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ABSTRAKT

Novorozenecky screening cystické fibrozy umoznuje diagnostikovat pacienty
s cystickou fibrézou v preklinickém stadiu nebo v dobé, kdy jesté nejsou klinické
pfiznaky pIné vyjadifeny. Na zakladé vCasné diagnostiky pak mohou byt pacienti
s cystickou fibrézou 1éCeni jiz pfed vznikem ireverzibilnich zmén v organizmu,

coz vyznamné prodluzuje a také zlepsSuje kvalitu zivota.

Komentovana verze dizertaCni prace se zabyva problematikou vybéru
vhodného screeningového programu pro cystickou fibr6zu u novorozencl
narozenych v Ceské republice a také stanovuje pozadavky na jednotlivé analytické
a molekularné genetické stupné v porovnavanych screeningovych algoritmech.

Cilem dizertaéni prace je navrhnout screeningové schéma detekujici pacienty
s cystickou fibrézou, které v podminkach Ceské republiky umozni dosahnout
optimalnich parametrl v podobé vysoké senzitivity, specificity a pfijatelné nakladové

efektivity.

ABSTRACT

Newborn screening for cystic fibrosis allows diagnosing patients with cystic
fibrosis during asymptomatic stage of their disease or when the symptoms had not
fully developed. Due to early diagnosis, patients with cystic fibrosis have the
possibility to be treated prior to the occurrence of irreversible changes in the relevant

organs, which leads to significantly improved quality of life and patient survival.

Commented version of the doctoral thesis presents issues concerning the
selection of a suitable newborn screening programme for cystic fibrosis in neonates
born in the Czech Republic and establishes requirements for particular analytical and
molecular genetics tiers in the tested screening schemes.

The aim of this thesis is to nominate newborn screening protocol for cystic
fibrosis that leads to optimal parameters in terms of its high sensitivity and specificity,
including acceptable costs in the conditions of the Czech Republic health care

system.
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1. UVOD

1.1. Cysticka fibréza (CF)

CF (MIM 219700; MKN-10 E84.0) je nej¢astéjSim nevylécitelnym monogennim
autozomalné recesivnim onemocnénim u evropskych populaci s prevalenci
1:2 500 -1 :6 000 (Farrell, 2008). V Ceské republice byla prevalence CF
Vavrova, 1969) a nasledné molekularné genetickymi metodami (Macek et al., 1997)
na cca 1 : 3 000 zivé narozenych déti. SouCasna prevalence CF vychazejici
z vysledkl novorozeneckého screeningu za obdobi 2009 — 2012 odpovida 1 : 6 330
(Votava et al., 2014). Pfi zohlednéni prenatalni a preimplantacni diagnostiky je
populaéni riziko CF v Ceské republice odhadovano na 1 : 4 500 (Votava et al., 2014).

Onemocnéni je zplusobeno mutacemi v genu pro cystickou fibrozu, cystic
fibrosis transmembrane regulator (CFTR) gene, ktery je lokalizovan na dlouhém
raménku chromozomu 7 (7q31.2). V genu CFTR bylo dosud objeveno pfes 1900
mutaci a variant (Sosnhay et al., 2013), z nichz v8ak pouze 15 méa v Ceské republice
Cetnost vysSi nez 0,5 % (Kfenkova et al., 2013). Kone&nym produktem genu CFTR je
stejnojmenny protein lokalizovany na apikalnich membranach bunék pfedevSim

v exokrinnich zlazach a v sinobronchialnim systému.

1.2. Klinicky obraz

1.2.1. Klinicky obraz u novorozenct, kojencu a batolat

Typickym pfiznakem CF v novorozeneckém obdobi je mekoniovy ileus, ktery
je pfitomen asi u 10-20 % vSech novorozencu s CF (De Braekeleer et al., 1998;
Munck et al., 2006). DalSi projevy CF vtomto véku mohou byt protrahovana
novorozenecka Zloutenka nebo nepfibyvani na vaze a zpomaleny rust v disledku
malnutrice. Postizeni dychacich cest mdze v prvnim roce zivota probihat pod

obrazem tézké bronchiolitidy.
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1.2.2. Klinicky obraz u vétsich déti, adolescentli a dospélych

1.2.2.1. Sinopulmonalni systém

pfi€inou az 90 % umrti u CF. Typickeé jsou recidivujici infekty dolnich cest dychacich
nebo bronchopneumonie. Dochazi postupné ke chronické kolonizaci dychacich cest
pro onemocnéni typickymi bakterialnimi patogeny (Staphylococcus aureus,
Haemophilus influenzae, Pseudomonas aeruginosa, Burkholderia cepacia complex)
a rozviji se chronicky zanét s exacerbacemi a tvorbou diseminovanych
bronchiektazii. Zanét prfechazi z bronchl na okolni plicni tkan s naslednou fibrotizaci
plicniho parenchymu a tvorbou emfyzematéznich bul. Destrukce plicniho
parenchymu s hypoxickou plicni vazokonstrikci vede k sekundarni plicni hypertenzi
a v konec¢né fazi k rozvoji cor pulmonale.

U vétsSiny pacientd s CF se objevuje chronicka sinusitida s rGzné tézkym

klinickym prabéhem.

1.2.2.2. Gastrointestinalni systém

1.2.2.2.1. Pankreas

Znamky zevni insuficience pankreatu ma pfiblizné 85 % pacientd s CF
(Vavrova a kolektiv, 2006a). Abnormalné husty pankreaticky sekret vede k obstrukci
pankreatickych duktu se zanétem a destrukci acini. Sekundarné pankreas fibrotizuje
a atrofuje a snizuje se tvorba pankreatickych enzym(. Pokud klesne produkce
enzymu pod 2 % normalnich hodnot, objevi se steatorea, malnutrice s hubnutim,
hypalbuminemii, anemii a pfiznaky hypovitamin6zy vitamint rozpustnych v tucich.
Diagnosticky se jako znamka pankreatické insuficience vySetfuje koncentrace
elastazy | ve stolici.

Diabetes mellitus u CF (cystic fibrosis related diabetes mellitus; CFRD) se
vyvine u 12-14 % pankreaticky insuficientnich pacientl. S postupujici vékem vyskyt
stoupa az na vice nez 25 % u CF pacientl starSich 20 let (Brennan et al., 2004).

U pankreaticky suficientnich CF pacientd (cca 15 % pacientl) s rdznym
stupném pankreatické dysfunkce mohou byt pfitomny recidivujici pankreatitidy.

11



Castgjsi nez u zdravé populace je u pacientd s CF pfitomen gastroezofagealni
reflux, gastritida a gastroduodenalni viedy. Asi u 5 % pankreaticky insuficientnich CF
pacientl se rozviji distalni intestinalni obstrukéni syndrom (DIOS, obstrukce v

terminalnim ileu nebo v colon ascendens).

1.2.2.2.2. Hepatobiliarni systém

V dasledku abnormalniho transportu iontll dochazi ke zvySeni viskozity Zluce
a snizeni pruchodnosti ZluCovodl. Uplatiuje se i hepatotoxicita nékterych ZluCovych
kyselin a sekundarni zanét. Klinicky muze probihat jako cholelitiiza nebo stendza
ductus choledochus s cholestatickym ikterem a cholangoitidou.

Pfi postizeni jater se rozviji fokalni biliarni cirhdza, pozdéji pfechazejici do
multilobarni biliarni cirhézy se vSemi pruvodnimi komplikacemi. Prevalence jaterni

choroby je odhadovana na 2—-37 % vSech pfipadd CF (Colombo et al., 2002).

1.2.2.3. DalSi postizeni

Pacienti s CF jsou ohrozeni ztratami soli potnimi zlazami vedouci k iontové
dysbalanci vnitfniho prostfedi (hyponatremie, hypochloremie, metabolicka alkal6za).
Na pritomnosti zvySené koncentrace chloridovych iontd v potu je =zaloZzen
diagnosticky potni test.

Asi 98 % dospélych muzl s diagnostikovanou CF trpi neplodnosti. PFicinou je
kongenitalni bilateralni ageneze vas deferens (congenital bilateral absence of the vas
deferens; CBAVD) vedouci k obstruktivni azoospermii.

CF mulze byt dale provazena komplikacemi, mezi které patfi autoimunitni
projevy (napf. revmatoidni artritida), amyloidéza (postihujici napf. Stitnou zlazu),
osteoporéza, dilatatni kardiomyopatie nebo postizeni CNS (napf. jako dusledek

avitaminozy).
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1.2.3. Klasicka forma CF a skupina chorob souvisejici s CFTR (CFTR-related
disorders; CFTR-RDs)

Klasicka forma CF je charakterizovana chronickym a progresivnim postizenim
respiraCniho systému, ve vétSiné pripadu pankreatickou insuficienci a pozitivnim
potnim testem (tj. praimérné hodnoty koncentraci chloridovych iontd v potu nad
60 mmol/l) (LeGrys et al., 2007). Diagnéza je potvrzena molekularné geneticky
nalezem dvou patogenni mutaci v genu CFTR v pozici trans.

CFTR-RDs formy CF (Bombieri et al., 2011) (nepfesné oznafované jako
atypické nebo mirné formy CF) jsou nejCastéji charakterizovany mirnym postizenim
sinopulmonalniho systému a pankreatickou suficienci pfi hrani€nich hodnotach
potniho testu (tj. hodnoty 30 — 59 mmol/l). Klinicka diagnéza téchto forem CF je
obtizna, protoze v diferencialné diagnostickém pfistupu je zejména v pediatrické
praxi spiSe nez na CF pomysleno na poruchy imunity a alergie.

V nékterych pfipadech mlze byt pfitomna jen nosni polypdza, recidivujici
sinusitidy, nespecifické plicni postizeni, chronicka idiopaticka pankreatitida nebo
izolovana CBAVD u muzi - jedna se o tzv. monosymptomatické formy CFTR-RDs.

Potni testy byvaji u CFTR-RDs forem hrani¢ni nebo v nékterych pfipadech
dokonce i v mezich negativity (tj. do 30 mmol/l). Molekularné geneticky byvaji ¢asto
identifikovany alely genu CFTR s nejasnymi klinickymi dusledky.

Projevy CF je nezbytné hodnotit i z hlediska véku pacientl. Nelze vyloucit, ze
s postupujicim vékem pFejde CFTR-RD forma do klinického obrazu klasické formy
CF. Je nutno zduraznit, Zze mezi klasickymi formami onemocnéni az po jeho
monosymptomatické formy existuje klinické kontinuum. Z tohoto divodu je nezbytna
celozivotni dispenzarizace jedinci s CFTR-RD formami na specializovaném

pracovisti.
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1.3. Postnatalni diagnostika CF

Diagn6éza CF vychazi z klinického podezfeni. Abnormalni funkci proteinu
CFTR lze potvrdit potnim testem s naslednym molekularné genetickym vySetfenim
genu CFTR.

Vyjimku z tohoto algoritmu pfedstavuje novorozenecky screening (NS) CF
(NSCF), ktery umoznuje diagnostikovat CF jesté pfed rozvojem klinickych pfiznaka.

Problematice NSCF se podrobné vénuje kapitola 1.6.

1.3.1. Potni test

Potni test je povazovan za ,zlaty standard“ diagnostiky CF (LeGrys, 2001).
Princip testu spociva ve stimulaci poceni pilokarpinovou iontoforézou na volarné
ploSe predlokti, sbéru potu a v kvantitativnim stanoveni koncentrace chlorida
v ziskaném materialu (GIBSON and COOKE, 1959).

Za normu je povazovana koncentrace chloridd v potu do 30 mmolll.
Opakované koncentrace chloridd = 60 mmol/l svéddi s velkou pravdépodobnosti pro
CF (LeGrys, 2001; LeGrys et al., 2007). Hrani¢ni hodnoty, tj. 30 — 59 mmol/l, mohou
sveédCit pro CFTR-RDs formy, mohou byt patrny u zdravych nosi¢lu jedné mutace
genu CFTR nebo vzacné mohou byt i dusledkem jiného onemocnéni (napf.
hypothyreoza, hypoparathyreoza, nefroticky syndrom, mukopolysacharidoza,
malnutrice atd). V pfipadé hrani¢niho vysledku potni test opakujeme a je-li

opakované hranicni, je tfeba pouzit dalSi diagnostické nebo laboratorni metody.

1.3.2. Molekularné genetické vysetieni genu CFTR

U pacienta s podezienim na CF na zakladé klinického obrazu a vysledku
potniho testu je indikované molekularné genetické vySetfeni genu CFTR.

Strategie molekularné genetického vySetfeni je zavisla na technickych a
finan€nich moznostech jednotlivych laboratofi. V sou€asné dobé vétSina laboratofi
v Ceské republice pouziva k diagnostice komeréné dostupné diagnostické soupravy
s riznym poctem vySetfovanych alel v genu CFTR. Optimalné by tyto diagnostické
panely mély zachycovat vice nez 90 % populacné specifickych patogennich alel.
Zahrnuty by mély byt také mutace specifické pro narodnostni mensiny.

14



Pokud jsou u probanda nalezeny 2 jednoznacné patogenni mutace (tzv. ,CF-
causing“ mutace) CFTR genu, je nutné molekularné genetické vySetifeni obou rodicu,
aby byla ovéfena pozici trans obou nalezenych mutaci. Patogenita jednotlivych
mutaci je ve vétsiné pfipadl odvozena z klinického stavu pacienta a je uvedena v
mezinarodni databazi CFTR2 (“The Clinical and Functional Translation of CFTR, a”).
Dosud byla patogenita jednotlivych alel ovéfena expresnimi a funkénimi studiemi
pouze u cca 8 % vSech popsanych alel genu CFTR (Sosnay et al., 2013).

Pokud diagnostické soupravy s omezenym poctem vySetfovanych alel genu
CFTR odhali pouze jednu mutaci nebo neodhali mutaci Zadnou, a pfitom klinické
a/nebo laboratorni podezieni na diagnézu CF odlvodnéné pretrvava, nasleduje
rozSifené molekularné genetické vySetfeni intragenovych deleci a duplikaci genu
CFTR (pomoci metody Multiplex ligation-dependent probe amplification; MLPA)
a/nebo sekvenovani kédujici sekvence genu CFTR a pfilehlych intronovych oblasti.
V pfipadé, Ze ani rozSifené molekularné genetické vySetfeni nevede k nalezu 2
mutaci, nelze CF definitivné vyloucit. Podstatou onemocnéni mohou byt napf.
mutace nachazejici se hluboko v intronech nebo v regulacnich oblastech.

V blizké dobé Ize k diagnostice CF ocekavat rozSifeni pouzivani technologii
zaloZzenych na sekvenovani nové generace (Next Generation Sequencing; NGS)
(Trujillano et al., 2013).

1.3.3. Transepitelialni rozdil potencialt

Vg wiwv s

v diagnostice CF. Vysledky téchto vySetifeni vSak nejsou vzdy jednoznaéné. V tom
pfipadé Ize vyuzit dalsi metodu, méfeni rozdilu transepitelialnich potencialt v nosni
sliznici nebo v rektalnich biopsiich (Ahrens et al., 2002). Aktivni transport sodiku a
chloridd buné&nymi membranami urluje slozeni tekutiny na povrchu sliznic a
generuje transepitelialni rozdil potenciald. Vzhledem k naroCnosti a obtizné
interpretovatelnosti se tato vySetfeni provadi pouze na nékolika pracovistich
v Evropé a maji predevSim smysl pfi charakterizaci pfipadi CFTR-RD (Sermet-
Gaudelus et al., 2010).

15



1.4. Patofyziologie cystické fibrézy

1.4.1. CFTR gen, mutace genu CFTR

CFTR gen byl metodou pozi¢niho klonovani objeven v roce 1989. Gen je
evolucné vysoce konzervovany, naléza se na dlouhém raménku 7. chromozomu v
oblasti 7q31.2, ma 27 exonu a délku cca 250 kb. Mutace v genu CFTR jsou
ancestralni povahy, tj. jsou pfenaseny z generace na generaci. Germinalni de novo
mutace jsou v genu CFTR velmi vzacné a maji Cetnost pfiblizné 1: 1100 rodin s CF
(Girodon et al., 2008). Somatické mutace v genu CFTR nebyly dosud nalezeny.

Mutace genu pro CFTR se v populaci udrzely kvlli zatim nejasné evolucni
vyhodé prenaSeCl. Zvazuje se zvySena odolnost heterozygotu vacéi infekénim
enterotoxickym prajmovym onemocnénim. Nicméné nizka prevalence mutaci v genu
CFTR napf. u asijskych populaci tuto teorii pfilis nepodporuje.

Z dosud znamych vice nez 1 900 mutaci a variant v genu CFTR (“Cystic
Fibrosis Mutation Database, a”) je cca 82 % alel povazovano za kauzalni pro rozvoj
CF, 14 % predstavuji alely bez zfejmého klinického projevu a zbyvajici 4 % jsou alely
s nejasnym klinickym dopadem (Ferec and Cutting, 2012).

Podle toho, na jaké urovni mutace zasahne tvorbu, intracelularni transport a
funkci proteinu, jsou mutace rozdéleny do péti zakladnich tfid (Obr. €. 1).

Mutace |. tfidy blokuji syntézu nebo tézce alteruji strukturu proteinu CFTR
zarazenim pfedcCasneého stop kodonu v CFTR-mRNA. Patfi sem zejména ,nonsense”
mutace (nesmysiné mutace; napf. p.Gly542X) a ,frameshift mutace (posunoveé
mutace, které narusuji ¢teci ramec genu CFTR; napf. p.Leu671X). Dusledkem je
absence CFTR proteinu na apikalni membrané epitelialnich bunék.

Rovnéz pro mutace Il. tfidy je charakteristicka nepfitomnost chloridového
kanalu na bunécném povrchu. Prfikladem je celosvétové nejrozSifenéjSi mutace
p.Phe508del (delece 3 pb vedouci k ztraté fenylalaninu na pozici 508 v 10. exonu
genu CFTR). Celosvétové predstavuje cca 70% (Ferec and Cutting, 2012) vSech
mutaci v tomto genu. Ztrata jediné aminokyseliny znemozni spravnou posttranslacni
glykosylaci vedouci k abnormalni terciarni konformaci proteinu a jeho nasledné
degradaci v endoplasmatickém retikulu.

Mutace |Ill. tfidy vedou k pfitomnosti abnormalniho proteinu CFTR na

apikalnim povrchu bunék. Postizena je pfedevSim jeho aktivace nebo regulacni

16



funkce. Typickym pfikladem je ,missense mutace (mutace vedouci k zaméné
aminokyselin; napf. p.Gly551Asp), ktera zabrani vazbé ATP na pfisluSnou doménu
chloridového kanalu a tim znemozni otevieni iontového kanalu CFTR proteinu.

V souhrnu tak lze fici, ze tfidy | - Ill jsou spojeny s minimalni aktivitou nebo
nepfitomnosti proteinu CFTR zpusobuji pfevazné klasickou formu CF.

Mutace V. tfidy vedou k pfitomnosti normalniho mnozstvi defektniho CFTR
proteinu, ktery ma zachovanou rezidualni funkci chloridového kanalu. Patfi sem
klinicky ,mirné“ mutace jako napf. komplexni alela c.[350G>A;1210-12T[7]] spojena
obvykle s pankreatickou suficienci a velmi variabilnim prib&éhem sinopulmonalniho
onemocnéni.

Mutace V. tfidy jsou charakterizované snizenym mnozstvim plné funkéniho
CFTR proteinu. Patfi sem pfedevsim sestfihové mutace, které vedou k neefektivnimu
sestfihu mMRNA genu CFTR, napf. mutace c¢.3717+10kbC>T, vedouci opét k
Jehcimu“ pribéhu CF (Duguépéroux and De Braekeleer, 2005).

Mutace IV. a V. tfidy jsou spojeny s vétsi variabilitou klinického prabé&hu oproti
mutacim z I. — lll. tfidy a nalézame je signifikantné Castéji u CFTR-RDs forem a
monosymptomatickych forem CF.

Je nutno zduraznit, Ze rozdéleni alteraci CFTR genu na patogenni, mirné a
benigni varianty je arbitrarni povahy, protoZze mezi nimi neexistuji z funkcéniho

hlediska ostré hranice.

Obr. €. 1: Schématické znazornéni zakladnich tfid mutaci v genu CFTR

Cl- Cl- c|.
AP oAl / L% A
P t‘ﬂ = n
I
Normal Synthesis Maturaﬁon Re; gulanon Conductance Quanhty

Obrazek prevzat z Claustres, 2005

Legenda: Normal — normalni, synthesis — syntéza, maturation — vyzravani, regulation

— regulace, conductance - vodivost, quantity - kvantita
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1.4.2. CFTR protein

Protein CFTR se sklada z 1 480 aminokyselin a patfi do skupiny tzv. ,ATP-
binding cassette“ transmembranovych transportnich proteint. Jeho zakladni funkci je
transport chloridovych iontd pfes bunéfné membrany, dale regulace sodikového
kanalu ENaC (Epithelial Sodium Channel) (Stutts et al., 1995) a chloridového kanalu
ORCC (Outwardly Rectifying Chloride Channel) (Jovov et al., 1995; Schwiebert et al.,
1994).

CFTR protein je tvofen 5 zakladnimi segmenty (Obr. €. 2). a) Dvéma
transmembranovymi segmenty MSD1 a MSD2 (,Membrane Spanning Domain®);
kazdy segment MSD1 a MSD2 je dale tvofen 6 transmembranovymi doménami, b)
dvéma v cytoplazmé se nachazejicimi doménami oznaCovanymi NBD1 a NBD2
(,Nucleotide Binding Domain®) a c) neparovou regulacni R doménou (,Regulatory
Domain®).

Podle mechanického modelu funkce proteinu CFTR domény MSD1 a MSD2
vytvareji samotny chloridovy kanal spojujici cytoplazmatickou oblast s lumen Zlazy a
ukotvujici protein CFTR v bunéfné membrané. K otevieni kanalu je nezbytna
fosforylace regulacni R domény proteinkinazou A. Nasledna vazba ATP na NBD1 a
NBD2 zméni jejich konformaci, ¢imz zpusobi vertikalni posun R domény, ktera tak
umozni otevieni chloridového kanalu a presun chloridovych iontl pfes membranu
(Harris and Argent, 1993).

Mutace nachazejici se v exonech 3 — 7 postihuji funkci domény MSD1,
v exonech 9 — 12 poruSuji funkci domény NBD1, v exonu 13 postihuji funkci R
domény, v exonech 14 — 18 porusuji funkci domény MSD2 a v exonech 19 — 22

narusuji fungovani domény NBD2 proteinu CFTR (Vavrova a kolektiv, 2006b).
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Obr. €. 2: CFTR protein a jeho domény

ML e
w OO

Obrazek pfevzat z “Cystic Fibrosis Mutation Database, b”

Protein CFTR je exprimovan tkarnové specifickym zplsobem v epitelialnich
bunkach, a to ve shodé s klinickym obrazem CF. Ve vétSiné tkani se protein CFTR
nachazi na apikalni membrané bunék, zatimco v potni Zlaze je jak v apikalni tak i
v bazalni ¢asti sekretorickych bunék.

V posledni dobé byla popsana i exprese CFTR proteinu mimo epitel
exokrinnich Zlaz, a to napf. v kardiomyocytech, lymfocytech a endotelu cév (Kulaksiz
et al., 2004; Tousson et al., 1998).

1.4.3. Proteiny ENaC a ORCC

Je vSeobecné pfijato, Zze protein ENaC se podili na patofyziologii plicniho
onemocnéni u CF (Gianotti et al., 2013; Ismailov et al., 1996). ENaC |je
transmembranovy protein slozeny ze tfi podjednotek a, B, y. Kazda z podjednotek je
kédovana vlastnim genem (SCNN1A, sodium channel nonvoltage-gated 1, alpha;
SCNN1B sodium channel nonvoltage-gated 1, beta a SCNN1G, sodium channel
nonvoltage-gated 1, gamma) (Jasti et al., 2007). Protein CFTR ne zcela jasnym
mechanismem snizuje aktivitu ENaC kanalu, ktery je za normalnich okolnosti

v dychacich cestach zodpovédny za absorbci sodikovych iontl do bunék.
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Ztrata funkce proteinu CFTR tak v dychacich cestach kromé snizené sekrece
chloridovych iontll vede ke zvySené absorbci sodikovych iontd (Boucher, 2007,
Knowles and Boucher, 2002). Kone¢nym dusledkem je pak na zakladé osmotickych
vlivll snizené mnozstvi periciliarni tekutin v lumen dychacich cest.

Protein ORCC, ktery slouzi jako chloridovy kanal, se nachazi na bunécnych
membranach fady epitelialnich bunék. Normalné funguijici protein CFTR je schopen
prostfednictvim adenosintrifosfatu (ATP) (pfimo i za pomoci dalSiho proteinu)
aktivovat kanal ORCC a umoznit tak transport chloridovych iontd (Schwiebert et al.,
1999; Stutts et al., 1992). Ztrata funkce proteinu CFTR tak prostfednictvim kanalu
ORCC zpuUsobi dalSi snizeni sekrece chloridovych iontl vedouci spole¢né s dalSimi
mechanismy k dehydrataci mukoidnich sekretl. Schématicky je interakce

jednotlivych proteint znazornéna na obrazku €. 3.

Obr. €. 3: Protein CFTR a jeho interakce s proteiny ENaC a ORCC

Plasma
membrane

@ A
apex  ORCC s
1_

C

Obrazek prevzat a upraven dle Schwiebert et al., 1999

Legenda: apex — odpovidajici apikalnimu povrchu buriky, plasma membrane —

plazmaticka membrana
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1.4.4. Patofyziologie - shrnuti

Nazory na podstatu iontové poruchy u CF prosly v poslednich letech vyvojem
a dosud neni Uplna podstata iontového defektu u CF zcela jasna. V principu je CF
podminéna kombinaci sekretorického a resorpcniho defektu iontl pfes membrany.
Princip spocCiva v inaktivit¢ chloridovych a v hyperaktivité sodikovych kanall
(Schwiebert et al., 1999).

V dasledku naruSeni proteinu CFTR dochazi k abnormalnimu transportu
chloridovych a sodikovych iontd pFes epitelialni membrany, ¢imz je porusena
osmotickymi mechanizmy podminéna hydratace mukoidnich sekretd pfislusnych
organu. Tento mechanizmus vede Kk jejich zvySené viskozité, obstrukci a
chronickému zanétu s progresivni destrukci postizenych cilovych organu ireverzibilni

fibrotizaci.

21



1.5. Lééba

| pfes velké pokroky v 1é¢bé zlistava CF stale nevyléCitelnym onemocnénim
ad integrum.

Standardni |éCba CF se sklada ze tfi zakladnich pilifi: |€kafské péce, IéCebné
rehabilitace a nutricni terapie. V ramci komplexni péce o pacienty s CF se na délce
prezivani a kvalité Zivota podili novorozenecky screening CF, ktery umoziuje zahajit
[éCbu jesté pred plnym rozvinutim klinického obrazu, a mutaéné specificka terapie
CF, ktera je zaloZzena na vybéru vhodného léku (léCivého pfipravku pro vzacna
onemocnéni — ,orphan drug“) dle konkrétniho genotypu kazdého pacienta.
V soucasné dobé se v ramci mutacné specifické terapie CF uplatriuji zejména tzv.
potenciatory a korektory CFTR proteinu.

CFTR potenciatory jsou latky, které umozfuji zpruchodnit poskozeny
chloridovy kanal u pacientl s alespon jednou mutaci Ill. nebo IV. tfidy. Podminkou
pro fungovani téchto pfipravkd je proto pfitomnost defektniho CFTR proteinu na
bun&éném povrchu. PFikladem je pfipravek VX-770, ivacaftor (Kalydeco™, Vertex
Pharmaceuticals; www.vrtx.com), ktery pFedstavuje ucinnou IéEbu pro pacienty s
alespon jednou mutaci p.Gly551Asp (Ramsey et al., 2011). V nedavné dobé bylo
prokazano, ze tento pfipravek je ucinny u dalSich 8 mutaci Ill. tfidy (H. Yu et al.,
2012).

Dalsi moznosti lécby jsou CFTR korektory, které na rozdil od potenciatora
umoznuji obnovit pfitomnost chloridového kanalu na bunéfném povrchu, tj. jsou
ucinné v pripadech, kde plvodné zadny chloridovy kanal na bunééném povrchu v
dUsledku onemocnéni nebyl. Pfikladem je pfipravek VX-809, lumacaftor (Vertex
Pharmaceuticals) vhodny pro pacienty s alesponn jednou mutaci p.Phe508del.
Pfipravek VX-809 je v soucCasné dobé ve fazi klinického hodnoceni (“A Phase 3
Rollover Study of Lumacatftor in Combination With Ivacaftor in Subjects 12 Years and
Older With Cystic Fibrosis”). K dosazeni plného terapeutického u&inku u pacientl
s CF salesponi jednou mutaci p.Phe508del je nutna kombinace Iumacaftoru
s ivacaftorem (Baroni et al., 2014), aby se protein nejen na apikalni povrch bunék
dostal, ale i aktivoval.

U pacientti s CF narozenych v Ceské republice do roku 1975 byl median
preziti 13,6 rokl a zaCatkem 90. let 20. stoleti 23,5 rokl (Vavrova a kolektiv, 2006c).

Ty

Diky komplexni pécCi Ize u naSich sou€asnych Zijicich pacientd s CF predpokladat
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vyrazné vySsi pramérny vék doziti. Zatimco odhady primérné vyse predpokladaného
véku doziti u Zijicich pacientl v Ceské republice nejsou k dispozici, britské studie
odhaduji pramérny vék doziti u déti s CF narozenych v roce 2009 ve Velké Britanii na
vice nez 50 let (Dodge et al., 2007; Hurley et al.,, 2014). Kromé délky Zivota se
vyznamné zlepSuje predevSim také kvalita zivota vSech pacientl s CF (Dijk and
Fitzgerald, 2012).
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1.6. Novorozenecky screening

NS se rozumi aktivni a celoplosné vyhledavani chorob v jejich ¢asném stadiu
tak, aby se tyto choroby diagnostikovaly a I€Cily dfive, nez se stacCi projevit a zpusobit
ditéti nevratné poskozeni zdravi. NS je zaloZzen na analyze suché kapky krve na
filtraCnim papirku (tzv. Guthrieho karticce) odebirané za definovanych podminek
v§em novorozenclim.

V Ceské republice se vramci NS t. & vySetfue 13 onemocnéni
(“Novorozenecky screening,” 2013): kongenitalni hypotyredza, kongenitalni adrenalni
hyperplazie, CF, dédicné poruchy latkové vymény aminokyselin (tj. fenylketonurie a
hyperfenylalaninemie, leucindza, glutarova acidurie typ |, izovalerova acidurie) a
dédi¢né poruchy latkové vymény mastnych kyselin (deficit acyl-CoA dehydrogenazy
mastnych Kkyselin se stfedné dlouhym fetézcem, deficit 3-hydroxyacyl-CoA
dehydrogenazy mastnych kyselin s dlouhym Fetézcem, deficit acyl-CoA
dehydrogenazy mastnych kyselin s velmi dlouhym fetézcem, deficit

karnitinpalmitoyltransferazy | a Il, deficit karnitinacylkarnitintranslokazy).

Hodnoticimi parametry screeningovych program jsou:

1) senzitivita, P/(P+FN) = pomér pocltu postizenych jedincl zachycenych
screeningovym testem (P) k celkovému poctu postizenych jedincl ve screenované
kohortég, tj. pfipo¢tenim testem nezachycenych jedincu - faleSné negativnich (FN);

2) specificita, N/(N+FP) = pomér poctu jedincd hodnocenych screeningovym
testem jako negativni (N) k celkovému poctu zdravych jedincl ve screenované
kohorté, tj. pfipo¢tenim testem zachycenych zdravych jedincu — faleSné pozitivnich
(FP);

3) pozitivni prediktivni hodnota (PPV), P/(P+FP) = pomér poctu postizenych
jedinct zachycenych screeningovym testem (P) k celkovému poctu jedincl
hodnocenych testem jako pozitivni, tj. pfipoétenim fale$né pozitivnich (FP). Ci jinymi
slovy pravdépodobnost, Ze pozitivni vysledek NS znamena postizeného jedince.

Senzitivita a specificita testu zavisi na vybrané hranici hodnoty méfeného
analytu mezi negativitou a pozitivitou testu (tzv. cut-off hodnota). Oba parametry se

v v

obracené. Senzitivita a specificita budou kolisat v souladu s rozhodnutim o cut-off
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hodnotach a podle toho, jaké mnozstvi faleSné pozitivnich a negativnich vysledku
muZe byt v programu tolerovano.

Dle doporuceni pracovni skupiny novorozeneckého screeningu pro CF je za
vysokou senzitivitu povazovana hodnota > 0,95 a pozitivni prediktivni hodnota
(PPV) > 0,3 (Southern et al., 2013).

