|T
in =& No kL] 613
Stroke risk High [TAMMY 3 200 ans) 5 47
in = &0) Modersi (170 /s = TAMMV < 200 om's) & 0.0
Low risk (TAMMV < 170 cms) = 483
Hemainlogical parameters Modan IR
Hb 5 (%) 08 145
Hb F %) 07 1.7
Hib (gL a0 13
RBEC [ x10"%/L) 0 a7
MOV {IL) B3 143
MCH (pg) 269 &0
Ratirulocytes {5%) L 1]
BIIW (%) 21z 45
Plabslets [ 10°/1) 4041 1577
WBE [ 10°/1) 125 48
Neutropils | x 10%/1L) 56 265
Eochemlcal parsmeters Modan IQE
LOH {UAL) LT 4734
Total hittruben (mg dL) 26 1.9
HEE choster haplotype n =
Eantn/Bant kL] 543
Senegal Sanegal 1 157
Eanin Benin 3 43
Compound helerorygous 17 243
Atyplcal 1 14

A tofal of seventy-one genetic varlants were ldentified of which
twenty-elght (MAF = 0.05) were used In the assoclation studlies -
seven In VCAMI, five In NOS3, three in GOLGE], one In PONI, one in
ENFPI, one In HEA (-a*™_thal) and ten In ITGA4 (Appandix Table
A1) We were able to reconstruct 16 haplotypes, and used ten of them
(frequancy > 0.05) for statistical analysls. Conceming the HBE gena
cluster haplotypes, only the more frequent ganotypes, Bantu,/Bantu and
Senegal /Senegal, were used for statistical analysts (frequency > 0.05)L

2.2 In silico anaysts

In sifico analysis of the VCAMI gene promoter varlants was focusad
on those with MAF > 0.05, except rs3917025 due to Iis ocourrence In
only one haplotype (Haplotype 3). The rs1041163 C, 151409419 T and
3917025 delCT VCAMT alleles were classified (according to Clinvar
and Ensembls VEF and Mat Inspector]) as Intergenic varianis with po-
tential modifying impact, although with no major pathologic affects.
Potential changes resulting from the presence of the rs1041163_C allela
Include (1) TFES alteration for RXRF transcription factor, substituting it
for @ PRDF site, and (i) loss of @ FHXB TFRS The presence of
rs1405419 T would lead to 2 potential gain of binding sites, In partl-
cular, for EVI1, Octl and BarxZ. Regarding rs3917025 delCT, a po-
tential galn of A FAST] {FoxH1) TFES was Indicated.
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Table 2
Asmociation of bicchemical and hematological parameters of S3CA patients with
stroke and stroke risk.

Blood Cefls, Molerules and Dicesnes 87 (20207 107435

Table 2
Censtic variants association with the hematological and bischemical pama-
meters.

Tarzmeier {unlis} ] Stroks P

Vs o1=]

Madians (IR Miodiazs (I0H)
HEF (%) 2] ZZ(n3) 112 {10.3) noiE
NSCH (pgh T0 1.2 (20.8) 7.4 (e} Loas
Tarzmeier {unlis} n Stroks risk P

High + moderain Lovww

Madians (IR Modians (I)R)
HbF (%) B4 ES[0LI) 121 (107} 043
Matslnts (= 10%1) Bl 40 (156.4) 363.2 (1243} om7
Meutrophils =107 Bl B3I E) 4.9 (2.6) L]
LW (RI/L) = TEL.5 (5357 510.0 (3253} = LD

Values indicated as medians (interguartile mnge in bmckeis); o - number of
patients; HbF - hemeglobin F; MCH - mean corpusoular bemoglobing LDH -
lactate debydrogenase.

3.3. Associntion of blochemical and hemenlngioal POTameters wish cerebral
Vscuiapary

We observed significant assoclations of both stroke and stroke risk
with several blochemical and hematologlcal parameters (Table 2).
Lower HbF percentages and MCH walues were positively assoclated
with stroke, while stroke risk was assoclated not only to lower HbF
percantage but also to higher levels of coagulation, Inflammation and
hemaolysts markers (Table 2).