DalSim pozadavkem je Casny vysledek o pozitivité screeningu umoznujici
Casné odeslani na specializované pracovisté. Pojmem pozitivni screening se rozumi,
Ze jedinec ma zvySené riziko, Ze danym onemocnénim trpi a je proto nezbytné

provést navazné diagnostickeé testovani, které onemocnéni potvrdi nebo vylouci.

1.6.1. Novorozenecky screening cystické fibrozy

Zakladni principy pro provadéni NSCF vychazeji z obecnych principt dle

Wilsona a Jungnera pro screening ostatnich onemocnéni (Cornel et al., 2014):

1) Pribéh nemoci a jeji mechanismy jsou znamé;

2) Onemocnéni je vyznamnym socioekonomickym problémem (choroba ma zavazny
prubéh a Iécba je finanéné nakladna);

3) Je relativné Castg;

4) V¢€asna diagnostika zkvalitiuje, a Ize predpokladat, ze i prodluzuje zivot pacientl
(Dijk and Fitzgerald, 2012; Lai et al., 2004);

5) V&asna klinicka diagnostika bez NS v Ceské republice selhava (Vavrova et al.,
2006);

6) VCasna diagnostika je prevenci umrti z nediagnostikované choroby (napf.
v metabolickém solném rozvratu kojencu €i rychlou progresi plicniho postizeni);

7) Predpokladané naklady NS jsou nizSi neZz naklady IéEby komplikaci choroby
z pozdni diagnostiky (Nshimyumukiza et al., 2014; Sims et al., 2007);

8) VcCasna diagnostika redukuje stres rodiny s chronicky nemocnym ditétem
S nejasnou pfiCinou obtizi pfi pozdni diagnostice a tim i obecné zvySuje diveéru
ve zdravotnicky systém;

9) VCasna diagnostika pomaha optimalizovat genetické poradenstvi a umozriuje

informovanou reprodukci;
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10) Pfi celoplosném provadéni NSCF Ize efektivnéji soustfedit pacienty do klinickych
center, ktera maji s nemoci zkuSenosti a kde jim je zajiSténa komplexni péce. Tim Ize

odstranit nerovhomérnost v kvalité péce o pacienty.

Diagn6éza CF stanovena béhem prvnich 2 mésicu Zivota, a z toho vyplyvajici
Casna lécba, vede k mirn&jSimu postiZzeni sino-bronchialniho systému (Farrell et al.,
2001; Munck et al., 2006), lepSimu prospivani a tim i k celkové pfiznivéjSi prognéze
onemocnéni s delSim pfezivanim (Dijk and Fitzgerald, 2012; Lai et al., 2004). Navic
Casna diagnéza CF v ramci NSCF snizuje naklady na léCbu (Nshimyumukiza et al.,
2014; Sims et al.,, 2007) a snizuje stres rodi€l v porovnani s pozdni diagnézou
(Balfour-Lynn, 2008; Baroni et al., 1997).

Na zakladé vSeobecné uznavaného nazoru o prospésnosti NSCF byl v mnoha
statech zaveden celoplosny NSCF vyuZzivajici ruzné typy screeningovych protokol(
(Castellani and Massie, 2010; Castellani et al., 2009; Comeau et al., 2007; Southern
et al., 2007). Ackoliv je v souCasné dobé celosvétové popsano vice nez 70 rlznych
screeningovych schémat, vzdy je prvnim krokem imunochemické stanoveni
imunoreaktivniho trypsinogenu (IRT) (Crossley et al., 1981; Therrell et al., 2012) ze
suché krevni skvrny odebrané novorozenci na filtraCni papirek.

IRT v krvi novorozencl s CF je zvySen, protoZe pankreas pacientl s CF je jiz
prenatalné poskozen blokadou acinarnich duktd vazkym hlenem. Aciny produkuji IRT
a obstrukce pankreatickych duktl zpusobi, ze IRT prestoupi do krve ve vySSi
koncentraci. S postupujicim vékem a atrofizaci pankreatu produkce enzymu
postupné klesa, a proto se pro pozdéjsi diagnostiku nehodi.

IRT je v8ak nespecificky marker (Ravine et al., 1993). VySSi koncentraci IRT
ma i Cast zdravé populace, zejména zdravi nosiCi jedné mutace genu CFTR
(Castellani et al., 2005; Comeau et al.,, 2004), vlv ma také etnicky puvod
vySetfovanych (Castellani and Massie, 2010; Giusti and New York State Cystic
Fibrosis Newborn Screening Consortium, 2008). IRT muze byt také zvySen u
chromozomalnich aberaci, nékterych vrozenych vyvojovych vad ledvin, srdce a
neuralni trubice nebo jako nasledek perinatalni hypoxie (Ravine et al., 1993).
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1.6.1.1. Schémata NSCF

1.6.1.1.1. IRT jako prvni krok

Inicialni cut-off hodnota pro IRT ma zasadni vyznam pro senzitivitu i specificitu
screeningového schématu. Pozadované senzitivity lze dle nékterych autorl
dosahnout s cut-off hodnotou pro IRT = 99. percentil (Wilcken et al., 1995), dle jinych
autoru je vhodnégjsi pouzit cut-off hodnotu = 95. — 97. percentil (Comeau et al., 2004;
Wagener et al., 2012). DalSi snizovani cut-off hodnoty pro IRT ma uz jen maly efekt
na senzitivitu, ale vyrazné snizuje PPV bez ohledu na nasledujici kroky.

Celosvétové rovnéz existuji rozdily v naCasovani odbéru inicialniho IRT.
Zatimco ve veétsiné evropskych zemi se IRT odebira 2. — 3. den postnatalné a
v nékterych dokonce 5. — 8. den, v USA se IRT odebira 1. — 2. den (Southern et al.,
2007).

IRT je sam o sobé dostateéné senzitivnim biochemickym markerem, je v8ak
spojen také svysokou faleSnou pozitivitou. Proto u novorozencu s IRT nad
stanovenou cut-off hodnotu nasleduje druhy a v nékterych pfipadech také treti a

Ctvrty krok s cilem zlepSit PPV.

1.6.1.1.2. Druhy krok

Opakované stanoveni IRT, tj. IRT/IRT protokol

Koncentrace IRT vkrvi u novorozencl s CF klesa pomaleji nez u
novorozencl, ktefi CF nemaji (Rock et al., 1990). Proto zvySena hladina IRT
s odstupem 2 a vice tydnU zjisténa z druhého odbéru muze svédcit pro diagnézu CF.

K potvrzeni €i vylou€eni diagnézy CF u probandu spliujicich kritéria pro
IRT/IRT schéma je nezbytné provést potni test. Podle nastavené cut-off hodnoty IRT
v prvnim odbéru je potni test indikovany u 1 - 5 % novorozencd.

IRT/IRT protokoly tak stale vedou k vysokému poctu faleSnych pozitivit
(Castellani et al., 2009; Ross, 2008) - zdrava ¢ast populace novorozencl a jejich
rodin je vystavena nepfimérené zatézi a nadbytecnému stresu, coz protokoly IRT/IRT

vyznamné znehodnocuje. IRT/IRT schéma vSak Ize pouzit v pfipadech, kdy pfisludna
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legislativa neumozriuje DNA analyzu u novorozencu nebo je v dané populaci nizka

zachytnost mutaci genu CFTR diky znacné populacni heterogenité.

DNA analyza genu CFTR, tj. IRT/DNA protokol

U novorozencu, u kterych byla zjisténa koncentrace IRT nad stanovenou
cut-off hodnotu, nasleduje ve druhém analytickém stupni molekularné genetické
vySetfeni genu CFTR. VySetfeni probiha ze stejné krevni skvrny, ze které se vysetfil
IRT, tedy bez jakékoliv pfidavné zatéze novorozence a rodiny.

IRT/DNA protokoly v zavislosti na stanovené cut-off hodnoté pro IRT a na
pocCtu vySetfovanych mutaci dosahuji vysoké senzitivity a specificity (Farrell et al.,
2008; Ross, 2008) a jsou nejrozsSifengjSi strategii pouzivanou vramci NSCF
(Castellani et al., 2009; Southern et al., 2007).

VétSina téchto protokolt pouziva komeréné dostupné diagnostické soupravy
vySetfujici nejCastéjSi populacné specifické mutace genu CFTR. Pokud se pfi
vySetfeni prokazi dvé mutace, je diagnéza CF velmi pravdépodobna. Pro potvrzeni
diagndzy CF, a vylouceni nékterych méné obvyklych situaci (napf. pfitomnost obou
mutaci v pozici cis, zaména vzorku), nasleduje diagnosticky potni test. V pfipadé
nalezu 1 mutace nasleduje potni test krozliSeni, zda se jedna o zdravého
heterozygota (koncentrace chloridd v potu do 30 mmol/l) nebo pacienta s CF
(koncentrace chloridd nad 60 mmol/l), kde druha, vzacnéjSi mutace, neni soucasti
pouzité diagnostické soupravy. U probanda s nalezenou 1 mutaci v genu CFTR a
pozitivnim potnim testem nasleduje rozSifené molekularné genetické vysSetreni
(MLPA, sekvenace vSech exonl genu CFTR) s cilem detekovat druhou kauzalni
mutaci.

Mezi nevyhody téchto protokolu patfi zejména detekce zdravych heterozygot
a probandu s nejasnou diagnézou, coz neni cilem NSCF. Protokoly nejsou vhodné
pro etnicky heterogenni populace, kde mizeme oclekavat pfitomnosti takovych
mutaci, které nejsou soucasti pouzitého kitu. Dusledkem je pak nizSi senzitivita.
V nékterych zemich je dale legislativné problematické zavést molekularné genetické
vySetfeni do celoploSného screeningového programu. Podrobné jsou tyto nevyhody

diskutovany v kapitole 3.1.1.
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Stanoveni Pancreatitis-Associated Proteinu (PAP), tj. IRT/PAP protokol

V roce 1999 predstavil prof. Jacques Sarles (Sarles et al., 1999) biochemicky
marker pancreatitis-associated protein. Jde o sekrec¢ni cirkulujici protein, ktery je
indukovany akutnim postiZzenim pankreatu, je zvySeny u pacientd s CF, ale také
napf. u pacientd trpicich akutni pankreatitidou (lovanna et al.,, 1994). PAP je
stanovovan ze stejné krevni skvrny jako inicialni IRT. PAP sam o sobé je vysoce
senzitivni, ale malo specificky, obdobné jako IRT. Pokud je pouzit ve druhém
analytickém stupni u novorozencu se zvySenym IRT, specificita se zvySuje. V
pfipadé, Ze je koncentrace PAP zvySena nad stanovenou cut-off hodnotu, je proband
pozvan k potnimu testu k potvrzeni ¢i vylou€eni CF (Sarles et al., 2005).

Ackoliv vétSina IRT/PAP protokoll nebyla testovana na velkych populacich,
dosud probéhlé studie (Sarles et al., 2014, 2005; Sommerburg et al., 2010; Vernooij-
van Langen et al., 2012) prokazaly senzitivitu srovnatelnou s IRT/DNA protokoly, i
kdyz za cenu nizSi PPV. Vyhodou téchto protokoll jsou nizSi ekonomické naklady a
nepfitomnost nevyhod spojenych s molekularné genetickou analyzou genu CFTR
(podrobné viz kapitola 3.1.1.).

Nedavna data z Australie prokazala, Ze senzitivita PAP je nizSi pfi odbéru
krevni skvrny pfed 2. dnem Zivota novorozence (Ranieri, 2013). Vzhledem k tomu, Ze
odbér krve pro NS probiha ve vétsiné statd USA jiz mezi 1. — 2. dnem postnataing,

nejsou IRT/PAP protokoly pro tyto staty vhodné.

1.6.1.1.3. Treti krok

RozsSirené molekularné genetické vysetieni genu CFTR

Nékteré IRT/DNA protokoly vyuZivaji jako tfeti krok rozSifené molekularné
genetické vySetieni genu CFTR, jde o tzv. IRT/DNA/DNA protokoly. U novorozenct,
u kterych je pomoci panelu s limitovanym pocCtem mutaci v ramci DNA analyzy v 2.
kroku nalezena 1 mutace v genu CFTR, nasleduje rozSifené molekularné genetické
vySetfeni (obvykle sekvenovani vSech exonu dle Sangera; nové je zvazovano vyuziti
NGS technologii) genu CFTR. Pokud se prokaze 2. mutace, nasleduje diagnosticky

potni test. Pokud se 2. mutace neprokaze, screening je hodnocen jako negativni
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a odpada tak potfeba indikovat potni test. Tento pfistup snizi pocet indikovanych
potnich testl a tim zlepSi PPV testu.

Mezi nevyhody patfi odhaleni alel s nejasnym klinickym dopadem, vysoké
naklady a mozna faleSna negativita zplisobena velkymi delecemi nebo duplikacemi
v genu CFTR.

Strategie tzv. zachranné sité - ,Fail-safe” strategie (FS)

FS byla puvodné navrzena pro protokoly IRT/DNA k tomu, aby odhalila
pacienty, ktefi maji dvé vzacné mutace a ani jedna z téchto mutaci genu CFTR neni
zahrnuta v pouZitém panelu vySetfovanych alel.

Podle této strategie jsou déti s velmi vysokym inicialnim IRT a bez detekované
mutace vramci zakladniho panelu mutaci odeslani k opakovanému stanoveni
koncentrace IRT z druhého odbéru nebo pfimo k diagnostickému potnimu testu.

FS je vhodna soucast protokoll IRT/DNA v etnicky heterogennich populacich.
Novéji se FS uziva také u nékterych protokoll IRT/PAP (Sommerburg et al., 2014,

2010). Cilem FS je zvysit senzitivitu testu (opét za cenu nizSi specificity).

1.6.1.1.4. DalSi kombinace a dalSi kroky v protokolech NSCF

Protokol IRT/IRT/DNA — novorozenci s vysokym inicialnim IRT jsou odeslani
ke stanoveni IRT z 2. odbéru a pokud IRT pretrvava vysoké, nasleduje DNA analyza.
Pfi nalezu 2 nebo 1 mutace nasleduje potni test.

Protokol IRT/PAP/DNA — u novorozencU splnujicich kritéria pro IRT/PAP
nasleduje DNA analyza. VSechna vySetieni probihaji z puvodni suché krevni skvrny.
Pfi nalezu 2 nebo 1 mutace pak nasleduje potni test. Modifikaci pak muze byt
protokol IRT/PAP/DNA/DNA (Vernooij-van Langen et al., 2012), kdy u novorozenct
s jednou nalezenou mutaci pomoci komeréné dostupného kitu nasleduje rozsSifené
molekularné genetické vysetieni genu CFTR.

Je v8ak nezbytné zdlraznit, Ze neexistuje idealni screeningové schéma.
Z&dné z uvedenych screeningovych schémat neméa 100% senzitivitu, takze diagndzu
CF nelze na zakladé negativniho screeningu v jednotlivém pfipadé jednoznacné

vyloucit.
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Pfi zavadéni celoploSného screeningového programu je nutné zvazit

legislativni a etické pozadavky a také financni moznosti konkrétniho statu.

1.6.1.1.5. Pouziti metod NGS v ramci NSCF

Novinkou je zavadéni technologii NGS jako souc€ast screeningovych
programul. Na 36. Evropské konferenci cystické fibrozy (12. — 15. 6. 2013, Lisabon,
Portugalsko) prof. Philip M. Farrell (University of Wisconsin, USA) pfedstavil protokol
IRT/DNA/DNA (Obr. €. 4), kde u probandd s nalezenou 1 mutaci v genu CFTR
pomoci zakladniho panelu nejCastéjSich mutaci nasledoval 3. krok - vySetfeni 162
jednoznacné patogennich mutaci genu CFTR pomoci lllumina MiSeqDx™ Cystic
Fibrosis Solution assay. VySe uvedenych 162 mutaci pfedstavuje 97 % vSech alel
vyskytujicich se u pacientll s CF v USA (“The Clinical and Functional Translation of
CFTR, a”). Pokud 3. krok ved! k nalezeni 2. mutace, nasledoval potni test k potvrzeni
diagnézy CF. Pokud 2. mutace nalezena nebyla, screening byl hodnocen jako
negativni bez nutnosti provedeni potniho testu. Smyslem tohoto pfistupu je tak snizit
faleSnou pozitivitu testu. VzacnéjSi mutace genu CFTR, které nejsou zahrnuty mezi
162 vySetfovanymi, jsou pak zdrojem faleSné negativity.

VySetfeni 162 mutaci genu CFTR v 2. kroku IRT/DNA protokolu by oproti
IRT/DNA/DNA mohlo jen mirné zvySit senzitivitu, vysoké by vSak byly v sou¢asné

dobé s tim spojené financni naklady.

Obr. €. 4: Protokol IRT/DNA/DNA

1. Krok
IRT
Screening |0 mutaci 2. krok 2mutace | Screening
negativni Zakl. panel CFTR mutaci pozitivni
1 mutace |

3. Krok
162 mutaci genu CFTR

1 mutace | 2 mutace
Screening Screening
negativni pozitivni
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NGS technologie umoznujici vysetfit vSechny exony (a ev. i introny) genu
CFTR nebyly v ramci NSCF zatim pouzity. Teoreticky, pokud bychom zavedli tento
pfistupu v druhém kroku IRT/DNA schémat, dosahli bychom maximalni sensitivity,
kterou druhy krok umoznuje dosahnout (vyjimkou jsou platformy, které maiji problém
odhalit rozsahlé delece). Limitaci pro jeho pouziti je zejména vysoka financni
nakladnost a detekce variant s nejasnym fenotypovym dopadem. Probandi
s nalezem 1 mutace by mohli mit screening uzavieny jako negativni bez potreby
podstoupit potni test. FaleSnou pozitivitu by zfejmé pfedstavovali probandi s nalezem
2 alel genu CFTR, kde alespon 1 z alel ma nejasny fenotypovy projev, a negativnim
vysledkem potniho testu.

Krajnim pfipadem by mohlo byt pouziti celogenomového sekvenovani (Whole
Genome Sequencing; WGS) u vS8ech novorozencu jako prvni a jediny krok
(Goldenberg and Sharp, 2012). WGS provedené u vSech novorozencu by v idealnim
pfipadé nahradilo ostatni vySetfeni pouzivana k detekci chorob v ramci
screeningovych programu a nahradilo by také molekularné geneticka vysetreni, ktera
by pfipadné jedinec v budoucnu mél podstoupit (napf. vzhledem ke zdravotnimu
stavu nebo rodinné anamnéze). Tento pfistup by vSak s sebou pfinasel fadu
legislativnich, spoleCenskych, etickych, finanCnich, praktickych a dalSich otazek
(Johansen Taber et al., 2014) a uskali (napf. vétSina kongenitalnich hypothyreoz

neni primarné geneticka, a nelze je proto diagnostikovat pomoci WGS).
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2. CILE DIZERTACNI PRACE

Ve své praci jsem se zabyvala problematikou NSCF z hlediska:

1) Zhodnoceni hypotézy o vyhodnosti parametrd screeningovych protokoll
zaloZenych na stanoveni koncentrace PAP ve druhém analytickém stupni. Hlavnim
cilem bylo porovnat proveditelnost, senzitivitu a specificitu sou€asného celoploSného
screeningového protokolu IRT/DNA/IRT a protokolu IRT/PAP a IRT/PAP/DNA.
Vystup projektu se stal podkladem pro rozhodovani o volbé optimalniho modelu
pravidelného celoplodného NSCF v Ceské republice.

2) Zhodnoceni senzitivity a specificity IRT/PAP protokolt v zavislosti na
zvolenych cut-off hodnotach pro IRT a PAP. Hlavnim cilem bylo ovéfit, Zze optimalné
nastavené cut-off hodnoty v ramci IRT/PAP schémat pfedstavuji vhodnou alternativu
pro staty nebo oblasti které z nejriznéjSich dlvodi nemohou zaclenit molekularné
genetické vysetfeni genu CFTR jako soucast screeningovych schémat.

3) Charakteristiky zastoupeni jednotlivych mutaci v genu CFTR v Ceské
republice. Hlavnim cilem, v souvislosti s celoploSnym screeningovym programem pro
CF, bylo ovérit, Ze populacné specifické mutace v genu CFTR, které jsou soucasti
nami pouzivané diagnostické soupravy, nepfedstavuji pfekazku v dosazeni vysoké
senzitivity sou¢asného celoplosného protokolu IRT/DNA/IRT.

4) Zhodnoceni efektivity screeningového programu pro CF v Ceské republice
od jeho zavedeni v roce 2009 do konce roku 2012.

5) Zhodnoceni vlivu zvySujiciho se poctu novorozencl od pfistéhovalct
z evropské &asti Ruské federace a Ukrajiny na Uzemi Ceské republiky na senzitivitu
protokoll IRT/DNA/IRT a IRT/PAP/DNA.
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3. PUBLIKACE

Nasledujici publikace se zabyva problematikou uvedenou v bodé 1 mezi

stanovenymi cili této dizertaéni prace (viz kapitola 2.).
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Padérova, J., Kfenkova, P., Dvofakova, L., Zemkova, D., KraCmar, P., Chovancova,
B., Vavrova, V., Stambergova, A., Votava, F., Macek, M., Jr, 2012. Prospective and
parallel assessments of cystic fibrosis newborn screening protocols in the
Czech Republic: IRT/DNA/IRT versus IRT/PAP and IRT/PAP/DNA. Eur. J. Pediat.
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Abstract Cystic fibrosis (CF) is a life-threatening disease
for which early diagnosis following newborn screening
(NBS) improves the prognosis. We performed a prospective
assessment of the immunoreactive trypsinogen (IRT)/DNA/
IRT protocol currently in use nationwide, versus the IRT/
pancreatitis-associated protein (PAP) and IRT/PAP/DNA CF
NBS protocols. Dried blood spots (DBS) from 106,522
Czech newborns were examined for IRT concentrations. In
the IRT/DNA/IRT protocol, DNA-testing was performed for
IRT>65 ng/mL. Newborns with IRT>200 ng/mL and no
detected cystic fibrosis transmembrane conductance regula-
tor gene (CFTR) mutations were recalled for a repeat IRT. In
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the same group of newborns, for both parallel protocols,
PAP was measured in DBS with IRT>50 ng/mL. In PAP-
positive newborns (i.e., >1.8 if IRT 50-99.9 or >1.0 if IRT>
100, all in ng/mL), DNA-testing followed as part of the IRT/
PAP/DNA protocol. Newborns with at least one CFTR
mutation in the IRT/DNA/IRT and IRT/PAP/DNA proto-
cols; a positive PAP in IRT/PAP; or a high repeat IRT in
IRT/DNA/IRT were referred for sweat testing. Conclusion:
the combined results of the utilized protocols led to the
detection of 21 CF patients, 19 of which were identified
using the IRT/DNA/IRT protocol, 16 using IRT/PAP, and 15
using IRT/PAP/DNA. Decreased cut-offs for PAP within the
IRT/PAP protocol would lead to higher sensitivity but
would increase false positives. Within the IRT/PAP/DNA
protocol, decreased PAP cut-offs would result in high sen-
sitivity, an acceptable number of false positives, and would
reduce the number of DNA analyses. Thus, we concluded
that the IRT/PAP/DNA protocol would represent the most
suitable protocol in our conditions.

Keywords Newborn screening - Cystic fibrosis (MIM
219700) - Cystic fibrosis transmembrane conductance
regulator gene - Immunoreactive trypsinogen - Pancreatitis-
associated protein - Sweat test

Abbreviations
CF Cystic fibrosis

CFTR Cystic fibrosis transmembrane conductance regu-
lator gene
DBS  Dried blood spot
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DNA  Deoxyribonucleic acid

IRT Immunoreactive trypsinogen
NBS  Newborn screening

PAP Pancreatitis-associated protein
PSP Population-specific percentile

Introduction

Cystic fibrosis (CF, MIM 219700) is the most frequent life-
threatening autosomal recessive disease in Caucasians
occurring in approximately 1 in 3,000 live births in the
Czech Republic [4]. CF is caused by mutations in the cystic
fibrosis transmembrane regulator (CFTR) gene. Diagnosis
of CF during the first 2 months of life leads to more
favorable prognosis [11,13,20]. Thus, CF newborns screen-
ing (NBS) has been implemented in many countries using
various protocols [6,8,16]. A positive screening result indi-
cates that a newborn is at risk for CF and diagnostic testing
(e.g., sweat test) is necessary to confirm the diagnosis.

All CF NBS protocols start by determining concentra-
tions of immunoreactive trypsinogen (IRT) [9] in dried
blood spots (DBS) obtained from the newborn, which is
collected on filter paper. IRT higher than the optimized
population-specific percentile (PSP) achieves sufficient sen-
sitivity by itself but is associated with a high false positive
rate [16]. Therefore, additional tiers of testing have been
implemented.

In newborns with increased IRT, subsequent DNA-
testing for CFTR mutations using the same DBS (IRT/
DNA protocol) yields high sensitivity and specificity and
is currently the most common CF NBS strategy [12,16].
Nevertheless, DNA-testing is associated with inherent prob-
lems such as (a) detection of CF carriers [7], (b) issues of
informed consent, (c) lower detection rates of commercially
available mutation panels in non-European-derived popula-
tions [12], (d) detection of equivocal diagnoses of CF
[8,12,24] when non CF-causing mutations are included in
screening panels, and eventually (e) incidental detection of
non-paternity and (f) increased costs. Some CF NBS proto-
cols utilize fail-safe strategies to identify children (especial-
ly those of non-European origin) with CFTR mutations that
are not included in screening panels. This strategy requires
children with a very high initial IRT and no detected muta-
tion to undergo repeated IRT measurements or directly
sweat test.

In some CF NBS protocols, biochemical markers are
utilized as a second tier to avoid the drawbacks of DNA-
testing. An IRT repeated after 2—3 weeks (IRT/IRT protocol)
improves screening specificity but still leads to a high num-
ber of false positives [12,16]. More than a decade ago,
Sarles et al. [17] introduced a pancreatitis-associated protein

@ Springer

(PAP) in which PAP is examined from the same DBS as the
initial IRT (IRT/PAP protocol). According to the recent
French study [18], the IRT/PAP protocol achieves both high
sensitivity and specificity.

Following the Czech pilot-phase project [2], we have
adopted the IRT/DNA/IRT protocol as the current nation-
wide CF NBS strategy. In this study, we evaluated CF NBS
by a prospective parallel comparison of the IRT/DNA/IRT
versus IRT/PAP [18] and IRT/PAP/DNA protocols (where
in the latter protocol DNA-testing is used as a third tier).

Population and methods

A total of 106,522 newborns from Bohemia, western region
of the Czech Republic accounting for two thirds of the entire
population [2], were examined. The annual birth rate in this
region is about 70,000 newborns per year. Screening took
place from August 2009 to January 2011. DBS on filter
paper for IRT measurement were sampled by a heel prick
within 72-96 h postpartum and starting in October 2009
within 48—72 h postpartum. Parental informed consent, oral
or written depending on respective procedures in individual
neonatal units, is mandatory for any NBS. However, the
Czech Ministry of Health granted an exception not to re-
quire additional informed consent for targeted CFTR gene
testing as part of the nationwide CF NBS program.

Parents of all newborns were informed about IRT and
PAP measurements as part of the screening information
process at neonatal units and had a possibility to decline
the participation in the study. Informed consent was neces-
sary but not in written form in this phase of the study.
However, a signed written informed consent was obligatory
for subsequent sweat test and DNA-testing in newborns
with elevated PAP [18] within the IRT/PAP and IRT/PAP/
DNA protocols. The study was approved by the Ethics
Board of the 3rd Faculty of Medicine of Charles University,
Prague, Czech Republic.

IRT/DNA/IRT protocol

IRT was assayed using AutoDELFIA® Neonatal IRT kit
(PerkinElmer; Finland) by single measurement following
manufacturer's instructions. The resulting fluorescence was
measured using AutoDELFIA® AIS 1235 (PerkinElmer;
Finland). The biochemical laboratory performing IRT tests
undergoes an external quality assessment similar to that
mandated by the Centers for Disease Control and Preven-
tion, USA. In newborns with IRT>65 ng/mL (fixed cut-off;
optimized for the 99.0th PSP; based on the outcomes of the
pilot project; [2]), DNA-testing in an ISO15189 accredited
laboratory was performed from the same DBS as the second
tier (Fig. 1). Initially, DNA-testing assays included 32
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Fig. 1 Parallel overview of IRT/DNA/IRT IRT/PAP IRT/PAP/DNA
assessed CF NBS protocols
p [ First tier IRT measurement ]
[ IRT 265 ng/mL ] [ IRT 50 ng/mL ]
[ Second tier DNA analysis ] Second tier PAP measurement ]
( N
0 mutations and 1 or 2 mutations IRT 50.0-99.9 ng/mL and PAP >1.8 ng/mL
IRT 2200 ng/mL or IRT 2100.0 ng/mL and PAP >1.0 ng/mL
\ 7
Third tier
Second DBS DNA analysis
IRT 250 ng/mL up to 42 day )
or Sweat test <€ 1 or 2 mutations
>30 ng/mL after 42™ day
\L |

mutations and, as of July 2010, it includes 50 mutations
(CE-marked Elucigene CF-EU1"™™/Elucigene CF-EU2™
assays; Gen-Probe, UK). These assays account for 90.8/
92.8 % of all mutations in the Czech CF population, with
the residual risk of still unidentified mutation being 0.34/
0.28 %, respectively [2,3] (Table 1). For assay readouts on
the ABI3130xI gene scanner (Applied Biosystems, USA),
we used manufacturer's templates for the GeneMapper 4
software.

Newborns with an IRT>65 ng/mL (99th PSP) together
with either one or two detected CFTR mutations were con-
sidered as having screened positive and referred for a sweat
test, which was performed using the original Gibson—Cooke
protocol based on pilocarpine-induced iontophoresis [14]
(Fig. 1). Mean sweat chloride concentrations >60 mmol/L
were considered diagnostic of CF [14]. Patients with sweat
chloride concentrations between 30-60 mmol/L, who thus
fell into the borderline category, were subjected to extended
clinical evaluation and DNA-testing. Sweat chloride con-
centrations <30 mmol/L were considered to be negative.
Newborns with IRT>200 ng/mL (the 99.95th PSP; set as a
fail-safe threshold in the previous pilot CF NBS project [2])
and with no detected mutations (fail-safe strategy) were also
considered to have screened positive and were invited back
for repeated IRT examination. Those with a repeated IRT>
50 ng/mL up to the 42nd day postpartum, or >30 ng/mL
after the 42nd day postpartum were referred for a sweat test.

IRT/PAP and IRT/PAP/DNA protocols

In newborns with an initial IRT > 50 ng/mL (the 97.5th PSP)
[18], PAP concentrations in the same DBS were assayed as

the second tier using a commercial assay (MucoPAP®;
Dynabio, France) in accordance with the manufacturer's
instructions. Sample absorbance determining PAP concen-
tration was measured at 450 nm (reference filter 620 nm) on
Microplate Reader PR3100 TSC (BioRad, USA). PAP con-
centrations were measured twice and their mean value was
used. PAP values were not converted to the new dilution
factor (in March 2011, Dynabio announced a correction of
the PAP assays; the proper concentrations should have been
1.6 times higher [10]).

In the IRT/PAP protocol, newborns with an IRT ranging
from 50.0 to 99.9 and PAP>1.8 or IRT>100.0 and PAP>1.0
(all ng/mL)[18] were considered to have screened positive
and referred for sweat testing.

In the IRT/PAP/DNA protocol newborns meeting the
same criteria with an elevated PAP [18], DNA-testing was
performed on the same DBS as the third tier. In newborns in
which one or two CFTR mutations were detected (i.e.,
screening positive), a sweat test followed. DNA-testing
assays and sweat test techniques were identical to those
used in the IRT/DNA/IRT protocol.

Results

IRT/DNA/IRT protocol

Among the 106,522 newborns screened for CF, 1,158
(1.09 %) had an IRT level >65 ng/mL and hence they
were referred for DNA-testing. Among those 1,158

newborns, 19 carried two mutations and 57 a single
mutation in the CFTR gene. Out of the 19 newborns with
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Table 1 Parallel comparison of CF NBS protocols

IRT/DNAYIRT  IRT/PAP IRT/PAP/DNA?
Newborns screened (N) 106,522 106,522 106,522
IRT positives (N; %) 1,158 (1.09) 3,155 (2.96) 3,155 (2.96)
PAP positives (N; %) - 260 (0.24) 260 (0.24)
Median age (range) at the availability of DNA-testing® results (days) 36 (9-222%) - 36 (9-222)
1 and/or 2 CF mutations detected (N; %) 76 (0.07) - 27 (0.03)
Recalled newborns for repeated IRT examination (N; %) 47 (0.04) - -
Positive CF NBS (&; %) 123 (0.12) 260 (0.24) 27 (0.03)
Positive IRT in newborns recalled for repeated examination () 1 - -
ST indicated (V; %) 77 (0.07) 260 (0.24) 27 (0.03)
ST carried out (N; % of indicated ST) 72°(93.51) 204° (78.46)  24° (88.89)
CF carriers (N) 55 - 12
Prevalence of CF carriers 1in 21 - 1 in 22
Diagnosed CF patients () 19 16 15
False positives based on performed ST (V; % of all cases screened) 994 (0.09) 188 (0.18) 9 (0.01)
Newborns with equivocal diagnosis [F508del/R117H-IVS-8 T(7) and ST<30 mmol/L; N] 2 - 0
False negatives (N) 2 5 6
Total of CF patients detected (N) 21¢
Median age (range) at diagnosis (days) 36 (9-57)°
CF prevalence 1 in 5,072°
Sensitivity (TP/TP+FN) 0.9048 0.7619 0.7142
Specificity (TN/TN+FP) 0.9991 0.9982 0.9999
PPV (TP/TP+FP) 0.1610 0.0784 0.625

N number, % of all cases screened, TP true positives, F'N false negatives, 7N true negatives, FP false positives, PPV positive predictive value, ST
sweat test

* CF-causing mutations covered by Elucigene assays (“legacy” nomenclature) with the CF-EUL™ accounting for: p.Arg347Pro (R347P), ¢.2657+
5G>A (2789+5G>A), ¢.2988+1G>A (3120+1G>A), ¢.579+1G>T (711+1G>T), p.Arg334Trp (R334W), p.Jle507del (I507del), p.Phe508del
(F508del), ¢.3718-2477C>T (3849+10kbC>T), p.Phe316LeufsX12 (1078delT), p.Trp1282X (W1282X), p.Arg560Thr (R560T), p.Arg553X
(R553X), p.Gly551Asp (G551D), p.Metl101Lys (M1101K), p.Gly542X (G542X), p.Leul258PhefsX7 (3905insT), p.Ser1251Asn (S1251N),
c.1585-1G>A (1717-1G>A), p.Argl17His (R117H), p.Asn1303Lys (N1303K), p.Gly85Glu (G85E), ¢.1766+1G>A (1898+1G>A),
p-Lys684AsnfsX38 (2184delA), p.Aspl152His (D1152H), ¢.54-5940_273+10250del (CFTRdele2,3), p.Pro67Leu (P67L), p.Glu60X (E60X),
p.Lys1177SerfsX15 (3659delC), ¢.489+1G>T (621+1G>T), p.Ala455Glu (A455E), p.Argl162X (R1162X), p.Leu671X (2143delT), c.1210-
12T[n] (IVS8-T(n) variant), including additional mutations in the CF-EU2™™: p.GIn890X (Q890X), p.Tyr515X (1677delTA), p.Val520Phe
(V520F), ¢.3140-26A>G (3272-26A>G), p.Leu88llefsX22 (394delTT), p.Argl066Cys (R1066C), p.lle105SerfsX2 (444delA), p.Tyr1092X
(C>A) (Y1092X(C>A)), p.Argl17Cys (R117C), p.Ser549Asn (S549N), p.Ser549ArgT>G (S549R T>G), p.Tyr122X (Y122X), p.Argl158X
(R1158X), p.Leu206Trp (L206W), ¢.1680-886A>G (1811+1.6kbA>G), p.Arg347His (R347H), p.Val739TyrfsX16 (2347delG) and p.Trp846X
(W846X)

® failed DNA isolation from DBS, including repetition of DNA-testing
¢ deceased patient or non-compliance with referrals (five CF carriers in IRT/DNA/IRT, 56 newborns in IRT/PAP, three CF carriers in IRT/PAP/DNA)
9 comprising newborns with repeated IRT (47 newborns)

¢ aggregate data from all protocols

two mutations, 17 had a positive sweat test, confirming
the diagnosis of CF. The remaining two newborns carry-
ing the c.[1521 1523delCTT]+[350G>A;1210-12T[7]]
genotype (legacy name: F508del/R117H-IVS-8 T(7)) had
negative sweat test results. The R117H-T7 complex allele
is usually considered a CFTR-related disorder mutation
[5,24] and when found in compound heterozygosity with
a CF-causing mutation, it results in variable phenotypes
ranging from mild form of CF, obstructive azoospermia,
or to no disease at all [5]. Therefore, it was suggested by
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many CF NBS experts that this mutation should be ex-
cluded from the CF NBS screening panels [24]. However,
the R117H mutation is an integral part of the Elucigene
assay and thus could not have been disregarded. The two
newborns carrying R117H-T7 allele, were not diagnosed
with CF. They were, however, enrolled into a long-term
clinical monitoring program [15].

In those newborns, having only a single detected muta-
tion (57 newborns), two had a positive sweat test. According
to the protocol, this result indicated the sequencing of the
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entire CFTR coding region in both newborns, and led to the
identification of p.lle336Lys (I336K) and p.Glul104Lys
(E1104K) mutations. The remaining 55 newborns were
carriers. From the 47 infants with an IRT>200 ng/mL and
no mutation detected (fail-safe strategy), only 17 newborns
were recalled for a repeat IRT. Thirty newborns did not
return for repeat IRT testing, because they had been pro-
cessed earlier under the parallel-running IRT/PAP protocol.
Subsequently, only one of the 17 newborns had an IRT>
30 ng/mL at 70 days of age. However, CF was later ruled
out based on a negative sweat test.

We observed false negativity in two newborns: the first
suffered from meconium ileus with a low IRT (62.2 ng/mL),
and the second with the rare genotype p.[GIn552X] +
[Leul376SerfsX8] (Q552X/4259del5) was missed by the
utilized commercial assay. The newborn with meconium
ileus was diagnosed on clinical basis and the CF diagnosis
was confirmed by positive sweat test and DNA analysis
(F508del/F508del genotype). Overall, 19 CF patients and
two newborns with equivocal diagnosis of CF were
detected.

IRT/PAP and IRT/PAP/DNA protocols

Within the IRT/PAP protocol, out of 106,522 screened
newborns, a total of 3,155 (2.96 %) had an IRT concentra-
tions >50 ng/mL, and 260 of them (0.24 %) met the PAP
positive criteria (IRT ranging from 50.0 to 99.9 and PAP>
1.8 or IRT>100.0 and PAP>1.0 (all ng/mL) [18]). Sixteen
CF patients were diagnosed based on using the sweat test
and five CF patients proved to be false negatives (due to
PAP levels below the cut-off), whereas these were detected
by the IRT/DNA/IRT protocol (Tables 1 and 2).

Table 2 False negatives due to mean PAP concentrations below the
cut-off

IRT PAP CFTR Sweat chloride
(ng/mL) (ng/mL) Genotype® concentration
(mmol/L)
Patient 1 174 0.93 F508del/ 109.6
F508del
Patient 2 337 0.49 F508del/ 98.7
F508del
Patient 3 203 0.42 F508del/ 103.7
F508del
Patient 4 115 0.67 F508del/ 93.2
1507del
Patient 5° 87.8 1.43 G542X/ 74.5
E1104K

legacy nomenclature

® pancreatic sufficient patient (fecal Elastase-1 level was 507 ug/g)

Of the 260 newborns referred, only 204 (78.46 %) un-
derwent the sweat test (Table 1). This was due to previous
parental knowledge of the screening outcome from the IRT/
DNAV/IRT scheme (16 newborns), unrelated postnatal mor-
bidity (24 newborns), and mortality (16 newborns).

As part of the parallel IRT/PAP/DNA protocol, 204 out of
260 newborns meeting criteria for IRT/PAP protocol [18]
were referred for DNA-testing. Among those, 15 patients
with two mutations in zrans were identified, and their CF
diagnosis was confirmed by sweat test. In addition, 12
carriers were detected. However, a total of six CF patients
were false negative: (a) five patients had PAP values below
the cut-off (Table 2), and (b) one patient met PAP values but
failed basic DNA-testing related to a rare CF genotype.

Discussion

The observed CF prevalence of one in 5,072 (Table 1) is
substantially lower in comparison to 4-decade-old epidemi-
ological estimates of one in 2,736 newborns [4] from the
same geographical area. This trend is in accordance with
other CF NBS programs [19] reflecting: (a) general accep-
tance of pre-implantation and/or prenatal diagnosis of CF
and/or (b) an increase of non-European natality in the Czech
Republic.

Due to two IRT cut-offs set for testing protocols
(>65 ng/mL in IRT/DNA/IRT and >50 ng/mL in IRT/
PAP and IRT/PAP/DNA protocols), some newborns met the
screening criteria for all protocols. Thus, the study's design did
not allow for a comparison of age at the time of diagnosis in
the three protocols. Nevertheless, all CF patients were diag-
nosed at <2 months of age (Table 1) [20].

IRT/DNA/IRT protocol

One of the two false negative CF patients could be
explained by the presence of meconium ileus that is com-
monly associated with a low IRT [22]. However, this new-
born was diagnosed clinically (and confirmed by sweat test
and DNA analysis) and also detected in both parallel IRT/
PAP and IRT/PAP/DNA protocols (IRT 62.2, PAP 5.39;
both ng/mL). This example of a false negative patient indi-
cates that the IRT cut-off setting is essential for achieving
high sensitivity in all CF NBS protocols [1]. However, the
additional lowering of these IRT cut-offs would increase the
number of false positives. The second false negative CF
patient (IRT 107, PAP 2.37; both ng/mL) appeared negative
due to the presence of rare CF alleles [3] that are absent in
the utilized DNA-testing assays. This patient was identified
within the IRT/PAP protocol, but was missed by the IRT/
PAP/DNA protocol.
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IRT/PAP and IRT/PAP/DNA protocols

Five CF patients were false negative within the IRT/PAP
protocol due to low PAP concentrations (Table 2). Six CF
patients in the IRT/PAP/DNA protocol were false negative
due to a low PAP (five patients, Table 2) and a rare genotype
(one patient). In the absence of an external quality assess-
ment system, PAP assays were internally calibrated using
the provided standards. False negative results were verified
by PAP re-examination (four times) and discussed directly
with the manufacturer who did not reveal any analytical
errors. The false negativity in the fifth patient could be
explained by her pancreatic sufficiency (Table 2).

We consider the 260 newborns referred for sweat testing
(0.24 % of the total screened) in the IRT/PAP protocol as an
unacceptably high screening-related burden for families rel-
ative to the 123 newborns (76 with at least one CFTR
mutation and 47 with repeated IRT; 0.12 % of the total
screened) in the IRT/DNA/IRT protocol.

In the IRT/PAP protocol, higher sensitivity could have
been achieved by lowering the cut-off for PAP, as suggested
in a previous German study [21] (PAP>1.0 ng/mL). Even if
we had utilized this PAP cut-off (for IRT>50 ng/mL), we
would have still missed four CF patients. In addition, con-
trary to the German study, we did not employ the fail-safe
strategy in the IRT/PAP protocol. Thus, if we had combined
a fail-safe strategy (IRT>200 ng/mL, the 99.95th PSP) and
a PAP>1.0 ng/mL, two CF patients would have been missed
instead of five. If that had been the case, sensitivity in our
study would have been comparable to that of the German
study. Consequently, the number of false positives would
have increased.

Although the same cut-offs for PAP with a higher
cut-off for IRT (>60 ng/mL instead of 50) in the IRT/
PAP protocol (IRT>100 and PAP>1.0 or IRT>60 and
PAP>1.8; all ng/mL) were used in a recent Dutch study [25]
(with reported sensitivity of 95.0 %), we observed much lower
sensitivity (76.19 %) in our IRT/PAP study. Such marked
difference might be due to the fact that patients with meconi-
um ileus were excluded in the Dutch study, which leads to an
overall higher sensitivity. Another compounding factor could
be the different ethnic composition of the Dutch newborn
population.

Recently, there was a proposal to increase sensitivity in
the IRT/PAP protocol via reduction of the PAP cut-offs. If
we had recalculated our IRT/PAP raw data according to the
IRT xPAP multiplication algorithm [23] (if IRT>60 ng/mL
then IRTxPAP>75), there would have been no false nega-
tive patients in our cohort. However, the number of indicat-
ed sweat tests would have increased to 0.41 %. Similarly, by
using new criteria proposed by Sarles (if IRT>60 then IRT<
100 and PAP>1.0 or IRT>100 and PAP>0.3; all ng/mL)
[oral communication: Sarles J. The use of PAP in NBS;
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Results of the French study; 34th European Cystic Fibrosis
Conference; 811 June 2011; Hamburg; Germany], all CF
patients would have been detected, but referrals for sweat
testing would have risen to 0.49 %.

Nevertheless, PAP tier with lower cut-offs could be used to
decrease the number of DNA analyses and their associated
cost within the IRT/PAP/DNA protocol to approximately one
half of those resulting from DNA analyses in the IRT/DNA/
IRT protocol (0.41/0.49 % versus 1.09 %).

In summary, the combined results of the utilized proto-
cols led to the detection of 21 CF patients, 19 of which were
detected by the IRT/DNA/IRT protocol, 16 by IRT/PAP, and
15 by IRT/PAP/DNA protocol. These data together with
additional screening performance metrics (Table 1) proved
that the current nationwide IRT/DNA/IRT protocol has
higher efficacy. Decreased cut-offs for PAP within the
IRT/PAP protocol would have led to a high sensitivity, but
it would have increased false positives and, thus, the CF
NBS-related burden.

Within the IRT/PAP/DNA protocol, decreased PAP cut-
offs could yield a high sensitivity, an acceptable number of
false positives, and could reduce the number and costs of
DNA analyses. Based on the evidence presented, we con-
clude that the IRT/PAP/DNA protocol would be the most
suitable CF NBS protocol in our conditions.
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3.1.1. Uvod k publikaci

Na zakladé vysledki pilotni studie (Balascakova et al., 2009) byl v Ceské
republice v roce 2009 zafazen mezi ostatni screeningova vysetifeni u novorozencu
také screening CF (“Metodicky navod k zajisténi celoplosného novorozeneckého
laboratorniho screeningu a nasledné péce,” 2009). Soucasnym celoploSnym
screeningovym schématem pro CF je od 1. 10. 2009 v Cechach a od 1. 12. 2009 na
Moravé protokol IRT/DNA, jehoz soucasti je FS ve formé& opakovaného stanoveni
IRT zdruhého odbéru. Pro protokol je zavedeno oznaceni [IRT/DNA/IRT
(Balascakova et al., 2009).

Ackoliv jsou IRT/DNA protokoly s ohledem na vysokou senzitivitu a specificitu
povazovany za ,zlaty standard“ screeningovych schémat, DNA analyza s sebou
pfinasi také nevyhody:

1) Detekci zdravych heterozygotl, coz neni cilem NS. K tomu, aby tito jedinci
byli odliSeni od pacientd s CF, kde 2. mutace genu CFTR je mimo spektrum
vySetfovanych alel genu CFTR, musi podstoupit potni test. Probandi s1
detekovanou mutaci vgenu CFTR a negativnim potnim testem tak pfredstavu;ji
faleSnou pozitivitu testu.

V Ceské republice, v souladu se soudasnou legislativou tykajici se NSCF,
neni rodiné sdélovan vysledek molekularné genetického vysetfeni genu CFTR u
probanda. VySetfeni genu CFTR vramci NSCF ma za cil pouze snizit faleSnou
pozitivitu testu u jedinct s IRT nad stanovenou cut-off hodnotu, nema zde vyznam
diagnosticky. Jedinym vystupem vysSetfeni je uzavfit NSCF jako pozitivni, tj. proband
je pozvan k potnimu test, nebo negativni, tj. screening je ukoncen.

Proband s negativnim vysledkem potniho testu (tj. < 30 mmol/l) se dale
nevysetfuje, rodiné je pouze nabidnuta moznost genetického poradenstvi z divodu
zvySené pravdépodobnosti, ze proband, a minimalné jeden zrodi€u, je zdravym
nosicem mutace v genu CFTR. Az v navaznosti na genetickou konzultaci je rodiné
nabizeno molekularné genetické vysetfeni genu CFTR u probanda a/nebo rodic,
které probiha po vyplnéni informovaného souhlasu dle §28 a §29 zakona
€. 373/2011 Sb., o specifickych zdravotnich sluzbach z DNA ziskané z pIné krve
(méné Casto napf. z bukalniho stéru).

2) Dalsi nevyhodou je odhaleni jedinci s tzv. nejasnou diagnézou CF
(Comeau et al., 2007; Mayell et al., 2009; Thauvin-Robinet et al., 2013). Pojmem
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nejasna diagnéza u probanda v ramci NSCF se rozumi: a) nalez 2 mutaci genu
CFTR, kde alespon jedna mutace patfi mezi alely s nejasnym klinickym dopadem a
zaroven ma proband negativni vysledek potniho testu, b) nalez 1 nebo zadné mutace
pfi hrani¢nim vysledku potniho testu (30-59 mmol/l). Nové zavedla pracovni skupina
novorozeneckého screeningu pro CF (The European Cystic Fibrosis Society
Neonatal Screening Working Group, 2014) pro tuto skupinu jedincu oznaceni CF
Screen Positive Inconclusive Diagnosis (CF-SPID).

U probandd s CF-SPID nelze pfedpovédét zavaznost obtizi ani prognoézu.
VétsSina téchto jedinci muize byt cely Zivot asymptomatickd nebo muze mit jen
,mirnéjsi“ obtize odpovidajici CFTR-RDs. Cilem NSCF neni diagnostikovat tuto
skupinu jedincu.

3) VétSina mutaci vgenu CFTR je populaéné specificka, lze proto
predpokladat vys$Si pravdépodobnost selhani protokolu u etnicky heterogennich
populaci z davodu pFitomnosti mutaci, které nejsou soucasti pouzitého kitu (Bobadilla
et al.,, 2002; Farrell et al., 2008). Dusledkem je pak vy$Si faleSna negativita
screeningoveho protokolu.

4) Vysoké naklady souvisejici s cenou molekularné genetického vySetfeni
genu CFTR.

5) V nékterych statech je screeningova metoda zaloZzena na DNA analyze

legislativné problematicka, coz komplikuje logistiku novorozeneckého screeningu.

Ve snaze se ,vyhnout” DNA analyze, a tim vySe popsanym nevyhodam, jsou
néktera schémata zalozena pouze na stanoveni biochemickych analytd. Tradi¢nim
pfikladem jsou IRT/IRT protokoly, které dosahuji vysoké senzitivity, maji vSak nizsi
specificitu (Castellani et al., 2009; Ross, 2008).

Perspektivni se zdaji byt protokoly IRT/PAP, které dosahuji senzitivity
srovnatelné s IRT/DNA protokoly (Sarles et al., 2014, 2005; Sommerburg et al.,
2010; Vernooij-van Langen et al., 2012) se specificitou lepSi nez u IRT/IRT protokold.

Hlavnim cilem naSeho projektu proto bylo ovéfit hypotézu o vyhodnosti
screeningovych protokoll zalozenych na stanoveni PAP ve druhém analytickém
stupni. Porovnavali jsme proveditelnost, senzitivitu a specificitu soucasného
celoplosného screeningového protokolu IRT/DNA/IRT a protokolu IRT/PAP na
kohort& 106 522 novorozencti narozenych v Cechach v dobé& od 17. srpna 2009 do

10. ledna 2011. Design této studie nam dale umoznil posoudit senzitivitu a specificitu
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protokolu

s pouzitymi cut-off hodnotami je na obrazku €. 5.

IRT/PAP/DNA. Schématické znazornéni

porovnavanych protokol(

Zavér projektu se stal podkladem pro rozhodovani o volbé nejvhodnéjSiho

modelu pravidelného celoplosného NSCF v Ceské republice.

Vysledky nasi studie jsme publikovali jako plvodni ¢lanek v European Journal

of Pediatrics v roce 2012.

Obr. €. 5: Porovnavané protokoly

IRT/DNA/IRT IRT/PAP IRT/PAP/DNA
1. krok stanoveni IRT
IRT = 65 ng_]/ml IRT 250 ng/ml
2. krok  DNA analyza 2. krok  stanoveni PAP
[ 0omut, IRT | 1 a/nebo 2 [ IRT 50,0 — 99,9 a PAP 2 1,8 nebo |
| 2200 ng/ml | mutace | IRT 2100,0 and PAP 21,0 (ng/ml) |
f Opakované ) ( 3. krok ]
. IRT ) DNA analyza )
e e w
nebo Potni test |«
|> 30 po 42. dnu (ng/mi) J X mutace )
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3.1.2. Vysledky a diskuze

Z celkového pocétu 21 pacientt s CF vnasem souboru o 106 522
novorozencich zachytil protokol IRT/DNA/IRT 19 pacientl, protokol IRT/PAP 16
pacientd a protokol IRT/PAP/DNA 15 pacientd (Tab. & 1 v puvodnim ¢&lanku
KruliSova et al., 2012).

Pfi statistickém zhodnoceni [odhad Cohenovo kappa a jeho 95% interval
spolehlivosti (CI); pro p<0,001] se schopnost porovnavanych protokoll detekovat CF
v nasi kohorté statisticky vyznamné neliSi. Pro dikaz statistické vyznamnosti je rozdil
v poCtu zachycenych CF pacientd mezi jednotlivymi protokoly velmi maly.

K dosazeni statisticky vyznamného rozdilu v po¢tu zachycenych pacientu
mezi protokoly IRT/DNA/IRT a IRT/PAP by bylo nutné testovat protokoly na mnohem
vétSich souborech - pro vypocet 95% CI se Sitkou 10/100 000 by vyZzadovalo testovat
protokoly na kohort& &itajici alespori 1 098 650 novorozenc(i*.

Tato studie i pfes omezeni ve velikosti souboru umoznila porovnat zakladni
parametry testovanych protokolt a byla pfijata k publikaci v ramci mezinarodniho
recenzniho fizeni. Zadna z dosud publikovanych studii netestovala protokoly na

kohorté vétsi nez 553 167 novorozencu (Sarles et al., 2014).

3.1.2.1. Protokol IRT/DNA/IRT

Mezi porovnavanymi protokoly dosahl soucCasny celoploSné provadény
protokol IRT/DNA/IRT nejvyssi senzitivity a také pfijatelné faleSné pozitivity (Tab. €. 1
v pavodnim ¢lanku KruliSova et al., 2012).

Pouze 2 pacienti s CF z celkového poctu 21 pacientd s CF nebyli timto
modelem zachyceni (Pacient 1 a 2; Tab. ¢. 1). Prvnim pfipadem byl pacient s IRT
pod stanovenou cut-off hodnotu. Tento pacient byl vSak diagnostikovan ¢asné na
zakladé mekoniového ileu. Nizké hodnoty IRT u novorozencu s mekoniovym ileem
jsou Vv literatufe Casto popisovany (Sontag et al., 2006). IRT pod stanovenou cut-off
hodnotu u novorozencu s CF at uz s mekoniovym ileem nebo bez ného je obecné

nejCastéjsi pfiinou faleSné negativity v ramci NSCF (Baker et al., 2011).

! Odhad Cohenova kappa byl proveden pomoci funkce epi.kappa. Odhad potiebného
rozsahu byl proveden funkci power.prop.test programu R (“The R Project for Statistical
Computing”).
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Druhym pfipadem fale$né negativity byl pacient se dvéma vzacnymi mutacemi
v genu CFTR, které nejsou zahrnuty v pouzitém panelu vySetfovanych mutaci genu
CFTR. FS, kterd méla slouzit k odhaleni pravé téchto pfipadl, nebyla u naseho
pacienta uspésna, protoze inicialni IRT bylo 107 ng/ml, tedy pod nami stanoveny cut-
off pro FS (200 ng/ml). Ani pfipadné snizeni cut-off hodnoty napf. na 99,9. percentil
(143 ng/ml pro nasi kohortu), ktery byl pro FS pouZit v némecké studii (Sommerburg
et al., 2010), by nevedlo k zachyceni tohoto pacienta a jen by v nasi kohorté zvysilo
faleSnou pozitivitu. DalSi pfipadné snizovani cut-off hodnoty pro FS ve snaze zachytit
tohoto pacienta by vedlo k neakceptovatelné vysoké faleSné pozitivité.

Mezi vySetfenymi novorozenci se zvySenym IRT jsme zachytili 55 zdravych
nosicu jedné mutace v genu CFTR, coz v nasi kohorté pfedstavuje frekvenci 1 : 21.
V b&zné populaci v Ceské republice je frekvence heterozygott odhadovana na 1 : 27
(Housték and Vavrova, 1969) — 1 : 33 (Votava et al., 2014). VySsi frekvence zdravych
nosi€l v populaci novorozencl s elevovanym IRT je vsouladu s ostatnimi
publikacemi zabyvajicimi se touto problematikou (Castellani et al., 2005; Comeau et
al., 2004).

Je v8ak nutno zdulraznit, Ze protokol neodhali vSechny zdravé heterozygoty
pritomné ve vySetfovaném souboru. PFi Cetnosti nosi€u 1 : 33 v populaci bychom
oCekavali mezi 106 522 novorozenci 3 228 zdravych heterozygotd. NSCF tak odhalil
pouze 1,7 % zdravych heterozygotu (55/3 228).

Na informaci o znalosti nosi¢stvi mutace v genu CFTR u novorozence nahlizi
rodiCe probanda i odborna vefejnost po celém svété rozdilné. Muze byt chapana jako
informace vitana (Hayeems et al., 2008; Vernooij-van Langen et al., 2013), protoze
znalost této skuteCnosti predstavuje primarni prevenci CF u budoucich potomku
probanda a dalSich pokrevnich pfibuznych. Na druhou stranu muze byt v krajnim
pfipadé i celozivotni psychickou zatézi (Sommerburg et al., 2010) z obavy
z diskriminace ze strany rodiny, spole¢nosti nebo zdravotniho €i Zivotniho pojisténi.

V legislativnich podminkach Ceské republiky neni rodiéim jedincd
s normalnim vysledkem potniho testu (tj. suspektnich zdravych heterozygotu)
sdélovan vysledek molekularné genetického vySetfeni, ale je nabidnuta moznost
genetického poradenstvi z duvodu zvySeného rizika nosi¢stvi mutace v genu CFTR
vroding. Genetické poradenstvi objasni rodinam problematiku dédi¢nosti
autozomalné recesivniho onemocnéni, ¢imz dale spoleCné s negativnim vysledkem

potniho testu eliminuje obavu z onemocnéni CF u ditéte. Existuji studie, které
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dokladaji prospésnost genetického poradenstvi v navaznosti na NSCF (Cavanagh et
al., 2010; Tluczek et al., 2006). Ani z vlastni klinické zkuSenosti nepovaZuji detekci
heterozygotd za vyznamny problém ve screeningovych protokolech zaloZzenych na
DNA analyze genu CFTR.

Protokol IRT/DNA/IRT odhalil 2 pacienty S genotypem
€.[1521_1523delCTT]+[350G>A;1210-12T[7]] (dle tradicni nomenklatury
F508del/R117H-T7) a negativnim potnim testem. Alela ¢.350G>A (dle tradi¢ni
nomenklatury R117H) v pozici cis s alelou c. 1210-12T[7] (dle tradi¢ni nomenklatury
IVS8-T7) predstavuje komplexni alelu ¢.[350G>A;1210-12T[7]], ktera patfi mezi alely
s nejasnym klinickym dopadem (“The Clinical and Functional Translation of CFTR,
b"). Genotyp c.[1521_ 1523delCTT]+[350G>A;1210-12T[7]] byva obvykle spojen s
asymptomatickym prabéhem (zejm. v détském véku) nebo mirnymi respiracnimi
obtizemi (Thauvin-Robinet et al., 2013, 2009). U muzid muze byt jediny projev
obstrukéni azoospermie (J. Yu et al., 2012). Jen velmi vzacné je tento genotyp
spojen s klasickym pribéhem CF. Oba probandi S genotypem
c.[1521 1523delCTT]+[350G>A;1210-12T[7]] tak spadaji do kategorie nejasnych
diagnoz CF, tzv. CF-SPID. Nahodny nalez téchto jedinct neni cilem NSCF, vede
k diagnostickym rozpakim (Parad and Comeau, 2005), znesnhadnuje genetické
poradenstvi a u rodi€u vyvolava stres vzhledem k nutné dlouhodobé dispenzarizaci
ditéte. Pomér odhalenych pacientd s nejasnou diagnézou v nasi kohorté vuCi
pacientim s klasickou formou CF (21 pacientu) je 1 : 10,5 coz je v souladu se
svétovymi screeningovymi programy zaloZzenymi na DNA analyze (Roussey et al.,
2007).

3.1.2.2. Protokol IRT/PAP

v

Oba pacienti sCF (pacient 1 a 2; Tab. ¢. 1), ktefi nebyli zachyceni
celoploSnym protokolem IRT/DNA/IRT, byli zachyceni protokolem [|IRT/PAP.
V pripadé pacienta s mekoniovym ileem (pacient 1; Tab. &. 1) to v8ak nepredstavuje
realnou vyhodu.

U protokolu IRT/PAP jsme se setkali s 5 pfipady faleSné negativity (pacienti
3 — 7; Tab. €. 1) z divodu PAP pod stanovenou cut-off hodnotu. Takto nepfimérené
vysokou faleSnou negativitu povazujeme za ,diskreditujici® tento model NSCF.
Duvodem pozorované faleSné negativity muze byt: a) chyba laboratorniho stanoveni
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PAP, ktera se po opakovaném meéfeni, projednani a ovéfovani metodiky s vyrobcem
diagnostické soupravy nepotvrdila, b) nevhodné zvolené cut-off hodnoty (diskutovano
dale v této kapitole) a c) nizky PAP je odrazem pfirozené biologicke variability.

Cetnost indikovanych potnich testd v modelu IRT/PAP u 260 (0,24%)
novorozencl povazujeme za nepfiméfenou zatéz novorozenecké populace
ve srovnani s po¢tem indikovanych potni testl u 77 (0,12 %) novorozencl v modelu
IRT/DNA/IRT (Tab. €. 1 v plvodnim ¢lanku KruliSova et al., 2012). ZvySeni poctu
provadénych potnich testl pfedstavuje i znacnou logistickou zatéz pro zdravotni
personal.

Problémem protokolu IRT/PAP byla i niz8i ,uspéSnost® (78,46 %) skuteCné
realizace potniho testu — v modelu IRT/DNA to bylo 93,51 % a v IRT/PAP/DNA
88,89 % (Tab. €. 1 v pluvodnim ¢lanku KruliSova et al., 2012). Ddvodem mohla byt
skute€nost, Ze se jednalo o studii podminénou podepsanim informovaného souhlasu
rodiCi (vétSinou matky) novorozence. Navic ve 40 pfipadech byla diivodem morbidita
a mortalita novorozencu.

Vyhodou IRT/PAP protokolu bylo, Ze tento protokol neodhalil 2 probandy
S nejasnou diagn6zou CF, tzv. CF-SPID (genotyp
c.[1521 1523delCTT]+[350G>A;1210-12T[7]], negativni potni test). Nespornou
vyhodou je niz§i cena tohoto protokolu oproti protokolim zalozenych na DNA
analyze.

Zvyseni senzitivity nami testovaného IRT/PAP protokolu by se dalo dosahnout
pouzitim FS, jak popisuje némecka studie (Sommerburg et al., 2010). Pokud bychom
pouzili cut-off hodnotu pro FS 200 ng/ml (ij. stejna cut-off hodnota jako u
IRT/DNA/IRT), nezachytili bychom 3 pfipady (pacient €. 3, 6, 7; Tab. ¢. 1) misto péti.
Pouziti nizsi cut-off hodnoty pro FS, napf. 143 ng/ml [99,9. Percentil; (Sommerburg et
al., 2010)], by vedlo k faleSné negativité u 2 pfipadl (pacient 6 a 7; Tab. &. 1) misto
péti. V8e by vSak bylo za cenu dalSiho navyseni faleSné pozitivity.

Na 34. Evropské konferenci cystické fibrozy v roce 2011 prof. Jacques Sarles
prezentoval vysledky francouzské studie se zavérem potieby snizit puvodni cut-off
hodnoty pro PAP (Sarles, 2011). Tento pfistup je pochopitelné spojen s nartstem
faleSné pozitivity, v tomto pFipadé frekvenci provadéni potnich testl. Pfi aplikaci
navrhovanych kritérii: IRT 60,0 — 99,9 a PAP = 1,0 nebo IRT = 100,0 a PAP = 0,3

(vS8e ng/ml) na nasi kohortu bychom dosahli 100% senzitivity za cenu 0,49 %
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pozitivnich zachyta (Tab. €. 2), coz je vzhledem k vysoké faleSné pozitivité testu
neakceptovatelné.

Pokud bychom pouzili model navrhovany Dr. Marinou Stopsack s cut-off
hodnotou pro IRT = 60 ng/ml, kde soucin IRT x PAP = 75 (Stopsack, 2011), tak
bychom v nasi kohorté sice dosahli 100% senzitivity, ale frekvence pozitivnich nalezl
v modelu IRT/PAP by vzrostla na 0,41 % (Tab. €. 2), coz je rovnéz vzhledem

k vysoke faleSné pozitivité neakceptovatelné.