24, Assodimdon of pmedc varianes with Mochemical and emandiogioal
parameters

Genetic variants analyzed in our study, using the dominant genetic
test moded, showed assoclation with both hematobogical and biochem-
lcal parametars, whether individually or as part of specific haplotypes
(Table 3). VCAMI rs1041163 (OC + TC), WZAMI haplotype 3, ITGA4
rs113276800 (CA) and ITGA4 rs3770138 (TT + CT) showed an asso-
clation with lower levals of HbS. Conversely, higher HDF percentages
were observed In association with rs1041163 (CC + TC), WCAMI_ha-
plotype 3 and with Senegal/Senegal haplotype.

Namely, VCAMI as well as ITGA+4 variants, individually or within a
haplotype context, were significantly assoclated with traditional blo-
markers of disease severlty, such as lower HbS percentage and higher
LDH and total bilirubin valwes.

As for PONT res62, the AA and GA genotypes showed a positive
association with high platelets counts characteristic of a pro-coagulant
state. Regarding GOLGE1, no signifcant association was found between
the presence of rs3742410 C and hamatological or biochemical para-
metars. However, we found two other GOLGE] SNPs while analyzing
rs3732410 C - rs61746571_G and rs33988592 A, A synonymous and a
missense variant, respectively. The rs61746571 G seems to be In
linkage disequilibrium with variant rs3732410 C. On the other hand,
rE3EE5G2 AA and GA genotypes showed an association with lower
valuwes of Inflammation markers (Table 3).
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G Varlamt Allgle chamge ot Taramater P
Eaplotype {unik; nr. paisents)
HES (% 7 = &0
i3 Mo
VCAMT  msIM1163 T»C T4E 13 aog
Hapiotype 3 ©ACUTTALC T ] s
TEIWEESNE G A 1.3 134 oo
MGA4  TSIIEETESON O A =11 =04 ooz
TR CwT &6.1 =07 oo
HEF (%; R = 64)
v Mo var
VCAMT  TSI11E3 T=C 120 70 oond
Hapiotype 3 CAC/CT/TALC 4.5 a3 et 3
HER Hapiotypa Sy Ran 126 az a1
Hb (g/dl; m = 5}
v Mo var
HER Hapiotypa Sy Ean a1 78 oz
RBC {1031
n = &)
HEA ™ am = 2 %1 27 oo
MOV (lzm = E9)
WOE? rEEOTOT44 T C =3 b1l et ]
me Tidasg TRT -t oo
HEA T g am = g™ 75T =7 < QL]
HEE Hapiotype SEEm 1 =06 et ]
MCH (pgin = T
VT Mo war
HEA ™ g am = g =1 0 ol
ROW (n = 70)
Var o war
MOET  EEOTOT44 T 106 ILE o
Tm[ TG 106 5 faT:* R ]
HEA T g am > o'™F g mE .z ozl
Peers {10717
R = &1}
v N war
PONI  TEeEZ G A 2.0 7R o]
WRE {1071
R = &7}
GOLGH]  TSE39B85U2 Gw A 1.3 134 oo
HEE Hapiotype SEEm an 130 o
Meutrophils (= 10%/1;
R = &1}
v N war
GOLGH] TEEOBS502  Gw A 50 62 om3
HEA a7 g an = o' 57 55 ol
HER Hapiotypa EBaniu/Bantu &2 50 [T
Hapiotypa SmyEm 47 62 oond
LDH (UL = 65)
v Mo var
VCAMT  TS140041% =T T4R.D SI7.0 = L1
Hapiotype 7 TALCTTATAC T4R.D SI7.0 = L1
MGA4  Haplotype & GUGASTT &lL5 1260.0 oo
Efltnabin (mg,dL;
R = &)
v Mo var
VCAMT  rsRTERELT G 332 24 O

¥ar - presence of variant allele ar haplotype; No var - sbsence of variane allele
or haplotype; HbS — hemoglobin 5; HbF - fetal hemoglobin; Hb - total he
maglohin; ABC - red blood cells; MOV - mean corpuscular wolume; MCH -
mzan corpuscular hemoglobing RDW - red cell distribution width; WHC - white
ood cells; LDH - lactate dehydrogenase; Sen - Senegal.
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