3.1.2.3. Protokol IRT/PAP/DNA

Protokol IRT/PAP/DNA kromé 5 pfipadd s nizkym PAP nezachytil navic
pacienta se dvéma vzacnymi mutacemi (pacient 2; Tab. €. 1). Celkem se 6 pfipady
NSCF nevhodny. Na druhou stranu dosahl velmi nizké faleSné pozitivity 0,01 %
(Tab. & 1 v pavodnim ¢lanku KruliSova et al., 2012). Pro dany typ protokolu je
faleSna pozitivita dana poctem zdravych heterozygotl. V absolutnich hodnotach jde
0 12 heterozygotu s prevalenci 1 : 22 v naSem souboru. Za vyhodu IRT/PAP/DNA
protokolu pfi pouzitych cut-off hodnotach pro IRT a PAP mUzeme povazovat fakt, ze
nebyl odhalen zadny jedinec s ozna¢enim CF-SPID.

Pokud bychom pro protokol IRT/PAP/DNA pouzili modifikované cut-off
hodnoty pro IRT a PAP dle prof. Sarlese (Sarles, 2011) a dle Dr. Stopsack
(Stopsack, 2011), dosahli bychom u obou protokoll senzitivity 95,24 % (Tab. €. 2;
pouze pacient 2 se vzacnymi mutacemi genu CFTR by nebyl zachycen, Tab. €. 1) za
cenu nizké falesné pozitivity. Nevyhodou pfi téchto cut-off hodnotach je zachyceni
obou pfipadu s CF-SPID.

Vyhodou IRT/PAP/DNA protokolu oproti IRT/DNA/IRT jsou navic nizsi financni
naklady vyplyvajici z niz8iho poctu provadénych DNA analyz. Soucasny celoplosny
protokol IRT/DNAV/IRT je nastaven tak, aby DNA analyza byla provadéna u cca 1 %
novorozencl (cut-off hodnota pro IRT je nastavena na 99. percentil), u IRT/PAP/DNA
protokolu by se dle pouzitych cut-off hodnot DNA analyza provadéla u 0,49 %
(Sarles, 2011) nebo 0,41 % novorozencu (Stopsack, 2011) (Tab. €. 2). Vycisleni
finan¢énich nakladl pro IRT/PAP/DNA protokol pfi provadéni DNA analyz u 0,41 %
novorozencl shrnuje tabulka €. 3. Rovnéz detekce nizSiho poltu heterozygotu a tim

nizSi pocCet poskytnutych genetickych konzultaci a provedenych molekularné
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genetickych vysetfeni u pfibuznych dale nepfimo redukuje naklady na provadény

NSCF.

Tab. €. 1: Pripady faleSné negativity v porovnavanych protokolech

Cut-off hodnoty pouzité v nasi studii

(KruliSova et al., 2012)

Protokol Pri¢ina Genotyp
(IRT, PAP v ng/ml) (nomenklatura dle
Berwouts et al., 2011)
Pacient 1 IRT/DNA/IRT Nizké IRT p.[ Phe508del]+[Phe508del]
IRT 62,2; PAP 5,39
Pacient 2 IRT/DNA/IRT, Vzacné mutace | p.[GIn552X]+[Leul376SerfsX8]
IRT/PAP/DNA IRT 107; PAP 2,37
Pacient 3 IRT/PAP Nizky PAP p.[ Phe508del]+[Phe508del]
IRT 174; PAP 0,93
Pacient 4 IRT/PAP Nizky PAP p.[ Phe508del]+[Phe508del]
IRT 337; PAP 0,49
Pacient 5 IRT/PAP Nizky PAP p.[ Phe508del]+[Phe508del]
IRT 203; PAP 0,42
Pacient 6 IRT/PAP Nizky PAP p.[ Phe508del]+[lle507del]
IRT 115; PAP 0,67
Pacient 7 IRT/PAP Nizky PAP p.[Gly542X]+[Glu1104Lys]
IRT 87,8; PAP 1,43
Modifikované cut-off hodnoty pro IRT a PAP
(Sarles, 2011; Stopsack, 2011)
Pacient 2 IRT/PAP/DNA Vzacné mutace | p.[GIn552X]+[Leul376SerfsX8]

IRT 107; PAP 2,37
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Tab. €. 2: Vysledky protokolti s modifikovanymi cut-off hodnotami pro IRT a

PAP
Screenovani 106 522
novorozenci
CF pacienti 21
Prevalence 1:5072
Typ protokolu IRT/PAP IRT/PAP/DNA IRT/PAP IRT/PAP/DNA
(Sarles, 2011) (Sarles, 2011) (Stopsack, 2011) | (Stopsack, 2011)
(IRT60,0-99,9 | (IRT60,0-99,9 | (IRT=60ng/ml; | (IRT =260 ng/mi;
aPAP=1.0 aPAP=1.0 IRT*xPAP = 75) IRTxPAP 2= 75)
nebo nebo
IRT =100,0 IRT =100,0
aPAP 20,3; vSe | aPAP =0,3; vSe
ng/ml) ng/ml)

IRT pozitivita

1577 (1,48%)

1 577 (1,48%)

1 577 (1,48%)

1577 (1,48%)

PAP pozitivita

517 (0,49 %)

517 (0,49 %)
(tj. pocet DNA
analyz)

436 (0,41 %)

436 (0,41 %)
(tj. pocet DNA
analyz)

Pozitivni NSCF

517 (0,49 %)

*241 (0,04 %)

436 (0,41 %)

*239 (0,04 %)

CF pacienti 21 20 21 20
Nejasna 0 2 0 2
diagn6za CF

(CF-SPID)

Falesna 496 (0,47 %) | 221(0,02%) | 415(0,39%) | 219 (0,02 %)
pozitivita

Negativni 106 005 *- 106 086 *-
NSCF

Skutecna 106 005 *- 106 086 *-
negativita

Fale$na 0 1 0 1
negativita

Nejasna 2 0 2 0
diagn6za CF

(CF-SPID)

Senzitivita 1,0000 0,9524 1,0000 0,9524
Specificita 0,9953 *- 0,9961 *-
PPV 0,0406 *- 0,0481 *-
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Legenda: * Vzhledem k rozdilnym cut-off hodnotam pro IRT a PAP oproti protokoltim
v puavodni studii se nemuZeme pfesné vyjadiit k falesné pozitivité, ti. poctu
heterozygotl, a odvozenym parametrum. Soubor novorozencu, u kterého byla
provedena DNA analyza v puvodni studii, neni uplné totoZzny se souborem
novorozencl, u kterého by méla byt DNA analyza provedena po zméné cut-off
(v pavodni studii nebyla DNA analyza provedena u novorozencl s kritérii IRT

60,0 — 64,9 a PAP 1,0 — 1,8; vS§e ng/ml). Da se pfedpokladat, Ze pocCet heterozygotl

vvvvv

Pozn.

1) Pojmem ,prevalence” zde rozumime pocet vySetfenych novorozencl na odhaleni
jednoho novorozence s CF.

2) Tabulka vychazi z dat ziskanych aplikaci obménénych cut-off hodnot pro IRT
a PAP na puvodné vySetfenou kohortu 106 522 novorozencl - tzn. nejsou
zohlednéni probandi, kteri se k provedeni potniho testu nedostavili z nejriznéjsich

davodd.

Tabulka €. 3: Srovnani finanénich nakladi na IRT/DNA/IRT a IRT/PAP/DNA

protokol

Naklady Naklady na 100 000 vysSetreni (KE)
na 1 vysetreni
(K&) IRT/DNA/IRT IRT/PAP/DNA
(IRT = 65 ng/ml) (IRT = 60 ng/ml)
(KruliSova et al., IRTxPAP = 75
2012) (Stopsack, 2011)
Odbér, karticka, 5 500 000 500 000
postovné
IRT 110 11 000 000 11 000 000
PAP 360 - 540 000
DNA 11 000 11 000 000 4 850 000
Celkem - 22 500 000 16 890 000
Odhaleni 1 - 1 150 000 860 000
pacientas CF
(1:5072)
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3.1.3. Zaver

Paralelni srovnani porovnavanych modell NSCF v nasi studii ukazalo, ze
screeningové schéma IRT/PAP dle originalnich cut-off hodnot pro IRT a PAP (Sarles
et al.,, 2005) ma vysokou faleSnou negativitu a neakceptabilné vysoky pocet
indikovanych potnich testd, a je proto nevhodné k celoploSnému zavedeni.

K dosazeni vysSi senzitivity by bylo nutné snizeni cut-off hodnot pro PAP nebo
zavedeni FS, jak dokladaji i dalSi prace (Sarles et al., 2014; Sommerburg et al.,
2014). VysSi senzitivita je vSak dosaZena za cenu dalSiho navySeni faleSné pozitivity.

Model IRT/PAP/DNA za pfedpokladu upraveni cut-off hodnot pro IRT a PAP
nabizi dosazeni vysSi senzitivity a moznost sniZeni poCtu provadénych molekularné
genetickych analyz na cca jednu polovinu vedouci k nizsi faleSné pozitivité a niz§im
finan€nim nakladim. FaleSnou pozitivitu v podobé zdravych heterozygotu
nepovazujeme za vyznamny problém. Nevyhodou protokolu nicméné zustava, ze
stejné jako schéma IRT/DNA/IRT vede k odhaleni probandl s CF-SPID. Vzhledem
k nizkému poctu téchto nejasnych pfipadd 1 : 10 (2 probandi s CF-SPID pfipadajici
na 20 pacientu s klasickou CF, Tab. &. 2), to rovnéz nepovazujeme za zasadné
limitujici faktor.

Na zakladé vysledkl naSi studie nedoporuCujeme zménu soucasného
screeningového protokolu IRT/DNA/IRT na model IRT/PAP. DoporuCujeme vSak
zménu protokolu IRT/DNA/IRT na schema IRT/PAP/DNA s modifikovanymi cut-off
hodnotami pro IRT a PAP.
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Nasledujici publikace se zabyva problematikou uvedenou v bodé 2 meazi

stanovenymi cili této dizertaéni prace (viz kapitola 2.).

3.2. Sommerburg, O., Krulisova, V., Hammermann, J., Lindner, M., Stahl, M.,
Muckenthaler, M., Kohlmueller, D., Happich, M., Kulozik, A.E., Votava, F.,
Balascakova, M., Skalicka, V., Stopsack, M., Gahr, M., Macek, M., Jr, Mall, M.A.,
Hoffmann, G.F., 2014. Comparison of different IRT-PAP protocols to screen
newborns for cystic fibrosis in three central European populations. J. Cyst.
Fibros. 13, 15-23. IF 2,873

54



JourTaI of cystic
Fibrosis

www.elsevier.com/locate/jcf

Journal of Cystic Fibrosis 13 (2014) 15-23

Original Article

Comparison of different IRT-PAP protocols to screen newborns for cystic
fibrosis in three central European populations

Olaf Sommerburg ****, Veronika Krulisova ¢, Jutta Hammermann ¢, Martin Lindner ¢,
Mirjam Stahl *:°, Martina Muckenthaler *°, Dirk Kohlmueller ¢, Margit Happich *,
Andreas E. Kulozik ?, Felix Votava {, Miroslava Balascakova ¢, Veronika Skalicka &,
Marina Stopsack b Manfred Gahr ¢, Milan Macek Jr. ©,

Marcus A. Mall ***! Georg F. Hoffmann ¢!

@ Division of Paediatric Pulmonology & Allergy and Cystic Fibrosis Center, Department of Paediatrics 1II, Children's Hospital, University of Heidelberg,
Im Neuenheimer Feld 430, D-69120 Heidelberg, Germany
® Translational Lung Research Centre Heidelberg (TLRC), Member of the German Center for Lung Research (DZL), Im Neuenheimer Feld 350, D-69120
Heidelberg, Germany
¢ Department of Biology and Medical Genetics, University Hospital Motol and 2nd Faculty of Medicine, Charles University, V Uvalu 84, Prague 5, CZ 150 06,
Czech Republic
4 Pediatric Department, University Hospital of Dresden, Fetscherstr. 74, D-01307 Dresden, Germany
¢ Division of Metabolic Diseases and Newborn Screening Center, Department of Paediatrics I, Children's Hospital, University of Heidelberg,
Im Neuenheimer Feld 430, D-69120 Heidelberg, Germany
f Department of Pediatrics, University Hospital Kralovske Vinohrady and 3rd Faculty of Medicine, Charles University, Srobarova 50, Prague 10, CZ 100 34,
Czech Republic
¢ Department of Pediatrics, University Hospital Motol and 2nd Faculty of Medicine, Charles University, V Uvalu 84, Prague 5, CZ 100 06, Czech Republic
" Institute of Clinical Chemistry and Laboratory Medicine, University Hospital of Dresden, Fetscherstr. 74, D-01307 Dresden, Germany
i Department of Translational Pulmonology, University of Heidelberg, Im Neuenheimer Feld 350, D-69120 Heidelberg, Germany

Received 1 December 2012; received in revised form 10 June 2013; accepted 19 June 2013
Available online 25 July 2013

Abstract

Background: In recent years different IRT/PAP protocols have been evaluated, but the individual performance remains unclear. To optimize the
IRT/PAP strategy we compared protocols from three regional CF newborn screening centers (Heidelberg, Dresden, and Prague).

Methods: We evaluated the effect of elevating the IRT-cut-off from 50 to 65 pg/l (~97.5th to ~99.0th percentile), the need of a failsafe protocol
(FS, IRT > 99.9th percentile) and the relative performance using either two IRT-dependent PAP-cut-offs or one PAP-cut-off.

Findings: Elevation of the IRT cut-off to 65 pg/l (~99.0th percentile) increased the PPV significantly (Dresden: 0.065 vs. 0.080, p < 0.0001,
Prague: 0.052 vs. 0.074, p < 0.0001) without reducing sensitivity. All three IRT/PAP protocols showed a trend towards a higher sensitivity with
FS than without and when using one PAP-cut-off instead of two IRT-dependent PAP-cut-offs.

Conclusions: For best performance we suggest an IRT/PAP protocol with an IRT-cut-off close to the 99.0th percentile, FS, and a single PAP-cut-off.
© 2013 European Cystic Fibrosis Society. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Agreement on the benefits of newborn screening (NBS) for
cystic fibrosis (CF) [1] led to widespread implementation of CF
screening programs [2,3]. Most protocols rely on a combination
of IRT quantitation and genetic analysis [4], with a CFTR
mutation panel adapted to the respective population. Since
previous studies demonstrated that IRT/DNA protocols achieve
good sensitivity and specificity (e.g. [5]) this strategy is currently
used in most countries. However, often discussed concerns
against genetic CFNBS including detection of heterozygotes and
clinically equivocal forms, legislative and ethical issues as well as
ethnic diversity [6], led to the development of alternative bio-
chemical protocols that can bypass CF'TR mutation analysis using
IRT in combination with pancreatitis associated protein (PAP) as
second tier analysis [7].

During the past years, different IRT/PAP protocols were
tested [7—10]. Beside the original protocol of Sarles et al. [ 7] with
two IRT-dependent cut-offs, an alternative IRT/PAP method was
evaluated at the Heidelberg CFNBS center with only one PAP
cut-off based on the assumption that two IRT-dependent PAP
cut-offs may have limitations in sensitivity [8]. Further, a third
protocol was developed in The Netherlands, in which the original

Heidelberg

IRT/PAP protocol [7] was combined with genetic analysis as
third tier [9].

The present retrospective study addressed several questions
important for further optimization of the IRT/PAP screening
strategy when used as an exclusive, biochemical protocol without
genetic testing, as well as a combined testing with genetic
analysis as third tier. We used the results from three regional
CFNBS programs carried out in ethnically differing central
European populations and using varying IRT/PAP protocols
(Fig. 1). The combined evaluation of these data provided the
opportunity of a retrospective analysis of the different IRT/PAP
protocols to draw important conclusions on how to improve the
IRT/PAP method. Specifically, we addressed the questions 1) if it
is possible to elevate the IRT cut-off above 50.0 pg/l to achieve a
higher specificity; 2) if an IRT/PAP protocol benefits from a
failsafe strategy (FS); and 3) whether an IRT/PAP protocol with
one PAP cut-off level achieves higher sensitivity than a protocol
with two IRT-dependent PAP-cut-offs.

2. Methods

The CFNBS centers in Heidelberg, Dresden (Germany) and
Prague (Czech Republic) conducted individual studies evaluating

- ~

1.Ti IRT >99.0 P; IRT >50 pg/l; IRT 250 pg/l; __-"TIRT 265 pgll; ">« _
- Ul ~60-70 pgll ~97.4h P, ~97.5h P, Ss._ ~99.0"P. o7
CFNBS neg. CFNBS neg. \,’/
PAP I DNA | PAP PAP ' _Bﬁifs_z_/s_o_ i
(cut-off>10 ugl) | | (4 mutations) ! (IRT 50.0-99.9, PAP>1.8; (IRT 50.0 — 99.9, PAP>1.8; | mutations) |
— (I, h IRT=100, PAP >1.0; [ug/l]) IRT=100,PAP >1.0; [ug/l]) Lo
2. Tier L —— . ' !
Ve
Diﬁ:T‘:st PAP-Test PAP-Test 7 “DNA-Test ">« -
positive positive positive N N positive _-~ :
| IRT>200ug1 M-~
. T v
Failsafe ! AN
' #7 HRTH “~
fRT<99.9" P; fRT<99.9" P; L oroupes s
~118-144 ug/j ~143 pg/l E \\gegative//
CFNBS neg. CFNBS neg. i CFNBS neg.
Sweat test v v ;
and clinical
CFNBS iti iti L
CEEEEEAT positive CFNBS positive CFNBS positive

' positive, if IRT=50 ug/l until 42nd day or =30 pg/l after 42nd day postpartum.

Fig. 1. Overview over the different CF newborn screening protocols originally used in the CF screening centers in Heidelberg, Dresden, and Prague. To assess the
quality of the IRT/PAP protocol a DNA testing was implemented as second tier in addition to PAP analysis in Heidelberg (dotted lines). In Prague the nationwide
Czech CFNBS using an IRT/DNA/IRT protocol served as quality control (dotted lines). The number of tested CFTR mutations is given in parenthesis for both centers
(in Prague number of tested CFTR mutations was changed during the time of the study). In Heidelberg and Dresden the IRT/PAP protocol contained a failsafe
strategy (CENBS positive, if IRT > 99.9th percentile [IRT-cut-off ~ 118—144 ng/l in Heidelberg and 143 pg/l in Dresden]). In Prague only the IRT/DNA protocol
run in parallel contained a failsafe strategy (repeated IRT of 2nd dried blood spot, if first IRT was =200 pg/l; ~99.9th percentile). Abbreviations: CFNBS — cystic
fibrosis newborn screening; P — percentile; neg. — negative; DBS — dried blood spot; rIRT — repeated IRT.
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locally used IRT/PAP protocols. All three regional studies were
performed prospectively and were initially assessed individually
[8,10,11]. For this study the data were shared among the centers.

2.1. Population

The presented data were obtained from April 2008 to August
2011 in the NBS center Heidelberg (~44,000 newboms p.a.),
from February 2008 to December 2010 in the NBS center
Dresden (~15,000 newborns p.a.), and from August 2009 to
January 2011 in the NBS center of Prague (~70,000 newborns
p-a.). All original study protocols were approved by local ethics
committees and/or local authorities and informed consent was
provided by the parents. More information regarding the cov-
erage of the programs and the legislation of informed consent in
the different countries is given in the online supplement.

2.2. Test protocols

The methods of the individual IRT/PAP protocols used in
Heidelberg and Prague are described elsewhere [8,10]. Details
of all three IRT/PAP protocols are given in Fig. 1 and in more
detail in the online supplement. Only the main differences
between the protocols are described here.

IRT was used as first tier in all CFNBS centers (Heidelberg:
floating IRT-cut-off > 99.0th percentile, ~60-70 ng/l; Dresden
and Prague: >50 pg/l, ~97.5th percentile, respectively). In
Dresden and Prague positive rating of PAP as second tier was
depended on two different PAP cut-offs (PAP > 1.8 ug/lif IRT
50.0-99.9 ng/l, and PAP > 1.0 pg/l if IRT > 100 pg/l) [7]. In
Heidelberg a protocol with one PAP cut-off (IRT > 99.0th
percentile, PAP > 1.0 pg/l) was used [8].

In Heidelberg and Dresden, an additional failsafe strategy
(FS) was added to the IRT/PAP protocol. According to that
CFNBS was also rated positive if IRT was > 99.9th percentile
regardless of the second tier test results (IRT/PAP-FS).

The centers in Heidelberg and Prague compared their IRT/
PAP results internally to an IRT/DNA protocol run in parallel
(Table S1 and details in online supplement). In Dresden there
was no independent assessment of the quality of the IRT/PAP
results. However, until July 2012 there were no reports of CF
patients diagnosed clinically during and after the study period
missed by the IRT/PAP-FS protocol used in Dresden.

2.3. Medical evaluation

CFNBS in the original studies was considered positive, if
IRT was elevated and either PAP testing reached the individual
cut-offs described above (Heidelberg, Dresden, Prague), one or
two CFTR mutations were identified (Heidelberg, Prague), or
IRT concentration was =>99.9th percentile (FS for Dresden
138 pg/l, for Heidelberg floating from118 to 144 ug/l). In case
of a positive rated CFNBS, the parents of the newborn were
contacted and referred to a local CF center for sweat chloride
(Cl") testing and clinical assessment. Sweat tests in all local CF
centers were performed according to the Gibson-Cooke Quan-
titative Pilocarpin lontophoresis according to international

guidelines [12,13] either with the original filter pad collection
method (Czech Republic) or with the Macroduct® collection
method (Germany). CI™ concentrations > 60 mmol/l in two
independent samples were considered diagnostic of CF, Cl™
concentrations between 30 and 60 mmol/l were considered
borderline and led to an extended work up including extended
genetic testing and/or functional evaluation of CFTR-mediated
Cl secretion using intestinal current measurements, as previ-
ously described [14—16]. In Dresden nearly all CFNBS positive
rated newborns were seen in the CF center Dresden for medical
evaluation. In Heidelberg about 10% and in Prague about 21%
[10] of the parents of CFNBS positive rated newborns refused
sweat testing and further medical evaluation.

2.4. Retrospective analysis

To address the question whether the IRT-cut-off can be
elevated to increase specificity, raw data from Dresden and
Prague were reanalyzed as if the IRT-cut-off had been either
50 pg/l (~97.5th percentile), 60 pg/l (~98.5th percentile), or
65 pg/l (~99.0th percentile). The obtained results were compared
to the original findings. Since in Heidelberg a floating IRT-
cut-off of >99.0th percentile (60—70 pg/l) was used from the
beginning of the study, no data obtained with lower IRT-cut-offs
were available which could be used for a similar analysis.

For the question on the necessity of an FS protocol data from
Prague were analyzed as if they would have used an FS protocol
in their IRT/PAP protocol as done in Heidelberg and Dresden.
The FS IRT-cut-off of the 99.9th percentile for Prague was
calculated to be 143 pg/l. In turn, raw data from Heidelberg and
Dresden were analyzed, as if these centers would not have used a
FS protocol, and the results were compared to those of the
original study. The results of the different scenarios were com-
pared and statistically analyzed.

To answer the question whether an IRT/PAP protocol per-
forms better with two IRT-dependent PAP cut-offs according to
Sarles et al. [7], or one PAP cut-off according to Sommerburg et
al. [8] raw data from Heidelberg were reanalyzed as if two
IRT-dependent PAP-cut-offs were used. Raw data from Dresden
and Prague were reanalyzed in two ways: First, for an optimized
protocol with two IRT-dependent PAP-cut-offs (PAP > 1.8 pg/l
if IRT 60.0-99.9 pg/l, and PAP > 1.0 ug/l if IRT = 100 pg/l)
and second, for a protocol similar to the one used in Heidelberg
[8] with one PAP cut-off (IRT > 60 pg/l, PAP > 1.0 pg/l).
Thereafter, the results of both protocols were compared for each
of the three cohorts.

2.5. Statistical analysis

The data of the CFNBS cohorts were collected in a Microsoft
Access 2010 database (Heidelberg), in the newborn screening
program LD NGS (Dresden), or Microsoft Excel 2010 (Prague).
To evaluate the performance of the different protocols statistical
analysis was performed only for patients with an expected typical
course of CF disease. CF patients with meconium ileus (MI) were
not included into statistical analysis since they are expected to be
diagnosed immediately after birth. Furthermore, newborns with
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equivocal CF diagnosis were also excluded from statistical
analysis since they are not the target of NBS [3,17]. Performances
of the different protocols were compared using exact binomial
test. p-values of <0.05 were considered statistically significant.
Statistical analyses were performed with Microsoft Excel 2010,
and the actual free “R” software package “DTComPair” [18].

3. Results

Altogether 325,917 newborns were screened for CF in the
three CFNBS centers participating in this study. Fig. S1 in the
online supplement provides an overview over the results of the
CFNBS protocols used in the individual studies.

3.1. IRT cut-off in an IRT/PAP protocol
An increase in the IRT-cut-off from 50 pg/l (~97.5th

percentile) to either 60 pg/l (~98.5th percentile) or 65 ug/l
(~99.0th percentile) in the cohorts of Dresden and Prague

resulted in a substantial decrease of false-positive tested new-
borns leading to a significant increase of specificity as well as the
positive predictive value (PPV, Table 1). The sensitivity did not
change in either of the cohorts. Up to an IRT cut-off of 65 pg/l
(~99.0th percentile), no CF patient would have been missed in
Dresden. In the cohort of Prague, up to an IRT cut-off of 60 pg/l
(~98.5th percentile), all CF patients would have been detected.
When using an IRT-cut-off of 65 pg/l (~99.0th percentile) one
CF patient with MI would have been missed in the Prague cohort,
however, this CF patient was diagnosed clinically.

3.2. Evaluation of the necessity of a failsafe protocol in an IRT/
PAP protocol

The results of the retrospective analysis of the effects of a FS
protocol are summarized in Table 2. Considering only CF patients
without MI, sensitivity of the original IRT/PAP protocol without
FS used in Prague was 74%. After reanalyzing the data for an
IRT/PAP-FS protocol, sensitivity increased to 90% (p = 0.999).

Table 1

Comparison of IRT/PAP-FS protocols with two IRT-dependent PAP cut-offs differing in the IRT cut-off as first tier of the protocol: 50 pg/l, 60.0 pg/l, or 65 pg/l.
The data given represent the results of a retrospective analysis using raw data of the cohorts of Dresden and Prague. All CF patients with MI and all newborns with
equivocal diagnose of CF are presented in the table but were excluded from statistical calculations. Marked results are statistically significant compared to the
protocol with an IRT-cut-off of 50 pg/l in the same cohort: *p < 0.001; **p < 0.0001.

Cohort Dresden Prague

Newborns screened 56,326 106,522

Newborns with 2 10 23

mutations in the

CFTR gene detected

during and after the

original study

Screening protocol  Originally used Retrospective Retrospective Retrospective Retrospective Retrospective
(IRT [pg/l], PAP protocol analysis analysis analysis analysis analysis

(/1)

IRT/PAP-FS protocol
(IRT 50.0-99.9 ng/l,

PAP > 1.8 pg/l/
IRT > 100 pg/l,
PAP > 1.0 pg/l)

IRT/PAP-FS protocol
(IRT 60.0-99.9 ng/l,
PAP > 1.8 pg/l/
IRT > 100 pg/l,
PAP > 1.0 pg/l)

IRT/PAP-FS protocol
(IRT 65.0-99.9 pg/l,
PAP > 1.8 pg/l/
IRT > 100 pg/l,
PAP > 1.0 pg/l)

IRT/PAP-FS protocol
(IRT 50.0-99.9 pg/l,
PAP > 1.8 pg/l/
IRT > 100 pg/l,
PAP > 1.0 pg/l)

IRT/PAP-FS protocol
(IRT 60.0-99.9 ng/l,
PAP > 1.8 pg/l/
IRT > 100 pg/l,
PAP > 1.0 pg/l)

IRT/PAP-FS protocol
(IRT 65.0-99.9 ng/l,
PAP > 1.8 pg/l/
IRT > 100 pg/l,
PAP > 1.0 pg/l)

Test positive (TP)

Detected CF w/o MI

Detected CF with
MI?

Positive, equivocal
diagnosis®

False positive

Test negative

True negative

False negative, CF
w/o MI

False negative, CF
with MI*

Negative, equivocal
diagnosis®

Sensitivity, %
(95% CI)

Specificity, %
(95% CI)

PPV, % (95% CI)

107 (0.19%)
7
1

100
56,219
56,219

1.000 (1.000—1.000)

0.9982 (0.9982—
0.9992)
0.0654 (0.0186—
0.1128)

92 (0.16%)
7
1

85
56,234
56,234

1.000 (0.676—1.000)

0.9985* (0.9985—
0.9985)

0.0761** (0.0219—
0.1302)

87 (0.15%)
;
1

80
56,239
56,239

1.000 (0.676—1.000)

0.9986** (0.9986—
0.9986)
0.0804** (0.0233—
0.1376)

325 (0.30%)
17
2

308
106,197
106,195
2

0.895 (0.757-1.033)

0.9971 (0.9971—
0.9971)
0.0523 (0.0281—
0.0765)

257 (0.24%)
17
2

240
106,265
106,263
2

0.895 (0.757-1.033)

0.9977** (0.9977—
0.9978)
0.0661%* (0.0357—
0.0965)

230 (0.22%)
17
1

213
106,292
106,290
2

0.895 (0.757-1.033)

0.9980** (0.9979—
0.9980)
0.0739** (0.0401—
0.1077)

? These newborns were excluded from statistical analysis.
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Fig. 2. Newborns with CF-related mutations in the CFTR gene detected in the
cohorts from Heidelberg and Prague by the IRT/PAP and IRT/DNA protocols
used. Summary of the performance of an IRT/PAP protocol with one PAP
cut-off of 1.0 pg/l and an IRT/PAP protocol with two IRT-dependent cut-offs
(IRT 50.0-99.9 pg/l, PAP > 1.8 ng/l; IRT > 100 pg/l, PAP > 1.0 pug/l).
Abbreviations: HD — Heidelberg, PR — Prague.

Ofnote, 3 of the 5 CF patients initially not detected by the original
IRT/PAP protocol [10] would have been identified, if a FS had
been applied. The retrospective analysis performed with raw data
from Heidelberg and Dresden confirmed that sensitivity calculated
for detected CF patients drops from 92% to 84% (p = 0.999) and
from 100% to 86% (p = 0.999), respectively, if an IRT/PAP
protocol without FS is used. None of these results reached
statistical significance; however, there was a general trend towards
a higher sensitivity, when a FS protocol was used. Apart from that
using a FS protocol led to a slightly lower specificity. These
changes were statistically significant (p < 0.0001) for the cohorts
of Heidelberg and Prague, respectively.

3.3. Performance of IRT/PAP protocols using either two IRT-
dependent PAP-cut-offs or one PAP cut-off

IRT and PAP values of all newborns with two CFTR
mutations diagnosed in Heidelberg and Prague with respect to
the PAP cut-off levels of the individual IRT/PAP protocols are
shown in Fig. 2. If an IRT/PAP-FS protocol with two IRT-
dependent PAP cut-offs had been used in the centers of
Heidelberg and Prague eight newborns with two CFTR mu-
tations had not been detected. Three out of these had normal
sweat tests (HD-10, HD-13, PR-19) and were considered as
newborns with equivocal CF diagnosis. Two out of the
remaining five had MI (HD-15, HD-18) and were diagnosed
clinically after birth. The remaining three newborns missed had
CF (HD-29, PR-16, PR-21). In contrast, if an IRT/PAP-FS
protocol with one PAP cut-off [8] had been applied only four
newborns with two CFTR mutations had not been found. Two
out of these had a normal sweat chloride (HD-15, HD-18), but
the remaining two (HD-29, PR-16) had CF. To follow
individual newborns, we refer to the Tables S2, S3, and S4 in
the online supplement providing an overview over all newborns

with two CFTR mutations diagnosed in the three CFNBS
centers.

Table 3 shows the results of the retrospective analysis of both
an optimized IRT/PAP-FS protocol with two IRT-dependent PAP
cut-offs and of the IRT/PAP-FS protocol with one PAP cut-off. In
the cohorts of Heidelberg and Dresden, no differences in sensitivity
is seen using either of the protocols. However, in the cohort of
Prague, one CF patient was missed with the IRT/PAP-FS protocol
with two IRT-dependent PAP-cut-offs, but was found with the
protocol with one PAP-cut-off. This led to a trend towards higher
sensitivity in favor of the latter protocol (90% vs. 95%), but this
change was statistically not significant (p = 0.999). In all three
cohorts, the number of false positives was higher when using one
PAP cut-off resulting in a significant decrease of specificity and of
positive predictive value (Table 3).

4. Discussion

By evaluating three different IRT/PAP protocols, this study
addressed several important questions relevant for further
improvement of a PAP based CFNBS.

First, we asked whether the IRT cut-off concentration for a
PAP based CFNBS protocol can be elevated. While the original
IRT/PAP method suggested an IRT cut-off of 50 pg/l (~97.5th
percentile) [7], the protocol run in Heidelberg relied on an IRT
cut-off > 99.0th percentile (floating from 60 to 70 pg/l) similar
to that often used in IRT/DNA protocols [8]. The reason for
using the low cut-off of 50 pug/l (~97.5th percentile) in the
original IRT/PAP protocol [7] was the fear of an inadequate
sensitivity when IRT and PAP are used simultaneously as
combined parameters. However, in all PAP based protocols
applied nowadays, IRT and PAP are measured sequentially.
Thus, considering IRT as first tier test, the situation is similar to
an IRT/DNA protocol. Along these lines, the IRT cut-off was
already increased to 60 pg/l (~98.5th percentile) when the IRT/
PAP-FS/DNA protocol was implemented in The Netherlands
[9]. Our results based on recalculations of the data obtained in
Dresden and Prague show that an IRT cut-off of 65 pg/l
(~99.0th percentile) can be used without reducing sensitivity.
In turn, increasing the IRT cut-off in IRT/PAP protocols
reduces significantly the number of PAP measurements and the
rate of false positives. This results in a significant increase in
specificity and in the PPV as shown for both the cohorts from
Dresden and Prague (Table 1).

Second, we addressed the question whether the use of a FS is
required as it is known for IRT/DNA based protocols [19,20].
One possibility for a FS is to request a second dry blood spot after
day 21 for a repeated IRT measurement [3]. However, recalling
newborns with unclear CFNBS results for a second heel prick is
not feasible everywhere and therefore a number of IRT/PAP
protocols, e.g. in Germany or in The Netherlands, were combined
with a FS executed when IRT > 99.9th percentile regardless of
the second tier test result [8,9]. From the three IRT/PAP protocols
compared in this paper, only the one run in Prague was without
FS [10] and it could be shown that three of the five newborns
missed in the original study by IRT/PAP would have been
detected with FS (Table 2). Similar results were obtained when
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21

Retrospective analysis using the raw data of the cohorts of Heidelberg, Dresden, and Prague: Comparison of an optimized IRT/PAP-FS protocol with two
IRT-dependent PAP cut-offs (PAP > 1.8 pg/l, if IRT 60.0-99.9 ng/l and PAP > 1.0 pg/l, if IRT > 100 pg/l) with an IRT/PAP-FS protocol with one PAP cut-off
(IRT = 99.0 percentile for Heidelberg/IRT > 60 pg/1 for Dresden and Prague, PAP > 1.0 pg/l). All CF patients with MI and all newborns with equivocal diagnose
of CF are presented in the table but were excluded from statistical calculations. Marked results are statistically significant compared to the respective protocol with
two IRT-dependent PAP-cut-offs in the same cohort: **p < 0.0001.

Cohort Heidelberg Dresden Prague
Newborns 163,069 56,326 106,522
screened

Newborns with 34 10 23

2 mutations in
the CFTR gene

Prevalence of

newborns with
2 mutations in
the CFTR gene

1:4796 (3432-6701)

1:5633 (3060—-10,369)

1:4631 (3087-6950)

Screening Retrospective analysis Originally used Retrospective analysis Retrospective Retrospective analysis Retrospective
protocol IRT/PAP-FS? protocol  protocol IRT/PAP-FS protocol analysis IRT/PAP-FS protocol analysis
(IRT 60.0-99.9 g/, Heidelberg (IRT 60.0-99.9 png/l, Heidelberg (IRT 60.0-99.9 pg/l, Heidelberg
PAP > 1.8 pg/l/ protocol of IRT/ PAP > 1.8 pg/l/ protocol of IRT/ PAP > 1.8 pg/l/ protocol of IRT/
IRT > 100 pg/l, PAP-FS IRT > 100 pg/l, PAP-FS IRT > 100 pg/l, PAP-FS
PAP > 1.0 pg/l) (IRT = 99.0 P., PAP > 1.0 pg/l) (IRT = 99.0 P., PAP > 1.0 pg/l) (IRT = 99.0 P.,
PAP > 1.0 ng/l) PAP > 1.0 pg/l) PAP > 1.0 pg/l)
Test positive (TP) 174 (0.11%) 287 (0.18%) 92 (0.16%) 122 (0.22%) 257 (0.24%) 390 (0.37%)
Detected CF 23 23 7 7 17 18
w/o MI
Detected CF 5 7 1 1 2 1
with MI®
Positive, 0 0 1 1 1 2
equivocal
diagnosis®
False positive 151 214 85 115 240 372
Test negative 162,895 162,782 56,234 56,204 106,265 106,132
True negative 162,893 162,780 56,234 56,204 106,263 106,131
False negative, — 2° 2¢ 0 0 2 1
CF w/o MI
False negative, 2 0 1 1 0 1
CF with MI°
Negative, 2 2 0 0 1 0
equivocal
diagnosis®
Sensitivity, % 0.920 (0.814-1.026) 0.920 (0.814-1.026)  1.000 (0.676—1.000) 1.000 (1.000—1.000) 0.895 (0.757—1.033) 0.947 (0.847—
(95% CI) 1.048)
Specificity, % 0.9991 (0.9991-0.9991)  0.9984** (0.9984—  0.9985 (0.9985-0.9985) 0.9980** (0.9980— 0.9977 (0.9977-0.9978) 0.9965** (0.9965—
(95% CI) 0.9984) 0.9980) 0.9965)
PPV, % 0.1322 (0.0819-0.1825) 0.0801** (0.0487— 0.0761 (0.0219-0.1302) 0.0573** (0.0161— 0.0661 (0.0357-0.0965) 0.0437** (0.0233—
(95% CI) 0.1116) 0.0986) 0.0640)

? The IRT/PAP-FS protocol with two IRT-dependent PAP cut-offs for the cohort of Heidelberg could be simulated only with the data available. In the original study in
Heidelberg the IRT cut-off was set to >99.0th IRT percentile (~60—70 pg/l). This leads here to a smaller number of IRT positives compared to the other cohorts.

® These patients were not included into statistical calculations.

¢ One of these patients was not diagnosed because of an initially low IRT (36 pg/l).

the data of the cohorts of Heidelberg and Dresden were
reanalyzed (Table 2). Due to the limited number of newbormns in
the individual substudies, the changes in sensitivity did not reach
statistical significance. However, the trend towards an increased
sensitivity when using FS could be seen in all three cohorts. Our
results indicate that the use of a FS, e.g. rating of all newborns
with negative PAP but an IRT > 99.9th percentile as a positive
test result, may improve sensitivity.

Third, we determined the effect of different PAP cut-off levels
on the performance of PAP based CFNBS. To our knowledge, all

currently used IRT/PAP protocols (e.g. [7,9]), except in Heidelberg
[8], rely on two IRT-dependent PAP cut-offs. The reason to use
two PAP cut-offs was based on the assumption that in the IRT
range of 50.0 to 99.9 pug/l, lower PAP values may reflect mild CF
phenotypes, which should not be detected. When the IRT/PAP
strategy was implemented in Heidelberg, it was decided to use only
a single PAP cut-off level of >1.0 pg/l, because there is no

evidence so far that PAP concentration generally correlates with

CF disease severity. This notion is also supported by our present
data showing higher PAP levels in some patients with PS
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mutations (i.e. R117H;7T) and low PAP concentrations in some
patients with PI mutations (i.e. F508del). Fig. 2 shows all
newborns with IRT > 50 pg/l and two CF related mutations
detected in the cohorts of Heidelberg and Prague. Comparing the
different IRT/PAP protocols, four newborns with two mutations in
the CFTR gene (HD-15, HD-18, PR-19, and PR-21 in Tables S2
and S4 in the online material) would have been missed by the IRT/
PAP protocol with two IRT dependent PAP cut-offs, but would
have been detected by the protocol with one PAP cut-off. Only one
out of these four newborns missed carried one “mild” mutation in
the CFTR gene and had a normal sweat chloride (PR-19). The
other three newborns were diagnosed with CF. Two out of these
three CF patients suffered from MI (HD-15, HD-18) and would
have been diagnosed clinically. However, the third CF patient
(PR-21) would have been missed by all IRT/PAP protocols relying
on two IRT-dependent PAP cut-offs (e.g. [7,9,10]). It can be
argued whether we have to consider three missed patients with CF
or only one since two out of these three presented with MI. The fact
that newborns carrying two CF causing mutations were not
detected due to the IRT/PAP-FS protocol with two PAP cut-offs,
raises the question whether this protocol is reliable enough for
CFNBS. The comparison of the results of the different IRT/
PAP-FS protocols (Table 3) suggests the use of only one PAP
cut-off which showed a trend towards a higher sensitivity in the
cohort of Prague, but led also to a higher false positive rate and to a
lower specificity. Nevertheless, our results support a protocol with
only one PAP cut-off until a well-powered study is available
clearing this issue. During the introduction of an IRT/PAP protocol
for CFNBS, the disadvantage of a higher false positive rate of a
protocol with one PAP-cut-off will be offset by its expected higher
sensitivity. Furthermore, combining this protocol with genetic
testing as third tier will keep the higher sensitivity, but eliminate
the disadvantage of the higher false positive rate.

Our study has several limitations which need to be considered
in the interpretation of the results. First, two newborns without
MI carrying CF causing mutations (HD-29, PR-16 in Tables S2
and S4 in the online material) were missed by both of the IRT/
PAP protocols since PAP values of these newborns were lower
than 1.0 pg/l. One of these two CF patients (HD-29) was born
preterm in the 30th week of gestation and a second Guthrie card
was not tested later for CF as usually done for other diseases
included in NBS. Of note, Vernooij-van Langen et al. demonstrat-
ed that PAP values of preterm infants are variable [21]. This
suggests that false negative PAP results might be explained by low
PAP values in preterm infants, and that retesting of those close to
the calculated birth date may be warranted when using an IRT/PAP
protocol. Alternatively, the low PAP in this patient (HD-29) might
be explained by expression of R347P mutation which is partially
associated with exocrine pancreatic sufficiency and might there-
fore result in a lower PAP value after birth. Up to now there is no
explanation why the second CF patient (PR-16) could not be
detected by either of the PAP based CFNBS protocols. During the
original study carried out in Prague all false negative results were
verified by PAP re-examination and discussed directly with the
manufacturer of the PAP kit. In this process no analytical or
handling error was revealed. Another false negative tested CF
patient (HD-01) not given in Fig. 2 was missed because of an IRT

value far below the cut-off (36 ug/l). Nonetheless, this patient
would have been missed by any other IRT based screening strategy
and should, therefore, not considered as false negative result
specific for PAP based CFNBS protocols. Nevertheless, it might
happen that more individual patients are missed due to mobility of
families, although Germany and the Czech Republic have reliable
CF networks reporting CF patients tested false-negative by
CFNBS to the NBS center.

Second, none of the study cohorts was large enough and was
followed long enough to calculate sensitivity reliably. Further-
more, exclusion of CF patients with MI and of newborns with
equivocal CF diagnosis from statistical analyses puts the focus
on the relevant patients for a NBS study, but weakens deter-
mination of protocol sensitivity even further. This is the main
reason why sensitivities reported here are lower than in other
IRT/PAP studies [7—10]. Of note, if positive rated newborns
who presented with MI after birth and were diagnosed with
CF had been included in the statistical analysis, the sensitivity
e.g. in the Heidelberg cohort would have increased from 92%
up to 95%.

Third, in Heidelberg about 10% and in Prague about 21%
[10] of the parents whose newborns were tested positive in the
CFNBS refused confirmation of the test result by sweat testing
and/or further clinical evaluation despite of respective efficient
tracking procedures. This is an important fact since this could
have influenced the initial results of these two cohorts and has
to be taken into consideration when interpreting the results of
this retrospective study.

Finally, differences between the calculated sensitivities of the
studied protocols were too small to reach statistical significance
for the given sizes of our cohorts. A power calculation predicted
that a difference of 8 newborns would have been necessary to
reach statistical significance between the calculated sensitivities
of the different protocols compared in our retrospective study.
Therefore, we expect that >800,000 newborns have to be
screened to demonstrate significant differences in sensitivities
between screening protocols by comparative statistical analysis.
However, we think these limitations do not impair the relevance
or the findings reported in this study.

In summary, our results support that an IRT/PAP protocol is
a good choice, if genetic analysis has to be avoided or if
detection of carriers and newborns with equivocal diagnosis of
CF should be limited. To optimize the specificity of an IRT/
PAP protocol an IRT cut-off close to the 99.0th percentile
(~65 ng/l) can be applied. Usage of a FS in an IRT/PAP
protocol may improve sensitivity and usage of only one PAP
cut-off may further increase the sensitivity, but lower the
specificity when IRT/PAP is used as exclusive biochemical
strategy.

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jc£.2013.06.003.

Acknowledgment

We gratefully thank all parents of newborns who participat-
ed in the study, all colleagues in participating obstetric and/or
pediatric hospitals, Stephanie Hirtz (Heidelberg) for technical

62



O. Sommerburg et al. / Journal of Cystic Fibrosis 13 (2014) 15-23 23

assistance, Nadine Mutz (Heidelberg) for support in data
management, and Gisela Haege (Heidelberg) for help in
statistical analysis of the data. This study was sponsored
by grants from the Dietmar-Hopp-Stiftung Walldorf GmbH
(to O.S.), the Deutsche Forschungsgemeinschaft (DFG MA
2081/4-1 to M.A.M.), the German Federal Ministry of Education
and Research (BMBF 82DZL00401), the Czech Ministry of
Health for conceptual development of research organization
(n. 00064203), the European Regional Development Fund Prague
(CZ.2.16/3.1.00/240220PPK to M.M.), and from Charles Univer-
sity Prague (PRVOUK UK2.LF to M.M. and PRVOUK P31 to
F.V.).

References

[1] Farrell PM, Lai HJ, Li Z, Kosorok MR, Laxova A, Green CG, et al.
Evidence on improved outcomes with early diagnosis of cystic fibrosis
through neonatal screening: enough is enough! J Pediatr 2005;147:S30—6.

[2] Comeau AM, Accurso FJ, White TB, Campbell III PW, Hoffman G, Parad
RB, et al. Guidelines for implementation of cystic fibrosis newborn
screening programs: Cystic Fibrosis Foundation workshop report.
Pediatrics 2007;119:¢495-518.

[3] Castellani C, Southern KW, Brownlee K, Dankert Roelse J, Duff A, Farrell M,
et al. European best practice guidelines for cystic fibrosis neonatal screening.
J Cyst Fibros 2009;8:153-73.

[4] Wilcken B, Wiley V. Newborn screening methods for cystic fibrosis.
Paediatr Respir Rev 2003;4:272—7.

[5] Munck A, Dhondt JL, Sahler C, Roussey M. Implementation of the French
nationwide cystic fibrosis newbomn screening program. J Pediatr 2008;153:
228-33.

[6] Ross LF. Newborn screening for cystic fibrosis: a lesson in public health
disparities. J Pediatr 2008;153:308—13.

[7] Sarles J, Berthezene P, Le Louarn C, Somma C, Perini JM, Catheline M,

et al. Combining immunoreactive trypsinogen and pancreatitis-associated

protein assays, a method of newborn screening for cystic fibrosis that avoids

DNA analysis. J Pediatr 2005;147:302—5.

Sommerburg O, Lindner M, Muckenthaler M, Kohlmueller D, Leible S,

Feneberg R, et al. Initial evaluation of a biochemical cystic fibrosis newborn

screening by sequential analysis of immunoreactive trypsinogen and

pancreatitis-associated protein (IRT/PAP) as a strategy that does not involve

DNA testing in a Northern European population. J Inherit Metab Dis

2010;33:5263-71.

8

[t

[9] Vernooij-van Langen AM, Loeber JG, Elvers B, Triepels RH, Gille JJ,
Van der Ploeg CP, et al. Novel strategies in newborn screening for cystic
fibrosis: a prospective controlled study. Thorax 2012;67:289-95.

[10] Krulisova V, Balas¢akova M, Skalicka V, Piskackova T, Holubova A,
Padérova J, et al. Prospective and parallel assessments of cystic fibrosis
newborn screening protocols in the Czech Republic: IRT/DNA/IRT
versus IRT/PAP and IRT/PAP/DNA. Eur J Pediatr 2012;171:1223-9.

[11] Hammermann J, Mense L, Stopsack M. Newborn screening for cystic
fibrosis with an IRT-PAP protocol. J Cyst Fibros 2012;11:S47 [Abstract].

[12] Gibson LE, Cooke RE. A test for concentration of electrolytes in sweat in
cystic fibrosis of the pancreas utilizing pilocarpine by iontophoresis.
Pediatrics 1959;23:545-9.

[13] Green A, Kirk J. Guidelines for the performance of the sweat test for the
diagnosis of cystic fibrosis. Ann Clin Biochem 2007;44:25-34.

[14] Hirtz S, Gonska T, Seydewitz HH, Thomas J, Greiner P, Kuehr J, et al.
CFTR Cl' channel function in native human colon correlates with the
genotype and phenotype in cystic fibrosis. Gastroenterology 2004;127:
1085-95.

[15] Mall M, Kreda SM, Mengos A, Jensen TJ, Hirtz S, Seydewitz HH, et al.

The AF508 mutation results in loss of CFTR function and mature protein

in native human colon. Gastroenterology 2004;126:32—-41.

Hentschel J, Riesener G, Nelle H, Stuhrmann M, Schoner A, Sommerburg

O, et al. Homozygous CFTR mutation M348K in a boy with respiratory

symptoms and failure to thrive. Disease-causing mutation or benign

alteration? Eur J Pediatr 2012;171:1039-46.

Mayell SJ, Munck A, Craig JV, Sermet I, Brownlee KG, Schwarz MJ, et al.

A European consensus for the evaluation and management of infants with an

equivocal diagnosis following newborn screening for cystic fibrosis. J Cyst

Fibros 2009;8:71-8.

[18] Stock C, Hielscher T. DTComPair: comparison of binary diagnostic
tests in a paired study design. R package version 1.00; 2013  [Internet
Communication].

[19] Comeau AM, Parad RB, Dorkin HL, Dovey M, Gerstle R, Haver K, et al.
Population-based newborn screening for genetic disorders when multiple
mutation DNA testing is incorporated: a cystic fibrosis newborn screening
model demonstrating increased sensitivity but more carrier detections.
Pediatrics 2004;113:1573-81.

[20] Sontag MK, Wright D, Beebe J, Accurso FJ, Sagel SD. A new cystic
fibrosis newborn screening algorithm: IRT/IRT1 upward arrow/DNA.
J Pediatr 2009;155:618-22.

[21] Vernooij-van Langen AM, Loeber JG, Elvers B, Triepels RH, Roefs J,
Gille JJ, et al. The influence of sex, gestational age, birth weight, blood
transfusion, and timing of the heel prick on the pancreatitis-associated
protein concentration in newborn screening for cystic fibrosis. J Inherit
Metab Dis 2013;36:147-54.

[16

i)

[17

—

63



3.2.1. Uvod k publikaci

Zatimco vétSina evropskych zemi ma v dobé sepisovani této dizertacni prace
celoplosny NSCF (Obr. & 6), Némecko je vtomto ohledu vyjimkou. SouCasné
legislativni a etické pozadavky (“Deutschen Ethikrat,” 2013, “Gendiagnostikgesetz -
GenDG,” 2009), jako duasledek eugeniky vychazejici zideologie nacistického
Némecka, neumoznuji zavadét molekularné genetické vySetfeni pro autozomalné
recesivni onemocnéni jakozto soucast celoploSného screeningového programu.
Duvodem je zejména nahodné odhaleni zdravych heterozygotl, coz v krajnim
pfipadé muze pro rodinu probanda pfedstavovat celozZivotni psychické trauma
(Sommerburg et al., 2010).

Vzhledem k vySe uvedenému legislativnimu omezeni tak Némecko nemuze
pro celoplosny NSCF pouzit protokol IRT/DNA a je odkazano na protokoly zaloZzené
pouze na biochemickych analytech. Perspektivnim modelem je protokol IRT/PAP.

Tato studie se zabyva problematikou optimalizace strategie IRT/PAP. K
retrospektivnimu zhodnoceni byly pouzity vysledky tfi regionalnich evropskych
programu, ve kterych byla pouzita rozdilna schémata IRT/PAP. Studie byla
provedena na celkovém souboru 325917 novorozencl z nasledujicich
screeningovych center v Némecku a Ceské republice: a) Heidelberg - novorozenci z
Badensko-Wiurttemberska, Poryni-Falce a Sarska, b) Drazdany - novorozenci
z vychodniho Saska a c) Praha — novorozenci narozeni v Cechach.

Studie vychazi z pavodnich cut-off hodnot navrzenych pro IRT/PAP protokol
prof. Sarlesem (Sarles et al., 2005), tj. IRT 50,0 — 99,9 a PAP = 1,8 nebo IRT = 100,0
a PAP = 1,0 (v8e ng/ml). V ramci optimalizace IRT/PAP protokolu si klademe tyto
otazky: 1) je mozné zvysSit cut-off pro IRT na 60 - 65 ng/ml se zachovanim stejné
senzitivity a dosazenim vys8i specificity; 2) je vhodné zavadét FS pro IRT/PAP
protokoly; 3) dosahne protokol s jedinou cut-off hodnotou pro PAP vySSi senzitivity
nez dvé IRT-dependentni cut-off hodnoty pro PAP dle profesora Sarlese?

Diky rozsahlejSi mezinarodni kohorté tak byly dosazeny vhodnéjSi podminky
k objektivnimu statistickému zhodnoceni senzitivity a specificity protokolu IRT/PAP
liSicich se v nastaveni cut-off hodnot pro jednotlivé analyty. Vysledky studie byly

publikovany jako pavodni ¢lanek v Journal of Cystic Fibrosis v roce 2014.
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Obr. €. 6: Evropské staty ve vztahu k zavadéni NSCF

a
W

Autor obrazku: Dr. Kevin Southern (University of Liverpool, United Kingdom; osobni

komunikace)

Legenda: Tmave zelena — celoploSny screeningovy program, svétle zelena —
regionalni program, ¢ervena — dosud bez NSCF, oranZova — dosud bez NSCF,
zavedeni NSCF je odsouhlaseno, neni vsak znama doba jeho zahajeni, riZova —
dosud bez NSCF, zavedeni celoploSného NSCF je odsouhlaseno a planovano od
roku 2015
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3.2.2. Vysledky a diskuze

Na zakladé retrospektivni studie bylo za nejvhodnéjSi schéma, primarné
s ohledem na dosazenou senzitivitu, povazovano schéma IRT/PAP s cut-off
hodnotou pro IRT odpovidajici 99. percentilu, jedinou cut-off hodnotou pro PAP a
s pouzitim FS odpovidajici 99,9. percentilu. Tento typ protokolu mdze byt vhodnou
volbou v pfipadé, ze DNA analyza nelze pouzit jako soucasti screeningového
programu.

Pokud bychom vy$e zminéné cut-off hodnoty (tj. v absolutnich hodnotach IRT
65, PAP 1,0 a IRT pro FS 143; vSe ng/ml) aplikovali na kohortu 106 522 Ceskych
novorozencl, dosahli bychom senzitivity 0,9048 (tzn. zachytili bychom 19 pfipadud
s klasickou formou CF z 21 pacienttl ve sledované kohort&)?.

Senzitivity 0,9048 je vSak dosazeno za cenu vySSi faleSné pozitivity. Frekvenci
indikovanych potnich testu pfi téchto cut-off hodnotach u 390 (0,37%) novorozencl
(Tab. €. 3 vpuvodnim ¢&lanku Sommerburg et al., 2014) povazujeme z hlediska
vysoké faleSné pozitivity za nepfiméfenou zatéZz novorozenecké populace. Stejné
senzitivity, tj. 0,9048, dosahl v cCeské studii testovany celoplosny protokol
IRT/DNA/IRT pfi nutnosti indikovat potni test pouze u 77 (0,12 %) novorozencl
(KruliSova et al., 2012). Je v8ak nutno zduraznit, Ze v nasich podminkach nemame
legislativni problémy s uplatnénim molekularné genetického vySetfeni mutaci v genu
CFTR do celoplosného screeningoveého programu.

Navrzené schéma IRT/PAP s cut-off hodnotou pro IRT odpovidajici 99.
percentilu a s jedinou cut-off hodnotou pro PAP muze byt opét pouzito ve formé
protokolu IRT/PAP/DNA, kde jako tieti krok nasleduje DNA analyza genu CFTR?,

2 Tab. ¢. 3 vplOvodnim ¢lanku Sommerburg et al., 2014 uvadi senzitivitu 0,9474; t;.
zachycenych 18 pacientt s klasickou formou CF z 19 pacient. Ddvodem tohoto rozporu je
rozdilny pfistup k pacientdm s klinicky diagnostikovanym mekoniovym ileem - tito pacienti
byli v némecko-Ceskeé studii ze statistického zpracovani vyfazeni.

® Touto problematikou se zabyva pfipravovana publikace: Sommerburg O, Krulisova V,
Lindner M, Muckenthaler M, Kohlmueller M, Happich M, Stahl M, Kulozik AE, Votava F,
Macek M Jr., Mall MA, Hoffmann GF. The combination of an IRT/PAP protocol using one
PAP cut-off with CFTR mutation analysis in a new IRT/PAP/DNA protocol provides high
sensitivity and specificity and avoids carrier detection in cystic fibrosis newborn screening in
two different cohorts of Central European populations.
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3.2.3. Zaver

Screeningové schéma IRT/PAP s dostatecné nizkymi cut-off hodnotami pro
PAP sice umoznuje dosahnout vysoké senzitivity, ale pouze za cenu vysoké faleSné
pozitivity v podobé vysokého poctu indikovanych potnich testd u jedincu bez CF.

Vysledky studie takeé ilustruji rozdilné pozadavky kladené na screeningove
protokoly - zatimco pro Ceskou republiku je vysoka fale$na pozitivita zasadné
limitujici pro zavedeni IRT/PAP schématu do celoplosné provadéného
screeningového programu, pro Némecko by z dlvodu legislativnich omezeni mohla

byt parametrem akceptovatelnym.
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Nasledujici publikace se zabyva problematikou uvedenou v bodé 3 mezi
stanovenymi cili této dizertaéni prace (viz kapitola 2.).

3.3. Kfenkova, P., Piskackova, T., Holubova, A., BalasCakova, M., KruliSova, V.,
Camajova, J., Turnovec, M., Libik, M., Norambuena, P., Stambergova, A.,
Dvorakova, L., Skalicka, V., BartoSova, J., Kuderova, T., Fila, L., Zemkova, D.,
Vavrova, V., Koudova, M., Macek, M., Krebsova, A., Macek, M., Jr, 2013.
Distribution of CFTR mutations in the Czech population: positive impact of
integrated clinical and laboratory expertise, detection of novel/de novo alleles
and relevance for related/derived populations. J. Cyst. Fibros. 12, 532-537. IF
2,873
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Abstract

Background: This two decade long study presents a comprehensive overview of the CFTR mutation distribution in a representative cohort of 600 Czech
CF patients derived from all regions of the Czech Republic.

Methods: We examined the most common CF-causing mutations using the Elucigene CF-EU2v1™ assay, followed by MLPA, mutation scanning
and/or sequencing of the entire CF7TR coding region and splice site junctions.

Results: We identified 99.5% of all mutations (1194/1200 CFTR alleles) in the Czech CF population. Altogether 91 different CFTR mutations, of
which 20 were novel, were detected. One case of de novo mutation and a novel polymorphism was revealed.

Conclusion: The commercial assay achieved 90.7%, the MLPA added 1.0% and sequencing increased the detection rate by 7.8%. These
comprehensive data provide a basis for the improvement of CF DNA diagnostics and/or newborn screening in our country. In addition, they are relevant
to related Central European populations with lower mutation detection rates, as well as to the sizeable North American “Bohemian diaspora”.

© 2012 European Cystic Fibrosis Society. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The incidence of cystic fibrosis (CF) in the Czech Republic
(CZ) was estimated using epidemiological approaches more
than half a century ago (1 in 2700 live births), while recent
outcomes of a nationwide CF newborn screening (NBS)
revealed a two-fold lower incidence (1 in 4023 live births) [1].
Given the current annual birth rate of 108,673 [2], approx-
imately 30 CF patients would be expected to be born each year.

The CZ population has German (Bavarian; DE), Northern
Austrian (AT), Polish (PL), Slovak (SK) or Hungarian (HU)
influences (arranged by the degree of their historical impact)
and is a representative of the population composition of Central
Europe (CE) [3,4]. Romani intermarriage and non-European
immigration have remained marginal [2]. Therefore, generally
speaking, the CZ population is stable and homogeneous [5].

Over the past two decades, the Prague CF Centre has performed
DNA diagnostic testing for the cystic fibrosis transmembrane
conductance regulator (CFTR) gene in a group of almost 3000 CZ
families. This facility serves as the national reference center, both
for clinical and laboratory diagnosis of CF [6], within an official
network of regional CF centers [7]. The Prague center also
coordinates CF newborn screening for the western part of the
country [1].

The aim of this study is to present results from a substantially
larger and representative group of CZ CF patients, compared to

533

the previous report published within a collaborative study [8]. In
addition, data on intra-CFTR rearrangements, copy number and/or
novel mutations are included. Significantly updated data provide
a basis for improvement of CF DNA diagnosis and/or CF NBS in
the CZ and related populations. Finally, the information is
important for the selection of patients for mutation-specific
therapies [9].

2. Methods

Diagnosis of CF was established in 600 unrelated CZ CF
patients by using a combination of clinical and laboratory
diagnostic criteria [10]. Their geographic origin is presented in
Fig. 1. During this long-term population study, DNA diagnostic
techniques have gradually evolved (data available upon request).
Initially, we examined the most common CF causing mutations
using “in house” methods, later followed by commercial assays
(e.g. Elucigene CF-EU2v1™, Gen-Probe Life Sciences, UK).
Patients with one or both unidentified mutations were then
examined for intragenic rearrangements using multiplex ligation-
dependent probe amplification (MLPA, MRC-Holland, Nether-
lands). Subsequently, negative cases were subjected to mutation
scanning [ 11] and/or sequencing of the entire CFTR coding region
and splice site junctions (Applied Biosystems, USA). Any
detected CFTR mutations were verified in the index case’s
parents.
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Fig. 1. Origin of 600 Czech CF patients. Legend: Origin of patients is based on the postal codes of their domicile. Number of patients in the regions: Capital Prague (Praha)
Region — 99; Central Bohemia Region (i.e. regiona surrounding Prague) — 88; Usti nad Labem Region — 52; Pilsen (Plzeit) Region — 48; Liberec Region — 41;
South-Bohemian (Ceské Budgjovice) Region — 40; Hradec Kralové Region — 37; Zlin Region — 32; Pardubice Region — 31; Moravian-Silesian (Ostrava) Region —
29; Vysocina (Jihlava) Region — 29; Karlovy Vary Region — 26; Olomouc Region — 25; South Moravian (Brno) Region — 23.
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Table 1

Spectrum of CFTR mutations detected in Czech CF patients.

P. Krenkova et al. / Journal of Cystic Fibrosis 12 (2013) 532537

Mutations/HGVS nomenclature/

Mutations/traditional nomenclature, legacy name/

Legacy exon/intron

No. of alleles

%

S Aol e

c.1521-1523delCTT
¢.54-5940_273+10250del21kb
c.1652G>A
¢.3909C>G
c.1624G>T
c.3718-2477C>T
c.1766+1G>A
c.1040G>C
¢.2012delT
c.3140-26A>G
c.1007T>A
c.3846G>A
c.1657C>T
c.2657+5G>A
c.2834C>T
c.442delA
c489+1G>T
€.2052_2053insA

¢.3009_3017delAGCTATAGC

c.366T>A
c.[874G>A]+[2126G>A]
c.1585-1G>A

c.3454 G>C
c.3484C>T
c.4242+1G>T
¢.1000C>T
¢.1767-7_2619+?del
¢.3468+2_3468+3insT
¢.3469-?_3717+?dup
€.3964-78_4242+577del
¢53+1G>T
€.54-1161_164+1603del2875
c.169T>G

c.254G>A

c.274G>T

¢.328G>C
c.579+3A>G
¢.3528delC
¢.4127_4131delITGGAT
c.1-7_1584+7del
c.115C>T

¢.79G>C
c.[125C>T]+[223C>T]
c.164+1G>A
c274G>A

c.349C>T

¢.509G>A

¢533G>A
c.579+1G>T
c.902A>G

c.1040G>A
c.1114C>T
c.1117-1G>A
c.1209+1G>A
¢.1519_1521delATC
c.1654C>T

c.1673T>C
c.1679+1G>C
¢.1687T>C
c.1753G>T
c.1766+1G>C
c.2044delA
¢.2051-2052delAAinsG
¢.2052delA

F508del*"

CFTRdele2,3/21kb/**

G551D**
N1303K**
G542X**
3849+ 10kbC >T*"
1898+1G>A**
R347p*"
2143delT**
3272-26A>G*"
1336K"*
W1282X**
R553X**
2789+5G>A**
S945L%
574delA”
621+1G>T*"*
2184insA”
3141del9®
Y122+
E292K/R709Q
1717-1G>A**
D1152H**
R1162X*"
4374+1G>T
R334W**
CFTRdelel3,14a
3600+2insT
CFTRdupl9
CFTRdele22,23"
185+1G>T
CFTRdele2
W57G

G85E*"

E92X*

D110H”
711+3A>G"
3659delC*"
4259del5
CFTRdelel,10
Q39x*

G27R
S42F/R75X*
296+1G>A
E92K*
R117C*"
R170H

G178E
711+1G>T**
Y301C
R347H**
Q372X
1249-1G>A
1341+1G>A"
1507del**
Q552Xx*
L558S"
1811+1G>C
Y563H
E585X*
1898+1G>C
2176delA
2183delAA>G*
2184delA**

Ex10
In1-In3
Ex11
Ex21
Ex11
In19
Inl2
Ex7
Ex13
Inl7a
Ex7
Ex20
Ex11
In14b
Ex15
Ex4
In4
Ex13
Ex17a
Ex4
Ex7/Ex13
In10
Ex18
Ex19
In23
Ex7
Ex13-Ex14a
In18
Ex19
Ex22-Ex23
Inl
Ex2
Ex3
Ex3
Ex4
Ex4
InS
Ex19
Ex22
Ex1-Ex10
Ex1
Ex2
Ex2/Ex3
In2
Ex4
Ex4
Ex5
Ex5
In5
Ex7
Ex7
Ex7
In7
In8
Ex10
Ex11
Ex11
Inll
Ex12
Ex12
In12
Ex13
Ex13
Ex13

809
69
35
29
24
20
17
11
11

(o]

— e e e e e e e e e e e e e e e e e e e e e e = e DN N RN RN D RN NN W W WWW SRR, RO

67.42
5.75
2.92
2.42
2.00
1.67
1.42
0.92
0.92
0.67
0.58
0.58
0.50
0.50
0.50
0.42
0.42
0.42
0.42
0.33
0.33
0.33
0.33
0.33
0.33
0.25
0.25
0.25
0.25
0.25
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
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Table 1 (continued)

Mutations/HGVS nomenclature/ Mutations/traditional nomenclature, legacy name/ Legacy exon/intron No. of alleles %
65. €.2290C>T R764X* Ex13 1 0.08
66. c.2490+1G>A 2622+1G>A* Inl3 1 0.08
67. c.2538G>A W846X+" Exl4a 1 0.08
68. c.2551C>T R851X* Ex14a 1 0.08
69. €.2589_2599delAATTTGGTGCT 2721dell 1 Exl4a 1 0.08
70. ¢.2705delG 2837delG Ex15 1 0.08
71. ¢.2789delG 2921delG Ex15 1 0.08
72. ¢.2803_2813delIC TACCACTGGT 2935dell1 Ex15 1 0.08
73. ¢.2856G>C M9521 Ex15 1 0.08
74. c2991G>C L997F" Ex17a 1 0.08
75. ¢.3106del A 3238delA Ex17a 1 0.08
76. ¢.3136G>T E1046X Ex17a 1 0.08
77. ¢.3139G>C G1047R Ex17a 1 0.08
78. ¢.3196C>T R1066C*" Ex17b 1 0.08
79. ¢.3196C>G R1066G Ex17b 1 0.08
80. ¢.3302T>G MI1101R Ex17b 1 0.08
81. ¢.3310G> A E1104K Ex17b 1 0.08
82. ¢.3353C>T S1118F Ex17b 1 0.08
83. c.3472C>T R1158X** Ex19 1 0.08
84. ¢.3587C>G S1196X* Ex19 1 0.08
85. ¢.3708delT 3840delT Ex19 1 0.08
86. €.3937C>T Q1313x* Ex21 1 0.08
87. ¢.3971T>C L1324P Ex22 1 0.08
88. c.4003C>T L1335F Ex22 1 0.08
89. ¢.4004T>C L1335P Ex22 1 0.08
90. c.4097T>A 11366N Ex22 1 0.08
91. c.4426C>T Q1476X Ex24 1 0.08
92. Unknown 6 0.50

Total 1200 100.00

Legend: Within the traditional nomenclature column: “*” mutations included in the Elucigene CF-EU2v1™ assay;
mutations are described in the CFTR2 database [21] with e.g. D1152H, L997F having “varying consequences
the novel mutation 3141del9 was independently detected in five unrelated CZ families.

identified, thus far. Novel mutations are formatted in bold and “*”

3. Results

Altogether we found 91 different CF'TR mutations (Table 1),
with only seven being present at a frequency >1%: F508del
(67.42%), CFTRdele2,3(21kb) (5.75%), G551D (2.92%),
NI1303K (2.42%), G542X (2.0%), 3849+ 10kbC>T (1.67%)
and 1898+ 1G>A (1.42%) (using the legacy/traditional no-
menclature). More than half of all mutations (n=52) occurred
within a single family. In addition, 20 novel mutations (Table 1)
and a novel variant (S1456N) were discovered.

A de novo novel mutation 3840delT was detected on
“fingerprinting-proven” paternal CFTR allele in an adolescent
male patient who bears a second novel mutation in compound
heterozygosity — 3840delT/2921delG. He was diagnosed
clinically at 3 years of age (sweat test: 80 mmol/l), and suffers
from chronic Pseudomonas aeruginosa colonization and
pancreatic insufficiency.

In addition, we observed the previously described V754M
mutation in frans to N1303K in an unaffected mother (sweat
test: 40 mmol/l). Her first CF child bears a R709Q-E292K/
N1303K in trans, while sequencing of exon 7, 13 and 21 during
prenatal diagnosis of her second child, who is unaffected,
revealed the R709Q-E292K/V754M genotype.

“* genotype—phenotype correlations of detected

— Genomic position of breakpoints has not been

9, Gy
s !

The S1455X mutation was observed in compound hetero-
zygosity with the F508del in a male patient who was clinically
diagnosed at age 7 years, in which “repeated bronchitis” led to
sweat testing (mean concentration 70 mmol/l). Interestingly,
the patient’s asymptomatic father bears mutation S1455X in
trans to a novel variant S1456N and the patient’s apparently
healthy brother has the maternal-F508del/S1456N genotype.

In aggregate, we identified 99.50% of all mutations (1194/
1200 CFTR alleles) in the CZ CF population (Table 1).

4. Discussion

This study presents a comprehensive overview of the CFTR
mutation distribution in a representative cohort of CZ CF
patients originating from all CZ regions (Fig. 1). Integration of
CF clinical expertise with DNA diagnostics at the Prague
National Reference Center, together with consistent application
of consensus CF clinical and laboratory diagnostic criteria, led
to the identification of more than 99% of all CFTR mutations
(Table 1).

There are over 10 million inhabitants in the country, which
according to population genetic analyses, is a representative of
the CE ethnic composition [3], with significant overlaps with
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Table 2
Distribution of selected CFTR mutations in Central European populations.
Mutations/ HGVS Mutations/traditional Czech Slovakia Eastern Germany Austria Austria North— East, Poland
nomenclature/ nomenclature, legacy Republic 2012 2010 Hungary 2011 Bavaria 2002 Tyrol 1997 North— North 2002  (N=1726)

name/ (this study) (N=856) (N=80) (N=250) (N=126) (N=118)

(N=1200)

c.1521_1523delCTT F508del 67.42 66.80 70.00 74.00 74,60 70.30 57.0
¢.54-5940_273+10250del21 kb CFTRdele2,3/21kb 5.75 2.26 5.00 1.2% 2.6" NA 1.80
c.1652G>A G551D 291 <0.50 0.00 6.40 1.60 2.50 0.50
¢.3909C>G N1303K 2.42 2.03 5.00 2.40 0.00 NA 1.80
c.1624G>T G542X 2.00 4.06 3.75 3.20 2.40 5.10 2.60
c.3718-2477C>T 3849+ 10kbC>T 1.67 4.28 0.00 NA 0.00 3.40 2.70
c.1766+1G>A 1898+1G>A 1.42 <0.50 0.00 NA 0.00 NA NA
c.1040G>C R347P 0.92 1.10 1.25 0.80 1.60 2.50 NA
¢.2012delT 2143delT 0.92 1.10 0.00 NA 0.00 NA NA
¢.3140-26A>G 3272-26A>G 0.67 <0.50 0.00 NA 0.00 NA NA
c.3846G>A W1282X 0.58 <0.50 0.00 NA 0.00 NA 0.70
c.1007T>A 1336K 0.58 0.00 0.00 NA 0.00 NA NA
c.1657C>T R553X 0.50 0.90 0.00 1.20 0.00 NA 1.90
c.2657+5G>A 2789+5G>A 0.50 0.00 0.00 NA 2.40 NA NA
c.2834C>T S945L 0.50 0.00 0.00 NA 0.00 NA NA
¢.2052_2053insA 2184insA 0.42 1.58 5.00 NA 0.00 NA NA

Legend: data for Slovakia [12], Eastern Hungary [14], Germany—Bavaria [13], Austria—Tyrol [18], Austria North East and North West [13], Poland and *[8], and *

[16]. NA: not analyzed/data not available. N: number of analyzed CF alleles.

the SK, HU, AT and DE populations [3,4], and to a lesser
degree, with its PL and DE Saxony neighbors [5]. Therefore,
our data are pertinent to the related populations with lower
mutation detection rates (Table 2) [8,12,13], with the exception
of Eastern HU [14]. The CZ mutation distribution is also
relevant to the North American “Bohemian diaspora” (residing
mainly in Canada and the U.S. Midwest) consisting of over
1.2 million immigrants with descendants from historical CZ
territories [15].

In the CE population, the frequency of the F5S08del mutation
does not “rigorously” follow the expected “North-to-South”
gradient, which could be due to the higher population heteroge-
neity in PL (Table 2). The “Slavic” mutation CFTRdele2,3/21kb/
[16] is relatively common in CE (Table 2). However, the G551D
mutation is more common within the “core Hallstatt culture
territory” [17] that comprises the current CZ, DE, AT and AT—
Tyrol [18, Table 2]. Therefore, a “Celtic” origin of G551D is likely
and is supported by its common origin and extrapolated “age” [19].
Similarly, we presume that the “Mediterranean” mutation G542X
[8] is, according to historical patterns of CE colonization [17], the
most prevalent in the Danube basin, i.e. in SK, HU, AT and DE.

In the CZ population the commercial assay Elucigene
CF-EU2v1™ jachieved mutation detection rates of 90.7%,
MLPA added 1.0%, with the CFTRdele2,3/21 kb/mutation
(5.75%) being independently confirmed by this assay. Mutation
scanning and/or sequencing detected an extra 94 CF alleles,
adding an additional 7.8%.

We have not included the male with the S1455X/F508del in
our cohort, since he only suffers from “isolated elevated sweat
chloride concentrations” [20] and does not meet the diagnostic
criteria for CF [10]. Similarly, all cases with the R117H-IVSS8 T(7)
in cis, which did not meet the diagnostic criteria were also
excluded from this study. Although the V754M mutation “is still
under evaluation” in the CFTR2 database [21], we concluded that

its pathogenic potential is limited. All “equivocal” cases have been
enrolled into a long-term clinical monitoring program at our center
[6,22].

The previously reported pathological L1-mediated retro-
transpositional event [23] was detected in one patient who was
compound heterozygous for the E92K/M9521 mutations. It is
likely that the pathogenetic impact of the “CFTR-related disorder
associated” mutation M952I [22] was augmented by the Alul-
related molecular alternation of the CFTR, leading to a “classical”
presentation of CF in this case.

The observed de novo novel mutation occurred on the
paternal CFTR allele (father’s age at conception was 25 years)
at a rate of 1 in 1200 CFTR alleles examined, i.e. as previously
reported [24].

In addition, previously unknown complex allele [25] com-
prising R709Q-E292K in cis in four unrelated families was
discovered, with the R709Q being reported in AT [26].

In summary, we present a thorough overview of the CFTR
mutation distribution in the CZ population, which demonstrates
that integrated clinical and laboratory expertise [22] can yield
very high mutation detection rates.

The Elucigene CF-EU2v1™ assay was shown to achieve
sufficient mutation detection rates for multi-tier CF NBS (i.e. more
than 85%), although the 1336K and S945L, with frequency over
0.5% (Table 1), should also be included in the Czech national
screening panel [1]. The CZ mutation distribution is relevant to
related populations which have reported rather limited mutation
spectra (e.g. Northern AT) and to the sizeable North American
immigrant population derived from this part of CE.
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3.3.1. Uvod k publikaci

Senzitivita screeningovych schémat pro CF zaloZzenych na DNA analyze je
dana nejen cut-off hodnotami pro biochemické markery, ale také moznostmi
molekularné genetického vysetieni detekovat rlzné Siroké spektrum kauzalnich
mutaci v genu CFTR. Pfedpokladem efektivity schémat IRT/DNA je znalost distribuce
mutaci genu CFTR u pacientu s CF v daném regionu a populaci.

Doposud neexistuje jednoznacné doporuceni, kolik mutaci se ma v ramci DNA
analyzy u screeningovych schémat vySetfovat. Dle konsensu je doporu¢ovano, aby
byly zahrnuty nejCastéjSi populacné specifické mutace a dale alely pfitomné u
prisluSnych etnickych minorit (Castellani et al., 2009). V praxi jsou v ramci NSCF
vySetfovany mutace predstavujici 85 — 90 % vSech alel vyskytujicich se u pacientl
s CF v dané populaci.

Tato prace se zabyva problematikou zastoupeni jednotlivych alel CFTR genu
u pacientd s CF v Ceské republice. Mezi pacienty byli zahrnuti také pacienti
diagnostikovani na zakladé NSCF. Vysledky prace nam umoznily zhodnotit, zda
panel mutaci, ktery je vsouCasné dobé& pouzivan vramci -celoploSného
screeningového programu IRT/DNA/IRT, nepfedstavuje pfekazku v dosazeni vysoké
senzitivity NSCF. Vysledky prace byly publikovany v Journal of Cystic Fibrosis v roce
2013.
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3.3.2. Vysledky a diskuze

U 600 pacientu s diagnostikovanou klasickou formou CF na zakladé klinickych
a laboratornich diagnostickych kritérii bylo identifikovano 99,50 % mutaci v genu
CFTR (1194/1200 alel). U vySetfenych pacientl bylo nalezeno 91 rlznych mutaci,
z nichz pouze 15 mélo &etnost vy$si nez 0,5 %. Cetnost jednotlivych mutaci je
uvedena ve publikaci Kfenkova et al., 2013 v Tab. €. 1.

Pro DNA analyzu v druhém kroku celoplodného NSCF je v Ceské republice od
Cervence 2010 pouzivan komercné dostupny panel obsahujici 50 mutaci genu CFTR
(Elucigene CF-EU2™ od firmy Gen-Probe), prehled vy$etfovanych mutaci je uveden
v tabulce €. 4. Dle procentualniho zastoupeni jednotlivych CFTR alel u pacientl s CF
v Ceské republice vychazejici z vysledkd této prace dosahuje panel s 50 mutacemi
zachytnosti 90,7 %.

Lze pfedpokladat, ze dalSi navySovani poctu vySetfovanych mutaci v ramci
NSCF nezvySi vyznamné senzitivitu [na senzitivitu protokoll vyuzivajicich DNA
analyzu ma vliv spiSe inicialni cut-off hodnota pro IRT nez pocet vySetfovanych
mutaci (Baker et al., 2011)], ale zvysi pfedevsim faleSnou pozitivitu reprezentovanou

detekci vy8Siho poctu zdravych heterozygota.

Tabulka €. 4: Prehled vySetiovanych mutaci v ramci celoplosného NSCF

Panel 50 CFTR mutaci (Elucigene CF-EU2™ od firmy Gen-Probe)

p.Phe508del, p.Serl8ArgfsX16, p.lle507del, c.2657+5G>A, p.Glu60X, p.GIn890X,
p.Pro67Leu, p.Tyr515X, ¢.2988+1G>A, p.Gly85Glu, p.Val520Phe, c. 3140-26A>G,
p.Leu88llefsX22, ¢.1585-1G>A, p.Argl066Cys, p.llel05SerfsX2, p.Gly542X,
p.Tyrl092X, p.Argl17Cys, p.Ser549Asn, p.Met1101Lys, p.Argll1l7His, p.Ser549Arg,
p.Aspll152His, p.Tyrl22X, p.Gly551Asp, p.Argll158X, c.489+1G>T, p.Arg553X,
p.Argl162X, c¢.579+1G>T, p.Arg560Thr, p.Lys1177SerfsX15, p.Leu206Trp,
€.1679+1.6kbA>G, c.3717+10kbC>T, p.Phe316LeufsX12, C.1766+1G>A,
p.Serl1251Asn, p.Arg334Trp, p.Leu671X, p.Leul258PhefsX7, p.Arg347Pro,
p.Lys684AsnfsX38, p.Trpl282X, p.Arg347His, p.Val739TyrfsX16, p.Asnl303Lys,
p.Ala455Glu, p.Trp846X, varianty 1210-12T[5/7/9]
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3.3.3. Zaver

Na zakladé vysledkl této prace jsme potvrdili, Ze detekéni schopnost
komercné dostupné diagnostické soupravy pouzivané pro druhy krok protokolu
IRT/DNA/IRT splfuje pozadavky kladené na DNA analyzu v ramci screeningovych
programd, tj. dosahuje zachytnosti vyssi nez 85 %. V kombinaci s vhodné zvolenymi
cut-off hodnotami pro biochemické markery tak nepfedstavuje prekazku v dosazeni
vysoké senzitivity sou€asného screeningového schématu IRT/DNA/IRT ani schématu
IRT/PAP/DNA, které jsme s modifikovanymi cut-off hodnotami pro IRT a PAP
studovali v kapitole 3.1.2.3.
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Nasledujici publikace se zabyva problematikou uvedenou v bodé 4 mezi

stanovenymi cili této dizertaéni prace (viz kapitola 2.).

3.4. Votava, F., Kozich, V., Chrastina, P., PeSkova, K., Adam, T., Friedecky, D.,
Hlidkova, E., Vinohradska, H., Dejmek, P., KruliSova, V., Holubova, A,
BalasCakova, M., Piskackova, T., Macek, M., Gaillyova, R., Valaskova, I., Skalicka,
V., 2014. Vysledky rozsifeného novorozeneckého screeningu v Ceské
republice. Ces-slov. Pediat. 69, 77-86.
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SOUHRN

Pomoci celoplosného novorozeneckého laboratorniho screeningu ze suché kapky krve (SKK) na filtracnim
papirku jsou od roku 1975 vyhledavani pacienti s fenylketonurii/hyperfenylalaninemii (PKU/HPA); od roku 1985
s vrozenou hypotyre6zou (CH); od roku 2006 s kongenitalni adrenalni hyperplazii (CAH) a od X/2009 pacienti
s cystickou fibrézou (CF) a 9 dalSimi dédicnymi poruchami metabolismu - leucinézou (MSUD), glutarovou
acidurii typu | (GA 1), izovalerovou acidurii (IVA), deficitem dehydrogendzy acyl-CoA se stfedné dlouhym,
3-hydroxyacyl-CoA s dlouhym a acyl-CoA s velmi dlouhym fetézcem (MCADD, LCHADD a VLCADD), deficitem
karnitinpalmitoyltransferazy | a Il (CPTD I a Il) a deficitem karnitinacylkarnitintranslokdazy (CACTD).

Metodika: V obdobi od 1. ledna 2002 az do 31. prosince 2012 bylo vySetfeno 1179 136 novorozencl na PKU/
/HPA a CH; koncentrace fenylalaninu byla méfena rtiznymi metodami a od X/2009 jednotné tandemovou
hmotnostni spektrometrii (MS/MS); koncentrace tyreotropinu byla zjitovana pomoci fluoroimunoeseje (FIA).
U 752 922 novorozencl byla zméfena koncentrace 17-hydroxyprogesteronu pomoci FIA. U 367 114 déti byl
zméFen imunoreaktivni trypsin (IRT) pomoci FIA a u 1,05 % novorozencl s nejvyssim IRT bylo vySetfeno
v prvotnich SKK 32 a pozdéji 50 nejcastéjSich mutaci v genu CFTR s cilem minimalizovat faleSnou pozitivitu.
U 362 653 novorozencl byly analyzovany metabolity pro zachyt dalsich 9 dédi¢nych metabolickych poruch
pomoci MS/MS.

Vysledky: Celkem bylo novorozeneckym screeningem zachyceno 646 pacientli s nasledné potvrzenou
diagndzou. Screeningové prevalence jednotlivych nemoci byly nasledujici CH 1:3562; CAH 1:12 343; CF 1:7060;
PKU/HPA 1:7234; MCADD 1:17 269; LCHADD 1:51 808; VLCADD 1:90 663; GA | 1:120 884; MSUD a IVA shodné
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1:181 327. Screeningem dosud nebyl zachycen Zadny novorozenec s CPTD |, Il a CACTD. Efektivita screenin-
gového programu v CR se zvy$ovala, kumulativni éetnost zachyti narGstala z 1:2701 v letech 2002-2005 pres
1:2072 v letech 2007-2008 az na 1:1138 po zasadnim rozsifeni novorozeneckého screeningu (NS) v roce 2009.
Cetnost fale$né pozitivity (FPR) ¢inila 0,540 % , z toho 74 % reprezentuje NS CAH.

Zavér: NS je ucinny nastroj sekundarni prevence vzacnych onemocnéni s tc¢innou lé¢bou. Pro optimalizaci
programu se zavadéji druhostupiova vysetfeni u malého mnozstvi vzorkl s cilem snizit faleSnou pozitivitu
a hledaji se moznosti rozsifeni spektra screenovanych chorob.

novorozenecky screening, sucha kapka krve, prevalence, vzacna onemocnéni, kongenitalni hypotyreéza,
kongenitdlni adrenalni hyperplazie, cysticka fibréza, fenylketonurie, dédi¢né metabolické poruchy

The results of expanded newborn screening in the Czech Republic

The nationwide newborn screening (NBS) using dried blood spots (DBS) was started in 1975 for phenylketonuria/
/hyperphenylalaninemia (PKU/HPA); in 1985 for congenital hypothyroidism (CH); in 2006 for congenital adrenal
hyperplasia (CAH) and in X/2009 screening for cystic fibrosis (CF) and 9 inherited metabolic diseases - maple
syrup urine disease (MSUD), glutaric aciduria type | (GA 1), isovaleric aciduria (IVA), medium chain acyl-CoA, long
chain 3-hydroxyacyl-CoA and very long chain acyl-CoA dehydrogenase deficiency (MCADD, LCHADD and VLCADD),
carnitine palmitoyltransferase | and Il deficiency (CPTD | and Il) and carnitine-acylcarnitine translocase deficiency
(CACTD) was mandated.

Methods: From 1st January 2002 through 31st December 2012 a total of 1179,136 newborns were screened for PKU/
/HPA and CH; phenylalanine was measured by different methods, since X/2009 solely by tandem mass spectrometry
(MS/MS); the levels of thyreotropin were measured by fluoroimmunoassay (FIA). The of 17-hydroxyprogesterone
concentrations were determined in 752,922 newborns by FIA. The level of immunoreactive trypsinogen (IRT)
was measured in 367,114 newborns by FIA and the CFTR gene (at first 32, later 50 most common mutations) was
analysed in original DBS in 1.05% of newborns with the highest IRT levels to minimize false positive results. The
spectrum of metabolites for 9 expanded inborn errors of metabolism was analysed in 362,653 newborns by MS/MS.

Results: NS detected in total 646 patients with subsequently confirmed diagnosis. Screening prevalence were
as follows PKU/HPA 1:7,234; CH 1:3,562; CAH 1:12,343; CF 1:7,060; MCADD 1:17,269; LCHADD 1:51,808; VLCADD
1:90,663; GA 11:120,884; MSUD and IVA both 1:181,327. No case of CPTD I and CPTDII/CACTD was detected. Efficacy
of NBS increased with the expansion of diseases in the programme: detection rate rose from 1:2,701in 2002-2005
over 1:2,072 in 2007-2008 to 1:1,138 after last expansion of NBS in 2009. False positive rate (FPR) was 0.540%, of
which 74% represent results of CAH screening.

Conclusion: NBS is an effective approach for presymptomatic detection of serious rare diseases. Further opti-
mization is a subject of current research including the introduction of additional analytical tests (second tiers) to
reduce FPR and by further expanding of screened disorders.

newborn screening, dried blood spot, prevalence, rare diseases, congenital hypothyroidism, congenital adrenal
hyperplasia, cystic fibrosis, phenylketonuria, inherited metabolic disorders V.

vyhledavani 1écebné ovlivnitelnych chorob
vjejich preklinickém stadiu. Laboratorni no-
Pod pojem novorozenecky screening (NS) vorozenecky screening je zaloZen na odbéru

1ze v §irSim smyslu zahrnout jakékoliv pre- kapilarni krve na filtracni papirek (tzv. suché
ventivni vySetfeni novorozence, v uzsim kapky krve, SKK) podle pfesné dohodnutych
smyslu se timto pojmem mysli systematické pravidel vSem novorozencim na definovaném
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Tab. 1. Pfehled novorozeneckych screeningovych programi v 36 evropskych statech.

Onemocnéni Pocet evropskych statl provadéjicich novorozenecky screening (véetné pilotnich studii)
32
PU/HPA neprovédi Cernd Hora, Finsko, FYROM a Malta
CH 36
14
CAH provadi Belgie, Bosna-Hercegovina, Bulharsko, CR, Dansko, Francie, Holandsko, Lucembursko, Némecko, Rakousko,
Slovensko, Spanélsko, Svédsko, Svycarsko
13
MCADD provadi Belgie, CR, Dénsko, Holandsko, Island, Lucembursko, Némecko, Madarsko, Portugalsko, Rakousko, Spanélsko,
Svycarsko a Velkd Britanie
10
CF provadi CR, Francie, Holandsko, Italie (ne viechny regiony), Némecko, Polsko, Rakousko, Slovensko, Spanélsko a Velkd
Britdnie
GAL o
provadi Belgie, Holandsko, Irsko, Némecko, Madarsko, Rakousko, Recko, Spanélsko, Svédsko a Svycarsko
8D 10
provadi Belgie, Holandsko, Dansko, Némecko, Madarsko, Rakousko, Spanélsko, Svédsko, Svycarsko a Turecko
nEmegeEipEle provadi Francie, Holandsko, Malta, Spanélsko a Velkd Britanie
rozsirené DMP i
provadi Belgie, CR, Dansko, Holandsko, Irsko, Island, Némecko, Madarsko, Portugalsko, Rakousko a Spanélsko

Vysvétlivky: PKU/HPA = fenylketonurie nebo hyperfenylalaninemie; CH = kongenitaini hypotyreéza; MCADD = deficit acyl-CoA dehydroge-
ndzy mastnych kyselin se stredné dlouhym retézcem; CAH = kongenitaini adrendini hyperplazie, resp. deficit 21-hydroxyldzy; CF = cystickd
fibroza, GAL = galaktosémie; BD = deficit biotinidazy; rozsifené DMP = dalsi dédicné metabolické poruchy (kromé PKU a MCADD), spektra a

pocty vySetfovanych rozsifenych DMP se v jednotlivych statech lisr.

Upraveno podle [2], 28 ¢lenskych Sl‘éflol Evropské unie + Bosna a Hercegovina, Cerna Hora, FYROM (byvals jugosidvska republika
Makedonie), Island, Norsko, Srbsko, Svycarsko VC. Lichtenstejnska, Turecko). V Albanii neni NS provddén. Nedostupné udaje: Bélorusko,

Kosovo, Moldavsko, Rusko a Ukrajina.

uzemi (vétSinou celostatné). SKK se nasledné
vySetfuji v centrdlnich laboratofich. Tento
typ NS je pfedmétem predkladaného sdéleni.

Zakladatelem NS je profesor Robert Guthrie
z univerzity v Buffalu ve staté New York, USA.
V roce 1963 vyvinul a nasledné i zavedl do
praxe jednoduchou, levnou a spolehlivou se-
mikvantitativni metodu méfeni koncentrace
fenylalaninu (zaloZenou na principu inhibice
rustu bakterii) pro NS fenylketonurie [1]. Od té
doby se spektrum vyhledavanych chorob stale
rozSituje. Tabulka 1 uvadi posledni zndma
datazlet2010/2011 o NS provadénych v Evropé
[2]. Vjednotlivych statech USA je pocet scree-
novanych chorob v soucasné dobé mnohem
vyS$si, ve vétSiné stath mezi 40-50 s maximem
54 nemoci v Minnesoteé [3]. Odborné zastteSe-
ni NS poskytuje mezindrodni spolecnost ISNS,
International Society for Neonatal Screening,
http://www.isns-neoscreening.org/, ktera

organizuje pravidelné celosvétové a regional-
ni (kontinentalni) kongresy. Napf. 6. evrop-
sky kongres této organizace se konal v roce
2009 v Praze a bylo mu vénovano samostatné
Cislo Cesko-slovenské pediatrie [4].

Od pocatku 70. let minulého stoleti se da-
tuji pilotni studie NS fenylketonurie (PKU)
v nasi republice [5, 6], ktery se v roce 1975
stal nasim prvnim, pravidelné provadénym
celostatnim screeningovym programem. Jako
druhy v potadi byl v roce 1985 zaveden NS
kongenitalni hypotyreézy (CH) [7]. Dalsim
roz§ifenim bylo pfidani kongenitalni adrenal-
ni hyperplazie (CAH) v roce 2006 [8]. K posled-
nimu vyznamnému rozsifeni NS v CR doslo
v fijnu 2009, kdy do spektra vyhledavanych
onemocnéni byla pfidana cysticka fibréza
(CF) [9] a 9 dalsich dédi¢nych metabolickych
poruch [10, 11, 12]. Tabulka 2 shrnuje v soucas-
nosti vyhleddvana onemocnéni v CR a hlavni
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Tab. 2. Onemocnéni vyhledavana novorozeneckym screeningem v CR.

Onemocnéni | Od Analyt Smysl = efekt véasného zachytu

PKU/HPA 1975 Phe, Phe/Tyr Specidlni dieta s nizkym obsahem fenylalaninu zabrani nevratnému poskozeni CNS

CH 1985 TSH Substituce hormony $titné zIazy zabrani nevratnému poskozeni CNS.

CAH 2006 170HP Substituce gluko- a mineralokortikoidy zabranf Zivot ohrozujici solné krizi a u leh¢ich forem
zabrani predcasné puberté a ztraté dospélé vysky

CF IRT, CFTR Komplexni lécba zahdjena do 2 mésicli véku zlepsi pribéh a progndzu

MCADD

LCHADD

VLCADD Rezimova a dietni opatfeni's cilem prevence hypoglykemii zabrani Zivot ohrozujicimu selhani

Profil acyl-karnitind L paty . 2 . el !

CPTD | energetického metabolismu a poskozeni CNS

CPTD I fijen 2009

CACTD

MSUD val/Leu/lleu Specidlni dieta s nizkym obsahem vétvenych aminokyselin snizi riziko Zivot ohrozujiciho
metabolického rozvratu a poskozeni CNS

GAI Glutarvl- karnitin Specidlnf dieta s nizkym obsahem lysinu snizi riziko Zivot ohrozujiciho metabolického rozvratu

y a poskozeni CNS
VA vl Specidlni dieta s nizkym obsahem leucinu a substituce glycinem snizi riziko Zivot ohrozujiciho

metabolického rozvratu a poskozeni CNS

Viysvétlivky: PKU/HPA = fenylketonurie nebo hyperfenylalaninemie; CH = kongenitalni hypotyredza; CAH = kongenitaini adrenalni
hyperplazie, resp. deficit 21-hydroxylazy,; CF = cysticka fibroza; MCADD = deficit acyl-CoA dehydrogenadzy mastnych kyselin se stfedné
dlouhym retézcem,; LCHADD = deficit 3-hydroxyacyl-CoA dehydrogendzy mastnych kyselin s dlouhym retézcem; VLCADD = deficit

acyl-CoA dehydrogenazy mastnych kyselin s velmi dlouhym retézcem, CPTD | a Il = deficit karnitinpalmitoyltransferazy | a Il; CACTD = deficit
karnitinacylkarnitintranslokdzy; MSUD = leucindza (nemoc javorového sirupu); GA | = glutarova acidurie typ I; IVA = izovalerova acidurie;
Phe = fenylalanin, Tyr = tyrosin;, TSH = tyreotropin; 170HP = 17-hydroxyprogesteron; IRT = imunoreaktivni trypsinogen; CFTR = gen pro

cystickou fibrézu; Val = valin; Leu = leucin; lleu = isoleucin

dtivod, proc je potfebna jejich véasna detekce.
VSechna onemocnéni vyhledavana pomoci NS
splnuji definici vzacnych onemocnéni (,,rare
disease“, RD, prevalence <1:2000), proto se
NS stava modelovym nastrojem diagnosti-
ky a 1é¢by RD a zdsadnim zplisobem miize
pomoci naplfiovat smérnice Evropské unie
a usneseni Vlady CR pro RD [13, 14].

Systém NS nespociva pouze v laboratorni
analyze, ale musi zajiStovat i bezchybnou
logistiku preanalytické ¢asti (informovany
souhlas rodic¢ti; zptisob, podminky, ¢asovani
a event. opakovani odbér suché kapky krve),
navazujici analytické ¢asti (jaké analyty, ja-
kym zplisobem a kde jsou méfeny, nastaveni
hranice mezi negativitou a pozitivitou - ,,cut-
-off“) a konecné postanalytické ¢asti (postupy
screeningovych laboratofi pti pozitivnim c¢i
nejasném nalezu, navaznost na klinicka pra-
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covisté ovétujici podezfeni na nemoc podle
obecné pfijatych definic a konecné i zabezpe-
¢eni dlouhodobé 1é¢by a sledovani pacienti).
Cely program se periodicky hodnoti, pribézné
se zpracovavaji data ze screeningu a nastavuji
¢i upravuji se pravidla. Sbér dat a hodnoceni
programu zajistuje Koordina¢ni centrum pro
novorozenecky screening ve VSeobecné fa-
kultni nemocnici v Praze (KCNS) ustanovené
Ministerstvem zdravotnictvi CR, které sdru-
Zuje vSechny laboratofe provadéjici NS a za-
stupce MZ CR. Zpuisob provadéni NS v CR je
podrobné definovan ,,Metodickym navodem
k zajisténi celoploSného novorozeneckého
laboratorniho screeningu a nasledné péce“,
ktery se v nékolikaletych intervalech aktua-
lizuje podle dosazeného stupné medicinské-
ho poznani, rozvoje NS a celospolecenskych
podminek. Metodicky navod se publikuje
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ve Véstniku Ministerstva zdravotnictvi CR.
Posledni aktualizace byla zvefejnéna v srpnu
2009 [15]. Presné znéni Metodického navodu
a fadu dalsich informaci, sdéleni a odpovédi
KCNS pro odbornou i laickou vefejnost lze
nalézt na webovych strankach http://www.
novorozeneckyscreening.cz.

Smyslem tohoto sdéleni je vyhodnotit vy-
sledky NS v CR ve vztahu k jeho postupnému
rozsifovani.

Sledované obdobi 11 let mezi 1. 1. 2002 az
31.12. 2012 zahrnuje vSechny faze postupného
roz§ifovani NS, tak, aby bylo mozno porovnat
kumulativni Cetnost zachycenych pacientii
(tzv. ,detection rate“) v jednotlivych fazich
rozSifovani. Celkem bylo vySetfeno 1179 136
novorozenci na hyperfenylalaninemii (PKU/
/HPA) a CH; koncentrace fenylalaninu byla
méfena plivodni ,,Guthrieho* bakterialné
inhibi¢ni metodou, pozdéji enzymoimuno-
eseji (Quantase®, firmy Biorad) ¢i chroma-
tograficky; od X/2009 se vySetfuje jednotné
tandemovou hmotnostni spektrometrii (kity
MassChrom® Reagent firmy Chromsystems;
MS/MS pristroje API 2000™, API 3200™ a API
4000™ firmy AB Sciex); koncentrace tyreo-
tropinu byla stanovena pomoci fluoroimuno-
eseje (FIA; Delfia® a AutoDelfia® firmy Perkin-
-Elmer). U752 922 novorozenci byla zméfena
koncentrace 17-hydroxyprogesteronu v SKK
pomoci FIA. U 367 114 déti byl zméfen imu-
noreaktivni trypsin (IRT) pomoci FIA a u 3859
(1,05 %) z nich s nejvys$sim IRT byla provede-
na analyza CFTR genu (bylo vySetfovano 32,
pozdéji 50 nejcastéjsich mutaci pomoci eseji
Elucigene CF-EU1™/Elucigene CF-EU2™ firmy
Gen-Probe) v origindlnich SKK, ve kterych
byla zjisténa vysoka koncentrace IRT. Analyza
CFTR genu ve druhém stupni NS CF ma jediny
cil a vystup - minimalizaci falesné pozitiv-
nich vysledkdi. U 362 653 novorozencti byly
analyzovany metabolity pro zachyt dalSich

9 dédi¢nych metabolickych poruch pomoci
vySe uvedené MS/MS techniky.

V pripadé zjisténi hodnoty analytu pod
»cut-off“ hodnotou byl vysledek NS povazovan
za negativni a proband nebyl dale vySetfovan.
Pii pozitivni hodnoté analytu byl proband pre-
dan ke konfirmaci diagnézy, 1é¢bé a dalsSimu
sledovani prislu§nému klinickému pracovis-
ti. Pfi nejasném vysledku v tzv. ,Sedé zéné“,
kdy hodnota analytu byla mezi ,,cut-off“ a jas-
nou pozitivitou, byl odbér SKK na filtracnim
papife opakovan. Pocet opakovanych odbé-
ra SKK s kone¢nym negativnim vysledkem
v opakovaném odbéru, tj. s poklesem hodnoty
analytu pod ,,cut-off“ se vyjadiuje v procen-
tech jako Cetnost faleSné pozitivity (,false
positivity rate“ - FPR). Zdrojem dat o poctu
detekovanych i nedetekovanych pacientt byla
hlaseni klinickych pracovist screeningovym
laboratofim. Diagnéza byla opfena o diagnos-
ticky standard platny v dané dobé. Uvedeni
konkrétnich hodnot analytd pro ,,cut-off“
a pozitivitu, konfirmaci diagnéz podle do-
mluvenych definic a i uvedeni 1é¢by a follow-
-up presahuje rozsah a smysl tohoto sdéleni,
zajemce odkazujeme na sekci ,,Pro odbornou
vefejnost* webovych stranek http://www.
novorozeneckyscreening.cz.

Vysledky NS v CR v pribéhu postupného
roz§ifovani spektra vyhledavanych onemoc-
néni ve sledovaném obdobi ukazuje tabulka 3.

ZlepSujici se schopnost celého systému
NS v CR detekovat pacienty s vrozenym ¢i
dédi¢nym vzacnym onemocnénim doklada
kumulativni ¢etnost zachytli, ktera nartistala
z1:2701v letech 2002-2005 pfes 1:2072 v letech
2007-2008 po rozsifeni o CAH az na 1:1138
po poslednim rozsifeni NS v roce 2009 o CF
a dalSich 9 DMP. Efektivita screeningového
programu se tak mezi lety 2005 a 2012 zvySila
vice nez2,5krat a dosahuje parametrii srovna-
telnych s jinymi evropskymi zemémi.
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Tab. 3. Vysledky novorozeneckého screeningu v €R v obdobi 1. 1. 2002 - 31. 12. 2012.

PKU/HPA 163 17234 = 0203 | 0,008 | 0,026
1.1.2002 - 1179136 1:2701
CH 331 1:3562 = = = 0,016
CAH 1.2.2006 - 752922 6l 112 343 12072 2 2,746 0,207 | 0,400
CF 36714 52 1:7060 6 = = 0,024
MCADD 21 117 269 = 0,008 0,001 | 0,002
LCHADD 7 1:51808 = 0 0,001 0,001
VLCADD 4 1:90 663 s 0,035 0,014 0,015
CPTDI 0 = = 0,102 0,001 | 0,009
1.10. 2009 - 138
CPTD I 362 653 0 = =
0 0 0
CACTD 0 = =
MSUD 2 1181327 1 0,187 0,007 | 0,022
GAl 3 1120 884 = 0,0m 0,004 | 0,005
IVA 2 1181327 = 0129 0,010 | 0,020

Vysvétlivky: PKU/HPA = fenylketonurie nebo hyperfenylalaninemie; CH = kongenitaini hypotyredza; CAH = kongenitalni adrendini
hyperplazie resp. deficit 21-hydroxylazy; CF = cysticka fibroza, MCADD = deficit acyl-CoA dehydrogendzy mastnych kyselin se stfedné
dlouhym retézcem; LCHADD = deficit 3-hydroxyacyl-CoA dehydrogendzy mastnych kyselin s dlouhym fetézcem; VLCADD = deficit

acyl-CoA dehydrogenazy mastnych kyselin s velmi dlouhym retézcem, CPTD | a Il = deficit karnitinpalmitoyltransferazy | a Il; CACTD = deficit
karnitinacylkarnitintranslokazy; MSUD = leucinéza (nemoc javorového sirupu); GA | = glutarova acidurie typ I; IVA = izovalerova acidurie;
FPR = ,false positivity rate®, cetnost opakovani odbéru screeningu s konec¢nym negativnim vysledkem pro pfedchozi nejasny nalez v prvnim
pravidelném odbéru mezi 48. a 72. hodinou Zivota, pocitano v obdobi 1. 1. 2010 - 31. 12. 2012

Odvracenou stranou dosazené vysoké de-
tekéni schopnosti systému s vétsim poctem
vyhledavanych nemoci je v§ak nariist poctu
opakovani odbéru SKK na filtra¢ni papirek
pro nejasny prvni vysledek. U vétSiny no-
vorozenci se pfi opakovaném odbéru zjisti
fyziologické koncentrace analytd a pivodni
abnormalni nilez se tak stava fale$né pozitiv-
nim. Kumulativni hodnota FPR v obdobi mezi
1. 1. 2010 az 31. 12. 2012 dosahla 0,540 % pro
vSechny vySetfené novorozence bez rozdilu
porodni hmotnosti. Ve skupiné novorozen-
cli s porodni hmotnosti 2500 g a vice ¢inila
0,253 % a u novorozencu s nizkou porodni
hmotnosti 3,421 %. FaleSna pozitivita pfi-
nasi jistou zatéZ pro zdravou ¢ast populace
a podle nékterych studii miize zvySovat stres
u rodict (viz ¢lanek Frankova a kol. v tom-
to Cisle, s. 000-000). FPR vzrista s klesajici
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porodni hmotnosti (resp. zralosti). Je prav-
dou, Ze ve skupiné nezralych novorozenct je
zatéz a stigmatizace opakovanym odbérem
SKK vyznamné mensi, protoze se vét§inou
jedna o déti na intenzivni péci, které jsou
vySetfovany iz jinych dtivodii, ale snizovani
FPR je pro systém NS vyzvou a cilem. Z ta-
bulky 3 je zfejmé, Ze na fale$né pozitivité se
z nejvetsi casti (74 %) podili NS CAH. Ostatni
screenovand onemocnéni maji FPR vyznamné
nizsi (napt. vSech 10 DMP jen okolo 0,1 %).
Efektivni cestou ke snizovani FPR je zava-
déni druhostupniovych analytickych metod,
které se provadéji pfimo v téch originalnich
SKK, ve kterych byl zjiStén zvySeny primarni
analyt. V pfipadé CAH byl zkousen priikaz
alesponl jedné funkéni kopie genu CYP21A2
pro 21-hydroxylazu. Tento pristup se nejevi
pouZitelny pro béZnou praxi z divodu velké
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Tab. 4. Onemocnéni doporucena k vyhledavani pomoci novorozeneckého screeningu v USA, podle [22].

Organické acidurie/acidemie

IVA; GA I, HMGD; MCD; MUT; Cb1 A B; 3MCC; PROP; BKT

Cb1C,D; 2M3HBA; IBG; 2MBG; 3MGA; MAL

Poruchy oxidace mastnych kyselin

MCADD; VLCADD; LCHADD; TFP; CUD

M/SCHADD; SCADD; MCKATD; GA II; CPTD |;
CPTD II; CACTD; DE REDUCT

Poruchy metabolismu aminokyselin

PKU; MSUD; HCY; TYR I; ASA; CIT

HPA; TYR II; BIOPT (BS); TYR Ill; ARG; BIOPT
(REG); MET; CIT Il

Hemoglobinopatie SCA; Hb S/Th; Hb S/C

Variantni Hb vcetné HbE

Jind onemocnéni

CH; BD; CAH; GAL; HEAR; CF; SCID

GALE; GALK

Vysvétlivky: IVA = izovalerova acidurie; GA | = glutarova acidurie I. typu; HMG = deficit lyazy 3-hydroxy-3-methylglutaryl-CoA;

MCD = mnohocetny deficit karboxyldz; MUT = deficit metylmalonyl-CoA mutdzy,; Cbl A ,B = metylmalonova acidémie forma CbilA a B,
3MCC = deficit karboxyldzy 3-methylcrotonyl-CoA; PROP = propionova acidurie; BKT = deficit B-ketothioldzy; MCADD = deficit

acyl-CoA dehydrogendzy mastnych kyselin se stfedné dlouhym fetézcem,; VLCADD = deficit acyl-CoA dehydrogendzy mastnych kyselin

s velmi dlouhym retézcem, LCAHDD = deficit acyl-CoA dehydrogenadzy mastnych kyselin s dlouhym fetézcem; TFP = deficit trifunkcniho
mitochondriglniho proteinu; CUD = defekt vychytavani karnitinu; PKU = fenylketonurie; MSUD = leucindza (nemoc javorového sirupu);
HCY = homocystinurie; TYR | = tyrosinémie |. typu; ASA = arginisukcindtova acidurie; CIT = citrulinemie I. typu; SCA = srpkovitd anemie;
Hb S/Th = S-B thalasémie; Hb S/C = kombinovana hemoglobinopatie S a C; CH = kongenitéini hypotyredza; BD = deficit biotinidézy;

CAH = kongenitdini adrendini hyperplazie resp. deficit 21-hydroxylazy; GAL = galaktosémie; HEAR = poruchy sluchu; CF = cysticka fibréza;
SCID = syndrom tézké kombinované imunodeficience (pfidan do panelu aZ v roce 2010); Cbl C, D = metylmalonova acidemie forma Cb1
Ca D; 2M3HBA = 2-metyl-3hydroxybutyratova acidurie; IBG = deficit dehydrogenadzy izobutyryl-CoA; 2MBG = deficit dehydrogenazy
2-metylbutyryl-CoA; 3MGA = 3-metylglutakonova acidurie; MAL = malonova acidemie; M/SCHADD = deficit dehydrogendzy hydroxyacyl-
CoA mastnych kyselin se stfedné dlouhym a krdtkym fetézcem, SCADD = deficit acyl-CoA dehydrogendzy mastnych kyselin s kratkym
retézcem; MCKATD = deficit thioldzy 3-ketoacyl-CoA mastnych kyselin se stredné dlouhym retézcem; GA Il = glutarova acidurie

II. typu; CPTD | = deficit karnitin palmitoyltransferazy I; CPTD Il = deficit karnitin palmitoyltransferazy Il; CACTD = deficit karnitin-
acylkarnitintranslokdzy; DE REDUCT = deficit reduktazy dienoyl-CoA; HPA = non PKU hyperfenylalaninemie; TYR Il = tyrosinémie II. typu;
BIOPT (BS) = defekt syntézy biopterinu; TYR Ill = tyrosinémie Ill. typu; ARG = argininémie; BIOPT (REG) = defekt regenerace biopterinu;
MET = hypermethioninemie; CIT Il = citrulinemie Il. typu; GALE = deficit epimerazy galaktdzy, GALK = deficit galaktokindzy

Tab. 5. Onemocnéni doporucena k vyhledavani pomoci novorozeneckého screeningu v Evropé, podle [23].

7 onemocnéni s relativné vysokou prevalenci

3 onemocnéni s nizsi prevalenci

PKU/HPA, CH, CAH, CF, MCADD, Hb S/Th, Hb S/C | MSUD, GA I, GAL

BD, CPTD II, CACTD, GA I, HMGD, HCSD, HCY, IVA, BKT,
LCHADD, LSD, 3MCC, TYR I TYR Il a lll, VLCADD, deficit
vitaminu B12, SCID, CMV

Vysvétlivky: PKU = fenylketonurie resp.hyperfenylalaninemie; CH = kongenitalni hypotyredza;, CAH = kongenitaini adrendini hyperplazie resp.
deficit 21-hydroxylazy, CF = cysticka fibroza; MCADD = deficit acyl-CoA dehydrogenazy mastnych kyselin se stfedné dlouhym retézcem;

Hb S/Th = S-B thalasémie; Hb S/C = kombinovana hemoglobinopatie S a C; MSUD = leucindza (nemoc javorového sirupu); GA | = glutarova
acidurie I. typu, GAL = galaktosémie; BD = deficit biotiniddzy, CPTD Il = deficit karnitin palmitoyltransferdzy Il; CACTD = deficit karnitin-
acylkarnitintranslokazy; GA Il = glutarova acidurie Il. typu; HMGD = deficit lyazy 3-hydroxy-3-methylglutaryl-CoA; HCSD = deficit syntetdzy
holokarboxyldzy, HCY = homocystinurie; IVA = izovalerova acidurie; BKT = deficit p-ketothioldazy; LCAHDD = deficit acyl-CoA dehydrogendzy
mastnych kyselin s dlouhym Fetézcem, LSD = lyzozomadlni stfddavé choroby (nékolik jednotek, napr. Pompe, Krabbe, Fabry);

3MCC = deficit karboxyldzy 3-methylcrotonyl-CoA; TYR | = tyrosinémie I. typu; TYR Il a lll = tyrosinémie Il. a lll. typu; VLCADD = deficit
acyl-CoA dehydrogendzy mastnych kyselin s velmi dlouhym fetézcem; SCID = syndrom tézké kombinované imunodeficience;

CMV = vrozend infekce virem CMV

pracnosti a financ¢nich naklada [16]. Slibné
je profilovani steroidii pomoci kapalinové
chromatografie s naslednou analyzou pomoci
tandemové hmotnostni spektrometrie (LC-
-MS/MS), pilotni studie probihaji ve svété [17]
ivCR, zavedeni této metody jako druhostup-
nové metody by mohlo podle pilotni studie
v CR sniZit FPR pro CAH o cca 80-90 %.

V kazdém screeningovém programu existuji
také pripady falesné negativity (FN), kdy pa-
cienti (vétSinou s mirnéjsimi formami nemoci)
nejsou screeningem zachyceni. Pfi NS CAH
byly v priibéhu sledovaného obdobi zazname-
nany dva pripady, které unikly detekci NS.
V jednom pripadé se jednalo o probanda s Kli-
nickym podezfenim na CAH a lé¢eného korti-
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koidy jiz pfed odbérem SKK, tento pripad tedy
neni faktickou FN, ale ve druhém ptipadé se
jednalo o skute¢nou ,,biologickou“ FN u divky
s genotypem svédc¢icim pro solnou poruchu.
Kauza byla podrobné analyzovana a publiko-
vana [8]. Skutecna novorozenecka prevalence
CAH po zapocitani FN ¢inila 1:11 951. Detekci NS
uniklijeden pacient s MSUD, protoZe pti kon-
firma¢nim vySetfeni standardnimi technikami
nebyly zjiStény zvySené koncentrace diagnos-
ticky vyznamného analytu - alloisoleucinu, re-
alna novorozenecka prevalence pak vzroste na
1:120 884. Béhem NS CF bylo ve sledovaném
obdobi zaznamenano 6 déti, které unikly za-
chytu. Ve 3 pfipadech se jednalo o pacienty,
ktefi se v novorozeneckém véku demonstrovali
mekoniovym ileem (MI). Nejednalo se tedy
o fakticky tinik diagnéze a niz§i koncentrace
IRT v ptfipadé MI jsou znamé [18]. V dalsim
jednom ptipadé se jednalo o skute¢nou ,,biolo-
gickou“ FN s IRT pod ,,cut-off“ a u dvou novo-
rozenci se jednalo o ,,analytickou“ FN, protoze
probandi méli dvé vzacné mutace, které nejsou
ve spektru vySetfovanych. Skutecna prevalence
CF v nasi kohorté novorozenct po zapocitani
EN ¢inila 1:6330. Populacni riziko CF po zapo-
¢itani preimplantacéni a prenatalni diagnostiky
je v§ak vyss$i - cca 1:4500. NS CF lze vyznam-
né zefektivnit pomoci dal§iho analytického
mezistupné - méfeni proteinu asociovaného
s pankreatitidou [19].

Ze sledovaného obdobi nemame informa-
ci o FN PKU/HPA. Screeningova prevalence
PKU/HPA v obdobi 1. 1. 2010 - 31. 12. 2012 byla
vyssi (1:5867) nez za celé sledované obdobi
(1:7234). Dlivodem mtiZe byt jednak fluktuace
v dlisledku relativné malého poctu vySetie-
nych novorozenct, ale také sniZeni hranice
,cut-off“ pro fenylalanin z 240 na 120 pmol/1
a zvySenému zachytu lehéich forem HPA.

Sekundarni non-PKU hyperfenylalanine-
mie zplisobené poruchami metabolismu pte-
rinll nejsou zahrnuty - v celém sledovaném
obdobi byl detekovan 1 pacient s deficitem
tetrahydrobiopterinu.
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ex 2

analytické moznosti detekce stale vétsiho po-
¢tu onemocnéni ze SKK. Rozhodovani, ktera
onemocnéni zahrnout do novorozeneckého
screeningového programu, se stava stale slo-
a Jungner stanovili rozhodovaci kritéria o za-
fazovani onemocnéni do NS [20, 21]. Tato
kritéria nebyla zpochybnéna, ale jsou rela-
tivizovana, napf. hranice prevalence nebo
ekonomicka hranice (v CR jsou naklady zdra-
votni pojistovny na soucasny NS u jednoho
novorozence 750 K¢). V diskusich se objevuji
i nova kritéria, jako napft. uSetfeni jedince
diagnostickému martyriu u vzacnych chorob
nebo informovana reprodukce s moznosti
prenatalniho vysetfeni ¢i preimplantacni dia-
gnostiky u nelécitelnych chorob.

nejen odborné, ale i etické, ekonomické
a politické. Autoritativni stanovisko zau-
jala Americka spolecnost 1ékatfské genetiky
(ACMG), ktera po rozsahlé studii a diskusi
publikovala [22] seznam 55 chorob vhodnych
pro NS, které rozdélila na skupinu zakladni
a na skupinu dopliikovou. Seznam, v USA
chapan jako zavazny, je uveden v tabulce 4
a postupné se v jednotlivych statech zavadi.
Evropska sit odbornikli v novorozeneckém
screeningu (EUNENBS, European Network
of Experts on Newborn Screening) provedla
v letech 2010/2011 dotaznikovou studii a vyda-
la [23] podobny seznam 26 onemocnéni, které
povazuje za vhodné k zafazeni do spektra NS
v evropskych statech. Seznam rozdélila na
skupinu zakladni (potfebnou) s vysokou pre-
valenci, zakladni s nizkou prevalenci a sku-
pinu kandidatni - viz tabulku 5.

Evropsky panel je v soucasnosti viiman mé-
neé zavazné nez americky a ma charakter spise
»doporuceni ke zvaZeni“. V CR v soucasné dobé
probiha pilotni studie k rozsifeni spektra dé-
di¢nych metabolickych poruch pomoci MS/MS
a metodicky se pripravuje studie NS tézké kom-
binované imunodeficience (SCID) [24].
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Roz§ifeni novorozeneckého screeningové-
ho programu v CR zdsadnim zptisobem zvyS§ilo
efektivitu presymptomatického vyhledavani
pacientii, nebot téméf dvaaptlkrat zvysilo za-
chyt novorozenct s nékterou z vyhledavanych
nemoci. Uroveri novorozeneckého screeningu
v CR odpovida nyni standardu vyspélych stati
Evropské unie. NS v CR je i¢innym ndstrojem
zkvalitnéni péce o pacienty se vzacnymi one-
mocnénimi a je vzorovym piikladem zlepSeni
pristupu zdravotnického systému k témto
pacientim. Dals$i optimalizace systému NS
jsou potfebné a jsou predmétem vyzkumu
- v soucasné dobé jsou vyvijené druhostup-
nové metody s cilem snizit faleSnou poziti-
vitu a hledaji se mozZnosti k roz§ifeni spektra
screenovanych chorob.

Prace vznikla za podpory: PRVOUK
P31 pro FV! a P24 pro VK% IGA MZ CR
NT/12213-3 a MZ CR RVO-VFN64165/2012 pro
VK2, MZOFNM2005, CZ.2.16/3.1.00/24022
a 00064203 pro MM,
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3.4.1. Uvod k publikaci

NS je ucinny nastroj v€asné diagnostiky zavaznych vzacnych onemocnéni s
ucinnou Ié€bou nebo sekundarni prevenci. V dobé sepisovani této dizertaCni prace je
v Ceské republice u vSech novorozencl za definovanych podminek rutinné
vySetfovano celkem 13 onemocnéni. CF je soucasti tohoto screeningového
programu od roku 2009.

Cilem prace bylo zhodnotit efektivitu screeningového programu v Ceské
republice. Vysledky této prace byly publikovany jako puvodni ¢&lanek

v Cesko-slovenské Pediatrii v roce 2014.
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3.4.2. Vysledky a diskuze

V ramci NSCF bylo od jeho zavedeni vroce 2009 do konce roku 2012
vySetfeno celkem 367 114 novorozencu. Protokol IRT/DNA/IRT ve sledovaném
obdobi odhalil celkem 52 pacientl s klasickou formou CF vedouci ke screeningové
prevalenci CF 1 : 7 060 (52/367 114). Po zapocteni 6 znamych pfipadl faleSné
negativity byla skutecna prevalence CF v nasi kohorté 1 : 6 330 (58/367 114).

Prevalence pozorovana na vysledcich NSCF je vyrazné nizSi nez prevalence
Housték and Vavrova, 1969). Dlvodem tohoto rozdilu muze byt existence dalSich
pacientl s CF, ktefi nebyli screeningovym programem zachyceni. Dosud vime o 6
pfipadech faleSné negativity. K pfesnému zhodnoceni dalSi pfipadné faleSné
negativity je vSak nutny delSi Casovy odstup od sledovaného obdobi.

Velky vliv na prevalenci ma planované rodiCovstvi paru s potvrzenym 25%
rizikem CF u potomkl. Tyto pary mohou podstoupit prenatalni diagnostiku
s moznosti ukon&eni gravidity v pfipadé prakazu 2 patogennich mutaci CFTR genu u
plodu, mohou se rozhodnout podstoupit preimplantacni diagnostiku nebo se vzdat
moznosti mit (dalsi) spole€né dité. Alternativou pro pary s 25% rizikem CF u plodu je
dale adopce ¢&i darcovstvi gamet. Na CF u plodu parl s negativni rodinnou
anamnézou CF mulze upozornit také zvySena echogenita stfevnich klicek pfi
ultrazvukovém vySetfeni plodu ve 20. tydnu gravidity a/nebo velmi nizké koncentrace
gama-glutamyl transferazy v plodové vodé (jde o nahodny nalez v pfipadech, kdy je
amniocentéza indikovana z jiného davodu).

V obdobi, které by ovlivnilo prevalenci CF u novorozencu v nasem souboru,
bylo na tzemi Ceské republiky uméle ukonéeno 15 t&hotenstvi z ddvodu prenatalni
diagnézy CF u plodu (Gregor, 2014). Pokud by nedoS$lo k ukonceni téchto
pro zhodnoceni populacniho rizika pro CF je zohlednéni vlivu preimplantaéni
diagnostiky, ktera je pary s 25 % rizikem CF u plodu ¢im dal vice vyhledavana.
Dosud vSak neexistuji spolehliva data v pfisluSnych narodnich registrech, ktera by
nam umoznila zhodnotit vliv preimplantacni diagnostiky na prevalenci CF. Metody
asistované reprodukce jsou prevazné poskytovany nestatnimi zdravotnickymi
zafizenimi, ktera nemaji povinnost publikovat poCet a typ provedenych
preimplantacnich vySetieni (Macek, 2014).
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Déale planované rodiCovstvi vedouci k mozZnému rozhodnuti nemit (dalsi)
spolec¢né dité ¢i rozhodnuti o darcovstvi gamet nebo adopci se mohou podilet na
vysledné nizSi prevalenci CF. Lze proto predpokladat, Ze populacni riziko CF
v Ceské republice je vy$si nez 1 : 5 029.

Vyznamny je i pocCet Viethamcu [60 289 Viethamcu vroce 2010 (“Pocet
cizincli - Popis aktualniho vyvoje,” 2013)] Zijicich v Ceské republice. Zvysujici se
podet novorozenct a déti viethamské narodnosti narozenych v Ceské republice
muze pfispivat k celkové niZsi prevalenci CF. Dlvodem je obecné nizka prevalence
CF u asijskych populaci odpovidajici cca 1 : 35 000 (Rohlfs et al., 2011).

Prevalence zjiSténa na zakladé NSCF se vztahuje vyhradné ke klasickym
formam CF - probandi s CF-SPID byli ze statistickych analyz vyfazeni. Lze vSak
pfedpokladat, Zze néktefi probandi s CF-SPID postupem Casu dospéji ke klinickym
obtizim odpovidajicim klasické formé CF. Tito pacienti mohli byt v minulosti do
prevalence zapocitani, protoze byly sledovany klinicky diagnostikované formy
onemocnéni ve vSech vékovych skupinach (Brunecky, 1972).

Mlzeme také spekulovat, zda napf. vySSi prevalence 1 : 2700 (Housték and
Vavrova, 1969) stanovena ve Stiednich Cechach v 60. letech na zakladé sekénich
nalezi nemohla byt nadhodnocena v dusledku nespravné stanovené diagnézy pfi
vSeobecné nedostupnosti potniho testu. Rovnéz regionalni charakter této studie
mohl vést k fale$né& vy$si prevalenci CF v byvalém Ceskoslovensku.

V nékterych oblastech mohla k vy$Si prevalenci CF v minulosti také pfispivat
vySSi mira konsangvinity v obecné populaci, ktera obecné vede ke zvySeni vyskytu
autozomalné recesivnich onemocnéni v populaci.

Trend k niz8i prevalenci zjisténé na zakladé vysledkit NSCF v porovnani
s dfive citovanymi udaji je popisovan také u ostatnich evropskych screeningovych
programu (Dodge et al., 1997; Massie et al., 2010; Scotet et al., 2012; Slieker et al.,
2005). Duvody tohoto jevu jsou obdobné s vySe diskutovanymi pfi¢inami, pfresto
bude nezbytné je dale analyzovat v ramci dlouhodobéjSiho asového horizontu.

Nejvhodnéjsi zpusob, ktery by nam umoznil vyjadfit se pfesnéji k populaénimu
riziku klasické formy CF v Ceské republice, je systematicky celoplogny prekoncepéni
screening odhalujici zdravé nosiCe genu CFTR v populaci (Castellani and Massie,

2014), ktery véak v Ceské republice neni provadény.
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3.4.3. Zaver

Efektivita screeningového programu se mezi lety 2005 - 2012 zvysila v Ceské
republice vice nez 2,5 nasobné a dosahuje parametrd srovnatelnych s jinymi
evropskymi zemémi. Ke zlepSeni této efektivity pfispélo také zavedeni NSCF.

Vyhledové Ize jeSté ocCekavat zarfazeni dalSich onemocnéni do
screeningového programu a nahrazeni stavajiciho protokolu IRT/DNA/IRT
protokolem IRT/PAP/DNA, &imz se screeningovy program v Ceské republice bude

dale zefektiviiovat.
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Nasledujici publikace se zabyva problematikou uvedenou v bodé 5 meazi

stanovenymi cili této dizertaéni prace (viz kapitola 2.).

3.5. Khrunin, A.V., Khokhrin, D.V., Filippova, I.N., Esko, T., Nelis, M., Bebyakova,
N.A., Bolotova, N.L., Klovins, J., Nikitina-Zake, L., Rehnstrom, K., Ripatti, S.,
Schreiber, S., Franke, A., Macek, M., KruliSova, V., Lubinski, J., Metspalu, A,
Limborska, S.A., 2014. A genome-wide analysis of populations from European
Russia reveals a new pole of genetic diversity in northern Europe. PLoS One. 8,
e58552. doi: 10.1371/journal.pone.0058552. Epub 2013 Mar 7. IF 3,73
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Introduction of having to use only a few loci as a proxy for the entire genome
[1,2].

To date, there is a number of studies in which the fine-scale
structure of human genetic variation have been examined at a
global, continental, geographic region, single country, or even a
subpopulation level [3—11]. European ancestry is the best studied

Identifying and understanding patterns of genetic variation
within and between populations has long been the major focus of
studies in human population genetics. Over the last decade, our
ability to investigate population structure has been significantly

enhanced by the advances in high-throughput genotyping of these aspects, for which the strongest genetic differentiation has
technologies, as these allow simultaneous genotyping of hundreds been found between the north and south of the continent. The
of thousands of polymorphic markers. Compared with the identified European population substructure correlated well with
previous methodology used in human population genetics, they geography [4-6,12]. Although these studies included many
enabled a new level of accuracy and power without the constraint population samples, they mainly represented northern, western,

central, and southern Europe, while populations from Eastern
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Europe, particularly from the European part of Russia, were less
represented. The region is inhabited by ethnic Russians as well as
different indigenous Finno-Ugric groups. In this study, we report
an analysis of 165872 single nucleotide polymorphisms (SNPs) in
four Russian populations from European Russia, as well as in
populations from two of the northernmost Finno-Ugric ethnic
groups: Veps and Komi.

Russians are the largest ethnic group among the European
populations: more than 80 million individuals live in an area that
covers more than a third of continental Europe [13]. A recent
study of genetic diversity in Europe performed by Nelis et al. [5]
resulted in a genetic map of the continent that had a triangular
structure and showed that Russians were forming one of its
vertexes, together with Polish and Baltic samples. However, the
Russian population included in that study originated from a single
region of the European part of Russia (Tver), even though, in the
context of existing genetic data (i.e., Y-chromosome and several
autosomal polymorphisms) [14—16], European Russians could be
subdivided into at least two groups: central-southern and northern
Russians.

In order to study genetic structure of the European Russians in
greater detail, we combined genome-wide SNP data from the Tver
sample mentioned above with the genotypes of three new Russian
samples from southern (Kursk), eastern (Murom), and northern
(Mezen) regions of European Russia (Figure 1). Taking into
account the well-documented impact of Finno-Ugric communities
on the ethnogenesis of Russians [17], the genotypes of Veps and
Komi were also included in our analysis. An additional reason of
involving of Veps and Komi was the scarcity of the data on fine-
scale genetic structure of Finno-Ugrians, which were mainly
presented by Finns, Saami, Estonians and Hungarians [2,5,11].
The Finnic-speaking Veps (also called Vepsians or Ves in ancient
times) are one of the oldest people of northern Europe that are still
found in the northwest Russia (Figure 1). Veps were first
mentioned in historical chronicles in the middle of the 6" century
[18]. It has been proposed that Veps tribes inhabited the territories
between Lakes Onega, Ladoga, and Beloe as early as the first half
of the first millennium [18]. In contrast to the scarce Veps, the
Komi (Komi-Zyryan) people, belonging to the different linguistic
branch of the Finno-Ugric family, the Permian branch, is more
numerous [13,19]. They occupy the northeastern-most location of
Europe and consist of several ethnographic groups, formed during
the 8719 centuries [19]. We included samples from two of the
geographically and socioeconomically distant Komi groups: the
Izhemski Komi and Priluzski Komi [20]. Finally, to place genetic
variation into the geographical context of the continental Europe,
we also included genotypic data from several reference populations
(Figure 1). The obtained results demonstrated similarity between
Russian populations from the central part of European Russia as
well as their proximity to the populations from central-eastern
Europe. They were also showed that genetic peculiarity of
Russians from northern Russia was resulted from their admixture
with Finno-Ugric populations among them a special impact should
be attributed to Komi people. It was manifested by a distinct
ancestry component differed Komi from all other European
populations studied.

Materials and Methods

Samples

The used research protocols and forms of informed consent
have been approved by the Ethic Commission of the Medico-
Genetic Scientific Centre of the Russian Academy of Medical
Sciences (an approval was signed by the Head of the Ethic
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Commission, Prof. L.F. Kurilo). Written informed consent for
participation was obtained from all subjects included in the study.

Blood samples were collected in EDTA-coated vacutainers after
recording genealogical information and obtaining informed
consent from cach individual. Inclusion in the study required that
all individuals belong to the native ethnic group of the region
studied (i.c., they belonged to at least the third generation living in
a particular geographic region), were healthy and unrelated. DNA
was isolated from peripheral leukocytes according to standard
techniques using proteinase K treatment and phenol-chloroform
extraction [21]. Among the 615 individuals genotyped, 384 were
Russians from Archangelsk (Mezen district, n=96), Vladimir
(Murom district, n = 96), Kursk (Kursk and Oktyabrsky districts,
n=96), and Tver (Andreapol district, n=96) regions; 81 were
Veps from the Babaevo district of Vologodsky region and 150
were Komi from the Izhemski (Izhemski Komi, n=79) and
Priluzski (Priluzski Komi, n=71) districts of the Komi Republic.

DNA samples were genotyped using different versions of
MNlumina BeadChips: Human370CNV-Duo (Tver and Murom),
Human660W-Quad (Kursk), and HumanOmniExpress (Mezen,
Veps, and Komi), according to the manufacturer’s protocol
([lumina Inc., USA). All samples were subjected to the same
quality control procedures using SNP and Variation Suite v.7.4.0
software package (Golden Helix, Bozeman, MT, USA). Only
SNPs from the 22 autosomal chromosomes with minor allele
frequency >1%, at Hardy-Weinberg equilibrium F7>0.00001,
and with genotyping success rate >95% were accepted. Cryptic
relatedness was tested with the same software and from the
detected relative pairs (PI >0.2), only one was chosen for the
subsequent analyses at random. These steps resulted in the
retention of 165,872 autosomal SNPs in 603 individuals. To
investigate population genetic structure, we also included geno-
types of several populations described by Nelis et al. [3]: Finns
(samples from Helsinki (n = 100) and Kuusamo (n = 84), Estonians
(n=100), Latvians (n=295), Poles (n=48), Czechs (n=94), and
Germans (n = 100). In addition, we used free genotype data from
the HapMap 3 project (Italians from Tuscany (n=88) and Han
Chinese from Beijing (n = 78) [22], and as well as from the human
genome diversity panel (HGDP, Russians (n=25) [23]. After
filtering and removing all non-overlapping SNPs, a subset of
128,844 autosomal SNPs included genotypes available for all
populations (except Chinese). Because background linkage dis-
equilibrium (LD) can induce biases in principal component (PCA)
[24] and structure analyses [25], both marker sets —165,872 and
128,844 SNPs — were further thinned by excluding SNPs with
strong LD (pairwise genotypic correlation 72>0.2) using a window
of 200 SNPs (sliding the window by 25 SNPs at a time), which
yielded 59,318 and 52,808 SNPs, respectively.

Statistical Analysis

In order to explore the genetic structure of the populations from
European Russia, several forms of analyses were performed. We
started with principal component analysis (PCA), a widely used
method for identifying and visualizing patterns of population
structure [26]. It was carried out using the Genotypic Principal
Components Analysis module of SNP and Variation Suite v.7.4.0.
To obtain non-overestimated eigenvectors [27], we first ran the
software using an outlier removal procedure, in which individuals
with values that were greater than six standard deviations from the
mean along any of the top 10 eigenvectors (principal components)
were identified and removed.

Genetic differentiation among the populations was quantified
by estimating pairwise Wright’s fixation indices (Fst) using the
SMARTPCA program in the EIGENSOFT software package
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Figure 1. Geographic locations of the populations analyzed. Key: Komi_Izh - Izhemski Komi, Komi_Pr - Priluzski Komi, Rus_Tv — Russians from
Tver, Rus_Ku — Russians from Kursk, Rus_Mu - Russians from Murom, Rus_Me - Russians from Mezen, Finns_He - Finns from Helsinki, Finns_Ku -
Finns from Kuusamo, Rus_HGDP - Russians from the Human Genome Diversity Panel.

doi:10.1371/journal.pone.0058552.9001

(v.4.2). Allele frequency differences in pairs of populations were
evaluated using trend tests. The resulting P values were subjected
to Bonferroni correction and the significance threshold was set at
P=0.05 (Bonferroni-adjusted P was equal $x107).

Next, the population structure was examined using the
ADMIXTURE software package (v.1.22), which, in contrast to
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PCA, implements a model-based clustering algorithm for estimat-
ing individual ancestry proportions [25]. This approach assumes
that the genome of each subject originates from K unknown
ancestral populations and estimates the proportions of the genome
derived from each of these populations. To identify putative
ancestral clusters within the samples, we ran the software assuming
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2-12 subpopulations on separate runs, using default parameters.
Each run was repeated at least three times to assess the stability of
the clustering patterns. To validate the results, a cross-validation
procedure was used [28].

Finally, to assess the potential effect of population demographics
on the population structure, the runs of homozygosity (ROH) and
the extent of pairwise linkage disequilibrium (LD) were examined
in the populations studied. ROH in the individuals were identified
using SNP and Variation Suite v.7.4.0. ROH was defined as a
sequence of at least 25 consecutive homozygous SNPs spanning at
least 1500 kb, with a maximum gap of 100 kb between adjacent
SNPs and a minimum density of 1 SNP per 50 kb [29]. Taking
into account the limited number of SNPs tested, we also used
another definition of ROH, in which the limitations on the
maximum distance between SNPs and the minimum density of
SNPs were excluded [30,31]. For comparative purposes the results
obtained were summarized by the calculation of means for the
number of ROH and the cumulative length of ROH per
individual for each population. The extent of pairwise linkage
disequilibrium (LD) was calculated as the genotype correlation (r?)
between marker pairs located less than 100 kb apart using the
PLINK v. 1.07.29 software [32]. A custom Perl script was applied
to categorize the r* values according to intermarker distances (0—
5 kb, 5-10 kb, etc.) and a mean r* was calculated for each
category.

Results

To probe population structure, we first analyzed our data sets
using a model-free ancestry PCA. In Figure 2 we plotted the first
two principal components (PC) that had the highest eigenvalues
(Figure S1). The plot demonstrated the presence of significant
differences between Russian populations from the central part of
the Russian Plain (i.e., populations from the Kursk, Murom, and
Tver regions), which formed a single cluster on the PC plot, and
the Russian population from the northern Archangelsk region
(Mezen Russians). Mezen Russians exhibited closer relationships
with the population of Veps. The samples of Izhemski and
Priluzski Komi were located distantly, not only from Veps and
Russians, but also from each other.

The lack of separation between populations from the Kursk,
Murom, and Tver regions in the PC plot was consistent with the
results of the assessment of population differentiation via the
calculation of pairwise Fgr statistics, in which Fgp values were not
greater than 0.001 (Table 1). The pairwise Fgr value between
these populations and Mezen Russians was 0.006. The same Fst
value characterized the genetic relationships between Mezen
Russians and Veps. This finding correlated with the population
substructure observed in a plot of PC3 versus PC4, in which
Mezen Russians and Veps were clearly separated from each other
along PC4 (Figure S2). The highest pairwise Fg estimates were
obtained from comparisons that included Komi samples.

None of the SNPs analyzed showed significant (P<3x107)
differences in allele frequencies between populations from the
Kursk, Murom, and Tver regions, but 144 to 172 SNPs in each of
these populations differed from those of Russians from the Mezen
region. The highest number of SNPs with large differences in allele
frequencies was found between Izhemski Komi and populations
from the Kursk, Murom, and Tver regions (Table 1).

To understand the place of Russians, Komi, and Veps on the
genetic canvas of Europe, we combined their genotypes with the
genotypic data of several European populations (Finns, Estonians,
Latvians, Poles, Czechs and Germans, as well as Italians, who are
the most distant from our populations [5]). The results of PCA
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performed on this extended number of samples are shown in
Figure 3, and may be described as having an “airplane”-like
structure with the two wings represented by the Finnish (upper
left), and Komi (lower left) samples. A comparison of the resulting
genetic map, with the results presented by Nelis et al. [5], shows
that the populations from one of the vertices of the latter are now
located at the intersection formed by the two genetic “wings”.
Russians from Murom, Kursk, and Tver were also placed at this
intersection. However, Russians from Mezen were located outside
this intersection. This population, together with the Finnic-
speaking Veps, was located in the space between the Finnish
and Komi “wings” on the chart. Taking into account the genetic
differences found for Mezen Russians among the other Russian
populations studied here, a Russian-only sample from the HGDP
set was also included in the analysis. The HGDP Russians were
also from the Archangelsk region (Kargopol district), but their
location is geographically closer to samples of populations from
central regions of European Russia (Figure 1). This is reflected in
their intermediate position on the PC plot (Figure 3) and lower
pairwise Fgr values (0.004 against Mezen and 0.002 against the
Russians from Kursk, Murom, and Tver regions) (Table S1,
Figure S3).

To further explore the population structure, a model-based
structure-like analysis using the ADMIXTURE software was
performed [25]. This analysis considers the genome of each
individual as having originated from several hypothetical ancestral
populations, the number of which (K) could be specified. In
addition to populations already used in PCA, a Chinese sample
was included to check for the potential presence of East Asian
admixture. We ran ADMIXTURE at K=2 to 12. At K=2, only
the population groups corresponding to Europe and Asia were
separated (Figure 4). Subtle variations detected in this analysis
were possibly due to the differences in the proportion of East Asian
ancestry, which was present in all European populations included
in this study, but had a higher average contribution in Komi
samples. Subcontinental patterns appeared at K= 3: one ancestry
component was the most abundant in Izhemski Komi and Finns
from Kuusamo (red) and a different component (blue) was at the
maximum in the Italian population (Figure 4). At K=4, the red
component has diverged into two parts and distinguished Finns
(purple) from Komi (red). These results match closely with the
population structure revealed by the PCA, where they corre-
sponded to the genetic “wings” described in Figure 3. Mezen
Russians and Veps exhibited the highest proportions of both red
and purple ancestry components, differing only in their ratios,
which were the opposite of each other (henceforth, we will refer to
these crucial components as Komi and Finnic). Russians from the
HGDP are found at the intermediate position between Mezen and
other Russians, with lower proportions of Komi and Finnic
components and a higher proportion of the blue component, most
common in Italians, compared with the Mezen Russians. At
K =5, a new component is found (yellow), with a high proportion
in most of the populations, with the exception of Izhemski Komi,
Finns, and Italians. The proportions of Komi and Finnic ancestries
were significantly reduced for many central and eastern European
populations, but remained high in Veps and Mezen Russians.
K =5 was the observation threshold for subcontinental patterns of
genetic variation. At higher K values (K =6 to 8), we observed the
subsequent separations of the populations of Priluzski Komi, Veps,
and Mezen Russians (Figure S4). The situation in which a new
ancestry component introduced for the next K value differentiated
only a single population was considered as being less informative
for the hierarchical comparisons of populations [33,34]. There-
fore, although the lowest cross-validation errors were observed at
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Figure 2. Principal component analysis of the autosomal genotypic data of individuals from European Russia. The first two PCs are
shown. Each individual is represented by a sign and the color label corresponding to their self-identified population origin. Population designations

are the same as in Figure 1.
doi:10.1371/journal.pone.0058552.9002

K =7 (Figure S5), our further discussion will focus on the results of
clustering at K =5.

To explore the potential effect of population demographics on
the population structures identified, ROH were compared across
populations. ROH may indicate prolonged isolation and a
reduced population size [29,35]. Here, we analyzed ROH longer
than 1,500 kb as being the most informative [29]. Using the
thresholds for SNP density along a ROH tract (= 1 SNP per

50 kb, with a gap size = 100 kb), the total number of ROH in 16
populations (the Chinese sample was not included) was 1,298, with
a mean population number of ROH (nROH) of 0.20-2.68 per
individual. The population average of the cumulative ROH length
(cROH) per individual ranged from 0.43 to 6.31 Mb (Table 2).
The use of the alternative definition of ROH, which allows the
screening of ROH across various SNPs, resulted in an increase in
both the number and length of ROH, which ranged between 6.77
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Table 1. Fs; values and the number of SNPs with significant differences in allele frequencies between the populations from
Russia*.
Rus_Tv Rus_Ku Rus_Mu Rus_Me Veps Komi_Pr Komi_Izh
Rus_Tv - 0 0 172 64 262 683
Rus_Ku 0.000 - 0 144 40 212 620
Rus_Mu 0.001 0.001 - 144 41 195 548
Rus_Me 0.006 0.006 0.006 - 113 224 313
Veps 0.006 0.007 0.006 0.006 - 215 388
Komi_Pr 0.011 0.010 0.010 0.009 0.012 - 334
Komi_Izh 0.014 0.014 0.013 0.011 0.014 0.014 -
*Pairwise Fst values are indicated below the diagonal and the number of SNPs is indicated above it. The abbreviations of populations are the same as in Figure 1.
doi:10.1371/journal.pone.0058552.t001
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and 17.21 Mb for nROH and 19.62 and 71.83 Mb for cROH.
Regardless of the variations in the analysis, the highest nROH and
cROH values were found in Izhemski Komi and in the Finnish
sample from Kuusamo. Intermediate estimates were observed in
Priluzski Komi, Veps, Finns from Helsinki, and Mezen Russians.
Other populations had lower nROH and ¢cROH values. An
analysis of LD decay across genomes showed that Izhemski Komi
and Finns from Kuusamo also exhibited elevated LD (Figure S6).
Concomitantly, Priluzski Komi, Veps, Mezen Russians, and Finns
from Helsinki exhibited only slightly elevated LD and were more
comparable to the level observed in other European samples,
including the remaining Russian samples.

Discussion

In this study, we used genome-wide SNP data to analyze the
population genetic structure of Russians, Veps, and Komi. The
samples under investigation covered territories in the northeastern
Europe, not been included in previous analyses.

The results obtained revealed no substantial genetic stratifica-
tion within Russians from central-southern regions of European

PLOS ONE | www.plosone.org

Russia (i.e., samples from the Kursk, Murom, and Tver regions).
These three populations were clustered in close proximity to other
populations from central-eastern Europe. In contrast, a sample
from the northern Archangelsk region of Russia, Mezen Russians,
was clearly distant from those of Kursk, Murom, and Tver. These
data are in good agreement with ecarlier data obtained for
polymorphisms of the Y-chromosome [14,15,36,37] and several
autosomal loci [16,38,39]. It has been proposed that the genetic
specificity of northern Russians is because of admixture with
Finno-Ugric populations. The results of our ADMIXTURE
analysis suggest that, although they descended historically from
the Novgorod Russians, Mezen Russians admixed significantly
with both Finnic-speaking and Komi populations (Komi belongs
to the different linguistic branch of the Finno-Ugric family, the
Permian branch). The estimated proportion of Komi ancestry in
Mezen Russians was higher than the Finnic proportion. This
might be explained by either a more extensive or a later admixture
with Komi people. The existing anthropological data favor the
latter explanation, proposing a two-staged inclusion of Finno-
Ugric elements during the ethnogenesis of Northern Russians, in
which Komi elements were included last [40]. Both the Komi and
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Finnic ancestry components occurred at lower proportions in
other Russians, as well as in the populations of Poles, Czechs,
Germans, and Italians, which are geographically distant from
Finns and Komi. The proportions of Komi and Finnic compo-
nents were also low in Latvians, but not in Estonians, among
whom the proportion of Finnic ancestry was relatively high.

PLOS ONE | www.plosone.org

The Veps were another population that exhibited an increased
percentage of both Komi and Finnic ancestries. The high level of
Finnic ancestry is evidently characteristic of this population, as
they belong to the same linguistic community, the Finnic-speaking
community, as Finns do. The higher level of Komi ancestry in this
population compared with that of Finns and Estonians could be
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Table 2. Summary of ROH statistics of 16 European
populations.

Population nROH cROH nROH* cROH*
Italians 0.19 0.4 6.27 19.64
Germans 0.2 0.43 6.77 19.62
Rus_Ku 0.28 0.65 7.88 244
Czechs 035 0.64 7.23 19.79
Rus_Mu 0.39 0.98 797 2741
Rus_HGDP 0.44 0.83 8.92 25.15
Rus_Tv 0.49 1.12 9.34 28.05
Poles 0.51 1.1 8.51 2743
Latvians 0.58 1.08 10.62 29.56
Estonians 0.61 1.45 9.95 33.26
Finns_He 113 232 12.85 41.47
Rus_Me 1.63 3.81 13.02 5142
Veps 1.72 3.87 14.77 54.29
Komi_Ob 1.77 3.94 13.13 52.17
Finns_Ku 224 4.95 16.58 58.76
Komi_lzh 2.68 6.31 17.21 71.83
*ROH calculated without the thresholds for SNP density and length of the gaps
along a ROH tract. The abbreviations of populations are the same as in Figure 1.
doi:10.1371/journal.pone.0058552.t002

from admixture of Veps (Ves) with Komi (ancient Permians) in the
11"-14" centuries, when Komi lived westward of their current
territory and were the neighbors of Veps [41].

As for the Komi themselves, it has been proposed [42] that their
cthnogenesis was influenced by Finnic (e.g., Veps or “Chud”) and
Russian people. The evaluation of the impact of Finnic people in
the context of Finnic ancestry revealed that the corresponding
component was not represented at a high proportion in the Komi
samples studied. The impact of Russians on the ethnogenesis of
Komi seems to be indicated by the yellow component. It was
abundant in Priluzski Komi (Figure 4), which is in good agreement
with the population history of this region — the basin of the Luza
river, where Russian people resided as far back as the 1314
centuries [41]. In contrast to the Priluzski Komi, Komi component
was overrepresented in the ancestry of the Izhemski Komi,
accounting for more than 80% of the total ancestry (86% at
K =5). Historical records show that the first mention of the
current center of Izhemski Komi, the Izhma village, occurred at
the end of the 16™ century and that Izhma was founded mainly by
a group of Vimski Komi. Later, some Russian and Nenets families
joined them [41,43]. Nenets were not studied here. Although the
ADMIXTURE components depend on the samples included, a
minimal influence of the genetics of Nenets on the results of
clustering can be proposed. Here, we can refer to both the existing
data on the absence of (or very limited) genetic relationships
between the Nenets and the populations listed (including Komi)
[15,44,45], and the results of our analyses, which indicate the
genetic isolation of the Izhemski Komi. Evidence of the latter
stemmed both from pairwise Fsp values, which were the same
between Izhemski Komi and both Priluzski Komi, who shared the
same ethnic territory, and the geographically distant Finns from
Helsinki, and from their higher parameters of ROH estimated.

Both nROH and cROH have been shown to be higher in
northern Europeans compared to their southern counterparts,
which is consistent with the smaller effective population size and
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lower population density in northern Europe [35]. In our study, all
northern samples (Mezen Russians, Veps, and both Komi samples)
were also characterized by higher nROH and cROH compared to
Russians from the central part of the Russian Plain and most of the
European populations tested. However, the Izhemski Komi had
the highest nROH and cROH, comparable to the values
calculated in the sample from Kuusamo, the known Finnish
isolate [46]. Similar to the Finns from Kuusamo, the Izhemski
Komi exhibited elevated LD. Taking into account the history of
the Komi people, the recorded genetic distinction of the Izhemski
Komi can be due to the increased stability of their community life
reinforced by the advanced type of traditional economy, including
reindeer breeding [47]. Reindeer breeding was adopted by this
group from the Nenets and currently differentiates the Izhemski
Komi from the other Komi groups.

In summary, we reported results of the first genome-wide
autosomal SNP-based study of the population structure of
European Russia, in which samples of Russians, Veps, and Komi
were analyzed. The data obtained strongly supports the results of
carlier genetic studies, based either on Y-chromosome polymor-
phisms or on a limited number of autosomal markers, and
suggested a genetic distinction of the northern Russian popula-
tions. Here, we were able to show clearly that this distinction was
attributed to admixture with Finno-Ugric populations. The second
important finding of our work was the context of that admixture.
Our data on Komi population structure led us to consider this
group as the second pole of genetic diversity in northern Europe
(in addition to the pole occupied by Finns). Although we
understand that the picture of the genetic structure of populations
from European Russia obtained is still sparse, we propose that
populations (ethnic groups) located between those two poles will
have different proportions of Komi and Finnic ancestries (e.g.,
Veps and Mezen Russians).

Supporting Information

Figure S1 Scree plots for eigenvalues of components 1
to 25 from the principal component analysis: (A)
individuals from Russia, (B) individuals from Russia and selected
samples from seven European countries.

(TTF)

Figure S2 Principal component analysis of the autoso-
mal genotypic data of individuals from European
Russia. PC3 and PC4 are shown. Population designations are
the same as in Figure 1.

(TIF)

Figure S3 Multidimensional scaling analysis (two di-
mensions) of pairwise Fst among 16 European popula-
tions. The Fg1 matrix from Table S1 was used as an input for the
analysis.

(TIF)

Figure S4 Results of ADMIXTURE clustering at K=6 to
8. The number of populations and their order are the same as at
Figure 4.

(TTF)

Figure S5 Cross-validation plot for 16 populations from
the ADMIXTURE analysis. The plot displays the cross-
validation error versus K. The results of eight runs with different
random seeds are presented.

(TIF)

Figure S6 The decay of LD across the genomes of the
populations from Russia and the European reference
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samples. The samples of Poles and Russians from the HGDP
were not included because of their smaller sample size. The Italian
sample was also excluded (its merging with other samples resulted
in a significant decrease in the number of SNPs).

(TTF)

Table S1 Fgp statistics calculated in pairs of all
European populations analyzed.
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3.5.1. Uvod k publikaci

Ackoliv obyvatelé Ceské, moravské a slezské oblasti pfedstavuji z populacné
genetického hlediska relativné homogenni populaci (Lao et al., 2008; Lu et al., 2009)
(Obr. &. 7), vdisledku imigrace pfibyva v Ceské republice také narodnostnich
mensin. Jednou z téchto mensin je stale se zvétSujici komunita z oblasti byvalého
Sovétského svazu (napf. Ruska federace, Ukrajina). Cesky statisticky ufad udava
udaj 31 807 legalné Zijicich Rusti a 134 281 Ukrajincti na uzemi Ceské republiky
v roce 2010 (“Pocet cizincl - Popis aktualniho vyvoje,” 2013).

Zastoupeni jednotlivych mutaci v genu CFTR v ruské populaci neni spolehlivé
zmapovano. Pocet detekovanych alel genu CFTR u pacientl s CF ruského plvodu
odpovida dle dostupnych zdroju maximalné 75 % (Bobadilla et al., 2002; Kashirskaya
and Kapranov) z celkového poctu mutaci u klinicky diagnostikovanych pacientt s CF.
Velka populaéni heterogenita, nedostate¢na znalost vSech populaéné specifickych
alel genu CFTR a jejich frekvence jsou jen dvéma z fady davodu, pro¢ ma Rusko pro
celoplosny screeningovy program zavedeno schéma IRT/IRT (Kashirskaya, 2014).
Data z Ukrajiny nejsou spolehlivé dolozena s vyjimkou jejich zapadnich region(
(Makukh et al., 2010).

S pfibyvajicim podétem novorozencu od pfist€éhovalcd z vySe uvedenych
oblasti narozenych na uzemi Ceské republiky tak vyvstala otazka, zda spektrum
vySetfovanych mutaci v genu CFTR vramci sou€asného protokolu IRT/DNA/IRT
(a také v ramci planovaného zavedeni protokolu IRT/PAP/DNA) nepfedstavuje
zvySené riziko selhani screeningového programu pro CF z didvodu nedostatecné

zachytnosti komeréni diagnostické soupravy Elucigene CF-EU2™

assays, ktera je
v souasné dob& pro DNA analyzu vramci NSCF v Ceské republice pouzivana.
Vy&et 50 mutaci, které jsou zahrnuty v diagnostické soupravé Elucigene CF-EU2™,
shrnuje tabulka €. 4 v kapitole 3.3.2.

Z tohoto duvodu jsme se zucastnili projektu, jehoz cilem bylo na zakladé
analyzy témér 166 000 jednonukleotidovych polymorfismi (Single nucleotide
polymorphisms; SNPs) zjistit z hlediska dalSich diskuzi k novorozeneckému
screeningu genetickou pfibuznost/odliSnost vybranych reprezentativnich ruskych a
evropskych kohort.

Vysledky této mezinarodni kolaborativni studie byly publikovany jako puvodni

¢lanek v PLOSE ONE v roce 2013.
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Obrazek €. 7: Geneticka pribuznost vyplyvajici z porovnani SNPs u 2457
jedincu z 23 evropskych subpopulaci
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.5.2. Vysledky a diskuze

Vysledky této studie prokazaly, Ze Rusové pochazejici ze stfedni casti
evropské Ruské federace (konkrétné obyvatelé Tverské, Kurské a Vladimirské
oblasti) jsou z populacné genetického hlediska podobni populacim ze stfedni a
vychodni Evropy, ale jsou odliSni od obyvatel ze severniho Ruska (obyvatelé
Archangelské oblasti). Zcela odlisni od populaci ze stfedni a vychodni Evropy a Rusu
pochazejicich ze stfedni Casti evropské ruské federace a ze severniho Ruska jsou
obyvatelé Republiky Komi.

Na zakladé téchto populacné genetickych analyz provedenych porovnanim
165 872 SNPs mezi reprezentativnim vzorkem obyvatel z Ceské republiky a ze
stfedni Casti evropské Casti Ruské federace mizeme predpokladat, ze nékteré z alel
u ruskych pacientl s CF, vyskytujici se nad ramec dosud popsanych mutaci u
ruskych pacientll s CF, jsou shodné s alelami detekovanymi u &eskych pacientd s
CF. Tento ,extrapolovany“ populaéné geneticky pfedpoklad vSak neplati pro

imigranty ze severnich oblasti Ruska a Republiky Komi.

3.5.3. Zaver

Po dobu fungovani protokolu IRT/DNA/IRT v Ceské republice mizeme
oCekavat, zZe novorozenci s CF ruského (a ukrajinského) plvodu mohou byt
zachyceni bud pfimo diky molekularné genetickému vySetieni genu CFTR v ramci
2. kroku protokolu IRT/DNA/IRT nebo pomoci FS. Po zavedeni protokolu
IRT/PAP/DNA, jehoz soucasti neni FS, bychom se mohli setkavat s vyssi faleSnou
negativitou reprezentovanou zejména ruskymi novorozenci pochazejicimi
ze severnich a severovychodnich oblasti Ruska.

Je ke zvazeni, zda do naseho screeningového programu pro CF nezaradit
také mutaci p.GIn685ThrfsX4, ktera neni soucasti nami pouzivaného komercné
dostupného panelu mutaci Elucigene CF-EU2™™, ale vyskytuje se ve zvy$ené mire
na zapadni Ukrajiné, v oblasti Podkarpatské Rusi a v Rusku (Kashirskaya and
Kapranov; Makukh et al., 2010). Novorozenci s CF nesouci minimalné jednu mutaci
p.GIn685ThrfsX4 genu CFTR by tak mohli byt pfikladem faleSné negativity v ramci

screeningového programu v Ceské republice.
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Ackoliv je snaha, aby screeningové programy pro CF vzaly v potaz populacni
heterogenitu screenované populace, neexistuje protokol zalozeny na DNA analyze,

ktery by v tomto ohledu zajistil 100% senzitivitu.
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4. SHRNUTI

Ackoliv je CF zavaznym a stale nevylécCitelnym onemocnénim, kombinace
Casné diagnostiky s nejmodernéjsi IéEbou cilenou na konkrétni genotyp genu CFTR

Jediny zpusob umoznujici v€asnou diagnostiku CF je pomoci celoplo$ného
screeningového programu. Soucasny protokol IRT/DNA/IRT je vysoce efektivni
a ucinny nastroj k odhaleni pacientd s CF v dobé, kdy jeSté nejsou plné nebo
dokonce vlbec pfitomny klinické pfiznaky onemocnéni. A i kdyz tento protokol
dosahuje dobré senzitivity i specificity, lze dale zefektivnit zavedenim dalSiho
analytického mezistupné — proteinu asociovaného s pankreatitidou v podobé
schématu IRT/PAP/DNA.

Protokol IRT/PAP/DNA za pfedpokladu vhodné zvolenych cut-off hodnot pro
IRT a PAP a dostateCné Sirokého spektra vySetfovanych mutaci genu CFTR nabizi
dosazeni vySSi senzitivity a moznost snizeni pocCtu provadénych molekularné
genetickych analyz na cca jednu polovinu vedouci k vyS$Si specificité a nizSim
finanénim nakladim.

Na zakladé vysledkl této prace lze oCekavat zavedeni screeningového
schématu IRT/PAP/DNA do klinické praxe v nejblizSich letech.
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6. SEZNAM POUZITYCH ZKRATEK

ATP
CBAVD

CF
CF-SPID

CFRD
CFTR

CFTR-RDs
Cl

DIOS

DNA

ENaC

FN

FP

FS

IRT

MLPA
MSD1, MSD2
NBD1, NBD2
NGS

NS

NSCF
ORCC

P

PAP

PPV

Adenosintrifosfat

Congenital bilateral absence of the vas deferens; kongenitalni
bilateralni absence vas deferens

Cysticka fibroza

CF screen positive inconclusive diagnosis; nejasna diagnéza u
novorozencu s pozitivnim screeningem CF

CF-related diabetes; na CF vazany diabetes mellitus

Cystic fibrosis transmembrane regulator gene; transmembranovy
regulator vodivosti

CFTR-related disorders; skupina chorob souvisejici s CFTR
Confidence interval, interval spolehlivosti

Distalni intestinalni obstrukéni syndrom

Deoxyribonukleova kyselina; v naSem pfipadé oznaceni pro DNA
analyzu — molekularné genetické vysetfeni genu CFTR

Epithelial sodium channel

FaleSna negativita/faleSné negativni

Faledna pozitivita/falesné pozitivni

Fail-safe strategy; ,zachranna sit*

Imunoreaktivni trypsinogen

Multiplex ligation-dependent probe amplification

Membrane spanning domain 1, Membrane spanning domain 2
Nucleotide binding domain 1, Nucleotide binding domain 2

New generation sequencing, sekvenovani nové generace
Novorozenecky screening

Novorozenecky screening cystické fibrozy

Outwardly rectifying chloride channel

Pocet; v naSem pfipadé pocet postizenych jedinct zachycenych
screeningovym testem
Pancreatitis-associated protein; protein asociovany
s pankreatitidou

Pozitivni prediktivni hodnota
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R Regulatory domain, regulaéni doména
SNP Single nucleotide polymorphism; jednonukleotidovy
polymorfismus

WGS Whole genome sequencing; celogenomové sekvenovani
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